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Probing Large-Scale Structure with Radio Observations

by Shea D. Brown

ABSTRACT

This thesis focuses on detecting magnetized relativistic plasma in the intergalactic

medium (IGM) of �lamentary large-scale structure (LSS) by o bserving synchrotron

emission emitted by structure formation shocks. Little is known about the IGM beyond

the largest clusters of galaxies, and synchrotron emissionholds enormous promise as

a means of probing magnetic �elds and relativistic particle populations in these low

density regions.

I'll �rst report on observations taken at the Very Large Arra y and the Westerbork

Synthesis Radio Telescope of the di�use radio source 0809+39. I use these observations

to demonstrate that 0809+39 is likely the �rst \radio relic" discovered that is not

associated with a rich X-ray emitting cluster of galaxies.

I then demonstrate that an unconventional reprocessing of the NVSS polarization

survey can reveal structures on scales from 150 to hundreds of degrees, far larger than

the nominal shortest-baseline scale. This yields hundredsof new di�use sources as well

as the identi�cation of a new nearby galactic loop.

These observations also highlight the major obstacle that di�use galactic foreground

emission poses for any search for large-scale, low surface-brightness extragalactic emis-

sion. I therefore explore the cross-correlation of di�use radio emission with optical

tracers of LSS as a means of statistically detecting the presence of magnetic �elds in

the low-density regions of the cosmic web. This initial study with the Bonn 1.4 GHz

radio survey yields an upper limit of 0.2 � G for large-scale �lament magnetic �elds.

Finally, I report on new Green Bank Telescope and WesterborkSynthesis Radio

Telescope observations of the famous Coma cluster of galaxies. Major �ndings include

an extension to the Coma cluster radio relic source 1253+275which makes its total

extent � 2 Mpc, as well as a sharp edge, or \front", on the Western side of the radio

halo which shows a strong correlation with merger activity associated with an infalling
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sub-cluster. This front is just interior to a temperature ju mp derived from XMM-Newton

observations, and may be related to shocked infalling gas.
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Chapter 1

Introduction

The broad goal of this dissertation is to use radio observations to probe the physical

state and dynamics of relativistic and thermal plasma in large-scale structure (LSS).

I will begin with a general background, introducing cosmology and the problem of

detecting di�use plasma in LSS with radio observations (x1.1). In x1.2 I will focus on

the synchrotron features found in and around massive clusters of galaxies, namely radio

relics and halos. Radio relics in particular, which are believed to be shocked gas infalling

into massive clusters, serve as models for what we might expect to observe in the low-

density regions of �laments of galaxies. I will then discussthe expected nature of the

plasma within �laments in x1.3, called the Warm-Hot Intergalactic Medium (WHIM).

Much of this dissertation focuses on detecting polarized shocks in LSS by observing

synchrotron emission emitted by relativistic electrons. Therefore, I will describe inx1.4

possible ways in which the population of relativistic electrons is energized, focusing on

relativistic shocks. I will also review the radiative physics including how the synchrotron

emission is a�ected as it moves through the regions between the source and detector

(Faraday rotation in particular).

1.1 Background

The �eld of cosmology is concerned with the origin, evolution, and fate of the universe

as a whole. In the past decade a uni�ed cosmological model hasemerged where the

universe was born in a powerful explosion 13.7 billion yearsago. Shortly after this

1



2

explosion the universe, which was mostly ionized hydrogen,began to rapidly expand

and cool. In this model, the wealth of structure that we see today, planets, stars, and

galaxies condensed out of this cooling primordial gas.

This picture, however, is not yet complete. Galaxies are notdistributed homo-

geneously throughout the universe, but reside in larger groupings collectively called

\Large-Scale Structure" or the \Cosmic Web". Figure 1, which shows the distribution

of galaxies in a region of the northern sky, illustrates three common features of the

cosmic web; clusters, �laments, and voids. A forefront of cosmological research is to

understand how these structures form, and what e�ect the formation process has on the

galaxies that make them up. A fundamental feature of the current model of structure

formation is that it is hierarchical; smaller structures merge to form larger structures.

This process is governed mainly by the gravitational interaction of dark matter, the

mysterious invisible substance that makes up most of the total mass in our universe.

This means that the largest structures that we can see today,massive clusters of galax-

ies, are continuously accreting dark matter (along �laments that connect them). It is

not the interaction with accreting dark matter, however, th at has the largest impact on

visible galaxies, but with the plasma that is accreted alongwith it.

The �rst evidence for the presence of plasma between the visible galaxies came

from the cores of massive clusters where the temperatures and densities become so

high that the plasma emits X-rays. Interaction with this ion ized gas e�ects the physical

properties of the galaxies within the cluster, such as the size of their disks and the speed

in which they make new stars. Unfortunately, in galaxy �laments where the plasma-

galaxy interaction is predicted to be quite strong, the temperatures and densities are

too low to make X-ray observations useful. Because of this astronomers know very little

about the properties, or even the existence, of plasma in these environments. A large

part of my research focuses on using radio observations to probe the (thus far invisible)

low density plasma of galaxy �laments, where the complicated and important process

of accreting gas and dark matter is taking place.

Radio observations are uniquely suited to study the ionizedgas within large-scale

structure. The accretion of gas onto the �laments and clusters often happens faster

than the local speed of sound. This will cause powerful shocks which accelerate protons

and electron to relativistic energies. In the presence of magnetic �elds, the electrons
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(and protons to a much lesser degree) will emit synchrotron radiation, which is a unique

signature of both relativistic electrons and magnetic �elds. Therefore, simply the detec-

tion of synchrotron radiation within �laments would give us a handle on two important

properties of the plasma that e�ects galaxy evolution.

Figure 1.1: Left: Smoothed distribution of galaxies from the 2MASS survey; Right:
326 MHz radio contours over X-ray brightness for the Coma cluster.

1.2 Cluster Radio Emission

Groups and Clusters of galaxies reside in the deep potentialwells formed by the cluster-

ing of dark matter. Due to the deepness of this potential well, the intracluster medium

(ICM) is full of hot gas (T � 108 K) and relativistic particles unable to escape (e.g.

Sarazin, 1999). The di�use radio emission in clusters can beseparated into two broad

groups, radio halos and radio relics. Radio halos consist ofdi�use emission found toward

the central region of the cluster, and are in general not found to be polarized (see Govoni

et al. 2004 for a notable exception). Radio relics occur on the periphery of clusters,

and are suspected to be the results of large-scale structureformation (e.g. En� lin et

al. 1998). In contrast to radio halos, relics often show strong linear polarization. The
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presence of non-thermal radio emission leads to the conclusion that the ICM and its

periphery contains magnetic �elds on the order of B< � G (e.g., Carilli & Taylor 2002,

Feretti & Giovannini 1996, Govoni et al. 2001, Bacchi et al. 2003). Fig. 1.1 illustrates

this paradigm with the Coma cluster of galaxies (see Chapter5). The color is X-ray

emission and the contours are radio observations (for the relic only). As cool gas 
ows

along the �lament, which runs from the bottom right to the Com a cluster, it passes

through a shock which accelerates electrons and heats the plasma, emitting synchrotron

radiation in the process. This dissertation is focused on detecting radio emission in the

cooler �lament medium (the WHIM), where little is known abou t the gas dynamics.

1.3 The WHIM

In the current cosmological paradigm,� 95% of the mass/energy density of the universe

is composed of dark energy and dark matter, both of which haveyet to be directly

detected. The remaining 5% are ordinary baryons, which at redshifts of z > 2 are

fully accounted for based on Ly� forest observations of the photoionised intergalactic

medium (IGM) and ordinary galaxies (e.g. Rauche et al. 1997;Weinberg et al. 1997;

Schaye 2001). In the current epoch though, roughly half of these baryons are missing.

Simulations suggest that the collapsing di�use IGM was shock-heated and now resides in

�laments as T � 105 - 107 K WHIM, where it is practically invisible at most wavelength s

(Cen & Ostriker 1999, 2006; Dav�e et al. 2001). A few tentative absorption detections

of the coolest WHIM components using OVII and OVIII have been reported, but they

give no information on the spatial distribution. However, shocks from infall into and

along the �lamentary structures between clusters are now widely expected to generate

relativistic plasmas which track the distribution of the WH IM (Keshet et al. 2004;

Pfrommer et al. 2006; Ryu et al. 2008; Skillman et al. 2008); indeed, accretion shocks

are seen as polarized radio sources (the \peripheral relics") at the edges of the dense

X-ray gas in clusters. This radio emission also has the potential for probing into the

lower density regions further from cluster cores. When suchfeatures are detected, they

can be used to set limits on the (invisible) pressure of the thermal gas, delineate shock

structures, and illuminate large scale magnetic �elds.
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1.4 Radiative Theory

Let us now examine the emission of synchrotron radiation from shocked plasma con-

taining relativistic electrons and a magnetic �eld. I will i n no way attempt a complete

review, but will only highlight pertinent e�ects that illus trate the general method of

extracting source parameters from the data.

1.4.1 Shocks

As I will describe below, the lifetimes of relativistic electrons are such that radio relics

and halos can't simply be the \leftover" emission from radio galaxies after they have

been turned o�. What I mean here is that a radio relic can't be t he lobe of an old radio

jet that has drifted, undisturbed, to the cluster's edge. Similarly, halos are not simply

old radio lobes that have yet to leave the center of a cluster's potential well. Whether

the electrons are ordinary ICM electrons or true relic electrons from past AGN, there

must be some mechanism for injecting energy into the particle population to observe the

sources where we do. The method I will discuss here is �rst-order Fermi acceleration

in shock waves, created during cluster mergers or the infallof material from cosmic

�laments onto the boundaries of clusters (Quilis et al., 1998; En� lin et al. 1998; Miniati

et al., 2000). Let us parameterize a shockwave by a simple jump in the density from one

side to the other, i.e., de�ne x � � 2=� 1. From Blandford & Eichler (1987), we see that

the shock wave should generate electrons with an energy spectrum dN=d
 = No
 � p,

with p given by

p =
x + 2
x � 1

; (1.1)

and 
 is the Lorentz factor of the electrons. This is connected to the observed syn-

chrotron intensity spectrum I � / � � � by � = ( p � 1) =2 (Rybicki & Lightman 1979).

This shock acceleration mechanism, however, is often not enough to explain some of the

large emission regions seen (e.g., Markevitch et al. 2005, Govoni et al. 2004, Bruetti

2003). Basically, the inverse Compton (IC) and synchrotronlosses cause the spectrum

to steepen very quickly, so the electron lifetimes combinedwith the speed of the shock

wave gives an estimate for the size of the emitting region. From Sarazin (1999), the

electron lifetimes are given by
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t IC = 2 :3 � 1012
 � 1 (1 + z) � 4 yr (1.2)

and

tsyn = 2 :4 � 1013
 � 1B � 2yr; (1.3)

where B is in � Gauss and z is the redshift. The 1+z factor in the IC term re
ects

the fact that the energy density of the CMB photons goes asu
 / (1 + z) � 4. Pre-shock

and post-shock gas velocities, as seen in the frame of the shock, can be calculated from

the temperature jump and the Mach number. Values of the 
ow speeds are widely

varying, but are on the order of v � 102 � 103kms� 1 (e.g. Kang & Jones 2004). For

a prominent bow shock in the galaxy cluster A520, Markevitchet al. (2005) computed

that electrons generating the 1.4 GHz emission would only stream 100 kpc away from

the shock front, an order of magnitude less than what was seen. Note that they assumed

a B � 1�Gauss .

Despite the fact that this mechanism alone often fails to explain many radio relics,

we have not yet included several possible e�ects. The magnetic �eld energy density also

increases in shocked regions, and we must include the possibility that the population of

electrons is fossil radio plasma from an AGN (e.g. En� lin & Gopal-Krishna, 2000). For

a relic population with a spectral distribution of dN=d
 = No
 � � , the increase in the

normalization of the spectrum from magnetic �eld compression is

No ! Nox(� +2) =3; (1.4)

and the increase due to re-acceleration of the fossil electrons is

No ! No
3x

x + 2 � � (x � 1)
: (1.5)

Note that I have left out many of the details, and that the re-acceleration equation

works only for a � < p (Blandford & Eichler 1987; Micono et al. 1999). Whether

these two e�ects are additive probably depends on the details of the processes at the

microscopic level (Markevitch et al. 2005), but the boost would allow the population

to radiate at a given frequency longer as it streams away fromthe shock front.
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1.4.2 Polarized emission

Let us now examine the e�ect a shock may have on the polarization of the synchrotron

emission. Laing (1980) found that the degree of linear polarization, i.e. the fractional

polarization, was increased in a compressed gas with a totally tangled magnetic �eld.

This increase is greatest when the compression is viewed edge on. We can draw an

analogy from a plate full of spaghetti; when viewed from the top, the spaghetti appears

completely tangled, but when viewed from the side, it appears well ordered in horizontal

stripes (from personal correspondences with John Wardle).It is this apparent ordering

of the �eld that gives rise to the increased fractional polarization. The exact details of

this e�ect depend on the geometry and the amount of order present in the �eld before

the compression. To illustrate, let us examine the case for asimple slab geometry where

the spectral index is � = 1 and the �eld is totally tangled. The ratio of the fractiona l

polarization p to the maximum polarization pmax = (3 � + 3) =(3� + 5), which is the

intrinsic degree of polarization for a region of uniform �eld (Le Roux 1961, Pacholczyk

1970), is given by

p=pmax = cos2�
�
1 + sin 2�

�
(1.6)

Here, � is the angle of the plane of the shock to the line of sight. Clearly the frac-

tional polarization reaches a maximum for � = 0. It should be noted that detection of

polarized emission in these radio halos and relics does not mean that the gas is neces-

sarily shocked. In fact, Govoni et al. (2004) detected �lamentary polarized emission in

the cluster A2255, and attributed it to large-scale magnetic �eld ordering that was not

shock related. Even when a source has been clearly identi�edas a shock, observation of

the polarized 
ux is confounded by internal Faraday rotatio n and beam depolarization

(see the next section for details).

1.4.3 Faraday Rotation

Once the polarized radiation is produced, it encounters many obstacles on its journey

to our telescope. Within the ICM itself, the light must trave l through plasma that may

contain magnetic �elds. If we consider a magnetic �eld that is much stronger than the

�eld of the propagating wave, the dielectric constant, which is di�erent for left and right
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handed polarizations, is given by (Rybicki & Lightman 1979)

� R;L = 1 �
! 2

p

! (! � ! p)
: (1.7)

Here, ! 2
p � 4�ne 2=m de�nes the plasma frequency, and! B � eBo=mc is the cy-

clotron frequency. The e�ect of this anisotropic dielectric constant is to rotate the

position angle of linearly polarized waves, known as Faraday rotation. The amount of

rotation is a function of wavelength, and is given by

� � =
2�e 3

m2c2! 2

Z here

there
neBkds: (1.8)

The Faraday depth of a source can be de�ned as the above relation without the

wavelength dependence (see, e.g., Burn 1966; Brentjens & deBruyn 2005). Numerically

it is expressed as

� (r ) = 0 :81
Z here

there
neBkds; (1.9)

where ne is the electron density in cm� 3, B is in � Gauss and the path-length ds

is in parsecs. Experimentally, what we measure is the slope of the position angle as

a function of � 2, known as the rotation measure (RM), which is equal to the Faraday

depth only if there is a single source along the line of sight,no internal Faraday rotation,

and insigni�cant beam depolarization (Brentjens & de Bruyn 2005). In which case,

� = � o + �� 2; (1.10)

where � and � o are the received and emitted polarization angles respectively. For a

simple case such as this, measurement of the RM yields an equation for the magnetic

�eld strength along the line of sight if the electron density is known.

Now that we have covered some basic physics of polarized emission, let us turn our

attention to several e�ects that make polarization measurements di�cult. Due to the

fact that radio telescopes have �nite resolution, there is apossibility that several sources

with di�erent polarization fall within the beam width. This leads to partial cancellation

of the polarization, an e�ect know as beam depolarization. Another e�ect arises from

Faraday rotation within the source. Basically, polarized emission from the back of the
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source will Faraday rotate and interfere with the polarized emission emitted within the

source along the line of sight (De Young 2002). Another problem lays in the ambiguity

when plotting the position angle � at di�erent frequencies; you can freely addn� to a

given � , where n is an integer, and still match the data. Recent authors have published

novel attempts to overcome these problems.

Brentjens & de Bruyn (2005) presented a new technique to eliminate the confound-

ing e�ects of intervening Faraday rotation by searching \ro tation measure space" for

polarized emission. In a way similar to aperture synthesis,they make use of discrete

Fourier transformation properties of the rotation measure transfer function (RMTF)

to solve for the polarized 
ux. This method has been successfully used to detect very

di�use polarized emission in the Perseus cluster (de Bruyn &Brentjens 2005), and could

help characterize the low-density regions like cosmic sheets and �laments.

I have attempted to outline how synchrotron emission and its transport through

astrophysical plasmas can be used as a tool for probing the ICM and cluster peripheries.

The formalism I have discussed here is illustrative of the insights radio observations can

give us into the physical processes taking place within �lamentary large-scale structure.

1.5 The Chapters

The following chapters represent 4 attempts to probe the low-density, �lamentary LSS

with radio observations. In chapter 2, we present the detection and characterization of

the �rst cosmological shock structure unassociated with a rich X-ray emitting cluster

of galaxies. This shock or \relic" is connected to the dynamics of a low-density group

of galaxies, and may be at the bright end of a much larger, unexplored population of

sources. Chapter 3 outlines a new technique for using the polarized emission in the

NVSS survey to detect large-scale synchrotron emitting regions such as cosmological

shocks, as well as features in our own Galaxy. We were able to reveal complex struc-

tures spanning hundreds of degrees which remained invisible in total intensity, including

a new Galacic loop. In chapter 4 we explore the promise of using cross-correlation to

reveal �lamentary synchrotron emission that is fainter tha n the noise level of the radio

image. This statistical approach may be a necessity on angular scales where Galac-

tic confusion dominates the radio sky. Finally, in chapter 5 we use deep 352 MHz
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and 1.4 GHz observations of the well studied Coma cluster to reveal new synchrotron

structures associated with infall onto the cluster. These structures occur in the low-

density outskirts of the cluster, and represent the next level of sensitivity as we push

the observational frontier into the unknown WHIM regions.



Chapter 2

Di�use Cluster-Like Radio

Emission in Poor Environments

A slightly modi�ed version of the chapter appears in The Astronomical Journal: Brown,

S., & Rudnick, L. 2009, AJ, 137, 3158

2.1 Introduction

In recent years, large-scale di�use radio sources have beendiscovered to be associated

with the intracluster medium (ICM) of over 50 clusters of galaxies. These features are

unique probes of the non-thermal particle populations and magnetic �elds within the

cluster, and are believed to be important tracers of merger/formation dynamics. The

majority of these sources were found by searching the environs of rich galaxy clusters for

di�use radio emission unassociated with active AGN (Giovannini et al., 1999; Kempner

et al. , 2004). But is there also a magnetized, relativistic plasma associated with

lower density regions of the cosmic web, such as groups and �laments of galaxies?

Cosmological simulations predict complicated networks ofaccretion/merger shocks in

these low density regions, which could accelerate particles, compress magnetic �elds, and

illuminate magnetized plasma if it exists (e.g., Miniati et al. , 2001; Ryu et al., 2003;

Pfrommer, En�lin & Springel , 2008). Unbiased searches for synchrotron signatures of

these shocks are needed to con�rm these predictions.

One such di�use source, of ambiguous origin, is 0809+39 (Delain & Rudnick, 2006),

11
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discovered through a blind search for di�use radio emissionin the WENSS survey (Rud-

nick, Delain & Lemmerman , 2006). The system showed no obvious associations with

an active radio galaxy. Several poor clusters were found in the vicinity, which suggests

a similar origin to radio relic and halo sources. However, lacking any evidence for clus-

ter X-ray emission, its radio luminosity far exceeded the standard radio/x-ray ratios

for these classes of sources (e.g., Giovannini & Feretti, 2004; Rudnick & Lemmerman ,

2008).

We present a systematic study of the spectral, polarimetric, morphological and envi-

ronmental properties of 0809+39 using observations taken with the Westerbork Synthe-

sis Radio Telescope (WSRT) and the Very Large Array (VLA). We explore the origin

of the di�use radio emission and evaluate where 0809+39 falls in the parameter space

of known extragalactic radio sources. We discuss observations and data reduction in

x2, and in x3 we outline image production and analysis, including our application of

Rotation Measure Synthesis (Brentjens & de Bruyn, 2005). Inx4 we present archival

optical and x-ray data, and in x5 we discuss the implications of our �ndings, followed

by a summary of our key messages.

For calculations in this paper, we assumeHo = 70, 
 � = 0 :7, 
 M = 0 :3. We de�ne

the optically thin synchrotron spectrum as F� / � � throughout.

2.2 Observations & Data Reduction

2.2.1 Observations

The di�use source 0809+39 was observed for 13 hours over two nights in P-band

(350 MHz) with the Westerbork Synthesis Radio Telescope (WSRT) in January of 2006.

The array was in the maxi-short con�guration with the shorte st baseline being 36 m.

One primary 
ux and one polarized calibrator (as a pair) were observed at the beginning

and end of each night. For the primary 
ux calibrators we observed 3C147 and 3C295,

and for the polarized calibrators we observed DA240 and 3C303. We used the WSRT

wide band correlator to cover a frequency range from 310-390MHz with eight 10 MHz

wide bands, each with 64 channels and full Stokes parameters. We applied a Hanning

taper to the spectral data, and every other channel was selected for analysis yielding

an e�ective spectral resolution of about 0.31 MHz. After removing the end channels in
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each band and editing for strong RFI, 197 channels remained in the �nal analysis, for

a total bandwidth of 61 MHz.

The VLA observations were taken for 2.8 hours in December of 2005 in the D

con�guration, and the 
ux calibrators 3C48 and 3C286 were used. The data were

taken using the spectrometer with no cross-had polarizations. We analyzed only the

pseudo-continuum data for this analysis, with a frequency of 1.4649 GHz, a bandwidth

of 12.5 MHz, and no polarization information.

2.2.2 Total Intensity Calibration

The calibration and reduction of the WSRT and VLA data was performed using the

NRAO's Astronomical Image Processing System (AIPS). For the WSRT data, the total

intensity in each of the 8 bands was calibrated independently using standard procedures

and the 
uxes in the VLA calibrator manual for 3C147 and 3C295. The VLA pseudo-

continuum data set was calibrated using standard procedures. We did several iterations

of amplitude and phase self-calibration on each data set.

2.2.3 Polarization Calibration

Due to the fact that WSRT observes with orthogonal linear feeds (X and Y), the polar-

ization calibration in classic AIPS involved several non-standard steps. WSRT polar-

ization leakage terms are highly frequency dependent, so after the total intensity cali-

bration, each channel was split into an independent uv-dataset and the leakage terms

were then solved for using the AIPS task LPCAL. Stokes Q values were calculated from

(YY-XX)/2, while the Stokes U values are -(XY+YX)/2. An addi tional correction is

needed for Stokes U, to remove the instrumental phase o�set between the X and Y

receivers using the polarized calibrators. Faraday rotation causes the Stokes Q and U

amplitudes of the polarized calibrators to oscillate across the band. The X-Y phase

o�set was found for each channel by forcing the vector averaged StokesU = U
�
� 2

�

visibilities for the polarized calibrators to match (o�set by a quarter wavelength) the

Q
�
� 2

�
sine wave formed by Faraday rotation. The observed sign of the Faraday ro-

tation for 3C303 (+13 rad m � 2, Kronberg et al. 1977) forced Stokes U values to be a

quarter wavelength after the Stokes Q values with increasing wavelength, breaking the
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�nal sign ambiguity and �nishing the polarization calibrat ion. However, we note that

the intrinsic position angle of the polarization is still hi ghly uncertain due to errors in

the rotation measure, as discussed inx3.3.

2.3 Image Production & Analysis

2.3.1 Initial Spectral Cube

After calibration, we created I, Q, and U images for each of the 197 WSRT channels.

All images and self-calibrations were done in AIPS with the tasks IMAGR and CALIB

respectively. Each channel image was cleaned with IMAGR with 70,000 clean com-

ponents and a gain of 0.1. The synthesized beam varied from 8900� 5200to 10800� 6000

across the band, so all of the images were uv-tapered and restored to a common reso-

lution of 10800� 6000. Typical rms noise levels for the single-channelf I,Q,Ug maps were

f 1.0,0.5,0.5g mJy/beam, respectively.

2.3.2 Total Intensity

WSRT I-Map

The �nal WSRT I map is shown in Figure 2.1. This map is the simple average of all

the individual channel I maps (10800� 6000beam). The average frequency is 351 MHz

and the observed noise is� � 188 � Jy/beam. The di�use emission is seen to have two

distinct components which we have labeled NDif f and SDif f . At this resolution, N Dif f

partially blends into the compact sourcesS1 and S2. As shown in x3.2.2, some of these

\compact" sources also have substructure. Flux and size properties for both di�use

sources are summarized in Table 2.1. We describe all the discrete radio sources in the

next subsection.

VLA I-Map

Figure 2.2 shows our VLA I map, which has a noise level of 90� Jy/beam and a 4000� 4000

restoring beam. We have labeled the discrete radio sources,and have shown VLA FIRST

(Becker et al., 1995) images of some of the more interesting ones. The sources F1-F7

are adjacent to or embedded in the di�use emission. F2 is a 66 mJy wide-angle tailed
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(WAT: Owen & Rudnick 1977) radio galaxy at z=0.196 (from SDSS:1 York et al.

2000; Stoughton et al. 2002), and F3 and F5 are identi�ed with SDSS galaxies with

photometric redshifts of z=0.249 and z=0.255, respectively. In SDif f , the source F6 is

marginally detected in FIRST (not shown), and is coincident with a z=0.04 galaxy in

SDSS. F7 is a FIRST radio point source (not shown) with no optical identi�cation in

SDSS. The apparent bridge of emission between NDif f and S1 peaks on a spiral galaxy

at z=0.041 (see Figure 2.9) and is most likely di�use disk emission from that galaxy.

Spectral Index

For the spectral analysis we matched the uv-range of the VLA and WSRT data before

comparison. The spectral index (� ) map (Figure 2.3) was created in AIPS using the

task COMB. Any pixel that was not at least 10 � above the noise in either map was

blanked. Both sources are steep spectrum, and Table 2.1 lists the integrated � obtained

from �tting the total 
ux of each component at 1.4 GHz and 351 M Hz to a power law.

2.3.3 Polarization

Rotation Measure Synthesis

With the 197 channels and� 61 MHz total bandwidth of our WSRT P-band data, it

is possible to simultaneously determine the rotation measure distribution within each

beam and remove the e�ects of bandwidth depolarization. When searching for polarized

synchrotron emission, which is often at very low surface brightness levels, one would like

to observe over a large bandwidth (� � ) to maximize the signal/noise ratio. However,

this normally results in depolarization from the vectoral cancellation of the Stokes Q

and U signals that have been Faraday rotated from one side of the band to the other.

Some radio telescopes allow for a large observing bandwidthto be split into many

narrow channels (Westerbork being one of them), so an obvious solution would be to

make an image of the polarized amplitude in each channel and average them together.

Unfortunately, polarized galactic foreground emission isubiquitous (e.g., Reich 2006).

This is actually above the surface brightness of some di�useextragalactic regions of

interest, so adding the scalar polarization intensity of each channel will cause the galactic

1 http://www.sdss.org/
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emission to add coherently as well. This increases the background and drowns out the

desired di�use extragalactic source.

Brentjens & de Bruyn (2005) presented a new technique to eliminate the confound-

ing e�ects of intervening Faraday rotation (bandwidth depo larization and galactic fore-

ground contamination) by searching \rotation measure space" for polarized emission.

The technique proceeds as follows: assume a rotation measure for the source, then

derotate the polarization vector in each individual channel (to a reference wavelength

� o) to correct for this and make a polarization map from the average of the derotated

channels. If the source in fact had the assumed rotation measure, the channels would

add coherently, allowing for the full sensitivity of the ent ire bandwidth. The resulting

map at a given Faraday depth, � , is approximately given by

F (� ) =
1
N

NX

j =1

Pj e� 2i� ( � 2
j � � 2

o) (2.1)

where N is the number of maps (channels) used andPj = Qj + iU j is the complex

polarization at channel j. The units of F (� ) are Jy/beam/rmtf, where rmtf stand

for the Rotation Measure Transfer Function. The RMTF is the r esponse of a source

with emission at a single Faraday depth. If one were able to sample an in�nite range

of � 2, the RMTF would be a delta function in RM space, but incomplete sampling

induces side-lobe structures in a manner similar to side-lobes in the beam pattern of an

interferometer due to incomplete sampling of the uv-plane.

The key step is to apply Eq. (1) for a wide range of rotation measures, creating

a rotation measure cube (RM-Cube), and search for coherent structures within this

cube. We processed the 197 Q and U maps in IDL utilizing Eq. (1)to create the �nal

RM-Cube, with Faraday depths running from -200 rad m� 2 to +200 rad m � 2 in steps

of 1 rad m� 2. This method has been successfully used to detect very di�use polarized

emission in the region of the Perseus cluster (de Bruyn & Brentjens, 2005).

Near values of� = 0, polarized emission from our own galaxy �lls the �eld of vi ew.

This emission has a typical surface brightness of� 1 mJy/beam/rtmf, and in the vicinity

of 0809+39 it peaks at � Gal � +6 rad m � 2. The polarized emission in NDif f peaks near

+12 rad m � 2, though there is still a signi�cant amount of galactic emission present at

this Faraday depth. At values of j� j > 30 rad m� 2, very little of the galactic emission
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remains. As a result, the rms noise of the images decreases with increasing j� j, to

� 30 � Jy/beam/rmtf for j� j > 100 rad m� 2.

Some of the emission that de Bruyn & Brentjens (2005) detected in the �eld of

the Perseus cluster with RM-Synthesis was later found to likely be Galactic in origin

(Brentjens, 2007). In the case of 0809+39, NDif f , while not segregated signi�cantly from

the Galactic emission in Faraday depth, is an order of magnitude stronger in surface

brightness, making a Galactic origin unlikely.

We can also use this RM-Cube to �nd Faraday spectra, which is just F (� ) from

Equation 1 for a single pixel or region in the sky. Figure 2.4 shows the average spec-

trum of a 1:80� 1:80 region centered on NDif f , along with the RMTF for our frequency

sampling. The Faraday spectrum of NDif f is very close to a \point source" in Faraday

space, especially when compared to a typical Galactic spectrum also shown in Figure

2.4. The di�use galactic radiation along the line of sight to 0809+39 has emission at

multiple Faraday depths. This galactic signal must also be present in our spectrum of

NDif f , but is lower than the side-lobe level of NDif f itself.

Position Angle

We used the NRAO VLA Sky Survey (NVSS: Condon et al. 1998) polarization image of

0809+39, along with our measured RM, to �nd the absolute position angle � of NDif f .

Figure 2.5 shows NVSS total intensity contours and magnetic�eld orientation (which

is � � 90o), corrected for the average� of NDif f . Due to the di�erence in resolution

between the RM-Cube and the NVSS, and the fact that the gradient in � across the

source translates into only a�� � 7o, we did not do a pixel-by-pixel de-rotation. The

magnetic �eld runs along the long axis of NDif f , and shows evidence of following the

curvature in the southern end.

Our Faraday corrected WSRT magnetic �eld vectors are plotted in Figure 2.6. We

obtained the polarization from the complex RM-Cube at � = +12 rad m � 2, where

NDif f peaks. Given the uncertainties in absolute position angle when derotating from

� =90 cm to � =0 (e.g., � � � 140o when � � = 3 rad m � 2), we globally rotated the vectors

so that the magnetic �eld orientation of N Dif f matches that seen in Figure 2.5. We

placed the polarized intensity cut-o� such that some of the di�use Galactic emission

can be seen. One can see the discontinuity in angle between the galactic polarization
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and the brighter NDif f emission.

Fractional Polarization

The detection of NDif f in the NVSS survey allows for examination of the degree of

de-polarization. The fractional polarization, m, decreases from m � 45� 55% at 21cm

(matched to the WSRT resolution) to m � 20% at 92 cm. Assuming for a moment that

this depolarization is due only to internal Faraday de-polarization (Burn, 1966; Cio� &

Jones, 1980), we calculate the necessary internal Faraday rotation to be � in � 2 rad m� 2.

The upper limit intrinsic width of N Dif f is � 7� 9 rad m� 2, so the depolarization could

be due to internal Faraday de-polarization. At 351 MHz, SDif f is not polarized at a 3�

level of 9%.

Source P-band 
uxa L-band 
ux a FWHM Size Frac. Pol. Mean � �
(mJy) (mJy) 00 % (351 MHz) rad m � 2

NDif f 178� 0.7 37.8� 0.7 200 19 -1.12 +12
SDif f 136� 1.1 24.8� 1.0 490 < 9 (3� ) -1.23 � +6 b

Table 2.1: PROPERTIES OF THE DIFFUSE COMPONENTS OF 0809+39: a: Errors
taken from �nal maps � rms and does not include the uncertainty in the total intensity
calibration; b: Typical local galactic value.

Region z P0:32 P1:4 L X (0.1-2.4 keV) Physical Size Bmin

1023 W Hz� 1 1023 W Hz� 1 log(erg s� 1) Mpc � G
NDif f 0.20 205 43.4 < 43.0 (3� ) 0.66 0.64
SDif f 0.04 5.07 0.99 < 41.5 (3� ) 0.39 0.57

Table 2.2: DISTANCE DEPENDENT PROPERTIES OF 0809+39

2.4 X-ray & Optical Identi�cation

We now turn our attention to the optical and X-ray environmen t of 0809+39. Since all

radio halo and relic sources found thus far exist in or adjacent to the hot gas of galaxy
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clusters, we searched for thermal emission from X-ray clusters in the vicinity of 0809+39

and investigated the surrounding optical �eld.

2.4.1 X-Ray

Figure 2.7 shows the ROSAT broad (0.1-2.4 keV) continuum emission in the region

of 0809+39 with VLA L-band radio contours overlayed. To put t he low observed

brightness of the X-ray �eld of 0809+39 in context, we have also plotted three X-

ray selected clusters at three di�erent redshifts. The clusters are f RXCJ2324.3+1439,

RXCJ1353.0+0509, RXCJ2155.6+1231g with redshifts of f 0.042, 0.079, 0.192g and

X-ray luminosities of LX = f 0.97, 1.97, 5.51g� 1044 h� 2
70 erg s� 1, respectively (Popesso et

al., 2004). The cluster redshifts were selected to mimic therelevant systems we have

identi�ed in x4.2. It is clear that no di�use X-ray emission like that present in the X-ray

selected clusters is present in the ROSAT 0809+39 �eld.

Figure 2.8 shows VLA contours over XMM EPIC grayscale as wellas XMM contours

over SDSS R grayscale from an XMM observation of the nearby galaxy UGC 4229

(P.I. Matteo Guainazzi) where 0809+39 was toward the edge ofthe �eld. There is

clear emission from the WAT, but there are also several peaksin the region of NDif f .

Peak 2 is located on the WAT. Peak 1 is coincident with an SDSS photometric object

at z = 0 :313 � 0:1, and peak 4 is coincident with an SDSS photometric object at

z = 0 :272� 0:06. Peak 3 is o�set � 1000from a 2MASS galaxy at z = 0 :02, which is

also the FIRST source F1 in Figure 2.2.

After subtracting out the four point sources, we found no evidence of excess di�use

emission. Using webPIMMS2 we calculate a 3� upper limit X-ray luminosity of L X (0.1-

2.4 keV)=1� 1043 erg s� 1 at an assumed redshift of z=0.2.

2.4.2 Optical

As one would expect from a region that spans more than 40000on the sky, the optical

�eld of 0809+39 contains multiple, overlapping redshift systems. This is illustrated by

Figure 2.9, which shows an SDSS mosaic R image with VLA contours. To set the scale,

the large spiral galaxies in this image are at a redshift of roughly z = 0.04. We begin

2 http://heasarc.nasa.gov/Tools/w3pimms.html
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by outlining the known and cataloged optical systems in this region, then focus our

attention on the systems we believe are most likely associated with NDif f and SDif f .

Delain & Rudnick (2006) suggested an association of both NDif f and SDif f with a

grouping of galaxies at z� 0.04. A z = 0 :04063 group (16 members) is reported by Miller

et al. (2005) from the SDSS cluster catalog C4, and Merch�an &Zandivarez (2005) �nd

a group at z=0.040346 (19 members) from DR3. Gal et al. (2003)also detected z� 0.073

and z� 0.11 clusters in this region. These are plotted in Figure 2.10. From Figures 2.7

and 2.8 one can see that none of these have associated X-ray emission.

Due to the presence of the WAT at z=0.2, we consider this redshift system as likely

associated with NDif f (see arguments inx5.1). To assess the signi�cance of the clustering

at this redshift, we used the SDSS photometric galaxy database (Adelman-McCarthy

et al., 2007) and made a histogram in redshift of all the galaxies within a radius of 60

(� 1 Mpc at z=0.2) from the WAT. We then subtracted a histogram (n ormalized to

the same number of total counts) of a roughly 2� 2 degree �eld around the WAT, in

order to subtract out any systematics in SDSS's photometricredshifts. The results are

displayed in Figure 2.11. Figure 2.12 shows the spatial distribution of galaxies (number

of galaxies/pixel at the redshift of the WAT z=0.2 � 0.05) from the SDSS photometric

data. A weak clustering of galaxies is seen around the WAT. Wealso show in Figures 2.11

and 2.12, for comparison, the results from two X-ray selected clusters at similar redshifts

(discussed inx5.1). To assess the relative richness of this group/cluster, we followed the

analysis used in Gal et al. (2003) for estimating the richness of clusters found in the

POSS-II survey. We took the number of galaxies (above a background value determined

from the surrounding 2x2 degree �eld) within � 1 Mpc with an absolute R magnitude of

-22.53< MR < -19.53 taken from the SDSS photometric data. The grouping ofgalaxies

associated with the WAT has a richness of 16, which is on the poorer end of the overall

distribution of richnesses in DPOSS (Gal et al., 2003). We should note that the cluster

at z=0.073 detected by Gal et al. (2003) is also very close to NDif f , and is just as likely

to be associated with the di�use emission as the WAT groupingof galaxies, but the

issues discussed inx5 apply to either case. The cluster at z=0.073 had a richness of

24.9, also signi�cantly poor, and roughly corresponding to an Abell richness class of

R< 0 (Abell et al., 1989; Gal et al., 2003).

If we allow for the proximity of S Dif f with N Dif f to be coincidental, then identifying
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the optical system that is physically connected with SDif f is not straightforward. The

three likely possibilities are the z� 0.04, 0.073, and 0.2 groupings of galaxies. We visually

searched the spatial distribution of galaxies from the SDSSphotometric catalog to �nd

a redshift where there was signi�cant clumping in or near SDif f , without success. The

spectroscopic database of galaxies in SDSS, while much sparser, does reveal a� 5 Mpc

�lament of galaxies surrounding SDif f at redshifts of 0.0352< z < 0.0441 (Figure 2.13).

Many of these galaxies are those that make up the two groups previously detected in this

region (Miller et al., 2005; Merch�an & Zandivarez, 2005), but looking at a wider �eld

reveals the larger �lament. We performed the same richness analysis on the �lament

(centered on RA=122.224, DEC=38.883, 1 Mpc radius) as we didwith the WAT group,

and found a richness of 13. Figure 2.14 shows a wedge diagram of redshift vs. RA for

SDSS galaxies with spectra in a roughly 4� 4 degree �eld around 0809+39. We have

indicated the range of galaxy redshifts that are plotted in Figure 2.13. Groupings of

galaxies at higher redshift were not correlated spatially with SDif f .

2.5 Physical Origin of the Radio Emission

We now turn our attention to the physical origin of the di�use emission. Though we

cannot strictly rule out a Galactic origin for either source, the emission is not morpho-

logically similar and is far brighter than typical di�use ga lactic emission in this region.

We hereafter assume that both components are of extragalactic origin. There are many

di�erent types of extragalactic large-scale di�use radio emission (e.g., Kempner et al. ,

2004), but they in general fall within one of two basic classes: 1) Those directly pow-

ered by current AGN activity; 2) Those associated with processes in the intracluster

medium (ICM). We include in the second class emission related to processes in the in-

tergalactic plasma of galaxy �laments (Kim et al., 1989; Giovannini et al., 1990; Bagchi

et al., 2002; Kronberg et al., 2007). In the vast majority of cases, determining the

identi�cation is straightforward. Either the di�use regio n is directly connected (via jets

or �lamentary bridges) to an active radio galaxy, or there is a rich cluster of galaxies

nearby whose potential well (highlighted by � 108 K, X-ray emitting gas) provides an

obvious energy source for particle acceleration (via gravitational collapse/accretion { >

shocks/turbulence etc).
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Both sources in 0809+39 are unique in that neither of these conditions apply (see

Delain & Rudnick 2006 for two similar sources). There are no cataloged X-ray emitting

clusters nearby, only groups and poor clusters of galaxies.An AGN origin for these

sources is also not obvious. In this paper we narrow our analysis to the two most likely

(or least improbable) sources for the radio emission.

2.5.1 Northern Component

In this section, we: 1) Rule out NDif f being an extended radio lobe directly powered

by the WAT; 2) Give evidence that N Dif f is a classical \radio relic"; 3) Compare NDif f

with other relics and conclude that it has an anomalously high radio/X-ray luminosity

ratio; 4) Determine that the X-ray luminosity is appropriat e for this optical richness, and

is thus not to blame for the abnormal luminosity ratio; 5) Exa mine possible sources of

the relativistic electrons such as direct acceleration from the thermal plasma, adiabatic

compression (only) of fossil WAT plasma, and reacceleration of fossil WAT plasma. We

conclude that the most likely source is reacceleration of fossil plasma from past WAT

activity.

We �rst consider whether NDif f could be lobe emission from an AGN. The nearby

WAT (F2) is the only reasonable candidate as an AGN source. However, they are

spatially well separated, with a peak to peak distance> 500 kpc at z=0.2. While the

FWHM of the long axis of NDif f is 20000, there are faint wings that extend out to

60000. This corresponds to � 2 Mpc at z=0.2, which is a size comparable to that of a

giant radio galaxy (GRG). However, its morphology is unlike any other GRG known

(e.g., Machalski et al., 2001). We can also consider the lifetime of particles emitting at

1.4 GHz. The minimum energy magnetic �eld for NDif f is Bmin � 0.6 � G, which �xes

the Lorentz factor at 
 � 2 � 104 and results in inverse Compton losses dominating the

lifetime. From Sarazin (1999)

t IC = 2 :3 � 1012
 � 1 (1 + z) � 4 yr; (2.2)

which for NDif f is t IC � 107:7 yr. Relaxing the minimum energy requirement for mag-

netic �eld strength, we can calculate the maximum lifetime for any electron radiating

at 1.4 GHz following the prescription of Sarazin (1999). Assuming a redshift of z=0.2
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yields a maximum lifetime of tmax � 108 yr, similar to that calculated above using Bmin .

If we assume a 1 keV gas temperature and only hydrogen gas the sound crossing

time is t sc � 109:1 yr. Therefore the timescale for 1.4 GHz IC losses will be muchshorter

than the di�usion/sound-crossing time (from the WAT to N Dif f ). If the WAT was the

original source for the NDif f plasma, e.g. from an earlier outburst, then there must

have been some re-acceleration or adiabatic enhancement. This is no surprise because

this has been a longstanding result for radio halos and relics.

There are several lines of evidence that point toward NDif f being a radio \relic"

source associated with a poor cluster at z� 0.2: 1) Both the clumping in redshift and

the existence of the WAT (Owen & Rudnick , 1977) indicate the presence of a cluster;

2) WATs are also known to be associated with merger dynamics (Pinkney, 1993; Gomez

et al., 1997; Roettiger et al., 1996; Loken et al., 1995; Pinkney et al., 2000; Blanton et

al., 2003). Additional supporting evidence for merger activity near N Dif f comes from

the multiple X-ray peaks seen in Figure 2.8, one of which is coincident with a z=0.27

SDSS galaxy. Currently all known radio relic or halo sourceshave been found in/near

clusters in a disturbed dynamical state (Feretti, 2006); 3) The long axis of the di�use

emission is perpendicular to the line connecting NDif f and the WAT, typical of relic

sources; 4) The di�use emission is highly polarized, also typical of radio relic sources

(e.g. Giovannini & Feretti 2004); 5) The magnetic �elds are parallel to the long axis of

the emission, suggesting shock compression.

All of these point toward N Dif f being either a Radio Phoenix or Radio Gischt

(Kempner et al. , 2004), depending on whether the \seed" plasma came from an extinct

radio galaxy lobe or was initially accelerated at a cluster accretion shock, respectively.

The curvature of the WAT (from Figure 2.2) is toward the North , suggesting infall from

the South. With a longest linear extent of � 2 Mpc, NDif f is comparable to larger relic

sources around rich clusters of galaxies (Giovannini et al., 1999). For radio relics where

the spectral index distribution is known, the edge farthest from the cluster is always

sharper and has a 
atter spectrum (Giovannini & Feretti, 2004). Though NDif f does

not exhibit this behavior (see Figure 2.3), we should note that the source is only a little

more than a single WSRT beam thick in the transverse direction. Therefore a higher

resolution spectral index map is needed to con�rm this.

We can now ask how NDif f compares to other observed radio relics. Radio halos,
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di�use radio emission centered on some clusters of galaxies, are known to exhibit a good

correlation between their radio luminosity and the X-ray lu minosity of their associated

cluster (e.g., Feretti, 2003, 2006). A similar but weaker correlation for radio relics has

been claimed by Giovannini & Feretti (2004), who quoted P1:4GHz / 10K L x , where K

ranged from 0.8 to 2.2. We have compiled a relatively complete list of known relics with

available 1.4 GHz 
ux measurements and plotted their radio luminosities vs. X-ray

luminosities in Figure 2.15 (compiled from Giovannini, Feretti & Stanghellini , 1991;

Giovannini et al., 1999; Kempner & Sarazin, 2001; Govoni et al., 2001; Slee et al., 2001;

Govoni et al., 2005). NDif f is at least an order of magnitude too luminous (under-

luminous) in the radio (X-ray). We examine several possibleexplanations as to why

the radio or X-ray emission from the relic source NDif f is not what we would expect

from the radio/X-ray luminosity relation for rich galaxy cl usters. From the observed

correlation, NDif f should have anL x � 1044� 45 erg s� 1 from 0.1-2.4 keV, but from

XMM observations we measure a 3� upper limit of L x � 1 � 1043 erg s� 1. We examine

the two quantities in this relation separately, starting wi th the X-ray luminosity.

It is possible that the grouping of galaxies that NDif f is associated with is massive

enough to emit the expected amount of X-rays (i.e. � 1044� 45 erg s� 1 at 0.1-2.4 keV),

but for some reason they are not observed. Perhaps the grouping will have the \correct"

X-ray luminosity eventually, but we have caught it in a very early evolutionary state

where the thermal gas has not reached the needed density or temperature to emit su�-

ciently in the X-rays. The optical properties of the WAT grou p (x4.2), however, are not

representative of massive X-ray emitting clusters (see, e.g., Ledlow et al. 2003 for optical

vs. X-ray properties of Abell clusters). To further show this, we examined the optical

properties of the X-ray selected3 clusters RXCJ1327.0+0211 and RXCJ2155.6+1231,

both of which have a similar redshift f 0.259, 0.192g to the WAT and a L x = f 1.67,

1.12g� 1045 erg s� 1, respectively (Popesso et al., 2004). For the optical data we again

used the SDSS photometric galaxy database and performed thesame analysis as with

the WAT system ( x4.2). Figure 2.11 shows the histograms and Figure 2.12 the distri-

bution of galaxies with the same contour levels as the WAT system. The X-ray clusters

show much stronger clustering than the WAT system, both spatially and in redshift.

Using the same richness analysis that we used for the WAT group, RXCJ2155.6+1231

3 We used X-ray selected clusters to avoid pre-selecting optically rich clusters.
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and RXCJ1327.0+0211 have richnesses of 42 and 53, respectively, consistent with large

X-ray luminous clusters (e.g. Ledlow et al. 2003). The lack of X-ray emission in the

WAT group, therefore, is consistent with its poor optical pr operties, and cannot explain

the discrepant radio/X-ray luminosity ratio seen in Figure 2.15.

We now examine the radio luminosity, which is apparently two orders of magni-

tude too luminous given the observed correlation for radio relics. We proceed under

the assumption that NDif f is related to the presence of a shock, as we argued earlier,

and attempt to understand the source of the relativistic electrons that are causing the

synchrotron emission. The two likely possibilities are that the electrons were acceler-

ated directly out of the thermal plasma by di�usive shock acceleration (DSA), or the

seed electrons came from fossil plasma from past AGN activity and were re-accelerated

and/or adiabatically enhanced by the shock.

Miniati et al. (2001) performed a cosmological simulation that included only DSA

of cosmic rays from the thermal environment and did not include fossil AGN plasma.

They report a correlation between 1.4 GHz radio luminosity from primary electrons

(those accelerated at shocks) and cluster temperature (seeFigure 6 of that paper) that

is roughly consistent with the observed correlation for radio relics shown in Figure 2.15.

The radio/X-ray luminosity ratio of N Dif f is therefore inconsistent with the results of

Miniati et al. (2001). We can examine the conditions under which their simulations

would have produce the observed P� /L X ratio of NDif f . Using observed LX vs. Tcluster

relations (Hartley et al., 2008) and theoretical expectations for low-density environments

(Ryu et al., 2003), we assume a Tcluster < 1 keV. Miniati et al. (2001) would then

predict P � (1.4 GHz) � 1� 1022 W Hz� 1, assuming an acceleration e�ciency of 10� 4 and

an electron to proton injection ratio of R e=p=0.01. Therefore, either the acceleration

e�ciency needs to be � 0:01 or Re=p � 1 in order for Miniati et al. (2001) to reproduce

the P� /L X ratio of NDif f . It is thus physically possible to use DSA out of the thermal

gas to create NDif f , but it is not clear why the e�ciency or R e=p should be so anomalous

in this region.

The other possible source of seed electrons is fossil or \relic" plasma from past

AGN activity, presumably from the nearby WAT. There are two p ossible mechanisms

for reviving old plasma. The shock can either adiabatically enhance the relativistic

particles and magnetic �elds of the relic plasma only (e.g., En�lin & Gopal-Krishna,
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2001), or the shock can reaccelerate the particles as well.

In the case of pure adiabatic compression, let us compare theenergy content of the

current WAT radio lobes and NDif f . From the FIRST data, the eastern lobe of the

WAT has a minimum energy magnetic �eld of B min � 2.7 � G and a total energy of E

� 6 � 1057 erg. NDif f has Bmin � 0.6 � G and E � 3:4 � 1059 erg. It appears that the

energy contained in NDif f cannot be explained by adiabatically compressing an extinct

radio lobe similar to the current lobes of the WAT. This does not rule out this scenario

however, since the current activity of the WAT may not be indi cative of past activity,

and WATs in general are known to have energies of the same order as NDif f (e.g., De

Young, 1984).

The reacceleration of the fossil electrons can further increase the emissivity of the

relic plasma (Blandford & Eichler, 1987; Micono et al., 1999; Markevitch et al., 2005),

potentially by an order of magnitude, depending on the pre-shock spectral index and

the shock compression ratio R. From the spectral index of NDif f , � = � 1:12, we can

�nd the shock compression ratio R = � � 1
� +1 =2 = 3.4 (Bell, 1978; Drury, 1983) and Mach

number M � 2.1. The Mach number is a reasonable one for this environment(e.g., Ryu

et al., 2003). In short, energetically it is not out of the question that the radio emission

NDif f was created by shock compressed fossil plasma from the WAT, assuming that the

WAT's past activity was stronger than it is currently.

Given that DSA of electrons from the thermal plasma reproduces the observed radio

vs. X-ray luminosity correlation for radio relics, from whi ch NDif f is a clear outlier,

we conclude that reacceleration and/or adiabatic compression of fossil plasma from the

WAT source is a more likely origin for the radio emission in NDif f . Due to the fact

that current activity of the WAT is not energetically compar able to NDif f , we must

invoke more powerful activity in the past in order to make the adiabatic compres-

sion/reacceleration hypothesis work. Had we associated NDif f with the z� 0.07 group

of galaxies (x4.2, Figure 2.10), the P� /L X ratio would still have been two orders of

magnitude too large for the observed correlation for radio relics. Our arguments would

have proceeded the same way, except we would have needed to invoke past activity from

an undetectedAGN to explain the discrepant radio luminosity.
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2.5.2 Southern Component

Many of the same issues that we found with NDif f arise when we consider possible

origins for SDif f . If we consider an AGN origin, the morphology of SDif f (Figure 2.2)

is reminiscent of a WAT source centered on the FIRST radio source F7. F7, however,

does not have an optical counterpart in SDSS. If it is an unidenti�ed WAT, its redshift

is likely to be z > 0.5 (Schmidt et al., 2006), making its total linear extent > 3 Mpc.

Figure 2.16 shows a plot of 1.4 GHz radio power vs. linear extent for a sample of WAT

sources from Pinkney et al. (2000). If SDif f were indeed at a redshift of z> 0.5, it would

have a linear size that far exceeds typical WATs in this sample. It is also possible that

one of the z=0.04 galaxies that makes up the �lament (Figure 2.13) hosts an AGN that

created the extended emission, but none of the galaxies at this redshift (with spectra in

SDSS) show signs of AGN activity. However, the AGN could havebeen disrupted and

disappeared leaving the lobe emission behind (e.g., Parma et al., 2007), as long as this

happens on a timescale less than the 1.4 GHz electron maximumlifetime of 108 yr (see

discussion inx5.1). Assuming SDif f is at a redshift of z=0.04, its total energy would be

E � 7:9 � 1057 erg and the minimum energy magnetic �eld would be Bmin � 0:6 � G,

not atypical for WAT lobe emission (see x5.1).

SDif f could be caused by ICM or IGM processes, similar to our claim for NDif f .

From Figure 2.7 we can see that, like NDif f , there is no cluster X-ray emission detected

in either ROSAT or XMM. The apparent �lament in which S Dif f is embedded o�ers an

intriguing origin for the di�use emission. Unlike other di� use radio sources that have

claimed to be part of �lamentary large-scale structure (Kim et al., 1989; Giovannini et

al., 1990; Kronberg et al., 2007), SDif f is not near any massive clusters. At 390 kpc

long, SDif f is smaller than the � 1.5 Mpc emission in the Coma-Abell 1367 supercluster

(Kim et al., 1989; Giovannini et al., 1990) or the 4 � 5 Mpc radio regions found by

Bagchi et al. (2002) and Kronberg et al. (2007). Bagchi et al.(2002) detected radio

emission coincident with a relatively isolated �lament of galaxies (in the region of the

cluster ZwCl2341.1+0000), similar to SDif f . Unlike SDif f , however, the �lament was

also detected in X-rays with a LX (0.1-2.4 keV)� 1044 erg s� 1. Though the linear extent

of SDif f is small compared to the overall size of the �lament, it is in the densest region.

The radio luminosity of SDif f (Table 2), assuming it is embedded in the z� 0.04 �lament,

is also several orders of magnitude above the radio vs. X-rayluminosity correlation for
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known relics (Figure 2.15). Therefore, if SDif f is indeed caused by processes in the ICM

or IGM, the lack of X-ray emission poses the same problem as itdoes for NDif f . We

do not have an active radio galaxy nearby, however, to o�er anexplanation for SDif f 's

increased radio luminosity.

2.5.3 Implications

A consequence of attributing NDif f 's abnormally high radio luminosity to the presence

of relic radio plasma is that any relic that forms in the presence of preexisting magnetized

plasma will show an increased luminosity. A signature of this scenario might be in the

scatter of the currently observed relics, which could be correlated with the availability of

relic plasma from current/past AGN activity. However, the C oma relic 1253+275, which

is a relic that is seemingly being fed magnetized plasma fromthe NAT source NGC 4789

(En�lin & Gopal-Krishna, 2001), is less radio luminous than other relics with similar

X-ray luminosity (Figure 2.15). This is contrary to our hypo thesis that fossil AGN

plasma increases the radio luminosity of relic sources. There are, however, many factors

that contribute to the presence and strength of synchrotron emission at a structure

formation shock. Miniati et al. (2001) found scatter of the same order as Figure

2.15 for the 1.4 GHz emission of primary electrons in their simulations. This is after

integrating the radio luminosity over a spherical volume with a radius of 1.3 h� 1 Mpc,

and without including relic plasma from past AGN activity. S ince Miniati et al. (2001)

used a �xed radius for all the clusters, the radio luminosities they found depend on

the details of the current dynamical state and the location of shocks within (or just

outside) each cluster. In practice, radio relics representonly a single (perhaps partially)

illuminated shock front associated with a cluster. It is thus no surprise that there is

such a large scatter in the observational correlation.

What then makes these two sources, NDif f and SDif f , special? Why have radio

relics only been found around rich X-ray clusters up until now? Part of the observa-

tional problem is most certainly selection and bias e�ects. Thus far most searches for

relics have focused on rich X-ray emitting clusters, an exception being Rudnick, Delain

& Lemmerman (2006), from which 0809+39 was found. Even Delain & Rudnick (2006)

found only a handful of new candidates, but this could be the tip of a larger distribution
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that is currently below the NVSS and WENSS surface-brightness limits. On the the-

oretical side, most simulations that include synthetic radio observations, e.g., Miniati

et al. (2001) and Pfrommer, En�lin & Springel (2008), do not i nclude pre-existing

relativistic plasma from past/current AGN. Hoeft et al. (20 04) simulated the merger of

two M � 1:6 � 1013 M � clusters of galaxies in order to track the revival of relic radio

plasma. They found that e�cient re-acceleration only occur red in regions where the

ratio of magnetic pressure to gas pressure is PB /P gas < 0.01, which explains why this

process is ine�cient in the inner regions of clusters where PB � Pgas. One property that

distinguishes NDif f and SDif f from other known relics is that they reside in poor envi-

ronments. Perhaps poor clusters and groups do not con�ne relativistic plasma as well,

so that radio lobe plasma from AGN can be driven farther (and faster) into the low den-

sity regions than they would in rich clusters (we are speaking here about driven jets, not

buoyant forces). For adiabatic compression to be most e�ective, one wants \younger"

electrons, higher compression factors (steeper shocks in cooler gas), and lower magnetic

�elds (i.e., less radiative losses; En�lin & Gopal-Krishna 2001). The �rst two of these

conditions can be e�ectively achieved in the above scenario. Simulations focusing on

the evolution of relic AGN plasma in low-density environments are needed in order to

fully assess the plausibility of this idea.

2.6 Summary

We have presented detailed radio observations of the di�usesource 0809+39 in an

attempt to discover the origin of the synchrotron emission. To summarize the key

messages:

� Evidence points toward NDif f being a radio relic, i.e. shock excited synchrotron

emission, related to a poor z� 0.2 group of galaxies.

� SDif f 's origin is ambiguous, though its coincidence with a �lament of galaxies at

z� 0.04 makes it possible that it could be synchrotron emissionfrom �lamentary large-

scale structure or relic emission from an extinct radio galaxy within the �lament.

� Both N Dif f and SDif f are more radio luminous than their X-ray properties would

suggest, given the apparent P� vs.LX correlation of known radio relics.

� Total energies in NDif f and SDif f are comparable to luminous, di�use radio galaxies,
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and could be the result of adiabatic compression/reacceleration of past AGN activity.

� When analyzing di�use radio emission beyond the environments of rich galaxy clusters,

determining the true physical origin of these structures isnon-trivial, especially at very

low surface-brightness levels where emission related to large-scale structure is expected.

The issues presented here highlight the di�culty in �nding a uni�ed physical model

for radio relics. Detailed observations of the radio spectrum, coupled with deep X-

ray observations, are needed for a large sample of radio relics in both poor and rich

environments in order to determine such a model.
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Figure 2.1: WSRT 351 MHz total intensity image with contour l evels 8.254� 10� 3(-0.4,
0.4, 0.5, 0.8, 1.2, 2, 3, 4, 6, 8, 16, 32, 64) Jy/(10800� 6000beam). S1 and S2 are \compact"
sources at 351 MHz that show sub-structure at higher resolution (see Figure 2.2).
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Figure 2.2: VLA I image (left) with contours 2.0 � 10� 4(-1, 1, 2, 3, 4, 5, 7, 9, 11, 13, 15)
Jy/(40 00� 4000beam). At right are close-ups views of S1 and S2 from the FIRSTsurvey.
Contours 4.0� 10� 4(1.5, 2, 3, 4, 6, 8, 10, 20, 50, 100) Jy/(500� 500beam).
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Figure 2.3: Spectral index map from 351 MHz to 1.4 GHz, with WSRT contours
8.25� 10� 3(-0.5, 0.5, 0.8, 1, 2, 3, 6, 12, 24, 48) Jy/(10800� 6000beam).
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Figure 2.4: Top: Our RMTF; Center: Faraday spectrum for NDif f ; Bottom: Faraday
spectrum for a large area of the Galactic emission. Characteristic error bars are shown.
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Figure 2.5: B �eld orientation obtained from derotating the NVSS to correct for a
rotation measure of +12 rad m� 2. Contours are NVSS I at 4.9� 10� 3(-0.3, 0.3, 0.4, 0.5,
0.8, 1.2, 2, 3, 4, 5, 6, 8, 16, 32, 64) Jy/(4500� 4500beam), and the magnetic �eld lines are
100=2.22� 10� 5 Jy/(45 00� 4500beam).
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Figure 2.6: WSRT 351 MHz contour image of 0809+39 I (same contours and res-
olution as Figure 2.1) with corrected magnetic �eld vectors for the RM-Cube at
� = +12 rad m � 2. 100= 1.85� 10� 5 Jy/(108 00� 6000beam). The apparent \noise" in
the polarized emission is actually real emission from our own galaxy.
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Figure 2.7: ROSAT broad (0.1-2.4 keV) continuum grayscale (convolved to 10000) with
VLA L-band contours. To the right are ROSAT images of three X-ray selected clusters
at the indicated redshifts, at the same grayscale and resolution as the 0809+39 ROSAT
image.



38

Figure 2.8: Left: XMM Epic observation in counts (convolved to 2000) with VLA radio
contours 6.5� 10� 3(0.05, 0.1, 0.2, 0.4, 8) Jy/(4900� 4200beam). Note that a faint X-ray
source is coincident with F2 (the WAT seen in Figure 2.2); Right: SDSS R image with
XMM EPIC contours. Grayscale is in units of counts, and the contours are 4.08� (3.5,
4, 5, 6, 8) counts. X-ray source 2 is the WAT (F2) and the galaxy near source 3 is
coincident with compact radio source F1.
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Figure 2.9: SDSS R mosaic grayscale (in counts) with VLA 1.4 GHz contours at
2.0� 10� 4 (-1, 1, 2, 3) Jy/(4000� 4000beam).
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Figure 2.10: Plot of known groups/clusters in the 0809+39 region. Boxes are z� 0.04
systems, triangles are z� 0.07 systems, and the cross is a z� 0.11 cluster.
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Figure 2.11: Histograms of galaxy photometric redshifts from SDSS for 60 around the
WAT source F2 (Top, see Figure 2.2) and the X-ray selected clusters RXCJ1327.0+0211
(Center) and RXCJ2155.6+1231 (Bottom) (Popesso et al. 2004). Note that all the
histograms have a narrow peak at z� 0.35. This is an artifact of the template �tting
method for calculating the photometric redshifts (Csabai et al. 2003; see Figure 16 in
that paper).
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Figure 2.12: Distribution of galaxies from the SDSS photometric database with redshifts
between 0.15< z < 0.25, smoothed to 60. Left: 0809+39; Using the same redshift limits
we show two X-ray selected clusters for comparison: Middle:RXCJ1327.0+0211; Right:
RXCJ2155.6+1231
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Figure 2.13: Top: Distribution of 0.0366 < z < 0.0448 galaxies with spectroscopic red-
shifts in SDSS plotted as stars. Bottom: close-up view of theboxed region in the top
panel. SDif f is embedded in the �lament of galaxies.
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Figure 2.14: Distribution of redshift vs. RA for galaxies with spectroscopic redshifts
in SDSS in a roughly 4� 4 degree �eld around 0809+39. The dashed lines enclose the
range in z used to create Figure 2.13 (0.0366< z < 0.0448), and show the clustering of
the �lament galaxies. There are other signi�cant structure s at higher redshifts, but the
�lament at z=0.04 was deemed signi�cant based on its spatial correlation with SDif f .
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Figure 2.15: Plot of relic radio luminosity/Hz at 1.4 GHz vs. the 0.1-2.4 keV X-ray
luminosity of the associated cluster. Compiled are 22 radiorelics from Giovannini et al.
(1991); Giovannini, Tordi, & Feretti (1999); Kempner & Sara zin (2001); Govoni et al.
(2001); Slee et al. (2001); Govoni et al. (2005). They represent a complete list of radio
relics that have reasonably reliable 1.4 GHz Flux density measurements.
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Figure 2.16: 1.4 GHz power vs. linear extent in kpc for a sample of WAT sources
(Pinkney et al. 2000). SDif f , if at redshift of z> 0.5, is an extremely large radio galaxy.



Chapter 3

The Discovery of Di�use Radio

Polarization Structures in the

NVSS

A slightly modi�ed version of the chapter appears in The Astronomical Journal: Rud-

nick, L., & Brown, S. 2009, AJ, 137, 145

3.1 Introduction

Polarized synchrotron radiation is a powerful diagnostic tool for astrophysical relativis-

tic plasmas. It provides information on the �eld direction, degree of order, and in some

special situations, the actual �eld strength. Polarization's diagnostic power (and its

sometimes ambiguous interpretation) for optically thin sources arise from the combina-

tion of two factors { its vector nature, allowing for constru ctive/destructive interference,

and the e�ects of radiative transfer, primarily Faraday rot ation, along the line of sight.

There is a long history to the use of radio polarizations for structural studies. In

our Galaxy, polarized emission allowed the mapping of the large scale structure of the

magnetic �eld including very large angle structures such asLoop 1 (Berkhuijsen , 1971).

More recently, higher resolution images have uncovered structures on a wide range of

scales, including the in
uence of Faraday screens (Taylor et al. , 2003; Wieringa et al. ,

47
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1993; Gaensler et al. , 2001). In addition, discrete objectssuch as supernova remnants

and supershells are highly polarized, allowing study of their magnetic �eld structures

and dynamics (Kundu , 1970; Milne & Dickel , 1975; Jones et al., 2003; West et al. ,

2007). Many extragalactic radio sources were found to be signi�cantly polarized, from

the pc-scale relativistic jets of blazars and other AGN (Wardle , 1971; Rudnick et al. ,

1985) to the di�use lobes of radio galaxies on scales of 100s of kpc (Stull et al. , 1975).

In addition to its propitious qualities, polarized synchrotron emission is also important

as a foreground for CMB polarization studies (Tegmark et al. , 2000).

Polarized objects like the Mpc-scale peripheral relics or gischt (e.g., Hanisch, Strom

& Ja�e , 1985; Kempner et al. , 2004) around clusters of galaxies, presumably due to

accretion shocks (Ensslin et al. , 1998) were the initial motivation for the current study.

The current work was motivated by a desire to use polarization as a probe to push

below the limits of confusion (Rudnick , 2004) to search for signatures of infall into and

along the large scale �laments that are part of cosmic structure formation (Miniati et

al. , 2001).

Although the Stokes parameters Q, U, and I for linearly polarized emission contain

a great deal of information, the way in which they are processed and communicated

necessarily destroys some of that information. In particular, whether or not a vector

background subtraction (in Q and U) or spatial smoothing is done before calculation of

the polarized intensity P = [ Q2 + U2]0:5 can cause features to appear or disappear in an

image. Thus, it is often possible to re-process Stokes images and derive further informa-

tion than emerged from their initial analysis. It was this ty pe of thinking that led us to

reconsider the polarization information present in the NRAO VLA Sky Survey (NVSS,

Condon et al. , 1998). We note that the proper way to recover di�use polarization

information unconfused by smaller sources is to combine single dish and interferometer

data. However, since there are angular scales and rotation measure ranges now reach-

able by the \allsky" NVSS that are unlikely to be duplicated i n the near future, it is

worth examining what information can be derived from this survey.

The NVSS is a 1.4 GHz survey (combining data from 1364.9 and 1435.1 MHz) con-

ducted from 1993-1997 in the D and DnC con�gurations (lowestangular resolution) of

the VLA, covering the 82% of the sky which is visible from its latitude. It is reproduced

as 2326 4o � 4o images in Stokes parameters I, Q, and U at a resolution of 45".The
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rms brightness is � 0.45 mJy/beam (0.14 K), in I, with typical rms values of � 0.29

mJy/beam (0.09 K) in Q and U at high galactic latitudes. Farad ay rotation between

the two NVSS bands eliminates any polarized emission in the images with jRMj � 340

rad/m 2.

The information on large scale structures in the NVSS is limited by two e�ects.

First, the snapshot observations and smallest projected spacings of � 37 m produce

grating lobes at � 18', e�ectively eliminating the sensitivity to sources lar ger than that

scale. In addition, the short spacings were further weighted down in the mapping

procedure, to remove the large scale \pedestal" in the synthesized beam. Although no

detailed study has been done, the NVSS is generally recognized to have little sensitivity

to structures > 15'. For most extragalactic studies, this provides a great bene�t both

in total intensity and polarization because it removes the e�ects of the strong large-

scale galactic emission. However, there are many interesting galactic and extragalactic

structures on intermediate scales that do not appear in the original survey.

It is possible to recover some of this intermediate scale structure from the NVSS

linear polarization images. If a source has structure in Q and U on angular scales to

which the interferometer is sensitive, then it will be detected even if the underlying total

intensity (I) is much smoother and undetectable by the interferometer. Q and U often

have smaller-scale 
uctuations than total intensity because they are sensitive to �eld

disorder, magnetic �eld direction, and Faraday rotation, n one of which a�ects the total

intensity. The recovery of such polarized features is the purpose of our reanalysis; the

NVSS \all sky" images in total intensity and polarization at 800" resolution are shown

in Figure 3.1, dramatically illustrating the larger scale information present in the latter.

The processing scheme for these images is discussed in detail below.

3.1.1 Polarization Image Preview

We brie
y look at what types of features and artifacts are visible in Figure 3.1 and the

additional closer look in Figure 3.2 (center image) at a� 100o region centered around the

Perseus arm. First, we see that the polarization images trace the large scale emission of

the Galaxy, as seen, e.g., in Reich & Reich (1986) or Haslam etal. (1999). Superposed

on the galactic structure are a network of stripes following lines of constant right as-

cension. These lines represent series of scans from the NVSSsurvey where the residual
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instrumental polarization was slightly higher than average. There are also lines of black

'dots', each of them one approximately one primary beam (34') across, where the resid-

ual instrumental polarizations were high enough to require
agging in the NVSS survey

(W. Cotton, private communication, 2008). At the highest declinations, the residual

instrumental polarization is high at all right ascensions, creating a series of rings around

the north celestial pole.

A large number of small sources (at 800" resolution) are alsoseen in these images.

These represent both real polarized sources and those caused by residual instrumental

polarizations from the very brightest objects in total inte nsity. To illustrate the in-

strumental issues from strong point sources, we consider the case of 3C84; it has an

NVSS 
ux of 22.15 Jy, and an observed polarized 
ux of 1.9 mJy (0.08%), showing

that the residual instrumental polarization is quite low at full resolution. However,

larger sources such as Cassiopeia A (� 5' diameter) seen in the center of Figure 3.2 are

incompletely sampled in the NVSS, producing sidelobe structure that puts power into

the polarization images. Out of Cas A's total 
ux of � 2500 Jy, the total polarized 
ux

in Figure 3.2 is � 45 Jy, or � 2%, spread over� 1o. Although there may be some small

real integrated polarization at 1.4 GHz (see Anderson, Keohane & Rudnick , 1995),

the 1o extent shows that the bulk of the contribution here is instrumental. Thus, very

strong, extended sources cannot be reliably studied through this NVSS reprocessing.

We consider this e�ect further below in our discussion of emission around 3C31.

By contrast with Cas A, there appears to be little or no e�ect d ue to the strong

total intensity emission from the Galaxy, e.g., on scales ofdegrees or larger. This

potentially could have been a problem, as Stil et al. (2006) show that the noise in

VLA visibility data is related to the value of T sys, which includes contributions both

from the sky brightness and spillover radiation from the ground. However, even in the

brightest regions of the galactic plane, we do not appear to have preferentially high

polarization; the brightest region in Figure 3.2, for example, is in the direction of the

Cygnus Arm, and is indicated by a black circle. Within that re gion, the peak (mean)

brightness is � 35 K (� 7 K) from the Reich & Reich (1986) map, while we observe a

mean polarized brightness of� 20 mK above the background. Instead of being higher

in this bright region, the NVSS polarized 
ux is strongly anti-correlated with the total

intensity emission, likely due to depolarization from the extensive ionized gas seen over
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this same area (Ha�ner et al. , 2003). Stil & Taylor (2007) also �nd a major drop in

the number of polarized NVSS sources in this area, likely dueto depolarization between

the two NVSS bands.

A subtle problem with NVSS polarizations has been describedby Batttye, Browne &

Jackson (2008), largely resulting from clean biases and small ( � Jy) o�sets in Q and U.

Both of these create problems far below the noise in the NVSS polarization images, and

even further below the residual instrumental polarization artifacts that are prominent

in Figures 3.1 and 3.2, and do not a�ect the current work.

3.2 Map Analysis

The key element of our processing is the convolution to larger angular scales of the

polarized intensity maps, instead of the typical procedure of pre-convolving Q and U,

and then calculating P. Suchpre-convolution is generally preferred due to its better noise

properties, as well as its preservation of the polarizationangle (� = 0 :5� tan � 1(Q=U) )

on the convolved scales. Pre-convolution is also equivalent to observations made with a

large synthesized beam or single-dish observation. However, since there is a maximum

angular scale to which interferometers are sensitive, pre-convolution at that maximum

scale or beyond would contain no real signal, only noise.

Once P is calculated from Q and U images at some resolution, further smoothing

(which we term post-convolution here) can be performed and arbitrarily large structures

can be detected. Similarly, if a large total intensity structure were not smooth, but

made up of a collection of small-scale features, it would also be detectable beyond the

nominal maximum angular scale. This process is diagrammed in Figure 3.3. It shows

the production of two maps, P800 and P800f , constructed as described above by pre-

convolution followed by post-convolution at a resolution of 800".

The rms scatter in P800 and P800f varies widely across the sky, and contains contri-

butions from three factors - the random noise from the receivers, the actual polarized

signal in each region, and the residual instrumental polarization which is most easily

evident in the strong declination stripes visible in Figure 3.1. During the NVSS ob-

servations, the focus was on the reliability of the total intensities, and changes in the
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instrumental polarization were not closely monitored (B. Cotton, private communica-

tion). At times when certain declination strips were being observed, larger than normal

instrumental e�ects would arise, e.g., from phase jumps between the right and left hand

receivers on the reference antenna used for polarization calibration. We illustrate more

quantitatively in Figure 3.8 how the rms 
uctuations in P800 vary across the sky at

high galactic latitudes. We identify the high rms scatter region associated with the

actual signal related to the North Polar Spur, and an adjacent region where the residual

instrumental polarization contributions were small. These can also be seen visually in

Figure 3.1. In the presence of random noise alone, we could have corrected for the

bias in polarized intensity (Wardle & Kronberg , 1974; Simmons & Stewart , 1985).

Given the dominance of variable residual instrumental polarization contributions, how-

ever, it is not possible to conduct an automated processing scheme for separating the

signal/noise/instrumental contributions to the power.Th erefore, we look at the noise

characteristics for each individual sources of interest, and describe the observed value

in P800 above the local background and rms to estimate its signi�cance.

To remove some instrumental artifacts (and a �rst order subtraction of the polariza-

tion bias) we will also be making use of a high-pass �ltered version of P800 , which we

label P800f . The high-pass �lter consisted of subtracting from each pixel the median

of P800 over a box 4o in declination (the size of an individual NVSS image �eld) by 6'

in right ascension.

We estimated the sensitivity to di�use polarized structure s after pre- and post-

convolution using a series of simulated polarized signals.The initial construction of the

simulated images (Signal+Noise) is shown in Figure 3.4; theprocessing of these images

to measure sensitivities is shown in Figure 3.5. One of the processed (Signal+Noise)

images is shown in Figure 3.6. In order to capture all the spatial characteristics of

the NVSS images, we used actual images from high galactic latitude �elds for both the

simulated "signal" and "noise". We constructed the background \noise" image by �rst

taking a single pair of 8.5o� 8.5o Q and U images from the survey, and at all locations

where jQj and jUj were greater than 2 mJy/beam, replaced these values with zero.

This e�ectively eliminated almost all signals from compact sources in the Q and U im-

ages. The remaining large-scale real and instrumental 
uctuations in these images thus

simulate the actual background against which we are trying to detect signals. The rms
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\noise" distribution, which includes point source, galactic and instrumental 
uctuations,

is shown in Figure 3.7, for all 4o �elds in the NVSS. It can be very roughly described

as a Rayleigh distribution with an rms value of � 6.5 mJy/(800" beam), slightly larger

than the expected system noise value of 5.2 mJy/(800" beam) =0.29 mJy/(45" beam)

� ([800"=45"]0:5). At the full resolution of the NVSS, the systematic real and instrumen-

tal e�ects contribute little power to the Q and U maps. The sys tematic contributions

become much more important as the images are convolved to lower resolution.

To create our simulated signal, we took a separate NVSS 1o �eld and convolved the

Q and U images with an 8' Gaussian, multiplied these images bya constant and added

them respectively to the background noise Q and U images. Thesimulated signal thus

consists of a 1o patch with structures in Q and U on the scale of 8', added to the8.5o

background (noise) �eld at the full NVSS resolution of 45".

We then pre-convolved these images to various scales, converted to P (�rst option in

Figure 3.5) and measured the means in the central 1o region (Psig , including the local

noise) and outside the central 1o (Pnoise ). We also measured the rms 
uctuations,Prms

in the noise regions. Finally, we calculate

Signal : Noise � [Psig � Pnoise ]=Prms :

The resulting signal:noise as a function of pre-convolution size is shown in Figure 3.7.

The detectability rises dramatically with convolution, as expected, since the "signal"

was forced to have a scale of 8'. At larger pre-convolution values, the signal:noise falls

as the signal itself starts to be vector-averaged away and diluted.

We also show the behavior of the signal:noise usingpost-convolution. For these

experiments, we added the \signal" image (with its 8' scale) to the full resolution Q

and U \noise" images, formed P, and then post-convolved the result to various scales

(second option in Figure 3.5). Looking again at the signal:noise for various convolutions,

we see that the detectability of the signal is less than in thevector-averaged (pre-

convolution) case because the signals are not being averaged coherently. At the larger

convolution sizes, the signal:noise drops even further, mostly due to the increased noise

power on large scales in the NVSS, from both galactic polarization structure and residual

instrumental polarization. We note that the above signal detectability experiment is a
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single case using an arbitrarily constructed source. The detectability of sources with

speci�c polarization structures would have to be investigated on an individual basis.

It is also possible adopt a hybrid approach and pre-convolvean image to some

scale (� pre), and then post-convolve it to larger scales (� post). The advantage to this

approach is that if an astronomical source has structure in Qand U on scales� � source,

then the signal:noise will be enhanced by using� pre � � source. This pre-convolution has

a second advantage for our survey { it enhances our search fornew larger-scale features

by enhancing them relative to smaller sources that are more likely to be already known.

We therefore adopt, for this initial presentation � pre = 240" and � post = 800", and

call the polarized intensity P800f . It is important to note that while our P800f maps

with � post = 800" have a resolution very similar to those of single-dishsurveys, sources

with � source � 240" will be detected by us, but not with the single dish. The results

presented here are almost entirely qualitative, for a number of reasons. First, they

measure only the polarized \power"in Q and U from the poorly sampled low spatial

frequencies in the survey up to the pre-convolution scale size. Thus, a source one degree

across with uniform Q,U would be invisible, while another source with variations on, e.g.,

4 arcminute scales would appear strongly, even if they had the same meansqrt(Q2+ U2).

The spatially dependent power in Q and U may also depend on theforeground rotation

measure, independent of the intrinsic strength of the source. Quantitative information

could be derived only by constructing a detailed polarization model of a source and

its foreground rotation measure structure, and then propogating that model through

simulated observations and processing. We do not attempt this here.

3.3 Results

We begin with a discussion of two large �elds in the galactic plane, to illustrate the

di�erences between structures seen in total intensity and/or single-dish polarization

maps. We also look at several new di�use polarized structures, galactic and extragalac-

tic, found through our new processing. A paper identifying alarge number of new and

often unidenti�ed sources is in preparation.



55

3.3.1 Cygnus-Perseus region

This region is shown in Figure 3.2 and we have previously discussed some of its instru-

mental and other features. Here, we point out the �lamentary feature extending north

for about 40o from the galactic plane in the Cygnus region (lII =90o) with a less-well

de�ned counterpart to the south. The �lament is also present in the total intensity Bonn

image at 36' resolution Reich & Reich (1986), especially when �ltered to remove the

smooth background (using the multi-resolution �ltering te chnique of Rudnick (2002)

with a box size of 7o in longitude by 1o in latitude). This feature is usually identi�ed as

the western portion of Loop III (Spoelstra , 1972), but another possibility is suggested

in Figure 3.9. The 36' resolution Stokes Q image from Wolleben et al. (2006) is shown

here, with the suggestion of a new loop that extends from the Cygnus region, curves

up and over the galactic pole, and returns back towards the galactic plane approxi-

mately 180o away. With a nominal center at l II =0 o, bII =20o, and a radius of 75o (M.

Wolleben, private communication), it is approximately concentric with Loop I, which

Wolleben (2007) has recently modeled in terms of two� 100 pc radius synchrotron

emitting shells in which we are embedded. This new suggestedloop needs further study

through other ISM tracers, and could potentially revise our understanding of our local

environment.

3.3.2 Galactic Center region

A 50o �eld near the galactic center (Figure 3.10) further illustr ates the similarities and

di�erences between single dish polarization measurementsand the NVSS polarization

reprocessing at the same wavelength and angular resolution. We pre-convolved the

NVSS Q, U images with 240" and post-convolved the P images with 36'. In the NVSS

image, the vertical striping are artifacts due to slight di� erences between residual in-

strumental polarizations in declination stripes observedat di�erent times. This is also

likely responsible for some of the �ne-scale mottling apparent along lines, but it is not

possible for us to separate these from �ne scale polarization structures. We believe that

the rest of the structures visible in this NVSS image are \real" in the sense that they

re
ect the actual signals from the sky. Their interpretatio n, however, is quite di�erent

from those of single dish images, as described below.
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As is well known, polarization and total intensity structur es are very di�erent, even

when they are both from single-dish measurements. The imagefrom the DRAO polar-

ization survey (Wolleben et al. , 2006) shows a bright patch in the upper right, with

a smoothly varying position angle (not shown) over scales ofdegrees. The NVSS is

not sensitive to Q and U variations on such large angular scales, and the feature is not

visible in our images. High rotation measures (> 340 rad/m2) would also cause a degra-

dation of the NVSS signal compared to the DRAO image. Along the galactic plane,

running from upper left to lower right, the DRAO image shows an unresolved narrow

bright band bordered by two dark stripes. The dark stripes are beam-depolarized due

to a rapid switch in polarization angle across these lines. In the NVSS data, these same

patterns in the sky create a di�erent response; a broken thinstrip of polarized emission

along the plane is seen from the regions where the angle is changing rapidly, creating

a detectable interferometer signal in Q and U. However, farther from the plane, the

relatively constant polarization angles from the DRAO position angle image (not shown

here) lead to a broad dark region in the NVSS image. The numerous depolarization

�laments seen elsewhere in the DRAO image are again not seen in the NVSS; rapid

changes in polarization angle provide an NVSS signal at highresolution, and there is

no depolarization introduced by the post-convolution. An alternative probe of depo-

larizing regions is presented by Stil & Taylor (2007), who study the polarization of

compact sources in the NVSS. They �nd regions� 10o across that cause a reduction in

the number of polarized NVSS sources, due to both intervening H II regions and di�use

galactic structures.

In Figure 3.10, we also point out the bright emission from 3C353 in the NVSS

image. This radio galaxy has very strong polarized (Q and U) emission when convolved

to the 240" scale, which is then carried forward through the post-convolution to 36'.

However, the averaging of Q and U themselves over 36' in the DRAO image makes

3C353 undetectable against the galactic background.

The very luminous HII region M17 is bright in both the DRAO and NVSS images.

The NVSS apparent extended polarized 
ux comes from strong sidelobes, as can be

seen in the full resolution images; it is likely that the DRAO polarization is also due

to instrumental polarization. W44 is detected strongly in DRAO and weakly in NVSS.

The full resolution NVSS polarization image (not shown here) shows a structure which
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is largely unrelated to the total intensity structure of W44 , so the physical origin of the

polarization seen at 36' resolution is unclear.

3.3.3 The Extragalactic Sky

Away from the galactic plane, we get a better view of more compact polarization fea-

tures in the NVSS, as seen in Figure 3.11. This is an� 44o� 17o strip of the sky

centered around RA, Dec 11.8h, 34.2o, with P800f in red. The green image shows the

ROSAT All-Sky Survey (RASS , 2000) convolved to 800". The blue image is the total

intensity NVSS image, also convolved to 800". Note that at this high galactic latitude

(35o < b II < 90o), and with the additional �ltering, very little galactic st ructure is

visible in P800f . A large number of bright compact features are visible, appearing in

red (blue) for high (low) fractional polarization. Most of t hese are also seen in the full

resolution NVSS images.

A number of more extended polarization features are also visible in Figure 3.11,

many of which are well-known sources. In the southeast, the bright green structure

is the X-ray emission from the Coma cluster of galaxies, withan extension to the

southwest from an infalling subcluster (Feretti & Newmann , 2006). At the southwest

X-ray terminus is a transverse polarized radio structure with brightness � 20 mJy/800"

beam (20 mK) above the background. This is the well-studied \relic" �rst detected by

Ja�e & Rudnick (1979), and then studied in total intensity an d polarization, e.g., by

Hanisch, Strom & Ja�e (1985); Giovannini, Feretti & Stanghe llini (1991). Note the

absence of blue, total intensity, emission from this polarized structure; with an angular

extent of � 1o, the total intensity is not detected in the NVSS survey. Similarly, the

di�use polarized emission from the giant radio galaxies 3C236 and B2 1321+31 is easily

visible, while only their more compact features are seen in total intensity in the NVSS.

Among the bright extended polarization structures are several that were previously

unknown. Feature A is one of the brightest structures in the high latitude sky (25 - 35

mK); follow-up observations with the Westerbork SynthesisRadio Telescope (?) suggest

that it is a galactic Faraday system. Such structures have nointrinsic synchrotron

emissivity, but appear bright to the interferometer because they produce small-scale

variations in Q and U from the galactic background (Wolleben & Reich , 2004). Feature

B, and others like it in the image, are examples of single NVSSpointings with high
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residual instrumental polarization; they are recognizable by their circular shape and

sizes comparable to the primary beam (� 30'). We have not yet found a reliable way

to eliminate instrumental problems at the lowest levels seen in Figure 3.11, especially

when they span several pointings. In the following, we therefore present examples of

new extended polarization features only with high signal:noise, to illustrate the potential

power of this NVSS reprocessing technique.

3.3.4 Abell 3744

A network of tailed radio sources is seen in this cluster (Marvel, Shukla & Rhee , 1999),

which might be responsible for the bright polarized emission centered on the cluster seen

in Figure 3.12. At a redshift of 0.0381, Abell 3744 is listed as a member of supercluster

number 180 by Einasto et al. (2001), who group it with Abell 3733, (z=0.0382), and,

apparently mistakenly, with the background cluster Abell 3706 at a redshift of � 0.1

. Abell 3744 is a member of the REFLEX sample (B•ohringer et al. , 2004) with a

relatively low X-ray luminosity of 1.6 � 1043 erg/s, integrated over 0.1 - 2.4 keV. The

X-ray emission is seen only in the region of the cluster center.

To the east, a polarized structure is seen 37' (1.8 Mpc) from the cluster center, with

an extent of � 1.4 Mpc. A slice at constant declination through the peak of polarized

emission and through the eastern structure is also shown in Figure 3.12, to demonstrate

the signal:noise of these features. The eastern structure has a peak polarized 
ux 40

mJy/beam above the background, with a background rms of 6 mJy/beam. It has a

total polarized 
ux ( P800f ) of � 90 mJy, and no obvious total intensity counterpart.

It is important to note that our polarized 
uxes are the resul t of our non-standard

processing procedure, and that the true signals measured with an interferometer plus

single-dish system could be considerably higher, assumingno additional contributions

from a nearby Faraday screen. Assuming our nominal 
uxes anda 33% fractional

polarization would yield a monochromatic radio luminosity of 1024 W/Hz at 1.4 GHz. If

this is a peripheral relic, or gischt (Kempner et al. , 2004),both its radio and associated

X-ray cluster luminosities are signi�cantly lower than tho se of most relic systems (e.g.,

Giovannini et al., 1999). Only one other cluster, Abell 548b, which is part of a very

complex optical and X-ray system (Davis et al. , 1995), has similarly low luminosities.

The Abell 3744 relic would also be considerably further fromthe cluster core than is
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typically seen. Con�rming and more detailed polarization observations of this system

would also be most useful.

3.3.5 3C 31

3C31 is a very well-studied wide-angle tailed radio galaxy (Fanaro� & Riley , 1974)

with a total extent of > 40' (� 850 kpc at z=0.0169 with Ho= 70 km/s/Mpc, Klein &

Wielebinski , 1979). In our polarization image, Figure 3.13, we �nd emission extend-

ing � 1.2o to the southwest, where it partially merges with polarized emission from an

unrelated background source. To the southeast, there is polarized emission bridging

to 3C34, an unrelated source in a z=0.69 cluster (McCarthy , 1998). Formally, the

statistical signifance of the polarized emission is high. Towards the southwest (south-

east), the polarized brightness is� 15 (25) mJy/800" beam above the background, with

a background rms of 4 mJy/800" beam. However, there is an additional source of con-

taminating polarized emission in the neighborhood of strong, very extended polarized

sources such as 3C31. These are sidelobe structures from thepoorly sampled short

baselines, but would appear as true positive-de�nite signals in our processing. To assess

the importance of this e�ect near 3C31, we constructed an equivalent `I 800" image by

processing the total intensity image in an identical way to P800 , substituting I for both

Q and U. This created excess power in the vicinity of 3C31, as expected. However,

the ratio of the brightness in the southwest (southeast) polarized feature to the peak

brightness of 3C31 itself is 0.1 (0.17) inP800 , whereas the brightness ratios for the same

locations in I 800 are � 0.01. We therefore conclude that poorly sampled sidelobes from

the polarized emission in 3C31 is not responsible for the newly detected features.

It is not clear whether this di�use emission is associated with 3C31 or 3C34. The

host galaxy of 3C31 is NGC 383, the brightest of a rich group ofgalaxies (Burbidge

& Burbidge , 1961), many of which are seen in the area of the polarized emission to

the SE of the source (Figure 3.5). These are all part of a �lament of galaxies at this

redshift (Miller et al. , 2002), which extends through the SW polarized extension over

9o to the NE to cluster Abell 262 (Moss & Dickens , 1977). In the� 11.1 cm single-dish

images of Klein & Wielebinski (1979), a 10' extension is seento the southwest. The low

resolution 102 MHz images of Artyukh, Ogannisyan & Tyul'bashev (1994) also show

extended emission to the southwest, with a size� 50', the extent of their primary beam.
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There is possible contamination from the southwest background source. Note that in

their Figure 1, 3C31 is the northern component of the apparent double structure; the

southern component is 3C34.

Assuming that the southwest extension is associated with 3C31, it would have an

extent of � 1.5 Mpc. There is some possibility that the observed polarization structure

results from distant sidelobes of 3C31, although processing the total intensity NVSS

images in the same way as Q and U (i.e., forcing them to be positive and then post-

convolving), did not show signi�cant sidelobe contributio ns. Assuming the polarization

structure is real, the � 11.1 cm results cited above also suggest that there has been

an out
ow to the southwest from 3C 31. Lacking bright jet feat ures, this structure

would likely be a remnant of past activity, perhaps now beingenergized by large scale

group processes. Indications of the dynamical state of the group include the o�set

of NGC 383 from the centroid of the X-ray emission and signi�cant X-ray structure

towards the southwest (Kormossa & B•ohringer , 1999), which is detected out to the

virial radius at � 700 kpc.

3.3.6 CTA1

This well-known supernova remnant has a �lled X-ray structure and a radio shell which

is not visible in the NVSS total intensity images. It has beenmapped at 1' in polarization

at 1.4 GHz using the DRAO telescope (Pineault et al. , 1997). All of the major features

seen in the DRAO image are reproduced in our NVSS reconstruction at 800" resolution

(Figure 3.15). In addition, we �nd one di�use bright patch at 00h10m, 72o that is not

seen in the DRAO map. The di�use nature of this patch is established by the lack

of smaller-scaled polarized features in the full resolution Q, U images (at a level of

Q, U < 3 mJy/45" beam). Its peak brightness is 30 mJy/800" beam above the local

mean, with a background rms of � 5 mJy/800" beam. If it were completely smooth,

the polarized brightness would be only 0.2 mJy/1' beam, compared to the DRAO rms

value of 0.3 mJy/1' beam, so it is reasonable that it had not been previously detected.

The bright patch is on the border of what Pineault et al. (1997) call the "reverse

shell" region, where the curvature of the radio structure is inverted. Their explanation

for the shape of this region is that the shock has encounteredand encircled a dense

cloud. The new polarized patch may help de�ne the borders of this cloud encounter,
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but the lack of bright, narrow polarized or total intensity e mission, as pointed out by

Pineault et al. (1997), is still a problem for this explanation.

3.4 Discussion

Polarized intensity is not a well-de�ned quantity when ther e is more than one polarized

component along the same line of sight, creating both challenges and opportunities.

Although there are heroic attempts to separate multiple components if they are sepa-

rated in rotation measure space (Brentjens & de Bruyn , 2005;Schnitzeler, Katgert &

de Bruyn , 2007), in general, observed polarized intensities depend on a complicated

combination of observing frequency, resolution, and the spatial frequencies represented

in the image. This complication also allows a variety of processing schemes to be carried

out on Stokes parameter images, which can result in new structures being identi�ed.

Our reprocessing of the NVSS survey in Stokes Q and U exploresa region of observ-

ing frequency/resolution/spatial frequency that has not been previously studied. We

therefore have been able to identify many new features, as well as recover structures

that are invisible in the total intensity NVSS but seen at oth er telescopes. One com-

mon feature of the extended emission features we detect is that they are of low surface

brightness. P800f images free of galactic emission have rms 
uctuations� 2 mJy/800"

beam (2 mK). A 5� detection would therefore correspond to� 10 mJy/800" beam or

� 30 mJy/800" beam in total intensity, assuming a fractional polarization of 1
3 . By con-

trast, a single dish working at the same frequency and angular resolution, would have

a 5� confusion limit of � 125 mJy (e.g., Condon & Broderick , 1985). Under favorable

conditions of high fractional polarization and Q,U variati ons on scales< 15', the repro-

cessed NVSS can then be much more sensitive to di�use structures than any single-dish

survey.

All-sky surveys of di�use polarization could thus be a powerful way to probe low den-

sity extragalactic regions. Assuming an optimum sensitivity of 30mJy/800" beam (total

intensity), the equivalent minimum energy magnetic �eld fo r a detected synchrotron

structure will have values � 0.2� G. This corresponds to pressures of� 10� 14:5 erg
cm3 , in

the regime of the WHIM (Kang et al. , 2005). Radio observations at these low bright-

ness levels could then serve to illuminate the di�use baryoncomponent of large scale
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structure, where 30-50% of the baryons are likely located, but are exceedingly di�cult

to detect through their thermal emission. Simulations by Miniati (2004) and Pfrommer

et al. (2006), e. g., show that such radio emission is expected, driven by the magnetic

�eld ampli�cation and relativistic particle acceleration at shocks on the borders and in

the interior of �laments.

Much more sensitive polarization measurements, with signi�cantly reduced instru-

mental problems, will soon be available on the EVLA 1 , and a new generation of

wide-�eld, low frequency instruments such as LOFAR 2 and the MWA 3 will allow us

to probe much deeper into the WHIM regime over large areas of the sky. Combinations

of single dish and interferometer observations may also allow such features to be seen

in total intensity for individual regions where the large investment of observation and

analysis time can be justi�ed.

3.4.1 CMB polarized foregrounds

It is unlikely that features found through our NVSS reprocessing will a�ect upcoming

CMB polarization experiments. We have identi�ed new features on scales down to� pre

= 240". For the new synchrotron sources, forthcoming CMB polarization experiments

that work at these resolutions or smaller, such as Planck or EBEX (Oxley et al. ,

2004), 4 will have su�cient frequency coverage to model the foreground contamination

from galactic or extra-galactic synchrotron sources internally. We also detect \pseudo-

sources" due to Faraday screens in our galaxy. However, direct Faraday rotation of the

CMB signal from these regions is negligible at� > 100GHz (� � � 0:5 deg for a rotation

measure of RM=1000 rad/m2). At the same time, the Faraday screen features could

indicate the presence of undetected HII regions (Sun et al. ,2007). The bremsstrahlung

emission from HII regions can be polarized at the 10% level due to Thomson scattering

at the edges of the clouds Keating et al. (1998), but the polarized brightness should

be at least an order of magnitude less than that of synchrotron emission at frequencies

above 10 GHz Bennett et al. (1992). Such signals are typically not modeled as a

polarized foreground component in the WMAP analysis (Page et al. , 2007; Gold et al.

1 http://www.aoc.nrao.edu/evla
2 http://www.lofar.org
3 http://www.haystack.mit.edu/ast/arrays/mwa
4 See http://lambda.gsfc.nasa.gov for a complete list of CMB polarization experiments.
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, 2008).

3.5 Conclusions

A reprocessing of the NVSS polarization images has allowed the recovery of di�use

structures on large angular scales. The details of the processing allow one to tailor the

sensitivity to particular angular scales of interest. At pr esent, residual instrumental

polarization variations across the sky are a key limiting factor. A variety of new galac-

tic and extragalactic sources have already been identi�ed,with a more comprehensive

census underway. While a better recovery of di�use polarization structures is possible,

e.g., by combining single dish and interferometer measurements, the next generation of

radio telescopes such as LOFAR, the MWA and EVLA will also be able to exploit the

processing technique introduced here to provide probes, e.g., of the relativistic plasmas

associated with the elusive WHIM.
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Figure 3.1: All sky AITOFF projections in galactic coordina tes of the NVSS, at a
resolution of 800". The top image shows the total intensity, with polarized intensity
on the bottom. The obvious striping in the polarized intensity, mostly along lines of
declination, are due to variations in the residual instrumental polarization during the
survey. Occasional small black regions is where the residual instrumental polarization
was especially high, and the polarization data were 
agged for that individual pointing.
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Figure 3.2: Total and polarized intensity around the Perseus-Cygnus region of the
galactic plane. Galactic coordinates are indicated on the left image. "X" marks the
position of the celestial pole; circles around the pole visible in the middle image show
lines of constant declination. Left: 21 cm total intensity from Bonn 25m survey Reich &
Reich (1986), 36' resolution. Center: Polarized intensityfrom NVSS at 800" resolution,
with no �ltering. Right: Filtered version of map on left, as d escribed in text. The black
circle marks the Cygnus arm at lII =90o; the arrow indicates the base of what is normally
called \Loop III" and is discussed further in the text and in F igure 3.9.
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Figure 3.3: Flow chart for construction of polarization images P800 and P800f .
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Figure 3.4: Flow chart for construction of simulated images(signal+noise) for sensitivity
experiments. The NVSS Q and U images were �rst clipped to remove the e�ects of
strong, compact polarized sources.
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Figure 3.5: Flow chart for two options of processing (Signal+Noise) images for sensi-
tivity calculations.
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Figure 3.6: Example of simulated polarization data used to calculate sensitivity. The
central 1 square degree contains the simulated signal, a random pattern of polarized

ux with a characteristic scale of 8'. In this particular exa mple, the image was \pre-
convolved" by 4' and \post-convolved" by 8'.
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Figure 3.7: Left: Histograms of the rms noise in each 4o �eld in the NVSS. Right:
signal:noise from simulated polarization measurements, as described in the text. The
black line indicates "pre-convolution" of the Q and U images; the grey (lower) line
indicates "post-convolution" of the P image.
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Figure 3.8: RMS scatter in P800 in strip from 53o < bII < 67o as a function of galactic
longitude. Inidividual spikes and the large scatter are dueto variations in residual
instrumental polarization. A region of low instrumental e� ects is indicated, along with
the increased rms power due to the North Polar Spur.
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Figure 3.9: DRAO Stokes Q image (Wolleben et al. , 2006) in celestial coordinates,
centered at RA,, Dec. � 15h, 30o , and approximately 150 o in RA by 110o in Dec. "L\
marks the base in the galactic plane of the suggested new loop, at l II =82o. while the
arrow shows the position of the galactic center, just below the edge of the image, so the
galactic plane runs between these two. X marks the galactic pole, and NPS denotes the
North Polar Spur. A curved line is drawn outside of the possible new loop.
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Figure 3.10: Left: Polarized intensity from DRAO survey (Wolleben et al. , 2006).
Right: Polarized intensity from NVSS. Both images have a resolution of 36'. The �eld
is centered at l,b = 26.5o, -1.1o and is 50 degrees in width.
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Figure 3.11: Image of approximately 44o� 17o strip in celestial coordinates, centered
around 11.8h,34.2dm Red isP800f , green shows the broadband X-ray emission from
ROSAT, convolved to 800", and blue is the total intensity emission from NVSS, con-
volved to 800".
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Figure 3.12: Abell 3744, contours and slice of NVSS polarized intensity at resolution of
800". The top image is overlaid by the NVSS total intensity at 45" resolution. Contour
levels are at 0.01� (4, 5, 6, 8, 10) Jy/beam. The total �eld is 95" in declination b y 115"
in right ascension. The slice is taken in right ascension through the peak and extends
over 5o to show the signal:noise of the detected features.
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Figure 3.13: 5.3o �eld with 3C31 (upper left) and NGC 315 (lower right). P800f is
in red. The brightness of the southwest extension of 3C31, ignoring the region of the
background double, is� 12 mJy/800" beam. The vertical and horizontal lines indicate
slight di�erences in background removal from the original 4o NVSS �elds. The green
image is the full resolution WENSS survey image at 330 MHz.
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Figure 3.14: Contours of polarized emission (P800f ) in a 2o �eld around 3C31, at levels
of (6, 13, 28, 38, 51, 76, 100, 126 and 140) mJy/800" beam. Small circles indicate the
positions of galaxies at redshifts of 0.014 to 0.020 from the2MASS survey (Huchra et
al. , 2005).
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Figure 3.15: CTA 1. Greyscale isP800f , with a peak brightness of 45 mJy/800" beam.
Contours are broadband X-rays from ROSAT, convolved to 800". The hatched circle
represents the cloud described by Pineault et al. (1997), and the arrow indicates the
new polarized patch not visible in the DRAO higher resolution image.



Chapter 4

Cross-Correlation of Di�use

Synchrotron and Large-Scale

Structures

A slightly modi�ed version of the chapter has been submittedto the Monthly Notices of

the Royal Astronomical Society: Brown, S., Farnsworth, D., & Rudnick, L. 2009

4.1 Introduction

In the current cosmological paradigm,� 95% of the mass/energy density of the universe

is composed of dark energy and dark matter, both of which haveyet to be directly

detected. The remaining 5% are ordinary baryons, which at redshifts of z > 2 are

fully accounted for based on Ly� forest observations of the photoionised intergalactic

medium (IGM) and ordinary galaxies (e.g. Rauche et al. 1997;Weinberg et al. 1997;

Schaye 2001). In the current epoch though, roughly half of these baryons are missing.

Simulations suggest that the collapsing di�use IGM was shock-heated and now resides in

�laments as T � 105 - 107 K WHIM, where it is practically invisible at most wavelength s

(Cen & Ostriker 1999, 2006; Dav�e et al. 2001). A few tentative absorption detections

of the coolest WHIM components using OVII and OVIII have been reported, but they

give no information on the spatial distribution. However, shocks from infall into and

along the �lamentary structures between clusters are now widely expected to generate

79
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relativistic plasmas which track the distribution of the WH IM (Keshet et al. 2004;

Pfrommer et al. 2006; Ryu et al. 2008; Skillman et al. 2008); indeed, accretion

shocks are seen as polarized radio sources (the \peripheralrelics") at the edges of the

dense X-ray gas in clusters. This radio emission also has thepotential for probing into

the lower density regions further from cluster cores. When such features are detected,

they can be used to set limits on the (invisible) pressure of the thermal gas, delineate

shock structures, and illuminate large scale magnetic �elds. The next generation of low

frequency radio telescopes (e.g., LOFAR, MWA, LWA, and eventually SKA), as well as

current deep continuum surveys (e.g., GALFACTS1 at Arecibo), have the potential to

map this steep-spectrum, \cosmic-web" of synchrotron emission (Battaglia et al. 2009).

However, there are two major problems that will challenge future radio surveys in

their e�orts to detect this emission. 1) Disentangling the extragalactic signal from

di�use Galactic emission that has a similar surface brightness and angular scale; 2)

Determining the redshift of the di�use extragalactic signal (e.g., Brown & Rudnick

2009).

One possible solution is to cross-correlate large �eld-of-view synchrotron maps with

optical/IR tracers of large-scale structure (LSS; Keshet et al. 2004). The cross-

correlation function (CCF) has long been used as means of detecting faint, often below

the image sensitivity, emission in CMB maps such as the SZ andlate ISW e�ects (e.g.,

Boughn & Crittenden 2004) Attempts to detect the WHIM with cr oss-correlation using

the SZ e�ect has been tried with WMAP and 2MASS data (e.g., Hernandez-Monteagudo

et al. 2004; Hansen et al. 2005; Cao et al. 2006), without success. In this paper we

outline the �rst attempt to detect a correlation between syn chrotron radio emission and

large-scale structure, and demonstrate the power of cross-correlation by detecting sim-

ulated emission added into the synchrotron images. In this paper, we assumeHo = 70,


 � = 0 :7, 
 M = 0 :3.

1 http://www.ucalgary.ca/ras/GALFACTS/
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4.2 Cross-Correlation

4.2.1 Images

Synchrotron emission in �lamentary large-scale structure (LSS) is predicted to be on

the order of 1-2 Mpc, similar to some observed radio relics around rich X-ray clusters

(see Giovannini & Feretti 2004 for a review). Therefore we used the Stockert 25m Bonn

survey (Reich, 1982; Reich & Reich, 1986) as a synchrotron tracer. Bonn is a 1.4 GHz

survey with � 360 resolution and an e�ective sensitivity of 50 mK (3� rms noise); the

fact that it is a low-resolution, single dish survey means that it is more sensitive to

large-scale di�use emission, and the relative contribution from point-sources is reduced

signi�cantly. We chose a target �eld, 34 � � 34� centered on 16h00m00s +35d00m00s,

where the di�use Galactic emission was smooth and relatively well behaved. Figure 4.1

shows the 1.4 GHz radio map, with 600 pixels of 3.40 each. Most of the signal in the

image is di�use Galactic emission, and the rest is dominatedby systematic striping and

unresolved radio galaxies.

We �ltered out the di�use Galactic synchrotron emission usi ng the multi-scale �lter-

ing technique of Rudnick (2002). The choice of �ltering sizeis a compromise between

the need to remove as much as possible of the Galactic emission while preserving the

�lamentary component. For this initial experiment, we �lte red out all emission larger

than 1800, or 5 times the size of the Bonn beam. Further experimentation to optimize

this will be important for future studies. Figure 4.1 shows the target �eld after �ltering.

For a tracer of LSS in our target �eld, we used the 2MASS survey(Skrutskie et al.

2006) to create maps of the surface density of galaxies (number of galaxies/pixel) for 2

redshift slices (0.03< z < 0.04 and 0.06< z < 0.07). We then convolved the 2MASS

maps to 360, the resolution of the Bonn survey. Figure 4.1 shows the 2MASS images.

The large concentration of galaxies in the 0.03< z < 0.04 image corresponds to the two

clusters Abell 2199 and 2197 at redshifts of 0.0301 0.0308, respectively. The 0.06< z

< 0.07 image contains Abell clusters 2122, 2124, 2079, and 2065 at redshifts of 0.0661,

0.0656, 0.0670, and 0.0726, respectively.
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4.2.2 Cross-Correlation

We computed the cross-correlation function (CCF) for the �l tered and un�ltered ra-

dio images with both redshift slices. The CCF is de�ned by CCF (xshif t; yshif t ) =
1
n

P
(Ri;j � �R)(Gi;j � �G), wheren is a normalization given by

q P
(Ri;j � �R)2

P
(Gi;j � �G)2,

R is the radio map, and G is the convolved 2MASS surface density of galaxies shifted

in relation to R by xshif t and yshif t pixels. Figure 4.2 shows the CCF, with the shift

in units of Mpc at the redshift of the 2MASS images, for both redshift slices cross-

correlated with the Bonn images. It is obvious that the large-scale gradient in the

Galactic synchrotron emission is dominating the CCF in the un�ltered images. The

CCF for the �ltered images is not signi�cantly peaked at zero shift, i.e., the �ltered

synchrotron and 2MASS surface densities are not signi�cantly correlated.

When cross-correlating all-sky images, such as done with the CMB, the signi�cance

of a given CC value is assessed by using simulated CMB signals(e.g., McEwen et al.

2007). In the initial experiments peformed here, we are using only a 34� � 34� �eld, and

can therefore use other �elds from the Bonn survey as controls. Given the systematic

striping in the Bonn survey, and the fact that di�use Galacti c emission is not a simple

Gaussian �eld like the CMB, this initial study sampled the cr oss-correlation function

using �elds from the Bonn survey at distances (� ) ranging from 27� to 127� from our

target �eld. We split the survey up into 34 � � 34� images with 600 pixels on a side and

TAN projection (Greisen & Calabretta 2002; Calabretta & Gre isen 2002), and excised

all the �elds with strong Galactic plane emission. Fields with artifacts from gridding the

survey maps together were also removed, leaving 24 total images. Assuming that none

of the 24 maps should be correlated with the surface density of galaxies in a di�erent,

well separated region of the sky, the distribution of these CC values (histograms are

shown in Fig. 4.3) represents the noise in this procedure. The CCF(� = 0) value for

the target �eld is marked with a red line; in all cases the 2MASS-Bonn correlation for

the target �eld is again not signi�cant. Note that the scatte r is dramatically lower in

the �ltered image's cross-correlation.

One can think about this procedure as constructing a sparsely sampled CCF(� ) over

the whole sky. Figure 4.4 shows plots of the CCF as sampled by the 24 distant �elds

as a function of angular distance from the target �eld (which here is CCF(� = 0)).

These again show that the target CC value is not signi�cantly above the values for the



83

well-separated control �elds.

4.2.3 Detection Thresholds

In order to assess our sensitivity to di�use synchrotron signals associated with large-

scale structure, we next injected a simulated �lamentary, LSS radio signal into the Bonn

images before cross-correlation. As a simple model, we assumed the synchrotron LSS

signal is linearly proportional to the number-density of galaxies. We added the signal

into the target �eld radio image incrementally until the CC e xperiment yielded a 3�

result, the detection threshold, where� is de�ned as the rms of the sparsely sampled

CC function. We did this for both the �ltered and un�ltered Bo nn images and both

redshifts. We quote the detection threshold in Table 4.1 as the number of mJy per

2MASS galaxy injected into the radio image, prior to convolution. The peak and typical

�lament values of the injected signal in mK are also listed in Table 4.1. In the case of

the �ltered Bonn image correlated with both redshifts, the signal needed to cause a 3�

detection is below the 3� rms sensitivity level of the Bonn survey.

We also looked brie
y at the issue of isolating the CC contribution of the dense

cluster-like concentrations in 2MASS from the contribution from more di�use �lamen-

tary regions. To explore this, we repeated the signal injection experiment with the

z=0.03-0.04 image and the �ltered Bonn image, except that this time we only added in

signal that was below 5� rms of the 2MASS image. In this case the detection threshold

rises signi�cantly, to peak and �lament values of 19 mK and 11 mK, respectively. We

note that these values are still well below the sensitivity of the Bonn survey for any

given location.

4.3 Physical Expectations/Interpretations

How do these simulated radio signals compare to theoreticalexpectations for �lamentary

synchrotron emission? Resent cosmological simulations (Ryu et al 2008) demonstrated

that strong turbulence driven by structure shocks associated with the WHIM can gen-

erate current epoch (volume averaged) �lament magnetic �elds of the order of 0.01� G.

However, the synchrotron emissivity scales as B2, and under the assumption that the to-

tal number of relativistic particles will scale with local m ass density, the mass weighted



84

rms of B is appropriate. This yields a considerably higher characteristic value of 0.2� G

in �laments (Ryu, private communication, 2008). In order to convert this magnetic �eld

estimate to a characteristic synchrotron brightness, we need to make some assumption

about the cosmic ray density. We adopt the condition where the energy density in

relativistic particles (protons and electrons, equally) is the same as the magnetic �eld

energy density, (equipartition). This results in a synchrotron brightness at 1.4 GHz of

1 mK in �laments. This predicted value is much weaker than the � 50mK background

brightness temperature predicted by Keshet et al. (2004). We note that there is consid-

erable uncertainty regarding the actual magnetic strength in �laments. Donnert et al.

(2008), e.g., �nd only � 0.005 � G.

Un�lt .03-.04 Un�lt .06-.07 Filt .03-.04 a Filt .06-.07
(mK) (mK) (mK) (mK)

Peak 694 570 7(19) 49
Filament 100 80 1(11) 7
mJy/Gal b 205 135 2 12
Filament B eq (� G) 0.74 0.70 0.20 0.35

Table 4.1: CROSS-CORRELATION DETECTION THRESHOLDS: a: Bra cketed val-
ues are thresholds when adding �laments only (see text). b: The 
ux required per
galaxy to reach the detection threshold.

Table 4.1 lists the equipartition magnetic �elds corresponding to our detection

thresholds. Our lowest thresholds approach those expectedin the Ryu et al. (2008)

simulations. With more sensitive future 1.4 GHz surveys such as GALFACTS, we will

be able to robustly test those expectations, although it is not yet clear whether we can

reach 0.005� G (Donnert et al. 2008).

To put our CC brightness limits in context, we note that even bright radio halos

such as in the Coma cluster (with � 200 FWHM, e.g., Kim et al. 1989) are very di�cult

to detect individually. The Coma halo in the Bonn survey is a barely detected 150 mK

bump on the � 3.3 K CMB + Galactic local background, mostly due to the fact t hat

the brightness is diluted by the 360 beam. Typical halos have brightnesses of� 700 mK,

brighter than the intrinsic 350-400 mK brightness of the Coma cluster halo. As dis-

cussed in Rudnick & Lemmerman (2009), visual searches for halos are biased towards
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higher brightnesses at higher redshifts.

The fact that the detection thresholds (Table 4.1) are belowthe predicted values of

Ryu et al. (2007) and Keshet et al. (2004) do not rule out thesemodels. Important

e�ects such as the �lling factor of the synchrotron emission and the linear nature of the

LSS formation shocks are not captured by our simple model. However, analysis of LSS

formation simulations that include synchrotron emission can be used in the future to

design the optimum CC procedure for detecting this emission, and would guide the way

toward the correct interpretation of future cross-correlation results. The ultimate goal

is to provide limits on magnetic �eld strengths and pressureof the relativistic plasma in

�laments, and therefore test origin theories for cosmic magnetism and probe the missing

baryons in the WHIM.

4.4 Summary

We have explored for the �rst time the method of cross-correlation of di�use radio

emission and tracers of LSS in order to detect the synchrotron radiation associated

with the di�use baryons in the WHIM. Filtering out the large- scale Galactic emission

is critical for reducing the CC noise. We demonstrated that, if the �lamentary radio

signal is traced perfectly by the distribution of galaxies,emission signi�cantly below the

sensitivity of the Bonn survey can be statistically detected. Our detection thresholds

are already at a level expected in some models, and dramatic improvements using new

surveys will be possible in the future.

Further re�nements to the CC technique, including subtract ion of point sources

which also trace the LSS, will also improve its use as a detection tool for the di�use

baryons in �laments. The assumption of perfect correspondence between the distribu-

tion of galaxies and IGM radio emission is clearly an oversimpli�cation, and further

experimentation with numerical simulations are needed.

Partial support for this work at the University of Minnesota comes from the U.S.

National Science Foundation grant AST 0607674. We acknowledge the use of NASA's

SkyView facility located at NASA Goddard Space Flight Center.
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Figure 4.1: Center coordinates for each image are 16h00m00s+35d00m00s. Top-Left:
Original 34� � 34� 1.4 GHz, intensity Bonn image; Top-Right: Same �eld with Gal actic
gradients removed. The brighter point sources are 400-600 mK above the 3-3.5 K
background in the un�ltered image. Bottom-Left: The distri bution of galaxies from
2MASS with 0.03 < z < 0.04, convolved to 360. Peak/mean=64; Bottom-Right: Same
for 0.06 < z < 0.07. Peak/mean=30.
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Figure 4.2: CCF for the un�ltered and �ltered 1.4 GHz total in tensity Bonn images
and the 0.03 < z < 0.04/ 0.06 < z < 0.07 2MASS surface density of galaxies. The
angular scale for each image is 11.3� on a side (total shift of 201 pixels), which is � 19
independent beams across. The CCFs are normalized and values range from -0.2 (black)
to 0.2 (white) for the un�ltered CCFs and -0.1 (black) to 0.1 ( white) for the �ltered.
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Figure 4.3: Distribution of cross-correlation values for the Bonn images with the 2MASS
galaxy distribution images. Red lines indicate the CC valueof the target �eld centered
on 16H35D.
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Figure 4.4: Sparsely sampled CC functions. Red diamonds arethe 2MASS images
correlated with the 24 Bonn �elds. The Green diamond is the target �elds CC value,
and the dashed line is the 3� value of the distribution.



Chapter 5

Di�use Radio Emission in/around

the Coma Cluster: Beyond the

Simple Accretion Scenario

5.1 Introduction

Observations of di�use radio emission in clusters of galaxies currently provide our only

window into the relativistic particle population that pote ntially makes up a non-trivial

fraction of the energy density in the Intra-Cluster Medium ( ICM) (e.g., Skillmann et

al. 2008). Large-scale features such as Giant Radio Halos (GRHs) and peripheral relics

have been found in more than 50 clusters to date. Though the origin of the relativistic

electrons is still unknown, all of these systems appear to have recently undergone at

least some minor mergers/accretion.

There are three broad potential sources for the cosmic-ray electrons (CRe) in the

ICM; extended radio galaxies (AGN models), electrons directly accelerated by accre-

tion/merger shocks and/or cluster turbulence (primary models), and electrons created

from relativistic proton-proton collisions from cosmic-ray protons (CRp) that have ac-

cumulated in the cluster's potential well (secondary models). There are variations in

all three models based on the details of where and how the CRe (AGN & primary) and

90
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CRp (secondary) are accelerated, though none of the models explain the rapidly ac-

cruing observational data. Recent e�orts to construct a \un i�ed model" for GRHs and

radio relics (Pfrommer, En�lin & Springel , 2008) using both primary and secondary

models represent the next step in complexity, and will be tested by the next generation

of low-frequency radio and gamma-ray telescopes.

The Coma cluster is a classic example of a merging/accretingsystem that hosts

both a GRH (Coma C, Willson 1970) and peripheral radio relic (1253+275), and has

been used as a test-bed for CR acceleration models (e.g., Donnert et al. 2009). The

dynamical state of Coma has been well established through optical velocity analysis

(Fitchett & Webster 1987; Mellier et al. 1988; Merritt & Trim bley 1994; Colless &

Dunn 1996; and Adami et al. 2005).

Coma has been extensively observed in the radio. Kim et al. (1989) and Venturi et

al. (1990) mapped the region with the WSRT at 326 MHz, �nding a di�use \bridge" of

emission connecting the halo to the relic. Deiss et al. (1997) also detected the bridge

at 1.4 GHz using the E�elsberg 100-m-telescope, and found the radio halo to have a

diameter of � 800. Using the 300 m Arecibo telescope combined with DRAO data at

408 MHz Kronberg et al. (2007) detected a� 1350 radio \cloud" surrounding both the

classical halo and relic source. This cloud corresponds to� 4 Mpc if it is associated with

the Coma cluster, and would therefore extend into the Warm-Hot Intergalactic Medium

(WHIM). The Coma cluster is also one of the few GRHs to have resolved spectral-index

mapping (Giovannini et al. 2003), which shows a spectral steepening at larger cluster

radii.

Coma has also been the subject of intense X-ray observations. In addition to surveys

(e.g. the ROSAT All Sky Survey), mosaic XMM � Newton observations (Briel et al

2001; Neumann et al. 2003; Schuecker et al. 2004) have revealed the complex thermal

substructure of the X-ray halo. Detections of non-thermal hard X-ray emission have

been claimed, e.g., usingRXT E (Rephaeli & Gruber 2002) and BeppoSAX (Fusco-

Femiana et al. 1999,2004). Di�usethermal hard X-ray emission has been imaged with

INT EGRAL (Renaud et al. 2006; Eckert et al. 2007; Lutovinov et al. 2008) and

Suzaku (Wik et al. 2009), revealing temperature increases in the Western region of the

cluster.
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We present Green Bank Telescope (GBT) 1.41 GHz and Westerbork Synthesis Ra-

dio Telescope (WSRT) 352 MHz observations of the Coma cluster in an attempt to

investigate the various CR acceleration models, as well as con�rm the dramatic 4 Mpc

radio cloud seen by Kronberg et al. (2007). We present the observations and data

reduction in x2, and our observational results inx3. In x4 we present a discussion of the

implications of our results, and summarize our key points inx5.

In this paper, we assumeHo = 70, 
 � = 0 :7, 
 M = 0 :3.

5.2 Observations & Data Reduction

We observed a 6� x6� region around the Coma Cluster with the Green Bank Telescope

(GBT) between October 2007 and January 2008. We observed with the GBT's Spec-

trometer with a 50 MHz bandpass centered on 1.41 GHz. The region was sampled with

150 evenly spaced stripes; 75 with constant RA and 75 with constant Dec. Each 6�

stripe was covered by 5, 60 second raster scans. We performedthese scans one after

another in order to search for repeatability and edit out those times where the overall

power levels were unstable, due to either receiver or atmospheric 
uctuations. During

each night of observations, we scanned across some combination of 3C295, 3C48, 3C138

and 3C286. The �rst two are unpolarized calibrators and the second two are polar-

ized. There where some nights where, for a variety of reasons, we did not observe an

unpolarized calibrator.

Due to radio interference and instabilities in the Spectrometer gains, � 35% of the

data was unusable. Fortunately most of the bad data was in theouter regions of the

image. Fig. 5.1 shows a total intensity image which combinesboth the constant RA and

constant Dec stripes at 120 resolution. The brightest feature is the background compact

radio source Coma A. In order to get a more accurate image of the di�use emission, we

subtracted out the point sources from the NVSS survey. For this purpose, we only used

the constant Dec. stripes, which were more stable than the constant RA stripes. Fig.

5.1 also shows the total intensity map1 after NVSS subtraction made with constant

Dec scans only (14.250� 130 beam). A linear baseline was taken out of each scan, and the

resulting map rms is � 6 mJy beam� 1, and is dominated by di�use Galactic emission.

1 Polarization data will be presented at a later time.
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We describe the halo and relic emission inx3.

A four pointing mosaic of the Coma cluster was also observed for a total of � 48 hours

over four nights in P-band (352 MHz) with the Westerbork Synthesis Radio Telescope

(WSRT) in November of 2008. The array was in the maxi-short con�guration with a

shortest baseline of 36 m. One primary 
ux and one polarized calibrator (as a pair)

were observed at the beginning and end of each night. For the primary 
ux calibrators

we observed 3C147 and 3C295, and for the polarized calibrators we observed DA240

and 3C345. We used the WSRT wide band correlator to cover a frequency range from

310-390 MHz with eight 10 MHz wide bands, each with 128 channels and full Stokes

parameters. IFs 3, 4, and 8 were not used due to interference and calibration problems.

After removing the end channels in each band and editing for strong RFI, 400 channels

remained in the �nal analysis, for a total bandwidth of 31 MHz .

The calibration and reduction of the WSRT data were performed using the NRAO's

Astronomical Image Processing System (AIPS). The total intensity in each of the 4

bands was calibrated independently using standard procedures and the 
uxes in the

VLA calibrator manual for 3C147 and 3C295. We did several iterations of amplitude

and phase self-calibration on each data set. Fig. 5.2 shows the total intensity image

which is a combination of the 4 IF images with an average frequency of 352 MHz.

5.3 Results

5.3.1 Extended Relic

The relic emission shown in Fig. 5.1 is much larger and more di�use than has been

previously seen. Giovannini et al. (1991) measured a total extent for the relic of 250

using the WSRT and VLA. The di�use relic as seen by the GBT extends through Coma

A into the NW, with a total extent of 67 0, or 2 Mpc at the redshift of the Coma cluster.

The single dish radio maps of Andernach et al. (1984) and Deiss et al. (1997) show hints

of this faint extended emission NW of Coma A, though they did not associate it with

1253+275. The 408 MHz image of Kronberg et al. (2007) also shows emission extending

this far to the NW of the known relic, but the halo and relic are not cleanly separated at

those frequencies. The total 
ux density of the extended radio relic is highly uncertain

due to the patchy galactic emission evident in the GBT images, and ranges between
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200-500 mJy at 1.41 GHz. Giovannini et al. (2001) measured only 160 mJy at 1.4 GHz

with the VLA, though they have a signi�cant amount of missing 
ux. They �nd a best

�t power-law to the data at other frequencies that predicts � 200 mJy at 1.4 GHz. The

relic, as seen in our 352 MHz image, is� 280 long and has a 
ux density of 1700 mJy,

comparable to the 326 MHz value of 1400 mJ given by Giovanniniet al. (1991).

5.3.2 Halo Pro�le

In order to see the di�use emission more clearly, we imaged all the point sources by

using only UV data > 700 � , then subtracted clean components out of the original UV

data with the AIPS task UVSUB. To further reduce point-sourc e contamination, we

applied the multi-scale spatial �lter of Rudnick (2002) wit h a �lter size of 37500� 37500.

Fig. 5.2 shows the result. The halo shows a sharp \front" along the Western edge,

which is visible even in the non-point source subtracted image. Fig. 5.3 is a plot of

azimuthally averaged surface-brightness over an 90� wedge that shows a factor of 5-7

increase in brightness at the front.

5.3.3 Other Di�use Emission

We con�rm the \bridge" of emission (Kim et al. 1989; Venturi e t al. 1990) connecting

the halo and relic in both the GBT and WSRT images. We also con�rm much of the

� 1350 \radio cloud" emission seen by Kronberg et al. (2007), who reported a 408 MHz


ux density of 0.8-3 Jy for the cloud, which extended as far as2.1� West of the peak

halo brightness. In our GBT image, the halo has a diameter of roughly 840, and we

do see low level emission between the halo and relic. However, we see more contrast

between the extended relic and the halo at 1.41 GHz, indicating that the radio cloud has

a steeper spectral index which makes the signal relatively weaker at higher frequencies.

5.4 Discussion

5.4.1 Relic

Given the apparent doubling in the known linear size of the radio relic in our GBT

observations, let us revisit the current model of the relic as an accretion shock onto the
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Coma cluster. We will �rst examine the relic's relation to op tical and X-ray tracers of

large-scale structure in the region, then explore the relevant science issues that arise.

The Coma cluster is one of the best studied clusters at all wavelengths, and several

attempts have been made to reconstruct the dynamics of mass accretion onto the cluster

(e.g., Adami et al. 2005). The average Coma radial velocity is 6925 km/s, and there

is a well known infalling group from the West associated withNGC 4839 (7362 km/s).

Fig. 5.4 shows a plot of SDSS spectroscopic galaxy velocities in a 2� high band through

the Coma cluster and along an angle of 0.5 radians South of West, which includes the

infall cluster and the relic region. Also shown is a two component Gaussian �t to the

velocity distribution. The narrow, infall component, has a peak of 27 galaxies, a center

of 7450 km/s, and an rms dispersion of 300 km/s. The broader residual has a peak of 30

galaxies, a center of 7000 km/s, and an rms dispersion of 935 km/s. Fig. 5.4 also shows a

grayscale image of the smoothed galaxy surface-density (from SDSS spectroscopic data)

for the range 6600< v < 8200. This infalling velocity range shows a dramatic drop-o�

or \wall" in the surface density of galaxies at the inner edgeof the extended radio relic.

Remarkably, the transverse extent of the wall is also comparable to the relic, � 2 Mpc.

Fig. 5.5 shows a 1-D slice across the Coma halo and relic in radio (1.4 GHz) and X-ray2

brightnesses, and the same slice except 1.0� wide through the optical surface density

of SDSS galaxies in three velocity cuts. The X-ray emission does not extend past the

relic, and there is also a sharp drop in the number of galaxieswith 6600 < v < 8200

just as the relic radio emission increases. Several infalling groups of galaxies have been

identi�ed near this region (e.g., Adami et al. 2005), but thi s is the �rst identi�cation of

a more extended infall region into the Coma cluster.

The correspondence between the wall of galaxies and the inner edge of the radio relic

suggests a causal link between the two. This however poses a problem for the association

between the radio relic and the NAT radio source NGC 4789, which is a possible source

of seed relativistic electrons (En�lin et al. 1998). Given its radial velocity of 8365 km/s

and the morphology of the bent jet, NGC 4789 is apparently on the back side of the

cluster (moving away), while the wall of galaxies, if associated with the NGC 4839,

must be in front of the cluster (moving in). If the relic is ind eed associated with the

infalling wall of galaxies, then it would explain why the models of En�lin et al. (1998)

2 The X-ray data was taken from an archival ROSAT PSPC image
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underestimated its fractional polarization; we are viewing the relic almost edge on. A

detailed model of the optical infall is needed in order to resolve these issues, and is

beyond the scope of this work.

The increase in the relic's size, luminosity etc., poses no fundamental theoretical

problems, nor does it make 1253+275 an extreme relic observationally (see, e.g., Brown

& Rudnick 2009 for a compilation of observed relics and theirradio luminosities LRadio ).

In fact, 1253+275 is on the lower radio luminosity envelope of LRadio vs. LX correlation,

as seen in Fig. 15 of Brown & Rudnick (2009), which has an orderof magnitude scatter

in L Radio values.

However, why would there be a coherentplanar shock front over 2 Mpc in ex-

tent? Large shock-fronts of this size have been seen for outwardly propagating shocks

(R•ottgering et al. 1997; Johnston-Hollitt et al. 2002; Bonafede et al. 2009), but those

are spherical while 1253+275 with the newly discovered extension is straight (with a

radius of curvature > 30 Mpc). In addition, the curious wall of infalling galaxies adja-

cent to the relic's inner edge is a puzzling feature. Furtherinvestigation, especially with

numerical simulations, is needed in order to understand these issues.

5.4.2 Halo

The sharp synchrotron front seen in Figure 5.2 is not typical of classical GRHs. It is

located on only one side of the cluster, and shows a discrete drop-o� in brightness (Fig.

5.3) and is relatively 
at (the center for the radius of curva ture is not the cluster center,

but 13h01m20s+27d57m). We will �rst compare the front to pub lished and archival

X-ray information, then examine possible origins for the synchrotron emission. Finally,

we will examine the global radio vs. X-ray correlation of the radio halo in the context

of GRH origin models.

Many deep X-ray observations have been taken of the Coma cluster with telescopes

such as ROSAT, XMM, Chandra and Suzaku. X-ray soft (Bonamente et al. 2009) and

hard excesses (e.g., Eckert et al. 2008) have been claimed inthe Western infall region,

which have been attributed to non-thermal IC emission. The non-thermal nature of

the excess has been ruled-out/challenged by Wik et al. (2009) using Suzaku, though

they con�rm higher temperatures in the western region roughly corresponding to the

synchrotron front. Neumann et al. (2003) found an excess above a beta-model also
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on the western front, though closer to the cluster than the synchrotron front. Clearly

this is a region of infall activity, though the exact kinemat ics is not clear (Adami et

al. 2005). Fig. 5.6 shows the Neumann et al. (2003) XMM contours overlaid on our

352 MHz di�use radio map. The outer edge of the X-ray excess roughly corresponds to

the outer edge of the di�use synchrotron. A deep XMM-Newton mosaic of the Coma

cluster was taken (Schuecker et al. 2004; Wik et al. 2009) that allowed a spatially

resolved temperature map to be made. Fig. 5.7 shows our 352 MHz di�use contours

over the XMM temperature map; there is an apparent temperature increase on the

outer edge of the halo front. Higher signal/noise �ts were taken of the boxed regions

(Alexis Finoguenov, private communication) which found 16.3+3 :5
� 2:3 keV on the exterior

and 6.8+0 :7
� 0:5 keV on the interior.

The sharp edge in the 352 MHz radio map of the halo has no straightforward ex-

planation. At present the problem arises because the thermal gas is hotter outside of

the synchrotron front, as shown in Fig. 5.7 from Wik et al. (2009). There are several

possible origins for regions of increased temperature, allof which seem improbable.

1: The gas could be shock heated ICM or IGM. If the front were anaccretion shock,

the synchrotron should peak at the shock location, and the hot gas will be hottest post

shock and fade away. On the contrary, we observe that the hot gas further from the

cluster than the front, which is the apparent shock location in this scenario.

2: If the hot gas where stripped from a merging subcluster, one would also expect the

X-ray surface brightness to also peak at that location, which it does not.

3: It could be a hot, low-density \bubble" due to an extended radio galaxy that was left

behind during the accretion process. The pressure pro�le across the hot region could

rule out 3, with a pressure jump disfavoring a relic bubble which should be in pressure

balance with the thermal ICM. This will be explored in a futur e paper. At present, this

discrete front of synchrotron emission remains a mystery.

5.4.3 Global Radio vs. X-ray Correlation

Models of GRH origins predict a pixel-to-pixel correlation between the radio and X-ray

brightnesses within clusters. Typically one would look for a power-law correlation of

the form
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FRadio = a (FX )b ; (5.1)

where FRadio and FX are the radio and X-ray 
ux densities (per pixel) and a and b are

constants. Here we will focus onb, which parameterizes particle acceleration models.

Govoni et al. (2001) found a power law correlation with b=0.64� 0.07, using 326 MHz

WSRT data. We also show a correlation (Fig. 5.8) obtained using ROSAT PSPC data

and our point-source subtracted 352 MHz image, with b=0.45� 0.01. Fig. 5.8 also

show the �t from Govoni et al. (2001) and the models predicted by Pfrommer et al.

(2008, see below). Govoni et al. (2001) illustrate, for primary electron models, that

b� 1 if one assumes that the cluster is: 1) iso-thermal; 2) the magnetic, thermal, and

cosmic-ray electron (CRe) energy densities are proportional to each other, with the same

proportionality constants throughout the cluster (the pro portionality premise); and 3)

the radio spectral index is � =1.

The FRadio vs. FX correlation found by Govoni et al. (2001) and the current

work can be compared to the uni�ed model of di�use cluster radio emission presented

by Pfrommer et al. (2008), who �nd b=1.3-1.7 for secondary electron emission, and

roughly linear (b=1, though with a broad distribution) for p rimary electron emission

at lower radio surface-brightness levels. The simulationsof Pfrommer et al. (2008)

assume proportionality when calculating synchrotron emissivity, which is likely why

they get a roughly linear power-law for primary electron radio emission. Donnert et al.

(2009) modeled the Coma cluster using a hadronic secondary model for the cosmic-ray

populations and turbulence ampli�ed magnetic �elds seededby galactic out
ows. They

found that the proportionality premise (except replace CRe with CRp for a secondary

model) needed to be broken in order to �t the Govoni et al. (2001) data. In fact, the

ratio of the CRp to thermal energy densities reached an unphysical > 100% at a cluster

radius of � 1 Mpc. In addition, the steepening of the halo's spectral index (Giovannini

et al. 1993) at larger cluster radii could not be explained with a secondary model.

Clearly the current models do not provide su�cient degrees of freedom to reproduce

the observed correlations, and further numerical and observational investigations are

needed in order to uncover the complete physical model of GRHs.
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5.5 Summary

We conducted observations of Coma cluster at 1.41 GHz with the GBT and 352 MHz

with the WSRT. Our key �ndings are:

� We detect an extension to the radio relic source 1253+275, making it � 2 Mpc in

transverse extent.

� The extended relic lies just outside a previously unidenti�ed � 2 Mpc \wall" of infalling

galaxies, of which the well known infalling group associated with NGC 4839 is a part.

The physical relationship between this wall of galaxies andthe radio relic is still unclear.

� There is a di�use, low surface-brightness \front" of synchrotron emission on the West-

ern edge of the 352 MHz radio halo. Its discrete edge suggeststhe presence of a shock

or compression/con�nement on the Western edge of the halo, though its actual origin

is unclear, since the X-ray temperature jump is opposite of expectations.

� We con�rm the existence of very low brightness emission between the halo and relic, al-

though at a somewhat weaker level than reported by Kronberg et al. (2007) at 408 MHz.

� We �nd FR / F 0:45� :001
X , in broad agreement with Govoni et al. (2001), and much


atter than primary and secondary models for the origin of th e Coma cluster.
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Figure 5.1: Top: GBT total intensity image of the Coma cluster; 120� 120 resolution;
Bottom: GBT total intensity contours with only constant DEC scans and NVSS point
sources subtracted out (14.250� 130 beam). Grayscale is ROSAT X-ray residual image
after a beta-model has been subtracted.
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Figure 5.2: Top: WSRT total intensity image of the Coma Cluster. The image was made
from a 4-pointing mosaic with a central frequency of 352 MHz (31 MHz bandwidth)
and a resolution of 1340� 680. Bottom: Same as above, but with point sources (UV
data > 700 � ) removed. The green circle indicates a region where the background radio
source Coma A has left residual artifacts, and should be ignored.
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Figure 5.3: Annular average of the point-source subtractedWSRT image showing the
new \front" of synchrotron emission. The average was over a 90� wedge centered on
13h01m20s+27d57m.
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Figure 5.4: Top: Plot of velocities in a 2deg high band through the Coma cluster and
from 0.5 to 1.5 degrees from the Coma center, at an angle of 0.5radians, which includes
the infall cluster and the broader wall. shown is two component Gaussian �t to the
velocity distribution. Infall: peak 27; center 7450 km/s; FWHM 700 km/s Residual:
peak 30; center 7000 km/s; FWHM 2200 km/s; Bottom: Smoothed surface-density of
optical galaxies from the SDSS spectroscopic database with6600< v < 8200 (grayscale)
with GBT contours from Fig 1. Note the \wall" of galaxies that ends on the inside edge
of the radio relic.
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Figure 5.5: Top: 1-D slice across the Coma halo and relic in radio and X-ray brightness;
Bottom: Same slice except 1.0� wide through the optical surface density of SDSS galaxies
in three velocity cuts. Note the drop in number of galaxies with 6600 < v < 8200 as
the relic radio emission increases.
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Figure 5.6: Grayscale is the point-source �ltered \open" map (Fig. 2) with X-ray
contours from Neumann et al. (2003). The contours are residual X-rays after a relaxed
cluster beta-model has been subtracted out, and indicate regions of active infall.
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Figure 5.7: Thermal X-ray temperature map (Wik et al. 2009) with di�use radio
contours overlaid. The color scale goes from purple/blue 1.5 keV to red/white 12 keV.
Higher signal/noise �ts were taken of the boxed regions (Alexis Finoguenov, private
communication) which found 16.3+3 :5

� 2:3 keV on the right and 6.8+0 :7
� 0:5 keV on the left.
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Figure 5.8: Data points are a pixel-to-pixel correlation between the di�use radio surface-
brightness at 352 MHz and the X-ray surface brightness from ROSAT. Also shown is
the measured power-law correlation found by Govoni et al. 2001, as well as predicted
correlations for primary and secondary models.



Chapter 6

Conclusion and Future Work

Despite the e�orts outlined in this dissertation, very litt le is known observationally

about the existence or properties of ionized gas and magnetic �elds outside of rich X-

ray emitting clusters of galaxies. The physical state of the�lamentary IGM can have

a signi�cant e�ect of large-scale structure formation, and roughly half of the ordinary

matter in the universe remains undetected in these regions.Therefore, the issue of

detecting and characterizing the low-density �lamentary r egions of the cosmic web will

continue to be on the forefront of cosmology in the coming decade.

Synchrotron radio emission has proven to be a reliable probeof magnetic �elds

and relativistic particle in cosmological large-scale structure. Chapters 2 & 5 showed

the utility of synchrotron emission in highlighting intere sting and dynamic systems,

even when the thermal plasma was too di�use to be detected. Inchapters 3 & 4, I

developed and tested new techniques for pushing below the total intensity confusion

limit. Polarized radio emission was shown to reveal complexstructures in the NVSS

survey spanning hundreds of degrees (chapter 3), though it remained invisible in total

intensity, and in chapter 4 I explored the promise of using cross-correlation to reveal

�lamentary synchrotron emission that is fainter than the no ise level and the radio survey.

6.1 Key Messages

The key �ndings presented in this dissertation are:

� The large-scale di�use radio emissions found thus far associated with luminous X-ray

108
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cluster of galaxies are clearly the brighter end of the much more extended synchrotron

\cosmic-web".

� Polarized emission can reveal coherent synchrotron emitting regions on scales larger

than the shortest-baseline limit of interferometric measurements. This was demon-

strated with the NVSS survey, wherehundredsof new features were found, including a

new Galactic loop.

� Confusion from our own Galaxy limits our ability to cleanly i dentify this cosmic-web

over a wide range of spatial scales.

� Cross-correlation is a powerful tool for identifying this � lamentary emission, and we

have attempted this method for the �rst time and demonstrate d its utility on simulated

�lament emission.

� We have also demonstrated the variety and complexity of phenomena that can be

traced with synchrotron emission (even in the well studied Coma cluster), as well as the

inadequacy of current models to explain these features.

6.2 Future Work

6.2.1 Low Frequency Polarized Foregrounds

Upcoming low-frequency radio arrays (LOFAR, MWA, LWA, etc. ) have the potential

to directly image the large-scale structure related synchrotron emission. However, as

my work has shown in several cases, di�use-polarized Galactic emission will present a

signi�cant source of confusion when trying to identify true extra-Galactic �lamentary

emission.

In preparation for the complex foreground separation that will likely need to be

performed at � < 150 MHz, I will characterize the Galactic polarized emission seen at

the WSRT with RM-Synthesis (Fig. 1). Using 10 pointings at � 350 MHz, which sample

a wide range in Galactic latitudes, I will compute for the �rs t time the high Galactic

latitude angular power-spectrum (APS) of the di�use polari zed foreground as a function

of Faraday depth. Bernardi et al. (2009) have recently computed the APS at 150 GHz

in a limited region of the Galactic plane. Given our resolution of � 20 and the primary

beam at 350 MHz, we will be able to sample the APS (Cl ) from l = 90 � 5400 (Seljak

1997). With these data, we will be the �rst to probe the APS wit h such resolution and
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Figure 6.1: Image of the Galactic polarized foreground emission at a Faraday depth of
zero in the region of the Coma cluster. The color bar is in units of Jy beam� 1, where
the beam is 700� 700.

Galactic latitude range as a function of Faraday depth. Previous studies have included,

e.g., Giardino et al. (2001,2002), Carretti et al. (2005), La Porta et al. (2006,2008),

and La Porta & Burigana (2006). I will also explore techniques to model and subtract

the di�use emission, and set limits on the residual extra-Galactic signal.

6.2.2 Detecting the WHIM with the SZE

When the Cosmic Microwave Background (CMB) passes through hot gas like that found

in clusters of galaxies, it gets scattered to a higher frequency/energy causing a cool spot

(at frequencies< 150 GHz) in the CMB called the Sunyaev-Zeldovich e�ect (SZE). The

WHIM, which is 105-107 K, should also produce the SZE, though with a much lower

amplitude than the hot cluster gas. Hallman et al. 2008 predict that the WHIM and

other unbound gas contributes up to 12% of the integrated SZEe�ect, and can a�ect

measured cosmological parameters.

With the GBT I will also explore the use of the new 90 GHz Mustang instrument to

detect the Sunyaev-Zeldovich e�ect of the thermal WHIM on th e CMB. Mustang is a

64 pixel bolometer array being commissioned on the GBT with 1000resolution and � rms
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= 0.4 - 0.8 mJy/beam (or 100 - 200 � K with 0.26 K/Jy for a 3 0� 30 map in one hour).

I will target well de�ned optical �laments that intersect la rge clusters/super-clusters of

galaxies, where the majority of the WHIM is thought to reside. The expected SZE signal

at � = 90 GHz for �laments of this type is � 0.1-100� K. These observations would be

complementary to absorption studies as it would detect the higher temperature WHIM.

6.2.3 ALFALFA & GALFACTS

I am the lead scientist on the ALFALFA science project \Probi ng the WHIM with AL-

FALFA". ALFALFA is a deep Arecibo HI survey of the entire avai lable sky (Giovanelli

et al. 2005) using the new 1.4 GHz, 7 beam ALFA receiver. We will produce systemat-

ics corrected and point source subtracted (using NVSS)continuum maps of the entire

survey area, producing the most sensitive, highest resolution (3.80), 1.4 GHz single-dish

map to date of a large fraction of the sky. Since the survey is currently confusion lim-

ited, we do not yet know the �nal sensitivity, though prelimi nary results have allowed

us to reduce the confusion by at least a factor of a few (Fig. 2).

Figure 6.2: Left: continuum image from gridbf 2316+15c smoothed to 60; Right: The
same image with NVSS point sources partially subtracted out. There are many align-
ment and beam issues that still need to be addressed, and the systematic striping has
not been taken out.

I am also searching for �lamentary emission as part of the GALFACTS consortium.

The GALFACTS survey, a large 1.4 GHz survey starting this fall (also using the ALFA
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receiver at Arecibo), will be superior to ALFALFA in continu um sensitivity. With the

added bene�t of full polarization, GALFACTS will be a key �nd ing survey for LSS

plasma, especially the 
atter spectrum regions close to theshock fronts, and provide an

ideal data set for cross-correlation studies and deep GBT and EVLA follow-up obser-

vations.

6.2.4 ASKAP Telescope: POSSUM & EMU

The Australian Square Kilometer Array Path�nder (ASKAP) is an upcoming 36 an-

tenna phased-array interferometer that will make wide FOV, deep observations around

1.4 GHz. ASKAP is meant to test some of the technology that is critical for making

the SKA a reality in the coming decades.

POSSUM and EMU are two proposed continuum surveys with ASKAP, with POS-

SUM focusing on polarization and EMU on total intensity. These two surveys will reach

� Jy/beam sensitivity levels, which is su�cient to test model s of cosmic magnetic �eld

origins (Donnert et al. 2008; Ryu et al. 2009). I intend to utilize the di�use polarized

maps of POSSUM to detect LSS formation shocks, though it willlikely only sample the

tip of the luminosity function for these objects. With EMU, I '?ll focus on all-sky cross-

correlation studies to statistically detect very faint �la mentary synchrotron emission.

All of this will help develop techniques that, with the comin g SKA, will revolutionize

our understanding of the WHIM and its relativistic/magneti c constituents.
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