




Chapter 2. Data Reduction Process

Figure 2.1: In this rotation measure map the color scale is in units of kilo rad/m2.
The contours are of the multi-frequency total intensity image where contour levels
begin at 10.1 mJy/beam and increase by factors of 2. Regions of enhanced RMs
which are discussed in Section 3.2.3 are numbered for convenience. The bottom left
corner also graphically indicates the restoring beam size and angle.
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Figure 2.2: The RM noise image shows the obtained errors of the rotation measures
from Figure 2.1. The color scale shows values from 0 rad/m2 to 500 rad/m2.
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Figure 2.3: Calibrated cross-hand data plotted as phase vs. frequency on 3C286 for
Dec.15,2013 observation. This plot demonstrates the expected result from a properly
calibrated dataset.
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Figure 2.4: Calibrated cross-hand data plotted as phase vs. frequency on 3C286 for
Dec.20,2013 observation. In this plot we can quickly see that the typical calibration
method is insufficient due to a variation of the cross-hand calibration as a function
of spectral window.
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Chapter 3

Results & Analysis

In this section we present the highest angular and spatial resolution rotation measure

study of the PKS1246-410 to date. The recently increased bandwidth capabilities

of the VLA allow us to probe a larger phase space of rotation measures than ever

before on PKS1246-410. Here we present the results from our study of the combined

A and B-configuration for a total of 8.25 hours on source across approximately 2GHz

of bandwidth.

3.1 Total Intensity Maps

First we will discuss the total intensity images. Previous work has documented

in detail the structure of central radio source PKS1246-410 (Taylor 2002, Sanders

2002, Taylor 2007). The distinct morphology can be seen in Figure 3.1 where the

radio arms are bent back. Previous work has attributed this bent lobe structure to

interaction with the diffuse ICM. These studies noted the radio lobes of PKS1246-

410 are coincident with X-ray ”holes” known as radio bubbles or ghost bubbles.

These cavities are interpreted as low density areas that were inflated during a time
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Figure 3.1: The color scale shows the diffuse total intensity radio emission ranging
from 20-100µJy/beam. The contours are of the multi-frequency total intensity image
where contour levels begin at 10.1 mJy/beam and increase by factors of 2. The
bottom left corner also indicates restoring beam size and angle.

of activity and since have detached from the central region on either side due to the

buoyancy of the contained gas (Hatch et al. 2006). As discussed in Section 2.2 we

use a synthesized beam of 1.06′′x 0.26′′at an angle of -4.41◦ as compared to previous

studies at lower frequencies which had a synthesized beam of 2.1′′x 1.2 ′′at an angle

of 19◦. Due to the improvements of the VLA the increased bandwidth has allowed

for better sensitivity of images, such that our total intensity image (Figure 3.1) has

a root-mean-squared (RMS) value of 3µJy/beam compared with 0.3mJy/beam in

previous studies.
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3.1.1 Spectral Index Map

We have obtained a spectral index map of PKS1246-410 using Stokes I images of

the first and last spectral windows, 8.02 GHz and 9.91 GHz, respectively. Both

spectral window were cleaned to a RMS of 20µJy/beam with the same restoring

beam of 1.06′′x 0.26′′at an angle of -4.41◦. These two images were combined using

task COMB in AIPS with a clipping of 2σ = 40µJy/beam for both images. The

resultant map can be seen in Figure 3.2. Disregarding the outlining structure of the

source where the spectral index noise is greater than 1, thus unreliable, we found an

average spectral index of α ∼ −1± 0.25. The spectral index appears to remain very

stable throughout the source with two notable exceptions. The first exception is the

spectral indices on the extremities are α ∼ −2, however, due to low signal to noise

in these regions the errors are ≥ 1. Therefore, it is difficult to determine whether

the obtained spectral index is due to interaction with the ICM or if the extremities

follow the same trend as the interior region. The second point of interest is the region

about the core. The obtained spectral index from the core region has a mean value

of −0.56± 0.13. This result is consistent, albeit less precise, with the spectral index

found by Taylor et al. (2006) where they fit the radio flux spectral of the nucleus

from 1.4 GHz to 43.3GHz with the Very Long Baseline Array (VLBA) and found

spectral index of α = −0.55± 0.04.

3.2 Rotation Measure

To further understand the morphology of the ICM in the context of galaxy clusters we

have investigated the sub-structure in the obtained RM map. In this section we will

discuss qualitatively the structure of the observed rotation measure and further dis-

cuss in the next section how these results impact our understanding of the ICM. We

further focus on four distinct regions that demonstrate enhanced rotation measures
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and quantitatively discern what they tell us about on the intracluster environment.

Throughout this section we will be referring to RM and RM error maps found in

Figures 2.1 and Figure 2.2, respectively. For ease of reference we have defined the

four regions of enhancement to be discussed later in the section in Figure 2.1.

3.2.1 Magnetic Field Models

Using the equations from Section 1.5.1 we can offer magnetic field estimates required

to create the RMs measured, assuming two different types of models. The first

model assumes a very simplistic case where all the variables in Equation 1.2 are

uniform. Therefore using the electron density model from Taylor et al. (2006) where

ne = 0.099cm−3 and dl = 10kpc then Equation 1.2 becomes:

B|| =
RM

803.88
[µG] (3.1)

where RM is the observed rotation measure for the specific region in rad/m2. We

can also use a more complex model in which we assume the magnetic field is tangled

with a cell size of 1 kpc as in Equation 1.4. We can further reduce Equation 1.4

by using β model parameters found from X-ray studies of Centaurus (Taylor et al.

2002): β = 0.39± 0.01, ne = 0.099± 0.001cm−3 and rc = 5.4± 0.3kpc. Using these

parameters along with some reasonable cell size of ΛC=1 kpc which is estimated by

the observed variations sizes in RMs. We also can assume the radio source lies at the

core with very little projection effect, resulting in K=441 and r << rc (Taylor et al.

2002), due to a correlation between the radio lobes and X-ray bubbles discussed in

Section 3.1. Using these values we can reduce Equation 1.4 to a very simple formula,

dependent only on the distribution of RMs in a region of interest:

B = 8.2(10−3) σRM [µG] (3.2)
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3.2.2 Average structure of PKS1246-410 RM map

First we will focus on the average structure and reoccurring trends seen in the

obtained RM map. This RM map exhibits values ranging from -3500rad/m2 to

3500rad/m2 for good fits and low noise levels (3σ = 125.2 rad/m2). In Figure 3.3 we

present the distribution of RMs for the entire radio source. As can be seen in this

histogram plot the mean of the distribution occurs at -391 rad/m2. However, one

would expect to see a Gaussian distribution of RM dispersions centered around zero

as discussed in Section 1.5.1 (Felten 1996). This trend has been also seen in previous

studies of PKS1246-410 conducted by Taylor et al. (2002) in which they reported a

multiple peaked distribution with a mean of -360 rad/m2. The more Gaussian like

structure in our results, as compared to Taylor et al. (2002), is most-likely due to

a higher signal to noise and increased angular resolution of our RM map. Taylor et

al. (2002) suggested the negative mean seen in both studies could indicate that the

distribution is dominated by the contributions of a small number of cells.

We would like to point out that the sub-structure in the RM map is stable on

arcsec (100s pc) scales across the source as opposed to previous results in Taylor et

al. (2002). This smoother variation, similar to the RM distribution discussed prior,

is likely due to the increase angular resolution and sensitivity. If the RMs vary too

quickly across the synthesized beam they will create a less confident λ2-law fit due

to ambiguity of RMs within the beam. Also, the increased sensitivity allows for

a more confident fit of the RMs throughout the source due to smaller polarization

angle errors. Since we are probing the source on scales less than the RM variations,

a well behaved RM would expect to be described by a Gaussian distribution as seen

in Figure 3.3.

Using the distribution of RMs in Figure 2.1 we can estimate the magnetic field re-

quired to create the observed rotation from the two models described in Section 3.2.1.

In the case of the uniform magnetic field model we will use the largest RM enhance-
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ment found of RM = −2500rad/m2 to find the parallel component of the magnetic

field strength to be B|| = 1.87µG. Then assuming the total magnetic field is related

by B =
√

3B|| (Taylor et al. 2002) we find a magnetic field of 3.23µG. For the

second model we use the FWHM of the distribution of RMs derived in Section 3.2.3

to determine the dispersion RMs σRM = 667.8rad/m2 to estimate the magnetic field.

In the tangled magnetic field model we find a magnetic field strength of B = 5.4µG

across the entire source.

3.2.3 Enhancement regions and possible depolarized zones

In this section we will discuss regions of enhanced RMs and possible depolarization

regions. Approximating the histogram of the distributions for the obtained RMs

as a Gaussian (Figure 3.3) we have determined a Full-Width-Half-Max (FWHM)

of 668 rad/m2 which corresponds to RMs from -1059 rad/m2 to 279 rad/m2. This

distribution is assumed to be representative of a Gaussian distribution about a mean

of -391 rad/m2 as is predicted by Equation 1.3 describing RM dispersion. Given a

Gaussian type distribution we found a standard deviation of 291 rad/m2. Therefore

we quantify a region of enhanced RM to be extended regions that deviate at least 3σ

from the mean value over arcsec scales, corresponding to . -1287 rad/m2 or & 505

rad/m2. By this definition we found four extended regions of possible enhancement.

For each region we show a representative sample of the RM fits throughout the region

of enhanced RMs.

Region 1: Tube of Enhancement South-East of Radio Core

South-East of the core we find a tube like structure of enhanced RMs. The mean

value is -1250 rad/m2 which extends along the major axis for 4 arcsec (800 pc) and the
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minor axis for 1 arcsec (400 pc). To quantify this enhancement we show in Figure 3.4

a RM slice perpendicular to the major axis of the tube. In Figure 3.5 we show a grid

of the RM fits from the central most enhanced pixels of the tube to ensure that the

fits are accurate and continue to obey a λ2-law. Using the distribution within this

region we can estimate the magnetic fields required to create such a rotation measure.

Within this region we find a max RM of -1750 rad/m2 which using Equation 3.1 we

find a magnetic field strength of 3.77µG assuming a uniform model. Assuming a

tangled magnetic field model we find a magnetic field strength of 0.22µG when using

Equation 3.2.

Region 2: Gradient across the western jet

Another region of enhanced RMs occur on the western arm of the radio source.

As seen in Figure 2.1 the northern part of the western arm exhibit RMs up to

−1500rad/m2 while the southern part of the arm approaches 0 rad/m2. To show

this effect clearly we have taken a north-south RM slice across the western arm

which can be seen in Figure 3.6. It is worth noting when extrapolating from this

graph one must realize that the noise increases on the extremities of the source which

will result in less confident RM fits. This effect can be seen in Figure 2.2 where the

noise on the interior region errors are a fraction of the extremities. Therefore we

will focus on the inner 4.5′′ which shows a steep negative trend from around -1500

rad/m2 in the north to around -250 rad/m2 at the southern part of the arm. Using

the maximum RM of -1500 rad/m2 in this region we find a magnetic field strength of

4.30µG. Using the distribution of RMs in this region we calculate a tangled magnetic

field strength of 1.47µG.
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Region 3: Enhanced RM Knot at the Beginning of the Western Arm

The third region exhibiting enhanced RM values is located at the beginning of the

western arm. Previous studies have suggested this region to be a possible location

for depolarization, most-likely due to dense soft X-ray emitting gas in front of the

region (Taylor et al. 2007). Depolarization occurs when the Faraday screen rotating

the wavefronts becomes too thick and randomize (i.e. depolarize) the polarized

emission. Our high angular resolution could help to give validity to that argument

by noting that we observe knots of enhanced RMs surrounded by absent RM regions.

Figure 3.7 shows that we have found RMs up to -2100 rad/m2 that obey the λ2-law.

These knots are not conclusive proof of a depolarized region, however the high RMs

might indicate dense regions which could be denser around the knot where the RM

fits are unavailable possibly due to depolarization. Once again we will use the highest

RM, -2100 rad/m2, to estimate a magnetic field strength of 4.52µG using the uniform

magnetic field model. Assuming a tangled magnetic field we find a magnetic field

strength of 0.76 µG based on the distribution of RMs in this region of enhancement.

Region 4: Radio Core

The final region which we would like to discuss is the radio core. While our study was

in no means tailored to observe the small radio core, our A-configuration observations

have provided us the opportunity to probe the core on sub-arcsec scales. There are

two distinct features we would like to note located around the core region. The first

feature is an open-annulus structure of absent rotation measures around the radio

core. This could be an artifact of the imaging process where we were unable to

completely fit the visibilities at the core due to the very high flux compared with

the rest of the radio source, however, since the polarized intensity of the core is
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comparable to the rest of the source it is unlikely that this is the case. Another

more intriguing explanation could be that this annulus is a region of depolarization

due to high densities located less than 100pc around the radio core. To attempt to

determine the validity of this explanation we present Figure 3.8 showing the RM fits

within the core and Figure 3.9 on the outer edge of the core. As can be seen from

these two images there is a transition over very few pixels where the RMs transition

from a positive to negative slope. While the fits are well behaved and mostly follow a

λ2-law, the noise becomes a factor at the boundaries making it difficult to determine

how significant the enhancement of RMs are at the core. We can also compare the

unfit RM regions around the core to that of the the polarization percentage map in

Figure 1.1. We can see around the core there is an annulus of no polarization which

would support our argument of depolarization.

We can again estimate a uniform magnetic field strength of 4.30 µG is required

to create the maximum rotation measure of -1500 rad/m2 observed in this region.

However, if we use the tangled magnetic field model we find a magnetic field strength

of 2.82 µG for this region of enhancement.

3.2.4 Source Magnetic Field

Our RM fitting code discussed in Section 2.2 also determines the local orientation of

the magnetic field (corrected for Faraday Rotation) based on the RM fits. Using the

obtained RMs our customized code removes the calculated Faraday Rotation from

the observed polarization angle, pixel by pixel, to determine the source magnetic

field. As can be seen in Figure 3.10 the magnetic fields are well ordered along

the western arm until reaching the low polarization strip at the beginning of the

arm. Here the magnetic fields appear to be pointing radially outward from Region

3 in Figure 2.1. The magnetic field vectors appear to be well ordered and follow

the total intensity contours closely in a relatively uniform manner aside from the
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aforementioned Region 3. The regularity of the derived magnetic field is expected

for extended sources which further indicates that we have properly account for the

Faraday Rotation observed for PKS1246-410.

3.3 Analysis & Summary

Our study has allowed for the opportunity to observe PKS1246-410 at high angular

resolutions (arcsec scales) and sensitivities (∼ µ Jy/beam). We have shown that the

extended structure of the PKS1246-410 possess expected spectral index values which

indicate synchrotron radiation. There are also possible indications of steeper spec-

trum emission along the extremities of the radio source: α ∼ −2. However, since our

bandwidth is limited to 2GHz it is not tailored to a spectral index analysis resulting

in significant noise on these extremities, α ∼ ±1. We have observed that the core

spectral index result is slightly flatter, α = 0.56± 0.13 than what is observed for the

average source spectral index, α = 0.56±0.13. This result, albeit less precise, agrees

with previously publish results from Taylor et al. (2006).

Using the total distribution of RMs we find that our results of the magnetic field

strengths (B = 3.23µG and B = 5.4µG using uniform and tangled models, respec-

tively) tend to agree with previous estimations of the magnetic field for the Centaurus

Cluster of B = 8µG. These predictions are on the border for estimates of non-cool-

core clusters (1 − 10µG) and strong cool-core cluster (10 − 40µG) magnetic fields

strengths. Since the estimate is less than that of a typical cool-core cluster we would

expect the magnetic fields to have a larger coherent structure than the randomly

oriented cells in the tangled magnetic field model suggests. This greater understand-

ing of the behavior of the RM distribution seen from PKS1246-410 could help us to

understand on what scales the magnetic fields in cluster vary. To do this we have

probed the sub-structure of the magnetic fields by focusing on four enhancement
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regions.

The magnetic field strength derived for each enhancement regions have found that

the uniform magnetic field model is in good agreement with the total RM distri-

bution estimates of the magnetic field strength. The distribution of RMs in the

enhancement regions are less disperse than the total distribution causing a lower

value estimate for the magnetic field strength, when using the tangled magnetic field

model. This lower value indicates that the magnetic field are less randomly oriented

on these 100s parsec scales as compared to the entire radio source of 10s kpc. We

would expect the tangled magnetic field model to be more applicable when sampling

multiple randomly oriented cells, as is the case for the total RM distribution. This

result can help use to understand the magnetic field coherency size which from our

results on the order of arcsec (100s pc) or larger, due to the little dispersion of RM

values within these regions.

We also can use our results to further argue for the existence of depolarized regions

present around Region 3 and Region 4. If we refer to Figure 1.1 we can see that the

regions we identified as possible depolarized zones due to proximity of high RMs,

are regions of unpolarized signal. However, this could also indicate that the source

itself is not polarized in these regions. To further understand the proper explanation

for these regions of low polarization we will need to investigate other wavelengths,

such as X-ray, at a higher sensitivity and resolution to determine if these regions of

enhancement correlate with any density enhancements.
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Figure 3.2: Color indicates spectral index values from α=-2 to 1. The contours
are of the multi-frequency total intensity image where contour levels begin at 10.1
mJy/beam and increase by factors of 2. Regions of enhanced RMs which are dis-
cussed in Section 3.2.3 are number for convenience. The bottom left corner also
indicates restoring beam size and angle.
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Figure 3.3: Histogram of rotation measure values across the entire radio galaxy.
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Figure 3.4: Rotation Measure slice along the minor axis of region 1 to show the
enhancement of RMs.
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Figure 3.5: The plot above shows the extracted RM fits created by RMCUB from
region 1. Each panel is the RM fit extracted across a 5 by 5 pixel increment. This
plot demonstrates how well behaved the fits are within this ”tube” of enhancement.
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Figure 3.6: Above is a north-south Rotation Measure slice of region 2 which demon-
strates the gradient of enhancement in the western arm.
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Figure 3.7: The plot above shows the extracted RM fits created by RMCUB from
region 1. Each panel is the RM fit extracted across a 5 by 5 pixel increment. In this
figure you can see a slight gradient from the bottom left to the top right.
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Figure 3.8: The plot above shows the extracted RM fits created by RMCUB from
the inner core in region 3. Each panel is the RM fit extracted across a 2 by 2 pixel
increment.
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Figure 3.9: The plot above shows the extracted RM fits created by RMCUB from
the outer edge of the core in region 3. Each panel is the RM fit extracted across a 2
by 2 pixel increment.
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Figure 3.10: The above figure shows the magnetic field lines derived from the Rota-
tion measure fit where a 1 arcsec line is equivlent to 0.167 Jy/Beam. Overlaid is a
multi-frequency total intensity contour where contour levels begin at 10.1 mJy/beam
and increase by factors of 2. The bottom left corner also indicates restoring beam
size and angle.
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Conclusion and Future Work

4.1 Conclusion

To date this is the deepest radio study conducted of the central galaxy in the Centau-

rus cluster. The new advancements of the VLA which increased the bandwidth has

greatly aided in the efforts to understand the ICM in the center of the Centaurus

Cluster and hopefully other cooling core clusters. Clusters could in theory create

large scale magnetic fields which interact with the ICM to produce magnetic fields

of ∼ µG strengths, which seems supported in our study. Understanding the level of

turbulence within these environments can impact our models for the merging and

thus evolution of galaxy clusters. If we understand how galaxy cluster evolve over

time we will gain further insight to the initial conditions present moments after the

big band that resulted in the Cosmic Web structure we see today.
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4.2 Future Work

Future work will entail combining the VLA C-Configuration to increase the time on

source from 8 hours to 12 hours. This increase in time on PKS1246-410 will result

in a multi-frequency synthesis image with theoretical 1σ sensitivity of 3µJy/beam.

However, even more importantly is the C-Configuration will allow for the probing of

even more diffuse structure in the arms of the radio galaxy.

Combining these results with all other previous VLA studies of PKS1246-410 would

help to further investigate both diffuse and high angular resolution structure. Pre-

vious studies have combined frequencies ranging from 323 MHz to 43.3 GHz (Taylor

et al. 2006). This large bandwidth combined with our 8 hours of exposure time on

source could help further constrain the RM fits of PKS1246-410 to great sensitivity.

Using this increase in sensitivity combined with large frequency coverage we could

also investigate the presences of steep-spectrum radio sources, such as mini-halos, at

the center of the Centaurus Cluster.

One final goal for this research will be to combine our radio results with the re-

cently obtained Chandra data currently being reduced and analyzed by collaborator

Dr. Jeremy Sanders. This multi-wavelength approach will help to understand more

properties within the ICM at the center of the Centaurus Cluster, such as, velocity

distribution and its viscosity. Understanding such properties will help to determine

what underlining physics are at play in these very extreme environments at the cen-

ter of a cool-core.
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