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Understanding Low-Power Radio Halos

ABSTRACT

ACT-CL J0256.5+0006 (J0256) is a moderate redshift (z=0.363) merging cluster. Around it, one
of the weakest known cluster giant radio halos has been observed. Based on our ACT SZ detection
and a very short XMM observation, J0256 has the weakest SZ and possibly the lowest mass ever
observed for a radio halo as well. Our Chandra observation gives J0256’s dynamical merger state:
it is an early-stage merger, which challenges the theory that radio halos are produced by turbulent
re-acceleration after the passage of merger shocks. It is also possible that this merger is a late-stage
merger, and the observed structures are simply due to projection effects caused by the merger’s
orientation with respect to our line of sight. This possibility will also be investigated.

1. INTRODUCTION

The cluster merger J0256 is interesting because previ-
ous observations such as those from Majerowicz et al.
(2004) have shown it to be an unusually low-mass
merger, but more importantly they have detected an
extremely weak cluster giant radio halo around it. Ra-
dio halos are roughly symmetric sources with steep radio
spectra, a projection onto a cluster’s center (Deiss 1997),
and no clear optical counterpart (Willson 1970; Feretti
et al. 2012). They are most commonly found in merging
clusters and it is thus believed that the radio-emitting
electrons are being accelerated by merger-driven pro-
cesses, such as shock waves (e.g., Feretti et al. 2012).

This paper investigates the reason that J0256’s ra-
dio halo is especially weak, and attempts to discover
whether it is simply a product of the merger’s low mass
(Russell et al. 2011), a result of the merger still being
in its early stages (Cassano 2010), or a consequence of
some other, unforeseen factor. This is done by evaluat-
ing the large gas structures observed within the clusters
as well as their temperature gradients, which are deter-
mined based on the concentration of hard, medium, and
soft X-rays throughout the cluster. By observing the
structures present within the merger, it is possible to
determine if the two clusters have already passed each
other, which would mean that it is no longer in its early
stage. The temperature gradient can show any cold
fronts or particularly energetic regions, which are also
indicators of merger stages. Later-stage mergers will
have already disrupted the cool cluster cores, whereas
early stage mergers will likely still have their cores in-
tact.

2. OBSERVATIONS AND DATA REDUCTION

J0256 was observed with the Chandra X-ray Obser-
vatory in two closely—spaced periods using the ACIS-S
detectors. The properties of the two observations are
given in Table 1.

The data were analyzed using the the Chandra Inter-
active Analysis of Observations (CIAO) software system
(version 4.11) with CALDB version 4.8.2, as well as
HEASoft version 6.242.

We reprocessed the level-1 events files using the CTAO
CHANDRA_REPRO command to ensure that up—to—date
and consistent calibrations were applied. The data were
corrected for afterglows, bad pixels, charge transfer in-
efficiency, and the time-dependent gain.

The cluster is mainly located on the S3 (chip 7) CCD,
which is back-side illuminated. The light-curve (energy
band 0.5-7 keV) from the source—free region of the S1
(chip 5) detector was used to filter out times of in-
creased background (‘“background flares”). The back-
ground light-curves for chips 6 and 7 are shown in Fig-
ure 1. S1 is also a back-side illuminated CCD, and gave
slightly better statistics since the cluster region did not
need to be excluded on it. The background flares were
removed with the CIAO DEFLARE command using the
“clean” method. Both the raw and the resulting cleaned
exposure times for the S3 chip are given in Table 1.

Blank—sky background events files were created using
CIAO’s BLANKSKY tool, which tailors the background
file to the aspect history of the observation. The blank—
sky background were scaled by the number of events in

L http://cxc.harvard.edu/ciao/
2 https://heasarc.gsfc.nasa.gov/docs/software/heasoft /



Exposure:
OBSID Date RA Dec Roll Angle Raw Clean
) (k)  (ks)
20531 | 2017-11-30 | 2h 56m 34.7s | 0° 6’ 27.87” 320 42.55 39.92
20868 | 2017-12-01 | 2h 56m 34.8s | 0° 6’ 27.51” 320 25.77 23.98

Table 1. Observation Data

the 9.0-12.0 keV band, which is dominated by particle
background.

For the purposes of imaging, the cleaned events files
from the two observations were merged using the CIAO
tool MERGE_OBS. We adopted the coordinates of the
longer OBSID 20531, and shifted the shorter OBSID
20868 to match this. Note that the two observations
have the same roll angle, but that the pointing loca-
tions were displaced by about 4 pixels along the axis
of the ACIS-S detector. This shift acts to further wash
out exposure variations, along with the normal nodding
motion of Chandra. Point sources in the merged im-
ages were checked to ensure the two observations were
aligned correctly.

The cluster is entirely contained on the S2 and S3
CCDs (chips 6 and 7). Thus, we will restrict the re-
maining analysis to these two detectors. Figure 2 shows
a raw image (uncorrected for background or exposure)
of the S2 and S3 chips to show the geometry of the data.
The J0256 cluster is near the lower left edge of the upper
S3 chip, and is double with strong concentrations at the
centers of the two subclusters.

The point sources in the merged 0.5-7.0 keV image
were detected using the CIAO command WAVDETECT.
The variation in the ACIS point-spread—function (PSF)
across the field was included. The PSFs from the two ob-
servations were determined, and were merged, weighting
by the exposure map for each observation. We adopted
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Figure 1. Background light—curves from OBSID 20531 for
the two back—side—illuminated CCDs in the 0.5-7 keV band.
The two curves have different Count Rate scales, with Chip-
5’s values ranging from 0.38-0.62, and Chip-7’s values only
ranging from 0.23-0.54. Left: S3 or Chip-7, which contains
the center of the cluster. Right: S1 or Chip-5, which was
used to remove flares.

a source threshold of 107, and used wavelet sizes of
1, 2, 4, 8, 16, and 32 pixels. The resulting source list
was inspected for false, missing, and extended sources.
The remaining sources were then removed from the list,
and therefore excluded from most images. Extended
sources that appeared to be part of the cluster were not
excluded.

With the point sources removed, the resulting images
were adaptively smoothed using the CIAO CSMOOTH
command. This smoothing process involved correcting
the images for both background and exposure. The
smoothed image allowed us to determine features of
the merger that were previously unseen, and this im-
age is displayed in Figure 3. This source-removal and
smoothing process was initially conducted on the broad
band observation files, and then repeated for the hard,
medium, and soft band files individually. The bands cor-
responded to energy ranges of 2-7keV, 1.2-2keV, and 0.5-
1.2keV respectively. One key difference between the way
the broad and individual band images were processed is
that each of the individual band images was smoothed
according to the broad image’s specific smoothing scale.
This was to ensure a uniform smoothing across the three
images and therefore general consistency throughout the
data, with the broad image’s smoothing scale being cho-
sen because it was a combination of all three individual
bands. Once these three bands were processed individ-
ually, they were combined to form an RGB image in
the image-processing software, DS9. Soft X-rays were
loaded in as red, medium as green, and hard as blue.
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Figure 2. Raw image (not corrected for background or ex-
posure) from the merged data for the S3 (Chip-7, upper
right) and S2 (Chip-6, lower left) CCDs. The image was
smoothed with a gaussian kernel with a width of o = 3 pix-
els (1749) to make it easier to see the point sources.

3. DISCUSSION

One of the goals of this observation was to discover the
temperature structure of the clusters. This was done
with the RGB image created by combining the three
different X-ray band observations. See Figure 4. These
different energy bands were used to map temperature
because as the temperature of gas increases, the X-rays
that the gas emits increase from the soft band to the
hard band. This means that in our image, the more red
an area is, the cooler the gas, and the more blue, the
hotter the gas. It is clear that large amounts of radiation
in all three bands are being emitted in the center of each
cluster, as the image is saturated. Immediately outside
the center the gas is noticeably cool, however, and from
that point out the gas becomes hotter and less dense the
further it is away from the center. Around the edges
there is a region composed entirely of hot, diffuse gas.

The most prominent features of the merger are a pos-
sible shock or cold front between the two clusters, and a
tail of gas behind each cluster. The eastern cluster’s
tail is trailing from north to south, and the western
cluster’s tail is trailing from east to west. This orien-
tation tells us that the merger is not happening strictly
in plane-of-sky directions, because if the western cluster
were moving directly east then the eastern cluster would
not yet have formed a tail. This conclusion is in turn
drawn from the fact that information in gas cloud tur-
bulence cannot travel faster than the speed of a shock
wave, and therefore the tail of the eastern cluster could
not have been shaped by anything in front of the shock
wave. With these facts established, the question of why
the eastern cluster has a tail at all is raised. The only

Declination
0:00:24 36 -

12

48 2:56:36 24

Right Ascencion

Figure 3. An adaptively smoothed image of the combined
broad spectrum data. It is particularly useful for visualizing
the general gas structures in the merger, including tails and
the front at which the two clusters are meeting.

explanation is that there are movements occurring in
directions outside the plane of the sky.

Previous observations of redshift in this merger have
discovered a clear distinction between the two clusters:
while the galaxies in the eastern cluster has an aver-
age redshift of approximately 0.361, the galaxies in the
western cluster has an average redshift of approximately
0.368. This difference in redshift correlates to a differ-
ence in line-of-sight velocity of roughly 1500km /s, which
is substantial (Sifn et al. 2016). There are two primary
explanations of this difference: either the western cluster
is closer to us and accelerating away towards the east-
ern cluster, or the western cluster is not actually merg-
ing with the eastern cluster at all but rather is simply
a separate object that is significantly further away from
us and thus has a higher Hubble redshift.

While the idea that the western cluster is a completely
separate object with a higher Hubble redshift easily ex-
plains the difference in relative velocities, it does nothing
to explain the features that are observed in our images.
If these two clusters are not merging, then there is noth-
ing to explain why either one of them has a tail, let alone
why they both have tails that appear on a similar size
scale. For the western cluster to be significantly further
away, while having the angular width that we observe,
it would have to be much, much larger than the east-
ern cluster. This theory also has no way of explaining
the observed shock/cold front that is observed between



Figure 4. RGB image of the merger, with red representing
smooth X-rays, green representing medium X-rays, and blue
representing hard X-rays.

the two clusters, and thus is not worth considering. It
is much more likely that the western cluster is acceler-
ating away from us towards the eastern cluster, as this
suggests that the merger is happening mostly in the line
of sight. This in turn supports the previous assertion
that the observed cluster structures are being caused by
interactions that are taking place outside of the plane of
the sky.

Further evidence that this merger is still in its early
stages can be found in the lower-temperature cluster
cores. A common characteristic of later-stage mergers is
that the merging clusters’ initially cool cores will have
become less defined and induced cold fronts that prop-
agate through the merger. The lack of a noticeable cold
front, combined with the undisturbed cold cores in the
center of each cluster, suggest that this merger is still in
its early stages.

The only evidence supporting the idea that this
merger is in its later stages is the tail of the eastern
cluster. Assuming that this merger is in its early stages,
it is hard to explain why the eastern cluster has such
a pronounced North to South tail. This is no harder
to explain than why both cores would still be perfectly
intact during the later stages of a merger, however.

4. CONCLUSION

Throughout this investigation, efforts were made to

determine the cause of the merger ACT-CL J0256.54-0006’s

exceptionally weak radio halo. We were unable to quan-

tify the effect that the clusters’ low masses may have on
the radio halo, but we have presented substantial evi-
dence for the claim that J0256 is an early-stage merger.
This evidence is broken up into two main points: the
clusters’ cool cores are intact, and the clusters’ tails
indicate that a first pass has not yet occurred.

After the first pass in a merger, the cool cores that are
common in clusters often get disturbed and lose their
distinct, circular shapes. When this disturbance occurs,
the cool gas in the cores is often projected out to form a
cold front that travels through the cloud. There is only
one structure in our image that can be interpreted as
a cold front, and it is much more likely to be a shock
front or some such structure which appears as it does
because of the merger’s orientation with respect to the
plane of the sky. This is the case because in the tempera-
ture structure that we deduced, the only sharp gradients
present are those just outside of each cluster’s circular
core. In these new smoothed images, it is obvious that
the eastern cluster has a tail that flows from North to
South and the western cluster has a tail that flows East
to West. If the merger were taking place in the plane
of the sky, which is the intuitive conclusion from first
glance, then these tails would be inexplicable. Instead,
based on the relative velocities that were described in
(Sifén and et al. 2017), it is clear that the western clus-
ter is traveling away from Earth and towards the eastern
cluster in a trajectory that falls primarily within our line
of sight. Thus the merger is not happening primarily in
the plane of the sky due to multiple factors, including
the roughly 1500 km/s difference in line-of-sight veloci-
ties and the direction of the clusters’ tails.

The presence and orientation of these tails also serve
as evidence that the merger is still in its early stages.
The fact that each cluster’s tail is pointing away from
the other cluster means that the they are still heading
towards their first pass. After the first pass, the clusters
and their tails will begin to curve back towards each
other for a second pass; at that point, both tails will be
curved and pointing towards the other cluster. This is
clearly not yet the case.

Based on the evidence presented, it seems conclusive
that the merger ACT-CL J0256.5+0006 is an early-stage
merger. This fact challenges the idea that radio halos
are solely produced by re-acceleration of electrons after
the initial passage of merger shocks, and reinforces the
possibility that they are produced by some other merger-
driven process instead. Further investigation into the
clusters’ masses and spectra should still be conducted in
order to more completely understand the causes behind
the presence and strength of radio halos.
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