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increased in the process of merger disruption (e.g., via mild
shock heating), such specific entropy values, along with the
high gas densities, put these gas clumps confidently in the
parameter space of the central core regions of cool-core
clusters, where typically ~K 15 keV cm2 as opposed to non-
cool-core clusters, where ~K 150 keV cm2 (Cavagnolo
et al. 2009). Thus, the cold gas “leg” indeed appears to be a
trail of pieces of a merger-disrupted cool core being swept by
the gas flows. We will use this conclusion in Section 5.4.

4.3. Splashes, Bumps,and Islands

The eastward extension of the leg curves to the SE after
about 300 kpc, and ends with a steep brightness drop (“splash
A” in Figure 1(b)) not far beyond. The gas at the dense side of
the brightness drop appears to be cooler than the surroundings,
including the gas along this structure but closer to the center.
While the projected temperature in region G3 (which contains
the tip of the splash) is only marginally lower than in regions
G2, G1 in Figure 4, and the temperature in region G4 in front
of the splash is poorly constrained, the temperature contrast
becomes quite pronounced in the wavelet temperature map in
Figure 2(b). This splash looks like a hydrodynamic feature
caused by a“ram pressure slingshot” (Hallman & Marke-
vitch 2004), in which a rapid decline of ram pressure in a
merger causes a parcel of gas to move into the less-dense gas
and expand adiabatically, forming a cool spot. In this case, it
could be one of the low-entropy clumps remaining of the cool
core and forming the cool leg.

North of the cluster center, there is another hydrodynamic
structure of likely similar origin (“splash B” in Figure 1(b); also
region T5 in Figure 2). The surface brightness structure is
picked out by wavelet decomposition, which can be seen in the
original image to appear like a pointed stream of gas. The
temperature maps indicate that this region is cool. The gas there
is not necessarily related to the cool core.

There is a subtle brightness island extending further SE from
splash A, marked “island D” in Figures 1 and 2, whose origin is
unclear. Its projected temperature is not well constrained but
does not rule out a cool structure.

Another splash-like structure (“bump C” in Figure 1(b)) is
located symmetrically opposite splash B about the merger axis.
Unlike splashes A and B and island D, it coincides with one of
the weak-lensing mass clumps. Its projected temperature is in
line with the cluster average and may even be higher (as
suggested by the wavelet map). This bump may have an
entirely different origin, a subcluster adiabatically accreting
gas, similar to the feature that we will discuss in Section 5.3.

5. DISCUSSION

5.1. Scene of a “Train Wreck”

The detail-rich Chandra X-ray image and gas temperature
maps of A520, especially the map in which we subtracted the
large-scale cluster emission using wavelet transformation, tell a
complex story about the events in this merging cluster. From
the X-ray and weak-lensing data, we see a major merger
proceeding mostly along the NE–SW axis. The NE chain of
subclusters have apparently moved away from the collision
site, completely stripped of their gas and currently hosting only
low-level bumps of X-ray emission (we will discuss this in
detail in Section 5.3). The SW subcluster is also moving away
from the cluster center, driving a prominent shock front.

Apparently, this subcluster had a cool core, which is now being
stripped by ram pressure, leaving a trail of cool clumps
—“foot,” “knee,” and “leg.” The meandering shape of this trail,
its ending with splashes A and D, together with several other
signs of complex hydrodynamics, such as the kink in the shock
surface, the “plume” next to it, and “splash B” (Figure 1),
suggest a secondary collision along the north–south direction.
A curious X-ray “channel,” possibly resulting from this
secondary merger, will be discussed in Section 5.2. The full
history and details of this “train wreck” of a cluster may be
understood better with a dedicated hydrodynamic simulation.
However, our present broad-brush understanding of the A520
merger alreadylets us make three measurements that are
interesting from the cluster physics viewpoint.

5.2. X-Ray Channel

A close look at the X-ray image (in particular, Figure 3(a),
which show the image with different bin sizes, and Figure 1(d),
which shows an “unsharp-masked” image), reveals a subtle,
long X-ray brightness “channel.” It aligns with the direction of
the secondary merger that we mentioned above, running from
the “plume” in the south through the central region of the
cluster toward “splash B” in the north (Figure 1). We selected a
sector in which this channel is most apparent and which
excludes any interfering features such as the leg, as shown in
Figure 3(a). An X-ray brightness profile across the channel
extracted in this sector is shown in Figure 5. It confirms a
highly significant ∼10%–12% drop in X-ray surface bright-
ness. The channel is about 30 kpc (9″) wide and at least
200 kpc long, which is its length within our sector;though, the
channel clearly extends beyond it and can be traced as an X-ray
dip in the leg and plume in the south, and similarly further to
the north.

Figure 5. Radial profiles, extracted in the annular sector in Figure 3(a), of
X-ray surface brightness (upper panel) and gas temperature (lower panel). The
gray band is 30 kpc wide centered on the location of the channel, marked by
white ticks in the profile extraction sector. Error bars for X-ray brightness and
temperature are s1 . Radial distance is from the center of curvature of the sector.
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improve our results,so we omitted them for simplicity. ObsID
4215 is affected by a long low-level background flare, which
Markevitch et al. (2005) modeled as an excess over the
quiescent background and propagated the error for spectral
modeling. Seeing this would increase our total exposure time
by at most 15%, yet potentially introduce more uncertainty to
background subtraction (see Section 2.1). We chose not to
complicate our subsequent analysis.

We reprocessed Level=1 event files using
acis_process_events of the Chandra X-ray Center
(CXC) software, CIAO (4.6).4 We applied the standard event

filtering procedure of masking bad pixels, grade filtering,
removal of cosmic-ray afterglow and streak events and the
detector background events identified using the VFAINT mode
data. Periods of elevated background were identified using the
2.5–7 keV light curve in a background region free of cluster
emission on the ACIS-I chips (by excluding a circle of = ¢r 7
centered on A520 and another circle of = ¢r 1.5 on a small
extended source to the SW). Time bins of 1 ks were used, and
bins with count rates thatwere more than 20% different from
the mean value were discarded, resulting in 423 ks of total
clean exposure. During the clean exposure, no gradual changes
in the quiescent background level were apparent during any of
the observations; the mean rates varied with time by less than

Figure 1. (a) Chandra 0.8–4 keV surface brightness binned to 1″ pixels, without smoothing or source removal. The color scale is in units of
10−6 countss−1arcsec−2. The red cross marks the center of the BCG, offset from the bright tip by about 20″=67 kpc. (b) Wavelet smoothing of the image in
panel (a), with point sources removed, with brightness contours spaced by a factor of1.5. (c) Weak-lensing mass contours from D. Clowe (2016, private
communication), overlaid on the wavelet X-ray image from panel (b). The contour levels (mass surface density, linear step) are thesame as in Clowe et al. (2012). The
green cross marks the position of the contested “dark clump” and the red cross marks the BCG. (d) Residual X-ray image after subtracting the>210 kpc scale wavelet
components, slightly smoothed. Prominent features discussed in this paper are marked in panels (b) and (d).

4 http://cxc.harvard.edu/ciao
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Figure 5. Zooming in on the suspected Kelvin-Helmholtz eddies at the southern cold front. (a) Wavelet decomposition was used to remove
emission from components on scales larger than the KH eddies, 1600 (=26 kpc) and up, by subtracting them from the 0.8–4 keV image binned
to 100 pixels. The two green ticks mark the crests of the KH eddies. (b) Unsharpmasked version of the 0.8–4 keV image, created by subtracting
one image smoothed by a �=1200 gaussian kernel from a second image smoothed by �=300, so as to highlight features on scales in between.
The additional pair of green ticks mark the crest-to-trough scale of the eddies. The horizontal green line to the left points along the channel
discussed in Section 5.

where ⌫ is the kinematic viscosity. The full Spitzer viscosity
is (Spitzer 1962; Sarazin 1988)
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where ⌫ = µ/⇢ and ln⇤ ⇡ 37 for the density and temperature
we measure outside the southern cold front.

Based on simulations, R13 showed that for Spitzer-like
viscosity, a conservative value is Recrit = 30 to suppress KHI.
We do see a developed KH instability, so for our wavelength,
Re > 30. To place a somewhat more accurate lower limit on
the Reynolds number, and thus an upper limit on the viscos-
ity, we compare our eddies with those in the R13 simulations
at a similar growth stage. Figure 8 in R13 shows the de-
velopment of KHI for different Reynolds numbers and the
interface parameters very close to ours (their density contrast
is 2 vs. our 1.9 and their M = 0.5 vs. our rough estimate of
0.36 ± 0.12). For our front, we can use the peak-to-peak dis-
tance to measure the KHI � ' 55 kpc. The amplitude (half
of the crest-to-trough distance) appears to be at least 0.10–
0.12�. There is not enough photons to resolve the small-scale
features in the eddies, such as the expected turning-over of
the tip of the eddy, though observers with imagination would
see a hint of this in the wavelet-subtracted image.

We can estimate the time that the eddies had to grow to
their present amplitude. The inviscid KH timescale (R13,

their Equations 2-3) is

⌧KHinvis =

p
�

2⇡

�

U
, (6)

where

� =
(⇢cold + ⇢hot)2
⇢cold⇢hot

(7)

is related to the growth time of the eddies estimated from
t = L/U, by

t
⌧KHinvisc

=
2⇡Lp
��
. (8)

If we take the distance L that the perturbations have traveled
along the front to be from the crests of the eddies to the east-
ern side of the front, L ⇡ 50–100 kpc and t ⇡ 3–6⌧KHinvisc.

If we compare our eddy amplitude to R13 at this early
growth stage (see their Figure 8 and the left panel of Fig-
ure 10), they look similar to the case with Re = 100 or above
and rule out Reynolds numbers much lower than that. We
note that the R13 simulations assumed uniform density on
each side of the interface, whereas our density increases to-
ward the cluster center (away from the interface) and changes
noticeably on the scale of the disturbance. This is likely to
decrease the depth of the troughs compared to the simulated
case, so the above estimate should be conservative.
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Figure 6. (a) Unprocessed 0.8–4.0 keV image, binned by 100, with colors selected to better show the channel, which can be seen more clearly
in the unsharpmasked image in Figure 5(b). The green horizontal tick leads to the beginning of the channel; the vertical ticks span the width of
the brightness profile region. (b) A profile of X-ray surface brightness extracted in a rectangular region to show the X-ray channel, as shown in
(a). The shaded band indicates the apparent extent of the channel. The position coordinate runs from north to south of the region. Error bars
for surface brightness are 1�.

The existence of such layers of draped magnetic fields
around cold fronts have long been proposed to explain the
suppressed thermal conduction and diffusion across the front
and the front stability (Ettori & Fabian 2000; Vikhlinin et al.
2001a; MV07). The KH instabilities at the southern front
(Section 4) allowed us to evaluate the effective ICM viscos-
ity. If the layer that we see in A2142 indeed has an amplified
and ordered field and wraps around the southern front, it is
the likely underlying physical mechanism that regulates the
growth of those KH instabilities and determines that effective
viscosity.

6. SUMMARY

A2142 provides a laboratory to study several interesting
effects in the intracluster plasma and in cluster cool cores. It
exhibits four cold fronts — three in the core (two of which
were the initial discovery of cold fronts in M00) and one
1 Mpc from the center, indicating long-lived sloshing set off
by a strong disturbance from a merger. In this work, we
have studied the three inner fronts using a 200 ks Chandra
dataset. For the southern front, we estimate the velocity of
the tangential gas flow inside the front from an estimate of
the centripetal acceleration and obtain v = 550 ± 190 km/s
(M = 0.36±0.12 w.r.t. the sound speed in the gas on the hot-
ter side of the front). The southern front is clearly disrupted

by Kelvin-Helmholtz instability, exhibiting two eddies sep-
arated by 55 kpc with an amplitude 6–7 kpc. This is only
the second reported example of the clearly observed KH ed-
dies in the plane of the sky (the other one is A3667; other
reports of the KHI were based on interpreting the structure
in the front brightness profiles as eddies in projection). We
compare the observed eddies with the numeric study of the
growth of KHI in the context of cluster cold fronts by Roedi-
ger et al. (2013b), who included isotropic viscosity in their
simulations. The A2142 eddies match the simulations if the
isotropic, Spitzer-like viscosity is suppressed by a factor at
least 5. The velocity of the gas flow is the biggest uncertainty
in this estimate, but the viscosity has to be lower than Spitzer
even if we very conservatively assume a M = 1 flow. From
the numeric comparison of the effects of isotropic Spitzer
viscosity and anisotropic Braginskii viscosity in the presence
of gas sloshing and stretching of the magnetic fields (ZuHone
et al. 2015), such a suppressed effective isotropic viscosity
is consistent with full Braginskii anisotropic viscosity. Our
viscosity constraints are in line with several recent results for
other clusters based on the KHI at cold fronts (Roediger et al.
2013a; Su et al. 2017; Ichinohe et al. 2017) as well as on the
observed details of gas stripping for an infalling galaxy (Kraft
et al. 2017).
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Kelvin-Helmholtz Instabilities

The cold front in Abell 3667 3
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Figure 1. � = 0.98 arcsec Gaussian smoothed, exposure and vi-
gnetting corrected, background subtracted Chandra image (0.6-
7.5 keV) of Abell 3667. The overlaid white sectors denote the di-
rections along which the surface brightness profiles are extracted
(see also Figures 2 and B1). The green sectors denote the regions
from which the deprojected thermodynamic profiles are extracted
(see also Figures 4, C1 and C2). The black arrows indicate the
brightness dip and excess (see Section 3.1).

the cold front. The narrower sectors have an opening angle
of 5� and the wider sectors are 15� wide, corresponding to a
length of arc of 22 kpc and 67 kpc at the radius of the front.

To model the shape of the surface brightness profiles
quantitatively, we assumed that the underlying radial den-
sity profile n(r) is expressed as a broken power law with a
jump of normalization at the break;

n(r) =

8>><
>>:

j12n0

⇣
r

r12

⌘�↵1 (r  r12)
n0

⇣
r

r12

⌘�↵2 (r12 < r)
, (1)

where r12 and j12 are the radius of the break and the am-
plitude of the jump there, n0 is the overall normalization,
and ↵1 and ↵2 are the power-law slopes of the density profile
inside and outside the front.

Ignoring line emission, the emissivity of the ICM is de-
scribed using the emissivity of thermal bremsstrahlung ra-
diation ✏ = ⇠(T,Z)n2, where n is the density and ⇠(T,Z) is a
coe�cient which weakly depends on temperature and metal-
licity. Assuming spherical symmetry and approximating ⇠ to
be constant, the surface brightness profile S (x) can be ob-
tained by integrating the density profile along the line-of-
sight direction y;

S (x) = 2A

Z 1

0
n

2(r)dy = 4A

Z 1

0

x(1 + s
2)n(x(1 + s

2))p
s2 + 2

ds, (2)

where x is the coordinate along which the surface brightness
profile is extracted, A is a constant which includes both the
e↵ect of ⇠ and the e↵ect of / r

�2 decrement of the intensity
and s is a transformed variable using r =

p
x2 + y2 = x(1+ s

2).
We fitted this model to the extracted profiles using the Mi-

nuit2 fitting library integrated in the ROOT data analysis
framework to minimize �2. The results are discussed in Sec-
tion 3.2.

2.3 Deprojected thermodynamic profiles

Thanks to the high-quality deep observation of ⇠500 ksec,
we are able to investigate the deprojected thermodynamic
properties with an azimuthal resolution of 15� for a single
cold front. Figure 1 shows in green the 10 directions from
each of which we extracted a deprojected thermodynamic
profile. For the spectral fitting, we used XSPEC (version
12.8.2) (Arnaud 1996) to minimize �2. The X-ray emission is
modeled as a single-temperature thermal plasma using apec
model (Smith et al. 2001). We used the model projct to in-
corporate the e↵ect of the projection of outer gas volumes,
under the assumption of spherical symmetry. We fixed the
metallicity to the values obtained from the projected ther-
modynamic profiles. We used the chemical abundance table
determined by Lodders (2003). In the spectral fitting, the
typical reduced �2 is 1.02, with the typical number of de-
grees of freedom (NDF) of 1500.

3 RESULTS

3.1 Global morphological features

In the flat-fielded image (Figure 1), the cold front, the
abrupt surface brightness drop that azimuthally extends for
⇠500 kpc, is clearly visible on the southeastern part of the
cluster.

The interface appears abrupt in terms of the drop of
the surface brightness. On the other hand, it visually seems
to have an azimuthal variation in terms of the radii or the
curvature radius, which has not been explicitly pointed out
previously. The surface-brightness contrast across the inter-
face is strong towards southeast, but gradually weakened to
the north and south along the front, forming a mushroom-
like shape.

A brightness dip exists to the north of the cluster’s
brightness peak, and a brightness excess, which seems to
extend anti-clockwise from the brightness peak, exists fur-
ther out (see the black arrows in Figure 1). This feature
was first mentioned in Mazzotta et al. (2002) who suggested
that this shape is due to the development of hydrodynamic
instability.

We also confirmed that the two-dimensional thermody-
namic structure, using 500 ksec Chandra data with contour-
binning algorithm (Sanders 2006), whose bins are themody-
namically independent to each other, is consistent with pre-
vious observations (Mazzotta et al. 2002; Briel et al. 2004;
Lovisari et al. 2009; Datta et al. 2014; Hofmann et al. 2016,
see Appendix A).

3.2 Azimuthally resolved surface brightness
properties

Figure 2 shows the azimuthal variations of the best-fitting
parameters of our assumed density model (Equation 1). The
black/red and the gray/magenta points represent the best-
fitting parameters for the surface brightness profile extracted

MNRAS 000, 1–13 (2016)
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Figure 3. The top two panels represent the fitting results for the projected broken power law model (left: 210�-225�, right: 225�-240�).
In the bottom two panels, the best-fitting projected double-broken power law models are overlaid instead of the best-fitting projected
single-broken power law (left: 210�-225�, right: 225�-240�). The black arrows represent the positions of the edges.

front is forming because of a merger very close to the sky
plane.

We also point out the striking similarity of the X-ray
image to the numerical simulation by Roediger et al. (2015b)
who modeled the inviscid stripping of an initially extended
atmosphere subjected to the ambient flow of its host cluster
during the initial relaxation phase (Figure 5). The cold front
in Abell 3667 (Figure 5 bottom) is especially similar to the
inviscid simulation result at 780 Myr before the pericentre
passage (Figure 5 top) in two perspectives; (1) the opening
of the front or the angle where the stripping starts, and
more importantly, (2) the variations of the front radii whose
length scale is smaller than the opening angle of the entire
cold front (sub-opening-angle scale variation).

It is also shown in the numerical simulations by Roedi-
ger et al. (2015b) that the impact of the inclination an-
gle of the line-of-sight direction with respect to the direc-
tion perpendicular to the merger plane is relatively strong
above ⇠30�, for which case the interface becomes less pro-

3 Roediger E., et al., “Stripped Elliptical Galaxies as Probes of
ICM Physics: II. Stirred, but Mixed? Viscous and Inviscid Gas
Stripping of the Virgo Elliptical M89”, The Astrophysical Jour-
nal, 806:104, 15pp. (2015 June 10). c�AAS. Reproduced with per-
mission.

nounced and the sub-opening-angle scale variations are no
longer clearly visible.

Given all the arguments above, we suggest that the front
is formed via a merger event taking place nearly in the sky
plane. Note that gas sloshing parallel to the line of sight di-
rection is another possible interpretation (Kitayama et al.
2014). Testing these di↵erent scenarios would require mea-
surements of the line-of-sight velocity inside and outside the
interface by Doppler shift measurements, which can only be
performed with high resolution X-ray spectroscopy.

4.2 Gas dynamics

From the thermodynamic information, we can estimate the
velocity of the cool gas relative to the ambient medium as
has been done in the literature (Vikhlinin et al. 2001b; Lan-
dau & Lifshitz 1959): by approximating the cool gas as a
blunt body subjected to an ambient flow, and neglecting
the change in the gravitational potential along the stream-
line, the ratio of the pressure of the flow at the stagnation
point p0 to the pressure of the flow in the free streaming
region p1 is a function of the cloud velocity v;

p0

p1
=

8>>>><
>>>>:

⇣
1 + ��1

2 M1
2
⌘�/(��1)

(M1  1)
⇣
�+1

2

⌘(�+1)/(��1)
M1

2
✓
� � ��1

2M1
2

◆�1/(��1)
(M1 > 1)

, (4)
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5

1.82’
10 kpc

Fig. 2.— Chandra image of NGC 1404 in 0.7–1.3 keV. The im-
age was exposure-corrected, blank-sky background subtracted, and
smoothed using the CIAO tool dmimgadapt. We identify the red
sector as the sharpest edge (35�–90�), for which we derived the sur-
face brightness profile. The “x” sign (03h38m52.8s, -35d35m59.6s)
is the center of the cold front curvature.

We resolve substructures in surface brightness and
temperature of NGC 1404 down to < 100 pc, thanks to
the combination of the proximity of NGC 1404, the su-
perb spatial resolution of Chandra, a very deep (670 ksec)
exposure, and the low temperature of NGC 1404. Based
on observational facts, we describe the transport pro-
cesses and probe the microscopic properties of the cluster
plasma.

4.1. Di↵usion and conduction

The surface brightness profile of the leading edge re-
veals a sharp density discontinuity at the front. Here,
we compare the width of the discontinuity to the charac-
teristic mean-free-path (mfp) of electrons, �e, in the hot
plasma on both sides of the leading edge. Sarazin (1988)
gives:

�e =
33/2(kTe)2

4⇡1/2n4
eln⇤

, (1)

where the Coulomb logarithm is

ln⇤ = 37.8 + ln

✓
Te

108K

◆⇣ ne
10�3cm�3

⌘�1/2
�
. (2)

For densities and temperatures in Region ISM and Re-
gion ICM, the mfp is �in = 20pc in the ISM and
�out = 653 pc in the ICM. The e↵ective mfp across the
front can be estimated as (Vikhlinin et al. 2002)

�in!out = �out
Tin

Tout

G(1)

G(
p

Tin/Tout)
, (3)

and
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Fig. 2.— Chandra image of NGC 1404 in 0.7–1.3 keV. The im-
age was exposure-corrected, blank-sky background subtracted, and
smoothed using the CIAO tool dmimgadapt. We identify the red
sector as the sharpest edge (35�–90�), for which we derived the sur-
face brightness profile. The “x” sign (03h38m52.8s, -35d35m59.6s)
is the center of the cold front curvature.

We resolve substructures in surface brightness and
temperature of NGC 1404 down to < 100 pc, thanks to
the combination of the proximity of NGC 1404, the su-
perb spatial resolution of Chandra, a very deep (670 ksec)
exposure, and the low temperature of NGC 1404. Based
on observational facts, we describe the transport pro-
cesses and probe the microscopic properties of the cluster
plasma.

4.1. Di↵usion and conduction

The surface brightness profile of the leading edge re-
veals a sharp density discontinuity at the front. Here,
we compare the width of the discontinuity to the charac-
teristic mean-free-path (mfp) of electrons, �e, in the hot
plasma on both sides of the leading edge. Sarazin (1988)
gives:
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Fig. 5.— top: Temperature profile across the leading edge (35�–90�) of NGC 1404. Black profile was derived with blank-sky background
and red profile was derived with local background. bottom: surface brightness profile in the 0.7–1.3 keV energy band (in units of ⇥10�9

photons s�1 cm�2 arcsec�2) across the leading edge (35�–90�) of NGC 1404. Yellow and green are surface brightness profiles in two other
directions which are o↵set from NGC 1404 but at the same distance to NGC 1399. Black dashed line marks the location of the leading
edge. Black solid line indicates the best-fit to our model containing both the Fornax ICM component and the NGC 1404 ISM component.
The “eddies” exceeding the background can be identified just outside the leading edge; blue dashed line indicates a model including an
additional gaussian component for this eddy feature; red dashed line indicates a further modified model with the edge convolved with a
gaussian component. Blue and magenta circles: expected surface brightness profile contributed by unresolved LMXB and stellar emission
respectively.

NGC 1404 (Su et al 2016)



Strong Magnetic Fields 
Displace Cluster Plasma 

– 52 –

1.0×10-10

1.5×10-10

2.0×10-10

2.5×10-10

-120 -100 -80 -60 -40 -20  0

P 
(e

rg
 c

m
-3

)

r (kpc)

Thermal Pressure
Thermal + Magnetic Pressure

 0.004

 0.006

 0.008

 0.01

 0.012

 0.014

-120 -100 -80 -60 -40 -20  0

 4

 5

 6

 7

 8

n e
 (c

m
- 3)

T 
(k

eV
)

r (kpc)

Density
Temperature

Fig. 23.— An example of temperature and density fluctuations as a result of magnetic pressure

from the Beta100 simulation at the epoch t = 3.15 Gyr. Top panels: Gas density, temperature, and

magnetic pressure slices through the center of the domain. Bottom panels: Profiles of the density,

temperature, thermal pressure, and total (magnetic + thermal) pressure along the black lines in

the top panels.

ZuHone, Markevitch, & Lee 2011

magnetic field 
strengths 
increase due 
to shear 
amplification
β = pth /pB ∼ 3 − 10



Strong Magnetic Fields 
Displace Cluster Plasma



Werner et al. 2016

Strong Magnetic Fields 
Displace Cluster Plasma 



10 J. S. Sanders et al.
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Figure 9. Combined GGM-filtered of the Perseus cluster, adding maps with s = 1 to 32 pixels with radial weighting.

comes from the cluster profile is significantly reduced. The image
shows the structure from the inner shock out to the large scale spiral
using a single filtering scale.

A disadvantage of the technique is that the value becomes
noisy where the count rate is low in the outskirts. When the gra-
dient of a non-logarithmic X-ray image is computed, the pixels
with low number of counts typically are in regions with low ab-
solute gradients and so the noise on the gradient is low compared
to the gradient value in the centre where the counts rate are high.
However, using a logarithmic image the gradient in the outskirts is

similar to the value in the centre. As the count rate in the outskirts is
lower, the scatter in the value is higher. This noise can be seen in the
north-east and south-west parts of Fig. 14, where the observation is
shallower and the cluster fainter.

Logarithmic gradient images are therefore likely preferred if
there is a sufficiently high count rate across the region of interest
so that the gradient can be measured to a high fractional accuracy.
However, this criterion is unlikely to be met using typical photon-
starved observations with Chandra except in the core region or us-
ing large spatial scales.

MNRAS 000, 000–000 (0000)
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Figure 10. Combined GGM-filtered of M 87, adding maps with s = 1 to 32 pixels with radial weighting.

3.7 Finding shocks

As pointed out by Forman et al. (2007), between temperatures of
around 1 and 3 keV the Chandra 3.5 to 7.5 keV band count rate
is approximately proportional to the pressure-squared integrated
along the line of sight. Therefore, by gradient filtering such im-
ages, we are able to detect pressure discontinuities and shocks in
clusters.

Fig. 15 shows filtered images from scales of 4 to 32 pixels of
M 87 in this hard X-ray band. In the centre is an egg-shaped region
previously identified by Young et al. (2002), marked by A in the
4 and 8 scale maps. This is likely a high pressure region created
by the current AGN outburst. Surrounding this feature is a second
edge in pressure (labelled B), seen clearly in the 8 map and at lower
significance in the 4 map. At a radius of 13 kpc is the clearest shock
(labelled C and D), believed to be driven by an earlier AGN episode
approximately 14 Myr ago (Forman et al. 2007). Spectral fitting
shows it to have a Mach number of 1.25 (Million et al. 2010).

The most interesting aspect of this image, in agreement with
the full band image and filtered image, is that the 13 kpc shock is
not a complete circle, but breaks up into multiple edges (C, D and
E), with a further edge at lower surface brightness levels (F). Edges
F and G are stronger than the noise at the same radius and can be
seen in the unfiltered image. F lies at the edge of the south-west
radio plume. The splitting up of the C, D, and E structure may be
due to varying temperature structure along the line of sight, affect-
ing the sound speed. Alternatively there could have been multiple
outbursts.

In the Perseus cluster the intracluster medium is too hot for
these hard-band images to be solely sensitive to pressure variations.
However, in the central region around the inner cavities the 2.7 to
4 keV temperatures are close to the preferred range. Fig. 16 shows
a filtered hard X-ray image of Perseus (combining three different
scales), overlaying the radio emission. The image highlights the
jumps in pressure at the edge of the shocks surrounding the inner

MNRAS 000, 000–000 (0000)
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9.4 kpc
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Figure 11. GGM-filtered X-ray image of M87 from Fig.10 (red), overlayed
with 90 cm radio emission from Owen et al. (2000) (blue/green).
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Figure 12. Combined GGM-filtered image of A 3667, adding maps with
s = 8, 16 and 32 with radial weighting.

cavities. The image can be interpreted as two shocks, one surround-
ing each bubble (as seen in a spectral fitting pressure map; Fabian
et al. 2006). The southern rim of the northern shock appears to pass
through the southern cavity and the rim of the northern rim of the
southern shock appears to pass through the northern cavity. The
straight feature across the southern cavity appears to be the edge
of the shock and is not related directly to the radio source. To the
north-west the outer edge of the shock is much less clear, where
the radio plasma extends from the northern inner cavity to the outer
north-western ghost cavity.

Jet

30 arcsec

Image Unsharp (1/4)

Negative artifacts

CF edge

Outer cavities

Unsharp (2/8)

Inner filaments

GGM (2)

GGM (8)GGM (4)

Figure 13. Comparison of unsharp masking and gradient filtering in the
central region of M 87. Top left panel: X-ray image with point sources re-
moved and smoothed by a Gaussian of s = 1 pixel. Top right panel: unsharp
masking, showing fractional difference between images smoothed by 1 and
4 pixels. Centre left panel: unsharp masking using 2 and 8 pixels. Other
panels: gradient filtered image with s as value given in pixels.

4 CONCLUSIONS

We examine X-ray images of the Perseus cluster, M 87 and A 3667
with the Gaussian gradient magnitude filter to detect edges. We
show that the filter is able to detect a host of structures within
these clusters. The method is often more sensitive to features than
unsharp-masking or subtracting radial cluster models. It also does
not introduce negative residual artifacts commonly seen in unsharp-
masked images. By the use of a radial weighting scheme we can
produce a multi-scale image which demonstrates that a wealth of
physical processes are occurring in these clusters. Using pressure-
sensitive hard-energy-band images it is possible to use the method
to detect shocks in clusters.

SOFTWARE REPOSITORY

The code described and used in this paper can be found at https:
//github.com/jeremysanders/ggm.
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GGM Filtering: Varying 
Physics

β = 1000, μ = 0 β = 1000, μ = 0.1μSp β = 100, μ = 0

• Increased viscosity smooths large edges, damps small ones 
• Magnetic field smoothes edges but stretches out perturbations 

Bellomi et al., in prep



β = 1000, κ|| = 0

Constraints on Thermal Conduction

β = 1000, κ|| = κSp 

Bellomi et al., in prep
anisotropic thermal conduction smooths out structure



Chandra/ACIS AXIS

β = 100, μ = 0

β = 1000, μ = 0.1μSp

β = 1000, μ = 0

Bellomi et al., in prep



pyXSIM (X-rays from 3D simulations) 
http://hea-www.cfa.harvard.edu/~jzuhone/pyxsim

Mock AXIS Observations in 
Python

SOXS 
http://hea-www.cfa.harvard.edu/~jzuhone/soxs

SIXTE SIMX

http://hea-www.cfa.harvard.edu/~jzuhone/pyxsim
http://hea-www.cfa.harvard.edu/~jzuhone/soxs


Summary
• Long Chandra exposures of nearby clusters have given us 

tantalizing hints of a more structured intracluster medium, 
with the potential to place constraints on cluster plasma 
physics 

• But what we need are more counts—and to be able to do 
this science with shorter exposures 

• Sub-arcsecond resolution is also required 

• AXIS will fulfill both of these requirements and enable more 
confident comparisons of observations with theoretical 
predictions from simulations


