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ABSTRACT

We perform a systematic search of cold fronts in a sam-
ple of 62 clusters observed with XMM-Newton with red-
shift ranging from 0.01 to 0.3. We detect one or more
cold fronts in 21 (34%) of our objects. A large fraction
(87.5%) of nearby clusters 0.01 < z < 0.04 host a cold
front while only 20% of the distant clusters, mostly merg-
ing clusters, do so. The absence of sharp surface bright-
ness discontinuites in distant cool cores is most likely a
consequence of the insufficent spatial resolution of our
images. Some nearby cool core clusters show a dislo-
cation between the surface brightness and the pressure
peak. This implies that the cool central gas is displaced
from the bottom of the gravitational potential well and
likely sloshing.
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1. INTRODUCTION

The high spatial resolution of the Chandra X-ray tele-
scope has led to the discovery of several phenomena
within galaxy clusters. In particular, Chandra observa-
tions revealed the existence of very sharp discontinuities
in the X-ray surface brightness of several clusters. The
drop in the X-ray surface brightness is accompanied by a
jump of similar magnitude in the gas temperature, so that
the pressure does not change drastically across the front.
This feature has been named “cold front” (Vikhlinin,
Markevitch & Murray, 2001).

Cold fronts have been initially observed in merging clus-
ters. The prototype cold fronts are hosted in A2142
(Markevitch et al., 2000), A3667 (Vikhlinin, Marke-
vitch & Murray, 2001) and 1E0657-56 (Markevitch et al.,
2002). In these clusters, the cold front delineates the edge
of the cool core of the merging substructures which have
survived the merger and is rapidly moving throughout the
shock-heated ambient gas (Markevitch et al., 2000).

Cold fronts have been detected also in the core of some

relaxed clusters (e.g. Al1795: Markevitch, Vikhlinin &
Mazzotta, 2001; RX J1720.1+2638: Mazzottaetal, 2001;
A496: Dupke & White 111, 2003; 2A 0335+096: Maz-
zotta, Edge & Markevitch, 2003). The presence of cold
fronts in cool cores provides evidence of gas motions
and possiblly of departures from hydrostatic equilibrium.
Cold fronts represent a unique tool of investigation of
the internal dynamics of clusters, especially in the regret-
table absence of instrumentation capable of a direct de-
tection of gas motions. To study and characterize cold
fronts, we built a sample of 62 clusters observed with
XMM-Newton and carried out a systematic search for
surface brightness and temperature discontinuities. We
studied the occurrence of cold fronts in different redshift
ranges and for different types of clusters (merging and
cool cores). Particular attention has been devoted to cold
fronts in relaxed clusters.

The sample is described in §2. Technical details concern-
ing the procedure used for searching cold fronts are given
in §3. In §4, we discuss the occurrence of cold fronts in
clusters. The nature of cold fronts in cool cores has been
discussed in §5. Finally, in §6 we summarize our results.

2. THE DATA SAMPLE

We have performed a systematic search and characteri-
zation of cold fronts from a large sample of clusters ob-
served with XMM-Newton. The large collecting area of
the EPIC telescope onboard the XMM-Newton satellite
allows a detailed inspection of the spectral properties of
the galaxy clusters, which are important to study the dy-
namics of the core. Namely, we have selected a sample of
62 clusters of galaxies. The sample includes two different
subsamples. The first comprises roughly 20 nearby bright
clusters with redshifts in the range [0.01 — 0.1]. The sec-
ond subsample comprises all the clusters available in the
XMM-Newton public archive up to March 2005, having
redshifts in the range [0.1 — 0.3] (Leccardi et al., 2005; in
preparation).

The sample (see Fig. 1) includes a wide variety of clus-
ters, both merging and cool cores. It is worth noting that



Figure 1. The EPIC surface brightness images for
the 62 clusters in our sample.  Flux is in units
10~ %5erg em~2s I pixel 7' .

we did not fix an objective selection parameter to build
our sample. However, the criteria used for the selection
of the clusters are not related to the existence of the cold
fronts. Hence, no bias is a priori present in our sample
as far as cold fronts occurrence is concerned and for our
purposes this sample is sufficiently representative of the
cluster population up to redshift 0.3.

3. SEARCHING FOR COLD FRONTS.

To find cold fronts and to study their properties, we need
accurate surface brightness and temperature maps and
profiles. Profiles should be determined in different di-
rections for each cluster. For clusters with good statis-
tics, we have used the algorithm developed by the Milano
group to build the maps. The procedure consists in bin-
ning the cluster images, using the adaptive binning algo-
rithm developed by Cappellari & Copin (2003) and based
on the Voronoi tessellation technique. The temperature
(T) and the surface brightness (32) values in each bin are
determined through a broad band fitting method (Rossetti
et al., 2005; in preparation). Errors are determined for
both 3 and T" in each bin.

As an example, in Fig. 2 we show the maps obtained ap-
plying our procedure to the XMM-Newton observation
of the galaxy cluster A496. In Fig. 2(a) and (b), we re-
port respectively the EPIC (MOS + PN) surface bright-
ness image and the surface brightness map derived using
our procedure. In Fig. 2(c), the A496 temperature map is
shown; the central cool core is clearly visible. The qual-
ity of the A496 observation is quite good, so the derived
maps are very accurate and the surface brightness map is
very similar to the surface brightness image.

Once the surface brightness and the temperature have
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Figure 2. (a) EPIC surface brightness image for A496.
(b) Surface brightness map, (c) temperature map and (d)
pseudo-pressure map for A496.

been obtained, other thermodynamic quantities (pressure
and entropy) can be derived. Although a deprojection
procedure should be applied to derive these quantities, we
work in the approximation that the surface brightness is
¥ ~ n?, where n is the electronic density. The (pseudo)-
pressure and the (pseudo)-entropy are correspondingly
derived through the projected quantities P = %'/27" and
S = T/x'/3. The (pseudo)-pressure map for A496 is
reported in Fig. 2(d). A cold front at roughly 90 arcsec
from the peak in the N-NW sector (roughly 60° — 120°)
is clearly observed in the surface brightness and tempera-
ture maps. The X and T (see Fig. 3) profiles in this sector
show that the surface brightness has a sharp discontinuity
(approximatively by a factor of 2-3) and that the tempera-
ture across the edge varies by a factor of 1.5. Correspond-
ingly the pressure does not show an abrupt drop and there
is approximate pressure equilibrium across the front.

Another cluster with high statistics is Centaurus. The sur-
face brightness and the temperature profiles (in Fig. 4 (a)
and (b) respectively) of the NE sector (~ 120° — 150°)
show that Centaurus hosts a cold front at ~ 90 arcsec
from the peak. The surface brightness drops by a factor
of 4-5 and the temperature rises by almost a factor of 3.
Also in this case the pressure is almost constant across
the front.

For clusters having poor statistics the adaptive binning
procedure does not allow us to produce detailed maps.
Hence, for these clusters the broad band fitting method
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Figure 3. (a) Surface brightness profile and (b) temperature profile for A496. The profiles have been derived in the sector
60° — 120°. The dashed line marks the cold front position, ~ 90 arcsec from the peak.
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Figure 4. a) Surface brightness profile and (b) tempera-
ture profile for Centaurus. The profiles have been derived
in the sector 120° — 150°. The dashed line marks the cold
front position, ~ 90 arcsec from the peak.

has been applied to manually selected macro regions. Re-
gions are built in such a way as to follow the cold front
feature so that the temperature profile across the cold
front can be determined. This is the case of A1300, where
a discontinuity in the surface brightness (see Fig. 5a) is
detected at ~ 25 arcsec from the peak (in the W-NW di-
rection). The temperature profile (Fig. 5b) is not as de-
tailed as in the previous cases, nevertheless there is an
indication of a temperature rise.

4. OCCURRENCE OF COLD FRONTS IN
GALAXY CLUSTERS

The systematic analysis of the surface brightness of the
clusters of our sample brought to the detection of cold
fronts in 21 objects (and probably also in other 4 clus-
ters where the presence of a cold front is not clear and
needs some further investigation). This corresponds to a
percentage of 34% (40% if the uncertain cases are also
accounted) in the redshift range [0.01-0.3]. It is interest-
ing to study also the frequency of cold fronts in different
redshift ranges. Our analysis shows that if we progres-
sively reduce the sample, excluding gradually the more
distant clusters, the fraction of clusters having a cold front
increases. In particular, in the subsample of the nearby
clusters (with redshift in the [0.01-0.04] range), 87.5% of
our objects exhibit one or more cold fronts. Considering
that projection effects can hide a non-negligible fraction
of cold fronts, such frequency implies that probably all
the nearby clusters host one or more cold fronts. This
result is in agreement with Markevitch, Vikhlinin & For-
man (2002) who analyzed a sample of 37 relaxed nearby
clusters observed with Chandra and find that roughly
70% of the nearby cool core clusters of their sample host
a cold front (Markevitch, Vikhlinin & Forman, 2002).
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Figure 5. (a) Surface brightness profile and (b) temper-
ature profile for A1300. The temperature profile have
been derived applying the broad band fitting procedure to
manually selected macro regions. The dashed line marks
the cold front position, ~ 25 arcsec from the peak.

While cold fronts are a common feature in nearby clus-
ters, either merging or cool cores, for distant clusters
their frequency is different for different types of clusters.
For clusters with redshift larger than 0.1, cold fronts are
mostly detected in merging clusters, while only few cool
core clusters exhibit one. Since cold fronts in cool cores
are in general quite near to the peak and less prominent
than in merging clusters, it is likely that the resolution of
XMM-Newton is not enough to detect sharp discontinu-
ities for this class of clusters at high redshifts.

5. THE COLD FRONTSIN RELAXED GALAXY
CLUSTERS

Our sample includes a large number of nearby relaxed
clusters and we have already shown that most of them
host a cold front. The presence of a cold front in the cen-
ter of cool core clusters is a clear indication that the ICM
in these objects is not completely static. Several Chandra
observations of clusters have revealed that relaxed clus-
ters often have disturbed cores with complex morphologi-
cal structure. Two major pictures have been proposed for
cold fronts in cool core clusters. Markevitch, Vikhlinin
& Forman (2002) proposed that the central cool gas is
sloshing in the underlying gravitational potential well.
In this scenario, the cold front is the boundary between
the displaced cooler gas and the ambient hot gas. The

gas could have been displaced by some AGN central ac-
tivity or as a consequence of some past minor merging
process (Markevitch, Vikhlinin & Forman, 2002; Marke-
vitch, Vikhlinin & Mazzotta, 2001).

An alternative picture has been recently proposed by Tit-
tley & Henriksen (2005). Using numerical simulations,
the authors show how the oscillations of the dark matter
(and correspondingly of the gravitational potential well)
can produce cold fronts. In this scenario, it is the po-
tential well that is oscillating and not the gas within it;
the gas and the dark matter are oscillating together, since
dark matter movement induces gas motions. The result-
ing compression of the isodensity contours along the os-
cillations generates the cold front feature.

A detailed analysis of cold fronts in relaxed clusters can
help us improve our understanding of the nature of the
phenomenon. We selected from our sample some cool
core clusters. For most of them, the derived temperature
and (pseudo)-pressure maps are detailed and allow a good
inspection of the cool core physics.

2A 0335+096 is a cool core cluster with a cold front in
the S-SW sector ~ 60 arcsec from the peak (see also
Mazzotta, Edge & Markevitch, 2003). In Fig. 6 we show
the maps obtained applying our algorithm to the XMM-
Newton data for 2A 0335+096. In Fig. 6(a) and (b), we
show respectively the surface brightness and the tempera-
ture maps for the central region of the cluster. In Fig. 6(c)
the (pseudo)-pressure is reported. Finally, in Fig. 6(d) the
optical image of the central cD galaxy observed with HST
is shown. This last image has been repeatedly zoomed
in, for a better view of the galaxy, while the scales of
the three images derived from XMM-Newton observa-
tion match each other. The crosshair is centered on the
cD galaxy. The circle is an approximation of an isophote
of the pressure image. The peak of the pressure per-
fectly matches the cD galaxy position, while the surface
brightness peak and the temperature minimum are signi-
ficatively displaced in the direction of the cold front (S-
SW direction). The same analysis has been applied also
to a Chandra observation of 2A 0335+096. The corre-
sponding maps are reported in Fig. 7. The panels are as in
Fig. 6. The displacement between the surface brightness
and the pressure (or the cD galaxy) peak is even more
evident here.

The mismatch between pressure and surface brightness
can help improve our understanding of cold fronts. Both
the gas pressure and the cD trace the gravitational poten-
tial of the cluster, while the surface brightness describes
the X-ray emitting gas. The dislocation of the surface
brightness peak in the direction of the cold front, indi-
cates that the thermal gas is not at the bottom of the grav-
itational potential well, in agreement with a the sloshing
scenario proposed by Markevitch, Vikhlinin & Forman
(2002).

AL1795 (see Fig. 8) shows a similar mismatch. This clus-
ter has a cold front in the southern sector ~ 70 arcsec
from the peak. Markevitch, Vikhlinin & Mazzotta (2001)



Figure 6. (a) Surface brightness (b) temperature and (c) pseudo-pressure maps for the core of 2A0335+096. The cold
front is observed in the S-SW sector ~ 50 arcsec fron the peak. (d) Optical HST image of the central cD galaxy of
2A0335+096. Crosshairs are centered on the cD position. The circle approximates an isocontour in the pressure map.
The pseudo-pressure peak matches the cD galaxy position, while the surface brightness and the temperature peaks are

displaced in the direction of the cold front.
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Figure 7. Maps for 2A0335+096 obtained from the anal-
ysis of a Chandra observation. Panels are as in Fig. 6.
The displacement of the surface brightness peak in the
direction of the cold front is even more evident here.

Figure 8. Maps for A1795. Panels are as in Fig. 6. The
cold front is in the southern sector ~ 70 arcsec from the
peak. The displacement of the surface brightness peak in
the direction of the cold front can be observed.

propose that the sloshing gas is now at the maximum dis-
placement from the peak with a zero velocity. The dis-
placement from the bottom of the potential well is visible
in Fig. 8 although it is less evident than in 2A 0335+096
maps. As for 2A 0335+096, the position of the cD (in
the HST image) and the pressure peak match each other,
while the surface brightness peak is displaced towards the
southern direction.

A different picture emerges from the analysis of the clus-



Figure 9. Maps obtained for A496. Panels are as in
Fig. 6. The cold front is in the N-NW sector ~ 90 arcsec
from the peak. The displacement of the surface brightness
peak in the direction is not observed, at the available res-
olution of ~ 2 kpc.

ter A496 (see maps in Fig. 9). As already outlined in § 3,
A496 is a cool core cluster and exhibits a cold front in the
N-NW direction. Fig. 9 shows (at the available resolution
~ 2 kpc) no displacement between the surface brightness
and the pressure (or the c¢D position). This is compatible
with a Tittley-Henriksen picture where the dark matter
and the ICM oscillate together. However, the Markevitch
et al. picture is not ruled out: the oscillating gas may be
observed just while passing in the center of the potential
well.

At the present time, the analysis of these three clus-
ters leaves room for both the scenarios described above.
A systematic analysis of the temperature, pressure and
metal maps for all the cool core clusters of the sample is
needed to address the nature of this class of cold fronts.

6. SUMMARY

In the absence of instrumentation capable of detecting
gas motions, cold fronts are our primary tool to study
the internal dynamics of the ICM. We have selected a
large sample including 62 galaxy clusters observed with
XMM-Newton, having a redshift in the [0.01-0.3] range.
The systematic search of surface brightness discontinu-
ities has brought to the detection of cold fronts in 21
(34%) clusters of galaxies. Almost all the nearby clusters
(either merging and cool cores) host a cold front while,
as far as distant clusters are concerned, cold fronts are
mostly detected in merging clusters and only few relaxed
clusters host one. Probably, cold fronts are not detected
in distant relaxed clusters because of the insufficient res-
olution of our observations.

Through the analysis of the surface brightness, temper-
ature, (pseudo)-pressure maps for some cool core clus-
ters we have outlined a method which can help us im-
prove our understanding of this phenomenon. In some
clusters, (e.g. 2A0335, A1795), the surface brightness
peak (which describes the X-ray emitting gas) is dis-

placed from the pressure (and the central cD) peak which
traces the gravitational potential well. This is an indica-
tion that the thermal gas is displaced from the bottom of
the potential well and probably is sloshing (see Marke-
vitch, Vikhlinin & Forman, 2002). On the contrary, in
A496 all the peaks (surface brightness, pressure and cD
galaxy) match each other. This behavior favors the sce-
nario proposed by Tittley & Henriksen (2005) where the
dark matter itself (carrying the gravitational potential and
the gas) is oscillating. This is also compatible with the
Markevitch, Vikhlinin & Forman (2002) picture as the
oscillating gas may be observed just while passing in the
center of the potential well.

A systematic study of the dislocation of the surface
brightness peak for all the relaxed clusters of our sample
will help us address this issue.
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