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ABSTRACT

In the local Universe, the growth of massive galaxy clusters mainly operates through the continuous accretion of group-scale systems.
The infalling group in Abell 2142 is the poster child of such an accreting group, and as such, it is an ideal target to study the
astrophysical processes induced by structure formation. We present the results of a deep (200 ks) observation of this structure with
Chandra that highlights the complexity of this system in exquisite detail. In the core of the group, the spatial resolution of Chandra
reveals a leading edge and complex AGN-induced activity. The morphology of the stripped gas tail appears straight in the innermost
250 kpc, suggesting that magnetic draping efficiently shields the gas from its surroundings. However, beyond ⇠300 kpc from the
core, the tail flares and the morphology becomes strongly irregular, which could be explained by a breaking of the drape, for example,
caused by turbulent motions. The power spectrum of surface-brightness fluctuations is relatively flat (P2D µ k�2.3), which indicates
that thermal conduction is strongly inhibited even beyond the region where magnetic draping is effective. The amplitude of density
fluctuations in the tail is consistent with a mild level of turbulence with a Mach number M3D ⇠ 0.1�0.25. Overall, our results show
that the processes leading to the thermalization and mixing of the infalling gas are slow and relatively inefficient.

Key words. X-rays: galaxies: clusters – galaxies: clusters: general – galaxies: groups: general – large-scale structure of Universe –
galaxies: clusters: intracluster medium

1. Introduction

Structure formation in the Universe operates as a bottom-up
process in which small structures hierarchically merge to form
larger systems. The imprint of structure formation is observable
today through the continuous accretion of galaxies and groups
onto massive clusters (Kravtsov & Borgani 2012). These pro-
cesses are observable in the outer regions of local clusters, which
are currently largely unexplored (Reiprich et al. 2013). Cluster
outskirts host the transition region between the virialized intra-
cluster medium (ICM) approximately in hydrostatic equilibrium,
and the infalling material from the surroundings.

Accreting galaxies and galaxy groups are commonly ob-
served around massive galaxy clusters along preferential direc-
tions set by the large-scale structure (e.g., Einasto et al. 2001;
Girardi & Biviano 2002). When falling onto a massive cluster,
the gas content of the infalling structure interacts with the hot
ICM and is stripped by the ram pressure applied by the sur-
rounding gas (Gunn & Gott 1972; Heinz et al. 2003; Takizawa
2005), leading to the virialization of the accreting gas into the
main halo.
? Einstein and Spitzer Fellow.

This picture is confirmed by observations of trails of stripped
gas lagging behind infalling galaxies in X-rays (Sun & Vikhlinin
2005; Machacek et al. 2005; Randall et al. 2008; Su et al. 2017)
and Ha (e.g., Sun et al. 2007a; Zhang et al. 2013; Boselli et al.
2016). Recently, X-ray observations have also revealed trails
of stripped gas in merging galaxy groups (Neumann et al.
2001; Durret et al. 2005; Eckert et al. 2014; Ichinohe et al. 2015;
De Grandi et al. 2016; Sasaki et al. 2016). The accretion of
groups with a mass on the order of a few 1013 M� constitutes
the main channel through which massive clusters accumulate
mass and member galaxies at the current epoch (Dolag et al.
2009; Berrier et al. 2009; Genel et al. 2010). Thus, observations
of such infalling groups are crucial for studying the growth of
structures at late times and the processes through which the in-
falling material is virialized within the larger halo.

In addition, numerical simulations have shown that the
properties of the stripped gas tails strongly depend on ill-
constrained plasma parameters. The long survival of these
trails implies that thermal conduction is strongly inhibited in
the medium (Eckert et al. 2014; Sanders et al. 2013). It is un-
clear, however, if thermal conduction is suppressed only at
the interface between the two plasmas by magnetic draping
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(Asai et al. 2005; Ettori & Fabian 2000), or if conduction is
inhibited throughout the plasma, for example, because of
a tangled magnetic field configuration (Chandran & Cowley
1998; Ruszkowski & Oh 2010). Additionally, Roediger et al.
(2015a,b) used high-resolution numerical simulations to show
that the morphology of the stripped tails depends on the viscosity
of the plasma. In the inviscid case, Kelvin-Helmholtz instabili-
ties rapidly develop and induce a substantial level of turbulence
in the wake. Conversely, a high viscosity stabilizes the flow and
creates long X-ray trails.

Abell 2142 is a massive galaxy cluster (M200 ⇠ 1.3 ⇥
1015 M�, Munari et al. 2014; Tchernin et al. 2016) at z = 0.09
(Owers et al. 2011). The cluster is located at the center of a
supercluster (Einasto et al. 2015; Gramann et al. 2015) and is
characterized by ongoing accretion around its virial radius, as
shown by the detection of several smaller structures (Owers et al.
2011). The intense dynamical activity is thought to be responsi-
ble for large-scale gas motions in the main cluster (Rossetti et al.
2013), leading to a highly elliptical X-ray morphology along
the NW-SE axis. In this paper, we present the results of a deep
Chandra observation of the infalling group in the outskirts of
Abell 2142 (Eckert et al. 2014, hereafter E14). This structure,
located ⇠1.3 Mpc from the core of A2142 perpendicular to the
cluster major axis, exhibits a very long X-ray trail extending for
at least 700 kpc. The group is in an advanced state of disrup-
tion, with less than 5% of its total gas mass remaining within the
core of the structure (the “tip”). For these reasons, the infalling
group of A2142 is an ideal target for studying the virialization
of the accreting gas and placing constraints on the properties of
the intracluster plasma.

The paper is organized as follows. In Sect. 2 we describe the
data reduction procedure. In Sect. 3 we present high-resolution
imaging spectroscopy of the tip, which allows us to determine
the motion and geometry of the core of the group. In Sect. 4
we analyze the morphology and the spectral properties of the
stripped gas, and in Sect. 5 we study the power spectrum of
surface-brightness fluctuations in the tail and set constraints on
turbulence and transport processes following the method out-
lined in Gaspari & Churazov (2013), Gaspari et al. (2014). We
discuss our results in Sect. 6.

Throughout the paper, we assume a LCDM cosmology with
Wm = 0.3, WL = 0.7 and H0 = 70 km s�1/Mpc. At the redshift
of A2142, this corresponds to 100 = 1.7 kpc.

2. Data analysis

The data were acquired in late 2014 and early 2015 dur-
ing three different observations (Observation ID 17168, 17169,
and 17492; PI: Eckert) for a total exposure time of 200 ks
with ACIS-S. We analyzed the data using CIAO v4.8 and
CALDB v4.7.2 and reprocessed the event files using the CIAO
task chandra_repro. We used the fluximage tool to extract
ACIS-S images in the [0.5–2.0] keV band together with the
corresponding exposure maps. The three datasets were then
combined using the CIAO tool dmmerge. To estimate the back-
ground level, we used a collection of blank-sky pointings to ex-
tract a blank-sky image, which was then renormalized by the
ratio of the [9.5�12] keV fluxes measured in the blank-sky
data and in our observations, following the method outlined in
Hickox & Markevitch (2006).

Point sources were extracted using the CIAO tool
wavdetect down to a detection limit of ten counts per
source, corresponding to a [0.5–2] keV flux limits of 4 ⇥
10�16 erg/cm2/s. The corresponding areas were excised from the

Fig. 1. Raw Chandra/ACIS-S image (in unit of counts) of the A2142
infalling group in the [0.5–2] keV band smoothed with a fixed Gaussian
of 3 arcsec width. The white box in the bottom right corner shows the
location of the “tip” (see Fig. 2). The inset in the top right corner shows
the location of the accreting group compared to the core of the main
cluster.

event files. The final image smoothed by a 300 Gaussian contain-
ing only the diffuse emission and combining all three observa-
tions is shown in Fig. 1.

The diffuse emission from the structure is clearly detected
in a region extending over several hundred kpc, and it can be
subdivided into two main regimes: the tip around the position
of the galaxies, inside which the gas is gravitationally bound to
the group’s halo, and the tail, which is composed of gas that has
already been stripped from its original halo. In the following we
describe the properties of these two regions separately.

3. The tip

3.1. Morphology

The tip of the structure is characterized by a very complex mor-
phology (see Fig. 2). All the galaxies identified in Fig. 7 of E14
show pronounced X-ray emission. In Fig. 2 we show the CFHT
g-band image of the region with Chandra contours overlaid. The
five bright galaxies in this region are labeled G1 through G5, fol-
lowing the terminology of E14. The Chandra image in the same
region (including point sources) is shown for comparison, with
GMRT radio contours at 610 MHz overlaid (Venturi et al. 2017).
In the following we provide a description of the multiwavelength
properties of these galaxies.

– G3-G5 is an interacting group of three morphologically dis-
turbed galaxies with a peculiar velocity of ⇠1000 km s�1

with respect to the cluster mean (Owers et al. 2011). The
spectra of these galaxies are characterized by strong optical
emission lines that indicate active galactic nucleus (AGN)
and star formation activity (see E14). The brightest X-ray
structure by far in the tip is the G3-G5 group, which exhibits
extended emission on a scale of ⇠20 arcsec, much larger
than the Chandra point-spread function (PSF). The morphol-
ogy of the diffuse emission of the G3-G5 group is elongated
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Fig. 2. Tip of the structure. Left: CFHT g-band image with X-ray contours in red. The galaxies discussed in E14 are highlighted in magenta. Right:
ACIS-S image in the [0.5–2] keV range including the point source, with GMRT radio contours at 610 MHz overlaid. Obvious radio features are
highlighted in white.

toward the NE, aligned with the direction of the tail. On the
other hand, the surface brightness drops sharply toward the
SW, corresponding to the direction of the cluster core. This
suggests the presence of a possible edge.

– G2 is a face-on spiral galaxy with a peculiar velocity of
�2400 km s�1. The X-ray source coincident with G2 is com-
pact and consistent with a point source. The galaxy was
found to host an AGN based on the [OIII]/Hb ratio (see
E14). G2 is also a compact radio source, as shown in the
right panel. Thus we identify this source as an AGN.

– G1 is a passive elliptical galaxy that we identified in E14
as the probable dominant galaxy of the infalling group be-
cause of its elliptical morphology. This interpretation was
supported by a low-significance substructure (2s ) in the ve-
locity distribution of the galaxies in the region with a pe-
culiar velocity consistent with the peculiar velocity of G1
(–231 km s�1, see Fig. 8 of E14). The X-ray emission asso-
ciated with this galaxy is diffuse, but weak. It shows no elon-
gation in the direction of motion and is not perfectly aligned
with the direction of the tail. No radio emission is associated.
The bright source located just NE of G1 is point-like and has
no obvious optical counterpart, thus we conclude that it is a
background object.

– The radio image shows a blend of radio galaxies with a posi-
tion consistent with G3 and G4 (see the right-hand panel of
Fig. 2). We detect an extension of the radio emission toward
the NE direction with a significance at least ten times the
local rms. This configuration is consistent with a head-tail
morphology originating from one of the galaxies in the G3-
G5 group, which again implies a motion in the SW direction
toward the cluster core. High-resolution radio data at another
frequency are necessary to measure the spectral index across
the head-tail structure. The point-like radio source associated
with G2 is probably a chance superposition with the group.
No radio emission is observed coincident with the position
of G1.

3.2. Spectral properties

To investigate the spectral properties of the gas within the tip, we
extracted the X-ray spectrum in several regions using the CIAO

tool specextract and studied their spectral properties. Spec-
tral fitting was performed using XSPEC v12.9. The local back-
ground was calculated in a neighboring region and subtracted
from the data. The source was modeled with the thin-plasma
emission code APEC (Smith et al. 2001) absorbed by the Galac-
tic NH, which was fixed to the 21 cm value of 3.8⇥ 1020 cm�2

(Kalberla et al. 2005). The C-statistic was used to estimate the
best-fit parameters (Cash 1979).

In the left-hand panel of Fig. 3 we show the spectrum of
the source fit with a single-temperature APEC model with metal
abundance fixed to 0.3 Z� and absorbed by the Galactic NH.
As shown in the fit residuals, this model provides a poor fit to
the data (C-stat = 225.8/115 d.o.f.) and a high temperature of
3.2 keV. A better fit is achieved when adding a hard power law
to the model with a photon index fixed to the value G = 1.6
(C-stat = 130.6/114 d.o.f.). We then obtain a more realistic tem-
perature of 0.87±0.08 keV. Similarly, a single power law cannot
reproduce the data. Thus, the spectrum is likely contaminated by
one or several AGN that may be responsible for the associated
radio emission.

To investigate this possibility, we extracted an image of the
tip in the [2–7] keV band, where the emission is expected to
be dominated by the AGN. This allowed us to confirm that
the hard-band emission is dominated by two point-like sources,
whose positions are consistent with the nuclei of G3 and G4.
The luminosities of these AGN in the [2–10] keV band are
(2.4±0.3)⇥1042 erg/s and (3.0±0.4)⇥1042 erg/s for G3 and
G4, respectively. We then extracted the X-ray spectrum of an an-
nular region excluding these two point sources and again fit the
resulting spectrum (see the right-hand panel of Fig. 3). The spec-
trum of the annulus is well described by a single-temperature
APEC model with kT = 0.98+0.06

�0.08 keV and a metal abundance
Z/Z� = 0.18+0.13

�0.08. This confirms that the hot gas associated with
the G3-G5 group has a temperature on the order of 1 keV, which
is similar to the temperature of ⇠1.3 keV measured in the tail
(see E14). The gas associated with G3-G5 is thus consistent with
being the core of the accreting group.

We also extracted the spectrum of the weak diffuse emission
associated with the G1 elliptical. The spectrum of this region
is soft, and it can be well represented by an absorbed APEC
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Fig. 3. ACIS-S spectrum of the G3-G5 system, fit with a single-temperature APEC model. On the left, the spectrum of the full G3-G5 group is
shown (1 arcmin aperture), while on the right an annulus excluding the G3 and G4 galaxies has been used. The bottom panels show the residuals
from the fit. In both cases, the background level is shown in blue.

model with kT = 0.92+0.40
�0.25 keV. The integrated luminosity of

this source is very low (L[0.5�2] ⇠ 5⇥1040 erg/s).

3.3. Leading edge

As can be seen in the right-hand panel of Fig. 2, the sur-
face brightness of the G3-G5 group sharply drops in the SW
direction, which suggests the presence of a leading edge. To in-
vestigate this possibility, we extracted a surface-brightness pro-
file from the peak of the G3-G5 group in the sector with posi-
tion angles 210�–30� using PROFFIT v1.3 (Eckert et al. 2011).
The surface-brightness profile is very sharp and drops by nearly
two orders of magnitude 8 arcsec (14 kpc) SW of the surface-
brightness peak.

To investigate whether the sharp drop could be due to a
density discontinuity, we fit the output profile with a broken
power-law projected along the line of sight (Owers et al. 2009;
Eckert et al. 2016). The profile and best-fit model are shown in
Fig. 4. A clear surface-brightness edge is observed 8 arcsec SW
of the peak, coincident with the possible leading edge identified
in Fig. 2. Given that the temperature inside the group is much
lower than the temperature of the surrounding plasma (⇠6 keV),
this feature is a cold front. The broken power-law provides a
fairly good representation of the data (c2 = 21.5/18 d.o.f.) and
it returns a very high density jump nin/nout = 4.5+1.6

�1.0 at the edge.
We note, however, that this value is rendered unreliable by the
AGN in G3 (see above), which provides a substantial contribu-
tion to the flux measured in Fig. 2. Nonetheless, our analysis
shows a cold front at the interface between the moving group
and the surrounding ICM and proves that the G3-G5 group is
moving almost radially in the direction of the center of A2142.

3.4. Interpretation

To summarize, the leading edge, the associated thermal X-ray
emission, the extension of the emission in the direction of the
tail (see Fig. 2), and the head-tail morphology of the radio emis-
sion are strong arguments in favor of the association of the G3-
G5 structure with the core of the infalling group. Conversely, the
very weak diffuse emission at the position of G1 and the lack of
apparent connection between G1 and the X-ray tail indicate that
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Fig. 4. Surface-brightness profile from the peak of the G3-G5 group
across the leading edge (PA 210-30�). The blue curve shows the best fit
to the data using a broken power-law model projected along the line of
sight. The residuals are shown in the bottom panel.

G1 is probably unrelated to the diffuse X-ray structure. Consid-
ering that groups of a mass of ⇠3⇥ 1013 M� typically have an
X-ray luminosity on the order of 1043 ergs/s (e.g., Lovisari et al.
2015; Giles et al. 2016), the X-ray luminosity of the G1 galaxy
(⇠5⇥1040 erg/s) is far too low to be attributed to the core of the
group. Such a luminosity is typical of X-ray coronae of elliptical
galaxies in clusters (Sun et al. 2007b; Vijayaraghavan & Ricker
2015), which suggests that this galaxy has accreted onto the clus-
ter a long time ago.

For all the above reasons, we conclude that the G3-G5 in-
teracting group is associated with the core of the X-ray struc-
ture. The wealth of active phenomena observed in these galaxies
(AGN activity, head-tail radio galaxy, star formation activity) are
probably induced by the interaction with the main cluster. Given
its large difference in line-of-sight velocity with the other mem-
bers, the G1 galaxy is likely seen in projection and is unrelated
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Fig. 5. Adaptively smoothed ACIS-S image of the tail in the [0.5–2] keV
band. A number of clear morphological features are identified in the
image. The red boxes indicate the regions we used to extract the surface-
brightness profiles shown in Fig. 6.

to the X-ray structure, at odds with the interpretation put forward
in E14.

4. The tail

The deep Chandra observation of the tail reveals an amazing
wealth of structures induced by the motion of the structure. In
Fig. 5 we show the adaptively smoothed background-subtracted
image of the tail with a number of features identified. The blank-
sky background was subtracted from the original image (see
Sect. 2) and the resulting image was adaptively smoothed us-
ing asmooth (Ebeling et al. 2006) with a target signal-to-noise
ratio of 5.0 to enhance the diffuse emission.

4.1. Morphology

The tail can be subdivided into two characteristic parts: a
straight, asymmetric regime closest to the tip, and an irregular,
morphologically complex region located beneath. Overall, the
width of the structure increases with distance from the tip, as
one would expect for the stripping of progressively larger gas
shells, forming a three-dimensional geometry resembling a cone
oriented close to the plane of the sky.

The region closest to the tip, which is made of gas that was
stripped at late times, appears straight over a scale of ⇠250 kpc.
Interestingly, beyond the innermost ⇠100 kpc the structure of the
tail appears strongly asymmetric perpendicular to the group mo-
tion. While NW of the tail the emission appears to drop sharply,
in the SE direction a patch of diffuse emission can be observed
that was already present in the XMM-Newton data (see Fig. 5 of
E14). To confirm this statement, we extracted surface-brightness
profiles across two boxes perpendicular to the main axis of the
structure at a mean distance of 200 kpc and 370 kpc from the
tip. The corresponding brightness profiles are shown in Fig. 6,
where zero distance corresponds to the position of the straight
tail. We can see that the brightness profile perpendicular to the
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Fig. 6. ACIS-S surface-brightness profiles cross the tail, along the two
boxes defined in Fig. 5. The zero-point on the X axis is set along the
axis of motion, while negative and positive values indicate the surface
brightness in the southeast and northwest direction, respectively.

straight tail differs significantly between the two cases. While at
larger distance from the core of the group the emission is more
symmetric with respect to the main axis, in the region located
200 kpc from the tip we see a strongly asymmetric behavior and
a sharp edge in the northwest direction. This asymmetry might
be explained by projection effects if the group is moving at a sub-
stantial velocity along the line of sight and with a non-zero im-
pact parameter, similar to cometary tails. This is consistent with
the peculiar velocity of the G3-G5 structure (700–1200 km s�1),
which indicates that there is a significant line-of-sight compo-
nent to the motion.

Beyond 300 kpc from the tip, the tail opens up and reaches a
width of more than 300 kpc. This observation is consistent with
the idea that was put forward in E14, which is that the gas lo-
cated in the outermost regions of the tail was originally located
in the outer regions of the group and was stripped first because
of its lower thermal pressure. The surface-brightness distribution
of this region is patchy and irregular, which is reminiscent of
chaotic motions caused by turbulence and/or mixing. The mor-
phology of the tail in this region cannot be described any more
by a conical geometry, which suggests that the gas is no longer
confined and is expanding within the surrounding ICM.

4.2. Spectro-imaging analysis

We extracted temperature and metal abundance maps in the tail
following the method of Owers et al. (2013, 2014). Briefly, we
produce a background-subtracted combined image in the [0.3–
3] keV range from which point sources are removed and that is
binned by a factor of 8 (i.e., with a pixel size of 3.9400 ⇥3.9400).
This image is used to define a circular region centered at each
pixel with the radius set such that the region contains a set
number of source counts, Nsrc. To determine the Nsrc required
to obtain temperature measurements with 10% relative uncer-
tainty (90% uncertainties), we simulated an absorbed MEKAL
model with NH = 3.8⇥1020 cm�2, kT = 1.5 keV and abundance
Z = 0.25 Z� at the cluster redshift. We find that Nsrc = 500
is sufficient for this purpose. We extracted source and back-
ground spectra from the circular regions centered at each pixel
in the binned image. Response files were extracted on a coarser
7.8700 ⇥ 7.8700 grid. The extracted spectra were fitted in XSPEC
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with an absorbed MEKAL model, where the temperature, nor-
malization and abundance are free to vary. The redshift and
hydrogen column density were fixed to z = 0.09 and NH =
3.8⇥ 10�20 cm�2, respectively. When we proceed in this way,
the recovered values of temperature and metallicity are obvi-
ously correlated; the correlation length ranges from ⇠50 kpc to
⇠90 kpc.

The output temperature and abundance maps are shown in
Fig. 7 with surface-brightness contours overlayed. The temper-
ature of the tail appears almost uniform given the uncertain-
ties and varies in the range 1–2 keV, in agreement with the
XMM-Newton values presented in E14. We recall that the tem-
perature of the surrounding plasma is expected to be ⇠5 keV
(Tchernin et al. 2016). Overlying brightness contours onto the
temperature and metallicity maps show that the gas near the tip
is cool (⇠1 keV), while there are patches of similarly cool gas in
the tail interspersed with ⇠2 keV regions. A region of ⇠1.5 keV
gas with a metallicity of ⇠0.15�0.2 is located ⇠300 kpc from
the tip. Interestingly, this region is immediately followed by a
drop in the measured metallicity, which agrees with the drop be-
tween sectors 2 and 3 reported in Table 2 of E14. To confirm this
statement, we manually extracted the spectra of adjacent regions
showing high and low metallicity in the map. In the former case,
a clear bump around 1 keV associated with the Fe L line complex
is observed, confirming the significant metallicity of the gas in
this region. Conversely, the spectrum of the low-metallicity re-
gion appears featureless, and the best-fit metallicity is consistent
with 0.

Interestingly, we can see in Fig. 7 that the border between
the low- and high-metallicity regions occurs close to the transi-
tion between the straight tail and the irregular diffuse tail. The
findings presented here are discussed in more detail in Sect. 6.

5. Power spectrum of the density fluctuations

To study the microphysics of the gas in the tail further, we cal-
culated the power spectrum of surface-brightness fluctuations

in the tail. Recent works (Gaspari & Churazov 2013; Gaspari
et al. 2014; Zhuravleva et al. 2014; Hofmann et al. 2016; Khatri
& Gaspari 2016) have shown that the amplitude of surface-
brightness fluctuations is proportional to the Mach number of
turbulent motions in the plasma, while the slope of the power
spectrum is sensitive to dissipative processes, in particular ther-
mal conduction (Gaspari & Churazov 2013). The flat surface-
brightness distribution in the tail, especially in the region beyond
200 kpc where the straight tail disappears, makes this object an
excellent target for studying the surface-brightness fluctuations
and link them with the microphysics. We verified that the com-
plex 3D geometry of the structure does not affect the slope of
the measured power spectrum by simulating projected 2D power
spectra in a conical geometry with different projection angles,
demonstrating that for inclination angles of 30� or smaller the
slope is left unaltered on small scales (see Appendix A).

5.1. Method

We used the modified D-variance method proposed by
Arévalo et al. (2012) to extract the power spectrum of surface-
brightness fluctuations. This method is well suited to extract the
power spectra of data with gaps and non-periodic boxes. In more
detail, to calculate the power at scale s , the raw image I is con-
volved with a Mexican-hat filter (implemented as the difference
of two Gaussians) and corrected for border effects by dividing
the convolved images by the convolved exposure maps E,

Is =

✓
Gs1 � I
Gs1 �E

� Gs2 � I
Gs2 �E

◆
⇥E, (1)

where Gs is the Gaussian filter at scale s and s1,s2 differ by a
small amount, that is, by s1 = s/

p
1+ e , s2 = s

p
1+ e with

e ⌧ 1. Following Arévalo et al. (2012), we set e = 10�3. The
convolved image Is selects fluctuations with wave number k =
1/
p

2p2s and suppresses fluctuations on scales � s and ⌧ s ;
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Fig. 8. Power spectrum of surface-brightness fluctuations (red points) fit with a power law taking covariance into account. The dashed black line
and cyan envelope denote the 68% confidence region obtained using MCMC. The green and blue data points show the analytical expectation for
the Poisson noise and the power spectrum recovered from a simulation including Poisson noise and unresolved point sources. Right: characteristic
amplitude of the fluctuations (red) compared to the simulated Poisson noise (blue).

thus the variance Vk = Â I2
s of Is is proportional to the power

P(k) (Eq. (17) of Churazov et al. 2012).
We convolved the ACIS-S image with the modified

Mexican-hat filter (Eq. (1)) for scales in the range 2�35 pixels
(where 1 pixel = 0.984 arcsec = 1.67 kpc). The G3-G5 group was
masked during the convolution process to avoid leaking power
to the region of the tail. Brightness fluctuations over the local
background can be clearly observed in the convolved images,
confirming that surface-brightness fluctuations are significant.
To calculate the amplitude of the fluctuations, we defined a re-
gion that closely traces the diffuse tail shown in Fig. 5. We as-
sumed that the underlying average surface-brightness profile is
flat (as indicated in Fig. 4 of E14) and calculated the mean sur-
face brightness µS in the region. In this case, the power spectrum
of brightness fluctuations can simply be estimated by dividing
the measured power by the squared mean,

P2D(k) =
1

e2pk2µ2
S

Vk

ÂE2 · (2)

The characteristic 2D amplitude is then given by A2D =p
P2D(k)2pk2.

5.2. Estimating the photon shot noise

Since the variance of Poisson random variables is equal to the
measured value, the expected photon shot noise can be esti-
mated analytically to be given by the formula (see Eq. (18) of
Churazov et al. 2012)

PPoisson(k) =
Â Iraw

µ2
S ÂE2 · (3)

To test the validity of our method and our estimate of the Poisson
shot noise, we simulated a Poisson image with a flat surface
brightness equal to µS, including vignetting effects and unex-
posed areas. In addition, unresolved point sources with a to-
tal flux below our detection limit can induce an additional flat
term to the power spectrum. To take this effect into account, we
used the logN� logS of cosmic X-ray background sources from
Moretti et al. (2003) and randomly added point-like sources with
a flux in the range 10�17�4⇥ 10�16 erg/cm2/s (i.e., below our
detection threshold, see Sect. 2). The final simulated image thus

includes both photon shot noise and the contribution from un-
resolved AGNs. We then calculated the power spectrum of the
simulated image in the same way as for the data. The resulting
power spectrum is flat and is consistent with the analytical ex-
pectation (Eq. (3)).

5.3. Uncertainties and covariance matrix

Given that the Fourier transform of the modified Mexican-hat
filter (Eq. (1)) is not a delta function (Arévalo et al. 2012), the
power calculated on a given scale is correlated with that mea-
sured on different scales. This introduces a covariance between
our data points that needs to be taken into account to determine
the slope of the power spectrum. To estimate the uncertainties
and calculate the covariance matrix, we split the region into 20
independent subregions and calculated the variance in each of
the subregions. We then generated Nr = 10000 bootstrap real-
izations of the power spectrum by shuffling the 20 subregions
with repetition, taking the mean of each realization, and calcu-
lating the variance of the distribution at each scale. The covari-
ance matrix was then calculated from the 10 000 realizations of
the power spectrum,

S2
i, j =

1
Nr

Nr

Ầ
=1
(P̀ (ki)�P(ki))(P̀ (k j)�P(k j)), (4)

where P̀ (ki),P(ki) represent the `th realization of the power
spectrum and the mean value at scale ki, respectively.

In Fig. 8 we show the output power spectrum and character-
istic amplitude of the fluctuations, subtracted for the photon shot
noise. The uncertainties shown here are the square root of the
diagonal elements of the covariance matrix.

5.4. Slope of the power spectrum

As is shown in Fig. 8, the observed shape of the power spectrum
resembles a power law. Thus, we modeled the power spectrum
with a simple power law,

F(k) = P0

✓
k

(25 kpc)�1

◆�a
· (5)
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Fig. 9. Posterior distribution of the parameters (see Eq. (5)) obtained
from 10 000 MCMC steps. The blue lines indicate the best-fit parame-
ters a = 2.28, P0 = 1.74.

We constructed a likelihood function taking the covariance be-
tween the data points into account,

logL =�1
2

N

Â
i, j=1

(Pi �F(ki))(Pj �F(k j))(S2)�1
i, j , (6)

where (S2)�1 is the inverse of the covariance matrix.
We then sampled the parameter space using the affine-
invariant Markov chain Monte Carlo (MCMC) code emcee
(Foreman-Mackey et al. 2013). After a burn-in phase of
1000 steps to ensure that the chains have converged, we per-
formed 10 000 MCMC steps. The posterior distributions of the
model parameters are shown in Fig. 9.

Our final estimates for the parameter values are a =
2.28+0.22

�0.19 and P0 = 1.74±0.30. Therefore, the slope of the power
spectrum is flatter than the Kolmogorov slope and it is only
slightly steeper than 2.0, which implies a nearly constant char-
acteristic amplitude for the fluctuations, as shown in the right-
hand panel of Fig. 8. The observed amplitude is in the range
dSX/SX = 0.1�0.14 throughout the entire range of wave num-
bers accessible to this study. As shown in Appendix A, the con-
version between P2D and P3D is rendered complicated by the
complex morphology of the source. For a conical geometry and
inclination angles in the range 0�30�, our simulations show
that the normalization of the projected power spectrum changes
by a factor of 4, that is, the amplitude of the 3D density fluc-
tuations changes by a factor of 2. Using this (uncertain) con-
version, we estimate that A3D =

p
P3D4pk3 ⇠ dr/r is in the

range 0.02–0.05, which corresponds to a turbulent Mach num-
ber M3D ⇠ 0.1�0.25 (Gaspari & Churazov 2013, see Sect. 6.3).
We note that this estimate significantly depends on the 3D ge-
ometry of the structure, therefore the value of the Mach number
reported here should be considered as indicative.

As a word of caution, we note that in the temperature range
of our structure, the emissivity of the plasma in the [0.5–2.0] keV

band is not strictly proportional to the emission measure of the
plasma. Variations in temperature and metallicity will induce
changes in the X-ray emissivity, such that the power spectrum
of surface-brightness fluctuations does not depend on underly-
ing density fluctuations alone. For temperatures in the range
1�1.5 keV, the emissivity of the plasma changes by 30%, which
adds another source of uncertainty to the normalization of A3D.
The slope of the power spectrum is unaffected, however.

6. Discussion

Our Chandra observation of the infalling group in A2142 has
revealed a wealth of details on the effects of ram-pressure strip-
ping on the gaseous atmosphere of a galaxy group. Here we give
some clues on the interpretation of these results. As described
in Sect. 4, the geometry of the structure is very complex and
shows two distinct parts: a straight cometary tail out to ⇠250 kpc
from the core of the group, and an irregular patchy region lo-
cated beyond (hereafter flaring wake). During infall, the gradual
increase in the ram pressure (Pram = rICMv2

rel) progressively re-
moves shells from the original group atmosphere, which results
in a geometry resembling a cone (Toniazzo & Schindler 2001;
Heinz et al. 2003). The gas located in the outermost regions of
the tail thus originates from the outskirts of the group and was
stripped first because of its low thermal pressure (see E14). The
overall geometry of the tail is reminiscent of a conical 3D geom-
etry whereby the outer regions of the original group atmosphere
are located at a larger distance from the core of the group, in
agreement with the expectations. We start by discussing the in-
nermost region, then we provide some interpretation of the flar-
ing behavior of the wake. Finally, we discuss the implications of
the power spectrum of density fluctuations in the wake.

6.1. Straight tail

As can be seen in Fig. 6, in the inner regions of the tail the sur-
face brightness distribution perpendicular to the group motion
is strongly asymmetric. While in the NW direction the emission
falls off rapidly, forming a sharp straight edge, in the SE direc-
tion the surface-brightness decreases gradually until it reaches
the background level. Such a morphology cannot be easily ex-
plained by projection effects, as one would expect the sharp edge
to extend over the full length of the wake; instead, the width
of the wake abruptly increases beyond 250 kpc, which cannot
be easily reproduced by projection effects. The sharp edge ob-
served at the NW boundary of the structure suggests that the
stripped gas in the innermost regions of the tail is effectively
shielded from its environment, for instance, by magnetic drap-
ing (Asai et al. 2005; ZuHone et al. 2013).

The observed asymmetric morphology of the wake could
originate from previous asymmetries in the group atmosphere.
Such asymmetries could occur from an AGN outburst in one of
the core galaxies, or as a result of the merger activity among the
core galaxies. Both processes can lead to sloshing motions of the
group atmosphere before or parallel to the stripping. The same
would be true if the group encountered a large turbulent eddy
in the cluster outskirts. Ram pressure stripping removes lower
density gas more easily, therefore an initially asymmetric atmo-
sphere can lead to an asymmetric wake.

To illustrate this process, in Fig. 10 we show a series of
snapshots from a gas stripping simulation of an elliptical galaxy
that is experiencing an AGN outburst (Roediger et al., in prep.).
The basic gas stripping simulation is the same as the “initially
extended atmosphere” run in Roediger et al. (2015a,b); that is,
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Fig. 10. Series of mock X-ray images of a numerical simulation of com-
bined ram pressure stripping and AGN outburst in an elliptical galaxy.
The simulation is tuned to reproduce the galaxy M 89 (Roediger et al.
2015a,b) and includes a single 5 Myr long AGN outburst (see text). The
time labels show time since the beginning of the outburst.

the simulation aims to model the infall of the elliptical galaxy
M 89 into the Virgo cluster. In addition to the setup described
in Roediger et al. (2015a,b), we have added an AGN outburst
to the galaxy by injecting 1056 erg of thermal energy into two
small (1 kpc) spherical volumes over a duration of 5 Myr. These
bubbles are overpressured and expand, then rise buoyantly in the
galaxy atmosphere over a few 10 Myr. The expanding and rising
bubbles push the galactic gas in their path to larger radii where
the still-ongoing ICM head wind can strip the gas more easily,
giving the galaxy a “hiccup”. Thus, the AGN outburst leads to a
short (.100 Myr) period of enhanced gas stripping that eventu-
ally is seen in the wake as a region of higher stripped gas den-
sity. In the simulation, the AGN outburst was set up along an
axis only a few degrees away from the direction of motion of the
galaxy and still introduces some asymmetry in the wake.

In the group infalling onto A2142, the intense merging and
AGN activity observed at the tip of the structure (see Sect. 3) is
likely to introduce similar disturbances in the gas density distri-
bution of the group, which may then have repercussions on the
stripping process. Obviously, this scenario is rather speculative,
and tailored numerical simulations are required to test whether
core sloshing and/or AGN-inflated bubbles can cause the striking
asymmetry shown in Fig. 6.

6.2. Flaring wake

At a distance of 250 kpc from the core of the group, the width
of the tail rapidly increases and the geometry of the structure
no longer resembles a cone, suggesting an abrupt change in the
physical conditions. We envisage two possible scenarios to ex-
plain this change: i) an abrupt ram-pressure stripping event that
would have caused a large portion of the gas to be stripped on
a short timescale; ii) an expansion and mixing of the group gas
with the surrounding medium.

In the first case, an abrupt change in the ram pressure may
have been caused by the passage of the infalling group through
a shock front. Shock fronts are characterized by sharp jumps in
both the pressure and density of the ICM, leading to a rapid in-
crease of the surrounding pressure. Merger shock fronts in the
ICM typically have Mach numbers in the range 2–3, while more
distant and powerful accretion shocks can have Mach numbers
of 10 or more (Vazza et al. 2012). The pressure of the ambient
gas going through a Mach 2 shock increases by a factor of ⇠5,
which could be sufficient to strip a large amount of gas on a short
timescale. An association between shock fronts and “jellyfish”
galaxies has been reported by Owers et al. (2012), which indi-
cates that the passage through a shock front may indeed cause
intense ram-pressure stripping episodes. However, the change

in morphology is not associated with an increase in the sur-
face brightness of the tail, which we would have expected in
the case where a large amount of gas had been stripped rapidly.
The increase in the width of the structure also appears to be
much more pronounced toward the NW, which would require
a strongly asymmetric geometry of the group prior to infall.

Alternatively, we also consider the possibility that the
stripped gas located beyond 250 kpc from the tip is overpres-
sured compared to the local ICM. In this case, the gas can expand
within the surrounding medium and start interacting with the am-
bient ICM. The gas should therefore start to interact and become
gradually heated to the virial temperature of the halo. We would
thus expect the gas in this region to be strongly multiphase. In-
terestingly, this scenario may provide an explanation for the puz-
zling metallicity map shown in Fig. 7. Buote (2000) showed that
low-resolution X-ray spectra are subject to an “iron bias” when
fitting the emission of multiphase ⇠1 keV plasmas with single-
temperature models. In this case, the L-shell blend that is used
to measure the metallicity is smeared out, resulting in featureless
spectra. To investigate this possibility, we used the differential
emission-measure model c6mekl (Singh et al. 1996) to fit the
spectrum of this region, fixing the metal abundance to the canon-
ical value of 0.25 Z�. We found that this model provides a good
description of the data using a broad emission-measure distri-
bution with temperatures ranging from 1 to 5 keV. Although this
solution cannot be statistically favored over a single-temperature
model with a low metal abundance, it provides a more realistic
description of the processes at work in the outermost regions of
the tail. It is therefore ikely that the gas located in the flaring
wake beyond 250 kpc from the core of the group is multiphase
and is now mixing with the surrounding ICM.

6.3. Implications for ICM physics and transport processes

E14 showed that the Spitzer conduction timescale in the hot ICM
surrounding the structure is on the order of a few Myr. This is at
least two orders of magnitude shorter than the survival time of
the stripped gas, which implies a strong suppression of thermal
conduction in the ICM (see also De Grandi et al. 2016). How-
ever, it was unclear whether conduction was suppressed only at
the boundary between the stripped gas and the ICM or if conduc-
tion is globally inhibited. The survival of the stripped gas in the
flaring wake suggests that transport processes are inhibited even
in the region where mixing is taking place, since the size of the
stripped tail beyond the breaking point is still several hundred
kpc.

The relatively flat slope of the power spectrum of surface-
brightness fluctuations (see Sect. 5) provides us with additional
evidence for a strong suppression of conductivity in the plasma.
As shown in Gaspari et al. (2014), Spitzer-like thermal conduc-
tion washes out small-scale perturbations in the ICM, thus the
slope of the density power spectrum becomes much steeper than
the Kolmogorov slope on scales of 100 kpc and less. On the
other hand, if conduction is inhibited, Kolmogorov-like velocity
power spectra lead to nearly flat density power spectra, in agree-
ment with the observational results provided here. We stress that
this result was obtained by considering only the gas within the
tail, thus it is independent of any confinement of the gas from
its surroundings (e.g., by magnetic draping). Therefore, we con-
clude that our observations favor a low effective conductivity
throughout the bulk of the plasma with a suppression factor
f . 10�3 as found in the Coma cluster (Gaspari & Churazov
2013) and a slow mixing of the merging plasma.
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As discussed in Sect. 5, in principle, the power spectrum of
surface-brightness fluctuations can be used to retrieve an esti-
mate of the level of turbulence in the plasma, since density fluc-
tuations behave as a quasi-passive tracers of velocity fluctua-
tions in the subsonic regime. By using the conversion given in
Gaspari & Churazov (2013), M3D ⇡ 4A3D,max/(L/500 kpc)0.3,
with L the injection scale. From the amplitude of fluctuations
and given an uncertainty of a factor of 2 in the conversion from
A2D to A3D (see Appendix A), we obtain that the characteris-
tic amplitude of dr/r is in the range 0.02�0.05 at an injec-
tion scale of 250 kpc. According to the above theoretical model,
we expect perturbations mainly residing in the isobaric regime
and driven by entropy waves dK/K =(5/3)dr/r (Gaspari et al.
2014; Zhuravleva et al. 2015). Temperature fluctuations should
be on the same level as the density dT/T = |dr/r|. Thus, our
measurements are consistent with a mild level of turbulence in
the stripped gas with a Mach number in the range 0.1–0.25. We
note that unfortunately the existing data quality is not sufficient
to measure the amplitude of temperature fluctuations as well.

The cascading turbulent motions should lead to a small-scale
tangled magnetic field configuration, which may be respon-
sible for suppressing conduction on small scales, in addi-
tion to plasma micro-instablities such as mirror and fire-
hose (Chandran & Cowley 1998; Rechester & Rosenbluth 1978;
Ruszkowski & Oh 2010; Komarov et al. 2014). Chaotic motions
can reorganize the magnetic field configuration at the group-ICM
interface, which may lead to the breaking of the magnetic drape.
This provides a possible explanation for the abrupt change in
morphology around the breaking point of the straight tail, where
turbulent mixing likely starts to isotropize the stripped gas.

For an average temperature of kT = 1.5 keV in the flaring
wake and a sound speed cs = 625 km s�1, the 3D velocity disper-
sion should be in the range sv = M3Dcs ⇠ 60�160 km s�1. The
turbulent diffusivity is Dturb ⌘ Lsv ' 1031 cm2 s�1. Thereby, to
entirely mix the stripped wake, it would require an additional
time tmix = L2/Dturb ⇡ 2 Gyr. We note that for a 1.5 keV plasma
with ne = 5⇥ 10�4 cm�3 (related to the gas within the wake,
not in the hotter ICM) and a suppression factor f . 10�3, the
conduction diffusivity is Dcond < 1029 cm2 s�1, that is, a substan-
tially slower transport process than turbulence. Overall, transport
processes in the ICM appear highly inhibited and relatively slow,
allowing us to observe a wealth of density or temperature pertur-
bations trailing behind infalling structures and later filling the
whole cluster atmosphere.

7. Conclusions

In this paper, we have reported on deep Chandra/ACIS-S obser-
vations of the galaxy group falling into A2142, which reveal a
very complex morphology and a wealth of phenomena induced
by ram-pressure stripping. Our results can be summarized as
follows.

We identified the core of the structure as being associated
with a compact group of at least three galaxies (G3-G5 in Fig. 2),
unlike the association that was put forward in E14. The gas in
the core of the group has a temperature of ⇠1 keV, which agrees
with the temperature of the gas in the tail. A leading edge can be
observed in the direction of the cluster core, demonstrating that
the structure is infalling on the main cluster.

The galaxies in the tip of the structure are characterized by a
remarkable level of activity. Two of the galaxies are firmly iden-
tified as X-ray AGN. The optical spectra of these galaxies indi-
cate clear star formation activity. The radio morphology of the
group shows one or several radio galaxies at the tip and a small

tail extending in the direction of the X-ray trail. We postulate that
all these phenomena are linked to the infall of the group onto the
main cluster.

In the region closest to the core of the group, the morphol-
ogy of the X-ray trail appears straight and asymmetric, with a
sharp boundary in the NW direction and a more gradual decline
in the opposite direction. The sharp boundary suggests that the
stripped gas is efficiently shielded from its environment, for ex-
ample, by magnetic draping. The observed asymmetry might be
induced by a disturbance of the intragroup gas caused by core
sloshing and/or AGN outbursts, which could lead to some parts
of the group’s atmosphere being stripped more efficiently than
others. Tailored numerical simulations are required to confirm
this scenario.

Beyond ⇠250 kpc from the core of the group, the tail flares
abruptly, reaching a width of ⇠300 kpc. The morphology of
this “flaring wake” becomes irregular and patchy, and the sharp
boundary observed in the innermost region disappears. The ir-
regular appearance of the tail is reminiscent of turbulent motions
and/or mixing with the surrounding ICM. We postulate that the
abrupt change in morphology can be due to the passage through
a shock front and/or to a breaking of the magnetic drape.

The temperature structure of the gas in the tail is nearly ho-
mogeneous, with a temperature in the range 1–2 keV. The metal-
licity map of the structure shows a typical metallicity of ⇠0.2 Z�
out to ⇠300 kpc from the tip and a drop to nearly 0 metallic-
ity beyond this point. This behavior can be explained if the gas
in the outermost regions is multiphase and the iron abundance
is biased toward low values (Buote 2000). This observation is
consistent with the interpretation that the gas beyond 300 kpc is
starting to mix with its environment, resulting in a multiphase
configuration.

The power spectrum of surface-brightness fluctuations in the
flaring wake exhibits a shallow slope (P2D µ k�2.3) down to the
smallest scales accessible to this study (⇠25 kpc). The flat slope
of the power spectrum and the long survival of small-scale fluc-
tuations in the plasma beyond the “breaking point” indicate that
thermal conduction is strongly suppressed ( f . 10�3) within the
bulk of the stripped gas, confirming the interpretation put for-
ward in E14.

The amplitude of the surface-brightness fluctuations is
10�14% depending on the scale. Considering a conical geome-
try with different viewing angles, our results are consistent with
a mild level of turbulence (M3D ⇠ 0.1�0.25), which may be re-
sponsible for a breaking of the magnetic drape at some distance
from the core of the group. The low level of turbulence and sup-
pressed thermal conduction imply a slow (⇠2 Gyr) mixing of the
infalling gas with the surrounding medium.
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Appendix A: Projected power spectrum in conical
geometry

As discussed in Sect. 4, the geometry of the stripped gas is com-
plex and overall resembles a conical geometry. The uncertainties
in the geometry of the structure can affect how we use the ob-
servations to infer the actual shape and slope of the underlying
power spectrum.

Here we study how the projected power spectrum depends
on the orientation angle with respect to the plane of the sky in
a conical geometry. To this aim, we simulated a 3D conical ge-
ometry with a gas density profile represented by a beta model
leading to an approximately flat projected brightness distribu-
tion. The 3D geometry is perturbed by a fluctuation field with a
slope of �8/3 in Fourier space to match the observed slope (see
Sect. 5). We then varied the inclination angle of the cone with re-
spect to the plane of the sky, from q = 0 (perfectly aligned with
the plane of the sky) to q = p/2 (orthogonal), and projected the
resulting images along the line of sight. As shown in Appendix B
of Gaspari & Churazov (2013), the underlying beta model intro-
duces power on large scales only and does not affect the slope of
the cascade on small scales. We then calculated the power spec-
trum of the projected images and compared the results with the
injected fluctuation field.

In Fig. A.1 we show the projected power spectra for six dif-
ferent orientation angles compared to the injected slope. We can
see that for q = p/6 and lower, the slope of the power spectrum
at high k is essentially unaffected by projection effects. How-
ever, the normalization of the power spectrum, which is nec-
essary to convert between 2D and 3D power spectra, is in the
range 1.2�7.4, meaning that the uncertainty in the conversion is
about a factor ⇠5. Thus, we conclude that projection leaves the
slope almost unchanged, but introduces important systematic un-
certainties in the absolute normalization, which is necessary to
relate the amplitude of density fluctuations with the turbulent
Mach number. This calculation assumes that the 3D geometry
of the structure is approximately conical; the conversion fac-
tor may vary when the true geometry strongly differs from this
assumption.

Fig. A.1. Projected 2D power spectrum (in arbitrary units) for a conical
3D geometry and a perturbation field with a power spectrum P(k) ⇠
k�8/3 (dashed line). The solid curves show the recovered shape of the
power spectrum for different inclination angles of the axis of the cone
with respect to the plane of the sky. Here q = 0 means that the cone is
placed exactly in the plane of the sky, while for q = p/2 is projected
along the line of sight.
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