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ABSTRACT

In the current epoch, one of the main mechanisms driving the growth of galaxy clusters is the continuous accretion of group-scale
halos. In this process, the ram pressure applied by the hot intracluster medium on the gas content of the infalling group is responsible
for stripping the gas from its dark-matter halo, which gradually leads to the virialisation of the infalling gas in the potential well of
the main cluster. Using deep wide-field observations of the poor cluster Hydra A/A780 with XMM-Newton and Suzaku, we report
on the discovery of an infalling galaxy group 1.1 Mpc south of the cluster core. The presence of a substructure is confirmed by a
dynamical study of the galaxies in this region. A wake of stripped gas is trailing behind the group over a projected scale of 760 kpc.
The temperature of the gas along the wake is constant at k7 ~ 1.3 keV, which is about a factor of two less than the temperature of the
surrounding plasma. We observe a cold front pointing westwards compared to the peak of the group, which indicates that the group
is currently not moving in the direction of the main cluster, but is moving along an almost circular orbit. The overall morphology of
the group bears remarkable similarities with high-resolution numerical simulations of such structures, which greatly strengthens our

understanding of the ram-pressure stripping process.

Key words. X-rays: galaxies: clusters — galaxies: clusters: intracluster medium — galaxies: groups: general —

large-scale structure of Universe

1. Introduction

Gravitationally bound structures in the Universe are thought to
grow hierarchically through the merging and accretion of smaller
structures throughout cosmic time, until they form the most mas-
sive galaxy clusters we see today (e.g. Springel et al. 2006). In
the outer regions of galaxy clusters, we can observe the accretion
of galaxies and groups of galaxies onto the main dark-matter
halo, and they contribute significantly to the growth of galaxy
clusters in mass, member galaxies, and hot gas (e.g. Berrier et al.
2009; Genel et al. 2010; De Lucia et al. 2012). While the merg-
ing processes of two or more massive entities are well stud-
ied (Markevitch & Vikhlinin 2007; Owers et al. 2009, and ref-
erences therein), the processes leading to the gentle accretion
of smaller halos (group scale) onto massive clusters, which rep-
resent the main channel (~70%, Berrier et al. 2009) of cosmic
structure growth, have been more elusive. During infall, the ram
pressure applied by the ambient intracluster medium (ICM) is
responsible for stripping the gas from its original halo and heat-
ing it up (e.g. Gunn & Gott 1972; Kawata & Mulchaey 2008;
McCarthy et al. 2008), leading to the virialisation of the gas in
the main dark-matter halo.

* Einstein and Spitzer Fellow
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This picture is confirmed by observations of X-ray (e.g.
Sun & Vikhlinin 2005; Machacek et al. 2006; Sun et al. 2007;
Randall et al. 2008; Zhang et al. 2013) and atomic (HI) and
molecular galaxy wakes behind individual infalling galax-
ies in the nearest galaxy clusters (e.g. Bosellietal. 2014;
Abramson et al. 2011; Sun et al. 2007; Chung et al. 2007). Ob-
servations of such features are of prime importance for our un-
derstanding of the mechanisms leading to the build-up of galaxy
clusters and provide a striking confirmation of the hierarchi-
cal scenario of structure formation. The ACDM paradigm pre-
dicts that at the present epoch there should be approximately
one accreting group with a gravitational mass in the range of
a few 10'3 M, per massive cluster and per Gyr (Dolag et al.
2009). There are a few examples of accreting groups that are di-
rectly observed in X-rays, such as A2142 (Eckert et al. 2014),
NGC 4389 in Coma (Neumann et al. 2003), and the south-
ern group in A85 (Kempner et al. 2002; Durret et al. 2005;
Ichinohe et al. 2015).

In addition to the stripping properties, these features are valu-
able for the study of ICM physics. Indeed, the survival of the
stripped gas in contact with the surrounding ICM can tell us
about the conduction timescale in the medium, which is usu-
ally found to be much longer than expected from pure Spitzer
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conductivity (Eckert et al. 2014; Sanders et al. 2013). Addition-
ally, Roediger et al. (2015a,b) used high-resolution simulations
to study the properties of infalling galaxies, varying the viscosity
of the ICM plasma. It was found that the morphology of the tails
strongly depends on the viscosity of the fluid: while in the in-
viscid case Kelvin-Helmbholtz (KH) instabilities rapidly develop
and induce a fast mixing of the plasma, a high viscosity sup-
presses KH instabilities, which results in long, X-ray bright tails.

In 2012 we started an XMM-Newton programme to look for
infalling gas clumps in two nearby clusters, A2142 and Hydra A
(A780; Abell et al. 1989). This programme allowed us to dis-
cover a striking example of infalling substructures in A2142.
Specifically, we discovered in this cluster a galaxy group with
a mass of a few 10'3 M, that appears to be almost completely
stripped from its hot gas (Eckert et al. 2014), which constitutes
a spectacular tail extending over 800 kpc and is the longest ram-
pressure-stripped tail observed so far. In this paper we focus our
study on the outskirts of the other observed cluster, Hydra A,
where we discovered another accreting galaxy group, centred
on the galaxy LEDA 87445 (Smith et al. 2004) ~17" south-east
from the centre of Hydra A cluster. This infalling group shows
a long low surface-brightness tail (up to 760 kpc) and a density
contact discontinuity (merger cold front) in the opposite direc-
tion from the tail, which give important indications about its mo-
tion and ram-pressure stripping properties. We complement the
XMM-Newton data with a deep Suzaku observation of Hydra A
and optical data from the literature.

This paper is structured as follows: in Sect. 2 we describe
our XMM-Newton (Sect. 2.1) and Suzaku (Sect. 2.2) data sets
together with their respective data reduction, imaging, and spec-
tral analysis techniques. In Sect. 3, we describe the results of the
data analysis, concentrating on the description of the morphol-
ogy (Sect. 3.1) and spectral properties of the new X-ray infalling
group (Sect. 3.2). In Sect. 3.3, we analyse the available opti-
cal data from the literature for the Hydra A cluster galaxies and
quantify the dynamical properties of the group. In Sect. 4, we in-
terpret and discuss our results: thermodynamic and ram-pressure
stripping properties of the gas removed from the group are de-
rived in Sects. 4.2—4.4. In Sect. 4.5 we estimate the orbit of the
group and in Sect. 4.6 we compare our findings with recent nu-
merical simulations. We summarize our main results in Sect. 5.

Throughout the paper, we assume a ACDM cosmology with
H, = 70 kms™!, Q, = 0.3, and Q4 = 0.7. At the redshift
of Hydra A (z = 0.0539), this corresponds to 1" = 1.05 kpc.
The average temperature of this cluster is ~3.5 keV (David et al.
2001); Sato et al. (2012) derived R500' = 811 + 10 kpc (~13 ar-
cmin) and R200=1189 + 96 kpc (~20 arcmin) from the fitting
of the Hydra A hydrostatic mass with the Navarro-Frenk-White
(Navarro et al. 1996) universal mass profile. All the quoted er-
rors hereafter are at the 1o level.

2. Data analysis
2.1. XMM-Newton

2.1.1. Data reduction

Hydra A/Abell 780 (z = 0.0539) is a cool-core cluster
with a virial temperature of ~3.5 keV and a total flux of
2.7 x 107" ergem™2s7! (0.5-2.0 keV band). Except for cav-
ities in the central regions caused by a giant AGN out-
burst (McNamara et al. 2000), its X-ray morphology is relaxed.

! For a given overdensity A, R, is the radius for which M, /(4/ 37TRZ) =
Ape.
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Hydra A was extensively observed with XMM-Newton both
on-axis (for a total nominal exposure time of ~160 ks, Obs.
ID 0109980301-501, 0504260101) and off-axis (six pointings
along different directions, ~280 ks total; PI: Eckert, Obs. ID.
0694440301-401-701-801, 0725240101, 0761550101), so we
obtained a mosaic of this cluster covering the entire azimuth
out to the virial radius. We processed the observations using the
ESAS tasks as provided in SAS v.13.5. In particular, the south-
ern region of Hydra A was first observed with XMM-Newton on
June 2012 for 40.8 ks (PI: Eckert, Obs. ID. 0694440301), on
November 2013, for 31 ks (PI: Eckert, Obs. ID. 0725240101),
and on May 2015, a subsequent 123.8 ks observation was per-
formed in C time (PI: Eckert, Obs. ID. 0761550101). Since the
first observation was badly affected by soft proton flares, we
focus exclusively on the second and third observations. After
soft protons cleaning procedure (with the mos-filter and pn-filter
ESAS tasks; Snowden et al. 2008), the total available clean ex-
posure time for the southern region of Hydra A is 82 ks for
MOSI, 88 ks for MOS2, and 27 ks for pn.

2.1.2. Imaging

Following Eckert et al. (2014), we extracted count maps in the
energy range 0.7—1.2 keV (where the signal-to-background ratio
is the highest) for the three EPIC detectors and co-added them to
obtain a total EPIC image. To correct the images for vignetting,
we extracted individual exposure maps using the XMMSAS task
eexpmap and created a total exposure map by summing the in-
dividual exposure maps, weighted by the relative effective area
of each instrument. Following Snowden et al. (2008), we used a
collection of closed-filter observations to produce a map of the
non-X-ray background, which we rescaled to our observations
by comparing the count rates in the unexposed corners of the
field of view. Finally, we created a vignetting-corrected, NXB-
subtracted sky image by subtracting the NXB image from the
count map and dividing by the exposure map. The resulting im-
age was then smoothed using the XMMSAS adaptive-smoothing
tool asmooth, ensuring a target signal to noise of 5. The final im-
age of Hydra A is shown in Fig. 1; the newly discovered group
is peaked on the galaxy LEDA 87445 and is shown in the figure
by the white square.

2.1.3. Spectral analysis

We performed a spectral analysis of the galaxy group using the
two good observations of the SE region in Hydra A (Obs. ID.
0725240101 and 0761550101). Spectra and response files for
each region were extracted using the ESAS tasks mos-spectra
and pn-spectra from the two observations separately. The spec-
tra of each detector were then summed up using the mathpha,
addarf, and addrmf ftools v.6.16. Finally, the total spectra were
fit in XSPEC v12.8.1. Since the surface brightness of the group,
apart from the emission peak, barely exceeds the background
level, we preferred to model the background instead of subtract-
ing it (e.g. Leccardi & Molendi 2008b). This method requires
a careful characterisation of all the various background compo-
nents to obtain reliable measurements of the relevant parameters.
We adopted the following approach to model the different spec-
tral components:

— The non X-ray background (NXB): We used closed-filter ob-
servations to estimate the spectrum of the NXB component
in each region (ESAS tasks mos-back and pn-back), follow-
ing the procedure described in Snowden et al. (2008). We
approximated the NXB component by a phenomenological
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Fig. 1. Adaptively-smoothed, vignetting-corrected XMM/EPIC mosaic
image of the Hydra A cluster in the [0.7—1.2] keV band. The group
located around the galaxy LEDA 87445 is shown by the white square.
The green circle shows the region used to estimate the local background
components.
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Fig. 2. Spectrum of the background region located at 25.5 arcmin SE of
the cluster core used to measure the sky background components from
the EPIC pn (red), MOS2 (black; MOS1 was omitted for clarity), and
from the ROSAT/PSPC (blue). The solid lines show the NXB model for
each instrument, while the dotted lines show the sky background model.

model, which we then included as an additive component
in the spectral modelling (Leccardi & Molendi 2008b). The
NXB components of the two MOS detectors are repro-
duced well by the models in Leccardi & Molendi (2008b),
whereas the NXB spectrum of the pn is best fitted by a dou-
ble broken power-law model with photon indices fixed to
0.61 (below 1.68 keV), 0.31 (between 1.68 and 4.09 keV),
and 0.18 (above 4.09 keV). We left the normalisation of
the NXB component free to vary during the fitting proce-
dure, which allows for possible systematic variations of the
NXB level. The normalisation of the prominent fluorescence
emission lines was also left free. The MOS observations are
rather contaminated by quiescent soft protons (QSP) that

survived the filtering process (mean IN over OUT ratio of
1.32; De Luca & Molendi 2004), hence we included a bro-
ken power-law component with break energy at 5.0 keV, and
slopes fixed to 0.4 (below 5 keV) and 0.8 (above 5 keV)
(Leccardi & Molendi 2008b) with the normalisation left free
to vary. We did not include this component in the analysis
of the pn spectra, since the pn observation is only weakly
contaminated by residual soft protons (IN over OUT ratio of
1.08).

— The sky background components: we used an offset region
located ~25.5 arcmin away from the cluster core (see circle
in Fig. 1), where no cluster emission is detected, to mea-
sure the sky background components in the region of Hy-
dra A close to the accreting group. To aid in constraining
these components, we added to the EPIC data the ROSAT
all-sky survey (RASS) background spectrum, which is sen-
sitive to the 0.1-2.4 keV X-ray regime, and fitted the XMM-
Newton and RASS data jointly (Snowden et al. 1997). The
RASS spectrum was obtained through the HEASARC X-ray
background tool in a circular region of 0.15 degree radius
overlapping the offset region used for the EPIC data. The
sky background was modelled with three-components: i) a
power law with photon index fixed to 1.46 to model the cos-
mic X-ray background (CXB; De Luca & Molendi 2004); ii)
a thermal component at a temperature of 0.22 keV to ac-
count for the Galactic halo emission; and iii) an unabsorbed
thermal component at 0.11 keV for the local hot bubble.
We fixed the CXB normalisation to the value taken from
De Luca & Molendi (2004) rescaled appropriately whereas
we left the normalisation s of the other soft components
free to vary. The normalisation s for the three background
components are (1.18 + 0.20) x 107 arcmin~? (Local Bub-
ble), (7.15 + 5.47) x 1077 arcmin™? (Galactic Halo), and
9.81 x 1077 arcmin™? (CXB). For the APEC (Local Bubble
and Galactic halo), these normalisation s are expressed in
units of 10’14/(47rd/2\(1 +27%) fnenH dV; for the power law
(CXB), this is expressed in units of photons keV~! cm™2 5!
at 1 keV. The best-fit spectrum for the offset region is shown
in Fig. 2. As a check we also left the CXB normalisa-
tion free to vary in our model. We found that its best-fit
value, (9.46 + 1.08) x 1077 arcmin™2, agrees well within
the statistical uncertainties with the expected value from
De Luca & Molendi (2004). To model the sky background in
a different region, the normalisation of each component was
rescaled by the ratio of the corresponding areas, accounting
for CCD gaps and bad pixels.

— The source: we modelled the diffuse source emission in
each region using the thin-plasma emission code APEC
(Smith et al. 2001), leaving temperature, metal abundance,
and normalisation as free parameters (the solar abundances
were taken from Anders & Grevesse 1989) and the redshift
was fixed to the optical value of the LEDA 87445 galaxy
(z = 0.0548, see Sect. 3.3). This component is absorbed by
the Galactic hydrogen column density along the line of sight,
which we fix to the 21 cm value (Vg = 4.54 X 10 cm2;
Kaberla et al. 2005).

The spectral energy range considered is 0.7—10.0 keV. We al-
ways used in the spectral fitting procedure the C-statistics rather
than the y? (Cash 1979), which is preferable for low signal to
noise spectra (Nousek & Shue 1989). To apply the Cash statis-
tic, we performed a minimal grouping of the spectra to avoid
channels with no counts.
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Fig. 3. Exposure-corrected Suzaku/XIS mosaic image of Hydra A com-
bining all seven available pointings. The LEDA 87445 group is high-
lighted in white. The green circle indicates the background region on
the off-source pointing used for this analysis. The red circle is a region
used to measure the ICM temperature of Hydra A; details are given in
Sect. 3.2.

2.2. Suzaku
2.2.1. Data reduction

Hydra A was observed by Suzaku in 2012 for a total of 160 ks
(PI: Eckert, ID 807087-807091) in addition to two pre-existing
Suzaku pointings (70 ks, ID 805007-8; see Sato et al. 2012). This
corresponds to a total of six pointings covering the entire az-
imuth of the cluster out to Ry, plus an off-source pointing lo-
cated ~40 arcmin from the cluster core. We processed all the
observations using the Suzaku FTOOLS as provided in HEAsoft
v6.12 and the Suzaku CALDB v20130305. We reprocessed the
event files using the tool aepipeline, restricting to observing pe-
riods with cut-off rigidity COR > 6. Suzaku/XIS events obtained
in 3 X 3 and 5 X 5 editing modes were combined using Xselect.

2.2.2. Imaging analysis

For each observation, we extracted photon images in the [0.5—
2] keV band for the two front-illuminated chips (XISO and XIS3)
and for the back-illuminated CCD (XIS1) and created expo-
sure maps using the xisexpmapgen tool. We then produced an
exposure-corrected mosaic image by combining all three detec-
tors and all observations together. The resulting mosaic image
is shown in Fig. 3. The infalling group around LEDA 87445 is
highlighted on the mosaic, together with the position of the back-
ground pointing.

2.2.3. Spectral analysis

We used Xselect to extract spectra in the regions of inter-
est. We used the tools xisrmfgen and xissimarfgen to extract
the appropriate response files for our regions, The data of the
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Fig. 4. Suzaku front-illuminated spectrum of the background region
shown in Fig. 3 and best-fit model (black line). The dark blue curve
shows the NXB model, while the sky background components are
shown in green (CXB), cyan (Galactic halo), and purple (local bubble).

two front-illuminated CCDs were combined, while the XIS1
spectra were considered independently and fitted jointly. The
non-X-ray background spectra were estimated from the dark-
Earth data using xisnxbgen. Instead of subtracting the NXB
from the data, we fitted the NXB spectra using a phenomeno-
logical model and added this model as an additive compo-
nent for the fitting procedure; this similar to the explanation
in Sect. 2.1.3 for XMM-Newton. To the best of our knowledge
this is the first time the analysis of cluster outskirts is carried
out by modelling the Suzaku NXB rather than subtracting it.
The sky background components were measured using the off-
source pointing (see Fig. 3) with the same model as described in
Sect. 2.1.3. The best-fit results for the sky components are (1.11+
0.13) x 1076 arcmin~? (Local Bubble) (Z.Sfé:g) x 1077 arcmin™

(Galactic halo) with a Halo temperature of 0.33%00% keV, and

(7.5 £ 0.3) x 1077 arcmin™? (CXB). For the APEC models (Lo-
cal Bubble and Galactic halo), normalisation s correspond to
10/(4rd3(1 + 2)*) [ neny dV; for the power law (CXB), the
normalisation is in units of photons keV~! cm=2s7! at 1 keV.

3. Results
3.1. Morphology of the stripped group

In Fig. 5 we show a zoom of the XMM-Newton X-ray emission
around the accreting group situated 17 arcmin (1.1 Mpc) south-
east from the Hydra A cluster centre, and in Fig. 6 we show a
CFHT/Megacam r-band image of the same region with the X-ray
contours overlaid. A wide variety of features are revealed. The
galaxy LEDA 87445 with redshift 0.05745 (Smith et al. 2004),
which is similar to the Hydra A cluster redshift, is coincident
with the X-ray emission peak. East and north-east of the group
emission peak, we clearly detected a long excess of diffuse emis-
sion with projected length of ~12 arcmin (760 kpc); this huge tail
bends progressively from east towards the north-east.

A sharp surface-brightness drop can be observed ~1.5 ar-
cmin (100 kpc) west of the central galaxy. To confirm this
statement, we extracted the surface-brightness profile from
the X-ray peak of the group in the western direction in a
sector with position angles between —60° and +30° (mea-
sured counter-clockwise from west) using the method de-
scribed in Eckertetal. (2011) (see Fig. 7). A clear break in
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the surface-brightness profile can be seen 1.5 arcmin from
LEDA 87445, which indicates the presence of a contact density
discontinuity. We modelled the surface-brightness profile using
a broken power-law density profile projected along the line of
sight (Owers et al. 2009) and convolved with the XMM-Newton
PSF (see Rossetti et al. 2013). This model provides a good fit
to the data (y> = 14.25/19 d.o.f.) and returns a density jump
in/Rout = 25t82

3.2. Spectral properties

We extracted EPIC spectra of the group and its long tail from the
regions shown in Fig. 8 (left panel) and analysed them following
the prescription given in Sect. 2. Spectra in similar regions were
also extracted from the Suzaku data (Fig. 8, right panel). The
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Fig. 7. EPIC surface-brightness profile from the tip of the LEDA 87445
group in a narrow westwards sector corresponding with the cold front.
The solid line is the best-fitting broken power law (EPIC-PSF mod-
elling is included). The inset shows the corresponding deprojected den-
sity model.

regions were chosen to trace the morphology of the observed
feature as closely as possible.

The model fitting for each region was performed jointly on
the three EPIC detectors for the XMM-Newton data and on the
three XIS detectors for the Suzaku data. In Fig. 10 we only
show the EPIC-pn spectra for clarity, whereas the XISO and
XIS3 spectra were summed and we show the summed front-
illuminated spectra in Fig. 11. The best-fit parameters for the
various regions are reported in Tables 1 and 2.

In the case of EPIC, we verified that the addition of an APEC
spectral model in the source component (Sect. 2.1.3), which
takes into account the residual emission of the cluster Hydra A at
the distance of the group, did not significantly change any result
reported. We also checked the robustness of our results against
a possible cosmic variation of the CXB component in the EPIC
spectra by varying the CXB normalisation by +50% in the spec-
tral models of each region. We found that the spectral parameters
remain almost unchanged and always remain within the statisti-
cal 1-20 uncertainties.

Before proceeding with a detailed spectral analysis of the
faint emission in the tail, we decided to perform a crude, but
robust, measure of this emission by comparing it to the clus-
ter emission immediately south of the tail. From the vignetting-
corrected EPIC mosaic image of Hydra A (Fig. 1), we computed
the mean surface brightness (SB) in the regions of the group and
tail (white regions in Fig. 8); for comparison, we also computed
the mean SB in five regions nearby the group, which are shown
as green circles in the same figure. The results are plotted in
Fig. 9, where red circles are the SB from the tip of the group
and along the tail, and squares are the SB of the nearby regions.
There is clear evidence of an SB excess in the tail of the group
with respect to the nearby background regions. If we consider
two regions, one in the group and one in the background that are
almost at the same (projected) radial distance from the core of
the Hydra A, such as for instance the regions named in Fig. 8
Tail 8 and the SW, we find that the SB in the tail is higher by a
factor of ~2—3 with respect to that measured in the background
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Fig. 8. Left panel: XMM-Newton image of the LEDA 87445 group with the extraction regions used for the spectral analysis. White regions are
chosen to match the LEDA group and its long tail of faint emission, the red sector is used to measure the ICM temperature nearby the group,
and the green circles are used to estimate the surface brightness of the ICM at various positions around LEDA. Right panel: Suzaku image of the
LEDA group with, in yellow and red, the regions used for the spectral analysis of the structure and ICM, respectively. In both panels the labels of
the regions are the same used in Tables 1 and 2 reporting the spectral analysis results.
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Fig. 9. EPIC surface brightness in the [0.7-1.2] keV band for the group
and tail regions (red circles that correspond to the white regions in
Fig. 8) and for five regions surrounding the group (green squares that
correspond to the green regions in Fig. 8).

region. This SB excess in the tail can only be attribute to ex-
tra emission, since contaminations from the Galactic halo fore-
ground or residual ICM emission affect all the considered re-
gions at the same level.

Having established the high significance of the tail emis-
sion, we now turn to the results of the spectral analysis to better
characterise it. The normalisations obtained from the analysis
of the EPIC and XIS data are significantly different (see Ta-
bles 1 and 2), with those measured by XIS higher by a factor
~70% than those measured by EPIC. This effect is likely due to
the presence of the nearby bright Hydra A core just outside the
Suzaku field of view that produces stray light and contaminates
our Suzaku observation (Mori et al. 2005). To estimate the stray
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light effect, we considered the Suzaku region named Sector 3,
where we measure a flux of 8 x 1074 ergecm™2 s7! (0.5-2 keV
band). Considering that the total flux of Hydra A within 15 ar-
cmin radius is 2.6 X 107! ergcm™2 s~! and that the stray light at
this radius is ~0.1%, the contribution from the Hydra A core in
Sector 3 is roughly 1/3 of the flux. If we add on top of that the
contribution from the LEDA 87445 group itself, which is less
bright, but closer to the Sector 3 region, this very likely resolves
the discrepancy between Suzaku and XMM-Newton normalisa-
tions. The stray light could also be the cause of the lower metal-
licity measured with Suzaku in the tail, since the extra emission
would raise the observed continuum resulting in an underestima-
tion of the metallicity.

3.2.1. Temperature of the ICM around the LEDA group

We estimated the ICM temperature of Hydra A close to the
LEDA group with both XMM-Newton and Suzaku data. The
extraction regions for these measurements are shown in red in
Fig. 8; they are at ~15 arcmin from the Hydra A core for EPIC
and ~13 arcmin from the core for XIS. We furthermore measured
the ICM temperature from Suzaku data in a region west of the
Hydra A core at the same distance from the centre as the LEDA
galaxy (i.e. 17 arcmin), but far from the group emission (see red
region in Fig. 3). The results are given in Tables 1 and 2. The
ICM temperature at such large cluster radii is difficult to mea-
sure because of the low surface brightness and high background
level in the EPIC spectrum, and because of the stray light in that
of the XIS. Nevertheless, we find that the three ICM measures
agree within the statistical errors and are ~2—-3 keV.

By comparing the normalisation per arcmin® of the two XIS,
we note that the normalisation of the SW region is lower that
those measured in the region close to the LEDA group. This dif-
ference is due to both to the larger distance from the Hydra A
core and to the smaller stray light contribution in the west re-
gion (where the contaminating group is far away). Moreover, the
ICM normalisation measured with EPIC is higher than that of
the west region measured with XIS because of the presence of a
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Fig. 10. EPIC/pn spectra for the regions defined in Fig. 8 (the EPIC spectra were fitted simultaneously but here we show only the pn spectra and
their spectral components for clarity purposes). The solid lines show the various components used for the fitting procedure: the source (red), the
NXB (blue), the CXB (green), the Galactic halo emission (magenta), and the local hot bubble (cyan). Bottom right: EPIC/pn spectrum of the local
ICM in the region close to the tip of the infalling group.

Table 1. XMM: best-fit parameters for the various regions defined in Fig. 8 and for the local ICM around the tip of the group emission.

Region  Distance [arcmin] kT [keV] Zre K [arcmin™2]
Circle 0.0-1.7 1334001 0.247002 64402 x 107
Ring 1 0.0-0.5 1274000 0.33+003 9 4+0T 5 104
Ring 2 0.5-1.0 1361000 0247002 1 001 104
Ring 3 1.0-1.75 1424005 0,194003  3,6+02 5 1075
Tail 4 1.75-2.5 1354005 0.18+003 224025 107
Tail 5 2.5-3.5 1.28+00% @ " 7.0t %107
Tail 6 3.5-5.5 127008 0,147005 71+ 5 1076
Tail 7 5.5-8.0 1.28*006 00900 6,610 x 1076
Tail 8 8.0-11.5 1254008 0,051003 13403 % 103
ICMgpic 22-52 244102 02 8806x 10

Notes. See Fig. 10 for the best fit and the various spectral components. Column description: 1: region as defined in Fig. 8. Circle is the central
circular region with radius 1.7 arcmin enclosing the regions Ring 1, 2, and 3. 2: distance from the group peak in arcmin (1 kpc at z;gps = 0.0575
corresponds to 0.898 arsec). 3: best-fit temperature in keV. 4: metal abundance (” the abundance reported for region Tail 4 in the table is measured
from the summed spectra of regions Tail 4 and Tail 5). 5: normalisation of the APEC model per arcmin®. The ICMg,; region is at a projected
distance from the cluster centre of ~15 arcmin.

Table 2. Suzaku: best-fit parameters for the various regions defined in Fig. 8 and for the local ICM around the tip of the emission.

Region Distance [arcmin] kT [keV] Zre K [arcmin~?]
Group 0-2.5 1.26*903  0.20*303  1.11 £0.07 x 10~
Region 1 2.5-5 1.23ﬁ838% 0.08f8?84 2.13+031x1075
Region 2 5-75 1.24j§f§§ 0.04j§f§§ 2.09 £0.39x 107
Region 3 7.5-11 1.49t8;g2 0.067097  1.30 £0.19 x 107
ICM 4.5-17.5 2.68j?:3} 0.2 1.56 +0.29 x 1073
ICM-SW 3.0 0.2 35+04x10°

Notes. Column description: 1: region as defined in Fig. 8. 2: distance from the group tip in arcmin. 3: best-fit temperature in keV. 4: metal
abundance. 5: normalisation of the APEC model per arcmin®. 6: minimum c-statistic and number of degrees of freedom. The ICM region is at the
projected distance of ~13 arcmin to the cluster centre (see right panel of Fig. 8); the ICM-SW region is at the projected distance of ~17.5 arcmin
south-west to the cluster centre (see red circle in Fig. 3).
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Fig. 11. Suzaku/XIS spectra of the subgroup. The fit was performed using all three XIS detectors, however for clarity purposes we only plot the
spectra of the sum of the two FI units (XIS0+XIS3) and their spectral components. The solid lines show the various components used for the fitting
procedure; the colour code for the different spectral components is the same as in Fig. 10. The last two panels are the spectrum of the local ICM.
The panel labelled ICM refers to the region close to the tip of the infalling group and shown in Fig. 8 (right panel); the panel labelled ICM-SW is

the measure in the circular region shown in red in Fig. 3.

surface-brightness excess upstream of the group motion, whose
origin is discussed in Sect. 4.

3.3. Optical data and kinematical analysis

Optically, Hydra A is a medium-sized cluster with Abell richness
class R = 0 (Abell et al. 1989). Few redshifts are reported in
the literature. We analysed the largest available homogeneous
sample, that of 42 galaxies with a line-of-sight (LOS) velocity
(V = cz) published by Smith et al. (2004). A detailed description
of our analysis is given in Appendix A; below we report only the
main results.

We adopted as the centre of the Hydra A cluster the po-
sition of its brightest cluster galaxy (BCG), which has a LOS
velocity of Vgcg = 16452 km s™!, and we applied the DED-
ICA reconstruction method to investigate the LOS velocity dis-
tribution to the galaxies in the Smith et al. (2004) sample (e.g.
Girardi et al. 1998, and references therein). In Fig. 12 we plot
the resulting sample of 36 galaxies assigned to the redshift den-
sity peak of Hydra A and the LOS velocity distribution of 33
fiducial cluster members, shown in the inset of the figure. The
mean cluster redshift derived from the 33 fiducial members is
(z) = 0.0548 + 0.0004, i.e. (V) = (16421 + 121) km s~! and the
LOS velocity dispersion is oy = 723’:2% km s~

The bright galaxy LEDA 87445 is a cluster member lying in
the high velocity part of the cluster-galaxies velocity distribution
with a LOS velocity of Vigpa = 17224 km s7h. We applied a
Dressler & Schectman test (DS-test; Dressler & Shectman 1988)
to probe whether the regions around the BCG and LEDA 87445
galaxies are populated by galaxies with different kinematics.
This test allowed us to detect a substructure around LEDA 87445
with a c.l. larger than 99%. In Fig. 13 we report the results for
the DS-test based on the mean velocity (DS(V)) of the 33 cluster
members. In the bubble-plot shown in Fig. 13, the larger symbols
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represent larger deviations of the local mean velocity from the
global mean velocity and the colours indicate negative (blue) and
positive (red) deviations. The plot shows a clear concentration of
galaxies with positive deviation around the LEDA 87445 galaxy.
The existence of correlations between positions and velocities of
cluster galaxies is always a strong footprint of real substructures.

We conclude that a group of galaxies exsists around the
LEDA 87445 galaxy and that this group is likely part of the
Hydra A cluster halo.

4. Discussion
4.1. The LEDA 87445 galaxy group

Our analysis of the correlation between the position and ve-
locities of the galaxies available in the literature, presented in
Sect. 3.3, has revealed that a galaxy group with redshift sim-
ilar to that of Hydra A exists around LEDA 87445. From the
spectral analysis of the regions lying just inside and outside the
sharp surface-brightness drop (Sect. 3.2), we found temperatures
kT, = 1.33+0.01 keV and kT, = 2.44+0.20 keV (see Table 1).
This allows us to conclude that this density discontinuity is a
cold front produced by the motion of the galaxy group in the
ambient ICM of Hydra A.

Within this picture the long diffuse emission north-east of the
group peak can be naturally explained as a ram-pressure stripped
tail of gas that initially belonged to the group. In Fig. 5 we can
distinguish between the part of the tail directly connected with
the emission peak and extending towards the east (the remnant
tail), which is probably still gravitationally connected with the
group peak emission, and the rest of the tail that points towards
NE (the stripped wake), which is is probably formed by gas al-
ready stripped from the main group and ready to be mixed with
the ICM. The common origin between the X-ray emitting gas


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201526641&pdf_id=11

S. De Grandi et al.: A textbook example of ram-pressure stripping

20 T T T I T T T I T T T
L rr——————7—
i [ BCG |
| 10_— J, -1 4
L LEDA i
giof | H
o o I 1
Qb | 4r i
S 10 | b H
. L L i
[ - ) T P PP | R
Q - 14 16 18 E
g | V [10% km s 1] i
Zz 5 _
OT 1 1 HI IHIH IH 1 I HI 1 1

0 20 40 60
V [10® km s -]

Fig. 12. Line-of-sight velocity distribution of the sample of galaxies
with spectroscopic redshift. The distribution of the 36 galaxies assigned
to the redshift density peak of Hydra A is highlighted in red lines. The
inset figure shows the distribution of the 33 final fiducial members. The
mean cluster velocity (vertical faint green line) and the velocities of
Hydra A BGC and LEDA 87445 are indicated.
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Fig. 13. DS(V) bubble plot for the 33 cluster members. The larger the
symbol, the larger the deviation of the local mean velocity from the
global mean velocity. Blue squares indicate negative deviations and red
rotate squares positive deviations. Crosses indicate the BGC (centre)
and LEDA 87445.

in the tip and all along the tail is strengthened by the thermal
properties of the gas in the whole region; the constant temper-
ature (Fig. 14, left panel) up to ~760 kpc from the peak and its
lower value with respect to the ICM temperature (Tables 1 and 2)
indicates the same origin of the gas.

The core of the LEDA 87445 group appears well defined,
indicating that we are observing the system likely during its first
core passage with a substantial part of the gas still gravitationally
retained by the group.

4.2. Thermodynamical properties of the LEDA group

Temperature and metal abundance distributions in the group
LEDA 87445 and its tail are plotted in Fig. 14, where red cir-
cles are EPIC and blue squares are XIS measurements. Both
profiles are centred on the X-ray emission peak of the structure
(RA =9M:18™:27.783%, Dec=-12°:22":30.66"") and follow the
faint tail as shown in Fig. 8. From the mean temperature of the
group (1.3 keV) and the scaling relation of Arnaud et al. (2005),
we estimated the R500 radius of the group, R500 =497 kpc, and
we used this value to rescale the profiles. Measurements by EPIC
and XIS agree rather well in both profiles. The slightly lower
iron abundance found by XIS beyond 200 kpc is likely related
to the stray-light and PSF effects of Suzaku, already discussed in
Sect. 3.2.

We find that the temperature along the group is roughly con-
stant at ~1.3 keV, which is a value typical of the virialised halo
of galaxy groups with mass of a few 10'3 M,,. At the centre kT is
1.27 keV, which increases up to 1.42 keV at about 100 kpc, and
then decreases to 1.3 at 200—220 kpc, which is the end of the
remnant tail. Beyond this point, the temperature remains con-
stant along all the stripped wake up to >500 kpc.

The metal abundance profile (Fig. 14, right panel) shows
the typical trend observed in the core of relaxed groups and
clusters, namely a higher abundance (0.33 Zg.) at the emission
peak, which then decreases moving away from the peak (e.g.
Leccardi & Molendi 2008a; De Grandi et al. 2004). In the rem-
nant tail, between ~100-200 kpc, the abundance reaches the
typical value for the outermost regions of group (see review by
Sun 2012, i.e. ~0.2 Zg.), then declines even more along all the
faint and patchy stripped wake to very low values. The rather
low abundance in the wake could be explained, as in the case of
A2142 (Eckert et al. 2014), by a multi-temperature structure of
the gas; in fact, when a multiphase gas with temperatures below
~2 keV is fit with a single temperature spectral model it returns
an iron abundance that is biased towards low values. This is a
well studied effect known as the Fe bias (Buote 2000a,b).

The surface-brightness fluctuations observed in the stripped
gas of the faint and patchy tail (see Fig. 5), likely related to gas
clumpiness or to heated ICM gas mixed to the stripped gas, ac-
tually suggest that the gas is multiphase.

In Fig. 15 we show the pseudo-entropy profile of the gas,
defined as X = kT/K 153 where both kT and K are taken from
Table 1, along the tail of the group. The profile is characterised
by a rapid increase as we move away from the core, which is
typical of cool core systems; this is followed by an initial flat re-
gion between 60 kpc and 160 kpc, a jump around 160 kpc, and a
more extended flat region going from 160 to 500 kpc. The jump
occurs roughly where the tail starts to become clumpy and likely
marks the transition between the remnant tail and stripped tail.
The shape of the profile suggests that the gas evolves adiabati-
cally both in the region where it is gravitationally bound to the
group and further out. However the transition between the two
regimes is not adiabatic, and there is a sudden and significant in-
crease in entropy. We note that since the gas appears to be more
clumpy in the stripped than in the remnant tail, the density in the
latter is likely more significantly overestimated than in the for-
mer, implying that the jump in entropy is even more pronounced
than we estimate. While the exact nature of the process responsi-
ble for heating the gas is unclear, its abrupt nature suggests that
it is related to the stripping process itself.
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Fig. 14. Left panel: temperature profile of the LEDA 87445 group and tail. Right panel: metal abundance profile. In both panels filled red circles
are EPIC data and filled blue squares are XIS data. The radius is the distance from the group emission peak of the regions shown in Fig. 8.

4.3. ICM emission north-east and north-west of the group

As shown in Figs. 5 and 8, the ICM emission north-west and
north-east of the LEDA group is more intense than in other clus-
ter regions located at the same radial distance from the centre.
If, as the position of the cold front suggests, the group is cur-
rently moving west, the upstream enhancement is likely due to
compression by the group itself. Moreover if, as suggested by
estimates provided in Sect. 4.5, the motion is subsonic, the com-
pression is adiabatic and the entropy we measure in this region
should be similar to that of neighbouring regions, where the
lower surface brightness prevents direct measures. Conversely,
the enhancement north-east of the group is likely related to tidal
effects. Indeed, as the group moves through the atmosphere of
the cluster, gas is displaced towards it (see Fig. 3, panels 3 to 5,
in Ascasibar & Markevitch 2006). It is worth noticing that the
contiguity between the gas in the tail (see Sect. 4.2) and that in
the north-east excess makes it difficult to provide a clear separa-
tion between the two.

4.4. Ram-pressure stripping properties

The LEDA 87445 group has a peak and a rather long tail
(760 kpc). We performed a simple estimate of the velocity of
the moving group by assuming that the gas at the tip of the
structure is in pressure equilibrium with its surrounding ICM
(Markevitch et al. 2000),

ey

where vy is the velocity with which the group is moving through
the cluster, p is the density of the ambient ICM, and Pjcy and
Pgroup are the pressure associated with the ambient ICM and
the tip of the group, respectively. We began by estimating gas
densities on the two sides of the cold front from the surface-
brightness profile (see Fig. 7). From the spectral analysis re-
ported in Sect. 3.2, we measured temperatures of 1.3 keV for
the for the downstream region and 2.44 keV for the ICM region.
By combining density and temperature measures, we derived es-
timates for Picm and Pgroup. Finally by applying Eq. (1) we ob-
tained an estimated velocity of 440 + 170 km/s, which is about

2
Picm + pU = Pgroup,
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half the speed of sound, ¢; = 820 + 60 kms~!, for a

[T _
pmy
plasma of 2.44 keV.

The detection of a cold front west of the group centre allowed
us to estimate the velocity of the moving group through the stag-
nation point argument developed by Vikhlinin et al. (2001). This
estimate should return a more precise estimate of the velocity,
since it is using the measurement of the density jump directly at
the front. From the measurement of the density jump at the front
(nin/Now = 2.5703, see Sect. 3.1) and the temperature difference
between the regions inside and outside the front (see Table 1),
we estimate a pressure jump pin/Pout = 1.4fg'§, which through
the stagnation point argument corresponds to a Mach number
M= 0.6f8:i (see Vikhlinin et al. 2001; Markevitch & Vikhlinin
2007). Given the sound speed in the medium beyond the cold
front, we estimate that the group is moving at a speed of

5107330 kms™! relative to the main cluster.

Thus, from both the estimates of the velocity, the group is
falling onto the main cluster at, roughly, half the sound speed.
Under the assumption that the group has been moving at a con-
stant velocity, we find that the gas in the outermost region of the
structure was expelled some ~1.4—1.6 Gyr ago.

Assuming that the extension of the emission on the line of
sight is the same as in the plane of the sky, we derived a crude
estimate of the gas mass that resides in the tail from the normali-
sations of Tail regions 4 to 8 (see Table 1), finding 1.4x10'" M.
A similar analysis for the Ring regions 1 to 3 leads to a mass of
1.1x 10" My, for the tip of the structure. Thus our analysis seems
to indicate that roughly 60% of the observed gas mass is located
in the tail. From the temperature of the substructure, we estimate
a total mass of the order of a few (2—5) x 10'> My (Sun et al.
2009). Assuming a gas fraction of 5% (Sun et al. 2009) a group
like ours should have a gas mass of the order of 1.5 X 1012 Mo,
which is roughly a factor of 6 larger than what we estimate to be
currently associated with either the group or its tail. Assuming
that all the excess emission observed in the Hydra A SE region
is associated with gas once residing in the group’s potential well,
we arrive at a conservative upper limit for the total gas mass of
the group of 5x10'!" M, which is still low by a factor of 2.5 with
respect to expectations. While gas mass estimates for groups are
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Fig. 15. Pseudo-entropy profile of the LEDA 87445 group and tail re-
gions (EPIC data only).

clearly less precise than those for clusters, these results seem to
suggest that our group may have already lost a significant frac-
tion of gas prior to the stripping event we are currently observ-
ing. Irrespective of what the starting gas mass of our group might
have been, the current data is already sufficient to inform us that
a significant fraction of the gas has been stripped from the group.
Assuming that the part of the tail nearest the tip be made of gas
that is still gravitationally bound to the group, we estimate the
stripped gas to be between 1 and 5 x 10'! My, i.e. one-half and
four-fifths of the total gas mass, depending on whether the excess
gas in the Hydra A SE region was donated by the group.

As in the case of the group falling onto A2142 (Eckert et al.
2014), we performed an estimate of the timescale required for
the gas in the tail to be heated up to the temperature of the am-
bient ICM. We assumed the length scale over which the temper-
ature gradient develops to be 100 kpc. We also adopted an ICM
temperature of 2.44 keV and an electron density for the ICM
surrounding the tail of 7 x 107> cm™3, which is estimated from
the ROSAT surface-brightness profile of Hydra A, provided by
Eckert et al. (2012), by excluding the sector contaminated by the
group emission. Finally, adopting Eqgs. (2) and (3) of Eckert et al.
(2014; originally derived in Gaspari & Churazov 2013), we
found a conduction timescale of 21.1f~! Myr, where f is the ef-
fective isotropic conduction suppression factor. By equating this
timescale with the age of the structure, which was previously
determined to be between 1.4 and 1.6 Gyr, we estimate a sup-
pression factor of more than 70. Thus, as for the case of A2142,
we find evidence for significantly suppressed conductivity.

We note that the lack of significant heating of the gas in
the tail is in agreement with the flat entropy profile we measure
along the stripped tail (Fig. 15). Indeed, if heating were taking
place, we would expect an increase in entropy as we move away
from the group. The high suppression of conduction is consis-
tent with the survival of cold fronts and filamentary structures
(Ettori & Fabian 2000; Forman et al. 2007; Sanders & Fabian
2013). Through the power spectrum of density perturbations,
Gaspari & Churazov (2013), Gaspari et al. (2014) also retrieved
a high suppression factor in the Coma cluster. Another recent
example showing the suppression of transport processes is given
by Ichinohe et al. (2015) in their study of the complex structure
of cluster Abell 85. The presence of quasi-linear, high-density

Fig. 16. From Roediger et al. (2015a). Snapshot of a high-resolution
simulation of the hot atmosphere of an elliptical galaxy falling into a
galaxy cluster. The bottom of the potential well is indicated with the
black cross. The arrows show the velocity field of the fluid. Several
features can be seen: the cold front at the peak with the KH rolls on the
side, the remnant tail in the blue low-velocity area, and the stripped tail
trailing behind.
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Fig. 17. Orbits of a test particle in the potential well of Hydra A mov-
ing with different velocities. The red arrow show the position of the
observed LEDA 87445 group at 1.1 Mpc from the centre of Hydra A
(at coordinates 0, 0). The dashed red circle is the Keplerian orbit (i.e.
smaller orbits are gravitationally bound with the main cluster). The cir-
cles along the orbits are spaced in 0.25 Gyr intervals.

filamentary structures spanning several kpc observed in the cores
of nearby clusters, such as the Coma cluster (Sanders et al.
2013), consisting of low-entropy material that was probably
stripped from merging subclusters, shows that the conduction is
heavily suppressed in cluster centres as well. Most recent obser-
vations seem thus to agree on the low thermal conductivity of the
ICM. Magnetic fields are presumably the most effective agents
to maintain these features separately from the ICM.
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4.5. Infalling group motion

In the previous section we assumed that the motion of the ac-
creting group is on the plane of the sky. This is suggested in
X-rays by the position of the cold front pointing towards the
west, whereas the main Hydra A cluster is located in the north-
ern direction, and by the shapes of tail and wake, which gradu-
ally curve from the east to the north (see Fig. 5). We postulated
that the group was originally coming from the north-eastern di-
rection with a large impact parameter and that its trajectory is
being bent by the gravitational pull of Hydra A.

The stagnation point analysis leads to a velocity of the group
of the order of half of the sound speed; this is the 3D velocity in
the hypothesis that the orbit is not inclined too much out of the
plane of the sky. However, the LOS velocity difference between
the LEDA 87445 galaxy and the BCG of Hydra A, 772 kms™!
is of the same order as the cold front velocity, implying that the
group is likely moving with a certain angle along the LOS, i.e
~30°-50°. The visibility of the cold front would be preserved
with such an orbital angle. Roediger et al. (2015b) show mock
X-ray images of inclined galaxies falling into a group/cluster
ICM (see their Figs. 7 and 12) in which the cold front is visi-
ble at least up to inclinations of 60 degree out of the plane of
the sky. If the cold front is indeed inclined by ~45° with respect
to the plane of the sky, then projection effects likely lead to an
underestimation of the group velocity from the stagnation point
analysis.

To fully understand the motion of the group, more detailed
X-ray and optical observations, as well as detailed analyses of
mock observations, would be highly useful.

4.6. Comparison with numerical simulations

Ram-pressure-stripped, X-ray-emitting wakes and tails are ob-
served trailing galaxies infalling onto groups and clusters. Sev-
eral recent works have addressed the subject with numerical sim-
ulations (e.g. Cen et al. 2014; Vijayaraghavan & Ricker 2015;
Roediger et al. 2015a,b, and references therein).

In Fig. 16 we show an example of a simulated elliptical
galaxy infalling radially in the ICM ambient from Roediger et al.
(2015a). A sharp cold front lies at the tip of the structure with KH
rolls on its side. The wake of the infalling structure is composed
of a dense region of bound gas that has been pushed back by the
ram pressure (dubbed the remnant tail in Roediger et al. 2015a)
and of the actual wake of thin gas stripped through KH insta-
bilities (the stripped wake). The similarity between the observed
morphology of our group (Fig. 5) and the simulated system in
Fig. 16 is striking. In addition to the cold front, we also ob-
serve the remnant tail of the moving group and the faint, patchy
stripped wake.

Vijayaraghavan & Ricker (2015), simulating the ram pres-
sure effects on a population of galaxies in isolated cluster envi-
ronments, found that cluster galaxies are stripped of their gas by
the ICM, and that the stripped gas trails the galaxy orbits in the
form of wakes before mixing with the ICM. Under the hypoth-
esis that the morphology of the infalling LEDA 87445 group,
with its bent tail of stripped gas and westwards cold front, also
marks the recent part of the group orbit, we derived a rough esti-
mate of the orbit as follows. We modelled the Hydra A cluster as
a spherical gravitational potential filled with a hydrostatic ICM.
Thus, we could calculate the radial gravitational acceleration in
the cluster as a function of radius from the observed ICM density
(Eckert et al. 2012) and temperature profiles (Simionescu et al.
2009). We then placed a test particle, i.e a particle that follows
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only the gravity of the cluster potential, at the current position of
LEDA 87445, i.e. 1.1 Mpc south of the cluster centre. Initializ-
ing the test particle with the negative of the current velocity of
LEDA 87445, v,ow, we could trace back the particles motion in
the cluster potential in time. Figure 17 shows the resulting orbits
assuming a purely tangential velocity of the group for several
magnitudes of v,,, (the circles along the orbit in the Figure are
spaced in 0.25 Gyr intervals). This estimate neglects any decel-
eration of the group by dynamical friction.

For this cluster model, a current velocity of the test parti-
cle such as that we inferred for the LEDA 87445 group from
the stagnation point analysis, 5 10’:‘3‘?‘8 kms~!, would suggest that
the group moved on a bound orbit. However if, as discussed in
Sect. 4.5, our estimate of the velocity is biased low because of
inclination effects, then the group is moving on an almost Kep-
lerian orbit and likely making its first passage.

5. Conclusions

In this paper we reported the discovery of the ram-pressure
stripped infalling galaxy group in the outskirts of the poor clus-
ter Hydra A/A780. We used data from XMM-Newton and Suzaku
observations, as well as optical data drawn from the literature, to
study the properties of this accreting subgroup. We summarise
our main results as follows:

1. The X-ray emission peak of the group is at 1.1 Mpc south-
east of the Hydra A cluster centre. Its X-ray morphology is
peculiar as it shows a tail and wake that is 760 kpc long (in
projection), and, in the opposite direction, a cold front. These
features are likely produced by the motion of the infalling
group within the ICM.

2. The optical kinematical analysis reveals that the X-ray emis-
sion peak coincides with the early-type galaxy LEDA 87445
and that around this galaxy there is an overdensity of galax-
ies, at a c.l. larger that 99%.

3. The X-ray morphology and optical data, also compared with
recent simulations of galaxies infalling in the ICM, give hints
about the orbit of the LEDA group that lead us to conclude
that the group is likely at its first passage onto Hydra A.

4. The gas temperature of the LEDA 87445 group emis-
sion peak and along its tail and wake is roughly con-
stant (~1.2—1.3 keV) and is lower than the ambient ICM
(~2.4-3. keV). This temperature is typical of the virialised
plasma of a galaxy group with a mass of a few 103 M. We
estimate that the stripped gas is between 1 and 5 x 10" M,
i.e. somewhere between one-half and four-fifths of the total
observed gas mass.

5. The velocity of the moving group, estimated through the cold

: ; : +340 -1 :
front stagnation point argument, is 510757 kms™" relative to

the main cluster (corresponding to a Mach number of O.6fg:i)
and is comparable to half the sound speed. We find that the
gas in the outermost region of the structure was expelled
~1.4-1.6 Gyr ago.

6. We estimated the timescale required for the gas in the tail
to be heated up to the temperature of the ambient ICM, and
compared this timescale with the age of the structure (i.e.
~1.4—1.6 Gyr). We found that the suppression factor is at
least two orders of magnitude suppressed compared with
Spitzer conductivity, which is in line with the findings for
other clusters (e.g. Eckert et al. 2014; Ichinohe et al. 2015).
These long survival times of the stripped gas within the am-
bient ICM would have important implications on the evolu-
tion of the hot gas content in galaxy clusters, as the cold gas
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in the stripped structures could eventually reach the core of
the main cluster.

7. Using the relative radial velocity between the galaxy LEDA
87445 and the Hydra A BCG, we find that the orbit of the
accreting LEDA 87445 group could be inclined with an an-
gle of ~45° with respect to the plane of the sky; therefore,
the velocity of the group estimated from the stagnation point
analysis would be underestimated as a result of projection
effects. However, more detailed hydrodynamic modelling of
this system is required to resolve the full three-dimensional
motion of this system.

The striking similarity between the infalling group discovered
here and hydrodynamical simulations of similar structures (see
Figs. 5 and 16) makes this system an ideal target to test our un-
derstanding of ram-pressure stripping and ICM physics, for ex-
ample by comparing the morphology of the tail and searching
for features like KH instabilities. Deeper, higher resolution ob-
servations however are required to perform such a detailed com-
parison.
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Appendix A: Optical data and kinematical analysis

We analysed the Smith et al. (2004) galaxy sample, which is the
largest available homogeneous sample in the field of view of
the Hydra A cluster with galaxies with a measured line-of-sight
(LOS) velocity (V = cz). The sample contains 42 galaxies and
the mean error of this sample is 6V ~ 25 km s~!.

For the centre of Hydra A, we adopted the position
of the brightest cluster galaxy (BCG) at Vpeg = 16452
km s™! [RA=09"18™05%69, Dec.=—12°05'43.8” (J2000)].
Following Girardi et al. (1998), we performed a two-step pro-
cedure to select cluster members. First, we selected the densest
peak in the redshift distribution using the DEDICA reconstruc-
tion method (Pisani 1993). Second, we rejected other possible
interlopers in the projected phase-space using the “shifting gap-
per” method (Fadda et al. 1996). With the first step, we detected
Hydra A as a peak of 36 galaxies at z ~ 0.055 (see Fig. 12),
whereas the second step led us to reject three more galaxies. The
resulting sample of 33 fiducial members is shown in Fig. A.1
(see also the inset of Fig. 12 in the Sect. 3.3). By applying the
bi-weight estimator Beers et al. (1990) to the 33 cluster mem-
bers of the whole system, we obtained a mean cluster redshift of
(z) = 0.0548 + 0.0004, i.e. (V) = (16421 + 121) km s~!.

We computed the LOS velocity dispersion, oy, using the
bi-weight estimator and applying the cosmological correction
and standard correction for velocity errors (Danese et al. 1980).
We obtained oy = 72333 km s~!, where errors are esti-
mated through a bootstrap technique. This estimate is within the
range of a few alternative estimates presented by Durret et al.
(2009) and with that expected for clusters with X-ray temper-
atures kT~ 3.5 keV (Satoetal. 2012) in the assumption of
the density-energy equipartition between ICM and galaxies. In
fact, we estimated Bgpec ~ 1.05, where Bopec = 073 /(KT /pmy)
with ¢ = 0.58 the mean molecular weight and m,, the proton
mass, and Bgpec = 1 is expected in the case of density-energy
equipartition. Based on the value of oy, we estimated a mass
May ~ 4 x10" hy) Mo within a radius R200,,, ~ 1.5 h3
Mpc (Munari et al. 2013).

The bright galaxy LEDA 87445 (RA=09"18m27%47,
Dec.=-12°2223.9” (J2000)) is a cluster member lying at the
high velocity part of the cluster-galaxies velocity distribution
(Vigpa = 17224kms™!). Inspection of Fig. A.1 suggests that re-
gions around the BCG and LEDA 87445 are populated by galax-
ies with different kinematics. To investigate this point we applied
the Dressler & Schectman test (Dressler & Shectman 1988, DS-
test). This is a powerful test for 3D substructure, which is sen-
sitive in samples down to 30 member galaxies, at least in the
case of important mergers (Pinkney et al. 1996). This test anal-
yses the deviations of the local kinematics, as based on the i-th
galaxy and its ten neighbours, from global kinematics. The DS-
test kinematical estimator is based on both mean velocity and
velocity dispersion. For details, we refer to the original paper
and to Barrena et al. (2011), in which two alternative kinemat-
ical estimators are presented. These estimators separately con-
sider the contributions to the mean velocity and velocity disper-
sion (DS({V) and DSoy-tests). We checked the significance of
the existence of substructure by running 1000 Monte Carlo sim-
ulations, randomly shuffling the galaxy velocities. We detected
a substructure with a c.l. of 99.4% (and 99.7% in the DS({V)
case). Similar results (99.1% and 99.7%) are obtained using lo-
cal groups of six galaxies, corresponding to Nigcal = +/Ngal as
suggested by (Bird 1994, see Fig. 13 in Sect. 3.3).

Following Girardi et al. (1996), we also searched for the
presence of a velocity gradient by performing a multiple linear
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Fig. A.1. Rest-frame velocity Vi = (V — (V))/(1 + z) vs. projected
clustercentric distance R for the 33 cluster members. Crosses indicate
the BGC (centre) and LEDA 87445. Curves contain the region of V¢
smaller than the escape velocity. The curves show the limit due to the
escape velocity in the cluster.
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Fig. A.2. B -V vs. V diagram for galaxies in the photometric WINGS
catalogue having V < 21. Green squares indicate spectroscopic mem-
bers and, in particular, the two large squares indicate the BGC and
LEDA 87445. The solid line gives the best-fit CMR as determined
on spectroscopic member galaxies; the dashed lines define the region
within which photometric cluster members are selected.

regression fit to the observed velocities with respect to the galaxy
positions in the plane of the sky. The significance is again
based on 1000 Monte Carlo simulated clusters. We found only
marginal evidence (at 90% c.l.) of the existence of a velocity
gradient. The position angle PA = 1433? (measured counter-
clockwise from north) has a large error but agrees with Fig. 13
in detecting higher velocities in the S-SE region of Hydra A.
We also analysed the spatial distribution of the 33 spectro-
scopic member galaxies using the 2D adaptive-kernel method of
Pisani (1996) (hereafter 2D-DEDICA). In addition to the central
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Fig. A.3. Spatial distribution on the sky of the 89 photometric likely
cluster members with V < 18.5 (black small points). The contour map
is obtained with the 2D-DEDICA method (blue lines). The larger and
smaller crosses indicate the position of BCG and LEDA 87445. The plot
is centred on the cluster centre and the circle contains the region within
aradius equal to 12’, ~0.5R200,.

main density peak, we also detected a SSE peak coincident to
LEDA 87445, but only significant at the 98% c.1. In the study of
the 2D galaxy distribution, the use of the spectroscopic sample
is limited by both the poor number of galaxies and the possible
incompleteness because of unavoidable constraints in the design

of the fiber positioning during the spectroscopy. The analysis
of the published WINGS? photometric catalogue (Varela et al.
2009) offers an additional description of the 2D cluster struc-
ture. The WINGS catalogue has been based on deep (B,V) wide-
field images (~35’ x 35’). It is 90% complete at V ~21.7 and the
star/galaxy classification of objects V < 20 was checked visu-
ally. In this study we focus on the red sequence galaxies, which
are well-known good tracers of the cluster substructure (e.g.
Lubin et al. 2000) and above all are useful to minimize the field
contamination. We retrieved Vizier photometric data for 1632
WINGS galaxies in the Hydra A field from CDS. We corrected
the Galactic extinction Ag = 0.148 and Ay = 0.112 following
values listed by NED?. We selected photometric members on
the basis of (B — V vs. V) colour-magnitude relation (CMR),
in particular we used aperture magnitudes [MAG(10kpc)] for
B — V and total magnitude [MAG_AUTO] for V. To deter-
mine the CMR we applied a recursive 2o-clipping fitting pro-
cedure to the spectroscopic member galaxies. During this pro-
cedure, since these members sample a small magnitude range,
we fixed the slope equal to —0.047, which is the median slope of
WINGS clusters (Valentinuzzi et al. 2011). We selected a sub-
sample of 24 members for which we fit the OLS(y/x) rela-
tion B -V = 1.513(x0.171) — 0.029(x0.010) x V; the slope
is consistent with that obtained for colours estimated in 5 kpc
(Valentinuzzi et al. 2011). In agreement with Valentinuzzi et al.
(2011), we only considered galaxies within a colour range of
0.2 (see Fig. A.2). Moreover, we limited our analysis to galax-
ies with V < 18.5 (89 in the whole photometric catalogue), i.e.
~3 mag after M*, to reduce the contamination of non-member
galaxies. Figure A.3 shows the contour map, where we detected
three density peaks significant at the 99% c.1., among which is a
SSE peak at the location of the LEDA 87445 galaxy. This peak
has a relative density ps = 0.4 with respect to the central main
peak, although the number of related members is very small (five
galaxies).

2 http://web.oapd.inaf.it/wings/

3 NASA/IPAC Extragalactic Database which is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under con-
tract with the NASA.
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