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Fluid dynamics in the ICM
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Goal of this talk: How far can we push pure hydrodynamics model of ICM? 

• look at example of infall and gas stripping of elliptical galaxies/small groups; compare 
observations, simulations, fluid lab experiments 

• take-home message: pure hydro simulations at high Reynolds number reproduce 
observed objects in great detail if correct dynamical context is used, i.e., correct infall 
stage, gravitational potentials, gas contents, orbits 

• Provocative question — which additional ICM physics do we really need?



Next slides: some observed examples

Elke Roediger

• sorted by near cluster center/in cluster outskirts 

• point out differences



M86 in  
Virgo

Elke RoedigerChandra mosaic, Randall+08

fairly close to 
cluster center 
(300kpc away); 
150 kpc long, 
bright, cool tail 

Böhringer+94



NGC 1404 in 
Fornax

Elke Roediger

4

N

E

N1404

N1399

3.64’
20 kpc

3.64’
20 kpc

N1404

N1399

Fig. 1.— left: Digitized Sky Survey (DSS) blue-band image of NGC 1404 and NGC 1399. Blue region marks the region used to derive the
X-ray surface brightness profile of the stripped tail in Figure 5. right: Exposure-corrected and blank-sky background subtracted Chandra
image of NGC 1404 and NGC 1399 in 0.5-2.0 keV. Box region marks the frame of Figure 2-top.

Chandra mosaic,  
Machachek+05 
Su+16ab, in prep.

even closer to cluster 
center, but very short, 
faint tail — very 
different from M86



M60 in  
Virgo

Elke Roediger

Chandra mosaic, Wood+, in prep.

The Infall of M60 Toward M87 7

and di�use tail. We performed our edge analysis as out-
lined in §3.2, for this downstream edge of M60. The
ellipse and bounding angular sector parameters were the
same, with analysis conducted between 152⇥ to 214⇥ mea-
sured counterclockwise from west (using a logarithm step
size of 1.05). We take the gas temperature in M60 to be
the same in all directions.

Fig. 5.—: Coadded Chandra image of M60 with the
double wing structures highlighted by blocking to a bin
size of 16� 16 pixels (8”� 8”).

Fig. 6.—: Simulation of gas stripping and Kelvin-
Helmholtz instabilities in M89, which forms ”wings” sim-
ilar to those seen in the Chandra image of M60. The
frame is a low energy band X-ray projection.

The edge analysis returned a small jump J = 1.47+0.20
�0.20

at r = 13 kpc downstream from the center of M60. The
surface brightness data were well fit with a power law of
slope �in = 1.44+0.22

�0.21 inside the downstream edge and

�out = 1.32+0.15
�0.17 in the di�use tail. Fig 7 shows the ex-

tracted surface brightness profiles for both the upstream
(cold front) and downstream (tail) edges. The simula-
tions generally find the downstream edge at a larger ra-
dius than the upstream edge, even more so than is ob-
served for M60.

The surface brightness profiles are symmetric in both
radial directions until each respective edge. In the simu-
lations of M89, the upstream edge of the cold front and
wings looks sharper than the downstream edge, consis-
tent with what we see in Fig 7. The best fit model out-
side the leading edge is a beta model describing the Virgo
ICM. For the downstream edge, a second power law fits
the data well, further indication of a di�use, faint tail.

Fig. 7.—: Surface brightness radial profile for the up-
stream and downstream regions of M60. Green: the
upstream leading edge at redge = 12 kpc. Blue: down-
stream edge at 13 kpc across the faint, di�use tail. The
dashed lines mark the location of each respective edge.

There are several factors that could keep the tail of
M60 faint. A steep initial gas density profile for M60
would mean there was less gas to strip at larger radii
and the stripped gas may mix quickly with the surround-
ing ICM. The large distance of M60 from M87 (3.25⇥)
and the galaxy velocity of vM60 = 716+191

�169 km s�1 sug-
gest multiple possibilities. First, we could be witnessing
the very early stages of the M60-Virgo interaction, thus
su⇤cient gas has not yet been stripped to form a clear
tail as observed in M89, which is located far closer to
M87 (79’) and therefore has undergone a much longer
gas stripping period. Alternatively, M60 may already
have passed through the Virgo system once and we are
observing it shortly upon completing a turn around in its
orbit. This would suggest stripping was occurring purely
from KHI, hence no large volumes of gas are pushed be-
hind the galaxy.

4. CONCLUSIONS

Using archival data from the Chandra X-ray Observa-
tory (total cleaned exposure time 278 ks), we measured
the physical motion of the galaxy through the Virgo ICM.
With no measured jump in temperature found from the
spectral fits to the galaxy and the ICM, the tempera-
ture of the M60 gas was imposed to match that of the
surrounding ICM (kBT = 0.98 keV). The dynamical mo-
tion was therefore derived from the change in surface
brightness and emissivity values, independently of a tem-
perature gradient. The edge at redge = 12 kpc from
the galaxy center coincides with a jump in density of
nin/nout = 3.39+0.90

�0.80.

Böhringer+94

7 kpc

in cluster outskirts, 
not much of a tail, 
but atmosphere  
truncated all 
around



LEDA 87445 
in Hydra A

Elke Roediger

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

In addition to the stripping properties, these features
are valuable for the study of ICM physics. Indeed, the sur-
vival of the stripped gas in contact with the surround-
ing ICM can tell us about the conduction timescale in
the medium, which is usually found to be much longer
than expected from pure Spitzer conductivity (Eckert et al.
2014; Sanders et al. 2013). Additionally, 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
inviscid case Kelvin-Helmholtz (KH) instabilities rapidly
develop and induce a fast mixing of the plasma, a high
viscosity suppresses KH instabilities, which results in long,
X-ray bright tails.

In 2012 we started an XMM-Newton program to look
for infalling gas clumps in two nearby clusters, A2142 and
Hydra A (A780, Abell et al. 1989). This program allowed
us to discover a striking example of infalling substructures
in A2142, namely we discovered in this cluster a galaxy
group with a mass of a few 1013 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 (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 an-
other accreting galaxy group, centered on the galaxy LEDA
87445 (Smith et al. 2004) ∼ 17′ south-east from the center
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 direction
from the tail, that give important indications on 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 spectral analysis techniques. In Sect. 3, we describe the
results of the data analysis, concentrating on the descrip-
tion of the morphology (Sect. 3.1) and spectral properties
of the new X-ray infalling group (Sect. 3.2). In Sect. 3.3, we
analyze the available optical data from the literature for the
Hydra A cluster galaxies and quantify the dynamical prop-
erties of the group. In Sect. 4, we interpret and discuss our
results: thermodynamic and ram-pressure stripping proper-
ties of the gas removed from the group are derived in Sect.
4.2, 4.3 and 4.4. In Sect. 4.5 we estimate the orbit of the
group and in Sect.4.6 we compare our findings with recent
numerical simulations. Our main results are summarize in
Sect. 5.

Throughout the paper, we assume a ΛCDM cosmology
with Ho = 70 km s−1, Ωm = 0.3 and ΩΛ = 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 R5001

= 811 ± 10 kpc (∼ 13 arcmin) and R200 = 1189± 96 kpc
(∼ 20 arcmin) from the fitting of the Hydra A hydrostatic
mass with the NFW universal mass profile. All the quoted
errors hereafter are at the 1σ level.

1 For a given overdensity ∆, R∆ is the radius for which
M∆/(4/3πR3

∆) = ∆ρc
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LEDA 87445

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.

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 × 10−11 ergs cm−2 s−1 (0.5 − 2.0 keV band). Except
for cavities in the central regions caused by a giant AGN
outburst (McNamara et al. 2000), its X-ray morphology is
relaxed. 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 (6 pointings along different directions, ∼ 280 ks total;
PI: Eckert, Obs. ID. 0694440301-401-701-801, 0725240101,
0761550101) thus we obtained a mosaic of this cluster cov-
ering the entire azimuth out to the virial radius. We pro-
cessed the observations using the ESAS tasks as provided in
SAS v.13.5. After soft protons cleaning procedure (with the
mos-filter and pn-filter ESAS tasks, Snowden et al. 2008)
the total available clean exposure time for the south region
of Hydra A is 82 ks for MOS1, 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 de-
tectors and co-added them to obtain a total EPIC image.
To correct the images for vignetting, we extracted individ-
ual exposure maps using the XMMSAS task eexpmap and
created a total exposure map by summing the individual
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

2

XMM,  
De Grandi+2016

800 kpc

group in cluster 
outskirts, with a 
very long, 
TANGENTIAL tail 
— how can the tail 
be tangential? 
What orbit is this 
galaxy on?



Basic expectation — theory/lab experiments — flow 
around a sphere:
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sphere/ 
galaxy’s 
atmosphere

But does this analogy really work?

wake — stripped gas transported 
here, that’s what we see as a tail
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Snapshots from simulation on next slides — movies to appear on homepage 
of  Alex Sheardown soon. 
!
Simulation aims at N1404 in Fornax.
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first infall — long, unmixed, bright tail
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coming out of cluster — sloshing of remaining 
atmosphere, tail pointing odd directions
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second infall  — closest to analogy to sphere-in-a-flow
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Do we get this flow pattern during first infall?
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don’t get ideal flow patterns — 
instead: long, unmixed, bright tail



First infall

Elke Roediger

✓no solid obstacle but galactic atmosphere undergoes 
gas loss and deformation — SHIELDING of 
downstream atmosphere 

!
✓ no steady flow but increasing ram pressure 
!
!
Consequence: long, dense, cool, bright remnant tail 

Observed?  Yes!



M89 in  
Virgo

Elke Roediger

Chandra; Machacek+06, Kraft+, in prep.

Böhringer+94

remnant tail, pushed-back 
part of remnant atmosphere

wake



M86 in  
Virgo

Elke RoedigerRandall+08

Böhringer+94

Remnant tail! Had no  
chance yet  for mixing, 
no viscosity/magnetic fields 
needed to  keep it unmixed 
and bright



Zw 8338

Elke Roediger

A&A 583, L2 (2015)

Fig. 1. Adaptively smoothed X-ray image with V-band contours from WINGS (Fasano et al. 2006) in green. The distance of the “Comet” from the
cluster center (Z8338) is 5.30 (310 kpc). The tail of the “Comet” has roughly a length of 1.30 (76 kpc). Two close member galaxies (CGCG254-021
and J181025.63) are labeled as well; we assume that the comet-shaped X-ray emission is due to gas stripped from CGCG254-021.

Table 1. Temperature, abundance of heavy elements, and luminosity for
the cluster in di↵erent regions using a redshift of 0.05.

Region kT Z L0.5�2
[keV] Z� 1043 erg s�1

(0–0.5)0 1.89+0.09
�0.10 0.94+0.34

�0.25 0.40+0.02
�0.02

(0–4)0 3.09+0.16
�0.15 0.64+0.17

�0.14 1.48+0.03
�0.04

(4–7)0 3.61+0.42
�0.37 0.35+0.26

�0.19 0.84+0.03
�0.04

(0–10)0 2.98+0.17
�0.16 0.43+0.13

�0.11 2.84+0.06
�0.05

2.1. The cluster

The galaxy cluster of interest for this work is listed in P11 with
the following basic properties:

– The name is given as ZwCl8338 or MCXC J1811.0+4954.
– The equatorial coordinates are

RA = 272.7504�, Dec = 49.9111� (J2000).
– L500 = 5.3 ⇥ 1043 erg s�1 in the 0.1�2.4 keV energy band,

which corresponds to 3.4 ⇥ 1043 erg s�1 in 0.5�2 keV band.
– M500 = 1.3 ⇥ 1014 M�.
– R500 = 0.767 Mpc.
– Redshift z = 0.0501 (as given in Böhringer et al. 2000).

While analyzing our 8 ks Chandra observation from Observation
Cycle 14 (OBSID 15163) pointed at this cluster, we discovered
a comet-like structure to the west (Fig. 1).

Analyzing the cluster Z8338 itself by extracting spectra
reveals some details about the ICM environment. In the fol-
lowing, the ICM emission is described by an apec-model
(AtomDB 2.0.2) combined with a phabs-model to account for
the Galactic absorption (NH = 4.8 ⇥ 1020 cm�2, Willingale et al.
2013). Several regions around the cluster center (excluding point
sources and the Comet) are fitted (see Table 1).

Leaving the redshift free to vary in a region with high signal-
to-noise, we constrain z = 0.060+0.011

�0.022, which is consistent with
P11. Also, the calculated luminosity within 77% R500 deviates
by only 17% from the value in P11. For the calculation of our
luminosities point sources and the Comet structure have been
excluded, while this is not the case in P11. The core region of the

cluster shows a significant drop in temperature. We find a cluster
temperature in the annulus, which comprises the “Comet”, of
(3.6 ± 0.4) keV. Compared with the inner and outer regions of
the cluster, this seems to be significantly higher. If one splits this
annulus into one east and one west sector, the latter including the
region around the Comet, we detect consistent temperatures and
abundances in these two sectors.

2.2. The “Comet”

The structure to the west (referred to as Comet) consists of a
brighter spot to the south (referred to as Head) and an elongated
structure of di↵use emission (referred to as Main tail). Estimat-
ing the length of the structure by eye from the smoothed image
shown in Fig. 1, we conclude a size of 1.20, which corresponds
to 70.5 kpc using the cluster redshift of 0.05. By extracting a pro-
file (from equal sized boxes of 1000 width) along the tail from the
(unsmoothed) exposure corrected counts image (Fig. 2), we are
able to fit the function

F(r) =
(

c + a · r�b, for r > r0
c, for r < r0

(1)

to the photon flux, where a, b, c, and r0 are free parameters. With
the same redshift, we find a length of 143, 98 or 76 kpc when the
function reaches at c plus 1�, 2�, or 3�, respectively. The flux
increase in Fig. 2 at around (260–280) arcsec (the red dashed
line) corresponds to the light peak labeled “Outside” in Fig. 1.
This could imply that the Comet consists of substructure and
its total length extends beyond 150 kpc. In this region outside
the main tail (Outside in Fig. 1) the temperature seems to be
significantly higher than any part of the tail (Table 2), but still
much lower than in the surrounding cluster region.

Unfortunately this structure has only around 300 source
counts in this observation, so it is hard to derive any detailed
properties. Still we are able to obtain rough estimates for the
properties of the Comet, given in Table 2. As a result of the
lower temperature, we decided to perform the spectral fits re-
lated to the Comet in the (0.5–3) keV band. It turns out that
the head is (with low significance) cooler than the tail, pos-
sibly due to a dense cool core. Overall, when accounting for

L2, page 2 of 4
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The wake very far downstream
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wake remains coherent for a long time/long distance!
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Very far wake
far wake is coherent structure for long time  
also in air



Tails Wakes? in Coma

Elke Roediger
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The most striking features are a set of 
high surface brightness ‘arms’ (labeled A1 
to A4). A1 is enhanced in surface 
brightness with respect to the larger-
scale emission by up to around 10%, 
although this can increase to 15 or 20% 
using different models of the underlying 
surface brightness. Unless we are viewing 
these features from a special direction, 
the most likely morphology of the arms is 
that they are roughly cylindrical and are 
as deep as they are wide on the sky. We 
estimate that they are enhanced in 
density by 35–40%, assuming that they 
lie in the plane of the sky at the mid-
point of the cluster. The fractional 
density enhancement relative to their 
surroundings increases if the arms are 
significantly in front or behind the 
cluster. In addition, if they are inclined 
along the line of sight, their surface 
brightness would be boosted by 1/sin θ 
where θ is the angle between the arm 
and the line of sight. If this is the case, 
the density in the arms would be smaller 
than our estimates. Small values of θ will 
boost their chances of being detected but 
their intrinsic lengths would be much 
larger than observed on the sky. 

Around each of NGC 4889 and NGC 4874, 
are bright dense ‘halos’ of gas, labeled in 
the top panel H1 and H2, respectively. 
They are larger than the compact galactic 
mini-coronae (7), which we do not 
examine here. A more detailed view of 
the region between these galaxies is 
shown in Fig. 2. There is also a region of 
enhancement, labeled H3, around 100 
kpc to the north, east and south of NGC 
4874. An edge to this region between 
NGC 4889 and NGC 4874 is apparent 
(labeled E). This may be a shock (the 
projected pressure jumps by 10%), but 
the data are insufficient to verify the 
expected temperature change. 

 

Fig. 1. Chandra X-ray image of Coma. (A) X-ray surface 
brightness with labeled features. Coordinates are J2000 
decimal degrees. (B) Unsharp-masked image of the same 
region, enhancing features below ~30 kpc. The numerical 
values show the fractional surface brightness enhancement or 
suppression in smaller-scale features relative to larger-scale 
emission. Grey areas lie outside the dataset or are excluded 
point sources. 
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Sanders+2013

Chandra mosaic unsharp masked

if these are the very far wakes instead of 
tails, the responsible galaxy may be far 
away already



Coming out of the cluster
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coming out of the cluster — sloshing of remaining atmosphere, 
tail in odd directions (tangential, upstream)



Elke Roediger

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

In addition to the stripping properties, these features
are valuable for the study of ICM physics. Indeed, the sur-
vival of the stripped gas in contact with the surround-
ing ICM can tell us about the conduction timescale in
the medium, which is usually found to be much longer
than expected from pure Spitzer conductivity (Eckert et al.
2014; Sanders et al. 2013). Additionally, 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
inviscid case Kelvin-Helmholtz (KH) instabilities rapidly
develop and induce a fast mixing of the plasma, a high
viscosity suppresses KH instabilities, which results in long,
X-ray bright tails.

In 2012 we started an XMM-Newton program to look
for infalling gas clumps in two nearby clusters, A2142 and
Hydra A (A780, Abell et al. 1989). This program allowed
us to discover a striking example of infalling substructures
in A2142, namely we discovered in this cluster a galaxy
group with a mass of a few 1013 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 (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 an-
other accreting galaxy group, centered on the galaxy LEDA
87445 (Smith et al. 2004) ∼ 17′ south-east from the center
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 direction
from the tail, that give important indications on 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 spectral analysis techniques. In Sect. 3, we describe the
results of the data analysis, concentrating on the descrip-
tion of the morphology (Sect. 3.1) and spectral properties
of the new X-ray infalling group (Sect. 3.2). In Sect. 3.3, we
analyze the available optical data from the literature for the
Hydra A cluster galaxies and quantify the dynamical prop-
erties of the group. In Sect. 4, we interpret and discuss our
results: thermodynamic and ram-pressure stripping proper-
ties of the gas removed from the group are derived in Sect.
4.2, 4.3 and 4.4. In Sect. 4.5 we estimate the orbit of the
group and in Sect.4.6 we compare our findings with recent
numerical simulations. Our main results are summarize in
Sect. 5.

Throughout the paper, we assume a ΛCDM cosmology
with Ho = 70 km s−1, Ωm = 0.3 and ΩΛ = 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 R5001

= 811 ± 10 kpc (∼ 13 arcmin) and R200 = 1189± 96 kpc
(∼ 20 arcmin) from the fitting of the Hydra A hydrostatic
mass with the NFW universal mass profile. All the quoted
errors hereafter are at the 1σ level.

1 For a given overdensity ∆, R∆ is the radius for which
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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.

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 × 10−11 ergs cm−2 s−1 (0.5 − 2.0 keV band). Except
for cavities in the central regions caused by a giant AGN
outburst (McNamara et al. 2000), its X-ray morphology is
relaxed. 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 (6 pointings along different directions, ∼ 280 ks total;
PI: Eckert, Obs. ID. 0694440301-401-701-801, 0725240101,
0761550101) thus we obtained a mosaic of this cluster cov-
ering the entire azimuth out to the virial radius. We pro-
cessed the observations using the ESAS tasks as provided in
SAS v.13.5. After soft protons cleaning procedure (with the
mos-filter and pn-filter ESAS tasks, Snowden et al. 2008)
the total available clean exposure time for the south region
of Hydra A is 82 ks for MOS1, 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 de-
tectors and co-added them to obtain a total EPIC image.
To correct the images for vignetting, we extracted individ-
ual exposure maps using the XMMSAS task eexpmap and
created a total exposure map by summing the individual
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
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In addition to the stripping properties, these features
are valuable for the study of ICM physics. Indeed, the sur-
vival of the stripped gas in contact with the surround-
ing ICM can tell us about the conduction timescale in
the medium, which is usually found to be much longer
than expected from pure Spitzer conductivity (Eckert et al.
2014; Sanders et al. 2013). Additionally, 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
inviscid case Kelvin-Helmholtz (KH) instabilities rapidly
develop and induce a fast mixing of the plasma, a high
viscosity suppresses KH instabilities, which results in long,
X-ray bright tails.

In 2012 we started an XMM-Newton program to look
for infalling gas clumps in two nearby clusters, A2142 and
Hydra A (A780, Abell et al. 1989). This program allowed
us to discover a striking example of infalling substructures
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group with a mass of a few 1013 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 (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 an-
other accreting galaxy group, centered on the galaxy LEDA
87445 (Smith et al. 2004) ∼ 17′ south-east from the center
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 direction
from the tail, that give important indications on 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 spectral analysis techniques. In Sect. 3, we describe the
results of the data analysis, concentrating on the descrip-
tion of the morphology (Sect. 3.1) and spectral properties
of the new X-ray infalling group (Sect. 3.2). In Sect. 3.3, we
analyze the available optical data from the literature for the
Hydra A cluster galaxies and quantify the dynamical prop-
erties of the group. In Sect. 4, we interpret and discuss our
results: thermodynamic and ram-pressure stripping proper-
ties of the gas removed from the group are derived in Sect.
4.2, 4.3 and 4.4. In Sect. 4.5 we estimate the orbit of the
group and in Sect.4.6 we compare our findings with recent
numerical simulations. Our main results are summarize in
Sect. 5.

Throughout the paper, we assume a ΛCDM cosmology
with Ho = 70 km s−1, Ωm = 0.3 and ΩΛ = 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 R5001

= 811 ± 10 kpc (∼ 13 arcmin) and R200 = 1189± 96 kpc
(∼ 20 arcmin) from the fitting of the Hydra A hydrostatic
mass with the NFW universal mass profile. All the quoted
errors hereafter are at the 1σ level.

1 For a given overdensity ∆, R∆ is the radius for which
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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.

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 × 10−11 ergs cm−2 s−1 (0.5 − 2.0 keV band). Except
for cavities in the central regions caused by a giant AGN
outburst (McNamara et al. 2000), its X-ray morphology is
relaxed. 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 (6 pointings along different directions, ∼ 280 ks total;
PI: Eckert, Obs. ID. 0694440301-401-701-801, 0725240101,
0761550101) thus we obtained a mosaic of this cluster cov-
ering the entire azimuth out to the virial radius. We pro-
cessed the observations using the ESAS tasks as provided in
SAS v.13.5. After soft protons cleaning procedure (with the
mos-filter and pn-filter ESAS tasks, Snowden et al. 2008)
the total available clean exposure time for the south region
of Hydra A is 82 ks for MOS1, 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 de-
tectors and co-added them to obtain a total EPIC image.
To correct the images for vignetting, we extracted individ-
ual exposure maps using the XMMSAS task eexpmap and
created a total exposure map by summing the individual
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
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Fig. 1.— left: Digitized Sky Survey (DSS) blue-band image of NGC 1404 and NGC 1399. Blue region marks the region used to derive the
X-ray surface brightness profile of the stripped tail in Figure 5. right: Exposure-corrected and blank-sky background subtracted Chandra
image of NGC 1404 and NGC 1399 in 0.5-2.0 keV. Box region marks the frame of Figure 2-top.
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No. SP3] Suzaku and XMM-Newton Observations of the Fornax Cluster S965

Table 1. Suzaku and XMM observations of the Fornax cluster and background fields.

Fields Sequence (RA, Dec) in J2000.0 Date of Exposure times
number observation (after screenings)

Suzaku observations of the Fornax cluster
Center 100020010 (3h38m35:s7, !35ı28014:005) 2005/09/13 76 ks
North 800002010 (3h38m51:s9, !35ı14023:006) 2006/01/05 78 ks
Far North 802021010 (3h38m55:s9, !34ı57032:004) 2008/01/14 56 ks
South 803006010 (3h38m19:s6, !35ı45049:001) 2008/07/15 35 ks
North West 803007010 (3h37m25:s7, !35ı16052:007) 2008/07/16 41 ks
North East 803008010 (3h40m07:s5, !35ı09004:001) 2008/07/17 41 ks

Suzaku observations of the Fornax Galactic field
Galactic1 802037010 (3h13m11:s0, !37ı40048:000) 2007/06/28 20 ks
Galactic2 802040010 (3h19m57:s7, !32ı4018:008) 2007/06/29 21 ks

XMM observations of the Fornax cluster MOS1, MOS2, PN
A 0550930101 (3h39m02:s4, !35ı01055:002) 2008/06/28 10.6, 11.2, 7.0 ks
B 0550930201 (3h39m26:s2, !34ı49037:002) 2008/06/27 7.6, 6.7, 3.5 ks
C 0550930301 (3h40m27:s1, !34ı59016:008) 2008/07/17 11.4, 11.6, 8.0 ks
D 0550930401 (3h41m25:s0, !35ı10004:008) 2009/02/09 14.5, 15.1, 11.7 ks
E 0550930501 (3h41m40:s8, !35ı22051:006) 2009/02/23 18.1, 17.8, 14.6 ks
F 0550930601 (3h41m35:s0, !35ı37048:000) 2009/02/24 17.7, 17.9, 13.7 ks
G 0550930701 (3h40m52:s1, !35ı50002:004) 2009/02/24 0, 0, 0 ks
J 0550931001 (3h37m38:s9, !35ı45018:000) 2008/06/25 19.1, 19.4, 11.7ks
L 0550931201 (3h36m15:s6, !35ı32056:004) 2008/06/25 0, 0, 0 ks
N 0550931401 (3h37m11:s5, !35ı17034:008) 2008/06/26 11.0, 11.4, 8.0 ks
NGC 1399 0400620101 (3h38m29:s1, !35ı27003:000) 2006/08/23 99.6, 102.7, 53.2 ks
NGC 1404 0304940101 (3h38m51:s9, !35ı35039:008) 2005/07/30 24.6, 15.0, 17.0 ks
LP 944!20 0055140101 (3h39m34:s60, !35ı25051:000) 2001/01/07 43.0, 43.2, 36.5 ks
RX J0337!3457 0210480101 (3h37m24:s70, !34ı57029:000) 2005/01/04 44.3, 44.4, 37.9 ks
NGC 1386 0140950201 (3h36m45:s4, !35ı59057:000) 2002/12/29 15.9, 15.9, 12.8 ks

Fig. 1. (left) Suzaku-XIS (0.5–4.0 keV) image of the Fornax cluster. The NXB was subtracted and the difference in exposure times was corrected. The
Cosmic X-ray background (CXB) was not subtracted. (middle) Raw XMM-MOS image (0.8–1.2 keV) of the Fornax cluster. Magenta circles correspond
to field of view of the XMM observations. Red squares indicate the four offset observations with Suzaku. Blue pie and black square regions summarize
the accumulation area of spectral analysis. (right) Exposure- and vignetting-corrected and adaptively smoothed XMM-MOS image (0.8–1.2 keV). The
NXB and CXB were not subtracted.
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Fig. 3.— Black dots: surface brightness profile (in units of pho-
tons s�1 cm�2 arcsec�2) from NGC 1404 to NGC 1399 across the
leading edge of NGC 1404. Red line: the best-fit of the surface
brightness profile consisting of a gaseous ISM component and an
ambient ICM component. Blue line: density jump across the lead-
ing edge derived from the best-fit. Green dashed line marks the
position of the expected shock front.

(see Appendix). The three parameters of the model are
↵, the inclination of the orbital velocity of NGC 1404
to the plane of the sky,  , the inclination of the vector
from NGC 1404 to the cluster center from the plane of
the sky (Figure 4-bottom), and A, where the Mach num-
ber at the front is M

0 = A sin ✓0 (see Appendix). The
infall speed (Mach number) is determined by the value
of ↵, since M = vL/cs/sin↵. The best-fit (red solid line
in Figure 4 - top) indicates that NGC 1404 is near the
plane of the sky containing the cluster center ( ⇠ 0)
and it is falling through the ICM at ↵ = 34� with an
infall velocity of 830 km s�1 (M=1.32).

4.2. Search for shock features

For an infall velocity of M=1.32, a density jump of 1.5
and a temperature jump of 1.3 (corresponding to 2 keV)
are expected at a possible bow shock based on Rankine-
Hugoniot shock equations (Laudau & Lifshitz 1959)

⇢2
⇢1

=
(1 + �)M2

2 + (� � 1)M2
, (4)

T2

T1
=


2�M2

� (� � 1)

(� + 1)2

� 
� � 1 +

2

M

2

�
. (5)

According to Farris & Russell (1994), the distance be-
tween the cold front and the bow shock can be approxi-
mated as

DCS = 0.8R
(� � 1)M2 + 2

(� + 1)(M2
� 1),

(6)

where R is the radius of a nearly spherical body. DCS
would be 11 kpc for M=1.32. At an inclination angle
of 34�, we expect the bow shock to lie 9 kpc in projec-
tion ahead of the leading edge (marked in Figure 3). No
obvious enhancement is observed in the surface bright-
ness distribution. We do note ⇠ 2 keV gas close to the
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Fig. 4.— top: angular pressure distribution just inside the front
relative to the free stream, corresponding to Regions 1–7 in Fig-
ure 2; ✓ equals 0 at Region 4 and increases counter-clock wise.
bottom: illustration of the definitions of ↵ and  , the inclination
angle and the position angle of NGC 1404 respectively.

expected location in the temperature map but this is
consistent with ICM temperature fluctuation (Scharf et
al. 2005). For a shock feature to be detected, our line-
of-sight needs to be outside the Mach cone. This re-
quires the sum of the Mach angle (↵1) and the inclina-
tion angle (↵) to be smaller than ⇡

2 . In Figure 5, we
show (⇡2 � ↵1) and Mach number as a function of ↵. In
this case, the Mach angle is ↵1 = sin�1 1

M

= 50� and
(↵+ ↵1) is marginally smaller than ⇡

2 . The detection of
shock features in the NGC 1404 can be challenging.

4.3. Merging history of NGC 1404

Several lines of evidence suggest that NGC 1404 has
interacted with NGC 1399 before. NGC 1399 contains
more metal-poor globular clusters distributed at its out-
skirts than other typical early-type galaxies, possibly ac-
quired from NGC 1404. For a bright cluster elliptical,

Su+16a, in prep.
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Fig. 2.— Chandra image of NGC 1404 in the 0.7–1.3 keV energy band. The image was exposure-corrected with blank-sky and readout
background subtracted and point sources removed. We identify the red wedge as the sharpest edge, for which we derived the surface
brightness profile (green cross marks the curvature center). Regions 1–7 were used to derive the azimuthal pressure variation along the
leading edge (see Figure 5-top).
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• Pure hydro predicts characteristic observable features 
depending on infall stage: 

• first infall - long, bright, cool remnant tail; very long-lived, 
long, coherent far wake 

• outgoing - sloshing, odd “tail” directions 
• second infall - closest to “sphere in a flow” analogy, now 

wake is ideal for studying mixing 
!

• explains many observed features by getting the dynamical 
context right, without invoking additional ICM physics 

!
To understand observed signatures of ICM physics in 
individual objects, need to understand dynamics. 


