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ABSTRACT

We presentXMM-Newton observations of the wake-radiogalaxy system 4C 34.16, lwhic
shows a cool and dense wake trailing behind 4C 34.16’s hdakgaA comparison with
numerical simulations is enlightening, as they demonrsstizt the wake is produced mainly
by ram pressure stripping during the galactic motion thotighsurrounding cluster. The
mass of the wake is a substantial fraction of the mass of gtiedll galaxy’s X-ray halo.
This observational fact supports a wake formation scersanidar to the one demonstrated
numerically by Acreman et al (2003): the host galaxy of 4Cl84as fallen into its cluster,
and is currently crossing its central regions. A substafréation of its X-ray halo has been
stripped by ram pressure, and remains behind to form thexgalake.

Key words: X-rays: galaxies: clusters — X-rays: ISM — ISM: kinematicglalynamics —
galaxies: clusters: general — galaxies: interactions

1 INTRODUCTION Newtonimage of a first example: the wake associated with the
radio galaxy 4C 34.16. Unfortunately, not many candidatesew
known from ROSAT observations, and we did not have accurate
measurements of their propertieROSAT images and spectra of
. afew systems (M86, Rangarajan et al. 1995; 4C 34.16, Saielli
place as a galaxy moves through the ICM, and lead to the oreati o 5 1996: NGC4472, Irwin & Sarazin 1996; NGC1404, Jones et

of an overdense wake behind it: i) the accretion of ICM (Bendi 5| '1997) gave the first clues that wakes exist, and that trigitm
Hoyle accretion; Sakelliou 2000), and ii) ram pressurepinig of be cooler than the surrounding medium. The new instrumientat

the galactic material (Stevens et al. 1999). Naturallyhlppbcesses on Chandraand XMM-Newton has provided us with some more

should take place at the same time (€.g., Acreman etal. 2003) ¢ jigence that wakes might be a common phenomenon: in deep X-
Depending on the properties of the galaxy and the clusi@r,[e.  ray images of clusters’ cores wake-like features have been s

As a cluster galaxy moves through the intracluster medi@vj|
an X-ray bright region trails behind it, revealing its ditiea of mo-
tion. We now know that there are two physical processes #kat t

the galaxy velocity z.1) and the temperature of the ICMicv)l, - (e.g., Abell 1795 Fabian et al. 2001; Abell 133 Fuijita et 802
wakes behind galaxies may be visible at X-ray wavelengtits. A apel| 2199 Johnstone et al. 2002). Temperature maps ofelnit
understanding and knowledge of their production mechasjisih resolution also suggest that these filaments are coolerttein
the most favourable conditions for detectable wake pradacand surrounding media. As other authors have also argued Fabian
of their properties would be very rewarding for two main rees et al. 2001), wakes must be due to the motion of the centratertu
Firstly, wakes provide the only general means of finding tinecd galaxy relative to the ICM. The recent work on tK&/M-Newton

tion of the motion of the galaxy in the plane of the sky, thus-co  gata of M86 has been very instructive, as it has showed tleat th
tributing to the study of the dynamics of clusters (MerriiéB98). ‘plume’ associated with that galaxy is metal rich (Finogoest al.

Th.is method of studying clusters has been demonstrateddgire 2004). However, in all these cases there has been no indeptend
using bothROSAT(Drake et al. 2000) an@handralata (Acreman evidence (at other wavelengths, for example) which coutdio

etal. 2005). Secondly, wakes are manifestations of thexgd@\ that the galaxy is moving in the direction indicated by théeva
interactions, which modify the properties of both the cuge.qg.,

by contributing to the metal enrichment of the ICM) and thiagg Confirmation of the direction of motion of 4C 34.16 comes
(e.g., by inducing star formation). Thus, they may provities to from the shape of its radio jets. 4C 34.16 is a radio source as-
the transformation and subsequent evolution of galaxiekisters. sociated with the central galaxy in the cluster Z0357.9£94%

Our aim was to find the X-ray properties of wakes that had plumes are symmetrically bent into a wide C-shape (see[Fig. 1
been known from the epoch BfOSAT. Figure 1 shows th&MM- The most widely favoured model invokes ram pressure as tlie ma
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Figure 1. XMM-Newton and radio data of the field around the radio galaxy
4C 34.16 XMM-Newtonimages from the three imaging detectors (MOS1,
MOS2, and PN) in the (0.3-5.0) keV energy range have beemideeh and
the mosaic adaptively smoothed. Contours of the radio éoniss 1.4 GHz
are overlaid.

force responsible for the plume bending. Fortunately, thection
indicated by the bent plumes coincides with the directiorihef
wake, supporting the models of wake production discussedeab

In this paper we presenrXMM-Newton observations (Sec-
tion 2) of the field around 4C 34.16. Using these data we derive
the properties of the cluster in Section 3, and of the wakeeitr S
tion 4. Finally, in Section 5 we discuss the most favourabbelefs
for the wake production, and find the parameters that ardstens
with the observations.

Throughout this paper we use a redshift for 4C 34.16 of 0.078
[NASA/IPEC Extragalactic Database (NED)]. We adopt a Hebbl
constant ofHy = 71 km s~ Mpc™!, andQy = 0.27, which

man (2003) was followed. This cleaning procedure left aulss{-
posure of~21 ksec for each the two MOS cameras, a8 ksec
for the PN camera. For the spectral analysis we imposed rnvice s
limits, which reduced the exposures further % ksec (see Sec-
tion 3.2).

Using the filtered and clean event files of each imag{ijVI-
Newtoninstrument, images and exposure maps were created in the
(0.3-5.0) keV energy range. The images from all three insénis
were finally merged after being exposure corrected, usiaGhS
task EMOSAIC. Subsequently, the mosaic was smoothed with an
adaptive kernel using CIAO&sMooTHtool. Figurdl presents the
merged image, with the contours of a 1.4-GHz radio map oikrla

The radio data consist of 1.4-GHz observations in the B and
C configurations of the NRAO Very Large Array (VLA). The
B-configuration data were taken by us on 2002 Aug 23; the C-
configuration data were obtained from the VLA data archive{p
gramme AM79). Both datasets were calibrated, merged angkicha
within AIPS in the standard manner. As previously explajribe
central cluster galaxy hosts the double, bent radio souCce#416.

In Fig.[A we show the contour plot of the merged (0.3-5.0) keV
image, overlaid onto the DSS optical image of the field arcdined
central galaxy in the cluster, which is the host of 4C 34.16.

It is apparent from Fidgld1 and Fifl 2 that the cluster is fairly
spherically symmetric on large scales. The core of the rgaliaxy
coincides with the peak of the X-ray emission, which is not lo
cated at the centre of the inner X-ray emission, but is offs¢he
northeast. The X-ray emission around the radio galaxy isgeted
along a line that bisects the angle between the two radiclohe
mentioned before, the shape of the radio galaxy indicatesaatic
motion to the North-East. Thus, the asymmetrical X-ray siois
could be due to a wake trailing behind the galaxy.

In the following sections we use théMM-Newton data to
derive the properties of the cluster (Section 3) and the v(8ke-
tion 4).

places the source at 349.3 Mpc, and gives a scale of 1.457 kpc3 AVERAGE CLUSTER PROPERTIES

arcsec’.

2 OBSERVATIONSAND DATA REDUCTION

The field around 4C 34.16 was observed wWiMM-Newton for
~27 ksec. During the observation the two MOS and PN instru-
ments were operating in the PrimeFullWindow and PrimeFidfW
dowExtended mode respectively; the medium filter was usealifo
three instruments. The Optical Monitor (OM) was not swittbe,
due to the presence of bright stars within the field of view.

The raw event lists from the EPIC instruments were processed

and calibrated with SAS v5.3. During the processing therpatar
withbadpixfindvas switched on so that bad pixels that had not been
recorded in the calibration files were found and subsequeat!
moved. After the initial processing we confirmed that new pixd

els were found. The calibrated events were filtered for flagisg

the XMM-Newton flags#XMMEA _EM and##XMMEA _EP for

the two MOS and the PN detectors respectively. Restriciortbe
pattern were also applied: we kept only events with PATTER

for the MOS cameras, and 4 for the PN.

The observation was contaminated by background flares,

which were apparent in all energy bands. To clean the evstst li
for image analysis (Sectidn_3.1), the prescription in ReaBafh-

3.1 ImageAnalysis

For the purposes of the following spatial analysis, we gzteer
background subtracted and exposure corrected imageseindep
dently for each imaging instrument o6MM-Newton . Firstly, im-
ages for all three instruments were created in the (0.2k&¥%)en-
ergy range. Following Read & Ponman (2003), particle antttins
ment background maps were created. They were then sulatracte
from the data images, after scaling them to the out-of-fielhts.
The resulting images were corrected for vignetting by rplythg
them by the appropriate vignetting maps.

Our final aim was to compare the properties of the wake with
those of its environment, so that we can assess the wake@rodu
tion processes. Thus, we used the above generated datasitoage
derive the spatial properties of the cluster. As Elg. 1,[Adérdon-
strate, the X-ray emission from the wake and the galaxy datain
in the inner cluster region, around the active core. At laligeances
the cluster appears fairly symmetric. In order to derive dker-
age cluster properties and compare them with past resétftted
the (0.2-4.5) keV particle-subtracted vignetting-coteeicimages
in SHERPAwith a 2-dimensional3-model. Bright point sources
were removed, by excluding circular regions around themalde
decided to exclude the innerl.3 arcmin around the radio core, and
we did not model the emission of the X-ray halo and activeeusgl!



Figure 2. X-ray contours of the adaptively smoothed (0.3-5.0keV) aims
overlaid onto the DSS image around 4C 34.16. The contoulslare lin-
early spaced from (1-%)105 cnt s~ pix—2. The white contours mark
the boundaries of the source and background regions thatsarefor the
spectral analysis of Section 4.1. The horizontal bar atdpdeft corner of
the image is 1 arcmin long.

during this fitting procedure. The 2-dimensional model was-c
volved with the appropriate point-spread function (PSK)dach
instrument, which is a 2-dimensional image of the PSF of éach
strument, as implemented in the SAS task vVIEW.

Data from the three EPIC instruments were not co-added, but
fitted simultaneously. During the fitting procedure, theecardius
(rc) and 8 parameter, of the3-model were linked and left free
to vary; the ellipticity was set to zero; and the centre of dise
tribution was fixed to the location of the active core. The elod
normalizations were allowed to vary independently for each
strument. This fitting procedure resulted in a best-fittiatpe for
the core radius of, =2.371[2.336-2.412] arcmin=207.26[204.23-
210.89] kpc, and #=0.858[0.829-0.890] @ limits are quoted),
consistent with theROSAT results (Sakelliou et al. 1996). If the
centre of the3-model is left free to vary, the resulting parameters
are consistent within the errors with the ones we presenteabo

Although a derivation of the small scale galaxy’s X-ray prop
erties (galactic X-ray halo and active nucleus) is outsidescope
of this paper, we attempted to model them. We added angther
model to describe the galactic halo, and a delta functiortter
active core. Again, the composite models were convolvet thie
appropriate instrument PSFs. All trials reproduced theteluprop-
erties found before. However, the galaxy parameters weoeypo
constrained. Better quality data are required to allow ardena-
tion of the galaxy properties.

3.2 Spectral Analysis

As mentioned in Section 2, for the purpose of spectral aistiie
original event lists were cleaned further leaving usefydasures
of ~15.9,~16.0, and~10.2 ksec for the MOS1, MOS2, and PN
respectively.

To obtain a spectrum of the ICM, we accumulated counts in a
circular region centred on the central galaxy and extendingto

5 arcmin. The background spectrum was taken from the same ob-

servation, in a annulus adjacent to the source region, aeddixg
from 5 to 8.3 arcmin. Point-source regions were removed fitoen
source and background regions. The emission from the htzstyga

of 4C 34.16 and the wake were also excluded from the source re-
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Table 1. Properties of the ICM and the Wake

ICM WAKE
Ny 0.172[0.143-0.202]  0.689[0.288 - 1.280]
(x10%2 cm~—2)

T 3.17[2.66-3.70] 1.14[0.39-1.94]
(keV)

A 0.25[0.09-0.45] 0.26
(Zo)

x2/d.o.f 342.1/260 59.8/60
n 1.33[1.02-1.64] 2.37[1.66-8.57]

(x1073 cm—3)

NOTES: All the limits reported are at the 90 per cent levelthwi
Ax? = 2.71. The abundance table is from Anders & Grevesse (1989),
as implemented ixSPEC

f: the parameter is frozen during the fitting procedure.

gion. Here, as in any subsequent spectral analysis, resp@msfs)
and auxiliary response files (arfs) were generated wilFGEN-
1.48.5 andARFGEN-1.54.7 respectively.

The spectrum in the (0.3-8.0) keV energy range was modelled
in XsPeEchy amekalthermal model modified by the line-of-sight
hydrogen column, as described by tkePEC wABSmodel. The
Galactic column in the direction of 4C 34.16 M1, = 0.162 x
10?2 cm~2. The hydrogen column densityV), temperature of
the ICM (Ticm), metal abundancesZj, and normalization were
left as free parameters. The results of the spectral asabfghe
cluster are tabulated in Table 1, along with the spectrgbgnties
of the wake (these will be derived in Sectlonl4.1).

Here it should be noted that tidicnv adopted by Sakelliou
et al. (1996) was 1 keV. Their temperature was based onvelati
poor spectral fits to thROSATPSPC data. However, in their analy-
sis and interpretation they demonstrated how a &G\ would
have changed the final conclusions. In the following sestiowill
be apparent how a more accurate measurement of the cluster te
perature affects the final results.

In the same table (Table 1) we present the number densifjies (
of both the cluster and the wake. The tabulated value forGihé&d
density is the central number density§, derived from the central
surface brightness applying eq. (4) from Sakelliou et &9@). We
calculatedn, for each EPIC instrument independently using the
best fit values of the normalizations of the thigenodels found in
Section 3.1. The value presented in Table 1 is the weighteahme
and error of these three values.

4 THE WAKE

Galactic wakes appear as excesses of X-ray emission in gggeisn
of galaxies in clusters. Such an enhancement is seen in tBe (0
5.0) keV image of 4C 34.16 (see Fig. 2).

The plot of Fig[B clearly shows the asymmetry between the
front and behind the galaxy. In this plot we compare the fauia
files taken in regions that lie in front of and behind the ggldsor
the derivation of these profiles we used the background actietl,
(0.2-4.5) keV, mosaic image discussed in Section 3.1. Batfiles
were centred on the core of 4C 34.16. Counts were accumutated
concentric annuli of 8 arcsec width. The ‘in-front’ profileasex-
tracted in a sector between (100-140) degrees, and the ‘baekn
a sector between (280-320) degrees, where zero degreesiesin
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Figure 3. Comparison of the radial profiles around 4C 34.16 in two s8cto
The ‘in-front’ profile is shown by open squares, and the ‘bacie by filled
squares (see Section 4 for details).

D

Figure4. X-ray contours of the adaptively smoothed mosél¢M-Newton
image in the (0.3-5.0) keV energy range (as in Fig. 2) ovértaito the
softness ratio image (S-H/S+H), where S is the soft band attseHhard
band [S=(0.3-1.0) keV and H=(1.0-2.0) keV)]. Darker shaolegrey mark
regions of softer emission.

with the positiver-axis of the image, and angles are measured anti-
clockwise. This plot shows clearly that there is an excess-afy
emission behind the galaxy, and that the disruption extenti$o

~3 arcmin.

Generally, a galactic wake is expected to have softer eonissi
than the surrounding cluster. In order to investigate wénethis is
true for the 4C34.16 wake, we constructed the softnessiratige
shown in Fig[l. Images for eackMM-Newton camera were cre-
ated from the clean and filtered event lists in the (0.3-1e8} land
(1.0-2.0) keV energy ranges. As before, we generated exposu
corrected mosaic images in each energy band, using the XS ta

EMOSAIC. The softness-ratio image of Figl 4 was calculated by
:Z;—g, whereS is the softer and{ is the harder image respectively.
In order to better locate the emission that appears in tragi@and
to guide the eye, we overlay the contours of the (0.3-5.0) k&Y
saic, presented in Fiff] 2. It is apparent that the softesbmecare
dominated by emission from the wake.

Thus, the above discussion shows that there is enhanceg X-ra
emission from the region behind the galaxy, and that thission

is softer than the surrounding cluster.

4.1 Wake'sspectrum

Driven by the above results, we used the spectra of the wadte-to
rive its temperature and number density, to assist the ligag®ns
of the wake production mechanisms that we will carry outrlate
this paper.

In order to obtain the spectrum of the wake we followed the
steps set out in Secti@nB.2. The source and backgrounchsetiat
were used are shown in F[d. 2. The background region was chose
so that the emission from the cluster at the same off-soadies
as the wake region is subtracted, while avoiding regionsecto
the wake that might be contaminated by wake emission.

The source spectrum was fitted ¥sPEC by an absorbed
mekalmodel, in a similar manner as done for the cluster in Sec-
tionZ3. The hydrogen columiVz,w ), temperatureT’), and nor-
malization zorm) were left as free parameters. The metal abun-
dances Z) were held fixed to the value found for the surrounding
ICM (Z=0.25 Zp, Table 1). Given that we argue later in this pa-
per that the wake consists mainly of galactic material wedfike
metal abundances to the higher valueZsfl Zg, and performed
the same fitting procedure. We obtained a sighly higher teaape
ture for the wake than the one found 60.25 Z (see Table 1)
of 1.44[1.02 — 2.19] keV. However, since there is not a well es-
tablished value for the metal abundance of central clustiExges,
and since the data do not allow us to measure it directly, we ha
no reason to adopt a higher value for

The spectral fit for the wake resulted in a normalization for
the mekalcomponent oform = 0.6[0.3 — 8.0] x 107'% cm™>.
Using the dependency oform on the density %) (norm o
[ n* dV), we derived a density for the plasma in the wake X
of 2.37[1.66 — 8.57] x 107® ecm™>. The volume of the wake
(Vi = 1.6 x 10 cm®) was calculated from the dimensions of
the wake’s region shown in Fig. 2, assuming cylindrical sygtrn
(i.e., the wake is as extended along the line-of-sight akemplane
of the sky), and that it is on the plane of the sky. For the dat@n
of the wake’s density, we further assumed that the hot X-raif-e
ting component at the derived temperature is distributefmly
in the entire volume of the wake.

However, the numerical simulations (Stevens et al. 1999;
Acreman et al. 2003) show that the average volume fillingofact
(f) for the material that is at a temperature~of keV is between
0.3 and 0.4. For a given X-ray luminosity from a given volume,
the inferred density scales as, « f~°5. Thus, it can be larger
than the calculated value of Table 1. For a filling factor &5) for
example, the density of the non-uniformly distributed wakae-
terial is 1.7 times larger than the tabulated value, briggirup to
4.03[2.82—14.57] x 10~ cm 3. Both values are consistent within
the errors. In the following sections we use the wake demign
in Table 1, and a volume filling factor gf = 1, and we discuss,
when necessary, the implications fo 1.

The wake’s properties derived from the above spectral mod-
elling are presented in Table 1. The comparisoVef,, with that



found from the cluster fits and th&y ¢ indicates the presence
of some extra absorbing materiaVg,w — Nu,c = 5.27[1.26 —
11.18] x 10*' em™?) associated with the wake. This excess of
absorption towards the central parts of the the Z0357.92 %8s
noted before in th&kOSATdata, and now wittKMM-Newton we
know that it is restricted to the wake region. However, lagkihe
appropriate data (e.g., HI 21cm radio maps) we cannot bedmmtfi
that it is due to the presence of neutral material in the wakés
neutral material could be stripped from the galaxy, and edbs
absorption of the X-rays towards the wake.

5 DISCUSSION
5.1 Thebent radio galaxy 4C 34.16

4C 34.16 is a wide-angle tailed (WAT) radio galaxy, and tfane
shows an abrupt ‘flaring’ in its radio jets (Hardcastle & Si&ea
2004, Jetha et al. 2005, Hardcastle, Sakelliou & Worral5)0The

jets in these sources stop suddenly at some tens of kpc frem th
radio core. After their termination point, large plumes egeethat
are thought to be shaped by the interactions with the sudiogn
medium.

The jets in 4C 34.16 are transformed to plumes-&0 kpc
from the radio core. These plumes are bent symmetricalty ant
C-shape (see Fig. 1). The main force acting on the plumessseem
likely to be the ram pressure resulting from the motion ofghkaxy
relative to the ICM. The same motion should be responsiblén®
creation of the wake, as the wake direction coincides wittdihec-
tion in which the plumes are bent. Buoyancy makes an addition
contribution, dragging the plumes towards the outskirthefclus-
ter. After the termination point, the plumes can be tracettom
drojected distance of(120-140) kpc.

By considering the balance of buoyancy and ram pressure
forces Sakelliou et al. (1996) used tROSATdata to set an up-
per limit on the galaxy velocity ofga < 300 kms™'. With
the new parameters derived from tK&M-Newton observations
[kTicm = 3.17 keV compared to 1 keV used by Sakelliou et
al. (1996)] the allowed limits allowed by eq. (12) of Sakalliet
al. (1996) are somewhat higher. Depending on the exacttarien
tion and geometry of the flow inside the plumes, the requirgd
would be~ 1000 km s~ ! if the plumes are light compared to the
surrounding medium. The projected length of the plumeshen t
other hand, sets a lower limit @ > 1200 km s~ ! if we think
that the plumes are just passive clouds left behind by théomot
of the galaxy. But we have independent reasons to believehba
plume physics is more complicated, and we cannot make aecura
estimates of the galaxy speed from the radio galaxy strectione
because we cannot measure the particle density or fluid fleadsp
in the plumes directly.

Taking into account the above discussion abat, in the
next section, we assess the wake production mechanismsndemo
strating the implications of a galaxy speedl200 km s~ *.

5.2 Wake production

As mentioned in the introduction, two physical processespra-
duce galactic wakes: Bondi-Hoyle accretion and ram presstup-
ping. Of course, both processes take place simultaneoesdly, (
Acreman et al. 2003). However, Bondi-Hoyle accretion gener
ates pronounced wakes when the galaxy velocity is sub- nstra

sonic, and their length does not exceed a few kpc. For exam-
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ple, in a 3-keV cluster a Bondi-Hoyle wake cannot be longer
than ~5 kpc (Sakelliou 2000). Additionally, the accretion radius
[Race = 2 G Mga1 / (v + c2)] is smaller in richer clusters; in
a 3-keV cluster,R,.. is ~13 kpc if the galaxy is moving at the
sound speed, and it reaches orl§9 kpc if vga ~ 0.6¢s. Thus, in
4C 34.16 Bondi-Hoyle accretion can only supply the galaxthwi
ICM material, increasing the mass of its ISM. The mass aitsret
rate M..c,su) should depend on the galaxy and cluster properties
asl\'/lacc,BH o T wac NICM Vgal - Using AVgal = 890 km 7!
equal to the local sound speedl) nicy = 1.33 x 1072 cm 3
(Table 1), andR..c ~ 13 kpc (Sakelliou 2000), we find that
the rate at which ICM is accreted onto the galaxy(/i§cc,BH ~
10 Mg yr~L. It will be apparent that such accretion rates are small
compared to the mass of the wake that has already been accumu-
lated.

On the other hand, ram-pressure stripping dominates inthe s
personic regime. Taking into account the discussion ofiGe&i]
we can deduce that the most possible production mechanidimefo
wake in 4C 34.16 is ram pressure stripping. Of course, sonad sm
contribution (indirectly) from the ICM into the wake'’s bodyalso
expected, but it should not be substantial compared to thppstl
material.

5.2.1 The mass of the wake

In Section 4.1 we measured the density of the wake (Table ). M
tiplying the density of the wake., by its volumeV,, we find a
mass ofM,, = 2.3[1.6 — 8.4] x 10'° M), which is comparable to
the masses of the X-ray halos in elliptical galaxies (e.gnigares,
Fabbiano & Trinchieri 1987). The material with,, is contained

in a region between 45 and 135 arcsec from the galactic cae. A
mentioned in Sectiofi 4.1, the filling factor of the cool waka-m
terial may be smaller than 1. A filling factor gf = 0.35 implies
that the mass of the wake j&/2 = 0.59 times the value calcu-
lated above, but it is still within the quoted errors. A fitlifiactor

as small as 0.01 would be required to reduce the calculatsd ma
by an order of magnitude, but such a filling factor is unreikgly
small.

If we assume that all the mass calculated abaVg, (=
2.3[1.6 — 8.4] x 10'°My) has been accumulated during the
time taken for the galaxy to cross the current length of thkewa
(~130 kpc), we find that the wake must have been created dur-
ing the pastl.0 x 10® yr, where a galaxy velocity Obg, >
1200 km s~ ! (Section 5.1) has been used. To create such a wake
over this time period a relatively large mass accretion iHte
My ~ 200 Mg yrt is required. Of course, a volume filling factor
of 0.35 would reducéM,, to approximately half the quoted value,
and only af = 0.01 would reduce it by an order of magnitude,
which would make it comparable MaCC,BH (see Section 5.2). We
will return to the issue of this relatively lardd., in the following
sections.

5.2.2 Comparison with the simulations

All the previous results and discussion suggest that the prob-
able origin of the wake is through ram pressure stripping, taat
the galactic motion is trans- or mildly super-sonic. Aduitally,
from Sectio 2R we have a first indication that the mass doare
rate into the wake is substantial, and that the mass of therraht
that has already accumulated is comparable to the total ofidiss
X-ray halos in elliptical galaxies.
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Table 2. Simulations as~ 300 Mg, yr~'. Such mass replenishment rates are high, es-
pecially for a central cluster galaxy which is a radio galakkis
0 () () V) becomes clearer if one thinks that the mass replenishmenirra
_ the nearby starburst galaxy M82 does not exceed a few tens of
No Vgal Q. Mrep Mg yr~1. Thus, we consider the previously presented scenario
(kms™!)  (aem) (Mgyr™?) unrealistic, as the host galaxy needs to contain a huge anodun
1 1200 27 92.1 cold material, to be stripped by ram pressure and accretiectioa
2 1200 81 276.2 wake.
3 5000 27 92.1
4 5000 81 276.2

5.2.3 A more realistic scenario

NOTES: a«,m is the specific mass loss rate at the present day . .
[aem = 5.4 x 10720 s—1 (Mathews 1989)]. The mas¥l is We have found that the mass of the wake is a substantial frac-

calculated by, ep=cr. x M1 (sedBZR for more details). tion of the X-ray halo of an elliptical galaxy and large adie
rates are required to produce it. The only alternative toShe-
tion’s 522 scenario for the wake production is that of aaggl

T he ab id q . b d i with a pre-existing halo falling into a cluster: a galaxy lwi sub-
O test the above ideas, and to gain a better understanding g, ytia| hot interstellar medium (ISM) has fallen into tHaster,

under what conditions such wakes can be created, we deaded t and is currently crossing the central region of the clustehalo is

compare theXMM-Nevu{ton results with hydrodynamical simylg— stripped severely during this crossing, and most of thespisting
tions of a galaxy moving through the ICM of a cluster. Similar halo forms its wake

simulations have been present_ed els_ewhere (Steven§ @, 1 The large-scale structure of the ICM provide support to this
Acreman et al'g 2003?' In qur S|mu!at|qns, a galaxy with mafss o picture. TheROSAT images (Sakelliou et al. 1996) showed that
Mgar = 2> 107 Mg, Is se_tlnto_ motion in a cluster of temperature the ICM at large radii is elongated along a direction coiroid
Ticm equal to the value given in Tatlle 1. with the direction of the wake and the bent jets. This charact

we (rjan a ngmber of|5|mulat|\(l)vns varylngt:] I:he galax¥ v]fe:cocny istic was attributed to a recent disruption of the clusteatsmall
(vea1) and specific mass losa{). We present here a set of four in-falling group. Such a process has been demonstrated ritume

runs that bes(; shovydthehdetf)endencyhof the reilljlts on the FdePUt cally with the recent simulations of Acreman et al. (2003)eyf
rameters, and provide the best matc tp o eWton.resu ts. modelled a spherical galaxy that is falling into a clustet very
The vza) anda. used for each run are given in Talle 2 in columns different from the one around 4C 34.16 (they used a clustar te

(1) and (lll) respectively. The specific mass loss is a measure perature of 2.7 keV, while the ICM of the 4C 34.16 cluster is at

of thg mass that is replenishebi‘l,(cp) within the galaxy from a ~3.2 keV (see Sectidn3.2). Their work showed that: i) thexgala
combination of stellar mass loss and supernovae (see fa desr velocity becomes mildly super-sonic during the core pasgage

tails in Steven_s et al,_1999)_ Ir_1 Talﬂ]; 2 [column (I_V)] we alisd their fig. 1); ii) most of the halo is stripped during the firgtre
t.heMGC used in the different simulation runs, that is calculated by crossing (see fig. 3 and 4 in Acreman et al.); iii) the galaxylose

Mrep=ars X Mgal. . . . half or more of its ISM during its initial travel towards theuster
Temperature and density cuts along a line parallel to treedir centre

t!on of thg galactig motion are presented in Elg. 5(a) andepec- According to the above scenario 4C 34.16 should not retain
tively, using the snmulat_ed dat_a from all four runs. In flippwe the large quantities of ISM found in similar sources (e.gthd
see that in the low velocity regime th(_a temperature of theavizles et al. 2005, Hardcastle et al. 2005). In order to see if thisus,

not rgach thg m?ﬁsured valuel, b.Uth'S ont avter:agé I;e\/. .Ho;v- we attempted to model the galaxy spectrunx8PEC The source
ever, mcreasw;g Ig mass rep fenls m_erll Ir]a e (un 2) e region was a circle of 10 arcsec radius around the active ddee
?ppear:ancei 0 C'I?h tongulgsf of materia I;[:I gt_ emﬁnate epaib;jl fitted the spectrum with anekal+power lawmodel modified by
t[]omt ke gc? axy.t tk? S€ ¢o eaotlurels coul ring t et;]emp:m the Galactic absorption. The temperatut@ign ), power law index

the wake down to the measured values. Increasing the massrep (I"), and normalizations of the two models were left free to vary
ishment rate means that more cold gas is available withigatexy This fitting procedure resulted infelisy of 0.2 keV andr’ = 2.3

1o be stripped anq added into the wake. Hoyvever, in simulaio (x?/d.o.f=15/14). However, the small number of observed counts
the ram pressure is not strong enough to strip the galaxyarsd meant that the best-fitting parameters were not well congtta

of the_cold gas en(_js up accumula_tlng around the_galgctlce:em We found that the unabsorbed luminosity of the thermal carepb
creasing the density in the galactic core as seen irFig. B{gher 1

e . . . only in the (0.6-3.5) keV energy range-s 0.3 x 10*% ergs™!,
galaxy velocities are required to make this cold materiarete lower than the luminosity of the ISM in 3C 468 & 10*2 erg s~
into the wake [Figl5(a)]. As we see in the run 4, the tempeeaté Hardcastle et al. 2005), suggesting that there might beka)lfdm't
the wake in the region (320-460) kpc (which is the distanoenfr X ). Sugg 9 9

. . gas from the galaxy in 4C 34.16.
the radio core where we measure the Xjray_propertles of tike wa The close match of the Acreman et al. (2003) results and the
of Table 1) drops down te-1.5 keV, which is within the range X-ray properties of the 4C 34.16 supports strongly the ided t
of wake tgmperatures .we measure. In Elg. 5(b) we see thakin th the process simulated by Acreman et al. (2003) represemisatt
sameregion the wa_ke is overdense by a_factor between 1.7.4nd 3 explanation in hand for what is happening around 4C 34.16.
again consistent with the measured ratio from XMM-Newton
data (see Table 1).

Thus, a galaxy that is moving at a constant velocity
1200 km s~ ' through a medium with a uniform density equal
to the central density of the 4C 34.16 cluster, could prodace According to the proposed scenario the host galaxy is ctiyren
wake with the measured properties, lmly if Mrep is as high crossing the cluster core and its velocity is mildly supeisoSuch

5.2.4 s there a compression region in front of the galaxy?
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Figure 5. Temperature (a) and density (b) variations along a linellgata the galaxy velocity. Both cuts are derived from theslated data. The galaxy is
moving to the left of the image, and its centre is~260 kpc. Simulation runs No 1, 2, 3, and 4, are representedsoyid short dashed, long dashed, and

dotted lines respectively (see Talle 2 for details).

a

(b)

Figure 6. (5.0-8.0) keV image overlaid by (a) the (0.3-5.0) keV comgpand (b) the radio map.

a motion should compress the region in front of the galaxy, re
sulting in the heating of the ICM. The galaxy is moving relati
to its surroundings with a Mach number 8f > wvgai/cs ~
1200/890 = 1.35, the compression factor isid /> 1.5. From Lan-
dau & Lifshitz (1987) we find that such a compression would in-
crease the temperature of the medium in front of the movitaxga
from ~3.17 keV up tokT;, >5 keV (in the above calculation we
usey = 5/3). This effect can been seen clearly in the results of
the simulations in Fid]5(a), where the temperature in fafrthe
galaxy is enhanced.

The presence of such a hot feature in ¥/dM-Newton data
would provide further support for a supersonic motion. Fédd
shows anXMM-Newton image in the (5.0-8.0) keV range. Again,
this mosaic is produced in a similar manner to the ones of @e2t

and smoothed with a Gaussian kernel with= 20 arcsec. As can
be seen in this image the emission from the wake is not visitse
expected, since we have found its emission to be soft and-domi
nant in the soft energy bands. The hard image reveals a fabgnt
intriguing feature. There appears to be a ‘bar’ of bright ssitn

in front of the galaxy. This region might be the above-menid
compression region in front of the galaxy.

The centroid of this ‘bar’ is+18 arcsec away from the galactic
centre. One might think that this emission comes from théorad
core, but it is very unlike since at other energy ranges tieee
very good alignment between the radio core and the X-ray.peak
Additionally, we are not aware of pointing errors as largettees
measured offset between the ‘bar’ and the radio core. The ‘ba
appears extended and not point-like. It is detected withNeG/
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above the local background, which was calculated from tineesa

hard image between 1.5 and 5 arcmin away from the galaxy. The «=

inspection of optical images does not reveal any obviouscedhat
could be responsible for this hard X-ray emission.

To obtain the spectrum of the ‘bar’, we accumulated counts
in an elliptical region in-front of the galaxy with minor anda-
jor axes of 12 and 30 arcsec respectively. The backgrounc spe
trum was taken in an annulus between 1 and 2.5 arcmin, simi-
lar to the one shown in Fidl 2 . We fitted the spectrum with an
absorbednekalmodel. TheNy and metal abundance were fixed
to the Galactic value and 0.25 respectively. Unfortunateigre
are not enough counts in the data to constrain the temperatur
of the detected feature. The fits indicate that the temperatu
Ty, > 4 keV (x*/d.0.f.=27.3/27). Its unabsorbed luminosity is
Ly[(0.5 — 5.0) keV] ~ 0.7 x 10*! ergs™".

Applying the jump conditions from Landau & Lifshitz (1987)
for a Mach number of\/ > 1.35, we derived that the density
of the ‘bar’ should ben, > 2.0 x 1072 em 2. Using PIMMS,
we find that the luminosity of a thermal plasma wiily and
ny, properties derived above in the (0.5-5.0) keV energy rasge i
> 0.2 x 10* erg s~ !, consistent with the measured value from the
XMM-Newton data.

Thus, the properties of the hot feature in front of the galaxy
might support the previous arguments that the motion of 4C&34
is currently supersonic as it is crossing the cluster comvéver,
better quality data are required to explore this possyhilitther.

5.3 Thefateof thewake

Using the densities and temperatures of the ICM and the wake

shown in Table 1 we find that the wake is in pressure imbaldnce,
Py/Picm ~ 0.64 (whereP,, andPicum are the thermal pressures
of the wake and and ICM at the location of the wake, respdgive
The pressure imbalance within the wake will be eliminatethini
tp ~ Ry /cs, Wherec, is the local speed of sound, aft), is the

radius of the wake. The size of the overpressured wake, as mea

sured from the X-ray data is (60 120) arcsec. Using an average
radius of R, =65 kpc, we find that the pressure imbalance will dis-
appear intp ~ 0.7 x 10® yr, assuming that this region of wake
material is left behind in the cluster, and that it is not egjighed
by neither stripped ISM nor accreted ICM. This time is slight
smaller than the core crossing time ¢ 2.3 x 10 yr).

On the other hand, the entropy of the wake is less than the
entropy of the surrounding mediumS;, /Stcm 0.24 (where
Sy is the entropy of the wake argicn the entropy of the ICM at
the location of the wake). Here, the entropy is definefl as n2—T/g
Entropy imbalances even out by the transport of materiahtdg/
regions in the surrounding cluster where the entropiesmatwus,
the low entropy wake will tend to go towards lower-entropyiosis
in the cluster, which are at, or close to, the cluster cemttgch in
the case of 4C 34.16, coincides with its host galaxy. Theeefba
cool and dense wake is left behind it will move towards thetgu
centre by the buoyancy force:

~

@)

where p,, and prcv are the densities of the wake and the ICM
respectively, ang is the cluster’s gravitational acceleration:

VFg = (pw — picm) g

_ kTicm Vpicm
Hmp

Thus, the wake will be driven by an acceleration of

@)

pPICM

(1 ~ M) g, @3)
pw
where for the calculation of we used eq. (2), and the properties of
the cluster, as derived in earlier sections. The time thatlitake
for the wake to move to the cluster centretjs = 2rw /a, where
rvw IS the current location of the wake relative to the clustertiee
Forr, ~1 arcmin,tg = 3.3 x 10% yr.
The large uncertainties of the density of the wake (see Sec-
tion 4.1) make the comparison &f andtg difficult. With the cur-
rent determination of the wake’s properties it is uncleaethier
the pressure imbalance will disappear quickly, leavingethigopy
structure almost unaltered.

6 SUMMARY AND CONCLUSION

We have presentedMM-Newton observations of the X-ray wake
that trails behind the WAT radio source 4C 34.16.
Our results can be summarized as follows:

e The wake is cooler and denser than the surrounding ICM: its
temperature isv1.14 keV;, for a filling factot off=1 its density is
~ 2.6 x 1072 cm ™3, and for a more realisti¢=0.35 it can be 1.7
times the above value.

e A comparison with hydrodynamical simulations shows that
the XMM-Newton results fit well with the scenario simulated by
Acreman et al. (2003): the host galaxy of 4C 34.16 is fallimg its
cluster, and currently itis crossing the core region, gigsnoving
supersonically.

e Asthe galaxy passes through the cluster, it sweeps up the ICM
forming a hotter and denser region in front of it. There iglevice
in the XMM-Newton for the presence of such a feature, although
better quality data are needed to constrain its properties.
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