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ABSTRACT

Markarian 6 is a nearby (B78 Mpc) Seyfert 1.5, early-type galaxy, with a double set of
radio bubbles. The outer set sparis5 kpc and is expanding into the halo regions of the host
galaxy. We present an analysis of our néhandra observation, together with archiviMM-
Newton data, to look for evidence of emission from shocked gas atdhe external radio
bubbles, both from spatially resolved regionsGhandra and from spectral analysis of the
XMM data. We also look for evidence of a variable absorbing colatong our line of sight
to Mrk 6, to explain the evident fierences seen in the AGN spectra from the various, non-
contemporaneous, observations. We find that the varialderption hypothesis explains the
differences between ttighandra and XMM spectra, with th&Chandra spectrum being heavily
absorbed. The intrinsiy varies from~ 8x 10?1 atoms cm? to ~ 3x 10?3 atoms cm? on short
timescales (2-6 years). The past evolution of the sourcgesig this is probably caused by a
clump of gas close to the central AGN, passing in front of uk@imoment of the observation.
Shells of thermal X-ray emission are detected around thie fadbles, with a temperature of
~0.9 keV. We estimate a temperature~d.2 keV for the external medium using luminosity
constraints from ouChandra image. We analyse these results using the Rankine-Hugoniot
shock jump conditions, and obtain a Mach numbet &0, compatible with a scenario in which
the gas in the shells is inducing a strong shock in the sudiognSM. This could be the third
clear detection of strong shocks produced by a radio-pav&#yfert galaxy. These results
are compatible with previous findings on Centaurus A and NG@L3supporting a picture in
which these AGN-driven outflows play an important role in émironment and evolution of
the host galaxy.
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Newton —
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1. Introduction

RecentChandra observations of the environments of several powerful rgdiaxies (e.g. Hydra A,
McNamara et al. 2000; M87, Young et al. 2002; Hercules A, Biulst al! 2005; see also the review by
McNamara & Nulsein 2007) have led to significant progress gteostanding the AGN-driven gas outflows
in these systems and the role they play in galaxy formati@hesolution (Croton et al. 2006; Bower et al.
2006).

We now know that, although the most powerful radio outflovpsmning hundreds of kpc, are associ-
ated with massive elliptical systems, smaller structutes eonnected to an active nucleus can be found in
a variety of systems and environments, including spiral diskl galaxies (see e.@g. Gallimore etlal. 2006,
Kharb et all 2006, Hota & Saikia 2006, Saikia & Jamrozy 200%)e mechanism by which these structures
are produced is likely to be related to the one we see in the povgerful sources, but on a smaller scale.
Most of the observed AGN-driven bubbles have been found tovieepressured with respect to their sur-
roundings, and may be thus inducing shocks into their sading medium. The wide range of morpholo-
gies of the galaxies where radio bubbles have been foundthenfct that this AGN-driven phenomenon
is most likely episodic.(Saikia & Jamrazy 2009) make underding the energetics involved in this process
fundamental to estimate its impact on AGN feedback and gatamlution, and extrapolate how common
this mechanism can be in low-power systems.

In our search for evidence of galaxy feedback associatdukpit-scale radio bubbles, we have carried
out observations of a variety of systems, the most notahleaps being the nearby FanfirRiley type
| (FR I, [Fanardt & Riley 1974) galaxy Centaurus A (Kraft etlal. 2003, Crostbmle2009), finding evi-
dence for shocks also in smaller, more distant systems sublGG& 3801 /(Croston et al. 2007) and a rather
more complex scenario in the spiral galaxy NGC 6764 (Crostai.| 2008b). We recently carried out a
Chandra observation of Markarian 6 (Mrk 6, IC 45@,= 0.018676), an early-type SO Seyfert 1.5 galaxy
(Osterbrock & Koskl 1976) whose characteristics have béediedd in the radiol(; agH, = 1.7 x 1072 W
Hz1 sr1), infrared, optical and X-ray wavelengths over the last 8@rg. Recent radio studies have un-
veiled a complex structure surrounding the AGN, with a dewdat of bubbles and a radio jet (Kukula et al.
1996), suggesting a jet precession scenario (Kharh let @h)20n this paper we describe the results of our
analysis of theChandra observation.

We have also analysed three previous datasets Kighil-Newton to study the evolution of the AGN
and its immediate environment over time. These data werkysethin detail previously (Schurch et al.
2006;/ Immler et al. 2003), using féierent models to address the complex scenario surroundang@.

We have approached this analysis by searching for consjstegtween theChandra and XMM-Newton
datasets in the context of variable absorption, followinghithe methods used by Hardcastle etlal. (2009)
when modelling a sample of 3CRR radio sources, and a doublialpaovering model that has previously
been successful in describing the properties of the nuslgestrum of Mrk 6.

Throughout this paper we use a concordance cosmology, kg&v0 km st Mpc™, Q,,=0.3 and
QA=0.7. The redshift of Mrk 6 corresponds to a luminosity dis@of 78.4 Mpc.
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2. Observations and data reduction
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Fig. 1.—Left: Chandra ACIS-S 0.4-3 keV image of Mrk 6, witlor=3 pixels Gaussian smoothing and
overlaid VLA radio contours (Kharb et al. 2006), showing thatch between the radio and X-ray emission.
In this frame are also displayed the source (blue, contisuand background (magenta, dashed) extraction
regions for the bubble spectra. The label A shows a possit&dsound quasar, while B indicates the
emission coincident with the extended [Olll] emissioreliregions, see Figuigé 2. The energy range has
been selected to highlight the shell-like structure surdmg the bubbles and the overlap between the X-ray
emission and the radio structumight: (non-smoothedXMM-Newton's MOS 1 image (obsid 0305600501)
of Mrk 6, with the source (blue, continuous) and backgroumddenta, dashed) extraction regions for all
the AGN spectraChandra andXMM).

We observed Mrk 6 witltChandra's ACIS-S CCD on July 12 2009, with a total exposure of 75 ksec.
The observation was carried out in faint mode, to minimisaés with the background and at the same time
avoid telemetry saturation. There were no intervals of ligbkground during this observation, hence we
analyse the full exposure. We reprocessed the data frorhlesxeents in the standard manner, using CIAO
4.2 and CALDB 4.2.0. To improve the quality of the data for fheposes of a study of the extended radio
bubbles, we removed the pixel randomization and ran theeddshg routines on the data. We produced
two filtered images (0.3-7 keV and 0.5-5 keV) to assess thenexnd structure of the radio bubbles, and
chose our regions accordingly, but extracted all the spdatm the original events file. We performed our
spectral fits with XSPEC, constraining the energy range twoliecident with that covered by the instrument
calibration (0.3-7 keV). We estimated the pileup fraction these data from th€handra documentation
and calculated a numerical value using the PIMMS tools. Tileaip fraction is about 12% throughout the
observation (there are no substantidfatiences in the count rate during the observation).

The XMM-Newton observations were taken in March 2001 (obsids 00615401010861540201),
April 2003 (obsid 0144230101) and October 2005 (obsid 080561). We reduced the data using the
standard routines from SAS version 9.0 and the latest adildor files. Tabl€1l gives details on the exposure
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times. The 2001 and 2003 observations were taken with theumefdter, while 0305600501 was taken with
the thin filter. We decided not to use the observation 006264M®ecause it was taken in calibration closed
mode. We discarded the first 10 ksec from the observationZBOD1 due to high background. Despite the
background contribution being uneven during this obsewmatafter examining the relative count rates of
the source and the background, we decided not to discardthaytome intervals, since the background in
these periods was always below 10% of the intensity of thecgoacross the whole energy range, which is
accurate enough for our purposes. We extracted spectiaféiN, MOS1 and MOS2 cameras, except in the
case of the observation 0144230101, where a PN spectrurd noube obtained. We limited our spectral
fits to the 0.3-8.0 keV energy range, to analyse an energ\eramgparable to that covered @pandra.

For the study of the properties of the AGN we used the samadidn region for theChandra and
XMM data, a~60 arcsec radius circle centred in the source, which camtamst of the MOS and PN PSF.
Although we know from th&Chandra image that there are a few point sources other than the AGNrwit
this extraction region (see Figurk 1), they are not resobyetthe XMM instruments, and their intensities are
so low compared to the AGN that we can consider théaats negligible. We also use the same background
region for all the data, a50 arcsec radius circle, North of the source region to avoitamination from
the host galaxy, as seen on Figule 1.

To simulate the AGN on th€handra detector we used the ChaRT 1.0 web interface and MARX version
4.5.
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Fig. 2.— [Olll] image of Mrk 6 from| Kukula et al.| (1996), withverlaid radio contours, showing the
structure of the extended emission-line region (ENL&Rple: 1"=366 pc.

For the study of the extended bubble area, we used as a redetied radio data fromn_Kharb et al.
(2006), defined contours around the largest-scale bubbksl@w source regions outside these contours,
keeping well away from the central AGN to avoid contaminatfoom its PSF, as well as from the inner
radio bubbles and jet. Figufé 1 shows details on the extractgions and the structure of the extended
emission from the bubbles. In this case, we took care to dedhe only likely background source (South
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of the source, see discussion in Secfion 3.2) in order taasamtamination in our spectra.

All the spectra were grouped to 20 counts per bin after backgt subtraction, before spectral fitting,
to be consistent withy? statistics. We used a fixed Galactic absorptiorNgf = 6.39 x 10?%atoms cm?
(Dickey & Lockmai 1990) for all our spectral fits, and a refishi= 0.018676 8 MBAD).

Table 1: Summary of Mrk 6 X-ray observations.

Telescope Instruments Date Obsid ksec
XMM-Newmton PN, MOS1,2 200D426 0061540101 31
XMM-Newton MOS1,2 20004/26 0144230101 41
XMM-Nemton PN, MOS1,2 2008027 0305600501 20

Chandra ACIS 200906/12 10324 75

All the parameters estimated with XSPEC are quoted with 9686idence uncertainties. The errors
on the upper limit of counts for the extended regions are 1

3. Reaults
3.1. The Seyfert core
3.1.1. Instrumental corrections

When we first approached the analysis of our data, we exttactpectrum using the regions illustrated
in the right panel of Figurel1 and fitted a model consisting dbable power law with Galactic and heavy
intrinsic absorption. We were surprised to find that@mandra andXMM-Newton spectra looked radically
different. After checking the observation details of @€l&andra data, using the on-line to®IMMS, we
found that the AGN spectrum had a noticeable pileup fradficdi%), compatible with the frame time of
the observation (3.1 s) and the background-subtracted catgnof the AGN £0.11 counts). This resulted
in a “ghost” peak around 2 keV in our spectra, caused by pifed keV photons. We could not obtain
satisfactory results from the XSPE@eup model, perhaps due to the complexity of our underlying model
so we decided to attempt afiirent approach, previously applied with success by Getrinaln 2005),
Evans et al. (2005), and Hardcastle etlal. (2006).

In most sources only the central pixels of the PSF #iected by pileup. These innermost pixels also
contain a large fraction of the total photon counts; so elating them &ectively removes any issues with
pileup, but it also results in a lower signal to noise ratfgileup is significant enough to cause a bias in the
spectral fits, however, removing itffects often results in improved fits. In our case, excludirgdbntral
four pixels of the PSFféectively eradicates any pileup issues in our spectra; waexd a spectrum from
such a region, centered on the core, and generated an RMFRIathahe standard way. However, since the
PSF is energy-dependent, excluding these pixels and érfyacspectrum from the resulting annular region
alone does not solve the problem; it is necessary to coliecdARF to account for this energy dependence.
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Fig. 3.—Left: realChandra ACIS-S (75 ks) 0.3-7 keV image of Mrk 6, with=2 pixels Gaussian smooth-
ing. Right: ChaRTMARX simulated data (150 ks) 0.3-7 keV, with=2 pixels Gaussian smoothing. The
scales and colour bars in both pictures are the same. Thdasgdumage contains only AGN photons,
with no background, and helps us correct the pilefiipats in our AGN spectra (we did not simulate pileup)
and establish a statistical contribution of photons fromAGN to the bubbles and external regions of the
galaxy. Since the exposure time of the simulation is twickoag as the one of the original data, we have
corrected for any exposure-dependefiees when using it for our analysis. The equivalent of thatfai
streak in the simulated image is below the background levitle real dataScale: 1”7=366 pc.

To correct the ARF we followed the procedure described bydetstle et al. (2006). We generated an
energy (keV) versus flux (photofes?/s) table from our model fit and fed it to ChaRT, the Chandra Ray
Tracer (Carter et al. 2003), a code that simulates a PSF frepeafied model. We selected an exposure
time of 150 ks, twice as long as our real exposure, to get thedmssible photon statistics in the simulated
data while trying not to exceed the limit on the ray densitg 8l not simulate the pileup with ChaRT. The
output from ChaRT is a set of rays that cannot be directly fednalysis: they need to be projected on the
detector plane and converted into an events file using I\/@RX

We then generated a new events file from our original data arahaular extraction region, identical
to the one we used to generate our spectra, but excludingetiiteat four pixels. We used a code to fit a
5-th degree polynomial to the ratio of this events file andvitwle simulated events file as a function of
energy. This code reads in the ARF generated by CIAO andsstadedfective area at each energy, using
the polynomial fit, to &ectively correct for the missingfiective area due to the exclusion of the central
pixels. The code then writes a new ARF which can be used tecioior the &ects of excluding the central
pixels.

1See http/space.mit.edfCXC/MARX /docs.html
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We were then able to carry out fits to our extracted spectrus .expected, the loss of counts from
the central pixels slightly decreased the signal to noisie,raut eliminating the bias caused by pileup
resulted in a noticeably improved fit (see Seclion 3.1.2 &aits) and we obtained a better statistical result.
The simulated image is displayed on the right panel of Fijreext to the original data. Although the
simulation predicts some streaking in the image, in our egpbsure it is so weak it is not detectable over
the background noise, so that we cannot use it to constraiA@N spectrum.

3.1.2. Modds

Early ASCA data on Mrk 6 have already made clear thi@clilties underlying the study of intermediate
type Seyferts/(Feldmeier et/al. 1999), particularly whesediangling the absorption component from the
intrinsic continuum shape, and several attempts have besfe mince then to successfully model both
the underlying, complex physical scenario, and the prasedf the X-ray emission we see. The partial
covering model used for th&SCA data was also employed in the analysis of an eglljM-Newton dataset
byllmmler et al.|(2003), while analysis of a later observai{i§church et al. 2006) favoured the inclusion of
a reflection component.

After correcting for pileup in ouChandra spectrum, it still looked very élierent to theXMM-Newton
spectra. Moreover, we encountered some problems wheig fitteChandra spectrum alone, using a double
power law model with local and intrinsic absorption (seeobefor a detailed description of the model).
XSPEC is unable to disentangle the contribution to the mivded the power law from that of the absorbing
column, which results in extremely low or even negative galof the photon index for the second power
law. Seeing that th€handra spectrum has fewer relative counts andféedént shape in the 2-5 keV range,
we decided to test the hypothesis of a variable absorptibmraoalong our line of sight to Mrk 6, which may
be caused by the movement of clumpy gas from the regionsmatlfew pc of the black hole, happening on
timescales of months to years. This hypothesis has beeessially used over a variety of Seyfert 1 and 2
X-ray spectra (see e.g. Risaliti eflal. 2002) and has alrbadp suggested before for Mrk 6lby Immler et al.
(2003) after they observed a substantial change in the pifimoicolumn between theXMM andBeppoSAX
observations. However, the absorption variations betwleeXMM spectra from 2001, 2003 and 2005 are
much smaller/(Schurch etlal. 2006). Disentangling intd@SGN variability from the variable obscuration
is a difficult task, both in the X-rays and at other wavelengths. Wenkinom the optical wavelengths that
changes in intensity of theddand H3 optical emission lines are a good probe of the variabilitthefcentral
AGN itself, but there is also evidence that suggests thagdisevhere these lines are produced can undergo
substantial variations over time (Rosenblatt et al. 1992).

We decided to approach the modeling of the AGN both from threpeetive used in Hardcastle et al.
(2009) and Croston et al. (2007), which has proved sucdaagdescribing the properties of many powerful
radio sources at low to intermediate redshifts, and undepé#mtial covering models that have been success-
ful at describing not only the properties of the spectrum ok Bl(Feldmeier et al. 1999; Immler etial. 2003;
Schurch et al. 2006), but also several other classical 8syfe
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Fig. 4.— Energy-unfoldecKMM-Newton PN (black: 0061540101; red: 0305600501) &iéindra ACIS-S
(green) spectra of Mrk 6 to illustrate the changing spedainalpe caused by the variation ip NThe model

is a power law with local absorption, with the photon indexl aormalization fixed to the values obtained
in the fit of the second model (see Table 2).

The first model provides an accurate description of the mndpectrum of Cen A (Evans et al. 2004)
and is often used to fit spectra of narrow-lined radio gakxié/e fitted a single power law with a fixed
Galactic absorption to the datardbs XSPEC model). We added to this model a second absorptiomeolu
(zwabs XSPEC model) at the source’s redshift, which was allowedaiy,vand a second power law. We
added a redshifted Gaussian to account for the &eission line. See Figufé 5 for an overview of the
Chandra spectrum.



Table 2: Best fitting parameters for ti@handra and XMM-Newton AGN fit. Modd 1. wabs(apeepo+zwabs(pezgauss));Mode 2:
wabs(apeezpcfabs*zpcfabs (po+zgauss)). Both models include the contribution from thertta emission from the radio bubbles (see
Sectior 3.P for details).

apec Model 1 Model 2
Obsid | Line E Eq. Width KT NH Iz Loy r Norm Lo-10kev
keV eV keV x10%2at. cnr? x10%2at. cnt? %1073 ph. keV'1cm2s1 x10%erg st
10324 |6.469%% 30933 08792 15 307832 1169%/0.683% 558934 12800  1949%2 123
00615401016.43-592 9438 0.87228 2.709%8  1.16'5930.68501 332099 1.28:501 1.99°093 1.25
0144230106.409%2  62°% 087423 0.809%  1.163%3/0.68.33: 09033 12098 20853 129
03056005016.428%3  53'3} 087423 238387 1169%|0.683%) 23800 12838 26433 166

x?=3116/ 2980 DOF

1?=3046/ 2978 DOF
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Fig. 5.—Chandra AGN spectrum with the best fitting parameters for Model 1 (Eatele[2 for details). The
model in red does not take into account the thermal emissioon the radio bubbles, the model in blue does,
and fits the data better around 1 keV. The addition of the thkommponent increases the model predicted
flux by 12% in the 0.7-1.1 keV range.

Although theChandra data have the spatial resolution required tifedentiate the AGN contribution
from the extended thermal emission of the radio bubbles, seel the same extraction regions on all our
spectra (see Figuré 1), so as to be able to make a direct cismpaetween them. We decided to take into
account the contribution of the thermal emission from thiglibes in our spectra by adding thpec XSPEC
component to our model. We will discuss the details and ioagilbns of this extended emission in Section
[3.2; an overview of itsfect on our AGN spectrum can be seen in Fidure 5.

We individually fitted all the spectra, for each instrumehfttie XMM and Chandra, and then tied
together the parameters for th®M spectra belonging to the same observation, to assess theenurin
variable parameters: we assumed that the normalizatiometdeary within the same observation between
the MOS and PN instruments, and tied together the valueshéothree instruments, with no significant
impact on the final statistical result. We finally attemptefdilgjoint fit with four groups of data, one for
Chandra and one for eackMM observation. When setting the variable parameters fording fjit, we also
decided that the photon indices for the second power lawm@M@itied across the datasets, to break possible
degeneracies with the local absorption columns, and flozdinst photon index to a reasonable value (1.5)
to minimise the overlap degeneracy between both power [@vs. allowed us to make the joinChandra
+ XMM) fitting considerably faster. See Figutés 5 ahd 6 for an dgerof the Chandra andXMM spectra
and Tablé R for details on the fit parameters for this modeld®ld).

The initial fit to the data resulted i?=3331 for 3149 degrees of freedom (redugée1.058). After
correcting for the pileup féects, with the methods described in Secfion 3.1.1, we alaii=3125 for
2980 degrees of freedom (reducgti=1.049). After adding the contribution from the radio bulshlevith
the parameters frozen to their best fit values, we obtairfe116 for 2980 degrees of freedom (reduced
?=1.046). Since the corrections mainlffect theChandra spectrum their contribution to the global result
is quite small, but not negligible.
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Fig. 6.— XMM AGN spectra with the best fitting parameters for Model 1 (tvoover laws+ intrinsic
absorption+ thermal emission from the bubbles, see Tdble 2 for detaii8pm top to bottom, obsids
0061540101, 0144230101, 0305600501, with the PN spectiiack, MOS1 in red and MOS2 in green.

As shown in Table]2, we obtained a combined value for the indiéte second power law of 1.;8583,
which is quite flat. This is partly caused by thefdiulty of disentangling the index of the power law from
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the heavy absorption in th&handra spectrum, as mentioned above. We find and fit the ResKiission
line, settingo=0 to simplify the fit. The best fitting energies and equivalerdths for the emission line
are shown in Tablgl2. The line energy is consistent for alldagsets, although the intensity of the line
does change with the AGN state and the local absorption cglasiexpected. The errors on the equivalent
widths are quite big, which may be a sign of the line having stmmeadth, as suggested|by Feldmeier et al.
(1999), or be a sidefkact of the complicated model.

To compare our results with the previoSCA andXMM results, and verify our hypothesis of variable
absorption, we tested a few other models. We found that despwyver law, with local absorption, or local
+ intrinsic absorption, results in values similar to thoseoted by Immler et al| (2003), although it gives a
very poor fit to the 200XMM spectra and does not fit at all tBhandra data (reduceg® ~6). This is most
likely caused by the varying absorption column, which cadr@oproperly accounted for with such a simple
model.

We found that the only model that could allow a direct comgaariwith all of the previous results
was one consisting of local absorption, a double partiabdog (pcfabs), a power law and a Gaussian
to account for the Fe emission line. We tied together the roydractions across the filerent spectra,
allowing only theNy to vary. We did not add any reflection components to this moslace they are
not considered in th&SCA analysis by Feldmeier etlal. (1999), but we did add the doutinn due to the
thermal emission from the radio bubbles. The results offthise shown in Tablg]2 under the label “Model
2”. We find that this model giveg?=3046 for 2978 degrees of freedom, redugéet1.023. We found that
the photon index of the power law in our fit is lower than the ob&ined in previous analysis of Mrk 6,
only similar to the value obtained by Schurch etlal. (2008hwheir third model. This is partly due to the
addition of the thermal emission component, which we deecessary since it has been spatially resolved
and fitted to theChandra data and results in a statistical improvement in our othedehadlt is also partly
caused by thefBect of the variable absorption. We find the values of the keekission line energy and
equivalent width to be consistent with the ones we obtaimedhe previous model. We found that it is
necessary for the two partial covering components to opdfia, + f2,, > 1) for the fit to be statistically
acceptable. We tried to fix the values to the ones employedchurgh et al.[(2006) in their analysis, but
this results in a reducegf ~1.7.

WhilellImmler et al.|(2003) cite a value for this photon indéX.@1 from their analysis of thBeppo-
SAX data, which is lessfiected by variable absorption, they mention in their analyisat the source was
in a higher state when those data were obtained. An@gawo-SAX observation analysed by Malizia et al.
(2003) gives a photon index1.5..Schurch et al. (2006); Feldmeier et al. (1999) alsouaechigher value
for the photon index (1.6-2.2), but setting the photon intde%.6 results in a reducedt ~1.13 in our joint
fit, and the fit requires a heavier absorbing column for thersgépartial coveringNy = 66.613:92 x 107
cm 2 for the Chandra spectrum).

As shown in Tabl€]2, the absorption column is over an orderajmitude larger in th€handra data
than in theXMM, for both models. This high value is more similar to the onletsimed by Feldmeier et al.
(1999) in their analysis of th&SCA data. The hypothesis of “obscuring” clouds near the AGN wap@sed
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byllmmler et al.[(2003), and Schurch et al. (2006) suppottafiér obtaining a relatively smaller absorption
column in their analysis of thEMM data from 2003. This detection Ii3handra rules out instrumental bias.
Although more data are needed to make a statistical teserduevidence seems to point towards denser
material having been observed in 199%SCA) and 2009 Chandra), with the passing clouds being least
dense in 2003 and intermediate obscuration values in 20812665 XMM-Newton. This allows us to
establish a variability timescale of 2-6 years, which thates to a distance to the central black hole of
just a few pc. Since grating data would be very useful to geadditional insight on the structure and
composition of this variable absorption, we briefly invgated theXMM-Newton RGS spectra from the
three observations. Unfortunately, the signal to noisatisar bad, and no evident emission or absorption
lines can be inferred from them, as already noted by Schurgh @006) and Immler et al. (2003).

Although the statistical result is better for the second ehode must consider the physical implications
of both models. This AGN seems to fall between the behavispeeted from a classical Seyfert and that
of a radio galaxy, it is therefore interesting to explore ¢basequences of these results in the light of what
we know about these classifications. As explained in Hatiicatsal. (2009), the soft excess characteristic
of most Narrow-Line Radio Galaxies (NLRGS) can be explaibgdhree classes of model:

e It is thermal or line emission, from the photoionized matkcose to the AGN or from the IGM of
the host galaxy.

¢ It is non-thermal, power law emission from the central AGMible through the partial covering
material.

¢ Itis non-thermal, power law emission related to the jet.

The first model can most likely be discarded in this case,esmather theChandra nor the XMM
spectra show evidence for strong emission lines. The RG&rgpdo show some residuals over a pure
continuum model in the 0.5-1 keV region that could be a hirbgigen emission lines Schurch et al. (2006),
but they are quite faint, and since the area is not spatiediglved, they could be due to the thermal emission
from the radio lobes.

To test which of the two other models is most likely to applythiis case we calculated the X-ray
luminosity of the unabsorbed power law from our first modet, = 9.6 x 10*! erg s!, and thevF,
5GHz luminosity at the base of the jet from our radio mdpg, = 1.41x 10°8 erg s1. On the plots
by [Hardcastle et al! (2009) this falls quite far from the haetwar expected for radio galaxies. We must
therefore conclude that the jet-related soft emission mesjuite low, and the dominant contribution to the
soft excess is most likely the emission from the central AGN.

Following the results of Evans etlal. (2010) we also applisgirtmodel to our data, to check if it
would fit a photon index for the power law more consistent viite values expected from other inter-
mediate Seyferts. This model tests &elient absorption component for the soft and hard power laws:
wabs(apec+2zwabs* po+2zwabs* zpcfabs(zgauss+po)). We obtained a fit to the data similar to that of our pre-
vious partial covering mode}>=3037.22 for 2971 DOF, reducgd=1.022, and a similar photon index for
the second power law, 1.25.



— 14—

We also tested a model with a multiphase medium. We foundatlsaigle warm absorber does not
provide a good fit to the data, and hence split the intrinsitigdaovering absorptions of our second model
into a cold g¢pcfabs) and a warm %xipcf) component. This model seems to provide a better fit for tliie so
end of the spectra, and yieldga=3000.98 for 2977 DOF, reducgd=1.007. The absorbing columns are
similar to those we found for the double cold partial covgriand the photon index of the power law is
1.41:0%4 higher than with any other model we have tested. Howeveridhization parameter is not very

- 0.03"
well constrainedJog= = —0.09*938  since the model is limited by the resolution of our spectdarm

absorbers have been observedoiﬁother Seyferts, albegtarhionization values (see elg. Longinotti et al.
2009), but in our case the situation is less clear. The sai®xthis model successfully accounts for can
have several origins: the jet, warm-hot gas from other regad the galaxy, or a higher normalization of the
thermal emission from the lobes, since we decided to freezdatter to the maximum value provided by
the spatially resolved fit. Unfortunately the grating speeeire not sensitive enough to test either hypothesis,

but future, longer exposures may hold the key to the comiypiexe are observing in Mrk 6.

3.2. Radio bubble-related emission

To extract the spectra of the extended radio bubbles we os#yg theChandra data, since in the
XMM images this area is completely dominated by the PSF of theat&xGN. We used the contours from
the radio images obtained by Kharb et al. (2006) to define mraetion regions around the 7-kpc radio
bubbles, which can be seen in Figlite 1. The photon statfstidhe bubbles are not very good; we do not
have enough counts to fit to both bubbles separately andndegitheir temperatures independently, and
even for the joint extraction the photon count is quite lev2@0 counts after background subtraction, see
Figure[T). Even though we were careful to keep these regiaisaway from the central AGN, there is
still some contamination from its PSF in our spectra. The det simulated with ChaRT and MARX to
correct the fects of pileup in the AGN spectrum (see Seclion 3.1) show tineber and energy distribution
of photons from the AGN PSF across all the CCD, see Figuredcan thus be used to estimate the AGN
photon contribution to our spectra from these externabregi Our calculations show that this contamination
amounts to up to 60% of the counts in the spectra prior to lrackgl subtraction. However, the background
regions that we have chosen contain a similar number andyedestribution of photons from the AGN, its
PSF being quite homogeneous on these scales, and ffet is hence mostly eliminated. We carried out
a study of the AGN contamination in our regions by studying ¢hergy distribution of the AGN counts in
our simulated data, within the same extraction regions. Mad most of the counts to be contributing at
energies above 4 keV. There is a minor contribution at easrglightly above 1 keV. The residuals we get
from our fit at these energy ranges are likely to have an oifgthis contamination (see Figure 7).

We have found a source of contamination from high energygtsoin the form of a small bright region
(Lx ~ 1.5x 10°° erg s?) that can be seen on the left panels of both Figlire 1 and F®just South of the
source (labeled as “A” in the left panel of figure 1). We pldteehistogram of the counts from this region,
and by their distribution, and the fact that it has no radimptical counterpart, we infer this is clearly a
point source, most likely a background, more distant quasés quite unlikely that this object may be an
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X-ray binary (XRB), but it could be an ultra-luminousrdy source (ULX), since its magnitude should be
above our detectability threshold for this distancg(x ~ 10°° — 10*! erg s'1) although the morphology of
the host galaxy indicates this is not very likely (Swartzle2804).

The other bright structure North of Mrk 6, labeled as “B” iretleft panel of Figur€ll, does seem to
have a thermal origin, and a similar energy histogram as tie¢ops we find in the bubbles; part of it is
clearly surrounding the radio structure, and we therefeseime that it is part of the hot shell outside the
radio bubbles and include it in our extraction regions. Istre noted, however, that Mrk 6 has an inner set
of ~1.5 kpc radio bubbles, almost perpendicular to the outeb kpc structure (see Kharb etlal. 2006), and
this is likely to cause some turmoil in the gas surroundirAlBN. These inner bubbles are not resolved by
Chandra. The jet of Mrk 6 was detected WERLIN (Kukula et all 1996) and is aligned in the North-South
direction, so that this is the presumed photoionizing akih® AGN.

This direction also corresponds to the Extended NarrovelRegion (ENLR) of Mrk 6, see Figufeé 2
and[Capetti et al. (1995); Kukula et al. (1996); Kharb etl2006) for details. An overlap between [Olll]
and X-ray emission has been observed in many Seyfert 2 AGidséhand it is believed to happen when
the X-ray photons heat up and ionize the cold gas around thd. AGe [Olll] emission in this system
seems to correspond toflidirent structures: the emission closer to the active nudtedkearly caused by
direct photoionization from the AGN, while the two bulgesatiextend in the N-S direction, showing both
enhanced [Olll] and X-ray emission, are most likely causgdhe interaction of the current jet with the
surrounding material, which heats it up both through shaud photoionization (see Capetti etlal. 1995
and Kukula et al. 1996 for details on these inner structui@isice the overlap between the [Olll] and X-ray
emission can also be observed at kpc distances, extendthg tdorth of the AGN, we calculated whether
the nucleus could be photoionizing these regions to X-ray[@nll] emitting temperatures, following the
steps of Wang et al. (2009) and the models from Kallman & Mg{i®82). For the X-ray emission that
can be seen-3 kpc North of the AGN, around the edge of the radio structuwre,used the parameters
derived from our fits of the nuclear spectrum and the radiedobVe found that such X-ray emission cannot
be caused by photoionization from the AGN, since the undiesbluminosity of Mrk 6 ¢ 1.3 x 10*3 erg
s™1) can only account for photoionized X-ray emission at diséswithin 300 pc of the central source. The
[O111], however, could be photoionized by the AGN at muchglar distances, as long as the electron density
stays low & 101 cm™ for distances over 3 kpc). It is likely that some of the [OBfission to the North
of the source may have been caused by the shock itself, battlindgct heating and photoionization. The
fact that the [OlIl] emission follows the outline of the raditructure, but is mostly detached from it, also
supports this scenario.

With our photon statistics we cannot rule out a model in whigk emission is produced in some way
by a precessing jet, which would also explain some of the @orisin the ENLR. Both assumptions could
explain the structures that surround the real, but not tieilsited AGN, on Figur€l3. For details on the
radio structure of Mrk 6 and the discussion of a possiblefietgssion scenario see Kharb etlal. (2006).

We fitted to our data an emission spectrum from collisionalhjzed difuse gas gpec model in
XSPEC) with the abundance fixed at 0z8&nd Galactic absorption, using again the averaged column de
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Fig. 7.— Spectral fit to the spatially constrained radio Balibgions, with the best fittingpec (T=0.94312
keV, abundance0.35), y2=9.39 for 8 PHA bins and 6 DOF).

sity resultNy = 6.39 x 10?%atoms cm? from|Dickey & Lockman |(1990). We estimated a temperature for
the bubbles of ®4*012 keV. This model yields &2 value of 9.39 for 8 PHA bins and 6 degrees of freedom.
Different extraction regions yield slightly lower valueskaf, but still well within the errors, and fferent
values ofy?, due to the reduced number of bins. We also tested a largedabae of 0.6 consistent with
our estimations on the thermal emission of Cen A (Kraft é2@03), but this requires a lower normalization
and yields a poorer fit to the datg?(of 11.42 for 8 PHA bins and 6 DOF).

The normalization of this component is5818 x 10-°cm, just high enough to be noticeable on the
spectra we extracted for the AGNZ% of the flux between 0.8-1.1 keV). We addedaprc component to
our AGN model and performed a statistical test on the tentperafinding it to agree with the results from
the spatially constrained spectrukil(= 0.87°333 keV). This addition also improves the statistics of the
joint fit, if only slightly (reducedy? reduced from 1.051 to 1.049). Thé&exts of adding this component to

the Chandra spectrum can be seen on Figlle 5.

To discard the possibility of the emission being non-thdrsyachrotron or inverse Compton, we at-
tempted to fit a model consisting of a power law and local ghigor to the data, and obtained very poor
results (reduceg? of 3.79). Therefore we can quite safely assume the emissiba thermal.

Although the abundance that best describes the thermakiemifrom the bubbles is 0.85 more
consistent with NGC 3801 (0.3-@&2% than with Cen A (0.8), the statistical dference alone is not enough
to rule out a higher value for the abundance, due to the lowhmurof photon counts. We could argue
that we are studying a quite small early-type SO galaxy wiicibably has, as our results show, a very
low gas density outside the central regions. The dust laakishhinted at in the optical images may be
a result of a past merger, there is an equivalent structud@@ 3801. Furthermore, we must consider
the influence of the active nucleus on the star formatiorohisof Mrk 6. While it has been argued for
more powerful systems that the AGN activity may indeed beregsing star formation in the host galaxy
(see e.g._McNamara & Nulsen 2007, Schawinski et al. [2009ya&ditr et al. 2010) the situation may be
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more complex for lower power systems, and early type gadaixigoarticular, as suggested by Schawinski
(2010). While these arguments might be enough to suppolbthabundance we are observing, our tightest
constraint comes from imposing the shock conditions fortthiebles. The details of these constraints and
their consequences will be discussed in Sedfioh 3.4.

Even though the data show a significant correspondence betihe radio contours and the X-ray
emission inside the North bubble (see Fiddre 1), which cbaldssociated with j#EM interactions leading
to the heating of gas in these regions, as in NGC 6764 (Credtall 2008a, Kharb et al. 2010), most of the
X-ray photons seem to correspond to the edges of the bubblsen the regions just outside them, which
is more compatible with the presence of shells of strongbckld gas outside the bubbles, just as in NGC
3801 (Croston et al. 2007). While some structure can be satbrirbthe radio maps and in the X-ray image,
we will assume in a first approach that the shells are sphen@huniformly filled with gas, and will later
discuss the implications of a non uniform density.

The fact that the radio emission is apparently fainter inSbath bubble (see Figuré 1), and the small
difference in the apparent sizes of the bubbles, the North ong blghtly bigger (see the discussion of the
size of the shocked shells in Sectjon]|3.4), is probably duediferent past history for both bubbles, due to
the gas expanding in each direction having encounteredrausuting medium with a dlierent density, or
to an asymmetric energy output from the AGN. The radio imah@sv there is also a similar asymmetry in
the inner E-W bubbles (Kharb et|al. 2006) and the N-S curegrijukula et al. 1996). The [Olll] emission
is also asymmetric (see Figurke 2). These asymmetries arasitile in the optical HST) images of the host
galaxy, the apparent dust lane being roughly perpenditaldre outer radio bubbles, but if the jet is indeed
precessing, it could have created a somewhat clutteredoamént around the AGN. A precessing jet is
not likely to explain an asymmetry in the energy fed by the ABNach bubble, but we cannot rule this
out. Doppler boosting has been suggested for some Seykedljeh as the one in Mrk 231 (Reynolds et al.
2009), but it is unlikely to be the cause of the asymmetry ef ldbes in Mrk 6, since it would require
relativistic speeds for the gas in the shells, which is istgtent with our results (see Section]3.4). This
asymmetry only underlines how challenging it is to make &amhsistent model for this kind of object. We
will assume that thesefects are minor for our purposes.

3.3. Luminosity constraints on the external environment

To establish whether the gas from the bubbles is driving @lshato its surroundings we need to
estimate the temperature of the external medium, derivadlagive pressures and impose the Rankine-
Hugoniot conditions for pressure balance (Landau & Li#hi®87). However, we have found that due to
the galaxy’s morphology and size, the halo regions wherg#sas expanding are not bright enough in the
X-rays to allow us to obtain a spectrum. While tBleandra spectrum appears to admit an additional thermal
component wittkT ~0.35 keV, there is no statistical improvement on XM spectra from adding it; we
therefore cannot state that the component is real.

To obtain an upper limit on the luminosity and normalizatiohthe gas component in these halo
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Fig. 8.—Lx vs. Lg plot from|O’Sullivan et al. [(2001) with superimposed Mrk 6 Briad bolometric lu-
minosity (vertical blue line) and the expected (upper jrxdtray luminosity range we calculated for the
extended thermal emission outside the shells (horizomedrgstrip). The diagonal dashed line is the best
fit to the data excluding AGNs, BCGs and dwarf galaxies. ThéNA&most likely causing a blue excess in
the optical, so the B-band luminosity is an upper limit. @Gitbat the temperature of the external medium
is most consistent with 0.1-0.2 keV, an X-ray excess caugdtib emission is likely to be happening.

regions, we calculated the background-subtracted couwoits & wide annular shell centred in the AGN
(Rint=21 arcsecRe=59 arcsec, excluding a few point sources resolvedhsndra). We calculated the
relative contribution of counts from the AGN using the siatel dataset, applying a scaling factor obtained
from the ratio of counts within the innermost regions of ttf&FRexcluding the pixels we used for pileup
correction) in the real and simulated data, which takes attmunt possible energy-dependent variations.
We then subtracted the AGN contribution from the total numidfecounts in the halo, and added the 3
error, obtaining an upper limit of 270 counts, equivalera tate of 3.6%10°2 counts s?.
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Using these statistical constraints on the number of plofimm the halo, we can derive upper limits
on the luminosity of this region. These upper limits alsostaain the possible temperature, electron density
and pressure for the gas, allowing us to test the shock ¢onslit To achieve this, we chose a range of
possible temperatures for the medium outside the radiolesi§d.1-0.6 keV) and used XSPEC with a toy
apec model to determine the limit on the normalization corregfiog to our count rate for each of our
chosen temperatures. We maintainedMpgeand redshift parameters fixed to the appropriate valuehéor t
system (see previous sections), and the abundance fixegbat &ve will discuss the implications of larger
abundances in the next Section. We then derived from theriltixdse models the range of possible X-ray
bolometric luminosities (see Talile 3).

We then estimated the B band luminosity of Mrk 6 from the dathé catalogue by de Vaucouleurs €t al.
(1995), obtaining a value of 1.£¥30'°°Lgo. Since Mrk 6 contains an AGN, it is likely that we are observ-
ing a blue excess, therefore this value is to be consideragper limit. We used as a reference the work
of IO’Sullivan et al. [(2001) to estimate the feasibility ofra@sults on the X-ray luminosity. Their work
catalogues the X-ray extended emission detected@BAT on several hundred early-type galaxies, and at-
tempts to establish a relationship between the X-ray andn8 balometric luminosities for these systems.
We overplotted our results on their diag@i(nee Figuré1B) to see whether Mrk 6 falls near or above their
correlation. They excluded AGNSs on their fit, and are thuy oméasuring the extended emission from the
galaxy, which is what we are looking for in the outer regiofd/ok 6. Our results cover a wide range of
possible X-ray luminosities, but especially for the lowemperatures, and considering that our estimate for
the B luminosity is an upper limit, the data do fall in the fighgion of the plot. We can therefore assume
that, although we are not directly resolving it in dCinandra image, our upper limit of counts is consistent
with the luminosity expected for the galaxy, excluding th@M This means these photons indeed come
from the extended X-ray emission of the galaxy, not from thekiground or the AGN.

We also tested the K-band luminosity of Mrk 6 (140 L) against its X-ray luminosity using the re-
lations proposed by Mulchaey & Jeltema (2010), to avoid ffexes of blue excess from the AGN. We found
the results to agree with our estimations from the B band. résults also agree with Mulchaey & Jeltema
(2010) on the hot gas content of a sample of early-type geddaridiferent environments. Their work shows
that although some of these objects seem to retain theirasohaglos when living in clusters, others lose it,
while for isolated galaxies the hot gas content is mostlgtesl to the mass of the galaxy. Mrk 6 is quite
small and seems to be living in a poor environment; it is tfoeeclikely to have lost most of its halo gas.

Finally, it must be noted that in the ChafRTARX simulations the wings of the PSF are known to
be underestimated at large distances from the point soaspecially at low energies. We contacted the
Chandra Calibration team via the HelpD@bnd consulted the available bibliograghgnd estimated that,
for the regions we are considering in the halo of Mrk 6, theutated PSF wings could be underestimated

2We obtained the data from httwww.sr.oham.ac.ykejogcatalogue.html
3httpy//cxc.harvard.edthelpdesk
4See httg/cxc.harvard.edealHrmaghrmapsfindex.htm


http://www.sr.bham.ac.uk/~ejos/catalogue.html
http://cxc.harvard.edu/cal/Hrma/hrma/psf/index.html
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by up to a factor of 2. If this were the case, our upper limit oficts would be more conservative30%
lower) and we would be near the limit of non detection, impdyian external gas temperature below 0.1
keV (see discussion in the next Section). If the gas were maltter than 0.1 keV we would not be able to
constrain any limits on the density or assume a shock saerighnis would not be very consistent with what
we know about the virial temperatures of the halo gas in dgdg galaxies (see e.qg. _Naab etal., 2007),
but since we do not have the instruments to measure the extddfremission a gas of these characteristics
would produce, it cannot be ruled out. We must also note kieaXtray emission cannot be accounted for by
photoionization mechanisms (see discussion on the [Otiksion in the previous Section). We conclude
that the shock scenario provides the most plausible exjitemor the emission we are observing.

3.4. Physical properties of the gasshellsand |SM

Table 3: Estimatedpec normalization, upper luminosity limits, electron derestiand gas pressure outside
the bubbles for a sample of possible gas temperatures.

KT apec norm Lx Ne out Pout

keV  x10°%cm™® x10%0ergs! x10%cm3 x1013%pPa
0.1 49.00 3.07 40.60 1.20
0.2 6.10 1.87 14.30 0.85
0.3 3.50 1.27 10.90 0.96
0.4 2.50 1.16 9.18 1.09
0.5 2.00 1.12 8.21 1.22

0.6 1.75 111 7.68 1.36




Table 4:Top: Model normalization, estimatau upper and lower limits for the shells, derived limits fafo,: required to comply with the
Rankine-Hugoniot conditions for a strong shock, and imf@dimits on the mass, pressure, total thermal energy, wealadle from the
gas filling the shells and total kinetic enerd@gottom: Same estimations for a set of Cen A-like 200 pc-wide sheliegton et al. 2009).
The errors on the pressures and energies are derived froanrtire in the temperatures of the shells in the XSPE&Tit=£ 0.94j8:ig keV)

Model norm  ngnshell Nesshell N/SLiMittoneost Mnshel Msesel  Pnsnell Pssel Ensel Essnell Wishell  Wsshel  Knshell  Ksshell

x10°%cm™> x1072cm™3 x102cm™2  x103cm™3  x10'Mo x10'Mo x10712Pa x1012Pa x10°%erg x10°%erg x10°%erg x10P%rg x10P5erg x10P%rg

6.71 1.44 1.76 3.58.40 279 228 408 491939 164219 1.3401° 10.90139 8.921%¢ 184025 150021
10.33 1.78 2.18 4.46.46 346 282 4.98% 6.101972 2.0322% 1.66'020 13.50770 11.10730 2.28'032 1.86'22°
6.71 2.80 3.43 6.98.56 143 117 7803 957114 0.84019 0.69098 5.61°057 458234 0.9451¢ 0.77511
10.33 3.47 4.25 8.670.63 178 145 9.6925 11.87792 1.0451% 0.85210 6.961983 5.689% 1.17°277 0.96'523
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Using the results from the previous section we can now caleuthe upper limits on the electron
densitiesng, for each temperature, from the definition of the model'symalization:

10
wBAaar Y

whereDy is the angular diameter distance to the source. We assureadliime to be the one mentioned
in the previous subsection, a wide spherical shell centreth® AGN and beginning just outside the edge-
brightened emission around the radio bubbles. The resetdisplayed in Tablel3. Notice how the derived
Neout INCreases sharply below temperatures of 0.3 keV. This isezhby the loss of sensitivity of the instru-
ment at low energies, and a change in the behaviour and tygmigkion lines found at these temperatures.
We can derive from these values the pressure of the gas, iafdaykd in Tablé€l3. The pressures are con-
sistent with the environment of Mrk 6 being quite cold andfid. Notice the increase of the pressure for
very low temperatures: this is a consequence of the steegaise in the electron density estimations. Our
choice of the~60 arcsec region is based on the most likely dimensions ohahe in order to test these
constraints we selected a larger regi®a(=75 arcsec) and found that the densities and pressures change
by 15% at most.

We also estimated the limits on the electron densities #stiells, to compare them with these upper
limits we obtained for the surrounding gas. This is necgssawerify that the proposed shock scenario
holds, and see whether any limits on the external temperaam be derived. To do this we assumed that the
dominant thermal contribution to the spectral fit we obtdif@r the radio bubbles (Sectién B.2) originates
in the edge-brightened, shell-like emission around thenr. éXtraction region covers the whole surface of
the bubbles to include any photons from the nearest andefardreas of the spherical shells, which have a
lower surface brightness due to projectidfeets. The gas inside the bubbles is radio emitting plasnth, an
therefore does not contribute to our spectrum, and any emig®m gas immediately outside the shells is
accounted for by the background.

Using the constraints on the temperature and model noratigliz from our bubble fit, we then es-
timated the North and South shell thickness from the appdhéckness of the edge-brightened emission
around the radio bubbles, which in Mrk 6 is quite evident, Bigire[1. Since the spectral resolution is not
enough to allow us to discern the detailed structure of tleishve assumed a simple spherical geometry
for each structure. From the extent of the emission we estinr the North shell a width 0£980 pc
(Rintn = 2.24 kpc,Rext.n = 3.22 kpc), and for the South shell100 pc Rints = 1.55 kpc,Rext.s = 2.65
kpc). Estimating the thickness of the shells ifidult due to the poor photon statistics, hence these values
were taken as a conservative upper limit. They are largervilfeat we expected a priori, but this may partly
be due to the apparent lower density of the external enviemirim Mrk 6, as well as to the limited reso-
lution we can achieve with our photon statistics. The reswuk obtained are shown in Talle 4. This table
also shows what the limits on thmg would be, both for the shells and the external environmesstiming a
thickness 0200 pc, similar to the one estimated for Cen A.

From these values we can derive the total mass of the gasmedta each structure and the resulting
pressure. These results are also displayed in Table 4. Wimparing these results with NGC 3801
(Croston et al. 2007), we find that even though the electrositieis lower in Mrk 6, the apparent thickness
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of the shells is much bigger, hence the total mass of the ghgl®r by slightly less than one order of
magnitude. The inferred pressures for the gas are roughklgdme as the ones found on NGC 3801, due
to the temperature of the gas being higher in Mrk 6. The emarshe pressure are calculated from the
uncertainty in the gas temperature, 0_“_% keV. We can see that choosing thinner shells, like the ones
found on Cen A, would imply a much smaller@.5) fraction of gas, while the pressure would almost
double (see lower section of Talile 4). The pressure jBq@/Pout for a 1 kpc shell is-7-63, higher than

in NGC 3801, but again this is to be expected, due to the bitgraperature contrast and more rarefied
external environment in Mrk 6. The contrast would be muchhéidgor thinner~200 pc shells~14-122.

We calculated the minimum internal pressure of the Northrerdoble under equipartition conditions
from the radio data, fitting a broken power-law electron gpespectrum withp = 2 at low energies,
steepening t@ = 3 at the electron energy that gives the best fit to the data. 38ken@e no protons and
ymin=10. We obtained a value of-@x10713 Pa, consistent with the results obtained by Kharb et al.gp00
and roughly an order of magnitude lower than the pressuredesiee from our X-ray data. This depar-
ture from minimum energy is often found in FR | radio galaxjegy. Morganti et al. 1988), and although
there are very few examples where the minimum internal preds higher than the external pressure in the
ISM, we also found thisféect in NGC 3801 and Cen A. These results imply that there isesaddlitional
contribution to the internal pressure, caused by a largatien from equipartition conditions, a high frac-
tion of non-radiating particles, such as thermal or reistiiv protons originated from the interaction of the
galaxy’s gas with the jet, or a low filling factor. Of theseethecond explanation is the most plausible (see
Hardcastle et al. 2007, Croston etlal. 2008a), even moretbe it is indeed precessing, as suggested by
Kharb et al.|(2006), or if it is just episodic.

In the limit where there is no shock the pressures of the eatenedium,Py, and the shellsPyq
should be equal (Landau & Lifshitz 1987). Thefdrence in the apparent luminosities of both regions
already rules out this situation if both temperatures ateked/Ne can also rule it out by noticing that these
values ofng ot and Py would imply external temperatures far below 0.1 keV (seeadiselts from Tables|3
and[4) which is unlikely, as discussed in the previous Secfithe density ratipo./oshal tends to 4 in the
case of a strong shock. For valuesgfi/pshai Smaller than 4 the required values of the external temperatu
are below or just above 0.1 keV; the most plausible scenatiogrefore that of a strong shock.

Assuming a density contrast of 4, and using again the linmitsg,; from Table 3, we can constrain the
possible temperature for the external gas to be around ®.2Tkes result is consistent for both the North
and South shell values and for both the 1 kpc and 200 pc shelinigsses (the 200 pc hypothesis would
imply a higher gas density within the shells, thus to mamthe density contrast of 4 the upper cap on the
external temperature would be lowered, but the resulisrsidly kT > 0.1 keV). We were able to directly
measure the temperature of the external medium in Cen AtKtafl. 2008), and found the temperature of
the ISM to be~0.29 keV. For NGC 3801 (Croston et al. 2007) we obtained aevefid.2352% keV. These
values directly applied to Mrk 6 would cause an inconsistesinice the density ratio cannot exceed a value

of 4, but given the uncertainties they are still in very gogdeement with the current results.

As an additional test we repeated our calculations fe0.Bo and Z=1.00. The model normalizations,
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and consequently the electron densities, inversely departtie abundance, so we found lower values as
we approached the solar values. However, the impact of ffgstas bigger on the results from the external
gas than to that contained in the shells. This causes ansistency when applying the conditions for a
strong shock, since the external gas would be required te teamperatures far below 0.1 keV, which are
implausible, as we discussed above. Higher abundanceshalsoan impact on the energy yield. The
pressure and total energy foed.60 would be~ 20% lower than the ones we calculated withZ35o, and

~ 40% lower for Z1.0o.

To further test these results, we used the B-band luminadityirk 6 to relate it to other galaxies

following the relations from_O’Sullivan et al. (2001, 2003We found that both the temperature of the
external gas (0.2 keV) and the abundance we fit to the data{pa8e consistent with their relations. Their
sample includes two galaxies with gas X-ray and B-band losities slightly largerl(x ~ 10*0 erg s1,
Lg ~ 10*L,) than what we found for Mrk 6 where these parameters can bettjirelated. For NGC 1549
they find an outer gas temperatur@.25 keV and an abundane®.14o. For NGC 4697 their results show
T ~0.24 keV and Z~0.40. We therefore consider our best estimates of the propertitte large-scale hot
gas in Mrk 6 to be plausible ones.

We can calculate the Mach number for the shock, as followadha & Lifshitzl 19817):

r
wherel is the polytropic index of the gas, assumed to [ Fhe results for our chosen temperature range
are displayed in Tablg 5.

Table 5: Possible values of the Mach number given by our teatype constraints. The values D are
the best fit value and therlimits allowed by the errors. The most likely value is showrbold.

KT st (keV)

KTout (keV) | 0.75 0.94 1.06
0.10 492 550 5.84
0.20 349 390 4.14
0.30 286 3.20 3.39

0.40 249 278 295
0.50 224 249 264
0.60 205 228 242

From the previous constraints we can assume the most likelyevfor the temperature to bezgg;}
keV. This yields a value for the Mach humber oQGj:gj, of the same order of magnitude as the one we
obtained for NGC 3801 (Croston et al. 2007), although sm#fian the one found for Cen A (Kraft etlal.
2003). This is to be expected, since the morphology of Mrkr@dse similar to the one of NGC 3801 than

to that of Cen A, where only one shell is detected.

The speed of sound in the ISM ranges frerh90 km s? in the case where the external temperature
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is 0.1 keV to~460 km s whenkT = 0.6 keV. Since the Mach number also varies with the temperature
(see Tabl€]5), we derived a consistent value of I@%G(m s for the speed of the gas. This allows us to
derive the kinetic energy of the gas, which is displayed ibldi@d. The total thermal energy and total work
available for each radio bubble are also displayed in Table 4

The total energy (thermat kinetic) from both radio bubbles, under the 1 kpc width agstion, is
~ 2.6—4.6x10°° erg. This corresponds ta3.6x10° supernova explosions with individual explosive energy
of 10° erg. This result also agrees with the value derived by Khaah €2006) from the radio data of Mrk
6, ~ 1x 10°° erg, since it was a lower limit. They estimate a kinetic luasitty for the jet of~ 10*? erg s2,
derived from an inferred radio luminosity ef10*° erg s and an @iciency of 1%. With our results, the jet
would require~ 1.1 x 10’ years to deposit all its energy into the nuclear ISM and predhis pair of radio
bubbles. This result is almost two orders of magnitude Iattggn the one they obtained, but not incongruent,
since their estimation was a lower limit derived from theipqttition pressure. These results also agree with
the timescales they propose in the context of a precessind\jmwther timescale can be inferred from the
supersonic expansion speed of the bubbles, which wouldreegtime of~ 2.5 — 3.1 x 10 years to inflate
to their current size, assuming ~ 4 throughout their lifetime. If we adopt this timescale, tequired jet
power is~ 7 x 10* erg st

The thermal energy stored in the shells is an order of magmitarger than the kinetic energy required
to inflate the cavities (see Talblk 4), meaning shock heatingj bre the dominant energy transfer mechanism
during this stage of the evolution of the radio source. Alijiio the emission from the surrounding gas is
too weak for us to fit a model to its brightness profile, whichulddbe ideal to determine the direct impact
of this thermal energy into the surrounding ISM, our resudtsd comparison with those obtained for Cen
A and NGC 3801, show that this energy is enough to signifigaaiter the surrounding ISM, sweeping out
the remaining halo gas.

With our current photon statistics we have no direct evidasfchanges in the brightness (and therefore
gas density) across the shells, therefore we cannot statherhthese structures are brighter in the inner
edge, closer to the nucleus, in Mrk 6. However, this wouldxXpeeseted if the bubble expansion is supersonic
everywhere: even though the shock is weakest close to theusithe ISM is much denser in this direction,
hence the associated X-ray emission is higher.

If we assumed the density of the gas not to be constant adresshtll, with a higher density in the
area closer to the radio source, the derived constrainteetetnperature of the external medium would be
relaxed, allowing higher values. Consequently, the presand density of the external gas could also be
higher. This situation would bring our results closer to ¥hkies we obtained for Cen A and NGC 3801.
While this would be desirable for consistency, we must ntmeestenario in Mrk 6 is quite fierent, both due
to its morphology and to its lower radio power, thus we couldeied be seeing a case of the AGN driving
a strong shock into a very cold environment. It could alsohgedase that the shells are not continuous all
around the radio bubbles, which would change the constraintthe density of the gas. This hypothesis
could be tested with a longer exposure.

To conclude our analysis and study the fueling mechanisrheoGN, we used our estimates on the
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external gas temperature and density to calculate the Bxmodetion rate from the central hot gas. We used
the relations from Marconi & Hunt (2003) and the K-band luosity of Mrk 6 and obtained a mass for the
black hole of 3.%x10®M,. The Bondi rate is given by

M = 4r1pG* M3, c53 3)

where1=0.25,p is the density of the gas at the Bondi radius, agds the speed of sound in the medium
(cs = TKT/ump). Since the density and temperature at the Bondi radiusotdrenlower than the ones we
estimated for the gas outside the shells, we used thosesvalabtain a lower limit oM = 2.04x 105M,,
yr~t. Assumingu=0.1 this translates to a Bondi powBg = 1.1 x 10*! erg s. The energy output we
measured from the AGN bolometric luminosity 2.4 x 10* erg s, using a bolometric correction factor
of 19) and the shocked gas shells 7 x 10*2 erg s1) imply an accretion rate dfl ~ 5.7 x 1072 Mg, yr 1.
This suggests that Bondi accretion is unlikely to providele energy we observed to be transferred to the
ISM, even with an fliciency of 100%. Assuming=0.1, the density would have to be over three orders
of magnitude higher than our estimates of the density of tiehocked gas in order for Bondi accretion
to be viable. If Bondi accretion cannot account for the epevg are observing, the main fuel source for
this system is likely to be cold gas. Cold accretion does rpedd on the black hole mass and can happen
in poor environments as long as there is a fuel reservoirchvinay be the case in Mrk 6 if the central
obscuring material seen in the optical is indeed cold gas figast merger.

4, Conclusions

We conclude that there is a high probability that we are alisgishells of strongly shocked gas around
both radio bubbles of Mrk 6, with Mach numbers 3.2-5.5 cdesiswith the Rankine-Hugoniot conditions
for a strong shock. This is the third clear detection of sugiratess in a low-power radio source, and
therefore reinforces the hypothesis that this mechanisgpnbearery common and may play a fundamental
role in the process by which these young radio sources foemn stellar populations.

It is very likely that much of the gas in the shells will escdhe gravitational potential of the host
galaxy. Our results show shock heating is the dominant ggy¢eermal energy being an order of magnitude
larger than the work required to inflate the radio cavitieglying the outburst impact on the host galaxy’s
ISM is likely to be dramatic. Moreover, the inner set of budsbis expanding perpendicularly to the external
ones, and into denser regions of the host galaxy. Althougtshiock will probably be weaker, due to the
increased density, the expansion of the inner bubbles edylito cause a more direct disruption on the
ISM and are likely to have a bigger impact on star formatiomfdgtunately the resolution of the current
generation of X-ray telescopes does not allow us to deterthi@ details of this ejection of gas.

We also conclude that the hypothesis of a variable absorgths column, with timescales of 2-6 years,
caused by clumpiness of the accreting gas close to the btdekik a likely explanation for the variations
we see between théhandra and XMM spectra. If this is indeed the case, and as already pointetyou
Risaliti et al. (2002), this scenario could be more commamtpreviously thought, and applicable also to
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intermediate Seyfert systems, such as Mrk 6. Observatibnsoce such sources may lead to better con-
straints on the geometry and composition of the gas disioibhgurrounding the AGN. Further observations
at soft and hard energies, and detailed X-ray spectroscbftysosource would be of extremely useful for
this purpose.

The variable obscuration also poses some questions almmabhanism fueling the AGN. Our anal-
ysis of the AGN core shows that the dominant contributionhi® $oft excess in this system comes from
the AGN non-thermal emission, although there is some daritdn from the jet, which could explain the
flat power law spectra we are observing. Our results on thegeties of the source show that Bondi ac-
cretion might not be enough to power it, so that it is posdibét cold gas accretion is the dominant mech-
anism in this system, unlike what is seen in many more poweaflio sources| (Hardcastle et al. 2007;
Balmaverde et al. 2008). Cold gas has also been suggestbé asimary source of fuel for Cen A and
NGC 3801 |((Croston et al. 2007). It is also possible that thizeaoiucleus of Mrk 6 is accreting both the
hot phase of the ISM and cold gas from a past merger. This isigtent with recent results on early-type
galaxies by Pellegrini (2010).

While the precessing jet scenario is challenging, due tohigh torque required to rotate the axis
of the black hole nearly 180within a time of~ 10° years, required to create both perpendicular sets of
bubbles, it cannot be ruled out. The dust lane hinted in thapgmages could be a sign of a merger,
which could have provided the necessary torque, and themsidfor obscuration variability near the black
hole could be further evidence. It would be interesting ttofo this hypothesis and find any correlations
with other systems where a similar variation in absorptias heen studied. However, this evidence can
also be interpreted in terms of a cluttered and uneven enviemt, which can be inferred on bigger scales
from the [Olll] emission distribution, causing the radiobiles to expand asymmetrically and irfdrent
directions. Again, more evidence, both from future obsgoma of Mrk 6 and from other sources, will be
useful to achieve an accurate interpretation of the unigrlyhysics behind the variable absorption and the
asymmetries we have observed.
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