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ABSTRACT

We use deep (~120 ks) XMM-Newton data of the M 87 halo to analyze its spatially resolved temperature structure and chemical
composition. We focus particularly on the regions of enhanced X-ray brightness associated with the inner radio lobes, which are
known not to be described very well by single-temperature spectral models. Compared to a simple two-temperature fit, we obtain a
better and more physical description of the spectra using a model that involves a continuous range of temperatures in each spatial
bin. The range of temperatures of the multiphase gas spans ~0.6-3.2 keV. Such a multiphase structure is only possible if thermal
conduction is suppressed by magnetic fields. In the multi-temperature regions, we find a correlation between the amount of cool gas
(with a temperature below that of the surrounding X-ray plasma) and the metallicity, and conclude that the cool gas is more metal-
rich than the ambient halo. In the frame of the assumed thermal model, we estimate the average Fe abundance of the cool gas to
~2.2 solar. Our results thus point toward the key role of the active galactic nucleus (AGN) in transporting heavy elements into the
intracluster medium through the uplift of cool, metal-rich gas from the galaxy. However, the abundance ratios of O/Si/S/Fe in and
outside the X-ray arms are similar, indicating that the dominant fraction of metals in the gas halo was uplifted by AGN outbursts
relatively recently compared to the age of M 87. Our best estimate for the mass of the cool gas is 5 x 103 M, which probably stems
from a mixture of ICM, stellar mass loss, and Type la supernova products. ~30-110 Myr are required to produce the observed metals
in the cool gas. Finally, we put upper limits on possible non-thermal X-ray emission from M 87 and, combining it with the 90 cm

radio maps, we put lower limits of around ~0.5-1.0 uG on the magnetic field strength.
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1. Introduction

The impact of active galactic nuclei (AGN) is currently the most
promising solution for the cooling flow problem in galaxy clus-
ters: e.g., Binney & Tabor (1995); Briiggen & Kaiser (2002);
Bohringer et al. (2002); Birzan et al. (2004); Omma et al. (2004);
Sijacki et al. (2007) and references therein; for a review see
Peterson & Fabian (2006); McNamara & Nulsen (2007). It is
moreover invoked to transport heavy elements into the intraclus-
ter medium (ICM) (Briiggen 2002; Omma et al. 2004; Rebusco
et al. 2006; Roediger et al. 2007) and to explain the exponential
cut-off of the bright end of the galaxy luminosity function (e.g.
Croton et al. 2006; Sijacki et al. 2007).

The AGN-ICM interaction is one of the driving motivations
for deep observations that allow detailed analysis of the prop-
erties and spatial structure of the intracluster gas. While for a
complete understanding of the ICM physics a combined anal-
ysis of multiwavelength data is usually necessary, most of the
information about the ICM is gained from observations in the
X-ray domain in which this hot plasma emits most of its ra-
diation. The main targets of such detailed analyses are thus in
particular nearby X-ray bright objects, where both good spatial
resolution and high spectral statistics can be achieved.

This makes the hot gas halo of M 87, which is the second
brightest extragalactic X-ray source in the sky located at the
center of the nearby Virgo cluster at a distance of only 16 Mpc
(Tonry et al. 2001), an ideal target for studying the AGN-ICM
interaction in great detail. M 87 is known to host an AGN pow-
ered by the galaxy’s central supermassive black hole with a mass
of 3.2 x 10° My, (Harms et al. 1994). The AGN jet and unseen
counterjet are believed to drive the complex large-scale system
of lobes observed in the radio domain (e.g. Owen et al. 2000),
which clearly interact with the X-ray gas. The evidence for this
is seen primarily in the spatial correlation between the two “in-
ner” radio lobes extending east (E) and southwest (SW) of the
core of M 87 and regions of increased X-ray surface brightness,
also referred to as the E and SW X-ray arms (Feigelson et al.
1987; Bohringer et al. 1995; Belsole et al. 2001; Young et al.
2002; Forman et al. 2005, 2007).

The impact of the AGN on the X-ray emitting gas in M 87
is however not limited to the surface brightness enhancement.
Also the spectral properties in the E and SW arms are affected,
these regions being the only part of the M 87 halo which re-
quire more complex multi-temperature spectral modeling while
the rest of the gas is well approximated by single-temperature
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models (Molendi 2002; Matsushita et al. 2002; Belsole et al.
2001). A possible explanation for this is given by Churazov et al.
(2001), who suggest that the radio lobes rise buoyantly through
the hot plasma, uplifting cooler gas from the central region and
mixing it with ambient gas at larger radii. If this model is correct,
then M 87 offers a unique chance to study the effects of AGN-
induced gas mixing and gas transport and the influence of these
phenomena on the energy balance in the cooling core and on the
metal distribution in the gas halo.

In this paper we use deep XMM-Newton X-ray observations
of the M 87 halo to characterize and understand the tempera-
ture structure and spatial variation of the multi-temperature gas
in the X-ray arms, and to investigate its correlation with the ra-
dio plasma. Moreover, we aim to map the distribution of various
metals and verify the influence of the AGN and the radio lobes
in distributing and transporting these heavy elements from the
galaxy center into the M 87 hot gas halo.

The paper is laid out as follows: in Sect. 2 we present the
data sets and data reduction techniques employed; in Sect. 3 we
describe the various multi-temperature spectral models used in
our analysis; in Sect. 4 we discuss the thermal structure and spa-
tial distribution of the multi-temperature phases and comment on
possible suppression of the Spitzer heat conduction; in Sect. 5
we present the spatial distribution of the metals in the M 87 gas
halo and the abundance patterns of different metals relative to
Fe in and outside the radiolobe regions; in Sect. 6 we estimate
and discuss the mass and metallicity of cool gas uplifted by the
AGN; finally, in Sect. 7 we give an upper limit for non-thermal
emission from the radiolobe regions. Our conclusions are sum-
marized in Sect. 8. We adopt a redshift for M 87 of z = 0.00436,
a luminosity distance of 16 Mpc (Tonry et al. 2001), and a scale
of 4.65 kpc per arcminute.

2. Observations and data analysis

M 87 was observed with XMM-Newton for 60 kiloseconds (ks)
on June 19, 2000 and re-observed for 109 ks on January 10,
2005. After removing the periods affected by soft-proton flares,
the net total exposure time is 85 ks for EPIC/pn and 120 ks for
each EPIC/MOS detector. This deep exposure of such a near and
bright source allows us to analyze the gas halo around M 87 in
great detail and with excellent statistics.

For the analysis, we used the 7.0.0 version of the
XMM-Newton Science Analysis System (SAS) and employed
the standard analysis methods as described in e.g. Watson et al.
(2001). Point sources were found using the source detection al-
gorithm implemented in SAS and removed from the observation
after a visual check to eliminate spurious detections. The spectra
from each of the two PN observations were corrected for out-of-
time events separately. We note that our observations were af-
fected by gain calibration uncertainties, in some cases the spec-
tra — especially for the PN detector — being blue-shifted by up to
~1500 kms~!. The MOS detectors were also influenced by this
shift, but the effect was a factor of ~3 less strong than for the
PN. To account for this, we artificially blue-shifted our spectral
models.

As background we used a collection of blank-sky maps
(Read & Ponman 2003) scaled according to the correspond-
ing exposure times for each detector and each observation. The
accuracy of this scaling for the present dataset is discussed in
Simionescu et al. (2007).

We used an adaptive binning method based on weighted
Voronoi tessellations (Diehl & Statler 2006), which is a

generalization of the algorithm presented in Cappellari & Copin
(2003), to bin the combined counts image to a signal-to-noise
ratio (SNR) of 200 in the energy range 0.5-2.0 keV, correspond-
ing to 40 000 counts per spatial bin. The binning was constrained
to follow four different radio contours of the 90 cm radio image
at 10, 3, 1 and 0.3 mJy (each region between two successive ra-
dio contours was binned separately). The region inside the high-
est chosen radio contour was not fitted in order to avoid possible
contamination by the AGN, whose flux was particularly high in
the second observation causing photon pileup in the EPIC detec-
tors (Werner et al. 2006a). The spectra were fitted in the energy
range between 0.4-7.0 keV with the various models described in
the next section. We fitted the spectra from all six datasets (two
observations with three detectors each) simultaneously with the
same model parameters except for a factor to account for varia-
tions in the relative overall normalization between the detectors.
For this, the PN of the new observation was taken as reference.

3. Spectral models

For the spectral analysis we use the SPEX spectral fitting pack-
age (Kaastra et al. 1996). We fit the observed spectra with two
models: a simple two-temperature MEKAL model in which the
abundances of the two thermal components are coupled to each
other, and a differential emission measure (DEM) model with a
cut-off power-law distribution of emission measures versus tem-
perature (wdem).

The emission measure Y = f nenidV (where ne and n; are
the electron and ion densities, V is the volume of the emitting
region) in the wdem model is specified in Eq. (1) following from
Kaastra et al. (2004):

dy [ ATV Tiin < T < Tinaxs !
dr — 10 elsewhere. 1)
The emission measure distribution has a cut-off at Tin = ¢Tax-
For @ — oo we obtain a flat emission measure distribution.

The fraction of the emission measure of the gas lying below
a chosen temperature 7T'paxcool tO the total emission measure is
given by:

Tmaxcool dy
Ymaxcool _ ITwin EdT (2)
Y meax ﬂdT
Toin AT

By integrating this equation we obtain a direct relation for

Ymaxcool/ Y as a function of a and c:

Ymaxcool _ (Tmaxcool/Tmax)]/aH —cl/et] . 3)
Yy 1 = cl/a+l

The wdem model appears to be a good empirical approximation
for the spectrum in cooling cores of clusters of galaxies (e.g.
Kaastra et al. 2004; Werner et al. 2006b; de Plaa et al. 2006).

In the spatial bins where either the normalization of the cool
component for the two-temperature fit or the lower cutoff for the
wdem model were less than 20 significant, we fixed the tem-
perature of the cool component to 1 keV and the lower cutoff
to 0.3 Thax, respectively. Unless otherwise stated we assume a
hydrogen column density of 2.0 x 10?° cm™ (Lieu et al. 1996).

Throughout the paper we give the measured abundances rel-
ative to the proto-solar values given by Lodders (2003). The re-
cent solar abundance determinations by Lodders (2003) give sig-
nificantly lower abundances of oxygen, neon and iron than those
measured by Anders & Grevesse (1989).
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Fig. 1. Temperature of the cool component as determined from the two-
temperature MEKAL fit. Only the bins where the normalization of the
cool component was more than 3¢ significant are shown.

4. Temperature structure of the M 87 halo
4.1. Two-temperature models

Two-temperature models are the simplest next step beyond
the single-temperature model approximation. Based on the
first XMM-Newton observation of M 87, Belsole et al. (2001),
Molendi (2002) and Matsushita et al. (2002) have already shown
that the X-ray bright E and SW arms associated with the inner
radio lobes are significantly better described by two-temperature
models with a cool temperature component at around 1 keV and
a hotter component at around 2-2.5 keV. With the new data we
are able to analyze in much greater spatial detail the properties
of the cool component.

We find, in agreement with previous work (Molendi 2002;
Matsushita et al. 2002), that the temperature of the cool compo-
nent remains quite stable between 1 and 1.2 keV and shows little
or no trends with radius or with surface brightness (Fig. 1). For
example, the correlation coefficient between the temperature of
the cool component and radius in the E arm is only 0.198. The
temperature of the hot phase meanwhile exhibits a fairly regular
radial gradient (Fig. 2).

For comparison we also performed a similar two-
temperature model fit using the APEC model in XSPEC. The
differences in determining the temperature of the cool compo-
nent can be seen in Fig. 3. In general, we find very similar
trends from both models, however the APEC model seems to
give overall higher values than the MEKAL model. This effect
is more pronounced for values of T¢oo1, apec > 1.2 keV than for
Teool, apEC < 1.2 keV. We note that the MEKAL model imple-
mented in SPEX includes a more recent list of transitions than
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Fig.2. Temperature of the hot component as determined from the
two-temperature MEKAL fit. The map exhibits a fairly regular radial
gradient.

the MEKAL implemented in XSPEC (Kaastra, private commu-
nication) and that APEC is not implemented in SPEX, thus a
direct comparison of the two models is not possible.

While the temperature of the cool phase does not seem to
vary strongly in the fits, the normalization of the cool gas shows
spatial variations correlated with the inner radio lobes. In Fig. 4
we plot the fraction of the emission measure of the cool phase
to the total thermal emission, Y.oo1/(Yhot + Yeool), Overlaid with
the 90 cm radio contours (Owen et al. 2000). As already noted
by e.g. Belsole et al. (2001), the spatial correlation is more pro-
nounced in the E arm, while in the SW arm it seems that the
radio plasma is twisting around the uplifted arm.

4.2. The differential emission measure model

We also fitted a model with a continuous temperature distribu-
tion where the emission measure is a power-law function of the
temperature, as described in Sect. 3. As the model by Churazov
etal. (2001) also indicates, a multiphase structure with a continu-
ous distribution of the emission measure as a function of temper-
ature is more realistic because, during the rise of the radio lobes,
gas at several radii gets entrained and mixed (see also Briiggen
& Kaiser 2002). The power-law shape of the emission measure
as a function of temperature is the simplest model that entails a
continuous temperature distribution.

Our main direct result from the wdem fit is shown in Fig. 6,
where we plot the map of the inverse slope a of the power-law
emission measure distribution. Higher values in the map indicate
regions where the emission measure distribution is flatter, hence
where one expects proportionally more cool gas to have been
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Fig. 3. Differences in determination of the temperature of the cool
component with the APEC (fitted in XSPEC) and the MEKAL (fit-
ted in SPEX) models. Errorbars are at the 1o~ level. The equality line
T],MEKAL = TI,APEC is overplotted.
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Fig. 4. Map of the fraction of the emission measure of the cool com-
ponent to the total emission measure (hot+cool component) for the
two-temperature MEKAL fit. 90 cm radio contours are overplotted in
white.

mixed together with the ambient gas. To quantify this more ex-
actly, we calculate from the fit results the fraction of the emission
measure of the cool gas to the total emission measure accord-
ing to Eq. (3). We chose Taxcool as 1.5 keV, which is roughly
the smallest deprojected value of the ambient gas computed by
Matsushita et al. (2002). Figure 5 shows the spatial distribution
of the cool gas fraction, revealing very similar spatial trends as
in Fig. 4 where the fraction of cool gas in the 2T model was
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Fig. 5. Fraction of the emission measure of the gas below 1.5 keV to
the total emission measure from the wdem fit. 90 cm radio contours are
overplotted in white.

plotted. Thus, the relative contribution of the cool gas to the to-
tal emission is similar in both models.

However, the temperature structure of the cool gas can
be very different, since the same relative contribution can be
achieved with a shallower slope (large @) and larger low-
temperature cutoff or with a steeper slope but a smaller c7',x.
In Fig. 7, we plot the map of the lower temperature cutoff c7 .«
in the regions where we find a more than 30 significant fraction
of cool gas (in the other regions the gas is not significantly non-
isothermal, thus it is irrelevant to speak of a lower temperature
cutoff). We find lower cutoff temperatures which go down to as
little as 0.6 keV, thus the wdem model allows for the presence of
gas much below the best-fit value of the cool temperature in the
2T fit.

From the fit we find that, based on the chi-square (y?) val-
ues, we cannot significantly differentiate between the wdem and
the two-temperature model. The wdem model that we fitted had
the same number of free parameters (upper temperature cutoff,
lower temperature cutoff, power-law slope, normalization and el-
ement abundances) as the two-temperature fit (two temperatures,
two normalizations and element abundances) and the difference
between the y? values is between —20 and 10 points for a typical
number of degrees of freedom per bin of 1050-1100.

4.3. Discussion of the temperature structure
and physical feasibility of the different models

Although based on the improvement of the y? values we cannot
determine which model provides a better description of the data,
there are several arguments in favor of the continuous tempera-
ture distribution.

Firstly, during the rise of the radio lobes, gas at several radii
should get entrained, mixed, and the uplifted gas should expand
and cool adiabatically as it moves into regions of lower pressure.
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Fig. 6. Map of the inverse slope @ from the wdem fit. Higher values
in the map reflect regions where the emission measure distribution is
flatter.
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Fig. 7. Map of the lower temperature cutoff from the wdem fit. Emission
from gas at as little as 0.6 keV is detected. Only the bins are shown
where the fraction of gas below 1.5 keV was more than 30 significant.
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Fig. 8. Results of fitting various simulated wdem spectra with a two-
temperature model. The best fit cool temperature in the 2T model re-
mains constant at around 1 keV for a wide range of input parameters
in the simulated spectra. The different curves are for different values of
the upper temperature cutofl, Tay.

Alternatively, the uplifted gas could be heated up by e.g. heat
conduction from the surrounding hot phase or by energy dissi-
pation from turbulent motions. In any case, it is very unlikely
that the heating and cooling should exactly balance each other to
yield the spatially constant temperature of the cool component
that we observe in the two-temperature fits (both MEKAL and
APEC). More probably, the constancy of the cool temperature
could be an artifact of approximating a more complex tempera-
ture structure with a two-temperature model. In order to test this,
we simulated a series of wdem spectra with different slopes, dif-
ferent high-temperature cutoffs, and a lower temperature cutoft
of 0.25 X Tyax, Which is a typical value we find in our fits, and
fitted these simulated spectra with a two-temperature MEKAL
model. We find indeed, as plotted in Fig. 8, that the best fit tem-
perature of the cool component in the 2T fit is constant at around
1 keV for a wide range of slopes and high-temperature cutofts.
Thus the fact that the cool temperature in the 2T fit is so constant
is very likely an indication that the 2T fit is only an approxima-
tion of a more complex continuous temperature distribution. We
note that very similar results are also found for lower tempera-
ture cutoffs of between ~0.2-0.5 X Tax.

Secondly, Werner et al. (2006a) detect Fe XVII lines in the
RGS spectra of M 87, lines which are emitted between 0.14 and
0.85 keV (Arnaud & Raymond 1992). The presence of these
lines is inconsistent with the results of the two-temperature fits
(both MEKAL and APEC) and can only be accounted for with a
multi-temperature model which predicts emission from gas with
temperatures of as low as 0.6 keV. Moreover, the RGS results
show the presence of gas at ~0.7 keV out to 3.5 in the SW arm,
which also speaks in favor of the wdem model.

Our data thus points towards the conclusion that a contin-
uous differential emission measure model for the gas in the X-
ray arms is likely to be a more physical and more realistic de-
scription than a two-temperature plasma approximation. In most
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of the following sections we will thus primarily focus on the
results of the wdem fit.

4.4. Discussion of the implications of multi-temperature
structure for thermal conduction

A gas parcel with volume V and number density 7, in thermal
contact over an area A with an ambient gas with a temperature
which is different by AT, will reach thermal equilibrium with
this ambient gas through heat conduction on a time scale that
can be estimated as (adapted from Bohringer & Fabian 1989):

AH _ 3nksAT v
gA ~ fkoT5?VT A

The & “)
where AH is the enthalpy which must be transfered to the
gas parcel so that it reaches thermal equilibrium with the
ambient gas, ¢ is the heat flux according to Spitzer (1962),
ko is the Spitzer heat conduction coefficient, ko ~ 6 X
1077 ergem™' s7' K772, and f is a coefficient allowing for the
reduction in the heat conduction due to the effects of the mag-
netic field. For the case of a continuous multi-temperature dis-
tribution as the one described by the wdem model, the calcu-
lation of the heat conduction flux and hence the heating time
scale is generally more complex. We can however make simpli-
fying assumptions which will lead to upper limits on the allowed
heat conduction such that the cool gas detected survives for over
~107 years, which is the estimated age of the inner radio-lobes
(e.g. Forman et al. 2007). The temperature gradient, and thereby
also the heat flux, is smallest if we assume that the gas is strati-
fied in each spatial bin such that gas at the coolest temperatures
is furthest away from gas at the hottest temperatures. Moreover,
V/A is largest assuming a spherical geometry. Combining these
two assumptions and the quoted age of the radio lobes we arrive
at an upper limit for the allowed f.

We aim to rewrite Eq. (4), which holds for two gas phases
in thermal contact, for the case of the multi-temperature distri-
bution described by the wdem model. For this we will calculate
how much enthalpy AH must be transferred to the gas contained
in the wdem model below a chosen T, in order to heat this gas
up to 7. This is given by:

5 T,
AH = f (ne + n)ks(Ts — T) dV. (5)
¢T'max

Note that according to the continuous distribution of the wdem
model, T, can be arbitrarily close to ¢Tax, although it is proba-
bly not physically feasible for the separation to be infinitesimal.
Given that dY = (dY/dT)dT = n.n;dV and assuming pressure
equilibrium in the form (n. + n;) T = const., it follows that

dV o T?gT. (6)

The proportionality constants can be calculated assuming a total
volume for each bin (see Sect. 6.3). The volume V in Eq. (4) can
then be calculated integrating dV from ¢Tyax to T.. Assuming
the gas below T, to be inside a sphere, one can then calculate
the area A corresponding to this V. Finally, VT = dT/dr =
dT/dV - dV/dr can be evaluated at T, using the assumption of
spherical geometry and Eq. (6). This allows the calculation of
The, and the requirement that 7,.(7") < 107 years for various T
can help us place upper limits on f. However, we cannot ac-
count for possible mechanisms that would change the temper-
ature cutoffs or the slope of the emission measure distribution
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Fig. 9. Factor by which the Spitzer heat conduction must be suppressed
(this corresponds to 1/ f in Eq. (4)) in order to maintain the cool gas in
the multi-temperature structure over at least 107 years, as a function of
the size corresponding to the volume of the cool gas, V(<T,). The wdem
inverse slope denoted here by p and lower temperature cutoft ¢y, (in
keV) of the 5 different bins used for the calculation are indicated in the
legend.

since the time it was produced. Such mechanisms include mix-
ing and the fact that gas at very low or very high temperatures,
which could have been present at the beginning, has already been
heated/cooled and is no longer detected.

We plot in Fig. 9 the conductivity suppression factor 1/f
needed to maintain the cool gas in the multi-temperature struc-
ture over at least 107 years against the radius r ~ (3V/4m)!'/? cor-
responding to V(<T.). For the calculation we used T’ — c¢T',x in
the range from 5 x 10?-5 x 103 K. We calculated the values plot-
ted in the figure using results from 5 different bins in the E and
SW arms spanning values of @ between 0.5 and 2. All our bins
had similar low-temperature cutoffs of ¢T.x ~ 0.64-0.76 keV.
We find that, for typical blob sizes of 0.1 kpc, similar to the
widths of the cool filaments seen in the Chandra image (the fila-
ments do not appear in images produced in energy bands above
2 keV, Forman et al. 2007), a suppression factor on the order of
~30-100 is required.

5. The spatial distribution of metals
5.1. Abundance maps

The spectra in each spatial bin provide enough statistics not
only to test the multi-temperature structure of the gas but also
to determine the abundances of several heavy elements and to
analyze their spatial distribution and the influence of different
multi-temperature models on the abundance determination. In
the spectral fits we left the abundances of O, Mg, Si, S, Ar, Ca,
Fe and Ni free. The Ne abundance was fixed to the Mg abun-
dance, since the Ne line falls within the Fe-L line complex and
thus the Ne abundance cannot be accurately determined with the
spectral resolution of the EPIC detectors.
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Fig. 10. Fe map determined from the wdem model. Beyond the expected
radial gradient, one clearly sees the enhancement in Fe abundance in the
arms, especially within the E radio lobe. The half-light radius of M 87
is marked with a black circle, the 90 cm radio contours are over-plotted
in white.

Because of the good statistics around the Fe-L line complex,
the Fe abundance is usually determined with the lowest statis-
tical errors. We present a map of the Fe abundance determined
from the wdem model in Fig. 10. As expected from previous
work (e.g. Matsushita et al. 2003), a radial gradient is apparent.
Beyond this radial trend however, deviations associated with the
inner radio lobes can be seen as clear evidence of the influence
of the AGN on the spatial distribution and transport of metals.
The best region to illustrate this is the eastern lobe, which from
the “mushroom-cloud” shape in the radio image appears as a
more undisturbed system than the SW lobe. Here, one clearly
sees a stem-shaped enhancement in the Fe abundance which co-
incides very well with the rising plasma bubble. The SW lobe
also presents a higher metallicity with respect to the average ra-
dial profile, but this enhancement seems a bit less concentrated
than in the E lobe and is more difficult to see from the map in
Fig. 10. A more detailed quantitative analysis will be presented
in Sect. 6.1.

Since the Fe-L complex is very sensitive to the temperature
of the gas, one might question if and how the determined Fe
abundance systematically depends on the model involved. To an-
swer this, we plot in Fig. 11 the Fe abundance determined from
the 2T and the wdem models. Reassuringly, the correlation be-
tween the two sets of fit values is very tight, which allows us to
be confident in the measured abundance trends.

5.2. Metal abundance patterns of different elements
in and outside the multi-temperature regions

The spatial distributions of other elements, especially S and Si
which have the next best determined abundances, are very simi-
lar to that of Fe. Thus, we chose not to include 2D maps for these

1.4 — —

—_

2+ R —

fe (wdem fit)
—
I

e
o
\

0.6 —

fe (2T fit)

Fig.11. Fe abundance determination with two different multi-
temperature models. The red line represents the function
Fe(wdem) =Fe(2T). It is easily seen that the abundance determi-
nations from the two models agree very well, with a very low scatter.
For clarity, only the points are plotted where the emission measure of
the cool component in the 2T fit and the fraction of cool gas in the
wdem fit were more than 3¢ significant. We note, however, that the
correlation is equally strong also for all the other points in the maps.

elements but rather to plot their abundance trends relative to Fe.
We find that, while the overall abundance in the arms is higher,
the Fe, Si, S and O abundances correlate well both inside and
outside the radio lobe regions. The scatter in the O/Fe relation is
larger than for Si/Fe and the O/Fe slope is much shallower, but
we do see a small increase in the O abundance for higher Fe val-
ues. Therefore the cool gas must be enriched also with oxygen,
for example through stellar mass loss in the galaxy. Figure 12
shows a plot of the Si and O abundances against Fe, both for the
bins where the cool gas fraction was significant (marked with
special symbols) and for the rest of the bins in the fit. Since the
Si and S abundances are very similar, we do not add the S/Fe
data points to the plot for legibility. Both for Si/Fe and O/Fe we
see that the trend in the multi-temperature regions coincides well
with the trend outside the influence of gas-uplift by the radio
lobes (note that Gastaldello & Molendi 2002 also find a constant
ratio of O/Fe with radius in the inner 9’ of M 87). To quantify
this, we fitted a line to the O vs. Fe, Si vs. Fe and S vs. Fe data
points in and outside the arm regions. The best fit slopes are
given in Table 1. These slopes are expected to become different
at low values of the Fe abundance, where the contribution by
SNela goes to zero and the O/Fe and Si/Fe ratios are determined
by the pre-enrichment patterns of SNell (for detailed discussion
of this see, e.g., Matsushita et al. 2003). With the bins included
in our plot in Fig. 12 however, we do not seem to reach down to
low enough Fe abundances to see this effect significantly.

As seen in Table 1, there are indications that Fe is slightly
more abundant in the multi-temperature regions (O/Fe, Si/Fe
and S/Fe are all smaller than in the single-temperature regions),
which would imply a more important relative contribution from
SNela, but none of these differences is more than 20 significant.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20078749&pdf_id=10
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20078749&pdf_id=11

104
1.5 ————
I |
L .0 |
L . Si (E arm) |
L . 0 (E arm) |

1 e Si(SWarm)
L x O (SW arm)

Si and O (solar)

o
o
I

Fe (solar)

Fig.12. Oxygen and silicon vs. iron abundances in and outside the arm
regions (wdem fit). Both the Si vs. Fe and O vs. Fe in the arms (marked
with special symbols, see graph legend) follow the same trends, respec-
tively, as the Si vs. Fe and O vs. Fe data points for bins outside the arms.
Thus, the same abundance patterns are seen in all environments.

Table 1. Comparison of best-fit metal abundance ratios in and outside
the multi-temperature regions (wdem fit).

Inside Outside
multi-temperature region — multi-temperature region
O/Fe 0.44 +0.07 0.49 +0.03
Si/Fe 1.02 + 0.06 1.10 £ 0.02
S/Fe 1.05 + 0.09 1.18 +£0.03

Because of this and since the O vs. Fe and Si vs. Fe data points
in the multi-temperature regions overlap well with the trend out-
side the influence of gas-uplift by the radio lobes, we conclude
that the AGN, at least at this advanced stage of the evolution
of the galaxy, enriches the gas halo without altering the relative
abundance patterns.

6. The properties of the cool gas

6.1. The correlation between the amount of uplifted cool gas
and metallicity

Several authors have discussed the AGN/ICM interaction as a
driver for metal-transport from the central galaxy into the ICM
(for examples of recent work, see e.g. Rebusco et al. 2006;
Roediger et al. 2007). Comparing Fig. 10 to 4 or 5, a possible
mechanism by which the AGN influences the distribution of the
metals in the gas halo is readily apparent: if the cool gas from the
center of the galaxy is richer in metals, then the uplift of this gas
by the radio bubbles will also enable the transport of the metals
towards the outskirts of the cluster. Indeed, it seems that regions
of enhanced metallicity in the lobes correspond well to regions
where the fraction of the cool component is large.

To illustrate this correlation, we plot in Fig. 13 the Fe abun-
dance as a function of the fraction of the cool component in the

A. Simionescu et al.: Metal-rich multi-phase gas in M 87

1.4||||||||||||||||||||||||

0.4||||||||||||||||||||||||
0 0.1 0.2 0.3 0.4

contribution of the cool component

Fig. 13. Averaged Fe abundance in 2%-wide bins of the fraction of the
cool component and linear fit for each arm. The linear correlation co-
efficients are 0.86 for each of the two arms, indicating a very clear
correlation.

wdem model for the regions where this fraction was more than
30 significant, for the E and SW arm separately. In the plot,
the Fe abundance was binned in 2%-intervals of the cool gas
fraction. We calculated the linear correlation coefficient for each
arm without binning, taking into account the error bars on both
axes (Akritas & Bershady 1996), and obtained a value of 0.66
for the E arm and 0.42 for the SW arm. Combining the data
points for both arms we obtain a correlation coefficient of 0.48.
This confirms a moderate linear dependence of the measured
Fe abundance on the fraction of the cool component overall.
Furthermore, binning the Fe abundance in 2%-intervals of the
fraction of the cool component and recalculating the linear cor-
relation coeflicients, we obtain a value of 0.86 for each of the two
arms, indicating a very clear correlation. The linear fits were per-
formed taking into account the errors on both axes. Extrapolating
the best-fit line equations to 100% cool-component yields an av-
erage iron abundance of 1.88 +0.18 and 1.93 +0.12 solar for the
SW and E arm respectively (quoted errors are at the 1o level).

We adapted this procedure also for the results of the two-
temperature fits and obtain comparable results for the mean iron
abundance of the cool gas: 2.13+0.54 for the SW arm and 2.38 +
0.29 for the E arm. However, the correlation is not as strong
as in the case of the wdem model. The correlation coefficients
after binning the data in 2%-wide bins of the cool gas fraction
are only 0.63 for the E arm and 0.34 for the SW arm. The fact
that the Fe abundance correlates much better with the fraction of
cool gas determined from the wdem model than with the fraction
determined from the 2T model may be an additional indication
that a continuous temperature distribution is a better description
of the temperature structure in the regions associated with the
radio lobes.

To check to which extent the correlation presented in Fig. 13
may be due to similar radial trends of the cool gas fraction and Fe
abundance, we furthermore fitted the radial Fe and f.,, profiles
from the wdem results using non-parametric, locally weighted,
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Fig. 14. Map of Fe deviations from a smooth radial profile, Fe/(Fe).
Contours of the cool gas fraction deviations from radial symmetry are
over-plotted. It is clear that the correlation between Fe and f.o is in
most part not due to common radial dependences. The high-abundance
feature to the SE corresponds to the cold front presented in Simionescu
et al. (2007).

linear regression smoothing, and divided the Fe and f.,, maps
by the resulting radial models. This should remove any trends
due to common radial dependences. We plot in Fig. 14 the
map of Fe deviations from a smooth radial profile, Fe/(Fe), and
over-plot contours of the f.,o deviations from radial symmetry,
Jeool/{feool)- The figure shows a tight correlation between regions
of relatively higher iron abundance and relatively higher fraction
of cool gas with respect to the radial average. The only exception
to this is a high-abundance region to the SE, which does not cor-
respond to a high cool-gas fraction but where Simionescu et al.
(2007) have already discovered the presence of a cold front as-
sociated with a metallicity jump. The relatively low-abundance
region opposite the SE feature is probably due to the fact that the
higher abundances over a relatively large azimuthal range in the
cold front pull up the average at that particular radius, so divid-
ing “normal” values at that radius by this average will result in a
depression. We calculated the linear correlation coefficients be-
tween Fe/(Fe) and f.o01/{feoo1) and obtain 0.70 for the E and 0.72
for the SW arms (unbinned). The fact that these coefficients are
even stronger than for the simple Fe vs. f.,o correlation indi-
cates that the underlying radial dependence of the abundance of
the hot halo may be responsible for a large part of the scatter in
Fig. 13. We will investigate this further using spectral simula-
tions in the next section.

6.2. The metallicity of the cool gas

To explain the correlation between the amount of uplifted cool
gas and metallicity presented in the previous section we can be-
gin by assuming that if we fit a multiphase gas for which the
Fe abundance is some function of the temperature with a spec-
tral model with a single metallicity, the resulting Fe abundance
from the spectral fit can be (neglecting for now e.g. the depen-
dence of the Fe line strength on temperature) approximated by
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an emission-weighted average:

TleX
I e Zre(T)Y(T)dT

Z},:e ~ T ~ <ZFecoo|>fcool + <ZFehm> Jhot (7
[ Y(1)dT

~ <ZFecool > fclool + <ZFehol> fﬁot (8)

~ <ZFehot> + ((ZFecool> - <ZFehm>) f;:’ool (9)

where the quantities denoted by the prime are the results of the
fitting while the other quantities are the “true” values character-
izing the gas, and it holds that f  + fy = 1since f/ | and f;
denote the fitted relative emission measure contributions from
the cool and hot gas respectively. The cool gas is, as before, de-
fined as gas with a temperature below 1.5 keV, which is the low-
est value found in the deprojected temperature profile outside the
X-ray arms (Matsushita et al. 2002).

This means that the measured Fe abundance Zj,, depends in
first-approximation linearly on the fraction of the cool, metal-
rich gas f! |, or equivalently on Yco01/Y, which is in agree-
ment with what we observe. If this approximation holds, then
the Fe abundances obtained by extrapolation to 100% cool com-
ponent contribution, as calculated above, are the real values of
the Fe abundance of the cool component.

To investigate the validity of this simple approximation, we
simulated spectra combining a wdem component between ¢ Tmax
and 1.5 keV with Fe = 2 solar and a second wdem component be-
tween 1.5 keV and T, with Fe =[0.6, 0.8, 1.0] solar. The two
wdem components had the same slopes and their relative normal-
izations were chosen such that dY/dT at 1.5 keV was continuous.
We stepped the upper temperature cutoff 7', between [2.2, 2.6,
3.0] keV, the lower temperature cutoff between [0.2, 0.25, 0.3,
0.4] Trmax and the slope between 0.2 and 1.2 in intervals of 0.2.
This parameter space is equivalent to a range of cool gas con-
tributions from 0 to 60% of the total emission measure. We as-
sumed an O/Fe ratio of 0.4 and Si/Fe and S/Fe ratios of 1.0 solar
(see Table 1) for both of the simulated model components. The
simulated spectrum was then fitted with a single wdem model
with a single abundance.

The results are presented in Fig. 15. Most important to note
is that from the simulation we do recover, up until quite high
percentage contributions of the cool component, a clearly lin-
ear dependence of the determined coupled abundance Z[,, on the
cool gas fraction f7 . plotted on the X axis. The largest scat-
ter is due to the different abundances of the hot gas component,
while there is practically no scatter due to ¢ and 7'y,,x. However,
the slope of Z{, vs. f_ is slightly different than the slope of Z[
vs. the true f.oo (by a factor of approximately 1.2).

This discrepancy can be understood in the following way:
if the cold gas is more metal-rich than the hot gas and if the
spectral model forces the abundances of all gas phases to be the
same, then the cool gas in the fitted model will have a too low
abundance compared to the real value (and in turn the hot gas
will have a too high abundance). To obtain the best fitting spec-
tral shape of the Fe-L complex thus, which is equivalent to ob-
taining the correct contribution of emission in the FeL energy
range from the cold gas, the fit will have to raise the normal-
ization of the cool component to compensate for the fact that
the fitted abundance of the cool component is forced to be lower
than in reality. This is why coupling the abundances of the dif-
ferent phases leads to an overestimation of the normalization of
the cool component, which is reflected in our simulations by a
decrease of the Z;_ vs. f7 . (fitted) slope compared to the Z],
VS. feool (real) slope. This affects our estimates of the normaliza-
tion of the cool gas, as a consequence also our estimates of the
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Fig. 15. Results of fitting a simulated combination of two wdem spec-
tra with a high Fe abundance of the cool gas with a wdem model with
coupled abundances. Blue, black and red crosses plot the fitted (cou-
pled) Fe abundance against the fitted fraction of the cool component for
various input wdem slopes, various upper temperature cutoffs, an input
lower temperature cutoff of 0.25 T},.x and a hot component metallic-
ity of 1.0, 0.8 and 0.6 solar, respectively. Black circles, black triangles
and black asterisks plot the same for a hot component metallicity of
0.8 solar and lower temperature cutoffs of 0.2, 0.3 and 0.4, respectively.
Green squares plot the fitted (coupled) Fe abundance against the orig-
inal (input) cool gas fraction for an input lower temperature cutoff of
0.25 Tphax and a hot component metallicity of 0.8 solar. For an ideal fit-
ting of the cool gas fraction, the black crosses should overlap with the
green squares.

mass of the cool gas, and leads to underestimating the metallic-
ity of the cool component if we simply extrapolate the best-fit
Z{. vs. [l line equations to f7 = 1. If we correct the slopes
found in the previous section for the wdem model by the factor
described above we find Fe abundances for the cool component
as summarized in Table 2.

We note that similar simulations as described above were
performed also for the two-temperature model, recovering again
the expected linear dependence of Zj,, on the cool gas fraction
S/, but with a larger scatter due to the assumed metallicities of

tﬁ(éOlhot component. Given the much weaker correlation between
Z{. and f7  in the 2T model and the higher uncertainty in the
determination of the observed Z}’:e VS. fC’ o1 Slope, as well as con-
sidering our arguments against the two-temperature description
of the plasma the X-ray arms, we however choose not to further
discuss the 2T results in quantitatively determining (Zg,_, ). The
assumed thermal model may have an important influence on the
determination of the value for (Zg,,, ). However, more compli-
cated models cannot be fitted to the available data, since any ad-
ditional free parameters would be unconstrained. In view of the
current lack of a clear theoretical prediction regarding the exact
thermal structure of the uplifted gas, the wdem model is at the
moment the simplest and most flexible model which serves as
a good first-approximation to a wide range of possible emission
measure distribution functions. Hence, we will in the following
rely on the wdem results for interpretation.
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Table 2. Estimates of the average iron abundance of the cool component
relative to the proto-solar values of Lodders (2003).

E arm SW arm
2T 238+029 2.13+0.54
wdem uncorrected 193 +0.12 1.88 +0.18
wdem corrected 216 +0.14 2.11+0.22

Considering the results shown in Table 2, we will for the rest
of this work use an average iron abundance of 2.2 solar. This
implies, if we use the abundance ratios presented in Table 1, Si
and S abundances also around 2.2 solar, and an O abundance of
roughly 0.9 solar for the cool gas. Interestingly, the determined
Fe abundance for the cool gas is in good agreement with the
value of 2.3 solar obtained by Matsushita et al. (2007) in the
Centaurus cluster, where presumably an undisturbed accumula-
tion of metals over a longer time-scale enabled the central metal-
licity to reach higher values than in the Virgo cluster center. The
difference in the central abundances of M 87 and Centaurus can
be thus explained by AGN-induced transport of heavy elements
out of the central region of M 87.

6.3. The mass of the cool gas

The emission measure is defined as

Y= fnenidV ~ neniV =~ feinizV (10)
where n and n; are the electron and ion densities, f;; is the elec-
tron to ion number ratio (on the order of 1.2), and V is the volume
of the emitting region. From this, one can estimate the mass of
gas according to (where (m;) is the average ion mass per electron
in the cluster gas and m;, is the proton mass):

M ~ (mi)y \JYV] fi =~ my VYV. (11)

This requires assumptions about the projected geometry. To cal-
culate the mass of cool gas in the arms, we compare two alterna-
tives for determining the depth of each bin along the line of sight
(LOS).

6.3.1. Assumptions about the projected geometry
of the cool component

The first and simplest method is to assume a constant LOS depth
for the cool gas component equal to the average width of the
radio arms in the plane of the sky. For this, we choose a LOS
depth of 200" (15.5 kpc). The second possibility is to define the
center of the gas halo, determine the minimum and maximum
radii of each bin with respect to this center and assume that the
longest LOS distance is equal to the longest circle chord that can
be drawn between the circle of minimum radius and the circle
of maximum radius, in other words that only the gas between
the sphere with the minimum radius and the sphere with the
maximum radius contribute to the emission (Henry et al. 2004;
Mahdavi et al. 2005). This yields, where S is the area of the
region in the plane of the sky,

L=2 \’(R%wx - Rﬁﬂ‘n)

We used both of these geometries combined with the integrated
emission measure Y., of the gas below 1.5 keV from the wdem
fit to calculate different estimates of the mass of the uplifted cool

and V =2SLJ3. (12)
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Table 3. Total mass of the cool gas (in 10° solar masses), including all
the different corrections discussed in Sect. 6.3.

LOS Model Direct ff ff ffiB10
B10  Zcorr
const. 2T 2.3 - - -
Eq. (12) 2T 2.4 0.39 041 -
const. wdem 2.2 - - -
Eq. (12)  wdem 2.1 0.54 0.60 0.50

gas. In the calculation we included only the bins where the frac-
tion of gas below 1.5 keV was more than 30 significant. Both
methods show similar spatial distributions of the mass of cool
gas. The quantitative results for the total mass of the cool gas
are summarized in Table 3, under the column heading “direct”.
For comparison, also the masses of the cool gas determined from
the two-temperature model with the two assumed geometries are
shown and are in good agreement with the wdem results.

6.3.2. Filling factor

For the two volume estimates considered above we additionally
must take into account the fact that the cool component may not
fill the entire volume of the bin, but may be concentrated in thin
filaments (Forman et al. 2007) which occupy only a fraction (so-
called filling factor) of the assumed volume corresponding to
each bin. It is very difficult to determine this filling factor from
the data, especially since the PSF of XMM-Newton is too large
to resolve these filaments.

The easiest method to estimate the filling factor is to assume
pressure equilibrium between the different temperature phases
present in the spectral models, which for the wdem model im-
plies 6V oc T?*1/% (Sect. 4.4), yielding

L5 o4ty
Ve _ oy, TROT (13)
Vi fT"““ T2+1/adT
15

The results for the new mass estimates using the filling factor
corrections according to these calculations are presented in Table
3 under the column heading “ff”’. We used only the volume esti-
mate given in Eq. (12), since we cannot assume that the hot com-
ponent also has a constant line of sight distance of only 200”.
These values are however only lower limits to the true mass of
the cool gas because the filaments are most likely supported by
extra pressure from the magnetic field. If the magnetic field is
higher inside the cool component than in the surrounding hot
component, then the magnetic pressure adds to the thermal pres-
sure of the cool gas. This reduces the pressure required to main-
tain hydrostatic equilibrium with the hot surrounding gas, which
allows a lower density of the cool gas and a larger filling factor.
Note that we have ignored the effects of magnetic tension which
can contain the cool gas and work the other way.

To get a more physical estimate of the filling factors we
therefore also reevaluated them including the contribution to the
pressure of the cold phase of a uniform magnetic field with a
strength of 10 uG, which is a typical average value in the in-
ner radio lobes obtained by Owen et al. (2000) using the radio
data. The results are likewise shown in Table 3, under the column
heading “ff B10”. We note that the lower limits on the magnetic
field strength of 1 uG obtained in this work (Sect. 7) would re-
sult in a magnetic pressure several orders of magnitude below
the thermal pressure, therefore we did not include this in our
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Fig. 16. Map of the mass of gas below 1.5 keV in the wdem model as-
suming a geometry with a line-of-sight distance for each bin given by
Eq. (12). The map has been corrected for the filling factor of the cool
gas assuming pressure support for the cool gas from a 10 uG magnetic
field (Sect. 6.3.2) and for the effects of coupling the abundances of the
different phases (Sect. 6.3.3). The units are solar masses per square kilo-
parsec. Radio contours at 90 cm are overplotted in white.

calculations but preferred the higher values obtained by Owen
et al. (2000).

6.3.3. Corrections due to coupling the abundances
of different temperature phases in the spectral models

We proved in Sect. 6.2 that the normalization of the cool gas is
overestimated by using a model with a single abundance to de-
scribe a combination of a metal-rich component and relatively
poorer hot ambient plasma. In the case of a wdem model, this
overestimation amounts to a factor of 1.2 if the average metal-
licity of the cool component is 2 solar (we redid the simulations
for an average metallicity of the cool component of 2.2 solar and
find that this factor changes by only 5%). We therefore further
correct the mass of the cool gas decreasing it by this factor, as
shown in Table 2 under the column heading “ffB10 Zcorr”. A
map of the mass of cool gas including all the corrections de-
scribed above is shown in Fig. 16.

In the following, we will use the estimate of 5 X 108 M,
for the mass of the cool gas, which includes all the correc-
tions discussed in this section and is determined from the wdem
model which we believe to describe the data better than the two-
temperature model. We note that the cooling time of the cool
gas in the multi-temperature regions, computed assuming iso-
baric cooling and using an average value of the temperature for
the multiphase distribution, is longer than the ages of the radio
lobes in all bins (between 2 x 10% and 2 x 10° years). Therefore
our mass estimate is not affected by gas which has cooled out of
the X-ray domain since the uplift.
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6.4. Discussion of the origin and uplift of the cool gas

We have presented so far in this work many arguments in favor
of the scenario proposed by Churazov et al. (2001), in which
the cold gas in the X-ray arms is a result of gas uplift from the
central regions of the galaxy through buoyant radio bubbles. In
this section we will try to bring the observational details together
towards a consistent picture of the energetics and chemical com-
position of the M 87 X-ray arms and explain how this relates to
the radio activity.

6.4.1. Energetics

We first use the mass estimates derived in the previous section to
compute the gravitational energy needed to uplift the gas:

GMcool M(R) .
R

For M(R) we use the integrated total mass profile of Matsushita
et al. (2002). We use the approximation that all the gas with total
mass M.y is uplifted from R = 0 and U = 0 to a mean radius

R~ ZMORG)
M, cool

where i are all the bins where the cool component was more
than 3¢ significant. We calculated Ry, in this way for all the
different models and volume estimates presented in the previ-
ous section and obtain consistent values between 15 and 20 kpc.
Assuming a typical mass of the uplifted gas of 0.5 x 10° Mg
(see Table 3) and Rpyean = 20 kpc, we obtain a required gravita-
tional energy of 4.33 x 10°7 erg. If the AGN outburst that created
the inner radio lobes occurred 107 years ago (e.g. Forman et al.
2007), this gravitational energy corresponds to a required power
of 1.37 x 10" erg/s, which is a sizable fraction of the total jet
power estimated by Owen et al. (2000) at a few x10* erg/s. The
power needed to uplift the cool gas is much larger than the total
radio power cited by Owen et al. (2000) at only 9.6 x 10*! erg/s,
consistent with the picture that the bulk of the jet energy is de-
posited in the gas (in this case, a large part thereof in the form of
potential energy), while only a small fraction is leaked to radio
emission.

Thus, from energetic considerations, the model of the cool
gas being uplifted by the buoyant radio lobes is entirely consis-
tent with the X-ray and radio observations. This provides a clear
mechanism for the transport of the cool gas out of the center of
the gas halo, together with the metals it has been enriched with.

U= (14)

5)

6.4.2. Possible sources of cool gas

‘We have chosen to define the cool gas in the wdem model as gas
having a temperature below 1.5 keV, the smallest value in the de-
projected profile of the hot M 87 halo calculated by Matsushita
et al. (2002). There are three possible ways to produce gas cooler
than 1.5 keV. The most straight-forward option is to adiabati-
cally cool gas from the center of the M 87 halo by uplifting it
into regions of lower pressure at larger radii. Using the pressure
profile of Simionescu et al. (2007) and assuming an adiabatic in-
dex of 5/3, gas at 1.5 keV uplifted from a radius of 1 to 10 kpc
would cool from 1.5 to 0.6 keV and so could reproduce, in prin-
ciple, the temperatures that we observe. However, if adiabatic
cooling is the only mechanism to reduce the temperature of the
gas, we would (neglecting heating processes) expect to see a de-
creasing trend of ¢y« With radius, which is not the case. More
importantly, the average Fe abundance of 2.2 solar for the cool
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gas, determined in Sect. 6.2, is higher than the value observed in
the center of M 87 (~1.6 solar, Matsushita et al. 2003). Thus, the
cool gas could not originate from adiabatically cooled halo gas
alone, but must contain a second, metal-rich component.

Another important source of cool gas are the stellar winds.
Assuming the stellar mass loss rate proposed by Ciotti et al.
(1991),

M.(t) ~ =1.5x 107" Ly 1,13, (16)

where Lg is the blue band luminosity in units of Lgg and #;5 is
the age of the stellar population in units of 15 Gyr. We take the
age of the stellar population to be 10 Gyr and Lg to be 10'! Lgo,
corresponding to the absolute B magnitude of M 87 of —22.14
cited by Peletier et al. (1990). This gives us a stellar mass loss
rate of 2.54 My/yr. If we further assume that the material lost
from stars thermalizes according to the M 87 stellar velocity dis-
persion of 350 kms™' (Angione et al. 1980), the temperature of
this gas would be 0.64 keV. Interestingly, this is also very close
to the lower temperature cutoffs found using the wdem spectral
model. Beside being a source of cool gas, stellar winds also con-
tribute to the metal-enrichment, as will be discussed in the next
section, and are an important candidate for the second, metal-
rich component of the uplifted gas.

The third and last possible source of cool gas is the cooling
flow. Matsushita et al. (2002) find that within 4" a total mass of
13.8 My/yr can cool down to as low as 1.4 keV and 0.63 My/yr
cool down to 0.1 keV. Based on the same metallicity argument
as above, the cool gas could not originate from cooling-flow gas
alone since this would lead to its metallicity being lower than
measured. Using the gas metallicity and temperature, it is not
possible to distinguish adiabatically and radiatively cooled ICM
as different components of the uplifted gas.

6.4.3. Metal enrichment of the cool gas

Metals can be either ejected from the stars by the stellar winds
or produced by supernovae. We neglect the metal enrichment
by type II supernovae, since M 87 has an old population where
the expected SNII rate is very low. Rafferty et al. (2006), for
example, find an upper limit on the star formation rate (SFR)
for M 87 of 0.081 Mg/yr using far-infrared data. Assuming a
Salpeter initial mass function (IMF, Salpeter 1955) for the stars
forming between 0.01 and 50 solar masses, the number of stars
formed from this cooling gas that would be more massive than
10 solar masses and could become SNII progenitors is

50 -2354 01

N(>10 My) = 0.081 - —°

0.01

~ 0.017/century. (17)
M M~235dM

This upper limit on the rate of SNell is roughly two orders of
magnitude below the expected rate of SNela in elliptical galaxies
(Cappellaro et al. 1999, see calculation below).

This leaves stellar winds and type Ia supernovae (SN Ia)
as the main sources of enrichment of the cool gas. Following
Bohringer et al. (2004); Rebusco et al. (2006), the rates of iron
injection by stellar mass loss is:

Mre. = yre X M. (1), with (18)
(mge) ( Nre )
= Zpex X X , (19)
ke e <mi®> Zi N; Lodd

where M., (1) is the stellar mass loss rate calculated in Eq. (16),
Yre 1s the mean iron mass fraction in the stellar winds of an
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evolved stellar population, Zg. . is the assumed abundance of
the stellar winds in solar units, (mg.) ~ 56 is the mean weight
of an iron isotope with respect to hydrogen, (m;s) is the mean
weight of an ion with respect to hydrogen in the Sun (in the
solar photosphere), and (Nge/ Y; Ni) oqq = 3-16 X 107 is the rel-
ative number abundance of Fe ions to the sum over all ions in
the plasma, as determined from Lodders (2003). We assume, as
above, a galactic age of 10 Gyr. Kobayashi & Arimoto (1999)
derive stellar metallicities in M 87 ranging from ~2 solar in the
center to ~1 solar at the galaxy’s half-light radius (2’) using the
Mg, index. We will therefore take Zp. . =~ 1.6. The rate of iron
production by SN Ia can be written as:

Mreta = nre X Ry, with

0.18 2 0.06 (100 yr)™" (10" Lg) "'

(20)
21

Rla -

where n7ge = 0.79 My, is the iron yield per SNIa assuming the
WDD?2 model of Iwamoto et al. (1999) and Ry, is the present su-
pernova rate in elliptical galaxies according to Cappellaro et al.
(1999). For M 87, Lg ~ 10! Lgo, as calculated above, which
yields Ry, ~ 1.8 = 0.6 SNela per century. We assume that the
iron production by both SN Ia and stellar winds is constant dur-
ing the time of enrichment, which as we will show below is much
shorter that the Hubble time.

We wish to enrich ICM gas to an average Fe abundance of
2.2 solar. For this, we must assume an initial metallicity Z; of
the ICM at the center of M 87 immediately following the next
to last AGN outburst which modified the spatial distribution of
metal abundances. After the next to last AGN outburst, stel-
lar mass loss and supernovae enriched this central gas until it
reached 2.2 solar and was uplifted by the last AGN outburst, the
effect of which we observe today. Ideally we should take the cen-
tral metallicity immediately after the last outburst and assume it
is representative also for the metallicity after the next to last out-
burst. We however do not know this value. A sensible lower es-
timate is to assume Z; as the average metallicity of the entire hot
halo within the region of the arms. This can be calculated as the
best-fit y-intercept for the linear fit of the Fe abundance in the
multi-temperature regions vs. the fraction of cool gas (Fig. 13)
and is approximately 0.7 solar. Alternatively, as an upper limit to
Z;, we can assume the current value at the center of M 87 deter-
mined by Matsushita et al. (2003) to be 1.6 solar. This is likely to
be an upper limit because, since the time of the last outburst, the
central region has been enriched with metals beyond the metal-
licity that it had immediately after the outburst. With these two
values for Z;, we can bracket the enrichment time needed to re-
produce the observed Fe abundance of the cool gas.

Using a mass production rate of stellar winds of 2.5 My /yr
(Eq. (16)) and neglecting the mass of supernova remnants (as-
suming an average supernova mass of 10 My and rate Rgy 1, of
1.8 per century, we obtain only 0.18 My/yr which is much less
than for the stellar winds), we can write for the Fe enrichment of
the uplifted material:

22%x5% 108 Mo X freo = Zi X Mi X freo (22)
+(MFe,Ia + MFe,*) XT
M +2.5Mp/yrx 1 =5x 108 My (23)

where freo = (mpe/Mio) X (Nre/ X Ni)|ogq 18 the mass fraction
of Fe in the Sun, 7 is the time over which the enrichment takes
place, M; is the initial mass of cluster gas to which stellar mass
loss is added over time 7. We solve the system of equations above
for 7 and M; making use also of Egs. (18) and (20). Assuming
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Table 4. Enrichment times needed to produce the metals seen in the
cool gas (in Myr) and, in brackets, the fraction of the stellar mass loss
contribution to the total mass of uplifted gas.

Zresissi = 1.6 Zressissi = 0.7

Zoi = 0.6 Zoi = 0.3

WDD2 WDDI1 WDD2 WDDI1
Fe 30(0.15) 35(0.18) | 60 (0.30) 69 (0.35)
Si 63(0.32) 49(0.25) | 108 (0.54) 90 (0.45)
S 56 (0.28) 42 (0.21) | 98 (0.49) 79 (0.40)
O 60(030) 60(0.30) | 92(0.46) 92 (0.46)

Z; = 1.6 solar we obtain 7 = 30 Myr, while for Z; = 0.7 solar we
need 60 Myr to enrich the ICM before uplift. For Z; = 1.6 solar,
the mass originating from stellar mass loss represents 15% of the
total uplifted mass, while for Z; = 0.7 solar it amounts to 30%.

We can now try to reproduce the abundances of other ele-
ments such as O, Si and S in the cool gas. Using the Fe/O, Fe/Si,
Fe/S ratios in Table 1, the O, Si and S abundances of the cool gas
should be approximately 0.9, 2.2 and 2.2, respectively. For an
initial Fe abundance of Z; = 0.7 solar and assuming the same ra-
tios, we obtain 0.3, 0.7 and 0.7 solar for O, Si and S, respectively.
The central values of Matsushita et al. (2003) are consistent with
0.6, 1.6, and 1.6, respectively.

Assuming solar abundance ratios for the stellar winds, we
can use the equivalent of Egs. (18) and (19) to determine also
Mo... Using Zo; = 0.6 and ignoring contributions by SN Ia to
the oxygen budget, the time needed to enrich the cluster gas
to 0.9 solar oxygen abundance is 60 Myr. Correspondingly for
Zoi = 0.3, we obtain 92 Myr. A similar procedure can be ap-
plied for Si and S, including contributions by SN Ia according
to the WDD2 model of 0.21 Mg and 0.12 M, per supernova,
respectively. For Si we obtain, respectively, 63 and 108 Myr for
Zsii = 1.6 and 0.7, while for S we obtain 56 and 98 Myr for the
same Zg ;.

We also computed the required enrichment times using the
WDD1 model of Iwamoto et al. (1999) which has a higher Si/Fe
ratio and was found by Finoguenov et al. (2002) to provide a
better fit to the abundance patterns in the center of the M 87 gas
halo. These results, together with the results from the WDD2
model, are summarized in Table 4. Oxygen enrichment times
for the two models are the same since we neglect contributions
by SN Ia to the oxygen budget. The WDDI1 model requires
more similar enrichment times to produce the different metals,
in agreement with the results of Finoguenov et al. (2002). The
obtained enrichment times differ from eachother by up to a fac-
tor of ~2.1 for the WDD2 and ~1.7 for the WDDI models. A
possible source of this discrepancy is that our assumption of so-
lar abundance ratios for the stellar winds is not accurate. If, for
the older population of M 87, the Si/Fe composition of stellar
winds would be higher than solar, we would obtain more con-
sistent enrichment times to produce all three metals. Note also
that the enrichment times are in slightly better agreement for
Z; = 0.7 solar than for Z; = 1.6 solar, suggesting that the former
choice may be the more appropriate and reliable one.

At the end of Sect. 5.2, we show that the relative abun-
dances of O/Si/ S/Fe are very similar in and outside the multi-
temperature regions. This indicates firstly that the metals out-
side the multi- temperature region, which were (according to
our model) uplifted from the galaxy by previous AGN outbursts,
must have been transported after the last major epoch of star for-
mation, when contributions of SNII to the chemical budget of the
galactic gas became negligible. Secondly, the SN Ia enrichment
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must have remained approximately constant in time relative to
the enrichment by stellar winds.

We note that Owen et al. (2000) estimate the age of the
outer radio halo between 96 and 150 Myr1/Py4, where Py is the
total jet power in 10* erg/s. If the total jet power is around
1-3 x 10* erg/s, we would obtain consistent values with the
enrichment times of ~30-110 Myr obtained above. Thus, it is
possible that both the outer and the inner radio halos generated
similar outbursts ~3—11 x 107 and ~107 years ago respectively,
transporting metal-rich gas outwards, while between the two out-
bursts the metals could accumulate in the center of the gas halo.
Less violent outbursts which do not have such large impact in
the distribution of metals in the gas halo could have occurred
between these two events, as is suggested by the multiple shocks
found in the Chandra data by Forman et al. (2007).

Note that if some of the uplifted metal-rich gas fell back to
where it originated between outbursts, the time interval between
two such outbursts could be shorter since one would not have
to wait for all the extra metals observed in the cool gas to be
produced from stellar winds and supernovae.

7. Constraints on possible non-thermal emission

Simionescu et al. (2007) suggest the presence of non-thermal
pressure support by relativistic electrons in the X-ray arms of
M 87. We performed a more detailed analysis to check for spec-
tral signatures of inverse Compton (IC) scattering of the mi-
crowave background photons on the relativistic electrons in the
M 87 gas halo. For this, we chose 7 annuli between 1 and
9 arcmin and divided each of these into 4 sectors containing the
E arm, the SW arm, and the NW and SE regions between the
arms. The sectors containing the arms were fitted with a two-
temperature VMEKAL model and a power-law while the NW
and SE regions were fitted with a single-temperature VMEKAL
model plus a power-law. Our extraction regions can be seen in
Fig. 17.

We find that the fit cannot constrain the power-law index in
any of the extraction regions, therefore we fixed it to 1.7, which
is consistent with the number distribution of relativistic electrons
in our Galaxy. With a fixed power-law index, we find that the
normalization of the power-law component is more than 30 sig-
nificant everywhere except in the 7th ring of the SW arm sector.
The flux of the power-law component in all regions is a factor of
more than 10 above the cosmic X-ray background (CXB) found
by De Luca & Molendi (2004) in the 2—10 keV band and a fac-
tor of more than 5 above the same CXB model in the 7-10 keV
band. However, we cannot rule out the possibility that the power-
law component is significant simply because it compensates for
calibration or spectral model inaccuracies, therefore we cannot
confirm it as a detection of IC emission from the M 87 halo, but
interpret our results rather as an upper limit of the IC flux that is
consistent with the data.

For the upper limit on the non-thermal pressure, we use (Lieu
et al. 1999)

E
p = —— where

= 24
WV (24)

2—u 2—u

3 - X :

E=8x10°Lyy x 5 L yf‘_“ﬂ 7;‘1; and (25)

—H Ymax ~ Y min

2

V= ?”(1 —cos )RS, — R>.). (26)

Ly; is the luminosity of the non-thermal emission between ypax
and Y, in units of 10*? erg, y is the index of the electron number
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Fig.17. Regions for spectral extraction used to test the presence of a
power-law component (in black) overplotted on the map of the gas pres-
sure deviations from radial symmetry (Simionescu et al. 2007). 90 cm
radio contours are also overplotted in white.

Table 5. 90% confidence level upper limits on the non-thermal pressure
(in 107! dyn/cm? and in brackets as percentage of the total pressure).

Fimean NW SE E SW
(arcmin) arm arm
1.38 7.4 (31.5) 27.6(54.4) 18.2(40.9) 19.2(40.5)
2.09 3.2(19.8)  7.9(30.1) 6.7 (25.7) 8.5(32.2)
2.75 1.7 (14.1) 2.8(16.5) 4.5 (22.6) 2.3(13.4)
3.63 0.85(09.4) 1.2(10.3) 2.1(17.3) 2.1(15.9)
4.92 0.68 (9.9) 0.50(5.5) 1.1 (12.6) 1.3 (13.6)
6.55 0.22 (44) 0.42(6.1) 0.53(7.5) 0.84(11.3)
8.25 0.14(3.5) 0.224.1) 0.31 (5.7) 0.26 (4.5)

distribution which is related to the photon index of our power-
law model as u = 2I' = 1 = 2.4, Ymin and ymax are the mini-
mum and maximum Lorentz factors of the electrons contribut-
ing to the IC emission, V is the volume of a spherical shell with
half-opening angle 8 and minimum and maximum radii Ry, and
Riax- We extrapolated our power-law luminosity to include IC
scattering by electrons with Lorentz factors between yy,;, = 300
and Ymax = 10000 and find 90% confidence upper limits on the
non-thermal pressure as presented in Table 5. Note that the pres-
sure calculated in this way is only due to the relativistic elec-
trons, and that relativistic ions may give rise to additional non-
thermal pressure up to 30 times higher than that of the electrons.
We also computed the thermal pressure as p = (1 + 1/ fei)nkT
with n. given by Eq. (10) in order to present also the relative con-
tribution of the non-thermal pressure to the total (thermal+non-
thermal) pressure in Table 5.

The upper limits presented in Table 5 are consistent with the
contribution of the non-thermal pressure of 5—10% suggested by
Simionescu et al. (2007). However, from these upper limits no
difference between the arm and off-arm regions can be seen,
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Table 6. 90% confidence level lower limits on the magnetic field
strength (4G). The sixth ring in the E arm was outside the radio map.

Fimean NW  SE E SW
(arcmin) arm  arm
1.375 0.53 031 051 0.65
2.085 0.62 048 0.77 094
2.750 0.56 0.64 096 1.40
3.625 0.60 0.78 126 1.09
4.920 047 082 052 1.16
6.545 0.29 0.52 - 1.20

suggesting that perhaps at least partly the normalization of the
power-law is determined by calibration uncertainties. The high
contribution of the power-law in the inner regions is probably
due to the central AGN, which was very bright during this ob-
servation and could influence the spectrum out to larger radii due
to the tail of the XMM PSF.

We also used our upper limits on the power-law flux, assum-
ing it is due to IC emission, to determine the lower limits on the
magnetic field strength, which can be obtained from the equation
(Sarazin 1986)

fo (v \™ | 247 x 107972 b(p) . (49607 o
fr - Ba(u) B

where a(u) and b(u) are unitless functions of y only, and for
ourcase u = 2.4,a = 0086 and b = 7.0, a, = (u—1)/2 is
the X-ray spectral index, 7 is the temperature of the microwave
background radiation (2.73 K), B is the magnetic field strength,
fx is the X-ray flux density at frequency v, in erg/s/cm?/Hz and
f: is the radio flux density at frequency v,. We used the radio
map of Owen et al. (2000) at 90 cm (v, = 327 MHz) and chose to
calculate the X-ray flux at 6 keV by dividing the 5-7 keV power-
law flux by the corresponding bandwidth in Hz. Our lower limits
on the magnetic field strength B are summarized in Table 6. We
could only determine the values for B in the first 6 rings (5 for
the E arm) because the other regions were outside the radio map.

Interestingly, we do find more stringent lower limits on the
magnetic field in the X-ray arms, these being the only regions
where our data require magnetic fields stronger than 1 uG.
However, as these values are only lower limits, we cannot draw
definitive conclusions based on this fact.

Assuming equipartition, Owen et al. (2000) find B-field
strengths on the order of 7-10 uG, which are consistent with
our lower limits. However, in cluster cores, where the particles
and magnetic fields have different origins and evolutionary his-
tories, the validity of the equipartition condition is not obvious.
To measure a magnetic field of 10 uG using X-ray observations
would require the ability to determine with significance a power-
law flux 50 times lower than our upper limit, which, within the
current calibration accuracies of ~10% is still out of reach. Using
the Faraday rotation of the halo radio source in M 87 Dennison
(1980) finds a magnetic field in the halo of 2.5 uG. While the
magnetic field deduced using the Faraday rotation measure is
the average along the line of sight of the product of the mag-
netic field and the gas density, the lower limit of the magnetic
field determined here depends on the volume average of the rel-
ativistic electron density and on the square of the magnetic field
over the emitting region. The fields determined using these two
methods can be quite different, and as shown by Goldshmidt &
Rephaeli (1993) the magnetic field determined using the radio
and IC X-ray flux densities is in general smaller than the value
determined using the Faraday rotation measure.

27)

Vr

Sanders et al. (2005) found a non-thermal X-ray emission
component in the core of the Perseus cluster extending to a ra-
dius of ~75 kpc. Assuming this emission to be due to IC scatter-
ing of the cosmic microwave background and infrared emission
from NGC 1275, they mapped the magnetic field in the core of
the cluster. Within the radius of ~10 kpc they found a magnetic
field between 0.5-3 uG, while at larger radii their inferred mag-
netic field decreased to a value of ~0.1 uG. The higher values
in the core are mostly consistent with the lower limits found in
the core of M 87, but the inferred magnetic field at larger radii
is significantly smaller than the lower limits we found at similar
radii in M 87.

For the radio relic in Coma, combining the radio data with
XMM-Newton observations, Feretti & Neumann (2006) found
a lower limit on the magnetic field of 1.05 uG, which is consis-
tent with our lower limits found for the radio arms. The deduced
magnetic field in Coma based on the detection of tails of hard
X-ray emission by BeppoSAX (Fusco-Femiano et al. 2004) is
~0.2 uG. However, the cluster region probed by the large field
of view of the BeppoSAX PDS is much larger than the core of
Virgo investigated in this paper.

8. Conclusions

We used deep XMM-Newton observations of the M 87 halo to
characterize the spatially resolved temperature structure and the
chemical composition of the multi-temperature gas associated
with the inner radio lobes. We found that:

— Compared to a simple two-temperature fit, we obtain a better
and more physical description of the spectra using a model
which involves a continuous range of temperatures in each
spatial bin. The range of temperatures of the multiphase gas
spans between ~0.6-3.2 keV. The cooling time of this gas
is longer than the age of the lobes, indicating that no signifi-
cant amounts of gas cooled out from the temperature domain
observable in X-rays. If the multi-phase gas is distributed in
many small spherical blobs with typical blob sizes of 0.1 kpc,
similar to the widths of the filaments seen in the Chandra im-
ages (Forman et al. 2007), the thermal conduction must be
suppressed by a factor of ~30-100. Such suppression may
be provided by the magnetic fields.

— We find a correlation between the amount of gas cooler than
1.5 keV and the metallicity, indicating that the cool gas is
more metal-rich than the ambient halo. Extrapolating the lin-
ear fit between the cool gas fraction and Fe abundance, we
estimate the Fe abundance of the cool gas to ~2.2 solar. This
suggests the key role of the AGN in transporting heavy ele-
ments into the intracluster medium by uplifting cool, metal-
rich gas from the galaxy. The abundance ratios of O/Si/S/Fe
in and outside the X-ray arms are similar, indicating that the
metals outside the multi-temperature region, which were (ac-
cording to our model) uplifted from the galaxy by previous
AGN outbursts, must have been transported after the last ma-
jor epoch of star formation, when contributions of SNII to
the chemical budget of the galactic gas became negligible.

— We estimate the mass of the gas with a temperature below
1.5 keV (the smallest value in the deprojected profile of the
hot M 87 halo) to be about 5 x 108 M, Its chemical compo-
sition indicates that it originates from a mixture of ICM and
stellar mass loss enriched with Type Ia supernova products.
The amount of mass from stellar winds and SNela represents
15-50% of the total mass of uplifted gas. The time required
to produce the observed metals in this gas is *30-110 Myr,
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suggesting that the uplift of cool gas by AGN radio bubbles
is a relatively rare event.

— We put upper limits on possible non-thermal X-ray emission
from M 87, and combining it with the 90 cm radio maps, we
put lower limits of around 0.5-1.0 uG on the magnetic field
strength.
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