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ABSTRACT

Context. The study of abundances in the nucleus of active galaxiewsllis to investigate the evolution of abundance by comgarin
local and higher redshift galaxies. However, the methodsl s® far have substantial drawbacks or rather large untieta Some

of the measurements are at odds with the initial mass fumdiived from the older stellar population of local ellgati galaxies.

Aims. We determine accurate and reliable abundances of C, N, Md;anelative to O from the narrow absorption lines observed i
the X-ray spectra of Mrk 509.

Methods. We use the stacked 600 ks XMMewton RGS and 180 k€handra LETGS spectra. Thanks to simultaneous observations
with INTEGRAL and the optical monitor on-board XMMewton for the RGS observations and HST-COS and Swift for the LETGS
observations, we have an individual spectral energy digion for each dataset. Owing to the excellent quality efRGS spectrum,
the ionisation structure of the absorbing gas is well cairstd, allowing for a reliable abundance determinationgugns over the
whole observed range of ionisation parameters.

Results. We find that the relative abundances are consistent withrtite{solar abundance ratios/@= 1.19:0.08, NO = 0.98+0.08,
Ne/O = 1.11+0.10, MgO = 0.68+0.16, SjO = 1.3+0.6, C4O = 0.89:0.25, and F&® = 0.85:0.06, with the exception of S, which

is slightly under-abundant,/Q = 0.57£0.14. Our results, and their implications, are discussedcampared to the results obtained
using other techniques to derive abundances in galaxies.

Key words. galaxies: Seyfert — quasars: individual: Mrk 509 — galaxéetive — X-rays: galaxies

1. Introduction the plasma is diicult. In contrast, in the X-ray band a multi-
o ) ) ) ) tude of ions have observable transitions, spanning aboutfe
The X-ray emission from active galactic nuclei (AGN) is gengers of magnitude in ionisation parameter (Steenbruggé et a
erally thought to be Comptonized emission originating fromigos: Holczer et al. 2007), but the spectral resolutiongsiéi
near the accretion disk surrounding the supermassive blalek icantly poorer and the fferent velocity components cannot be
which accretes gas from the host galaxy. In general, thereonty|y distinguished. The most reliable results are therefob-
uum is well described by a power-lawl component and a soft §%ined by performing a joint analysis of the UV and X-ray spec
cess. In about 50% _of Seyfert 1_ga|a>§|es_ (Crenshaw et aI.)ZO%, preferentially obtained simultaneously (Steenbeuggal.
narrow absorption lines from highly ionised gas are obs&rve)go5: Costantini et al. 2007; Costantini 2010), so that tea+
with the gas generally outflowing at a velocity of between 1G8, structure obtained from the UV spectrum can be combined

and a few 1000 km= (Kaastra et al. 2002). This absorptionyith the ionisation structure determined from the X-rayspe
can be studied in detail in the UV and X-ray part of the spegym.

trum. The spectral resolution is significantly higher in the

but only a few absorption transitions are found in this pdrt o Ajthough several detailed studies of warm absorbers fiee. t
the spectrum. Therefore, determining the ionisation stirecof  onised outflow observed through narrow absorption linet&én
X-ray spectrum) have been accomplished in the past few years
Send offprint requests to: katrien.steenbrugge@gmail.com the geometry and distance of the gas components congitutin
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the warm absorber are only now being determined. We theg&-Observations and spectral models

fore executed a large observing campaign targeting thee8elyf

galaxy Mrk 509 to help us resolve these questions (Kaastah et2.1. Observations

2011a). The absorber is generally assumed to originatereith o ) ) .
from the accretion disk or the obscuring torus, thus the abubhe data used in this study were obtained to determine the dis
dances determined should closely match those of eithercthe &nce from the ionising source of the absorbers in Mrk 509 by
cretion disk or the obscuring torus. The abundances detedni measuring the time delay between the change in flux and ioni-
should be representative of the abundances in the vicifityeo Sation structure of the gas. This goal constrained the wlvgper
supermassive black hole and the nucleus of Mrk 509. strategy, which is described in detail by Kaastra et al. {201

In the case of Mrk 509, the soft excess originates from an oﬁe present here a brief summary of the X-ray data used in this
tically thick plasma with a temperature of 0.2 keV (Mehdipo rticle, which consists of ten60 ks XMM-Newton observations

etal. 2011), while the hard X-ray power-law likely origieatin “taken four days apart on Octobé¥ovember 2009, The 180 ks

an optically thin plasma with a much higher temperaturetéal LETGS (Chandra) spectrum was obtained 20 days later over two

et al. 2011). An absorber is detected with a velocity range b%onsecutwe orbits between Dec. 10 and 13, 2009.

tween—426 and+219 km~1 (Kriss et al. 2011). Full details of the RGS data reduction, calibration, andista
. . . ing of the data are given in Kaastra et al. (2011b) and for the
Determining the relative abundances in the nucleus all@vs UETGS data by Ebrero et al. (2011). We note that the spectra

to study the enrichment processes in the host galaxy of M8k 5 X ere alianed using the very acourate aspect solution oftes
Furthermore, the relative abundances that we measure ca Séo 9 gt y pect <
e before the stacking occurred, so that no line from thes®

compared with the (relative) abundances measured foreact\g ; ;
galaclc nuclel (AGN)at g recis, o delermin thera | STE31SC 01 0% 1t heci eve v ket ot endh,
dance evolution of AGN and thus the history of the enrichmen'h f1h tr P y P
processes prevalent afiirent epochs. At high redshifts, abun2"€ Of the spectra.
dances are usually determined from the relative strengtivaf
or more broad emission lines shifted into the optical bards T

broad-emission-line gas is emitted within 0.1 pc of the @nt

black hole (Peterson & Wandel 2000). In Mrk 509, the size @fgre we summarise the absorption models given in Detmers
the broad line region (BLR) determined frongltheasurements et 5], (2011) and Ebrero et al. (2011) which we used to detezmi
is 80 light-days (0.067 pc) (Carone et al. 1996)_- The absgrbithe relative abundances. The continuum was fit by a logarithm
gas is probably located at a somewhat larger distance,utho cqly spaced spline function, the advantage being thantbisel
both aspects of the AGN phenomenon are likely to have similgses not make any a priori assumptions about the physical com
abundances because of their close origin. Using this adamp ponents of the continuum. Several narrow and broad emission
allows one to compare the abundances determined by these git.s were fit, as well as a few radiative recombination curdi
ferent methods, and thereby the abundances derivedfferetit (RRrC). Together these components allow for an accuraténzont
redshifts. uum fit, necessary to perform accurate line depth measutsmen
The main advantage of using X-ray absorption lines ov@he local Galactic foreground absorption is fit with thred-co
the optically detected broad emission lines is that thes@tion lisionally ionisedhot components with dierent temperatures.
structure of the absorber can be accurately determinedhvii Thehot model gives the transmission of a layer of collisionally
crucial in diferentiating the #ects on the plasma of the abunionised gas. Free parameters are the hydrogen column yensit
dances from those of the ionisation structure. Unless thie iothe abundances, and the temperature.

sation structure is well known, one can only consider ior$ th  The AGN absorption observed in the stacked RGS spectrum
have their peak ionic column density at the same ionisat&®n Ryas fit with several dierent models. Model 1 includes twdab
rameter to determine the abundances. There are no hydroS@ﬁ'\ponents, while model 2 uses threkab components. The
transition lines in the X-ray spectra; only continuum alsor ¢, model gives the transmission of a layer with arbitrary ionic
tion is present. However, the bound-free absorption frons H ¢ mposition. The main free parameters are the ionic column
degenerate with the continuum model used, which is not a pfensities, but also the velocity outflow and velocity bragdg
ori known. Therefore, only relative abundances are det@&thi re free parameters. In model 2 the ionic column densityterde
throughout this paper. In addition, unless mentioned @t1%e;, mined for all ions for the three velocity components. Theidon
all the relative abundances are with respect to proto-smias ojymn densities obtained with model 1 were used as the input
(Lodders & Palme 2009, see the last column in our Table ) the absorption measure distribution (AMD) modelling joh
These abundances were determined from chondritic me¢sorif the result we use in this paper. Model 3 fits six xabs compo-
and the photospheric abundances of the Sun. Here we meagidigts. Thexabs model gives the transmission of a photoionised
the abundances of C, N, Ne, Mg, Si, S, Ca, and Fe relative|fg,ar, where the ionic column densities are determined treen
O for gas analysed based on its narrow absorption lines in ¢, hydrogen column density, the abundances, and thedeni
stacked XMMNewton reflection grating spectrometer (RGS)ion parameter. For the LETGS, similar models for the absorb
and Chandra low energy transmission grating (L_ETGS) X-rayjyere used, although, for theabs and AMD modelling only
spectra of Mrk 509. We thus determine the relative abundanggree components were detected significantly in the spegtru
of those elements that result from théfdient enrichment pro- owing to the lower signal-to-noise ratio (hereafter SNR)i
cesses occurring in the host galaxy. to the complexity of the models used, one of which, model 2 for
In Sect. 2, we give a brief overview of the data and spectrle RGS, has 22 components and nearly 100 free parameters, we
models used, while in Sect. 3 we present the results. In 8ectdecided not to fit the RGS and LETGS spectrum simultaneously.
we discuss the obtained relative abundances, and compeese thVe instead fitted the abundances for the RGS and LETGS data
to the abundances quoted in the literature and derived difing separately, and compare in Sect.4.1 the values obtaingtidor
ferent methods. Our conclusions are given in Sect. 5. separate analyses.

2.2. Spectral models
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To obtain an acceptable fit to the RGS spectrum, we neeSREX softwaré (Kaastra et al. 1996), and the errors quoted are
least three velocity components, and find consistent ieéoiit 1o
the LETGS spectrum. We note that for Mrk 509, sevetedent
velocity components are detected in the FUSE spectrumgKrj .
et al. 2000), eight in the HST-STIS UV spectrum (Kraemer et at* Derived abundances

2003), and thirteen in the HST-COS spectrum (Kriss et al1201 Hydrogen only produces continuum absorption, which is de-
with velocities ranging between426 and+219 km s*. The generate with our continuum parameters. Thus determitiag t
current X-ray spectra do not have the spectral resolutisep@- apsolute abundances, i.e. the abundances relative todsmiro
rate these dierent velocity components. However, in the X-rayyhich would likely be in the form of h, is difficult. Hence, we
band we only detect absorption from velocities that are isensysed abundance ratios where we chose an element with a large
tent with being at rest with the host galaxy or outflowing. Theumber of absorption lines over a large ionisation rangedead
absorption component with the highest redshift relativéh® termined the abundances relative to this element. For this e
systemic velocity is only observed in the UV and is likely ®& ment, we used oxygen because it is the most abundant metal and

high velocity cloud near the host galaxy (Kriss et al. 20Et9m e observe transitions from @to Ovm with multiple detected
studying the absorption troughs either at rest or outflowirte  |ines per ion, with the exception of ©.

UV, it appears that these are clustered arou8@0 and+16 km

s™! (Kriss et al. 2000; Kraemer et al. 2003; Kriss et al. 2011). ]

Fitting model 2, Detmers et al. (2011) finds outflow velogiti 3.1. RGS determined abundances

—13+11 km s+ and-319+14 km s, consistent with the main ; i

absorption troughs detected in the UV. Detmers et al. (28tkb) 3.1.1. Abundances determined assuming all components

detects a higher velocity component-at70+109 km s, but

observed in only two ions: Mgr and Fexxi, that is not present The stacked RGS spectrum has a much higher SNR than LETGS

in the UV spectra. Fitting the six flerentxabs models for the and thus provides us with more accurate relative abundawees

RGS, Detmers et al. (2011) indeed find that there is a slow (fise model 3, which fits the absorption with gabs components

by components B1 and C1) and a faster (fit by components ARat each have a fierent outflow velocity and the AMD mod-

C2, D2 and E2) component, withftiérent outflow velocities. In elling to determine the relative abundances. For the paesse

their model 1, Ebrero et al. (2011) used two velocity commisie used in these models we refer to Detmers et al. (2011), who as-

in the s1ab modelling similar to model 1 for the RGS. Owingsumed the proto-solar abundances given by Lodders & Palme

to a diference in absolute wavelength calibration between t(2009). Here we determine the relative abundances usieg thr

RGS and the LETGS the two velocities are838 km s* and methods based on model 3, the AMD model, aniedent as-

+3 kms?, which are within the uncertainty consistent with theumptions.

velocities fitted for the RGS and the two UV detected troughs. We first use model 3 and assume that all thedently
ionised and dferent kinematic components have the same abun-
dances. We allow the abundances of C, N, Ne, Mg, S, Ca, and

The stacked 600 ks high SNR RGS spectrum was analydegito vary and choose O as the reference element. Since no Si

by Detmers et al. (2011). In this paper, we use the resulta fr@bsorption line is visually detected in the RGS spectrum, fo

their model 3, which has sixabs components and is detailed inthe RGS abundance determination we did not fit the Si abun-

their Table 5, and AMD fit (see Table 6 in Detmers et al. 20119ance. We thus couple the abundances for theasibs compo-

to determine the relative abundances. The latter is baséideonnents. The resulting relative abundances are given in ao2m

results of model 1. For the LETGS, we use the results of tigé Table 1. From Table 1, we conclude that the abundancesratio

xabs modelling obtained by Ebrero et al. (2011), as well as tH&e consistent with the proto-solar ratios with the exceptf

AMD modelling. The only parameters we allowed to vary in outhe SO.

fits were the abundances of C, N, O (in the AMD fit), Ne, Mg, Si  For iron, which has a best-fit value 2-Selow the proto-

(only for the LETGS spectrum), S, Ca, and Fe, and the hydrogg@lar ratio, some of the stronger lines are notably weakéren

column density. We thus kept the ionisation parameter, er thest-fit model, but the main fiiérence is in the absorption due

ionic column densities for the AMD fit, as well as the outflowo the unresolved transition array (UTA between 16 and 17.5 A

velocity and the velocity broadening fixed to the best-fieal Sako et al. 2001; Behar et al. 2001), because the many absorp-

determined by Detmers et al. (2011) and Ebrero et al. (201fipn lines result in pseudo-continuum absorption. The ispof

We did test whether leaving the ionisation and velocity psra 2.68 A and 3.18 A between the points of the spline used to fit the

ters free significantly alters the derived relative abuméast S, continuum in the range 4.8 A is wider than the UTA, which

but found that these were unchanged to one standard dewiatigys 5 width of about 1.5 A.

namely a change from 0.57 (see Table 1) to 0.63, where the de-

termined error in S abundance is 0.14 for #fads modelling of

the RGS. For the AMD modelling, we used the fitted ionic coB.1.2. Abundances of each velocity component

umn densities as input parameters, which hence have to be ki s 51 e have assumed that the faster and slower velocity
fixed. However, these ionic column densities were dete“h'ngomponents and the fierent ionisation components have the
without assuming either an ionisation structure or abunédan ame abundance. The latter assumption seems justifiecs if th
for the plasma. We briefly note that the continuum was SIgnifigerent jonisation components are part of the same outflow and
_cantlylLower during the LETGS observation, 24.19 versu§87.thus form one physical entity with a common origin. The forme

in 10 W m between 5 A and 40 A (Kaastra et al. 2011a). Igssymption is more questionable if thefelient velocity com-
addition to the shorter exposure time, this leads to a loWeR S ,hents are from dlierent outflow structures formed afidirent

in the LETGS spectrum. Therefore, the best-fit absorptiah afjstances and possibly with afidirent origin. The assumption
emission model is necessarily less detailed than that redxai

for the RGS spectrum. All the spectral analysis is done wight 1 httpy/www.sron.nlspex

have the same abundances
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Table 1. Best fit abundances relative to oxygen compared to the mato-abundance ratio from the RGS spectrum (using moded $h@nAMD
models, see Sect 3.1) and the LETGS spectrum usingdhe and discrete AMD model (see Sect 3.2). We assume that thelaboes for the
faster and slower outflow component are the same.

RGS: LETGS:

ion model 3 discrete AMD continuous AMD) xabs discrete AMD} | recommended | ion® jond

C/O 1.19:0.08 1.0&0.07 1.0%0.03 1.2+0.3 1.00 1.19+0.08 C/Fe 1.4&0.1 C 8.46
N/O 0.98:0.08 0.8@-0.05 0.8&:0.03 0.5+0.2 0.80 0.98+0.08 N/Fe 1.150.06 | N 7.90
(@] 1.00:0.05 1.0&0.05 1.11 O/Fe 1.140.06 | O 8.76
Ne/O 1.1%0.10 1.140.15 1.16:0.07 0.9+0.3 1.17 1.11+0.10 Ne/Fe 1.3%0.17 | Ne 7.95
Mg/O 0.68:0.16 0.920.29 0.930.15 0.7+0.6 2.9%5.3 0.68:0.16 Mg/Fe 0.8@0.16 | Mg 7.62
Si/O 1.3+0.6 1.2:1.5 1.3+0.6 Si/Fe 1.520.60 | Si 7.61
SO 0.540.14 0.680.24 0.69-0.09 0.4+0.4 1+1.1 0.5740.14 S/Fe 0.640.15| S 7.26
CgO0 0.8%:0.25 3.340.75 3.8%0.86 2.7+1.6 5147 0.89+0.25 CgFe 1.05%0.26| Ca 6.41
FelO 0.85:0.06 0.8%0.05 0.720.08 1.1+0.2 0.81 0.85+0.06 Fe Fe 7.54

aValues without error bars denote that they were kept fixetedest fit discrete AMD model of the RGS spectrum.
b The most accurately determined relative abundances thasen the discussion of this paper.
¢ The calculated relative abundances relative to Fe, for esisgn with other measurements.
d Logarithmic proto-solar abundances of Lodders & Palme $20@here H has a value of 12.
€ Fixed to the value obtained for the discrete AMD model.

that all outflow components have the same abundance was aace used to determine the AMD taking into account the fultio
made by Arav et al. (2007) in their study of the abundancesishtion range at which an ion is formed is described by Desmer
Mrk 279 using FUSE and HST-STIS UV spectra. The lower vet al. (2011).
locity outflow component might be contaminated by absorptio  We used in this method, in contrast to the previous methods,
from the host galaxy. However, as we observe the host galake ionic column densities measured from the spectrum using
face on and detect no absorption from neutral gas in the X-rayo slab components. Thus, a priori we did not assume any
spectra at the redshift of Mrk 509, this should have a lim&&d ionisation structure, which in model 3 is assumed to be dtscr
fect on the derived abundances. However, we note that inthe dnd determined by theabs components. To obtain the relative
substantial G and Siv is detected from the host galaxy (Krissabundances from the measured ionic column densities, we did
etal. 2011), and there could thus be contamination, céytiin need to assume a certain SED and ionisation balance, which
the more lowly ionised gas. Another possible contaminatfitds were taken to be the same as for ttebs modelling. An ad-
inflowing gas seen in UV absorption lines (Kriss et al. 201§. vantage of this method is that we can test whether the idaisat
note that in the UV detected @ line the strongest componentstructure is discrete or continuous, as suggested for NGIB 55
has a velocity of-219 km s* but this velocity componentis notby Steenbrugge et al. (2005). We thus determined the abun-
detected in the RGS spectrum. Therefore, the contaminbsiondances for both discrete and continuous ionisation modaks.
absorption from inflowing gas is also likely to be limited. details of these fits are described in Detmers et al. (2011geS

Considering the small error bars in the determined abume hydrogen lines are present, we were unable to determine ab
dances, we decided to attempt, as a second method the detesolute abundances. We determined the abundances of individ
nation of the abundances separately for the fast and sldewaut elements relative to all other elements with measured colum
components. We still tied the abundances for tiffedent ioni- densities, because the fit first derives the total columnitjess
sation components for each velocity component. We agai®ussuming proto-solar abundance ratios and the fit is then celige
as a reference element. We thus fit two abundances per elenagpisting the abundances. As before, we therefore re-risena
simultaneously. As expected, the error bars are largergtan our abundances to oxygen. The error bar given for oxygereis th
the correlations between both velocity components. nominal uncertainty in the oxygen abundance relative totakr

With the exception of the @ ratio for the slow velocity elements.
component, all abundance ratios are consistent with polar The abundances for a discrete and a continuous AMD model
ratios and the values determined assuming the abundar@ isare given in columns 3 and 4, respectively, of Table 1. Comsis
same for both velocity components. The onlyfelience is for abundances were obtained by assuming either a discrete or a
iron, but this might be due to thefticulty in fitting the many continuous ionisation structure. This provided us with feon
weak and lowly ionised lines, as well as some uncertaintfién tdence that we can determine the ionisation structure of élse g
centroids of some of the blends. accurately enough to prevent any influence on our abundasce d
termination. Detmers et al. (2011) does convincingly shioat t
the ionisation structure is discrete, at least for highhised gas,

3.1.3. Abundances from the absorption-measure distribution hence we only discuss this model further here.

models

Since the &ective spectral resolution is inficient to separate 3 » | £7GS determined abundances

the slow and faster velocity components into independemico

ponents, and that likely part of the fastest outflow velodi#y Here we repeated two of the above mentioned methods to mea-
tected in just two ions is improperly fit with the stabs compo- sure the abundance, but this time for ®leandra LETGS data.
nents, we decided to use the ionic column densities detednirOwing to the lower SNR of the data, we used C-statistics to fit
from model 1 (Detmers et al. 2011) to derive the absorptioa-mehe data, instead of? statistics as was the case for the RGS
sure distribution and the abundances simultaneously. Tdwep data. We determined the abundances using the spectral model
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with threexabs components described by Ebrero et al. (201Df Mrk 509 undetected metastable lines, are independeiieof t
assuming the continuum is well described by a spline. The difensity and temperature of the gas.

ference in absorption parameters are negligible if a pdewer-
and modified black body were assumed instead of a spline. The
outflow velocity and the velocity width were fitted separafer
eachxabs component, as done for the RGS analysis. Owing

The use of X-ray, instead of UV, detected absorption lines
has several advantages. One advantage is that there arp-abso

he | v three i d of si ton lines from enough ions to accurately determine the-ioni
the lower SNR, only three instead of stabs components are gaiion structure of the absorbing gas. The many iron and oxy-

significantly detected (Ebrero etal. 2011). Thisisin palctd_use gen ions detected in X-ray spectra enable the ionisatiarz-str
the slower and faster outflow components are only partiaty "ure to be accurately determined using only the oxygen ar iro
solved and because the lowest ionisation component is @t $5hs This can be done without abundanciedences compli-
nificantly detected. The lowest ior_1isation component alas hcating the analysis, something that is impossible from sl
the lowest hydrogen column density, and is thus mofcdit ~ jetected in the UV spectrum. The analysis of UV spectra i als
to detect significantly in lower SNR data. We do know that low,mpjicated by the saturation of the absorption lines aaddbt
ionisation gas was present during the LETGS observation, bat one has fo correct for non-black saturation and a vghoci

cause it was detected in the HST-COS spectra (Kriss et al)201y i -
; . : pendent covering factor (Arav et al. 2003). In the X-ragcsp
The best-fit abundances that we derived using tieds com- -, of Mrk 509, and for most of the other Seyfert 1 galaxies,

ponents, and tying the abundances for thedéntxabs COMPO-  1he covering factor is unity (Detmers et al. 2011; Steengeug
nents, for the LETGS spectrum are listed in column 5 of Table d; 5| 2009). We did test whether the covering factor is indee
_We also determined the abundances using the AMD maghity by forcing the covering factor of the sikabs components
elling, assuming a discrete ionisation structure, usimgiéimic 15 pe 0.7 and refitting the RGS spectrum, allowing the hydro-
column densities determined for model 1, which _mcludes Wen column densities and ionisation parameters of therent
slab components (Ebreroetal. 201.1). This m_odel is the sameag, 5 components to vary as free parameters. The resyltdnt
model 1 for the RGS and has twditirent velocity components, creased by 55 from the best fit with unity covering factor. & w
although each ion is only fit using one velocity componene Thnen |et also the covering factors free, for all six compdsaéris
AMD fit only detects three discrete ionisation components, 0 resulted in a best fit with unity covering factors. Furthereo
ing once again to the lower SNR of the data set, and consistgii-ray spectra there are enough line series and weakes line
with the xabs modelling. Considering the lower SNR, we astg correctly determine the column density of the ions, een i
sumed that the ionisation structure of the gas is discretéia the deepest lines are saturated. We should note that in Mrk 50
gave a more accurate description of the RGS data than the c@r|ack of detection of the weaker absorption lines obskive
tinuous model. However, the fit is unstable if we allow the-ioryg instance NGC 5548 (Steenbrugge et al. 2005) indicats th
isation parameters, hydrogen column densities, and abge€a generally, i.e. with the exception of the strongest links, ab-
to be free parameters, owing to the strong correlationsd®tw sorption lines detected are not saturated. A final advarsae
these parameters caused by the limited SNR. The error barq;ay@e range in ionisation parameter sampled in the X-raylpan

the abundances for those elements that have a well-de®imifps shundance.

abundance from the AMD analysis of the RGS data (C, N, O,
Ne, and Fe). However, owing to the larger wavelength range, w

can determine the Si abundance, and possibly more tightiy co However, there_are also disadvantages. One is that we cannot
strain the Mg, S, and Ca abundances. separate the velocity components detected in UV spectragh

The uncertainties in both methods are generally quite lar s?ttj)rl:]nedt?]r;?;(ljste?(r)rgltn?:t(l)onqsobnaesr?tg r?gvtej\t/hZps?acrgg,avk\)lﬁr:j?avnecéo
for the ions for which we allowed the abundance to vary, be- Y p

cause these elements show only a few weaker lines and the abyJiPter disadvantage is that in the X-ray band no transstia

dances were also poorly determined with the RGS spectruen. are observable, thus the determined abundances areaall rel

abundances of these elements (Mg, Si, S, and Ca) are consisis.; Only FUSE enabled the full Lyman series to be observed

with proto-solar abundances. The improvementin the fit wieh . 1S redshift range, permitting absolute abundancesGii

best-fit abundances and the proto-solar abundances udisg 3 be determined.

modelling is small, indicating that they are not very sealge

terminations, as can also be seen from the error bars anifthe d The measured abundances relative to oxygen are consistent

ference in the values derived by thebs and AMD modelling. With proto-solar abundance ratios with the exception gbisut.

As a result of the larger error bars, the relative abundaaces For S, the diferent methods and theftérent instruments lead to

consistent with those determined for the RGS spectrum. aresultimplying that S is more likely to be under-abundaant
Since the higher SNR and the spectral resolution of the R&8ve a proto-solar abundance ratio. For this element, weesd

spectrum are too poor to accurately determine the abundan@gether allowing the ionisation and velocity parametengatty

for each velocity component, we did not try to fit the abundancin the fit that determines the abundances has a signifi¢gette
for each velocity component in the LETGS spectrum. on the determined S abundance ratio. However, the additiona

free parameters increase the abundance by less thafiorlthe
RGS spectrum fit with the sixabs components. The abundance
4. Discussion is determined from three lines longward of 31 A, and it is thus
a fairly robust result. Sulphur is formed mostly in supem®v
We used the narrow absorption lines to measure the relatiereafter SNe) type la, as are Ca and Fe, although SNe Il are a
abundances, but instead of using the UV-detected narroovjabs far more significant contributor to the S abundance thantheei
tion lines, as Arav et al. (2007) did, we used the X-ray detctthe Ca and Fe abundance. If we study the abundance ratios rel-
narrow absorption lines. An advantage of using absorpiies| ative to iron rather than oxygen, then S has an abundance rati
is that the lines, with the exception of very weak and in th&ecaconsistent with proto-solar, but carbon is slightly ovenatbant.
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4.1. Comparison between the abundances derived 4.2.1. Abundances from narrow absorption lines

) _ Narrow absorption lines were used to determine the abumsanc
All the abundance ratios, apart from that of Ca, derived fQf the observed outflow by Arav et al. (2007) in the UV spectrum

the RGS spectrum are consistent between tiferent methods of \irk 279. These authors measured the absolute abundahces o
used. The dferences between the relative abundances for N.and O to be C 280.7. N 3.5:1.1. and O 1.60.8. cor-

continuous versus discrete AMD and the abundances derj’*edrlésponding t0 1.90.7. 3.6:1.1. and 1.20.8 on the Lodders &

ing model 3, provide a good indication of the systematic®ITopme (2009) scale. If we compare our relative abundances to
caused by the dlierent ionisation structure modelling. Since théne apsolute abundances measured for Mrk 279, we find that
abundance ratios inferred from the AMD modelling are consig, o QO and NO ratios are somewhat larger for Mrk 279 than
tent with those derived using model 3, owing to the error bags, \jrk 509. However, their error bars are also larger, thus
being on average larger, for the remainder of the paper we &g apundance ratios measured for Mrk 279 (Arav et al. 2007)
the abundances determined from model 3, assuming thagall e consistent within the error bars with both proto-soklr v
velocity components have the same abundances. ues and the abundance ratios measured for Mrk 509. Using the

: s LT UVES spectrum of the AGN wind of the=2.238 quasar
The abundance measurements are consistent to within 2.
and there is no general trend observed for the results of @& R SO J2233606, Gabel et al. (2006) measured super-solar ab-

and LETGS data sets. The ions fit for both the RGS and LETGS!Ute abundances of C 4:8.0, N 12.6-15.9, and O 3.25.0.
data using the AMD model give abundances that are consist abundance ratios th_us range betv_veen 1 and 1.6@aad
to within 1o-. This is unsurprising, as we only fit those ions thag:> @1d 5 for MO, indicating that there is a clear overabundance
had larger error bars in the RGS abundance determinatitimein ©' N refative to O, not observed for Mrk 509. ,
LETGS spectral fitting. It would thus appear _from the ab_undance measurements in
Mrk 279 and Mrk 509 derived using high-resolution spectraf t
The C#O abundance measurements are slightly inconsistémtthe local universe, the abundance ratios of the gas near th
to within 30- between the dierent methods used to determine thaccretion disk are close to proto-sgtaiar values.
abundance from the RGS spectrum. abs measured abun-  There have been several previous attempts to determine rel-
dance is consistent with the proto-solar/Gaatio, while the ative abundances using X-ray spectra, but generally the SNR
measured AMD abundance is inconsistent with the protorsolzf the data were too low for these measurements to be con-
ratio. In both the RGS and LETGS spectra, only ax@aab- strained. For earlier results, inaccuracies in the atommia dsed
sorption line is visually detected. This is also the onlyfbatis also led to biased results, especially for Fe when the mest re
detected in thalab modelling (models 1 and 2) of the absorbercent di-electronic recombination rates were not used, as di
The detected Caw line is blended with absorption from the lo-cussed by Netzer (2004). For instance, Schmidt et al. (2006)
cal Nvir Ly« line. Owing to this blending and since no ©ia Nahar et al. (2009) performed detailed atomic calculatiohs
or Caxv lines are detected, and tlkabs modelling is more re- the di-electronic recombination rates. Schmidt et al. @0dea-
liable in determining the column densities of weak and béehd sured the wavelengths of thevQines, after Steenbrugge et al.
features, we use the RGS datebs abundance in the rest of this(2003) had noted that the wavelength used for the 22 A line
paper. was likely to be wrong. In their appendix 1, Detmers et al.
(2011) list the atomic data that has been updated prior to the
analysis of the RGS and LETGS spectra of Mrk 509. For the
4.2. Comparison between our abundances and nuclear 40 ks RGS spectrum of NGC 3783, Blustin et al. (2002) mea-
abundances in the literature sured the abundances to be consistent with solar, with tegpex
tion of Fe. Similar abundances were measured by Steenbrugge
. . I : t al. (2003) for NGC 5548 using a 137 ks RGS spectrum, as
B o Well a5 by Glstn et . 2007) o a 160 ks RGS spectum
. NGC 7469. Holczer et al. (2007) determined the abundances
processes such as star formation. Therefore, the ::1bun;jt31hc_$or IRAS 13349-2438 and NGC 3783 using the updated di-

high re.ds.hlft quasars especially have been well-studide electronic recombination rates and determined abundaetes
two principal methods for measuring quasar abundances A6 to Fe consistent with proto-solar ratios for O, Ne, 184,

the study of the broad emission lines (Shields 1976; Hamagﬂd S (NGC 3783 onlv). In Table 2. we compare our relative
& Ferland 1999) and the study of the narrow absor_pti_on ".n%%unda(nces to those o@fained by H(;Iczer et arl). (2007), ebnve
(Gabel et al. 2006; Arav et al. 2007). The broad emissiorsling, ", andances to the Lodders & Palme (2009) abundance
are formed in the vicinity of the supermassive blac.k holeist d scale. Although some of these earlier abundance measutemen
tgn:elsoizomot%%gblack So:ergestzrc’il/l\llyr?det\l/vzeg(%ﬂ light-days sufer from large uncertainties, the determined abundances of
(8.4x e pe) (Peterso ande )- AGN in the nearby universe using narrow X-ray absorptioagin

The outflow also originates close to the super-massive bla@e Proadly consistent with solar abundances.
hole, as it is released either by the accretion disk or thestor
Hence, both methods determine the abundances in the yicinjts 5 Apundances from broad emission lines
of the central black hole. Between redshifts two and foue, th
study of the broad emission lines infefy@ratios of up to 2, We can also compare the abundances we derived, and those de-
hence metallicities of up to 14 times solar (Hamann & Ferlan@ved for the outflow in other nearby Seyfert 1 galaxies, with
1992). Even for local quasars<{@.1), the average metallicity de-those derived for the broad emission-line region. Althottgh
rived from the NC ratio is about twice solar (Hamann & Ferlandelationship between the absorbing gas and the BLR is unknow
1992). Using the second method, Arav et al. (2007) measurgdce both are located near the accretion disk, their amossa
absolute abundances for Mrk 279, which they found to be coshould be similar, and we proceed under that assumptioheln t
sistent with either solar or twice solar values. approach that we adopt, some additional assumptions aesnhec
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Table 2. Comparison of the relative abundances of Mrk 509 (sdaw slope derived for the Milky Way disk, and implies that 80%
Table 1) with those derived for IRAS 13342438 and NGC 3783 of stars in these galaxies are low-mass stars. van Dokkum &

(Holczer et al. 2007). Conroy (2010) do point out that this IMF is applicable also to
the central region, where the initial starburst should hase
Mrk 509  IRAS 133492438 NGC 3783 curred and that star formation caused by later mergers ynost
O/Fe  1.140.06 1.30.4 1.6:0.2 affect the stellar mass function at larger radii. It thus sedmas t
NeFe  1.31:0.17 1.35% 1-4f§§ the high metallicities measured from the broad line regierima
Mg/Fe 0.8a-0.16 1405 1'38:5 consistent with the observed IMF in bright massive nearbg-cl
Si/Fe 1.530.60 2.20.75 1.8_8:g ter galaxies.
SFe  0.6%0.15 1.092

The possibility that the N line is contaminated was first
suggested by Turnshek (1988), who found a possible caoelat
between the N broad emission line strength and the broad ab-
sorption lines measured in the AGN under study. Krolik & Voit
sary to determine the abundance, as in the optical and UMrspe¢1998) calculated the possible contribution of resonaaitenng
only a handful of broad emission lines are observed. As dtresto the Nv line to be 0.4-0.5 times the Ly flux. Finally, Wang
the ionisation structure of the gas is poorly constrainad,@ne et al. (2010) summarised the observational evidence winieh i
thus has to rely on a model for the ionisation structure antséo plies that indeed the Nline is generally strongly contaminated
lines with the same ionisation parameter, otherwise ttsesede- by the resonance scattering ofd-yphotons. Strong support is
generacy between the ionisation structure and abundanae npovided by the 10% polarisation fraction of thevmission
sured. In these studies, it is generally assumed thatf@adtio line (Lamy & Hutsemékers 2004), while the finding that other
is a proxy for @H, which is itself a proxy for the metallicity Z, broad emission lines are unpolarised indicates that at peas
or that NH is proportional to the metallicity squared (Hamanwof the emission is scattered light. Furthermore, Weymaral.et
& Ferland 1999). The relation betweeriand metallicity was (1991) found a dference between the strength of the e in
derived and is verified for IH regions (Searle 1971). It was ap-BAL and non-BALQSOs, with excess Wemission extending
plied to quasar nuclei by Shields (1976), who also expaniged to 10,000 km st, much broader than the broad emission lines.
relationship by indicating that /& should follow the same trend The contamination with resonant-scattered lphotons dimin-
as NO. Shields (1976) and other early observers found a signighes the reliability of the metallicities derived from theoad
icant nitrogen overabundance relative to oxygen, usingNthdé  emission line region using the Wline and might lead to spu-
and Nm] lines detected for a handful of nearby active galaxiesipus over-abundances. However, when using other linegati
however, for the average spectrum of quasars they did meaghe uncertainties caused by théfdience in the line ratios with
N/O ratios of one-fourth to half solar. Hamann & Ferland (1993¢mperature, ionisation structure, density, and assupectrsl
showed that the M/Civ and the Nv/Hen ratios are less depen-energy distribution ensure that the abundance deterraméi
dent on the ionisation parameter and are thus to be preferredcertain. Another complication of the abundance deteamin
The Nv, Civ, and Har lines are therefore currently the mostion from broad emission lines is that the BLR is stratified, i
widely used lines in determining the abundances from thadrothe ionisation parameter and hence line strengths charnpe wi
emission lines. distance from the black hole. Nevertheless, the abundateses

Using the Nv/C1v and Nv/Hen ratios, high redshift quasarsrived for the BLR are overwhelmingly using one zone models.
are found to have a range of abundances between a few to téerefore, we conclude that the abundances determinetdor t
times solar (Hamann & Ferland 1999). These authors also d@-R are unreliable, and especially when the lhe is used.
rived a slight increase in abundance with redshift. Hamann &

Ferland (1992, 1993, 1999) conclude therefore that quasar
tivity only becomes detectable after vigorous star foromatal-
though the enrichment could be so rapid that star formatieh aOur own Galaxy is the only case where we can distinguish the
QSO formation are coeval. This is in contrast to the earker rabundances of theffigrent components in the vicinity of the su-
sults, based on fierent emission lines and the study of lowepermassive black hole. As a result, the abundances have been
redshift quasars, that generally found quasar abundaressla determined for both molecular clouds ana Fegions and from
solar. Since both methods use gas that is formed at a verlasimboth cool and hot stars. For the molecular clouds in the iticin
distance from the inner accretion disk that is assumed te haf the Galactic centre (GC), the derived iron abundancemidpe

the same origin as the disk, theffdrence in abundance is dueon the assumed process producing the observed X-ray emis-
to either the assumed ionisation structure for the gasusecaf sion, and ranges from 8.1 (Terrier et al. 2010), to 1:8.2
galaxy evolution, or because one, or more, of the lines used(Revnivtsev et al. 2004), and to 3.4 times the proto-solareva

the abundance calculation is contaminated. Below we descr{Yusef-Zadeh et al. 2007). StudyingnHegions, Giveon et al.

the observational evidence against such high metalkcitidqigh  (2002) determined a metallicity gradient for the Galaxyjakih
redshifts, and argue that thewNine used is most likely contam- gives an abundance of the GC for Ne of 2133 and for S of
inated. 0.68+0.27 times the proto-solar value. The/Seatio of the Hi

The high metallicities measured at high redshift imply thakgions near the GC is larger than that measured for Mrk 5@9, b
the initial mass function (IMF) was relatively flat during am  both measurements are consistent. From the study of 11sgiant
tense period of star formation, which thus produced morb-higand supergiants within 30 pc of the GC, Cunha et al. (2007) de-
mass stars than observed in the solar neighbourhood (Hamawed an average proto-solar iron abundance of 40127 and an
& Ferland 1999, 1993). This is inconsistent with the IMF deaverage O abundance of £B.1. Solar zero-age main-sequence
rived for the eight most luminous and massive cluster gatixi abundances were derived from the study of five late-type Wolf
the nearby universe studied by van Dokkum & Conroy (2010Rayet stars by Najarro et al. (2004). Hence, most of the nmeasu
These authors derive a steeper than Salpeter IMF, namelynants of the absolute abundances in the immediate surnogsdi
power-law slope of—3. This is much steeper than the poweref Sgr A* are consistent with proto-solar and twice protdaso

2.3. Abundances in the Galactic centre
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abundances. The/Be abundance ratio derived from cool gianperature, and density of the gas, and that an unknown fracfio
and supergiant stars is consistent with the measured aboadahe heavy elements is locked up in dust. Since we only measure
ratio of Mrk 509. abundance ratios relative to O, the derived metallicitynceite
directly compared with our measured abundances for Mrk 509.
However, we do find abundance ratios of th&eatent elements

are close to proto-solar values.

Here we compare the abundances measured for Mrk 509, with Arav et al. (2007) did use the Allende Prieto et al. (2001)

measurements of the metallicity in the interstellar medilBM)  abundances, thus for Mrk 279 the metallicity could be diyect

in nearby star-forming galaxies. We note that Mrk 279 is th&ompared to the absolute abundance. The mass of the host
only Seyfert 1 galaxy with reliable absolute abundancester galaxy bulge of Mrk 279 is 2.2810'° M,, (Wandel 2002), and
outflow. The gas near the accretion disk is due to inﬂOW, henﬂ'% ga|axy is classified as a SO ga|axy (de Vaucouleurs et al.
the measured metallicity should be related to the metgllmi  1991). Assuming that the mass of the disk is 30% of the bulge
the ISM. In the comparison, we implicitly assume that therabumass, the galaxy mass is somewhat lower than the bulge mass
dances of the gas falling toward the black hole do nfiedsig- calculated for Mrk 509~3x10' M. Hence, the ¢H ratio is
nificantly from the average abundangestallicity of the host 1.66, not correcting for a possible factor of two overprédic
galaxy. Ideally, we would compare the measured nuclear-abighthe QH ratio. Arav et al. (2007) measured g0abundance of
dances with the ISM abundances of the host galaxy of the 8eyfe 3..0.8, which is consistent with either proto-solar or twice th
galaxies under study, but the metallicities of these gatare proto-solar metallicity. The large uncertainty in both thea-
unavailable. Nor is there a known mass-metallicity relslip sured abundance and the galaxy mass determination, asswell a
for either Seyfert or active galaxies. Therefore we use thesn the possib|e factor of two Overprediction in meta"icitmmy

metallicity relationship derived by Tremonti et al. (200} that the results are inconclusive, and clearly more redialaita
star-forming galaxies, in addition assuming that the 8&18Ring  gre needed to improve this comparison.

galaxies in the local universe have had a similar enrichrisat
tory to the host galaxies of Mrk 279 and Mrk 509. The metallic-
ity is defined in Tremonti et al. (2004) as-4Bg(O/H), where 4.5. Abundances from the hot ISM
a value of 8.69 is the solar oxygen abundance determined by
Allende Prieto et al. (2001). To compare with the Lodders &n alternative way to study ISM abundances is to use X-ray
Palme (2009) abundances used, in the following we divide teenission lines from the hot ISM observed in some local ellip-
values obtained using the Tremonti et al. (2004) relatignbiz tical galaxies. Owing to the larger number of ions and lirrex t
1.235. We do not have absolute abundances for Mrk 509, malan be observed, the problems in determining ionisatiomp é-
ing a direct comparison impossible. However, for Mrk 279 thature, and gas density are less severe than in the optictiddor
absolute O abundance (Arav et al. 2007) is available and a cdmoad emission lines. However, these abundance deteiorisat
parison is possible. depend on the assumed thermal structure, as it is well knioain t
Mrk 509 is a very compact galaxy and therefore we assuraesingle temperature model predicts too low abundanceif th
that the host galaxy consists of only a bulge. We can caletit#t gas has two temperatures (Trinchieri et al. 1994; Buote 000
mass of the galaxy to besx10' M, using the relation given by Furthermore, in a few cases resonance scattering needs to be
Magorrian et al. (1998) and using the measured mass of thk bléaken into account for the strongest iron lines. At the ouislof
hole Mgy = 3x10® M, (Mehdipour et al. 2011). The uncertaintythe galactic X-ray halo, there might be contamination bigesit
in the mass of the black hole obtained from reverberation-maguster or group emission, although, this does ffitgiz the abun-
ping is about 30% (Peterson et al. 2004), and is higher for tHances derived for the centres of these haloes. Ji et al9)200
mass of the whole galaxy owing to the spread in the Magorriatudied ten local elliptical galaxies that have a brighta¥-halo
relation as well as our assumption that there is only a buigetb determine the abundances of the hot interstellar mediine.
this clearly disturbed galaxy (see Fig. 8 of Kriss et al. 2011median relative abundances, for the elements that we alse me
However, the metallicity determination is only slightlffected sure in Mrk 509, in the eight galaxies for which Ji et al. (2p09
by assuming masses of onlyx20*° or 8x10° M. obtained an acceptable fit are (converting to Lodders & Palme
For a galaxy mass of8L0*° M, we obtain an @H ratio that  (2009) abundances)/Be = 0.66, MgFe = 0.94, and SFe =
is 1.68 times the proto-solar value. For a mass>xdf@° M, the 1.6+0.6. These should be compared with our measurements of
O/H ratio is 1.65, and for a mass ok&0° M, it is 1.70 times 1.17+0.06, 0.8@:0.15, and 0.6¥0.16, respectively, where the
the proto-solar value. The uncertainty in the assumed galafi abundance is taken from tlkabs modelling of the LETGS
mass is rather large, but cannot explain thiéedénce between spectrum. Although for the individual galaxies, Ji et aD@2)
the nuclear O abundance and the higher global abundance dktermined a wide range of abundancesthere is a rathed#rge
temined for this galaxy. There is a spread in metallicitynglo ference in the @Fe abundance compared to Mrk 509, for which
the assumed relation of 0.1 dex, which is also unable to eke 75% quatrtile is 0.77. The Mge and SFe abundances are
plain the super-proto-solar abundance. The fiber used in twnsistent with our results for Mrk 509. The oxygen abunéanc
Tremonti et al. (2004) study does not cover the whole galaxg,generally observed to be low compared to the Fe and Mg abun-
hence the integrated metallicity for the whole galaxy sidaé dances in the hot interstellar medium (Ji et al. 2009; Huraphr
somewhat lower. The method of using nebular lines to det&-Buote 2006). The reason for this low O abundance is a bit
mine metallicity might overpredict the metallicity by a facof of a mystery, but might indicate that massive stars lost nobre
two (Kennicutt et al. 2003). If this were indeed the case then their He-rich atmosphere before the supernova explosiereth
metallicity of the host galaxy ISM would be about proto-solaafter SN) occurred, and hence that there was less He buming i
Determining absolute abundances and the relative abuadartbe outer envelope than current theories predict (Fulbeghl.
of different elements is flicult using nebular lines, for the same2005). For two galaxies of the ten studied by Ji et al. (2009),
reasons as the measurements of abundances from broad etihhésQFe ratio determined with the RGS in the innérid close
sion lines is, which include the uncertainties in ionisafitem- to the proto-solar ratio, hence our results are not nedgssar

4.4. Metallicity of star-forming galaxies
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consistent with the abundances measured for the hot iellarst temperature is too high, even in cool-core clusters, tovdeai
medium of elliptical galaxies. reliable abundance for either nitrogen or carbon as these el
ments are fully ionised. The oxygen and neon abundances we
list were determined from RGS spectra, as neon is blendéd wit
the Fe-L complex, and oxygen is blended with a local oxygen

Finally we also compare the abundances to those for the inté@sorption in the EPIC data. In the comparison below we use
cluster medium (ICM) in clusters of galaxies. The large geav the abundance ratios determined for the cluster core, ashe
tional potential of the cluster allows it to retain the gascégd gen abundance is generally poorly constrained at outerliannu
from the galaxies forming the cluster. It has generally baen Where there is no good RGS data available. In general tke O
sumed that from the intra-cluster abundances the relagive fatio increases with distance from the core, but for the oghe
tio of SN type la versus core-collapse SN can be constrain€ifents the abundance ratios are consistent with no chatige wi
however, stellar winds do play a role (Simionescu et al. 2009listance. However, the absolute abundance does decretiise wi
There has been some debate about the mixing of therdi distance from the cluster core.
ently enriched ejecta, but most metals generally appeaate h ~ The QFe, N¢Fe, and $Fe abundance ratios are larger in
a peak abundance in the core, even though the oxygen abMiik 509 than for the cores of clusters, while the g, SFe
dance is less centrally peaked than for instance the iron-ab@nd CdFe are within the range measured in the cluster cores. Al
dance (Werner et al. 2006; Simionescu et al. 2009). There iglindance ratios are consistent with at least the abundatice
spread in abundance ratios across thedint clusters of galax- measured in one of the three clusters Hydra A, 2A G325
ies studied, with for instance the Mk ratio varying between and Sérsic 159-03. The higher oxygen, neon, and silicum-abu
0.73:0.18 in Hydra A (Simionescu et al. 2009) and 10011 dances in the outflow of Mrk 509 reflects the greater impoeanc
in 2A 0335+096 (Werner et al. 2006). The best fit/Beratio to the enrichment of the ISM by bagtither core-collapse SNe
varies between 0.63 to 2.5 in a sample of six clusters of gegaxandor stellar winds. The disturbed morphology of Mrk 509 im-
(Hydra A, Fornax, M 87, Centaurus, Sérsic 159-03 and A 106®)ies that a higher core-collapse SN versus type la SN rate in
and depends on the distance from the cluster core at which the recent history of this galaxy is a likely explanation loét
measurement was made. larger abundance ratios of O and Ne relative to Fe. Furthexmo
The gas that enriches the ISM, i.e. that from stellar windb agtellar winds might be less likely to escape the potentiahef
SN explosions, is also expected to enrich the ICM. Therefoi@alaxy, and therefore preferentially enrich the ISM, whigiuld
naively one would expect that the metal abundance ratios me¥plain the overall higher abundance ratios observed iotie
sured in the outflows of Seyfert 1 in galaxies and the ICM miglfiiew in Mrk 509 than in the cores of clusters of galaxies.
be similar. The absolute abundances willfeli because of the

I:_;\rrg]]e dreservqlllr Of p;l\mordlillg?d?em the I.CM W'tht Véhﬁr] theenTabIe 3. Comparison of the relative abundances in Mrk 509 (see
riched gas will mix. A possibie tierence IS expected ITthe COM-rap e 1) with those derived for the cores of the cluster ofgals

bined star-formation history and initial mass function BMdf  pyqra A, Sersic 159-03, and 2A 038696 (Simionescu et al. 2009;
the galaxies belonging to the central part of the clusteiffeld de Plaa et al. 2006; Werner et al. 2006).

ent from the star-formation history and IMF of Seyfert galax
ies. This would result in a ffierent ratio of type la to core-

4.6. Comparison with cluster abundances

collapse SNe, as well as alter the importance of stellar svind Mrk 509 HydraA  Sersic 159-03 2A 033996
the enrichment of the gas. The disturbed morphology of M& 50 O/Fe  1.140.06 0.7€&0.11  0.840.10 0.49:0.05
likely implies that it has had a fierent star-formation history NeFe  1.3%0.17 0.840.20  0.730.12 0.85:0.08
from that of the elliptical galaxies dominating in the cestof ~ Mg/Fe  0.82-0.16 0.32:0.04 1.020.08

Si/Fe 1.530.60 0.650.05 0.620.02 1.3%0.03
S/Fe 0.640.15 0.580.05 0.52:0.02 1.14:0.03
CgFe 1.0%0.26 1.280.16 1.040.05 1.5&0.06

clusters.

In Table 3, we compare the/Be, NéFe, MgFe, SjFe, SFe,
and CdFe ratios for Mrk 509 and the cores of the three clus
ters of galaxies Hydra A (Simionescu et al. 2009), Sérsg&:03
(de Plaa et al. 2006), and 2A 038396 (Werner et al. 2006).
The data we use are for Hydra A the results obtained from a
fit to the inner 3, for Sérsic 159-03 a fit to the innef,4and ;
for 2A 0335+096 also the inner’4or the QFe and Ng-e, but 5. Conclusions
the inner 3 for Si/Fe, $Fe, and C#de. The oxygen and neonWe have studied the relative abundances determined from the
abundances are taken from the RGS fit, in the case of HydraXAray spectrum of the outflow in Mrk 509, which has allowed
the fit with gdem+1T, and gdem for the EPIC data are usedn accurate and reliable determination of the abundanie rat
(Simionescu et al. 2009); for Sérsic 159-03 and 2A G336 for five elements @O, NJO, N¢O, Mg/O, FO, and F¢O abun-
the results, are from thedemmodel (de Plaa et al. 2006; Wernerances. For 8D and C#0, less accurate abundances were ob-
et al. 2006). For Mrk 509, we use the RGS abundances méained. We have found that the measured relative abundafices
sured using model 3 and assuming that all velocity companef, N, Ne, Mg, Si, Ca, and Fe relative to oxygen, are consistent
have the same abundances (see Table 1), with the exceptiowith proto-solar ratios. Sulphur is slightly underabuntiaa-

Si taken from thexabs modelling of the LETGS spectrum. Intive to the proto-solar ratios given by Lodders & Palme (2009
clusters of galaxies, owing to the high temperature of thsmpl These abundances have been confirmed using absorption mea-
and the extent of the source, broadening the emission liees dure distribution modelling, albeit with larger errors.

tected by the RGS with the brightness profile of the source, We compared our relative abundance determination to the
the abundances are generally measured using the EPIC-instisolute abundances measured for Mrk 279, another Seyfert 1
ments. Hence, the relative abundances are measured withgadaxy at a similar redshift. For Mrk 279, the absolute abun-
spect to iron, which is well constrained with the EPIC instrudances were determined from the HST-STIS and FUSE spec-
ments due to the presence of the Fe-L and Fe-K complexes. Tige and are consistent with the relative abundances meshsur
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for Mrk 509. The abundances derived for the warm absorberda Vaucouleurs, G., de Vaucouleurs, A., Corwin, Jr., H. G.ale 1991,
IRAS 13349-2438 and NGC 3783 are consistent with our de- Third Reference Catalogue of Bright Galaxies, ed. de Valecws, G., de
termined abundances and proto-solar ratios. We also ccﬂupalsevaucou'e“rsv A., Corwin, H. G., Jr,, Buta, R. J., Paturel &Fouque, P.

' L tmers, R. G., Kaastra, J. S., Steenbrugge, K. C., et all,288A in press
our method and results with the abundance determination fro™" aer 11y 9 P

the broad emission lines in quasars, and found the lattdrodet eprero, J., Kriss, G. A., Kaastra, J. S., et al. 2011, A&A iags (paper V)
to be unreliable because of thext of the resonance-scatteredulbright, J. P., Rich, R. M., & McWilliam, A. 2005, Nucleahipsics A, 758,
Lya photons at the wavelength of thevibroad-emission line. _ 197

: bel, J. R., Arav, N., & Kim, T.-S. 2006, ApJ, 646, 742
We therefore compared our results with the abundances m 2on, U., Morisset, C., & Stemberg, A. 2002, A&A, 392, 501

sured for the Ga]at;tic centre and found that Within the_ eITPkmann, F. & Ferland, G. 1992, ApJ, 391, L53
bars and uncertainties the results are consistent. Iniaddis- Hamann, F. & Ferland, G. 1993, ApJ, 418, 11
ing the absolute abundances determined for Mrk 279 (Aral et damann, F. & Ferland, G. 1999, ARA&A, 37, 487

2007), we compared the abundances within the nucleus af thgigiczer. T Behar, &, & Kaspi, 8. 2007, AnJ, 663, 799
. . i . umphrey, P. J. & Buote, D. A. 2006, ApJ, 639, 136
Seyfert galaxies with ISM metallicities predicted from thass- 5, °y "iwin. J. A., Athey, A., Bregman, J. N., & Lloyd-DagieE. J. 2009, ApJ

metallicity relationship for star-forming galaxies (Trenti et al. 696, 2252
2004). For Mrk 279, the absolute O abundance derived from Udastra, J. S., de Vries, C. P., Steenbrugge, K. C., et allil20A&A in press
absorption lines is consistent with the ISM metallicity} for (paper I1)

I Kaastra, J. S., Mewe, R., & Nieuwenhuijzen, H. 1996, in UV akday
both measurements the error bars and uncertainties age k&g Spectroscopy of Astrophysical and Laboratory PlasmasKedamashita &

an alternative we compared our abundance ratios to those me& watanabe, 411-414
sured for the hot ISM in local elliptical galaxies. The Mg &id Kaastra, J. S., Petrucci, P.-O., Cappi, M., et al. 2011a, A&press (paper I)
abundance relative to Fe in Mrk 509 are consistent with tioseKaastra, J. S., Steenbrugge, K. C., Raassen, A. J. J., @08, B&A, 386, 427

; Kennicutt, Jr., R. C., Bresolin, F., & Garnett, D. R. 2003 JAp91, 801
the hot halo ISM, although we measure a larg@ifératio than Kraemer, S. B.. Cronshaw, D. M.. Yaqoob, T., et al. 2003 /&3, 125

that (_)f the hot ISM. ] Kriss, G. A., Arav, N., Kaastra, J. S., et al. 2011, A&Ain pdpaper VI)
Finally we compared the abundance ratios fgF€) NgFe, Kriss, G. A, Green, R. F., Brotherton, M., et al. 2000, Ag38 317

Si/Fe, SFe, and C#re to the ratios determined in the cores dfrolik, J. H. & Voit, G. M. 1998, ApJ, 497, L5

three clusters of galaxies. We found that the outflow haskeftig 0 C: ¢ "o'o 0, 000 e Cortion and planetary sesupplement,
O/Fe and N@e abundance than the cluster cores, while the72' 5154

Si/Fe, $Fe, and Cére are within the range of measured clusviagorrian, J., Tremaine, S., Richstone, D., et al. 1998,1A5, 2285

ter abundance ratios. This indicates that core-collapse @i Mehdipour, M., Branduardi-Raymont, G., Kaastra, J. S.,le2@11, A&A in
stellar winds have been more important to the enrichmeriteof t _Press (paper IV)

interstellar medium of Mrk 509 than to the enrichment of th%i&?{bsﬁ_’\l;igggg?g’ ,J_ii’"‘ig;f rgfjg_arg ﬁu;éﬁ?%?ﬁg&%’gfgﬂl L105

intra-cluster _medium of these clusters. Likely_explarmiare Netzer, H. 2004, ApJ, 604, 551
that stellar winds have not escaped the potential of thexgals Paltani, S., Petrucci, P. O., Lubinski, P.and Ponti, G.|.e2@l1, To appear in
readily as SNe ejecta, and that owing to a disturbance ofdhe h_ Proc. of the 8th INTEGRAL Workshop, Dublin, Irland, 2010

galaxy of Mrk 509 the recent star-formation history is likelif- ~ Peterson. B. W, Fenrarese, L., Giibert, I M., et al. 2009613, 652

f t from that of cD galaxies residing at the cores of ersst Peterson, B. M. & Wandel, A. 2000, ApJ, 540, L13

eren g g Revnivtsev, M. G., Churazov, E. M., Sazonov, S. Y., et al Z®A, 425, L49
Sako, M., Kahn, S. M., Behar, E., et al. 2001, A&A, 365, L168
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