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ABSTRACT

Context. Active galactic nuclei show a wealth of interesting phykjmacesses, some of which are poorly understood. In a broade
context, they play an important role in processes that aredipond their immediate surroundings, owing to the hightedipower.
Aims. We want to address a number of open questions, includingttegibn and physics of the outflow from AGN, the nature of
the continuum emission, the geometry and physical statkeoKtray broad emission line region, the Fe-K line complég, tetal
abundances of the nucleus and finally the interstellar nmedifiour own Galaxy as seen through the signatures it impdntthe
X-ray and UV spectra of AGN.

Methods. We study one of the best targets for these aims, the SeyfeatakygMrk 509 with a multiwavelength campaign using
five satellites (XMM-Newton, INTEGRAL, Chandra, HST and $&vand two ground-based facilities (WHT and PAIRITEL). Our
observations cover more than five decades in frequency, &am to 200 keV. The combination of high-resolution spectrggco
and time variability allows us to disentangle and study tifeecent components. Our campaign covers 100 days from Septdmb
December 2009, and is centred on a simultaneous set of dedf-X&vton and INTEGRAL observations with regular time invials,
spanning seven weeks.

Results. We obtain a continuous light curve in the X-ray and UV banaywghg a strong, up to 60% flux increase in the soft X-ray
band during the three weeks in the middle of our deepest wramit campaign, and which is correlated with an enhancewiethie
UV flux. This allows us to study the time evolution of the comtim and the outflow. By stacking the observations, we hase al
obtained one of the best X-ray and UV spectra of a Seyferkgadeer obtained. In this paper we also study tffeas of the spectral
energy distribution (SED) that we obtained on the photdsation equilibrium. Thanks to our broad-band coveragegettainties on
the SED do not stronglyfiect the determination of this equilibrium.

Conclusions. Here we present our very successful campaign and in a sésabsequent papers we will elaborate offiedent aspects
of our study.

Key words. Galaxies: active — quasars: absorption lines — X-rays:géne
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1. Introduction In NGC 3783 there are three discrete components, which are
. . . . most likely in pressure equilibrium, representinfiglient phases
Actlve gf.ilaCt.'(.: nuclei (AGN) are compact Sources W't.h Verys gas atythepsame dis'?ance from tr?e nucleugs (Kror?qold etal.
h'gth ![L;]mIHOSItIES, Ioc_atecki)lat Izhﬁ (I:entréa:/lg;gal?ﬁes_. Am; 2003; Netzer et al. 2003). However, in NGC 5548 at least five
onto the Super-massive black holes ( ) at their cen "€Sidnisation components are needed if the X-ray absorber & mo
generally believed to be the driving process for the agtivitg)aq by a finite humber of discrete absorption systems, and

Thanks to their brightness, they form one of the richest1ab,ose ahsorbers cannot be in pressure equilibfium (Kagtsala
ratories for studying astrophysical processes. In thispage 2002). Instead, a continuous, power-law distributiomNgfver-

present one of the deepest multiwavelength campaigns of ionisation : o
) S parametérgives a better description of the data
ﬁ‘]GN’ tr;ed_Seyfk()art 1 gala_ltxy Mrk 509. It is atr)’r_qug t)?e be;:_fo Steenbrugge et Bl. 2003, 2005). In yet another case, Mrk 279
ese studies because It IS uniqueé in combining A-ray bigfLe gistribution is continuous but more complicated thaira s
ness, outflow features, and significant but moderate vditiabi ple power-law/(Costantini et 4l. 2007)
Below we introduce the most important astrophysical preess Photo-ionisation modelling of the outflow yields the ionisa
that are addressed by our study.

: 4 . . tion parametet = L/nR?, wherel is the 1-1000 Ryd ionis-
Agerour|ntr0(_1|uct[ons()f(ti%e3relt]3v?ntastroph)f/Slcs,Weeﬂyl __ing luminosity andn the hydrogen density. Independent mea-
provide an overview in Se of the target of our campaig ; : : e
Mrk 509, followed by an overview of the observations in Sdt. Qurements of then determindk. The use of density sensitive

R . X-ray lines is dificult and has not (yet) delivered robust results
and we present the spectral energy distribution (SED) aid li g2 o 2"t 2] 5004). Alternatively, whérchanges, the outflow
curve in the subsequent sections. Details about variousctsp

of our study are deferred to subsequent papers of this series has to adjust to the new situation. How fast this happens de-
y q pap pends on the recombination time scale, which scales as'.

This method has been applied to a 280 ks XMM-Newton ob-

2. Astrophysics of AGN in the context of our servation of NGC 3783 with wildly dierent results. From the
campaign RGS dataR >10 pc was inferred based on the lack of change
in the deep Qn/O vt absorption edges and the Fe-M UTA ab-
2.1. Outflows from AGN sorption complex|(Behar etlal. 2003). On the other hand; vari

In recent years the potential importance of AGN ouibility in the Fexxv resonance line at 6.7 keV detected in the

flows for the growth of super-massive black hole PIC datal(Reeves et a_I. 2004) implRes:0.2 pc. From a 100 ks
(Silk & Ree5 [1998; [ Blandford & Begelmlan__1999; KinggMM'Newton observation of NGC 405R ~ 0.001 pc was

2003; [Blandford & Begelmarn_2004), the enrichment of theduced for the highest ionisation gas (Krongold et al. 2007
intergalactic mediun (Furlanetto & Ldéb 2001; Cavalieralet However, the large amplitude variations (marin = 12) and

2002), the evolution of the host galaxy (Scannapieco & JR€ Short time scales (down to 100 s) make these resultsrathe
2004), cluster cooling flows (Wu etlal. 2000; Bower &1 al, 200{n0del-dependent; an analysis of Chandra LETGS data yielded
Ciotti & Ostrikef [2001: [ Borgani et al._ 2002 Platania et adiStances in the range of 0.02-1 pc (Steenbrugge et al. 2009)
2002), the magnetisation of cluster and galactic gas Density-sensitive lines have given more robust resultaen t
(Daly & Loeb [1990;[ Furlanetto & Loéb 2001; Kronberg et alYV: and in at least one case (NGC 3783) they yield a dis-
2007), and the luminosity function of AGN_(Wyithe & Ldebtance comparable to the one determined from densities based
2003) has been widely recognised. However, for the la@@ récombination time scales. Using metastable transition
of a better alternative, theoretical studies use the physi¢Cml 41176, Gabeletall (2005) find a distance~&f5 pc for
properties of the outflow (metallicity, mass, and kinetiergy 1€ absorbjing gas in one of the components in NGC 3783.
flux) as free parameters because there are few observatighi¥y find a comparable distance based on the recombination
constraints. To assess the importance of AGN outflows on tH@€ for Siiv. Again using the [Gi] metastable transitions,
processes mentioned above, it is essential to establistestie 92s in one of the components in NGC 4151 lies at a distance
mass flux, metallicity, and kinetic luminosityE¢) of AGN Of <0.1 pc (Kraemer et al. 2006). Using metastable levels in
winds. DeterminingEy requires answers to some fundamentPi it @nd [Fei], Moe etal. (2009) find a distance for a low-
questions. What is the physical state of the outflowing gais alPnisation outflow in the quasar SDSS J082855 of~ 3 kpc.
what is its total column density? What is the distance of te gSimilarly, large distances for outflows have been found gisin
from the central source? similar density diagnostics in luminous quasars (Hamarah et
TheEy of a shell-like, non-accelerating outflow is given by 2002, Dunn et al. 2010; Aoki etal. 2011; Arav eflal. 2011).

1 In order to obtain a reliable density, we need both accurate
Ey ~ ZQfRNgmp2, (1) ionic column densities, which yield the ionisation struetand

2 total outflowing column density, and time variability on dtsu
whereQ is the solid angle occupied by the outfloRithe dis- able time scale, from which the location of the outflow can be
tance from the central sourdgy, the total hydrogen column den-constrained through monitoring. With the current generatf
sity, my the proton massf, = p/num, (1.43 for a plasma with X-ray telescopes, only a handful of AGN with outflows have
proto-solar abundances) withthe mass density ang; the hy- high enough fluxes to yield suitable data for such an amlstiou
drogen density, andthe outflow velocity. Spectral observationgprogramme. Of these targets, Mrk 509 is the most promisireg du
straightforwardly determine, andQ is expected to be x since to the following three attributes. 1) It is among the brigittg-
50% of all Seyfert 1s show outflow signatures (Crenshaw|et gy AGNSs in the sky. 2) It has an excellent X-ray line struetur
1999). Our campaign focuses on determining the two most WiRounds et al. 2001; Smith etial. 2007; Detmers et al.[20100), n
certain quantitiesNy andR. Determining these is tightly con- as deep and blended as NGC 3783, but not as shallow and sparse
nected to the physical state and location of the outflow, as es Mrk 279. Mrk 509 is a representative example of a moder-
plained below. ate outflow. 3) Mrk 509 varies on a time scale of a few days

In the best studied AGN at least two to three ionisation cormaking it ideal for a spectral timing campaign. Other tasget

ponents are needed to model the rich X-ray absorption spactr like MCG —6-30-15, Mrk 766, or NGC 4051 with long XMM-
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Newton exposure times vary too rapidly to do this: within th@.4. Broad emission lines
characteristic time scales of 100-1000 s, it is simply naspo

ble to get a high-quality grating spectrum. Broad lines, especially at the energy of theviOtriplet and
the Ovm Lya line, have been recently detected in high-

resolution X-ray spectra (Kaastra etlal. 2002; Ogle et ab420
2.2. Kinematics of the outflow as traced in the UV Steenbrugge et al. 2005; Costantini et al. 2007; Longiebti.
2010). The width of the lines (about 1 A, 10 000 kn)sis com-
lf)arable to the width of the broad lines detected in the UV band
and known to be produced in the so-called broad line region.
In at least one case, the soft X-ray emission lines could be re

Our campaign on Mrk 509 includes HST high-resolution u
traviolet spectral observations that are simultaneousith w
Chandra’s grating X-ray observations. The ultravioletcsize

provide a more detailed view of the kinematics of the OUIﬂo"Yéted via a bhvsical model (the locally obtimally emitticiouds
ing gas. Prior high-resolution spectral observations withFar modél, Balgw)i/n etal 1995(), to the )L/valines )(/Costan'fi)ni etal

Ultraviolet Spectroscopic EXP'OTef (FUSE) (Kriss etlal0gp 2007). The contribution of the broad line region gas to toe ir
and the Space Telescope Imaging Spectrograph (STIS) on Kifline at 6.4 keV is not completely understood. For classical

Hubble Space Telescope (HST) (Kraemer et al. 2003) provide g fart 1 galaxies this contribution seems modest (€29%
good baseline for our observations, but these were botlinaota i g?\l/lrk 278’ Costantini et al. 201L0), while it may acs:(;ztjglnt for

nearly a decade before to our current campaign. The new bst of the line emission in specific obiects (e.q. NGC 7213
spectra obtained with the Cosmic Origins Spectrograph (COgian chi et 4l 2008). The qualit;ofthe daga of I\/(Irl;95.09 allaves

on HST.provide an updated view .Of the outfloyv, "?F‘d enable H?significantly detect broad emission features around the O
to examine long-term characteristics of the var|ab|I|ty._ resonant line, the @, N vi Lye lines and the Nex triplet. The
Although the UV absorbers are not necessarily a pefmultaneous observation of HEIOS and ChandfaETGS al-

fect tracer of the X-ray absorbing gas (Kriss etal. 200@y us to connect the broad lines detected in the UV with the
Kraemer et &l. 2003), they provide insight into both loweriio soft energy lines and even the irorfine.

sation absorbing components and portions of the high-étiois

outflow. Our COS observations yield accurate measureménts o

(or limits on) the column densities of i Civ, Nv, O1, Siu— 2.5. Iron K complex

Sitv, Su, Smi, Fen, Fenr, and Hi Lya. Our limits or detections ] ] o )
on the low-ionisation ions of Fe, Si, and S nicely complemeMrk 509 also shows a rich variety of emission and absorption
the high-ionisation range covered by the RGS and the LETGEMponentsin the Fe-K band. In particular, EPIC data froen pr
Velocity-resolved measurements of the Li-like doublet<Cof ~ Vious XMM-Newton observations shows evidence of a complex
and Nv can be used to determine column densities and coverin@-K emission line, with a narrow and neutral component pos-

fractions of the outflowing gas (e.f., Arav etlal. 2007). sibly produced far from the source, plus a broad, ionised, an
variable component possibly originating in the accretidgskd

(Pounds et al. 2001; Page etial. 2003; Ponti et al.l2009).

2.3. Abundances in AGN In addition, strong absorption features were found in the

Studying the abundances, especially those of C, N, O, and %me data set at rest-frame energies 8-8.5 keV and 9.7 keV.

of the gas in galaxies informs us about the ongoing enrich]m(?{] ehse”WEre mE[.erpreted as tt)etljng_ft)goducegl by HTHI:e |_Lc:)én Kand
processes through AGB star winds and supernova type la qn' €1l absorplions associated with an outliow with mi Ser :

Il explosions. Therefore there has long been an interestidys WiStic velocity of Q14— 0.2c. The lines were found to be vari-

; . : . . ; able in energy and marginal in intensity, implying that aari
ing abundances with redshift to determine the star formatite tions in either the column density, geometry, andonisation
through history. Obvious sources for the study of the abnoes structure of the outflow were ma’ybe comm’on in this source
are AGN, by taking advantage of their luminosity. Generdlig Dadina et al. 200%; Cappi et/al. 2009)

abundances in AGN have been determined from broad emiss‘on ' e} o P .

lines, however several assumptions make this method subjec(F The abovze prgieit(lﬁ?& ‘\:/Sr:qt_)'zr)‘en‘:;l"('éh,\}l?f gggrﬁiizﬂghitr:‘ess
systematic errors. Thanks to the improvementin atomic @ata \" 2-10kev ™~ &~ - Y

pecially in the dielectronic recombination rates for irtire ex- ?t'ltlempmngt_tlme-relsc;!ved fsgetcr:ral studies mdthg Fe—:_( u&nd
cellent statistics in the combined RGS spectrum, and thalsim!0!'OW the ime evolution of both émISsion and absorplioRr-e
taneous optical and hard X-ray fluxes to constrain the spleci€atures, and in disentangling thefdrent physical components
energy distribution (SED), we can determine reliable armiac Presentin this source.

rate relative abundances from the narrow absorption lifdseo

OUtﬂ(?W observed in Mrk 509. . _2.6. Continuum emission of Seyfert galaxies
Since absolute abundances (i.e., metal abundancesedtativ

hydrogen) cannot be measured directly from X-ray spectra, oThe physical process at the origin of the X-ray emis-
UV observations of the Ly line provide a constraint on the totalsion of Seyfert galaxies is generally believed to be thermal
hydrogen column density. The first absolute abundance attimComptonisation. In this process, the soft UV photons coming
for an outflow was derived by our group from the UV spectrtom the accretion disk are up-scattered into the X-ray doma
of Mrk 279, where absorption lines of H, C, N, and O wer®y the hot thermal electrons of the corona. A thermal digtrib
carefully modelled|(Arav et al. 2007) to find abundances-reltion is generally preferred to a non-thermal one since theali-
tive to solar for carbon (2£0.7), nitrogen, (3.21.1) and oxy- ery, more than 15 years ago, of a high-energy d¢tirear 100
gen (1.60.8), which fully agree with the relative abundancekeV in NGC 4151 by OSSE and Sigma_(Jourdain et al. 1992;
of C, N, and O derived from the simultaneous X-ray spectidaisack et all 1993). Such a cuffavas not expected by the
(Costantini et al. 2007). The apparently enhancéd &hd NO non-thermal models developed at that time to explain thegpow
ratios in the Mrk 279 outflow may hint at strong contributiontaw-like X-ray spectrum (e.g._Zdziarski et al. 1990). Thespr
from stellar winds from massive stars and AGB stars. ence of a high-energy cutfchas now been observed in a large
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number of objects| (Perola etlal. 2002; Beckmann t al. |[2008meters and geometry of the source, as well as on the precise
Dadina 2008). shape of spectral components such as the soft-X-ray exbess,

The cold (disk) and hot (corona) phases are expected todgflow, and the reflection component. It should also be noted
radiatively linked: part of the cold emission, which givéxtibto that a good knowledge of the SED up to 100 keV is very im-
the UV bump, is produced by the reprocessing of part of the haartant input for the photo-ionisation modelling of the aips
emission. Inversely the hot emission, at the origin of thealdr  tion/emission features produced by these outflows.
band X-ray continuum, is believed to be produced by Compton
up-scattering of the soft photons, emitted by the cold phase Mrk 509
the coronal energetic electrons. The system must then‘ysaté'
equilibrium energy balance equations, which depend on geomrk 509 was detected as a Seyfert 1 galaxy with a photographic
etry and on the ratio of direct heating of the disk to that @& thmagnitudem,y = 13 and a size of Y0(Markarian & Lipovetsklj
coronai(Haardt & Marascni 1991). In the limiting case of &'al1973). It has a redshift of 0.034397 (Huchra é{al. 1993) and
sive’ disk, the amplification of the Comptonisation procé&ss broad (FWHM 4500 km3') and narrow optical emission lines
only fixed by geometry. Therefore, if the corona is in energfarkarian 1973). Its optical luminosity is high for a Seyf@
balance, its temperatufie and optical depthr must satisfy are- galaxy, and it puts Mrk 509 close to the limit between Seyfert
lation that can be computed forffrent geometries of the diskgalaxies and QSO5 (Kopylov et al. 1974).
+ corona configuration (e.d., Svensson 1996). The host galaxy extends approximately east-west

Realistic thermal Comptonisation spectra have been co(Magnitskaia & Saakian| _1976) and has an axial ratio
puted for more than two decades, and importdigats like the b/a ~ 0.85 (Dahari & De Robertis 1988; Kirhakos & Steiner
anisotropy of the soft photon field have been precisely taken [1990). Mrk 509 presently shows no nearby neighbours
accountl(Haarot 1993; Stern eflal. 1995; Poutanen & Svensg¢Nagnitskaia & Saakian 1976), the closest spiral galaxytis a
1996). Thesefeects appear far from negligible. Noticeably, they projected distance of 0.3 Mpt_(Fuentes-Williams & Stbcke
spectral shape is significantlyftérent for diferent disk-corona [1988), but the asymmetric halo to the south (MacKenty 1990)
geometries but also for flerent viewing angles. Moreover,is direct evidence for strong interactions at some pointia t
these &ects underline the fierences between realistic thermatecent past.
Comptonisation spectra and the cuif-power-law approxima- In almost any wavelength band that opened its window,
tion generally used to mimic them_(Petrucci etial. 2001).sThiMrk 509 has been one of the first AGN to be studied, thanks
may have important consequences in the study of superirdpoggits brightness, and several well-known astrophysicistisy
spectral components like the soft X-ray excess/anthe the have investigated this object in earlier stages of theie@a.
iron line and the reflection hump, which require a preciseldet  In the radio band, Mrk 509 was discovered at 3.9 cm in 1976
mination of the underlying continuum. (Mingaliev et al.| 1978). Spatially resolved measurement§ a

A well known characteristic of thermal Comptonisatiorand 20 cm show an asymmetric structure of’k@d.5” in PA
spectra, however, is that they are strongly degeneratesigaif- 124 (Ulvestad & Wilson 1984; Unger et al. 1987), correspond-
icantly different combinations of temperature and optical depihg to a linear size of about 1 kpc. This core is surrounded by
of the corona give the same power law slope in the 2-10 keWore difuse emission, visible at 20 cm, with a size comparable
band. To break this degeneracy requires broad-band obsetgahe optical size (1& 8”, or 7x 5 kpc (Singh & Westergaard
tions from UV to hard X-rays, the X-rgty-ray shape con- [1992). The radio emission seems to be preferentially atigite
straining the high-energy cutfo which is directly linked to PA -40° to —60°, coinciding with the preferred direction of the
the corona temperature. The ratio of the UV to soft X-ray flugptical polarisation|(Singh & Westergaard 1992; Martinlét a
constrains the optical depth better. Stronger and less ambil983).
ous constraints on the nature of the coronal plasma can alsoin the infrared the first observations date back to 1975
be obtained from multiwavelength (from UV to hard X-rays (Stein & Weedman 1976; Allen_1976). The spectrum in the
rays) variability studies, as they provide direct insightbithe 1-10um band is approximately a power law_(Rieke 1978;
way the emitting particles are heated and cooled. Indeeth-valGlass et al| 1982; McAlary et al. 1983). Contrary to several
tions in the X-ray spectral shape may be produced by intrinsither Seyferts, Mrk 509 shows no evidence of strong dust fea-
changes in the hot corona properties (e.g. changes of the haares in infrared spectra (Roche etlal. 1984; Moorwood 1986)
ing process giciency) angor by variations in the external en-The variability in the mid-IR is much weaker than at shorter
vironment, such as changes in the soft photon flux (and camavelengths, with a possible delay of two to three montha$S|
sequently in the coronal cooling) produced by the cold pha2804). This suggests that the bulk of the IR emission origina
(Malzac & Jourdain 2000; Petrucci et al. 2000). For examplear from the nucleus.
thermal Comptonisation models, where hot and cold phases Quantitative measurements of the optical broad and narrow
are in radiative equilibrium, predict that the X-ray speatr emission lines were first presented lby Osterbrock (1977) and
of the sources should harden when the energy of the higle Bruyn & Sargent (1978). Since then, dozens of papers have
energy cut-ff increases (e.g. Haardt et lal. 1997). Indeed a cappeared with refined measurements and models for the bre pr
relation betweer” and T has been observed inftiirent ob- files and intensity ratios. The size of the broad emissios &
jects (Petrucci et al. 2000; Zdziarski & Grandi 2001), thiss g gion in the KB line has been estimated as 80 light days (0.07 pc)
ing strong support to a thermal nature of the corona parbiased on reverberation studies (Peterson/et al/ 1998).
cle distribution. The analysis of the one month, simultarseo  Perhaps the most detailed study of interest for our project
IUE/RXTE monitoring campaign on NGC 7469, performed ifnas been the mapping of the i 15007 line by Phillips et al.
1996, is also in agreement with thermal Comptonisation emi{@983). They show that the line has two components. There
sion (Nandra et al. 2000; Petrucci et'al. 2004). is a rotating, low-ionisation gas disk, coinciding with retél-

The XMM-NewtonINTEGRAL monitoring of Mrk 509 pre- lar components, which is photo-ionised by the UV radiatién o
sented here provides an ideal data set to test Comptomsagioung hot stars. The rotation axis has approximately thestim
models and to derive further constraints on the physical paction as the radio emission and the preferred polarisatigle
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of the optical emission mentioned before. The second compo-

nentis expanding, high-ionisation gas, which is photdsedby  +s7/¢0s
the nucleus. The line profile of that component is consistatt ™"
outflowing gas up to velocities 6f800 kms?. It extends outto  yrecrac
about 5 kpc from the nucleus. Outflowing gas is seen at ogposit ~ wHT

sides of the nucleus, indicating that the outflow is appratety PAIRITEL [ @@ @@

face-on. A similar spatial extent is seen in a few other narro SWHtQ”'""""' '2’0' ";}"60 800000 0:0000"'
emission lines/ (Winge et al. 2000). Approximately the same r MID — 55075 (days)

gion also shows broad@ine emission, most likely caused by

scattered nuclear lightin the narrow line region (Mediawét al.  Fig. 1. Timeline of our monitoring campaign of Mrk 509. The
1998). X-rays from the nucleus travel through these medid, airst observation, with Swift, started on September 4, 2G0@),

the lowewst ionised X-ray absorbers may show the imprint @fe |ast observation, with Chandra, ended on December 13,
this material on the spectrum. 2009.

The first UV spectra were presented in 1980, with measure-
ments of the Ly line flux using the IUE satellite (Wu et al. . . .
1980). Significantly better spectra were subsequentlyiida (LOW Energy Transmission Grating (LETGS) with the HRC-

with HST (Crenshaw et 41, 1995, 1999; Kraemer ét al. 2003) adc@mera), together with the Hubble Space Telescope (HST)
FUSE [Kriss et al. 2000). ' ' Cosmic Origins Spectrograph (COS). Due to operational con-

In X-rays, the first detection was made with Ariel V inStraints, these observations could not coincide with theNkM

1974-1976 in the 2—10 keV barid (Cooke et al. 1978). Soon tHEWONINTEGRAL monitoring. _ ,
first (power-law) spectra were fitted (Mushotzky et/al. 1980) Before our XMM-NewtofiINTEGRAL observations, and in

and the source was detected at higher energies, beyond 40 Rgfveen the XMM-Newton and ChandrST observations, we

(Dil et all [1981) and up to about 200 keV (Pietsch ¢t al. 19gfionitored Mrk 509 with Swift, using both its X-ray telescope
Rothschild et al._1983). It was one of the first sources wher >§RT_) and the UItra\_/lolet and_ Optical Telgsc_ope (UVOT). Shi
soft X-ray excess was discovered with HEAO1-A2 (Singh et aas In order to obtain a continuous monitoring and to .al!ow us
1985), the first iron line detection dated to 1987 with EXOSATP Study the flux before the start of our campaign. This is impo
(Morini et all[1987), and the reflection component was raaag|l@nt because absorption components may respond with a delay

by Ginga (Pounds et Al. 1994). to continuum variations. . .
Variability was discovered first in the optical band Finally, throughout our high-energy campaign, we obtained

(Magnitskaia & Saakiah 1976). They found variations of abo@Ptical spectroscopy and photometry. We have five obsenti

a magnitude on a time scale of several months, but a comp4fth the 4.2 m William Herschel Telescope (WHT) at La Palma,

ison with observations 21 years before showed a similar fitotometry with the ACAM camera using the Sloan g, r,iand Z

level. This is one of the desired properties for the purpdse §€rs; and low-resolution spectroscopy with the VPH disge

our campaign: significant variability on suitable time sl Furthermore, we obtained nine observations with the 1.3 m

with a limited range of flux levels. Since then, variabilitpsh PAIRITEL (Peters Automated IR Imaging Telescope), with-pho

been found in all energy bands from radio_(Mingaliev ét aioMetry in the J, H, and K bands. Table 1 gives some details on

1978), infrared continuun (Glass 2004), optical polaiisat OUr observations, and in Figl 1 we show a graphical overview o

(Martin et al/ 1983), broad emission linés (Peterson ktgg21 the timeline of our campaign.

1984 Rosenblatt et al. 1992), UV (Chapman €t al. 1985), and X
rays (Dower et &l. 1980). 5. Light curve

There have been many papers that derive the mass of the cen-
tral SMBH using a variety of methods. Derived numbers randéi€ light curves in the X-ray band (0.3-1.0 keV, 2-10 keV and
from 14 x 10° M,, in one of the oldest determinations, based0-60 keV) and in UV (2310 A) are shown in Fig. 2. More
on the correlation of the Blintensity with the full-width at zero details and the interpretation of these light curves arergiv
intensity (Liu[198B) to 43+ 0.12x 10® M, for a modern es- in subsequent papers of our series (e.g. Mehdipour et all;201
timate based on reverberation mapping of optical broadslinBetrucci et al. 2011). The flux was at a typical flux level, com-
(Peterson et al. 2004). pared with archival observations. Right in the middle of obf
serving campaign, the source showed a significant brighgeni
. by ~ 50%, in particular in the soft X-ray band, and with a smaller
4. Observations amplitude in the UV and hard X-ray bands. This allowed us to

We have obtained data from seveffelient observatories duringStudy the response of the absorption components to thibtbrig

our campaign. At the core of our programme are ten obsenfing, and thanks to our broad-band measurements we can con-

tions of approximately 60 ks each, with XMM-Newton, spacestrain the emission mechanisms for the continuum compsnent

by four days. We used the data of all instruments on XMM-

Newton: Reflection Grating Spectrometer (RGS), EPIC (pn a atri

MOS), and Optical Monitor (OM). For this last instrument, al%('j Spectral energy distribution

filters except for the white light filter were used, and we @be The broad-band spectral energy distribution (SED) is essen

tained a spectrum with the optical grism for each obsermatidial for obtaining the ionisation balance needed for thetpho

Observations with the UV grism were not allowed for operaenisation modelling of the outflow. The multiwavelengthuna

tional reasons. of our campaign gave us almost simultaneous coverage of the
Simultaneously with our ten XMM-Newton observationstotal spectrum, which allowed us to constrain the exact slwdp

we obtained data with INTEGRAL to observe the harthe SED to high accuracy.

X-rays. Three weeks after the end of the XMM-Newton We need two dferent SEDs for our campaign. The first de-

monitoring, we did simultaneous observations with Chandsaribes the average SED during tK¥IM-Newton part of the
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Table 1. The observation log of our Mrk 509 campaign.

J.S. Kaastra et al.: Multiwavelength campaign on Mrk 509

Start time (UTC) Span Start time (UTC) Span
Telescope Obs. ID yyyy-mm-dd@hh:mm (ks)| Telescope Obs. ID yyyy-mm-dd@hh:mm  (ks)
Chandra 1 11387 2009-12-10@04:54 131}4HST/COS 1 Ibdh01010 2009-12-10@02:48 2.0
Chandra 2 11388 2009-12-12@22:33 48| HST/COS 2 Ibdh01020 2009-12-10@04:07 2.7
XMM-Newton 1 0601390201 2009-10-15@06:19 57{1 HST/COS 3 Ibdh01030 2009-12-10@05:42 55
XMM-Newton 2 0601390301 2009-10-19@15:20 5919 HST/COS 4 Ibdh01040 2009-12-10@08:54 2.7
XMM-Newton 3 0601390401 2009-10-23@05:41 60/5 HST/COS 5 Ibdh02010 2009-12-11@02:46 2.0
XMM-Newton 4 0601390501 2009-10-29@06:55 60/5 HST/COS 6 Ibdh02020 2009-12-11@04:05 2.7
XMM-Newton 5 0601390601 2009-11-02@02:46 6244 HST/COS 7 Ibdh02030 2009-12-11@05:41 2.7
XMM-Newton 6 0601390701 2009-11-06@07:00 62| HST/COS 8 Ibdh02040 2009-12-11@07:16 55
XMM-Newton 7 0601390801 2009-11-10@08:42 605 WHT 1 1372032-154 2009-10-04@22:50 1.6
XMM-Newton 8 0601390901 2009-11-14@08:27 605 WHT 2 1372732-166 2009-10-07@20:10 3.6
XMM-Newton 9 0601391001 2009-11-18@02:08 651 WHT 3 1378102-127 2009-11-01@20:55 2.4
XMM-Newton 10 0601391101 2009-11-20@07:40 62/4  WHT 4 1378849-900 2009-11-06@19:30 54
INTEGRAL 1 07200160001 2009-10-14@21:55 1277 WHT 5 1382682-702 2009-11-27@19:42 1.5
INTEGRAL 2 07200160002 2009-10-19@19:38 12Qf1  Swift 1 00035469005 2009-09-04@13:18 0.9
INTEGRAL 3 07200160003 2009-10-22@19:29 1243 Swift 2 00035469006 2009-09-08@02:30 15
INTEGRAL 4 07200160004 2009-10-28@19:08 11Q{7 Swift 3 00035469007 2009-09-12@18:52 0.5
INTEGRAL 5 07200160005 2009-11-01@01:07 12213 Swift 4 00035469008 2009-09-16@20:36 1.1
INTEGRAL 6 07200160006 2009-11-05@15:00 63/0  Swift 5 00035469009 2009-09-20@07:51 11
INTEGRAL 7 07200160011 2009-11-06@18:32 59/0  Swift 6 00035469010 2009-09-24@09:51 13
INTEGRAL 8 07200160007 2009-11-09@18:18 12Q{7 Swift 7 00035469011 2009-10-02@18:45 1.0
INTEGRAL 9 07200160008 2009-11-13@20:13 12213 Swift 8 00035469012 2009-10-05@23:59 1.0
INTEGRAL 10 07200160009 2009-11-17@14:48 612  Swift 9 00035469013 2009-10-10@21:37 1.1
INTEGRAL 11 07200160010 2009-11-19@11:23 11Q{7 Swift 10 00035469014 2009-10-14@10:09 1.4
PAIRITEL 1 166.2 2009-09-15@04:45 0.8 Swift 11 00035469015 2009-10-18@05:56 1.0
PAIRITEL 2 166.2 2009-09-16 @04:35 0.8 Swift 12 00035469016 2009-11-20@07:18 1.0
PAIRITEL 3 166.3 2009-09-20@04:51 0.8 Swift 13 00035469017 2009-11-24@23:39 1.0
PAIRITEL 4 166.4 2009-09-24@03:55 0.8 Swift 14 00035469018 2009-11-28@19:13 1.2
PAIRITEL 5 166.5 2009-09-28@03:24 0.8 Swift 15 00035469019 2009-12-02@00:18 1.3
PAIRITEL 6 166.7 2009-10-22@02:55 0.8 Swift 16 00035469020 2009-12-06@07:07 1.2
PAIRITEL 7 166.8 2009-10-27@04:06 0.8 Swift 17 00035469021 2009-12-08@02:30 11
PAIRITEL 8 166.9 2009-10-31@03:21 0.8 Swift 18 00035469022 2009-12-10@12:36 1.2
PAIRITEL 9 166.10 2009-11-17@03:19 0.8 Swift 19 00035469023 2009-12-12@20:30 1.0

campaign, which is needed for the analysis of the stacked R@® flux variations in the soft (2035 A) and hard (% 10 A) X-
spectrum. The second one is needed for the Chandra LETGS emdbands. The RGS flux in these bands is 66% and 30% higher
HST COS part of the campaign, when the source had a lower fllman the LETGS flux, respectively. The soft X-ray flux for the
level. Tabld 2 shows the flux points of every instrument used RGS observation fat > 37 A is obtained by scaling the LETGS
create the SED shown in Figl 3. The statistical uncertairii® continuum by a factor of 1.66. As we have no information on the
the flux are much lower than the reported values (except in tReray flux above 10 keV during the LETGS observation, and the
case of INTEGRAL), therefore we list the systematic undefta yncertainty on the LETGS spectrum for< 7 A increases, we
ties due to calibration uncertainties. estimate the flux for the Chandra observation fox 7 A by
dividing our model for XMM-NewtofiINTEGRAL by a factor

6.1. X-ray SED of 1.30.

We used the best fit RGS model (model 2| of Detmerslet
2011) for the spectrum between 7-38 A. We correct for bot
the intrinsic absorption (the ionised outflow) and the Gi#tac The EUV spectrum produces most of the ionising flux; however,
ISM absorption. For the flux between 1.2 A (10 keV) and 7 & is also the most uncertain part of the SED, as there are e da
(1.77 keV), we used the EPIC-pn data. Above 10 keV we usg@tween 50 and 912 A. LETGS formally measures up to 175 A,
the INTEGRAL data, which were obtained simultaneous witbut due to the Galactic absorption, the flux is low and also the
the XMM-Newton observations. This gives us the continuumodelling of the higher spectral orders becomes more uaicert
flux up to~ 200 keV. Beyond that, the SED is extrapolated usingt longer wavelengths. We therefore have to interpolat&Saim
the model described in Petrucci et al. (2011). between the soft X-rays and the UV. There are several options
We compared the Chandra LETGS flux in twdfeient en- for doing this. Our baseline model is a power-law intergofat
ergy bands with the non-contemporaneous RGS flux to obtdietween 50-943 A (the last FUSE data point). For the XMM-

.2. EUV extrapolation



J.S. Kaastra et al.: Multiwavelength campaign on Mrk 509 7

MJD — 55075 (days
40 6(8 s)

° 20 80 100 Table 2. Continuum fluxes corrected for Galactic and intrinsic
*t )S absorption during the XMM-Newton and Chandra parts of the
ook campaign.

S [ XMM OM

= F 2310 A

i 200 swier Lyor b6 R Frequency E/A vE, @ VF,® Unc® Instre

< s . 4 i b ¢¢{ (Hz) (%)

COob L Y ¢ ¢ 1 3.91x10° 162keV 267 2.05 50 INTEGRAL
161 ¢ * 2.7%10° 115kevV  3.08  2.37 30  INTEGRAL
oL IR — . 2.20x10° 91keV 339  2.60 10  INTEGRAL

o [ 20-60 ke 1 1.5%10° 65keV  3.72  2.86 10  INTEGRAL

€l awrr xar . ﬂj 2 1.05<10° 43keV 416  3.20 10  INTEGRAL

S [ 0520k bl j i %i 7.30x10% 30keV 437 3.36 10  INTEGRAL

S 4o f T S ong 4.84<10'* 20keV ~ 450  3.46 10  INTEGRAL

Sopr =Y hsew s ood 2.00x10'*  15A 335 258 5 pn

s FrCRAY ] 12010 25A 295 227 5  pn

i : L XETTD ke : ‘ 6.00<107 5.0A 258  1.98 5  pRGS
0 20 Wb _ 55075 (days) 100 3.00<107 10A 300 221 5 RGS
2.00x10Y 15A 361 251 5 RGS
Fig.2. Top panel: UV light curve of Mrk 509 as obtained with 1-50<101; 20 A 4.33  2.78 S RGS
Swift/UVOT, XMM-NewtoryOM, and HSTCOS. The data have 1-20<1017 25 A 5.25 324 5  RGS
been corrected for extinction. Bottom panel: X-ray lightvai 1-00<1016 30A 572 3.46 > RGS
as obtained by SwifKRT, XMM-Newtorypn, ChandrA ETGS, ~ 8:5%10° 35A 6.46  3.89 5 RGS
and INTEGRAL/ISGRI. These data have also been corrected f0r7-50<1012 40 A 6.83  4.12 5  LETGS
Galactic absorption. For the pn data, the squares correspon 6-6710° 45 A 708 427 5  LETGS
the 0.3-1.0 keV band, the stars to the 2-10 keV band. Note tha8-00<10*® 50 A 721 43 5 LETGS
10*2 JyHz equals 10 Wm=2 (10"t in c.g.s. units). 31810 943A 226 208 10 FUSE
3.13«10"° 960 A 20.6 19.0 10  FUSE
3.05¢10° 984 A 20.6 18.8 10  FUSE
il 3.0210"° 993 A 190 175 10 FUSE
X1 ‘ ‘ ‘ 1Ryd‘ T andard SED - 2.55><1012 1175A 221 203 5 FUSE
.~ EUV bump 2.1z<1015 1415A 233 215 5 cos

E R 1.71x10"*  1750A 208 19.1 5 COs

St | 1.42<10% 2120A 182 175 3 oM

& -~ ~Chandra 1310 2310A 176 171 3  OM

~ @ 1.03%10% 2910A 139 135 3 OM

e 9f ] 8.7x10“ 3440A 124 121 3 OM

g | 1000 Ryd 6.67x10 4500A  9.24  8.98 3 oM

w o | 55210 5430A 7.65 746 4  OM
x| 2.44<10%  1.23um 3.17 10 3
1.81x10*  1.66um 4.01 10 H

< 1.35<10  2.22um 5.30 10 K

=) 3.00¢<102  100um 4.56 15 IRAS

& 3.00x10°° 1cm 4.56¢10°7 15  Radi§

1022 ““i‘il)w‘ ““i‘614‘ ““{615‘ ““i“cl)lﬁ‘ ““1“617‘ ““i“cl)ls‘ ““1“619‘ 10w 8 For the time-averaged XMM-Newton spectrum, in units of

v (H2) 104 Wm2 (or 5.034 photons ¥ st A1)

b For the time-averaged Chandra spectrum, in units of1/ m—2

(or 5.034 photons st A-1)

Estimated systematic and statistical uncertainty

4 Instrument used to derive the flux

¢ Values obtained from the literature for the J, H, K, IRAS aadio
bands; see text for references.

Newton epoch this power law has a photon index of 2.39, for the

Chandra epoch 2.53. Alternatively, we consider some kind of
big blue bump, by extrapolating the RGS spectrum with a power

law, using its slope near 30 A (photon index 2.58) up to thepoifiuxes were scaled to the COS flux level, assuming that the spec
(193 A) where it matches the extrapolation from the UV with gal shape remained the same.

photon index of-2. The diferent extrapolations between the X-  The full description of the COS data reduction can be found
ray and UV data are shown in F[d. 3. in[Kriss et al. [(201/1). In short, the COS data were flat-field co
rected and additional wavelength calibration performechefr
dependent sensitivity corrections were applied to the Ca§,d
resulting in an absolute flux accuracy of 5%. As the COS data
The UV part of the SED was derived from archival FUSE dataere taken during the LETGS observations, we needed totadjus
and from the HST COS data of our campaign. As FUSE artidem to the higher flux levels during the XMM-Newton observa-
COS share a common wavelength band, the FUSE architiahs. The OM data at somewhat longer wavelengths (see pelow

Fig.3. The SED used of Mrk 509 for the time-averaged XMM-
Newton and Chandra observations. Data points from Table 2 ar,
indicated with triangles and squares.

6.3. UV SED
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show on average 6% higher flux during the XMM-Newton ob- 8 ——————F————————————
servations compared to the LETGS observations. Using te ne
simultaneous FUSHST/optical spectrum of Mrk 509 from

Shang et al.[ (2005) normalised to the OM flux, we find that in- - --EUV bump
creasing the COS flux by 10% is appropriate if assuming a con- 7 [
stant shape for the UV spectrum.

—— Standard SED

~---No IR

— — —Chandra

g T (K)

6.4. Optical SED 6 7 H>C 4

o | ]
The optical part of the SED was obtained from the OM data. The
data were corrected for interstellar absorption and ddewredd I e ]
using the reddening curvelof Cardelli et al. (1989), inahgrtihe 5 : .
near-UV update by O’'Donnell (1994). The total colour excess | 1
E(B - V) is 0.057 mag, an&y = A(V)/E(B - V) was fixed at
3.1. The total neutral hydrogen column density in the dioect ,
of Mrk 509 is 444x 107*m?, as given by Murphy et al. (1995). 4 —————(—————F——————————,
The host galaxy correction is based on the results of Bergk et log =

(2009) and Kinney et al! (1996). For Mrk 509 the host-galale . .
contribution at 2231 A is % 1022 Wm=2 A-1, which is neg- Fig-4. The four diferent cooling curves for the ftierent as-

ligible compared to the AGN flux of.85x 1071 Wm=2A-1, sumed SEDs.
At longer wavelengths the host galaxy contribution incesas
to 3.2 x 10 wm=2A-! at 5500 A, where the AGN flux is ent SEDs, focusing on the uncertainties in the EUV and ieftar
1.7 x 107 Wm=2 AL, For a more thorough description of theparts of the spectrum. In the EUV band we have no measure-
optical data reduction, see Mehdipour €tal. (2011). Thecapt ments, so we have to rely on interpolation. Depending on the
fluxes (from Swift UVOT) at the time of the LETGS observalocation of the outflow relative to the dusty torus expecteslir-
tions have to be adjusted for the lower flux level of the soulse round the AGN, it may receive either all or only a small fraati
XMM-Newton observation 2 has a similar flux to that of Swiftof the IR flux emitted by the torus. To investigate thEeets of
UVOT observation 18, which is close in time to the LETGS oldifferent assumptions about this, we compare four SEDS[{Fig. 3):
servations, we assume that the optical flux during the LETGS
observations is the same as that of XMM-Newton OM observd- Our standard SED (Taklé 2, column 3 and Elg. 2, solid line),
tion 2, which is 6% smaller than the average optical flux dyrin ~ which uses a simple power-law interpolation between the
the XMM observations. soft X-ray and UV bands;
2. A SED with a stronger EUV flux, using the broken power-

. law approximation with a break at 193 A mentioned in

6.5. Infrared and radio SED Sect.[6.2, to mimic a stronger EUV flux (EUV bump in

At IR wavelengths shortward of gm, the spectrum shows a _ Fi9-13); _ . .

small upturn due to emission from the torus (see, e.g., the-sp 3. Same as model 1, but with the infrared flux essentiallycset t
tra by[Landt et all 2011). The infrared fluxes that we use here Z€0; for an absorber that does not receive emission from the
are based on photometry with host-galaxy subtraction inJthe  torus (No IR in Fig[B); .

H, and K bands. We use the average from the observations‘f the SED for the Chandra observation (Table 2, column 4), to
Danese et al[ (1992) and Kotilainen et al. (1992), which are i See the ffects of time variability.

good agreement with each other. For 100, we use the IRAS L .
flux (Moshir et al| 1990). Between the K-band and the 460 The ionisation balance calctjlatlons were performed. us-
flux points, the SED shows an almost constant value in terghd Cloudyl (Eerland etal. [ 1998) version C08.00, with .
of vF,.. In the 6-35um band Spitzer data exist (Wu eilal. 2009)-0dders etal. [(2009) abundances. The resuits are shown in
with ~ 30% higher flux compared to ouradoptéd SED. Howevé'_;,'g' [. As can be seen, thefiitirences between the four cool-
these data, taken with a relatively large aperture of &e not N9 CUTVes are small. The case without infrared flux (model 3)
corrected for the stellar contribution. As our results aevery Starts deviating from the default case abové KQbecause of

sensitive to the details of the IR spectrum, we can safelyouse enhanced cooling by_ inverse Compton scattering of theriedia.
simplified SED in the mid-IR band as shown in Fi. 3. photons. The case with a stronger EUV flux (model 2) has a sim-

ilar shape to model 1, but has on average2duggher by 0.08
due to the enhanced ionising EUV flux. This results in a small
shift towards the right of the figure. Finally, the lower fluurthg

e Chandra observations leads to a very similar coolingegur

Beyond 10Qum, the flux drops rapidly; following usual prac-
tice in this region, we extrapolate the flux from 10 to lower
frequencies with an energy index e2.5 down to 1 cm. This
gives a flux of only about a factor of two above the observ%

value at 14.9 GHz (Barvainis etlal. 1996). Finally, we also-co ecause the peak of the UV specirum is very S|m|lar._
sider an SED without IR emission, because it is unclear how, We are therefore confident that our derived SED is an accu-

much of the IR emission is seen by the outflow (see next S({EIe description of the true source continuum of Mrk 509 and
tion) at the photo-ionisation results obtained from the arnsilgé

' Detmers et al! (2011) are not seriousfieated by the uncertain-
ties in the assumed SED.
6.6. Effect of the SED on the ionisation balance As an additional test we checked how metallicity influences

o the cooling curve. We did this because we do not know a priori
Because a dierent SED can have a stronffext on the ionisa-

tion balance of the outflow, we investigated theeets of difer- 1 httpy/www.nublado.org
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(2011, paper lll), the broad-band continuum variability by
Mehdipour et al.[(2011, paper I\V). Ebrero et al. (2011, pafer
describes the Chandra LETGS data and Krisslet al. (2011, pa-
per VI) presents the analysis of the HEDS data. More papers

~ o= —XMM Average . .
arein preparatlon.

— — —XMM A 3 Sol . . . . .
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