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ABSTRACT

An extensive multi-satellite campaign on NGC 5548 has feekthis archetypal Seyfert-1 galaxy to be in an exceptictate of
persistent heavy absorption. Our observations taken i8-28114 withXMM-Newton, Swift, NUSTAR, INTEGRAL, Chandra, HST
and two ground-based observatories have together enabledestablish that this unexpected phenomenon is causau daytféow-
ing stream of weakly ionised gas (called the obscurer),neltey from the vicinity of the accretion disk to the broadéiregion. In
this work we present the details of our campaign and the dati@red by all the observatories. We determine the spestredgy
distribution of NGC 5548 from near-infrared to hard X-raysdstablishing the contribution of various emission andattson pro-
cesses taking place along our line of sight towards the alesrtigine. We thus uncover the intrinsic emission and preduaroadband
continuum model for both obscured (average summer 2013 aathunobscured<(2011) epochs of NGC 5548. Our results suggest
that the intrinsic NIRopticafUV continuum is a single Comptonised component with its Bigknergy tail creating the ‘soft X-ray
excess’. This component is compatible with emission fromaamy optically-thick corona as part of the inner accretisskdWe
then investigate thefiects of the continuum on the ionisation balance and thertahllisy of photoionised gas for unobscured and
obscured epochs.

Key words. X-rays: galaxies — galaxies: active — galaxies: Seyfertlaxges: individual: NGC 5548 — techniques: spectroscopic

1. Introduction the feedback mechanisms between SMBHs and their environ-
) ments is important in AGN science, as well as in cosmology.
The supermassive black holes (SMBHs) at the heart of actiygey can have significant impacts and implications for the
galactic nuclei (AGN) grow through accretion of matter fromayojution of SMBHs and star formation in their host galaxies
their host galaxies. This accretion is accompanied by ausflo (e g. Sjlk & Rees 1998 King 2010, chemical enrichment of
(powerful relativistic jets of plasma afat winds of ionised thejr surrounding intergalactic medium (e @ppenheimer &

gas), which transport matter and energy away from the naclegyaye 2004, and the cooling flows at the core of galaxy clusters
thus linking the SMBHs to their host galaxies. Understagdin
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(e.g.Ciotti & Ostriker 2003. opticaJUV reverberation mapping studies of NGC 5548 (e.qg.
Peterson et al. 20Q0Pancoast et al. 20)4ave provided one
The ionised outflows are an essential component of tbéthe most detailed pictures available of the broad-lirgae
energy balance of AGN and are best studied through higliBLR) size and structure in this AGN. Prior to our recent
resolution X-ray and UV spectroscopy of their absorptioreli campaign on NGC 5548, the X-ray properties and variability o
spectra. The Reflection Grating Spectrometer (RGSXMM- NGC 5548 were known to be typical of standard Seyfert-1 AGN
Newton and the Low-Energy & High-Energy Transmissiorsharing common characteristics (eBjanchi et al. 2009Ponti
Grating Spectrometers (LETGS and HETGS) ©Ghandra, etal. 2013.
together with the Cosmic Origins Spectrograph (COS) of the
Hubble Space Telescope (HST) have vastly advanced our . - .
knowledge of these outflows in recent years (see e.g. thewevi In 20132014 we carried out an ambitious multi-wavelength
by Costantini 201 With current instrumentation, the nearbyf2MPaign on NGC 5548, which was similar but more extensive
and bright Seyfert type AGN are the best laboratories a2 Otl.JI.r cgmpaﬁtn obn Mrkt 509. Ihlst rfmarkakﬂe campalgnd
studying these outflows. The majority of the absorbing gasé%s utiised eight observalories 10 take simultaneous an

: i : guent observations of the AGN. It incorporates instrotae
detectable in the X-ray band. The outflows detected in the S\g%board five X-ray observatorieXMM-Newton (Jansen et al.

X-rays (referred to as ‘warm absorbers’) are found to ha : :
column densities of 19-10?* cm™ and consist of multiple 01), Swift (Gehrels et al. 2004 NuSTAR (Harrl,son et al.
L - 2013, INTEGRAL (Winkler et al. 2003, Chandra’'s LETGS
phases of photoionised gas with temperatures ¢f10° K, Brinkman et al. 2000 as well as the HST COSSreen et al
travelling at velocities of up to a few $km s (see e.g. (013 and two. rou)r)1d-based optical observaﬁies \mee.
Blustin et al. 200% Understanding the origin and launchin ser,vator W(g and the ObsF:ervatorio Cerro Arhazones
mechanism of the ionised outflows in AGN is an active area CA) Thyesfe ol)aservatories have collected over 2.4 Ms of
research. It has been suggested that these outflows arecprbd _ray and 800 ks of opticAlV observation time. As previously

by irradiation of the dusty gas torus structure, which sunds .

the SMBH and accretion disk (e i§rolik & Kriss 2001), or that :g%oertggstézlfeadaisrfr;_?; il(v%i('gr}?;a’?nclacngrsrf)sv vgr?]?sg:zﬁ()]‘\éiti?e

they originate as radiatively driven winds from the acaeti .~ =~ ray yn . :
imprinted on a heavily absorbed continuum. This obscunatio

disk (e.g.Begelman et al. 1983roga et al. 2000 or are in . —
the ff)rr% ofgmagnetohydrod)?nami% (MHD) W?l?ds from theS thought to be caused by a stream of clumpy weakly-ionised

: . oy . gas located at distances of about 2—7 light days from the&kblac
accretion disk (e.gtonigl & Kartje 1994 Bottorff et al. 2009. hole and partially covering the X-ray source and the BLRnkro

its associated broad UV absorption lines detected in HST COS
\gﬁectra, the obscurer is found to be outflowing with velesitf
up to 5000 km st. The intenseSwift monitoring on NGC 5548
shows the obscuration has been continuously present for a
SV years (at least since Feb 2012). As the ionisingXjxay
diation is being shielded by the obscurer, new weaklysiuh
features of UV and X-ray absorber outflows have been detected
Compared to normal warm absorber outflows commonly seen
fn Seyfert-1s at pc scale distances, the remarkable obsicure
GC 5548 is a new breed of weakly-ionised, higher-velocity
ﬁfﬂowing gas, which is much closer to the black hole and
extends to the BLR. As reported Kaastra et al(2014 the
utflowing obscurer is likely to originate from the accretio
Isk. Based on the high outflow velocity of the obscurer, its
short-timescale absorption variability, and its coveffiragtions

Many aspects and physical properties of these outflo
are still poorly understood. For instance, the location red t
ionised absorbers needs to be established to distinguigieer
the diferent outflow mechanisms and to determine their m
outflow rates and kinetic luminosities, which are essenti
parameters in assessing their impact on their surroundinds
their contribution to AGN feedback (e.ddopkins & Elvis
2010. The distance of an X-ray or UV absorbing outflow to th
ionising source can be determined from estimates of theitglen
of the absorbing gas. The density can be measured from eit
density-sensitive UV lines (e.@abel et al. 2006or from the
recombination timescale of the ionised absorlk@aastra et al.
2012. In the X-ray band, the latter delivers more robust densi
measurements than the use of density-sensitive X-ray.lines
the recombinatjon timespale met.hoq, as the intrinsic lassity of the continuum and the BLR, the obscureris in close proximi
of the AGN varies over time, the ionisation state of the absor 0 “contral source, and its geometry extends fron? r?glar the
changes with a time delay; by measuring this lag, the elBCtraisk to outside the BLR
density and hence the distance of the absorber to the ignisin '
source can be obtained. Such a study was first done as part of
our 2009 multi-wavelength campaign on the Seyf¢@30 In this work we present a broadband spectral analysis of the
Mrk 509 (Kaastra et al. 2002 From the response of threeNGC 5548 data. The structure of the paper is as follows. &ecti
absorber components with the highest ionisation in the s@ftgives an overview of our multi-satellite campaign. In Sect.
X-rays, individual distances of 5-100 pc were derived, fo@ 3 we present lightcurves of NGC 5548 constructed at various
to an origin in the narrow-line region (NLR) or the AGN torusenergies from near-infrared (NIR) to hard X-rays. In Sdake
region. explain the required steps in determining the spectralggner

distribution (SED) of NGC 5548. In Se&.we examine the soft

The archetypal Seyfert-1 galaxy NGC 5548 is one of thé-ray excess in NGC 5548 and present an appropriate model
most widely studied nearby active galaxies. It was one of tlfier it. In Sec.6 we describe the modelling of the broadband
12 classified objects in the seminal work®dyfert(1943, and continuum in unobscured and obscured epochs and present our
since the sixties it has been the target of various AGN studieesults. The thermal stability curves, corresponding tdoues
In more recent times it was the first object in which narrowonising SEDs, are presented in Seét.We discuss all our
X-ray absorption lines from warm absorbers were discovbyed findings in Sect8 and give concluding remarks in Seét.The
Kaastra et al(2000 using a high-resolutio€handra LETGS processing of the data from all the instruments is described
spectrum. Later on, a detailed study of its warm absorber wappendixA.
carried out bySteenbrugge et a[2005. Furthermore, extensive
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The spectral analysis and modelling, presented in this work For theXMM-Newton observations, the lowest X-ray fluxes
were done using th8PEX ! package Kaastra et al. 1996ver- were observed in Obs. Egz 5 kev = 1.40x 107 *? erg cnt? s71
sion 2.05.02. We also made use of tools in NASWEASOFT? and F 1gokev = 1.51 x 107! ergcnt? s1. These fluxes,
v6.14 package. The spectra shown in this report are backdroucompared to those from the unobscured 2000 and 2001 ob-
subtracted and are displayed in the observed frame, unlessvations, are smaller by factors ranging from 17-27 (for
otherwise stated in the text. We use C-statisti€agh 1979 0.3-2 keV) and 2-3 (for 2-10 keV). Later on, in the summer
for spectral fitting (unless otherwise stated) and give rerraXMM-Newton campaign, the X-ray fluxes increased from their
at 1o (68%) confidence level. The redshift of NGC 5548 isninimum in Obs. 1 by a factor of 2.8 (0.3-2 keV) and 2.3
set to 0.017175de Vaucouleurs et al. 199%5s given in the (2-10 keV), peaking aKMM-Newton Obs. 4. The X-ray flux
NASA/IPAC Extragalactic Database (NED). The adopted coduring the summeXMM-Newton campaign was low relative
mological parameters for luminosity computations in ourdmoto other obscured epochs, as seen from the long-t@siit
elling areHp = 70 km s Mpc™, Q, = 0.70 andQ, = 0.30. monitoring. The average fluxes of the summer 208M-

Newton observations Koz o kev = 3.02x 107 ergcnr? st
) ) andFo 19 kev = 2.77 x 107 erg cnt? s71) are smaller by a
2. Multi-wavelength campaign on NGC 5548 factor of 1.6 (for 0.3—2 keV) and 1.1 (for 2—-10 keV) than the

At the core of our campaign in summer 2013 (22 June toaverage fluxes for the whole obscured epoch observed with

August), there were 1XMM-Newton observations, of which Swift between February 2012 and July 20Mefdipour et al.

five were taken simultaneously with HST COS, four withh Prep.

INTEGRAL and two with NUSTAR observations. Throughout

our campaign and beyon@wift monitored NGC 5548 on a  After the end of the summeXMM-Newton observations

daily basis. There were also optical monitorings with WO an@bs. 1-12)3wift kept on monitoring NGC 5548 until the mid-

OCA. The summeXMM-Newton observations were followed dle of September 2013, when it passed ouBwefft’s visibility

by threeChandra LETGS observations taken in the first halivindow. However, prior to that a sudden increase in the X-ray

of September 2013, one of which was taken simultaneouslyx was observed wittBwift which started on 24 August 2013

with NUSTAR. The September observations were triggered up@6528 in MJD) and lasted about one week. Compared to the av-

observing a large jump in the X-ray flux from oBwift mon- erage flux of the summe&fMM-Newton observations, the flux in-

itoring. However, due to scheduling constraints by the tilvee creased by a factor of 3.4 (for 0.3—2 keV) and 1.9 (for 2-10)keV

triggeredChandra observations were made, the week-long peakhis resulted in the triggering of théhandra LETGS observa-

of high X-ray flux was just missed and the tail end of the flardons. Later on, the two finaXMM-Newton observations (Obs.

was caught. Nonetheless, the X-ray flux was still higher thai3 and 14) were taken in December 2013 and February 2014

during the XMM-Newton observations and improved LETGS(these are outside the range of Ridightcurves). Compared to

spectra were obtained. During this autumn period (Sep-Nthe average&XMM-Newton flux during the summer 2013 obser-

2013), NGC 5548 was not visible XMM-Newton and thus no vations, the Obs. 13 flux was slightly lower by a factor of 1.2

XMM-Newton observations could be triggered. (for 0.3-2 keV) and 1.1 (for 2-10 keV), and for Obs. 14 the flux
was higher by a factor of 1.5 for 0.3-2 keV and about the same

A few months later, two mor&XMM-Newton observations for 2—-10 keV. A comprehensive analysis of tK&M-Newton

were taken, one in December 2013 and the other in Februightcurves and their properties is reportedGappi et al.(in

2014. The former observation was simultaneous with HST CQyep).

and NuSTAR observations, and the latter close in time to an

INTEGRAL observation. The timeline of all the observations

in our campaign is displayed in Fig.and the observation logs 3.2. NIR/optical/UV lightcurves

are provided in Tabld. In AppendixA, we describe the obser-

vations made by the instruments of each observatory and gideFig. 3 we show the opticallV lightcurves from Swift
details on their data reduction and processing. UVOT, XMM-Newton OM, WO and OCA, taken in the I, R,

V, B, U, UVW1, UVM2 and UVW?2 filters. Figure4 shows
the HST COS fluxes variability at six narrow UV energy
3. Lightcurves of NGC 5548 bands (which are free of spectral features and represepted b
Here we present lightcurves of NGC 5548, from NIR to harf€ir central wavelengths) between 1160 and 1793 A for the
X-rays, obtained from the eight observatories used durimg gummer 2913 observatlons..To calculatel the flux in broadband
summer 2013 campaign. phot_ometnc filters, one requires c_onvolutlon (_Jf the reseoof _
the instrument and the transmission of the filter as a functio
of wavelength, with the shape of the optjt#V spectrum, to
3.1. X-ray lightcurves convert from instrumental units to energy flux at afeetive

Figure 2 shows the X-ray lightcurves of NGC 5548, fro wavelength. For the shape of the optitAl spectrum, rather

. Mthan using default spectral shapes commonly incorporated i
E)hbes?r,\\”/;tt'i Oﬁl\sMwwm%%y:;z;%*g;%asf Iafa:ar;%ﬁk:)a&d ;?vatfhe data reduction softwares (su_ch as standard stars apectr
' of a power-law), we used the optiddV spectrum model that

Ycrays. The xcray luxes have begn calculated by fiting cadde JerVed for NGC 5548 flom madeling the OM and UVOT
Ic;a:;e:soer'][ i?]vgregg required energy band with the model destri data (see Sectl and Fig.5). This approach_all_ows for a more

‘ accurate flux calculation in the photometric filters, takinp
account the presence of strong AGN emission lines with a
1 http://www.sron.nl/spex realistic continuum model. For instance, for the Smft UVOT
2 http://heasarc.nasa.gov/lheasoft filters, the custom-fit spectral model results in 5 to 15% flux
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Summer/autumn 2013 campaign on NGC 5548

15-Jun-13 1-Jul-13 15-Jul-13 1-Aug-13 15-Aug-13 1-Sep-13 15-Sep-13
T T T T T T T
OCA -6 XX 3636 KXo 36 Koo 36 e e e e X+ HHE KX = 3o =KX s B e e e m e e e irnee e e snnee e e aanns S R
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Chandra|-- A ;
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NUSTAR|-
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XMM-Newton -+
SW|ft *E-X"'X"*'-X'-'X-'*X')('X-X'**X'X-X'X'X*X-X'X'X*)(')%('X'X-XxK'X'X'X-)(*X'X'X-X'X*)E('X-X'X'X-'X-X'X')(*)('X'X')%(-X*X'X'X-X*X"X')("-X-)()@X'X-)%('X'X*'-X'X"-')('X'X """ ;-"
: ‘ . N ! . ; . L . . [, . ;
20 40 60 80
Days (MJD) — 56455

Winter 2013/2014 campaign on NGC 5548
15-Dec-13 1-Jan-14 15-Jan-14 1-Feb-14

WO
INTEGRAL |-
NUSTAR |-+
HST/COS |-+
XMM-Newton |-
Swift]-#-

190 200 210 220 230 240
Days (MJD) - 56455

Fig. 1. Timeline of our multi-wavelength campaign on NGC 5548. Thiekness of each rectangular symbol on the time axis is
indicative of the length of that observation. The days incht8wift, WO and OCA made observations are indicated by crosses.

Table 1. Observation log of the NGC 5548 campaign. For 8aéft, OCA and WO monitorings, the Obs. numbers correspond to
days in which observations were taken. Baift, only recent observations taken in 2013—2014 are repanteldding all monitoring
programs during this period. Tt&ift lengths in ks are the total length of the observations in gaeln For HST COS the span of
each observation in ks is given.

Start time (UTC) Length Start time (UTC) Length
Observatory Obs. ID yyyy-mm-dd hh:mm (ks) Observatory Obs. ID yyyy-mm-dd hh:mm (ks)
XMM-Newton 1 0720110301 2013-06-22 03:53 50.5 HST COS 1 Ic7001 20132063:25 13.0
XMM-Newton 2 0720110401 2013-06-29 23:50 55.5 HST COS 2 Ic7002 201B2002:23 14.2
XMM-Newton 3 0720110501 2013-07-07 23:28 50.9 HST COS 3 Ic7003 20134016:43 8.9
XMM-Newton 4 0720110601 2013-07-11 23:11 55.5 HST COS 4 Ic7004 20130015:15 16.0
XMM-Newton 5 0720110701 2013-07-15 22:56 55.5 HST COS 5 Ic7005 20131083:21 12.3
XMM-Newton 6 0720110801 2013-07-19 22:40 56.5 HST COS 6 Ic7006 201301P2:49 13.0
XMM-Newton 7 0720110901 2013-07-21 22:32 55.5| NuSTAR 1 60002044002 2013-07-11 09:50 51.6
XMM-Newton 8 0720111001 2013-07-23 22:24 55.5 60002044003 2013-006120 52.2
XMM-Newton 9 0720111101 2013-07-25 22:15 55.5| NuSTAR 2 60002044005 2013-07-23 14:25 97.2
XMM-Newton 10 0720111201 2013-07-27 22:06 55.5 NuSTAR 3 60002044006 2013-09-10 21:25 97.5
XMM-Newton 11 0720111301 2013-07-29 21:58 50.4| NuSTAR 4 60002044008 2013-12-20 08:30 98.1
XMM-Newton 12 0720111401 2013-07-31 21:49 55.5| Chandra 1 16369 2013-09-01 00:01 29.7
XMM-Newton 13 0720111501 2013-12-20 14:01 55.3| Chandra 2 16368 2013-09-02 10:33 67.5
XMM-Newton 14 0720111601 2014-02-04 09:33 55.9| Chandra 3 16314 2013-09-10 08:17 122.0
INTEGRAL 1 10700010001 2013-06-29 21:34 100.0 Swift (2013)2 1-160 b 2013-01-04 00:24 326.6
INTEGRAL 2 10700010002 2013-07-11 21:13 102.0 Swift (2014)¢ 161-291 d 2014-01-02 14:53 182.5
INTEGRAL 3 10700010003 2013-07-15 23:31 106.4 OTA 1-27 - 2013-05-20 03:17 e
INTEGRAL 4 10700010004 2013-07-23 03:54 128.4 WO (2013) 1-93 - 2013-06-02 07:22 f
INTEGRAL 5 11200110003 2014-02-09 10:00 38.4 WO (2014) 94-150 - 2013-12-16 14:38 4

& The Swift monitoring in 2013 ended on 2013-12-31 18:19.

b The Swift target IDs of NGC 5548 in 2013: 30022, 80131, 91404, 9171138191739, 91744, 91964.

The Swift monitoring up to 2014-07-01 00:00 is reported here. Bi#t monitoring of NGC 5548 is currently ongoing in 2014-2015.
The Swift target IDs of NGC 5548 in 2014: 30022, 33204, 91964.

¢ The OCA monitoring ended on 2013-07-25 01:13. Observatiaken in the B, V, R filters, with 150 s exposure in each filter.

f The WO monitoring ended on 2013-09-24 04:59. Observatiakertin the B, V, R, | filters, with 300 s exposure in each filter.

9 The WO monitoring ended on 2014-04-14 08:25. Observatiakertin the B, V, R, | filters, with 300 s exposure in each filter.
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Fig. 2. X-ray lightcurves of NGC 5548 from our summer 2013 campaidre lightcurves show the observed flux and are displayed
between 7 June and 14 Sep 2013. The XRT data are shown as tiles,cEPIC-pn as magenta stars, LETGS as dark yellow
squaresNuSTAR as red diamonds and INTEGRAL data as green squares. Thealattished lines indicate the interval between
XMM-Newton Obs. 1 and 12.
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Fig. 3. NIR, optical and UV lightcurves of NGC 5548 taken with vargdilters from our summer 2013 campaign. The lightcurves
show the observed energy flux and are displayed between 7aluh&4 Sep 2013. The UVOT data are shown as blue circles,
OM as magenta stars, WO as red circles, and OCA data as grearesqThe vertical dashed lines indicate the interval betw
XMM-Newton Obs. 1 and 12.
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Fig.4. HST COS fluxes of NGC 5548 atftierent UV wavelengths from summer 2013 observations. Thedigves [eft panel)
and spectrar(ght panel) show the observed energy flux obtained from narrow energg$ahich are free of spectral features.
The displayed range of the lightcurves is between 16 Juné& aadyust 2013, with the vertical dashed lines indicatingittterval
betweenXMM-Newton Obs. 1 and 12.

improvement in our knowledge of the continuum flux in eacand the modelling of the X-ray components (6-9) in Sects.
filter. The calculation of the COS fluxes at the narrow UM.64.9. We have modelled the grism spectra from OM and
energy bands is described in Appendi6. In the lightcurves UVOT together with simultaneous HST COS continuum mea-
of Fig. 3, the UVOT and OM fluxes have been calculated aurements to establish the contribution of each compomaht a
the following wavelengths for each filter: V (5402 A), B (432%onsequently correct the data taken in the photometriadilte
A), U (3501 A), UVW1 (2634 A), UVM2 (2231 A), Uvw2 For fitting the grism spectra iSPEX we usedy® minimisa-
(2030 A). For OCA and WO the fluxes have been given at tf®n instead of C-statistics (used for X-ray spectra), @sdh-

following wavelengths for each filter: 1 (8060 A), R (7000 A), tica/UV spectra have sficient counts per bin. In Fig5 the
(5500 A), B (4330 A). best-fit model to the stacked OM and UVOT grism spectra and

HST C_OS continua obtain(_ad from_ our simultaneous 2013 ob-
As illustrated in the Fig3 lightcurves, the NIRpticajuVv servations are shown. In Fig.we display all the stacked data

: : : 2013 campaign. The figure shows how much
fluxes were more or less continuously increasing throuth m our summer . . .
our summerXMM-Newton campaign (Obs. 1-12) and beyondtp'% aforementioned NJRpticaJUV corrections modify the data

until the end of ourSwift monitoring in middle of September?‘rom observed (left panel) to corrected (right panel); thieeg-

2013, when the source was not visibleSQwift for a couple of ing shape of the NIRthlca]/UV SED.after the coIrrections Is
months. In fact the opticAV fluxes recorded bywift at mid 'emarkable and exhibits a thermal disk spectrum. In Githe
September were the highest observed in all ot monitor- diSPlayed X-ray data are only corrected for Galactic ineiar

ing of NGC 5548 spanning from 2005 to 2014, which also coir"il-bsorpt'On and St'", |nclludf.athé,fects of heavy absprpnon byth_e
cided with our triggere€handraLETGS observations. Figure ©PScurer and the ‘de-ionised’ warm absorber (i.e. lesssethi
shows that the COS UV fluxes increased from their minimum 3¢ absorber due to the shielding of the ionising radisltipn
XMM-Newton Obs.1 (COS Obs. 1) and peaked@M-Newton e obscurer). Similarly, in Fig/. the corrected opticAlV (OM)
Obs. 8 (COS Obs. 3), followed by a decrease afterwards. THad X-ray (EPIC-pn and RGS) data from 2000, 2001 and av-
COS flux change from the first observation gets larger towaggige summer 2013 are displayed, demonstrating that viilst

. L 13 the opticgUV continuum is higher than during the un-
Z?Ghoekuv energies: factor of 1.8 at 1793 A to factor of 2.3 bscured epochs, the soft X-rays are heavily suppresseueby t

obscurer.

4. Determination of the continuum emission

In order to establish the actual intrinsic continuum in the . .

NIR/opticalUV part of the SED, the following absorption1- Galactic interstellar reddening

effects and emission contributions must be taken into account:

(1) Galactic interstellar reddening; (2) Host galaxy ste#mis-

sion; (3) Emission lines from the broad-line region (BLRYanTo correct the opticAUV fluxes for interstellar reddening in our

narrow-line region (NLR); (4) Fe blended emission feature;Galaxy, the reddening curve @fardelli et al.(1989 was used,

(5) Balmer continuum emission. Moreover, in the X-ray baniticluding the update for near-UV given ’'Donnell (1994).

the following must be taken into account: (6) Galactic X-rafheebv model inSPEX applies this de-reddening to the data. For

absorption; (7) Absorption by the obscurer; (8) Absorptign NGC 5548 the colour excessEB — V) = 0.02 mag GSchlegel

the warm absorber; (9) Soft X-ray emission lines. et al. 1998. The scalar specifying the ratio of total to selective
extinctionRy = Ay/E(B - V) was set to 3.1. In Figp, the red-

In the following subsections, we describe the modelling afened continuum model is shown in dotted black line and the
the above NIRopticafUV components (1-5) in Sectd.1-4.5 de-reddened one in dashed black line.
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4.2. Host galaxy stellar emission 4.5. Balmer continuum feature

To take into account the contribution of starlight from tresh Apart from Fer there is another significant emission component
galaxy of NGC 5548 in our NIRpticaJUV data, we pro- in the ~2000-4000 A region of AGN spectra: the Balmer
duced an appropriate model for inclusion in our spectral modontinuum (see e.gsrandi 1982. The Balmer continuum for
elling. Bentz et al(2009 2013 have determined the host galaxyan optically-thin emission with constant electron tempee
flux at an optical wavelength for a sample of AGN (includis given by FBC = FBEeN0-vee)/KTe (Grandi 1983, whereFBC¢
ing NGC 5548) using HST. However, for our observations af the Balmer continuum flux at frequeneyFEE is the flux at
NGC 5548, this host galaxy flux was re-calculated to take inthe Balmer edgege, h the Planck constank the Boltzmann
account the 5 arcsec radius circular aperture used in our peonstant and, the electron temperature. The Balmer edge is at
cessings. For the HST F550M medium-band V filter, the hogfeoretical wavelength of 3646 A. We used this model to take
galaxy flux in a 5 arcsec radius circular aperture was detexehi into account the contribution of the Balmer continuum in our
to be 62x 107 erg cn? s A1 with an uncertainty of 10% optical data. The model was convolved with an intrinsic Depp
(Misty Bentz, private communication). Thé&ective wavelength velocity broadening-, and the resolution of the grisms $REX.
of this flux measurement is at an observed wavelength of 558 fitted this model to the grism data for various combination
A. Then, in order to calculate the host galaxy spectrum at thé T and o, values and found the best-fit Balmer continuum
other wavelengths, we used a template model spectrum and womponent ha3. ~ 8000 K ando, ~ 10000 km st. We note
malised it to NGC 5548 host galaxy flux at 5580 A. A 5 arcse®at the purpose of fitting the Balmer continuum in this wak i
aperture takes in only the innermost few kpc of the host galaXo obtain its total flux contribution to the optical data irder
and so the galaxy bulge template Kihney et al.(1996 was to establish the underlying continuum component, so we do
adopted. In Fig5, the contribution of the host galaxy stellaot delve into theTe ando, parameters here which carry large
model is displayed as the solid green line. uncertainties. The flux contribution by the Balmer contimuu
was found to be aboutB5x 107*? erg cnt? s71,

4.3. Emission lines from BLR and NLR The Balmer continuum, together with E@mission, form a
broad and blended feature in AGN spectra dubbed the ‘small-
To take into account emission lines produced from the BLR amtle-bump’. This is displayed in Figp, in which our best-fit
NLR, we modelled the OM Optical grism and UVOT UV grismmodel to the grism spectra and HST COS continua points are
spectra, covering a range from 1895 to 6850 A. The simultarghown. The small-blue-bump is the feature in magenta colour
ity of the grism spectra with COS is important as it enabldsetween~2000-4000 A; beneath that the Balmer continuum
us to model the grism spectra and COS continuum points ipodel (without Fer emission) is displayed in dark yellow.
gether. This wider energy band in the optitAl helps in es-
tablishing the underlying optic&)VV continuum and modelling
the BLR and NLR lines. For the underlying optidaV/ contin-  4.6. Galactic interstellar X-ray absorption
uum, the Comptonisation componerdmt in SPEX (explained
later in Sects5 and6) was used. The broad and narrow emisthe afects of the Galactic neutral absorption in the interstel-
sion lines were model_led using Gaussian I|ne_ profll_es. Foadhr |ar medium are included in our modelling by applying thet
lines, multiple Gaussian components witlffelient widths, but model inSPEX. This model calculates the transmission of gas in
the same wavelength were added until a good fit was obtaingsliisional ionisation equilibrium. For a given tempenatand
for each line. The best fit obtained for the BLR and NLR I|ne§et of abundances’ the model calculates the ionisatiomtmla
was saved as a spectral model component which was incluggg then determines all the ionic column densities by sgalin
in all our broadband modelling later in Se6t.to take into ac- tg the prescribed total hydrogen column density. The trans-
count the contribution of these lines in the photometriefdt mjssion includes both continuum and line opacity. To mirhie t
The flux contribution of all the BLRNLR lines in the grism en- transmission of a neutral plasma in collisional ionisatomilib-
ergy range shown in Fig (solid black lines) was found to be rium (such as the interstellar medium of our Galaxy), thegtern
about 794x 10** erg cnr® s, ature of the plasma is set to 0.5 eV. In our modelling the Gialac
H 1 column density in the line of sight to NGC 5548 was fixed to
Ny = 1.45x 10°° cm™2 (Wakker et al. 201)lwith Lodders et al.
4.4. Fen blended emission feature (2009 abundances.

The Fen in the BLR produces several thousands of transi-

tions, which result in a blended and complex spectrum betweg. 7. Absorption by the obscurer

~2000-4000A (see e.bletzer & Wills 1983 Wills et al. 1985.

In order to take into account the kecontribution in our opti- To take into account the newly-discovered X-ray obscursitio
cal data we took the model calculated Wills et al. (1985, NGC 5548 we adopted the same model founKlagastra et al.
which is convolved to an intrinsic width of 2500 km's This  (2014. In this model the obscurer consists of two ionisation
was then imported intSPEX as a spectral model component anghases, each modelled with aabs component inSPEX. The
convolved with the resolution of the grisms. The normaiat xabs model calculates the transmission through a slab of pho-
scaling factor of the component was left as a free parametertdionised gas where all ionic column densities are linkea in
allow for fitting the total Fer flux in NGC 5548. The flux contri- physically consistent fashion through tGeOUDY photoionisa-
bution by Farin NGC 5548 was found to be abou7®2x 107*? tion model. The fitted parameters of aabs model component
erg cnt? s71. This component is shown in Fi§.as part of the are the ionisation paramete)the equivalent hydrogen column
magenta coloured feature. density (Ny), the covering fractiorCs of the absorber, its flow
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Fig.5. De-reddened opticAlV spectrum of NGC 5548. The displayed data are from simethais UVOT UV grism spectra (shown

in light blue) at 1896-3414 A, OM Optical grism spectra (shaw dark blue) at 3410-6836 A and the six HST COS continuum
points (shown as purple squares) between 1160-1793 A. Bptagled data are the average of the contemporaneous OM, UVOT
and HST COS observations taken in summer 2013 and are cxiectGalactic reddening using the model described in gett.

The best-fit model (described in Sed}.is shown in red and various components contributing to tbdehare also displayed. The
underlying continuum modekémt) is the dashed black curve. The dotted black curve is theemeeftl version of the continuum

to illustrate the correction for reddening. The broad andavaemission line components (Se4t3) are shown at the bottom and
some of the prominent emission lines are labelled. The bfeadre in magenta is the ‘small-blue-bump’: blendedk léenission
(Sect.4.4) with Balmer continuum (Sec#.5). The model for the Balmer continuum alone is shown in darfloyebelow the
small-blue-bump. The contribution from the host galaxy &®I5548 (Sect4.2) is shown in green.
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Fig. 6. Average multi-wavelength data of NGC 5548 from our summer€ampaign. The data are displayed beftet panel)
and after fight panel) corrections for Galactic reddening (Sdct), host galaxy stellar emission (Secg), emission lines from the
BLR and NLR (Sec#.3), blended Fa emission (Sect.4), Balmer continuum (Secd.5) and Galactic interstellar X-ray absorption
(Sect4.6). The spectra have been binned for clarity of presentafiba.displayed X-ray data include thfects of heavy absorption
by the obscurer and the warm absorber. The shape of thepliRajJUV data after the correctionsi¢ht panel) is remarkable and
exhibits a thermal disk spectrum.
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0.33 to 2.67 g, from 20 to 210 km 3t and outflow velocities
ranging from about 250 to 1220 km's For the 2000 and 2001
XMM-Newton data, when the warm absorber would have been
exposed to normal ionising flux, parameters of the warm ab-
sorber were taken from a re-analysis of their RGS data, using
the same method as Kaastra et al(2014). This work will be
reported in a forthcoming paper on our campaigbrero et al.

108 T T T T T T T T T T T T T T T T T T

NGC 5548

T T T T T

101

i F 2000 (24 Dec) in prep, where the long-term variability of the warm absorber is

S r 2001 (09 Jul) going to be presented.

e 2001 (12 Jul)

Summer 2013
4.9. Soft X-ray emission lines
10“? The 2013 RGS data clearly show the presence of several narrow
r emission lines and radiative recombination continua frdra-p
T | | toionised gasKaastra et al. 2004 These emission features are
0.01 0.1 more apparentin 2013 as the soft X-ray continuum is suppdess

Observed Energy (keV) due to obscuration, but they are also present at earliethspbt

. ) order to take into account their flux contribution in our dont
Fig.7. OpticajUV (OM) and X-ray (RGS and EPIC-pn) data ofyym modelling we used the same model and parameters reported
NGC 5548 from unobscured (2000, 2001) and obscured (201@Kaastra et al(2014). The contribution of these lines to the to-
epochs. The opticAlV data have been corrected for thigeets ta| 0.3-2.0 keV flux is 1.4% (in 2000), 0.8-1.3% (in 2001) and
described in Sectsl.1-4.5 The X-ray spectra have been cor7.79 (in 2013). So whilst in the unobscured epochs theirréont
rected for Galactic absorption (Seét6), but not for absorption pution is rather small, in obscured epochs they contribuigem
by the obscurer and the warm absorber. The displayed X-ttay dgy the soft X-ray flux. In another forthcoming paper on our eam
between 0.3-1.4 are RGS and at higher energies EPIC-pn. hagyn byWhewell et al.(in prep, a detailed study of the soft

X-ray spectra have been binned for clarity of presentation. X.ray emission features as detected by RGS in NGC 5548 is
the 2013 data, the soft X-ray spectrum is the lowest one aad taported.

opticajUV data the highest one.

5. The soft X-ray excess in NGC 5548
v and turbulentr, velocities. The ionisation paramete(Tarter

etal. 1969 is defined as The AGN ‘soft X-ray excess’ is an excess continuum emission

above the intrinsic X-ray power-law at the soft X-ray enesgi

L (below~ 2 keV). Since its discovery bgingh et al.(1985 in
Ny r2 (1) HEAO-1 observations of Mrk 509 and also Bynaud et al.

(1985 in EXOSAT observations of Mrk 841, it has been ob-

whereL is the luminosity of the ionising source over the lserved in many Seyfert-1 AGN. For example, in the Catalogue
1000 Ryd (13.6 eV to 13.6 keV) band in erg'sny the hy- of AGN In the XMM-Newton Archive (CAIXA, Bianchi et al.
drogen density in cr? andr the distance between the ionise®009, this component was commonly found in about 80% of
gas and the ionising source in cm. The first component of tiige AGN. In NGC 5548 the soft excess has been previously
obscurer covers about 86% of the central X-ray emittingaegi detected (e.gkaastra & Barr 1989Magdziarz et al. 1998and
with logé = -1.2 andNy = 1.2 x 10?2 cm 2. The second com- its presence in the unobscured state is apparent. F&siiews
ponent of the obscurer covers 30% of the X-ray source andkligt EPIC-pn spectrum obtained in 2000. The continuum above
almost neutral (log = —4.0) with Ny = 9.6x 10°?cm™2. The 3.0 keV has been fitted with a Galactic-absorbed power-law
parameters of the obscurer were fixed to thosKadstra et al. component I ~ 1.8), including a reflection component for
(2014 in our broadband spectral modelling of the stacked sunhodelling the Fe I line. The best-it is then extrapolated
mer 2013 data. Of course for the unobscured epochs (2000 afndower energies, displaying the presence of the soft exces
2001 XMM-Newton data), the obscurer components were eyelow about 2 keV. However, the soft excess in NGC 5548 only
cluded from our model by settinG of both obscurer compo- stands out in data before the X-ray obscuration began <i.e.
nents to zero. 2011). Because of the newly discovered obscufaiaétra et al.
20149, the soft X-ray flux is heavily absorbed in 2013. This
demonstrates that the soft excess emission is producediala s
region interior to the obscurer (e.g. the BLR) and is not fram
Since the obscurer is located between the central ionisingee  large-scale scatterer. Yet, the soft X-ray band shows feiginit
and the warm absorber, it prevents some of the ionising tadiariability which can be attributed to both the obscurer/and
tion from reaching the warm absorber. Thus thiéedent phases soft excess component. Therefore, for any variability ptafl
of the warm absorber become less ionised, resulting in mere the obscurer, the variability of the soft excess componksat a
ray absorption than when NGC 5548 was unobscured. In meeds to be established. This means an appropriate model for
modelling of the obscured data we used the de-ionised warm #ie soft excess is required which we describe below.
sorber model obtained biyaastra et al(2014), which consists
of six different phases of photoionisation. Each phase is repre- There are dierent interpretations and models in the litera-
sented by arxabs component irSPEX with Ny, &, flow v and ture for the nature of the enigmatic soft excess emissiorGiNA
turbulento, velocities kept frozen throughout our modelling tqsee Sect8.1). For the case of NGC 5548, evidence (described
the values given irKaastra et al(2014). The warm absorber below) suggests that the soft X-ray excess is primarily part
phases havély ranging from 2 to 5710?° cmi™?, logé from  of an opticalUV/soft X-ray continuum component, produced

3

4.8. Absorption by the warm absorber outflows
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by ‘warm Comptonisation’: up-scattering of the seed disl& | Jri%
photons in a Comptonising corona, which is distinct from theg , I ]
one responsible for the hard X-ray power-law (i.e. the hog |
corona), and is characterised by a lower temperature amehig 5 o -
optical depth (e.gMagdziarz et al. 1998 Firstly, without any [y | .
modelling, the unobscured NGC 5548 data (Fgtop panel) 05 1.0 » L8 20
UVW?2 flux (10 ergcm2s™ A™)

show that as the UV flux increases, the ratio of soft to hard
X-ray flux (‘softness’ ratio) also increases. This indicatee Fig.9. Top panel: Ratio of observed soft (0.3—2.0 keV) to hard
UV and soft excess are related to each other. In Bigtop (2.0-10 keV) X-ray flux plotted versus the observed UVW?2
panel) the X-ray softness ratio is plotted versus the UV flux f(2030 A) flux. Bottom panel: Intrinsic luminosity of the soft
the unobscured datx§IM-Newton 2000 and 2001 an@wift excess component between 0.3-2.0 keV plotted versus the ob-
2007), and also for the obscur&®M-Newton data from the served UVW2 (2030 A) flux, and fitted with the power-law func-
average of the summer 2013 observations. The softness rgig given in Eq2.
corresponds to the observed flux, without any modelling and
corrections for absorption. Remarkably, for the obscursath
in 2013, the softness ratio is at its lowest level even thahegh In Fig. 9 (bottom panel) we show the soft excess luminosity
UV flux is at its highest. The reason for this sharp drop in tha the 0.3—2.0 keV band versus the UV flux, showing the refatio
softness ratio is the presence of the heavy soft X-ray alisorp between the soft excess and UV. The soft excess luminosity is
by the obscurer in 2013 (see Fij). calculated using the model described in Sécfi.e. corrected
for obscurer, warm absorber and Galactic absorption). Ht& d
The link between the UV and soft excess flux was aldgo Fig. 9 (bottom panel) have been fitted with a function which
seen in Mrk 509 Kehdipour et al. 201)1l From broadband is found to be a power-law, given by
modelling of its continuum,Mehdipour et al.(2011) and 2869
Petrucci et al(2013 argued warm Comptonisation to be thd-soft excess= 1.261 (Fuvwz2)” (2)
most reasonable explanation for the soft excess. Further,mQN
warm Comptonisation has already been suggested for the SQ?
excess in NGC 5548, in one of the first papers investigatiisg t . . : . P )
interpretation, byMagdziarz et al.(1999. From broad-band I?:UVV_"z is the UVW_2 flltgr flux in units of erg cn? st A~%. This
spectral analysis of NGC 5548, using data from IUE, Gingﬁux in the UVW2 fllter is at the Wavelength_ of 2030 A for t_)(_)th
ROSAT, CGRO and OSSBjagdziarz et al(1999 found that L_JVOT and OM and is the observed fI_ux without any modifica-
the soft excess requires a separate continuum componett wiions such as de-reddening, but takes into account theatjti¢
can be fitted by Comptonisation of thermal photons from a cofiPectrum shape of NGC 5548 (shown in F&pin the UVW2 fil-
disk (Tseeq ~ 3.2 €V), in a warm ¢ 0.3 keV), optically thick €' bandpass. We further discuss the soft excess in &éct.
(r ~ 30) corona. The authors also found the opfld&l and soft
X-ray fluxes in NGC 554.8 to be closely correlated. Therefor@ Broadband continuum modelling of NGC 5548
considering the above evidence we adopt warm Comptonisatio
as the appropriate model for the soft excess. Here we describe our continuum modelling of the NGC 5548
data. The archivaXMM-Newton data from 2000 and 2001

ere Lsoft excessiS the intrinsic luminosity of the soft excess
ponent in the 0.3—-2.0 keV band in units of46rg s* and

10



M. Mehdipour et al.: Anatomy of the AGN in NGC 5548. 1.

and the stacked 2013 data from our campaign have been usemponent. The precise energy, which is rather uncertain,
The archival data are from epochs before the source becamss found to have negligibleffect in the NIRopticajuVv
obscured and its spectrum more complex, and so are usefuddelling of the NGC 5548 data, as tkemt component is

in establishing the underlying continuum of NGC 5548. Theverly dominant at these energies (see EQ).

stacked 2013 data refer to stack&dM-Newton data (Obs. 1—

12) and the corresponding simultane®sSTAR, INTEGRAL, To model the Fe K line and the reflection spectrum at hard
HST COS, WO (I and R filters) observations collected during-ray energies we used the reflection mockefl in SPEX. This
the summer 2013 campaign. The stacked observations arenatdidel, provided by Piotr Zycki, computes the reflected eenti
from a period when the X-ray flux was at a stable low levelum and the corresponding FerHine from a constant density
with only moderate variability between observations, stidt X-ray illuminated atmosphere. It incorporates the Comgpton
it does not have an adverséezt on the results obtained fromreflected continuum ofMagdziarz & Zdziarski(1995 and the
the stacked spectrum. The stacking of spectra was perfornt@dKa line model ofZycki & Czerny(1994). The parameters of
using themathpha, addrmf, andaddarf tools of theHEASOFT the model were fixed to those reporteddaastra et al(2014)
package, except for RGS where the stacking was done uswigh no relativistic broadening. We fitted the normalisatand
the procedure described in Appendixl. All the X-ray spectra photon index of its illuminating power-law in our modelling
used in our fitting have been optimally binnedIPEX (theobin to determine the cold reflection from distant material. Hogve
command) taking into account the instrumental resolutioth afor the 2000 and 2001 observations (in which no hard X-ray
count statistics of the source as described inPEX manual. NuSTAR and INTEGRAL data were availabld), of refl was

In our broadband spectral modelling we included all the rhodiozen to the value found from 2013 dafa € 2.2 + 0.1) and
components discussed in Sedt. which take into account: only the normalisation was fitted in order to make a good fit
Galactic reddening, host galaxy stellar emission, BLR ah&N to the Fe kv. The power-law normalisations of the reflection
emission lines, blended keand Balmer continuum, Galacticcomponent were found to be44+ 0.4 (for 2000), 35 + 0.3 (for
X-ray absorption, the warm absorber, soft X-ray emissioadi 9 July 2001), 4 + 0.4 (for 12 July 2001) and .8 + 0.4 (for
and finally absorption by the obscurer (for the 2013 data).  stacked 2013) in units of #®photons st keV* at 1 keV.

As explained in Sec, warm Comptonisation is a reason-  In our broadband spectral modellinGseeq Te, 7 and nor-
able and likely model for the soft excess in NGC 5548. So in ogralisation ofcomt, as well ad” and normalisation opow were
broadband modelling of the continuum, we applied tat fitted. At the last step in fitting the 2013 data, we testedeefr
model inSPEX to simultaneously fit the NIRpticafUV and soft ing parameters of the obscurer from their initial valui€adgstra
X-ray data. Thecomt model is based on the Comptonisatiot al. 2014 provides any improvement to the fit. However, the
model of Titarchuk (1994, but with improved approximations obscurer parameters remained withio-Zerrors and the good-
for the parameteB(r) which characterises the photon distriness of the fit was not significantly improved. Therefore, for
bution over the number of scatterings which the soft photoagnsistency we have kept the obscurer parameters fixed to the
undergo before escaping the plasma (for more details on th@ues reported byKaastra et al(2014). Figure 10 shows our
see theSPEX manual). The up-scattering Comptonising plasnmagroadband model fit to the stacked 2013 data. The contritmitio
was set to have a disk geometry and its parameters are: ftteen individual continuum componentsdmt, pow andrefl)
temperature of the seed photdhgeq the electron temperatureare also displayed in the figure. In Talfl¢he best-fit parame-
of the plasmadT,, its optical depthr, and normalisation of the ters of our continuum model are given. The observed fluxes and
component. We note the parameterisation of the warm cordhinsic luminosities in various energy bands, calculat@m
is model-dependent andfiérent Comptonisation models carpur model, are given in Tabl@ In Fig. 11 we compare the in-
lead to slightly diferentT andr values. All models however trinsic broadband continuum SED at unobscured and obscured
give qualitatively the same results, i.e. Iwand highr values epochs. In Figl2we show the broadband SED in 2013 before
and reproduce well the characteristic spectral shape doédfte and after absorption by the obscurer.
excess.
In addition to thecomt component which models the7' Thermal stability analysis of photoionised gas
NIR/opticajUV continuum and the soft X-ray excess, dlaving developed a broadband continuum SED model for the
power-law componentppw in SPEX) was also included in unobscured (2000 and 2001) and obscured (summer 2013)
our model. This component models the primary hard X-rapochs, we investigated th&ects of diferent SEDs and X-ray
continuum which has a power-law spectral shape and abscuration on the ionisation balance of gas. This is ingmbrt
thought to be produced by inverse Compton scattering in &or investigating the impact of the ionising SED on the olvscu
optically thin ¢ ~ 1), hot (T ~ 100 keV) corona (e.gSunyaev and subsequently, after heavy absorption, on the warm ladisor
& Titarchuk 198Q Haardt & Maraschi 1993 The cut-af outflows.
power-law is known to provide a reasonable approximation fo
the Comptonisation spectrum (eBetrucci et al. 2000 The The ionising SED determines the ionisation balance and
high-energy exponential cutfoof the power-law was set to thermal stability of photoionised gas, such as warm abssrbe
400 keV in our modelling; for details of the high-energy ofit- in AGN. X-ray photoionised plasma can be thermally unstable
parameter search in NGC 5548 sdesini et al. (submitted. in certain regions of the ionisation parameter space. Tdnshe
We note the seeming decline in about 50-80 keV in Big. investigated by means of producing the thermal stabilityes
is background dominated and not statistically significaite (also referred to as S-curves or cooling curves). Theselatg p
actual high-energy cutbis at higher energies-300—400 keV). of either the temperature of the plasma, or the ionisatioarpa
At low energies, the power-law was smoothly broken beforderé, versus the pressure form of the ionisation param&ter,
overshooting the energies of the seed photons from the diskroduced byKrolik et al. (1981). The parameteg, which de-
The break energy was fixed to the peak energy ofdtwet scribes the ionisation equilibrium, is defined®s F/ny ckT,
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Fig. 10. Best-fit broadband continuum model for the stacked summB 2ata of NGC 5548 as described in SéctAll the
displayed data, labelled in the figure, have been correctethé emission and absorptiofferts described in Sect, including
obscuration and warm absorption, required for determitiiegunderlying continuum. The soft X-ray emission featlgesn in
the RGS are shown on the continuum model for display purpd$escomt warm Comptonisation component (modelling the soft
excess) is shown in black dashed-line, with the power-{aw) and reflectionfef1) components in black dotted-line form. The
broadband model spectrum is represented in a solid greerRiesiduals of the fit, defined as (datenodel)/ model, are displayed
in the bottom panel.

Table 2. Best-fit parameters of the broadband continuum model fo82P001 and stacked 2013 data of NGC 5548.

Warm Comptonisationdomt): Power-law pow):
Observation || Tseed TeP r¢ Norm¢ re Normf C-stat/ Expected C-stat
2000 (24 Dec) ¥4+0.03 015+001 227+09 63+05 | 1.82+0.01 594+0.08 1544/ 1353
2001 (09 July) 71+003 014+001 221+08 52+04 | 181+001 728+0.04 1860/ 1372
2001 (12 July) ®8+005 013+0.01 243+10 64+07 | 188+001 103+0.08 1790/ 1362
2013 (Summer)|| 80+0.02 017+001 211+05 60+02 | 161+001 472+0.10 2666/ 1664

Temperature of the seed photons in eV.
Warm corona temperature in keV.
Optical depth.

10°° photons st keV?.

Photon index.

10°* photons s' keV ™ at 1 keV.

- O Q o T
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Table 3. Observed fluxes and intrinsic luminosities of NGC 5548 fob@QR2001 and stacked 2013 data. The fluxesgre given
in units of 10 erg cn? s™* and the intrinsic luminositied ) are in 13 erg s*. The observed fluxes include all the absorptions
described in Sectd..6, 4.7and4.8. The host galaxy stellar emission (Setp) is excluded from the reported flux and luminosities.

Observation Fozokev Loszokev | Footokev Loiokev | Fooor-10kev  Loooi-10kev | Fi-1000 Ryd  Li-1000 Ryd
2000 (24 Dec) B4 253 314 217 131 184 6.50 122
2001 (09 July) 22 247 387 267 136 158 804 109
2001 (12 July) 4 344 490 239 165 196 105 144
2013 (Summer) 30 221 280 235 105 179 4.09 117
e L L L ] LA 105

T T T
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Fig.11. The broadband continuum SED models for the unob- =
scured (2000, 2001) and obscured (2013) epochs of NGC 5548, T T T T
obtained in Sec®. 10F
108 T T T T T F
r NGC 5548 ] ] I
L ’/
L 1 = F
L | @ T 2000 (24 Dec)
= 0.1 | 2001 (09 Jul) 4
L < F 2001 (12 Jul) ]
S 107 - [ 2013 (unobscured)
woor ]
i M 2013 (unobscured) 1 0.01
H ] VT E Fe XVII 3
10—3 n n n n PR | n n n I S SRt
T B S RN Y] BRI A1 B S I ] B S ST 1 10 100
0.001 0.01 0.1 1 10 100 =

Rest Energy (keV)

Fig.12. The SED model for the 2013 epoch, displayed b -ig. 13. Thermall stability curves for photoionised gas in
o S ot S S o oS54 g ot v o e
tinuum byathe oblscurer. The ionising Iumlnoslty,lgoo Ryd '? lated for SEDs (displayed in Figé1 and12) derived from our
117 x 10 erg s before obscuration and®x 10% erg s* - jhang modelling of the continuum as described in $ect.
after obscuration. The circles on the stability curves indicate the positianglach
ionic column densities of Fe peak on ti& €) and €, T) phase
space. To guide the eye, the location ofpeFexvi, Fexxv
whereF is the flux of the ionising source between 1-1000 Rylave been indicated with open circles around filled circles.
(in erg cnT? s7Y), k the Boltzmann constant, the temperature
andny is the hydrogen density in cth Here,F/c is the pres-
sure of the ionising radiation. Taking = L/4xr? and using On the curve itself, the heating rate is equal to the cooling
£=L/nyr?, E can be expressed as rate, so the gas is in thermal balance. To the left of the gurve
cooling dominates over heating, whilst to the right of theveyl
— L & 19222§ 3 heating dominates over cooling. On branches of the S-curve
=7 darznyckT  4dnckT T (3) which have positive gradient, the photoionised gas is tiadym
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stable. This means small perturbations upward in temperatexcess has also been attributed to reprocessed emissisedcau
increase the cooling, whereas small perturbations dowshwmar by relativistically-blurred, ionised-disk reflection iome AGN
temperature increase the heating. However, on the bramgties (in particular NLSy1s) based on observations of relativédly
negative gradient, the photoionised gas is thermally estén  broadened Fe profiles and time lags between soft and hard
this cas€d(C — H)/dT)z < 0, whereC represents the completeX-rays - see e.gRoss & Fabian(1993 2005; Crummy et al.
set of cooling processes attl represents the complete set 0{2006; Fabian et al.(2009 2013; Walton et al. (2013.
heating processes. Therefore on the unstable brancheslla sm this work, the correlation between UV and soft X-rays
perturbation upward in temperature increases the heagiiag r long-timescale variability and the results of our broadban
tive to the cooling, causing further temperature rise, whsra continuum modelling of NGC 5548 data suggest the origin of
small perturbation downward increases the cooling. Thertak the soft excess is consistent with the warm Comptonisation
stability curve is highly sensitive to the SED of the iongin interpretation. This was made possible by the remarkable
source and to the elemental abundances of the photoioresed gimultaneous data from our summer 2013 campaign covering
a wide energy range from NIR (8060 A) to hard X-rays (200
We have computed the cooling curves (Fi@) correspond- keV) and also the archival (2000, 2001 and 2007) data when the
ing to the diferent ionising SEDs of NGC 5548 (Figkl and source was not obscured. Our results suggest the soft eiscess
12). To obtainZ(T) and £(¢), we ranCLOUDY? (Ferland et al. primarily the tail of the Comptonised disk component extagd
1998 version C13.01 for a photoionised gas withdders et al. from NIR to soft X-rays. We note that although the long-term
(2009 abundances irradiated with the SEDs obtained in 8ectvariability of the soft excess over several years can beaixgd
In Fig. 13 the points on the cooling curves where the Fe iortsgy changes in the strength of the Comptonised disk emission,
peak have been indicated. Interestingly, the highly-ieti®ns short timescales reprocessed emission from reflection lsan a
of Fe fall on an unstable branch of the curves for all five casgsossibly contribute to any rapid variability of the soft ezs.
Moreover, the shielding by the obscurer in NGC 5548 has a sigdeed, short-timescale lag between soft and hard X-rags ha
nificant impact on the ionisation balance and thermal stglof  been detected in NGC 5548 while the source was unobscured
photoionised gas located further out and produces a largfaun(De Marco et al. 2018 which may be interpreted as some
ble branch on the curves. We further discuss the coolingesuncontribution to soft excess rapid variability from reprssiag.
results in Sect.3. However, the combination of the hard X-ray dataMiSTAR
and INTEGRAL with EPIC-pn spectroscopy of the Fe Kne
) ) show the reflection spectrum and the Fe Kne energy and
8. Discussion its narrow width are consistent with reflection from distant
: . neutral material Yrsini et al. submittedCappi et al. in prep
8.1 ;{';;Z;‘ggsgf the NiR/optical/UV continuum and the soft From our best-fit model the contribution of the neutralfl
component to the soft excess is orlYL%. Although there is no
The NIR/opticafUV continuum of NGC 5548, modelled usingspectroscopic evidence of an ionised reflection in NGC 5548,
simultaneous data from about 8060 A to 1160 A, can be md@ly invoking an additional ionisete£1 component to our model
elled as being one single continuum component. This reaslt iith log¢ = 2.0 and relativistic blurring, the contribution of the
been found in both local modelling of the opti¢dV/ grisms and ionised reflection component to the soft excess is estimated
HST COS data (Sect and Fig.5), and broadband modelling Pe about 2-4%, with the rest of_the_soft excess emission being
of the continuum (Secb and Fig.10). This single continuum Produced by the warm Comptonisation.
component is modelled by a warm Comptonisation component
(comt) which, as well as fitting the NIRpticajUV continuum, The direct relation between the UV flux and the strength of
also fits the soft X-ray excess emission. There are no additiothe soft excess (Fid) suggests they are related and primarily
continuum components detected in the JiRicajUV ener- partof the same emission component driving the UV varighili
gies. We emphasise the importance of fully taking into ancouwhich is well modelled as warm Comptonisation in NGC 5548.
various non-continuum processes (described in Sgakthich A purely thermal disk blackbody spectrum however is not \dab
make a significant flux contribution in broadband photorsetris it does not reach the soft X-rays. Furthermore, the aiee!
filters. For example, emission from the blendedifémd Balmer Vvariability of the soft excess component with the UV disk emi
continuum (Sectst.4and4.5) contributes to 27% of the U filter sion suggests the soft excess is ‘real’ emission and nottan ar
flux, and emission from the host galaxy (described Sé@. fact of any relativistically-blurred absorption. Such Xyrab-
contributes to about 48% of the V filter flux. The host galaxgorbing winds are largely transparent at wavelengths loige
contribution relative to the continuum becomes greateh@R the Lyman limit, and thus cannot contribute to the opfld&l/X-
and | photometric filters, contributing to 70% and 79% of thegy correlated variability. In this work, all the X-ray alvption
observed flux, respectively. So if only photometric filtetada has been fully taken into account based on RGS spectroscopy
are fitted without taking into account the actual spectrum a®f their features. In a recent study one et al.(2012), the
secondary emission processes, one may erroneously stabu warm Comptonisation origin for the soft excess has beerdest
‘excess emission’ to an additional continuum component. by further modelling. The authors built an energeticallj sen-
sistent accretion flow model: an optically-thick accretitink
Warm Comptonisation has been found to be a viable expl&-present down to a radiuserona below which the accretion
nation for the soft excess in some AGN based on broadbap@ver is shared between an optically-thick warm corona and a
spectral modelling or timing analyses - see eMpgdziarz optically-thin hot one, with both coronae Compton up-saraty
et al. (1999; Mehdipour et al.(2011); Petrucci et al(2013; the disk emission. In this proposed picture, our fit of therent
Jin et al.(2013; Noda et al.(2013; Di Gesu et al.(2014; NIR/opticajUV continuum and the soft excess, without the need
Arévalo & Markowitz (2014; Matt et al. (2014. The soft foran additional thermal component from the disk, suggsts
the warm corona completely cover the optically-thick atiore
3 http://www.nublado.org disk, with a geometry similar to the one proposed for Mrk 5909 b
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Petrucci et al(2013. We emphasise the importance and usefug-curve. This contrasting shape of the cooling curve is lpost

ness of simultaneous multi-wavelength data (like thosaiobt induced by the relative lack of ionising EW&6ft X-ray photons

in Mrk 509 and NGC 5548 campaigns) in investigating the n@a the obscured case, changing the interplay between thimgea

ture of the soft excess, as well as other intrinsic compaeit and cooling processes. Furthermore, there are some amsati

AGN spectra. between the 2013 unobscured cooling curve and those from

2000 and 2001. The main reason for this is spectral hardening

. of the primary power-law component in 20113 € 1.6) relative

8.2. The continuum at unobscured and obscured epochs to 2000 and 2001I{ =1.8-1.9). This creates more emission at

The basic nature of the underlying broadband continuumih bohagcééﬁ]ygs éfecting the interplay between Compton heating

unobscured and obscured epochs is unchanged. However,a}ﬂ
value of I of the power-law in the stacked 2013 spectrum is . . ) . . .
about 1.61, which is lower than those from archival 2000 and_'Mterestingly, in all five versions of the stability curveisd

2001 ranging over 1.81-1.88. We note this spectral hargenf??ayed in Fig.13, the peak concentration of highly-ionised ions

- : Fexxmr to Fexxvi fall on an unstable branch. This means the
observed in 2013 is not an artefact caused by the spectral ;ﬁiistence of these ions is expected to be significantly dehed

in photoionised gas of NGC 5548, regardless of obscurafion e
fects. It is worth noting that the ionising SEDs used for thme
putation of the cooling curves are based on the direct dooret
powered emission from the disk as obtained from the broadiban
continuum modelling. So although the continuum model of the
SED includes IR emission from the disk, it does not include re

; ; ; : a _ processed IR emission from the AGN dusty torus which is lo-
?Aztfﬁélﬁglggﬁgafgﬂmﬂgf écgﬁllay b’”\tjlt_v'\\/leeen 'tno%].Zar%sémt\j/yars cated further out. Therefore, enhanced cooling througarse
lower at 1.5-1.6. So the loof 1.61 found for the stacked 2013C0MPtonisation of the torus IR photons is not included. The o
spectrum is not related to the fact that the source is obgame SCUrer in NGC 5548 is located at distances of only a few light

that the full éfect of its absorption was not correctly taken int(?ays from the _central squrchﬁ_astra et ?"- 20]4so it is ex-
account. pected to receive only direct disk radiation. On the otherdha

the more distant warm absorbers at pc scales in NGC 5%54& (
et al. 2014 might be exposed to IR radiation from the torus,
8.3. Effect of obscuration on ionisation and thermal stability ~ thus influencing their cooling, which is not taken into acebu
of photoionised gas in the calculation of the cooling curves here. The coolinyes
can be used to investigate whether multiple ionisation @ha$
Determining the shape of the ionising SED using a proptite warm absorber can co-exist in pressure equilibrium ¢r no
broadband continuum model is important in assessing the i®ince phases with overlapping valuessbn the curves would
isation balance of photoionised gas. For instai@ieakravorty be in pressure equilibrium. In a forthcoming paper on our-cam
et al. (2012 have shown that just the temperature of thpaign Ebrero et al. in prepthe analysis of dierent phases of
accretion disk and strength of the soft X-ray excess commionghe warm absorber and their long-term variability and posit
can significantly influence the structure and stability oé thon the relevant cooling curves are investigated.
warm absorbers in AGN. In Secl.we presented the cooling
curves of photoionised gas in NGC 5548 based on broadband
ionising SEDs of the source for unobscured and obscured.casg conclusions
On the cooling curves, the heating rate is equal to the cgolin
rate so the gas is in thermal equilibrium. This is reachednvhén this work we have determined the intrinsic continuum of
photoionisation and Compton heating are balanced by recoNGC 5548 from near-infrared (8060 A) to hard X-ray (200 keV)
bination and Compton cooling, amongst other less dominanergies, using stacked simultanec(dM-Newton, NUSTAR,
heatingcooling mechanisms, which are all taken into accouift, INTEGRAL, HST COS, WO and OCA observations from
by the CLOUDY code. As shown in Fidl3, the cooling curves our summer 2013 campaign. We have also determined the un-
from unobscured 2000 and 2001 SEDs display similar shapdsrlying broadband continuum frokMM-Newton observations
But the 2013 curves and in particular the obscured versitaken in 2000 and 2001 before NGC 5548 became obscured,
deviate strongly from those corresponding to the unobscurehich helped us in establishing the proper model for theinent
SEDs. uum as the X-ray spectrum during the obscured epoch is more
suppressed and complex. We have taken into account various
Al five cooling curves in Figl3 show that up t@& of about NIR/opticaJUV/X-ray emission and absorption processes taking
200 (i.e. log¢ ~ 2.3), ions would fall on a stable branch of thePlace in our line of sight towards the central source, incigthe
cooling curves. For Fe specifically, this means up to andithcl Eff€cts of X-ray obscuration and warm absorption, to uncoer th
ing Fexvn ions are stable on the cooling curves correspondiffffinsic continuum components. We conclude that:
to the four unobscured SEDs. But for the cooling curve of the
obscured SED, only up to Far ions fall on the stable branch of 1. The soft X-ray excess in NGC 5548 can be explained
the cooling curve. Compared to cooling curves of unobscured as the tail of a continuum component extending from
SEDs, the obscured version in 2013 has a remarkably extendedNIR/opticaJUV to soft X-ray energies, produced by
unstable branch, where the slope is negative, and so thehl@ast  Compton up-scattering of the thermal seed photons from the
branch covers a broader rang&inMoreover, below atempera-  accretion disk, in a warmTg ~ 0.15 keV), optically thick
ture of 0.1 keV, the obscured cooling curves are shifteddbéui (r = 23) corona as part of the inner disk.
= and above 0.1 keV to lowes, illustrating a more pronounced

data obtained biNuSTAR and INTEGRAL confirm this spectral
hardening{rsini et al. submitted Additionally, Swift data from
unobscured epochs of 2005 and 2007 showlItleds previously
been between 1.5-1.8€hdipour et al. in prep The long-term
variability of I', presented iMehdipour et al(in prep, shows
that even at some obscured epochs (2012 and 20%&s con-

15



M. Mehdipour et al.: Anatomy of the AGN in NGC 5548. 1.

tin, A. J., Page, M. J., Fuerst, S. V., Branduardi-Rayme., & Ashton,

Brinkman, A. C., Gunsing, C. J. T., Kaastra, J. S., et al. 20@J, 530, L111
Burrows, D. N., Hill, J. E., Nousek, J. A., et al. 2005, Space Rev., 120, 165

Crummy, J., Fabian, A. C., Gallo, L., & Ross, R. R. 2006, MNRAS85, 1067

den Herder, J. W., Brinkman, A. C., Kahn, S. M., et al. 2001,/4&65, L7

2. The NIRopticaJuUV continuum is consistent with beingBianchi, S., Guainazzi, M., Matt, G., Fonseca Bonilla, N.P&nti, G. 2009,
composed of a single Comptonised disk component whichA&A, 495, 421
alfso proglé(_:gs thle softIX-Lay ex<|:e§s.kThere is no evide “E. 2005, AGA. 431 111
of an additional purely-thermal disk component or @B, M. C., Korista, K. T., & Shlosman, I. 2000, ApJ, 537, 134
additional reprocessed component from the disk.
3. The nature of the underlying broadband continuum in boﬂ?ppilﬁtj"-Ai” bree. A&% . & Mathis. . S. 1989, AnJ. 3285
unobscured and obscured epochs is unchanged. Howeggﬁ]e\;\'/ 1979 :3’;02’28'935 athis, J. S. 1989, ApJ, 3
in 2013 the primary power-law displays a harder spectru@hakravorty, S., Misra, R., Elvis, M., Kembhavi, A. K., & fand, G. 2012,
(T = 1.6) than in 2000 and 2001, but this has no apparentMNRAS, 422, 637
relation to the obscuration event. Ciotti, L. & Ostriker, J. P. 2001, ApJ, 551, 131
Costantini, E. 2010, Space Sci. Rev., 157, 265
4. The heavy absorption of the ionising SED EMt X-ray e marco, B., Ponti. G., Cappi, M., et al. 2013, MNRAS, 431424
photons by the obscurer has a significant impact on the vaucouleurs, G., de Vaucouleurs, A., Corwin, Jr., H. Gale1991, Third
ionisation balance of the more distant photoionised gasReference Catalogue of Bright Galaxies. Volume I: Explamat and refer-
(Warm absorbers) producing an extended thermally unsta-£nces. Volume II: Data for galaxies betwedradd 12. Volume III: Data for
ble branch on the (,:ooling curve galaxies between f2and 24. (Springer, New York)
. ) o Di Gesu, L., Costantini, E., Piconcelli, E., et al. 2014, ARB63, A95
5. The thermal stability analysis of photoionised gas

NGC 5548 indicates highly-ionised ions of fan to

Fexxvi fall on an unstable branch of cooling curves, regar(‘]f-

less of the obscuratiorffects.

Acknowledgements. This work is based on observations obtained with XMM

Newton, an ESA science mission with instruments and carttobs directly
funded by ESA Member States and the USA (NASA). This resedrah
made use of data obtained with the NuUSTAR mission, a progttbly the
California Institute of Technology (Caltech), managed hg tlet Propulsion
Laboratory (JPL) and funded by NASA. It is also based on olagiens with
INTEGRAL, an ESA project with instrument and science datatreefunded by
ESA member states (especially the PI countries: Denmadqder;, Germany,
Italy, Switzerland, Spain), Czech Republic, and Poland wit the partici-
pation of Russia and the USA. This work made use of data sy the
UK Swift Science Data Centre at the University of Leicesi#fe thank the
Chandra team for allocating the LETGS triggered obsermati®We thank the
International Space Science Institute (ISSI) in Bern feirtsupport and hospi-
tality. SRON is supported financially by NWO, the Netherlsu@ganization for
Scientific Research. This publication is supported as aptajf the Nordrhein-
Westfalische Akademie der Wissenschaften und der Kiinstee framework
of the academy program by the Federal Republic of Germanytlaadstate
Nordrhein-Westfalen. M.M. acknowledges support from NW g¢he UK
STFC. This work was supported by NASA through grants for H8dgpm
number 13184 from the Space Telescope Science Institutiehvid operated
by the Association of Universities for Research in Astrogpmcorporated, un-
der NASA contract NAS5-26555. M.C. acknowledges financigdpert from

contracts ASINAF n.I/037/12/0 and PRIN INAF 2011 and 2012. P.-O.P.

acknowledges financial support from the CNES and from the §RKES.
K.C.S. acknowledges financial support from the Fondo Fectaliento de la
Productividad Cientifica VRIDT 2013. E.B. is supported bgrgs from the ISF,

iDone, C., Davis, S. W., Jin, C., Blaes, O., & Ward, M. 2012, MA83420, 1848

Ebrero et al. in prep, A&A

vans, P. A., Beardmore, A. P., Page, K. L., et al. 2009, MNR#%5, 1177

abian, A. C., Kara, E., Walton, D. J., et al. 2013, MNRAS, 42917

Fabian, A. C., Zoghbi, A., Ross, R. R., et al. 2009, Natur®, £80

Ferland, G. J., Korista, K. T., Verner, D. A., et al. 1998, PAS10, 761

‘Gabel, J. R., Kraemer, S. B., Crenshaw, D. M., et al. 2005, 881, 741

Gehrels, N., Chincarini, G., Giommi, P., et al. 2004, ApJ1 61005

Grandi, S. A. 1982, ApJ, 255, 25

Green, J. C., Froning, C. S., Osterman, S., et al. 2012, Apl],60

Haardt, F. & Maraschi, L. 1993, ApJ, 413, 507

Harrison, F. A., Craig, W. W., Christensen, F. E., et al. 2043J, 770, 103

Hopkins, P. F. & Elvis, M. 2010, MNRAS, 401, 7

Jansen, F., Lumb, D., Altieri, B., et al. 2001, A&A, 365, L1

Jin, C., Done, C., Middleton, M., & Ward, M. 2013, MNRAS, 438,73

Kaastra, J. S. & Barr, P. 1989, A&A, 226, 59

Kaastra, J. S., de Vries, C. P., Steenbrugge, K. C., et all20A&A, 534, A37

Kaastra, J. S., Detmers, R. G., Mehdipour, M., et al. 2012AAB39, A117

Kaastra, J. S., Kriss, G. A., Cappi, M., et al. 2014, ScieBd&, 64

Kaastra, J. S., Mewe, R., Liedahl, D. A., Komossa, S., & Briak, A. C. 2000,
A&A, 354, L83

Kaastra, J. S., Mewe, R., & Nieuwenhuijzen, H. 1996, in UV aXday
Spectroscopy of Astrophysical and Laboratory Plasmas{ edamashita &
T. Watanabe, 411-414

Kaastra, J. S., Steenbrugge, K. C., Raassen, A. J. J., @04, A&A, 386, 427

King, A. R. 2010, MNRAS, 402, 1516

Kinney, A. L., Calzetti, D., Bohlin, R. C., et al. 1996, ApB#4 38

Konigl, A. & Kartje, J. F. 1994, ApJ, 434, 446

Kriss, G. A., Arav, N., Kaastra, J. S., et al. 2011, A&A, 5341A

Kriss et al. in prep, A&A

Krolik, J. H. & Kriss, G. A. 2001, ApJ, 561, 684

Krolik, J. H., McKee, C. F., & Tarter, C. B. 1981, ApJ, 249, 422

MoST (116310), and the iCORE program. S.B., G.M. and A.D.R. aCknOWIKuin etal. in prep, MNRAS

edge INAHPICS financial support. G.M. and F.U. acknowledge finanaigt s
port from the lItalian Space Agency under grant ASAF 1/037/12/0-01113.
B.M.P. acknowledges support from the US NSF through granf-A®8882.
G.P. acknowledges support via an EU Marie Curie Intra-Eemopfellow-
ship under contract no. FP-PEOPLE-2012-IEF-331095 andi@ministerium

Lodders, K., Palme, H., & Gail, H.-P. 2009, Landolt Bormsiel4

Magdziarz, P., Blaes, O. M., Zdziarski, A. A., Johnson, W, & Smith, D. A.
1998, MNRAS, 301, 179

Magdziarz, P. & Zdziarski, A. A. 1995, MNRAS, 273, 837

Mason, K. O., Breeveld, A., Much, R., et al. 2001, A&A, 365,6.3

fur Wirtschaft und TechnologiBeutsches Zentrum fir Luft- und Raumfahrt,\/Iatt G., Marinucci, A., Guainazzi, M.. et al. 2014, MNRA} 3016

(BMWI/DLR, FKZ 50 OR 1408). F.U. acknowledges PhD funding from th

VINCI program of the French-Italian University. M.W. ackmledges the sup-
port of a PhD studentship awarded by the UK STFC. We thank tbaeyanous
referee for their useful suggestions and comments.

References

Arav, N., Chamberlain, C., Kriss, G. A,, et al. 2014, ArXivii42157

Arévalo, P. & Markowitz, A. 2014, ApJ, 783, 82

Arnaud, K. A., Branduardi-Raymont, G., Culhane, J. L., etl&85, MNRAS,
217,105

Arnaud, K. A., George, |. M., & Tennant, A. F. 1992, The OGIPRe&tpal File
Format, Legacy, 2, 65 (OGJ92-007)

Begelman, M. C., McKee, C. F., & Shields, G. A. 1983, ApJ, 2/,

Bentz, M. C., Denney, K. D., Grier, C. J., etal. 2013, ApJ,, 76

Bentz, M. C., Peterson, B. M., Netzer, H., Pogge, R. W., & §fggard, M. 2009,
ApJ, 697, 160

16

Svehdipour, M., Branduardi-Raymont, G., Kaastra, J. S.|.€G1L1, A&A, 534,
A39

Mehdipour et al. in prep, A&A

Netzer, H. & Wills, B. J. 1983, ApJ, 275, 445

Noda, H., Makishima, K., Nakazawa, K., et al. 2013, PASJ 465,

O’Donnell, J. E. 1994, ApJ, 422, 158

Oppenheimer, B. D. & Davé, R. 2006, MNRAS, 373, 1265

Pancoast, A., Brewer, B. J., Treu, T., et al. 2014, MNRAS,, 8053

Peterson, B. M., Berlind, P., Bertram, R., et al. 2002, Ajg1,3.97

Petrucci, P. O., Haardt, F., Maraschi, L., et al. 2000, Ag0, 331

Petrucci, P.-O., Paltani, S., Malzac, J., et al. 2013, A&#95A73

Ponti, G., Cappi, M., Costantini, E., et al. 2013, A&A, 549 A

Ponti, G., Papadakis, ., Bianchi, S., et al. 2012, A&A, 5433

Poole, T. S., Breeveld, A. A., Page, M. J., et al. 2008, MNR3&3, 627

Pozo Nufiez, F., Westhues, C., Ramolla, M., et al. 2013, ABGZ, A1

Proga, D., Stone, J. M., & Kallman, T. R. 2000, ApJ, 543, 686



M. Mehdipour et al.: Anatomy of the AGN in NGC 5548. 1.

Roming, P. W. A., Kennedy, T. E., Mason, K. O., et al. 2005,c®p&ci. Rev., were not stficient to correct for all remaining CTI. We thus used

120, 95 _ an ad-hoc correcting energy shift as described in moreldetai
Ross, R. R. & Fabian, A. C. 1993, MNRAS, 261, 74 Cappi et al(in prep), in which the full data analysis and mod-
Ross, R. R. & Fabian, A. C. 2005, MNRAS, 358, 211 li fthe EPIC d . d. Thi hift il
Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 5606 elling of the ata Is reported. This energy shift resunt
Seyfert, C. K. 1943, ApJ, 97, 28 a poor fit near the energy of the gold_ M-edge of_the telescope
Silk, J. & Rees, M. J. 1998, A&A, 331, L1 mirror, therefore, the 2.0-2.4 keV region was omitted fram o
Singh, K. P., Garmire, G. P., & Nousek, J. 1985, ApJ, 297, 633 spectral modeIIing of the 2013 EPIC-pn data.

Steenbrugge, K. C., Kaastra, J. S., Crenshaw, D. M., et 86,208 A, 434, 569

Struder, L., Briel, U., Dennerl, K., et al. 2001, A&A, 36518

Sunyaev, R. A. & Titarchuk, L. G. 1980, A&A, 86, 121

Tarter, C. B., Tucker, W. H., & Salpeter, E. E. 1969, ApJ, 1563 RGS

Titarchuk, L. 1994, ApJ, 434, 570 i

Turner, M. J. L., Abbey, A., Arnaud, M., et al. 2001, A&A, 36527 The RGS {en Herder et al. 20Qlinstruments were operated
Ursini et al. submitted, A&A in the standard Spectr@ mode for theXMM-Newton obser-
Warkefv B. P., Lockman, F. J., & Brown, J. M. %IOH’ ApJ, 728 15 vations of NGC 5548. The processing of the RGS data has
Wa,\;cl’\?éfs' 34'28'\'6‘2'36”1" E., Fabian, A. C., Gallo, L. C., & ReR. C. 2013, paan performed at a more advanced level than the standard SAS
Whewell et al. in prep, A&A pipelines. The details of this enhanced RGS data reductiin t
Wills, B. J., Netzer, H., & Wills, D. 1985, ApJ, 288, 94 nigue are reported ikaastra et al(2011H. The procedure
Winkler, C., Courvoisier, T. J.-L., Di Cocco, G., et al. 200&A, 411, L1 takes advantage of the multi-pointing mode X#M-Newton
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calibration to improve the method for stacking time-deperid
Appendix A: Observations and data reduction RGS spectra and enhancing thBaency of the spectral fitting.
A1 XMM-Newton TheKaastra et al(2011b procedure was used to produce a com-
" bined RGS-IRGS-2 spectrum and response matrixS@iX for-
EPIC mat) for eachXMM-Newton observation of NGC 5548, includ-
) . ing archival 2000 and 2001 observations. Also using this@ro
The European Photon Imaging Camera (EPIStrider et al. e a single stacked RGS spectrum and response matrix from

2001, Turner et al. 200)ldata of NGC 5548 were first processeghe 12XMM-Newton observations of summer 2013 was created
using the Science Analysis System (SAS v13.0). The EP}&, spectral fitting.

instruments were operating in the Small-Window mode with

the thin-filter applied. Periods of high flaring backgrounerev

filtered out by applying th&XVMMEA EP and #XMMEA EM filter- OM

ings for pn and MOS, respectively. This is done by extractin_P ) ) )
single event, high energy light curves, in order to create Tdie Optical Monitor (OM -Mason et al. 2001 photometric

set of good-time-intervals (GTIs) for use in conjunctiortiwi filters were operated in the Science User Defined infage

the internal GTI tables, to exclude intervals of flaring jwdet Mmode for the 2013-2014 observations and in the Image mode
background exceeding 0.4 cogmfor pn and 0.35 couyst for  for the archival observations of NGC 5548. In each 2013-2014
MOS. The EPIC spectra and lightcurves were extracted fropRservation, OM images were taken with the V, B, U, UVW1,
a circular region centred on the source with a radius df. 40UVM2, and UVW2 filters, with an exposure time of 4.4 ks for
For pn the background was extracted from a nearby souree-fe@ch image. The OM images of NGC 5548 were processed with
region of radius 50 on the same CCD as the source, where&AS v13.0omichain pipeline with the standard parameters,
for MOS a background radius of 10@vas used from a CCD t0 apply the necessary corrections including the removal of
other than that of the source. For archival (2000, 2001) EPModulo-8 fixed pattern noise, and produce images ready for
data, there was weak pile-up (few % for pn); however, for tHerture photometry. The aperture photometry on each image
2013 observations due to the suppressed X-ray fluxes naipilewas done using themsource program. For those archival
was detected. The single and double events were selectedd@igsets in which exposures in some of the six OM filters have
both the pnPATTERN <= 4) and MOS PATTERN <= 12). The hot been taken, we used the relations deriveMehdipour et
EPIC lightcurves were background-subtracted and comlec®- (in prep between dierent photometric filters from extensive
(using theepiclccorr SAS task) for various féects on the Swift monitoring of NGC 5548, to calculate the missing fluxes
detection @iciency. Response matrices were generated for tifeorder to carry out a uniform and consistent spectral fttin
spectrum of each observation using thefgen and arfgen Of the data. Source and background regions were selected to
tasks. With EPIC-pn operating in the Small-Window modéXxtract count rates, with the necessary corrections applie
the final cleaned EPIC-pn exposure for eaXkiM-Newton including those for the point spread function, coincidence
observation was on average about 37 ks, which is about 6794@gses and time-dependent sensitivity. The OM count raées w

the duration of an observation (i.e. about 55 ks as given neTa extracted from a circle of .B” centred on the source nucleus.
1). The background was extracted from a source-free region of

the same size. The OM count rates were then transformed into

The 2013-2014 EPIC-pn data of NGC 5548 were found to ffee standard OGIP FITS formafinaud et al. 199Pto be
affected by larger than expected long-term degradatiaiution Used together with their corresponding response files imyX-r
of the charge transfer ifigciency (CTI). This creates a shift of Spectral fitting packages. Lastly, the files were convented i
about 50-60 eV at 6 keV. The CTI problem had previously bedfe SPEX format using the auxiliaryrafo program of thesSPEX
found in the Mrk 509 campaign EPIC-pn daRofti et al. 2013  package.
and so the long-term CTl was corrected and implemented in new
SAS CCFs. For the new EPIC-pn data of NGC 5548, further In addition to the OM photometric filters, spectra with the
CTI corrections had to be applied and the use of the new CCBsgtical and UV OM grisms were also obtained in each 2013
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XMM-Newton observation in the Full Low mode. The exposureurpose of spectral fitting witBPEX, the filter count rates and
time of each grism spectrum is 5.0 ks. The grism data weltee corresponding response matrices in each filter wer¢ettea
first processed with the SAS v13figchain pipeline. The nec-
essary corrections, including that for Modulo-8 fixed paite  In addition to the photometric exposures, there was an exten
noise and removal of scattered light features, were appliedsive monitoring of NGC 5548 with the UV grism of UVOT be-
obtain undistorted and rotated grism images. We then used tlveen 1 April and 12 September 2013. The grism observations
omgsource program to interactively identify zero and first ordebf NGC 5548, which were taken about every two days, were
dispersion spectra of our source, properly define the sande performed in the Clocked mode, which is the optimum mode for
background extraction regions and extract the calibraped-s low background as well as no presence of zeroth orders inghe u
trum from the grism images of each observation. For the @ptiger left half of the detector. The Swift UVOT Grism Calibti
grism the extraction and calibration was extended beyord thnd Softwar&/VOTPY ° v1 (Kuin et al. in prep was used to pro-
standard results to just below 7000 A as describedéhdipour duce the UV grism spectra of NGC 5548. This software is more
etal.(2011) in order to capture the #116563 line. Similar to the enhanced than the standard tools available within HEASOFT.
OM broadband filter data, the grism spectra were also caenverThe uvotgraspcorr program was used to aspect correct the
into SPEX format for simultaneous spectral modelling with othet VOT grism images. Thavotgetspec module ofUVOTPY was
data. used to extract first-order spectra of NGC 5548 and also pedu
the corresponding RMF response matrices. The grism spectra

) were then converted in®PEX format for spectral modelling.
A.2. Swift

XRT

For theSwift X-ray Telescope (XRT Burrows et al. 200pdata o\, STAR 0bservations were reduced using the NuSTAR Data
red_uct_lon, we used the pro_cedure detalleEwl_ans et aI(2_009_, Analysis Software (NUSTARDAS) v1.3.1, which was utilised
whichis an enhanced version of the stand@wiit processing in- as part of HEASOFT v6.14 distribution. For instrumental cal

cluding several modifications. This tool is made availaigne . . :

. g . ibration of ourNuSTAR data, CALDB version v20131007 was
otn the U:( SW|ftth|_entcr§e D;;atCergre (Li_KSSE():CTheé(RfT In- ulsed. The data were processed with the standard pipeliipg scr
SI:’UI;R[?]n No(p}eé%;én b € (t)_on ?ﬁn;?g_r(d t) T\O € bory'earﬁupipeline to produce level 1 calibrated and level 2 cleaned
a (t) g fe bad ivel 0 fi?év? 'OPS.' ?t' c?F?SFatve egn CQUent files. The data from the South Atlantic Anomaly passage
rected for bad pixels andiects ot vignetling an 0 Producq, aye peen filtered out and event files were cleaned with the sta
clean_ed_e_vent files using thﬂplpe;Llne script. The data were ard depth correction, which significantly reduces therirae
not significantly &fected by pile-up at the observed low Coungackground at high energies. The source was extracted from a
rates of th_e source. Using the event lists, exposure maps w; fcular region (radius- 110”), with the background extracted
made, which together with the source spectrum, were usedf

create a corresponding Ancillary Response File (ARF) fahea m a source-free area of equal size on the same detectem. Th
; . : h ript was run r level 3 pr -
interval. The corrections have been applied to both specida thenuproducts script was run to create level 3 products (spec

light Th i tracti dius for data praga tra, lightcurves, ARF and RMF response files) for each of the
'9 é:urvest.h ggp |m(;1m ex ratc |otn radius ort g"?‘ pr te] two hard X-ray telescope modules (FPMA and FPMB) onboard
e i oy M e o e 1 4 NUSTAR.The specira and coresponding response fies of e
an extraction radius of 25 pixels (89). The XRT lightcurves wo telescopes were combined for spectral modelling usieg t

at different energies were constructed from e8efft snapshot mathpha, addrmf, andaddar£ tools of theHEASOFT package.
observation of NGC 5548. The default grades of 0-12 in the

PC mode were used for event selections. The correspondingAet. INTEGRAL

sponse matrix files (RMF) for th8wift observations were ob-

tained from the HEASARC Calibration Database (CALDB). The INTEGRAL IBIS and ISGRI data were reduced with the
Off-line Scientific Analysis (OSA) v10.0 software. The spec-

tra were extracted using the standard spectral extractiopts
uvoT ibis_science_analysis. The total INTEGRAL ISGRI spec-

. : . trum for each observation, and the associated RMF response
S gl Teescope (U T Romig eL21 2008 g ARF anciay fes, wer then generated using the OSA
with the six primary photometric filters of V, B, U, UVWL1, spe-pick tool.

UVM2 and UVW?2. Theuvotsource tool was used to perform

aperture photometry using a circular aperture radius 6£.3.8e  A.5. Chandra LETGS

standard instrumental corrections and calibrations ategrto

Poole et al.(2009 were applied. Any data from whe@wift The threeChandra observations were taken with LETGS using

had bad tracking were removed. The continuous monitoritige HRC-S camera. The LETGS data were first reduced using
of NGC 5548 indicated occasional exposures in UVOT filtet§€ Chandra Interactive Analysis of Observations (CIACGY4.

in which the flux suddenly dropped by about 20% or morgoftware to create level 1.5 eventfiles. The rest of the [g%ing,
compared to the adjacent mean; these exposures were foundn@ the creation of final level 2 eventfiles, was carriedusing

be clustered at particular regions of the detector and tiseise an in-house software first describedgastra et a(2002. This

and fix is currently being investigated by the UVOT calibwati procedure follows the same steps as in the standard pipeline
team. These occasional observations have been filteredf oubCIAO, but results in improved wavelength anidieetive area
our analysis (about 2% of all UVOT observations). For thealibration. The outcome of this procedure is the productib

A.3. NuSTAR

4 http://www.swift.ac.uk 5 http://www.mssl.ucl.ac.uk/~npmk/Grism
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spectral files and their corresponding response matric#fsein photometry. Each night a few exposures in each filter were ob-
SPEX format (Kaastra et al. 1996 tained and after confirming that there were no intra-nighiava
tions within the uncertainties, they were averaged to pcedune
measurement for each night. Calibration to absolute made#
A.6. HST COS was done in each filter using several stars in the field whielr th

The six HST COS observations were taken concurrently wig®solute magnitudes were taken from the SIMBAD database.
XMM-Newton Obs. 1, 4, 8, 11, 12 and 14. Each COS observa-
tion consists of an HST two-orbit visit. The observationstigh

the Primary Science Aperture were taken with gratings G130M
(1770 s per visit) and G160M (2215 s per visit), covering tre f
UV spectral range from 1132 to 1801 A. In addition to the rou-
tine processing of data with the calibration pipelines oSS8IT
further enhanced calibrations (as describe&iiss et al. 2011

for Mrk 509) were applied to produce the best-quality COSspe
tra possible. They include refined flux calibrations thaetako
account up-to-date adjustments to the time-dependeritiséns

of COS, improved flat-field corrections and wavelength calib
tion and an optimal method for combining exposures conpyisi

a single visit. More details on the COS calibration of NGC 8§54
data are given irkKaastra et al(2014), and inKriss et al.(in
prep, in which the full analysis of the HST COS spectra are also
reported. For the purpose of modelling the UV continuum as pa
of our broadband continuum modelling, we extracted the COS
flux from six narrow spectral bandpasses, which are free &d-em
sion and absorption lines: 1155-1165, 1364.5-1369.5,4470
1490, 1730-1740, 1730-1770 and 1785-1800 A. In order to
use these measurements in our simultaneous spectral fiiiting
other opticglUV and X-ray data, we converted the COS fluxes
into count rate units used in the OGIP spectral file formaddo
this we used the time-dependent sensitivity curves as ditumc

of wavelength, obtained for the COS datiriss et al.(in prep),
which are in units of (count$ pixel't)/(erg cnt?2 s A1), to
calculate the count rate and thiéeetive area over the six narrow
bandpasses. For the G130M and G160M modes, the pixel size is
about 0010 A and 0012 A, respectively.

A.7. OCA

The Observatorio Cerro Armazones (OCA) monitoring of
NGC 5548 was carried out between 20 May and 25 July
2013. For our observations the 25 cm Berlin Exoplanet Search
Telescope Il (BEST-II) was utilised, which is equipped wéth
Peltier-cooled 4096 4096 pixel Finger Lakes Imager CCD
KAF-16801. It has a field-of-view of .Z x 1.7 degrees with a
pixel size of um. Photometric measurements were taken in the
optical Johnson B, V and R filters. For each filter, 6 ditherad i
ages were acquired, with 150 s exposure time for each ingavid
image. There were observations on 27 days, from which 24 had
exposuresin B, 19 in R, and 7 in the V filter. Data reduction and
processing of the OCA data was performed in the same manner
as reported ifPozo Nufez et a(2013.

A.8. Wise Observatory

TheWse Observatory (WO) monitoring of NGC 5548 was done
with the Centurion 46-cm telescope, and images were olgtaine
with the standard Bessel B, V, R, and | filters. They cover the
time from beginning of June to end of September 2013. There
were also further monitoring from December 2013 to July 2014
The observations were done with STL-6303 CCD which gives
a field of view of 70«50 arcmin and each exposure time was
300 s. Standard data reduction was carried out with the Image
Reduction and Analysis Facility (IRAF) packages using PSF
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