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ABSTRACT

We perform multi-dimensional radiative transfer simwas to compute spectra for a hydro-
dynamical simulation of a line-driven accretion disk windrh an active galactic nucleus.
The synthetic spectra confirm expectations from paranee@rinodels that a disk wind can
imprint a wide variety of spectroscopic signatures inahgdnarrow absorption lines, broad
emission lines and a Compton hump. The formation of theseifesiis complex with con-
tributions originating from many of the different struadsrpresent in the hydrodynamical
simulation. In particular, spectral features are shapeh by gas in a successfully launched
outflow and in complex flows where material is lifted out of ttiek plane but ultimately
falls back. We also confirm that the strong Fe Kne can develop a weak, red-skewed line
wing as a result of Compton scattering in the outflow. In addijtwe demonstrate that X-ray
radiation scattered and reprocessed in the flow has a paitin both the spectrum forma-
tion and determining the ionization conditions in the wikiée find that scattered radiation
is rather effective in ionizing gas which is shielded fromedt irradiation from the central
source. This effect likely makes the successful launchirg massive disk wind somewhat
more challenging and should be considered in future windikitions.

Key words: radiative transfer — methods: numerical — galaxies: aetiXerays: galaxies

1 INTRODUCTION

Estimates for the black hole mask/,) and bolometric luminosity
(Lwo) of the most luminous active galactic nuclei (AGN) suggest
that they are accreting close to the Eddington rateg. Under
such conditions, radiation forces should play a role in mheite-
ing the properties of the accretion disk atmosphere. Inquaar,
since much of the luminosity of the inner regions of the disk i
radiated in the ultraviolet (uv) part of the spectrum, a Bigant
radiative force should arise owing to the large number af than-
sitions which occur in this spectral region. By analogy to $tar
atmospheres, it is to be expected that radiation pressuréodui-
traviolet line driving can exceed that due to electron scaty by
factors up toMmax ~ 10° (Castor et al. 1975; Stevens & Kallman
1990; Proga et al. 2000) under optimal conditions. Thus &k r
ation force due to spectral lines might be expected to affeet
structure of a uv-bright accretion disk for luminositiessasall as
~ M Leda.

In luminous hot stars line-driving by the uv radiation field
is able to launch fast winds with terminal velocities congise

to the escape speed from the stellar photospherel (e.g.r@astb
1975%;/ Friend & Abbott 1986; Pauldrach etlal. 1986). For AGN ac
cretion disks, launching of a wind is hindered by the largaitu
nosity of ionizing X-ray radiation produced in the viciniof the
central black hole. Line-driving becomes rapidly less &ffit as
the ionization state of the gas is raised (seel e.g. Stevenal@nkn
1990; Arav et al. 1994). As a consequence, for luminositiearad
0.001 S L/Lgqa S 0.1, line-driving is unable to launch a success-
ful wind but should give rise to a topologically complex ‘&d
wind” in which material is lifted out of the disk plane but, elto
over-ionization by the X-ray radiation, does not reach pscpeed
(Proga & Kallmah| 2004; hereafter PK04, see also Proga et al.
2000 Proga 2005). Above ~ 0.1 Lgqd, however, numerical sim-
ulations suggest that even the ionizing X-ray flux may be lenab
fully suppress the launching of a line-driven disk wind. brcu-
lar, PKO4 performed radiation-hydrodynamical simulasidor an
accretion disk around a supermassive black hilgn(= 10% Mg).
They investigated the case 6f ~ 0.5Lgqq assuming that 10 per
cent of the luminosity was radiated as X-rays from a centicah-
centrated source. This central source could ionize the gawdis
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not included as a source of radiation pressure — the linendriv
force was supplied by the uv radiation of the accretion digieir
simulations predicted that, despite the ionizing effe€the X-ray
radiation, a significant mass flux was successfully acceddrdnat
formed an outflow with terminal velocity comparable to thease
speed from the inner accretion disk.

The flow structure found by PK04 is complex and significantly
time-variable but it is persistent and characterized bgehmegimes:

a cold dense equatorial outflow, a hot diffuse polar flow anira t
layer of moderate density rapidly outflowing warm materiaiha
termediate inclination. The typical mass-loss rate of the flvas
~ 0.1-0.2 Mg yr—!, this being dominated by the warm, rapid out-
flow component. In addition, the simulation predicts a defesked
wind” region above the inner disk which plays a pivotal partie-
termining the wind structure owing to both the ram pressues-
erts and its potential role in shielding the gas in the outgians
of the flow from the ionizing X-ray radiation. We note, howeve
that PK04 assumed that all the X-ray radiation is emitted pgiat
source and they neglected scattering or reprocessing afyXin
the flow. As will be discussed later, this likely overestismthe
ease with which the “failed wind” can shield the outer paftthe
flow.

Given the geometrical and kinematic complexity of the PK04
wind structure, predicting its spectroscopic signatuseshalleng-
ing. But given the large mass-loss rate of the warm streantrand
significant covering fraction of the “failed wind”, it is dainly ex-
pected that observational signatures will arise. Sincegel&ac-
tion of the material around the inner parts of the flow showdd b
strongly ionized, the clearest signatures of the absarptia emis-
sion from the wind structure may be expected to manifest én th
X-ray band! Schurch et al. (2009) performed radiation fiexrsal-
culations for snapshots of the wind structure obtained bp£K
again assuming that all X-rays are emitted by a single pointce.
They confirmed that, depending on the observer’s oriemtattoe
wind structures could strongly absorb X-ray radiation ameke-
fore imprint observable signatures. Although an imporsaep, the
Schurch et al.| (2009) study suffers from the shortcoming tihe
radiative transfer code usedJCORT, [Schurch & Done 2007) is
only one-dimensional. Thus, although they could study tis®gp-
tion properties of the disk wind, they did not realisticadigidress
the role of the wind in producing/shaping emission features

We have developed a multi-dimensional Monte Carlo radia-
tive transfer code which is able to compute orientationeteient
spectra for wind models taking proper account of scatteaimjre-
processing of radiation in the outflow (Sim 2005, Sim et aD&0
hereafter Paperll, Sim etlal. 2010; hereafter Paper II). ¥ipglthis
code to simply-parametrized disk wind geometries has shbain
scattered/reprocessed radiation has a very importanirrdhe for-
mation of the X-ray spectrum and that outflow models may have
the capacity to explain a wide variety of X-ray spectroscdpa-
tures (see Papers | and Il). In particular, highly blueskifab-
sorption features, as have been reported in a number of dwsin
AGN (see section 6.1 of Turner & Miller 2009 for a recent re-
view), appear for a subset of inclination angles while Fednis-
sion is predicted for all observer orientations. The lingssion is
typically broad and can develop somewhat red-skewed limgsvi
(Papers | and IlI) owing to the effects of Compton scatterimg i
the flow (see e.d. Laming & Titarchuk 2004; Laurent & Titarkhu
2007 Titarchuk et al. 2009).

To date, however, we have only applied our Monte Carlo code
to parametrized outflow models with imposed mass-loss eatds
flow geometries. Although such simple models provide a conve

nient means to investigate the formation of the X-ray spmctin
an outflow, they do not adequately represent the full conifylex
of the wind structures found in the radiation-hydrodynaah&im-
ulations mentioned above. In particular, they adopt a venpke
velocity law (which is not dynamically consistent with angrp
ticular launching/acceleration mechanism) and assumeathéne
material that is lifted out of the disk plane is part of a flowttbuc-
cessfully escapes from the system. Thus, at best, the paizede
wind models might represent components similar to the warth o
flow in the PKO4 simulation but they neglect any other strretu
which accompany it (e.g. the “failed wind”). It is therefdrepor-
tant to investigate whether there are characteristic rdiffees be-
tween the X-ray spectra obtained from simplified wind modeid
dynamically self-consistent flow models since these aevagit to
the quantitative interpretation of observations.

Here we take the step of connecting our studies of the forma-
tion of X-ray spectra in multi-dimensional flows (Papersd i to
a physically motivated disk wind model (PK04). The objeesiof
this study are two fold. First, by computing synthetic X-epectra
for a hydrodynamical simulation we can more reliably inigesie
which spectral features can plausibly form in disk winds asd
sess how well synthetic spectra from parametrized modeth (as
those used in Paper II) correspond to what might be expented f
more realistic flow structures. Second, by using a radidtisms-
fer scheme that readily incorporated true absorptionfes@ag) and
reprocessing of radiation in the wind, we can begin to agbesm-
portance of scattered radiation for the physical processesrk in
a line-driven wind. We begin, in Sectibh 2 with a descriptidithe
setup of our simulations. The results are presented in@g8tand
their implications discussed in Sectigh 4.

2 MODEL SETUP
2.1 Radiation-hydrodynamical wind simulation

To provide a set of self-consistent gas properties for ount#lo
Carlo radiative transfer simulations, we use the hydrodynaac-
cretion disk wind simulations presented by PK04. The hygrod
namical simulations assume 18&® M black hole accreting at
1.8 Mg yr—'. These parameters correspond to an accretion rate
of 0.5 Meqq assuming a radiative efficiency of 6 per cent. The gas
is assumed to accrete through an optically thick, geonalyithin
standard disk. The disk thermal uv radiation drives the wirfte
simulations also include Comptonized continuum radiafiom a
central source which represents the emission from the ipags

of the accretion disk that are not covered by the computatido-
main. This component is not included in the line-drivingocd-
tion for the wind, because in the X-ray band there are realtiv
few line transitions. However, the central X-ray componkeas a
major effect on the derived photoionization state. The prtgs of

the outflow are calculated over the radial range 60 — 3QQ@here

ry = G'Mpn/c? is the gravitational radius of the black hole).

To solve the equations of gas dynamics, PK04 used thes
code which has been tested extensively (Stone & Norman 1992)
Their version of the code has been modified to implement ttiie ra
ation force, and radiative heating and cooling. PK04 apipreied
the radiative acceleration due to lines using a modificatibthe
method developed by Castor et al. (1975). The radiativerdyidue
to line scattering is treated using the generalized Sobapgvoxi-
mation. This assumes the transport in the line core is ddetnay
the local velocity gradient. The coupling between the dyicarand



the radiation field is provided by radiation pressure andhieyrhal
pressure due to radiative heating. The radiation presseperuls
on the gas opacity, which in turn depends on the ionizatiderioa.
The effects of X-ray ionization on the radiation force dudines
is calculated using the procedure outlined by Stevens &t
(1990). In this procedure, the “force multiplier” of Castdral.
(1975) (the ratio of the full radiation force to that due $pl®
electron scattering) is suppressed by a factor which dependhe
ionization parameter and temperature. The effects of ingaly ra-
diation are also taken into account by these calculatiopsci8-
cally, PK0O4 calculated the gas temperature assuming teagds
is optically thin to its own cooling radiation. Thus the nebting
rate depends on the density, the temperature, the ionizpsicam-
eter, and the characteristic temperature of the X-ray tiadialn
this case it is possible to fit analytical formulae to the mepand
cooling rate obtained from detailed photoionization ckdtians for
various gas parameters. PK04 used a fit to photoionizatitmu-ca
lations obtained by Blondin (1994) who included Comptonthea
ing/cooling, X-ray photoionization heating/recombimaticooling,
bremsstrahlung and line cooling.

2.2 Monte Carlo radiative transfer simulations

The hydrodynamical simulations described above providdithe-
dependent density and velocity structure of the disk wirmdcdm-
pute synthetic spectra from these, we have performed healiat
transfer simulations using the Monte Carlo code describeda-
pers | and Il.

For the radiative transfer simulations, the Monte Carloecod
was modified to accept a generalized axisymmetric wind wétin-d
sity and velocity specified via input data. As for the parairet
wind models adopted in Papers | and I, these input data dafine
2D grid of wind properties (in this case, with properties eleg-
ing on polar coordinateg and#). The mass density in each wind
grid cell is assumed to be uniform and taken from the hydrody-
namical model. The three components of velocity, g andwv,)
at every point in the wind are obtained by linear interpolatin »

and#f) between the values which are provided at the boundaries of

each wind grid cell. This interpolation is necessary sireeaf the
Sobolev approximation for line transitions requires thatielocity
is everywhere a smooth function.

In certain regions, particularly close to the disk plane rghe
the transition between the disk atmosphere and the outflesy li
the hydrodynamical simulations predict rather high déssitin
some cases, this makes certain grid cells very opticalgkttithys-
ically, any X-ray photons which penetrate deep within thee-
cally thick layers will be thermalized and contribute to tieg of
the disk atmosphere. In the parametrized models considefea-
per 1l, this sink of X-ray photons was roughly accounted fgr b
assuming that all Monte Carlo quanta which reach digeplane
in the simulation strike the optically thick disk and arernHest.
That approach neglects reflection by the disk but avoidséled o
track the Monte Carlo quanta as they propagate through y@ry o
tically thick material. In the more realistic model congiele here,
however, there is no sharply-defined boundary between Hieadh
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the disk atmosphere is relatively low). To deal with theserda, a
cut is introduced whereby the flight paths of Monte Carlo ¢gaan
which propagate sufficiently deep into the base of the wire ar
terminated and it is assumed that these quanta contribtiéngo
further to the X-ray spectra or ionization state of the wiAdiery
conservative cut has been applied in the simulations predéere:
guanta are terminated if they penetrate deep enough intoabe
of the wind that the Compton optical depth to re-emerge froen t
wind is greater than twenty in all directions.

As described in Paper Il, the ionization and thermal stmactu
of the wind are determined iteratively from the radiatiomdfgrop-
erties and the assumptions of ionization and thermal duxjiuifin.
The ionization balance accounts for photoionization (idelg K-
/L-shell ionization followed by ejection of Auger electi®n colli-
sional ionization, radiative recombination and di-elentc recom-
bination. Heating by photoionization, Compton down-saratiy
of X-ray photons and free-free absorption are balancednagai
bremsstrahlung, Compton cooling by low energy disk phgtons
bound-free recombination, bound-bound line transitiams @ol-
ing due to adiabatic expansion to estimate the local termpera
ture. Note that our treatment of Compton cooling remains par
ticularly approximate since we do not simulate the tranispér
the accretion disk photons in detail (see Paper IlI). Therapsu
tions of ionization/thermal equilibrium are not perfectiglid in
regions of the wind where the density is sufficiently low thiz
recombination/cooling timescales are long compared tofltve
timescale. However, it alleviates the need to introducdi@kpme-
dependence in the calculation — a major computational gatn
general, we would expect that the most important conseguehc
departures from equilibrium is that the ionization statedmees
frozen-in in the outer, low-density flow regions since rebama-
tion may become too slow to maintain local ionization edpitim.

As we shall show below, however, the equilibrium assumpébn
ready leads to near fully-ionized conditions in much of thieo
wind — thus accounting for any further effective reductionthe

recombination rate is unlikely to dramatically alter thpital ion-

ization state.

The radiative transfer simulations were performed usirg th
same set of atomic data as described in Paper Il. This insltice
K-shellions of the astrophysically abundant metals, theheH ions
of the important second and third row elements and the hidees
M-shell ions of Fe and Ni. Note that this data set does notiohel
M-shell ions of iron below Fex — thus when the computed ioniza-
tion state favours this ion it is likely that the true degrééoniza-
tion is lower. Similarly, a lower limit ofog 7. [K] = 4.0 is imposed
in the radiative transfer simulations since (i) the atormatadused
is likely inadequate to describe the cooling to lower terapaes
and (ii) the uv radiation of the disk — which is neglected here
should prevent the inner regions of the outflow from droppimg
significantly lower temperatures.

2.3 Simulation parameters

The relevant physical and numerical parameters adoptetien t
simulations are given in Tabld 1. Most of these are carriegr ov

mosphere and the wind. Thus reflection by the dense material a or derived from the parameters adopted in the radiationddydr

the very base of the outflow is automatically included in time-s
ulations. However, this introduces additional computslochal-
lenges. In particular, quanta occasionally propagate dgepthe
optically thick regions where they interact many times aagieh
very low probability of reemerging without being thermaliz(and
therefore lost to the X-ray regime since the expected teatper of

namics simulation| (Proga etlal. 2000, PK04). For this study w
have selected two snapshots of the wind structure; spdbifiga
chose the wind conditions from timesteps 800 and 955 from the
PKO04 simulation. These timesteps were chosen since theyedke
separated in simulation time (timestep 955 is later tharesiep
800 by At ~ 5 years). This allows us to study two independent
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Table 1.Parameters for the simulation.

Parameter

Value

mass of central objecf\/pp,

source luminosityLpo

X-ray source luminosity (2 — 10 keV}, x
source power-law photon indek,

range of source photon energies in simulation
size of primary emission region,,

inner radius of disk;;

inner radius of simulated wind regiongin

outer radius of simulated wind regiormax

108 Mg
6.5 x 10%% ergs s (~ 0.5Lgqq)
2.7 x 10** ergs s (~ 0.02LEqq)
2.1
0.1-511 keV
6ry = 8.8 x 1013 cm
6rg = 8.8 x 1013 cm
6074 = 8.8 x 1013 cm
30007y = 2.6 x 1016 cm

outer radius of Monte Carlo Rad. Trans. simulation grids x 1016 cm

3D Cartesian Rad. Trans. grid cells
2D radiation-hydrodynamics polar grid zones

256 x 256 x 256
100 x 140

realizations of the flow pattern and investigate how the spEea-
tures should vary on timescales comparable to the typicahial
between repeat observations of well-known AGN. Both snaigsh
show the characteristic structure of the PK04 simulationtineed

in Sectior[1 (a hot polar flow, warm rapid outflow, cold equiator
flow and a “failed wind” region). The relative importance bete
structures is slightly different between the two-snapshubdwever:
this can be seen in the upper right panels of Figlire 1 (masstden
of the two-snapshots) and in Figlide 2, which compares theohyd
gen column densities for the two snapshots for differertriation
anglesy (measured relative to the rotation (z-)axis.)

For our radiative transfer simulations we need to fully $fyec
the X-ray source radiation. We assumed that the radial egfehe
primary emitting region is comparable to the size of the inrest
stable orbit around a Schwarzschild black holg,{ = 6r,) and
we also assumed that a geometrically thin/optically thickration
disk lies in the mid-plane of the simulation, extending framinner
radius ofrq = 6r4 to the outer boundary of the simulation grid.
The X-ray source is assumed to radiate isotropically.

We assume that the primary X-ray radiation source is a pure
power-law across the photon energy interval we simulate &
hv < 511 keV; see Paper Il). We have adopted a photon index
of I' = 2.1. This is reasonably typical for the class of objects for
which disk winds have been discussed as a possible sitefdoith
mation of X-ray spectral features (elg.~ 1.8 for PG1211+143
[Pounds et al. 2003]" ~ 2.4 for Markarian 766 |[Miller et al.
2007] orT" ~ 2.2 for MCG-6-30-15 [[Miller et al! 2008]). To es-
timate the appropriate normalisation of the primary polagr-X-
ray emission, we used the source X-ray luminosity of 0[Q%aq
adopted by PK04. The role of the X-ray luminosity in the réidia
hydrodynamics simulation is to estimate the ionizatiorapzeter
required to compute the line driving force multiplier. PKQded
the relationship between force multiplier and ionizati@mgmeter
derived by Stevens & Kallman (1990) which was based on calcul
tions assuming a bremsstrahlung source spectrum with t&itupe
Tx = 10 keV. Therefore, we fixed the normalisation of our input
X-ray luminosity spectrumI{(E) occ E~"1) to give the same to-
tal X-ray flux (integrated from to 20 keV) as for a bremsstrahlung
spectrum [(E) = 0.05Leqgexp(—E/Tx )/kTx). This yields a 2
— 10 keV luminosity ofLx = 0.02Lgqq Which is comparable to
the observationally motivated estimates fox / Leqq adopted for
the models described in Paper II.

The Monte Carlo code requires that the total photon lumi-
nosity (Lvo)) be specified in order to estimate the role of Comp-

ton cooling in the wind (see Paper Il). We have adopigd =
6.5 x 10% ergs s (= 0.5Lkqd) Which is consistent with the ac-
cretion rate (.5Meqd) and radiative efficiencyr(= 0.06) adopted
by PKO4.

3 RESULTS

As described in Paper I, the ionization state and kinetiecpera-
ture in the wind are computed from the radiation field prdpsrt
via an iterative sequence of Monte Carlo simulations. Wi first
describe the results of this part of the calculation and fivesent
the synthetic spectra.

3.1 Temperature structure

Figure[1 shows the temperature distribution computed froen t
Monte Carlo radiative transfer simulations for the two stajs
(top and second row, left panels). In both cases the temperat
structure is complex but can be easily understood as a coesee
of the density distributions (top and second row, right ferie
Figure[1) and the central location of the primary X-ray seurc
The low-density polar wind cone is strongly irradiated bg
ray source and is therefore both hot and very highly ionizes (
Figure[3, discussed below). Below this region lies a warrmastr
(T. ~ 10° K) where the relatively dense portions of the wind are
exposed to the primary X-rays. Deeper inside, the wind besom
significantly cooler, down td@, < 2 x10° K in the outer regions.
The densest material (comprising the “failed wind” regiownl ¢he
atmosphere of the outer parts of the disk) is not signifigdrehted
by the X-ray source and remain at the lower temperature taynd
imposed in the simulationg{ = 10* K).

The computed temperature (and ionization) structure of the
disk wind are noticeably different from those obtained ia tinigi-
nal hydrodynamical simulations of PK04. For comparisostém-
perature distribution for the timestep 955 snapshot obthinom
those simulations is also shown in Figlile 1 (bottom left hane
There are several qualitative differences: most impdstatie
dense regions of the outflowing gas are significantly codiat t
obtained here. This can be attributed to the differencesdamadia-
tive transfer schemes employed. In particular, PK04 didnatde
scattering — they assumed that the wind is a pure absorhing- st
ture. Our Monte Carlo method is considerably more soplzttit
and includes both scattering and true absorption. To ittistthe
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Figure 1. Distribution of kinetic temperature7t) computed from our Monte Carlo radiative transfer simolasi (top/middle left) and mass density
(top/middle right) for the two snapshots we consider from BK04 simulation (timesteps 800 and 955; top and middle roegpectively. For compari-
son, we also show the temperature obtained for timesteprotteiPK04 radiation-hydrodynamics simulations (lowet)léfhe lower right panel shows the
temperature distribution obtained with our Monte Carloe(fdr the timestep 955 snapshot) when heating by scattepedtessed radiation is neglected. Note
the logarithmic axes. The figures show the complete compuatdtdomain of the hydrodynamical simulation {§0< r < 3000r). A lower temperature

limit of T. = 10* K was imposed in the Monte Carlo radiative transfer simateti
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Figure 2. Hydrogen column densityV versus inclination anglé (mea-
sured relative to the rotation (z)-axis) for the two snapsiimm the PK04
simulation for which we compute spectra (filled circles fionaéstep 800,
open circles for timestep 955).

importance of this, we also computed the temperature kbligtan
if only the heating due to direct irradiation is considered the
same snapshot (i.e. heating by radiation which is eitheteseal
or reprocessed in the wind is neglected; see bottom rightlpan
Figure[1). This reproduces the low temperatures found iretie
tire region shielded by the “failed wind” in the radiation drg-
dynamics simulation. Thus our Monte Carlo simulations skioat
scattered/reprocessed X-ray radiation can be rather tantdn de-
termining the physical conditions in the disk wind, partisty for
material that is shielded from direct radiation by the X-sayrce.
There are several other, relatively inconsequentialedéfices
between the temperature distribution obtained from the tilon
Carlo radiative transfer simulations and the radiationrbglginam-
ics. The polar wind is generally found to be hotter with theiation
hydrodynamics code than the Monte Carlo code. This is partly
consequence of the different forms of the adopted X-raytspec
In both codes, much of this material is predicted to be clogae
Compton temperaturé. but PK0O4 adopted an X-ray temperature
of 10 keV (yieldingT. ~ 3 x 10”7 K) while the input spectrum of
the Monte Carlo simulation (power-law X-ray spectrum comeioi
with total luminosityLpo) gives a lower value df. ~ 107 K. Also,
in the radiation hydrodynamics calculation, the regionvabthe
dense disk wind contains structured regions in which theptem
ture is much higher due to shock heating (interactions betves-
panding and falling parts of the flow). Since non-radiatieating
is notincluded in our Monte Carlo code, such high tempeestare
not found in our radiative transfer simulations. We noteyvéeer,
that the exactly physical conditions in these polar regamesather
unimportant for the spectrum since this material is geheogti-
cally thin. Thus the consequences of any discrepancy bettbee
radiation-hydrodynamics and Monte Carlo radiative transfmu-
lations in the low-density polar regions are relatively orin

3.2 lonization conditions and Fe K forming regions

Since the X-rays are responsible for both ionization andihga
in our Monte Carlo simulations, the distribution of ioniipat state
in the wind is qualitatively similar to the temperature dtattion.

This is illustrated in Figurgl3 which shows the distributmfrmean
iron ionization state computed for both snapshots. In tihkeden-
sity polar regions the material is almost fully ionized vghithe
denser streams in the flow are less ionized. Only the dense out
regions of the disk atmosphere (large radial coordinatel) the
“failed wind” region are not significantly ionized.

A noteworthy convenience of the Monte Carlo method is that,
by analyzing the flight paths of quanta, it is relatively etsiden-
tify which parts of the outflow are responsible for the forioat
of particular spectral features. Since much of the disonsselow
will be devoted to the Fe K region, we have examined the Monte
Carlo quanta which contribute to this part of the spectruihatail.
Specifically, since the Monte Carlo simulation follows thare
plete flight paths of the quanta, we can flag each quantum toe ide
tify which physical processes (e.g. bound-bound transjt@omp-
ton scattering etc.) were responsible for determiningricperties
(e.g. photon energy, direction of emission etc.) as it ledt tom-
putational domain. To understand the formation of the Fe Kdba
spectra, we identified all escaping quanta whose last phiyisier-
action (excluding Compton scattering) resulted in linessian via
an Fe ku transition. These packets are responsible for Reelkhis-
sion features in the spectrum. We then binned these quastal ba
on the position of the Fe & emission which gave rise to them. The
resulting distribution, which is shown for the PK04 timgs®00
snapshot in Figurgl 4, indicates which portions of the flowrare
sponsible for the creation of the Fenkemission features. Since
the emission line profile can be affected by Compton scatieve
also recorded the positions of the final Compton scatteragtdor
the quanta flagged as contributing to the Fedmmission. These al-
low us to identify the parts of the model in which scatterifighe
Fe Ka emission takes place — this region is also indicated in Fig-
ure[4. Note that the plot does not retain any informationteela
to observer orientation — all escaping Monte Carlo quargairar
cluded, independent of their direction of propagation.

Much of the Fe Ky line formation is concentrated in the in-
ner parts of the flow structure: roughly 50 per cent of the gisca
Fe Ka photons are created within a radial extent ¢f 2 x 10 cm
while ~ 90 per cent are formed inside< 7 x 10'® cm. Compar-
ing Figure[4 to FigureBl1 ard 3, it is apparent that the most in-
tense region of Fe & formation is around the inner surface of the
“failed wind”. This is expected since it is here that the X-radi-
ation from the central source most directly strikes retdgivdense
material from which it can be reflected.cKformation continues
throughout most of the moderate density outflowing regiaside
the “failed wind”, however, and there is also a reflection poment
formed from the dense material near the disk atmospherafequ
rial regions) at large radii. Shielding by the “failed windieans
that this region is not directly irradiated by the centralree but
reflection still occurs thanks to illumination by X-rays gegaed in
the upper portions of the wind.

In the outer wind, there are regions where the ionizatiotesta
is too high for significant numbers of FeaKphotons to be pro-
duced but where Compton scattering af ikhotons created deeper
in the wind can still occur. Regions such as this are potiytat-
ical since Compton scattering in a fast outflow may have airole
shaping emission line profiles (see €.g. Laurent & TitarckQ®T).

In our simulations, escaping Fexkphoton packets undergo an av-
erage of about two Compton scatterings between their oreatid
escape { 40 per cent escape with no Compton scattering while
~ 15 per cent undergo five or more Compton scattering events).
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Figure 3. The distribution of mean Fe ionization state for the two shays obtained from the Monte Carlo code (timesteps 800 8&8drém PK04; left and
right, respectively). Since we do not include ionizatiosmg®ts of iron below F&, the computed ionization state in the dark blue areas isamlypper limit on

the degree of ionization.
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Figure 4. Regions responsible for the creation and subsequent isegtte
of the Fe ka photons which contribute to the spectra for the snapshaot fro
timestep 800 of the PK04 simulation. Each grid cell is shautedge/red if
Monte Carlo quanta representing Fexphotons were created in that cell
and subsequently escaped without undergoing any furthgsigai inter-
actions (except Compton scattering). The intensity of thedig is pro-
portional to the Fe K& luminosity of the cell (ergss!; i.e. the volumes
of the cells are not taken into account). Grid cells are stidalee if no
Monte Carlo quanta representing Fexlohotons were created in that cell
but Compton scattering of escaping Fe Khotons did occur there. White
regions indicate that either no Fexiphotons were created/scattered there
or that any such photons were subsequently destroyed and sotdcon-
tribute to the spectra.

3.3 X-ray spectra
3.3.1 General characteristics

Given the complex structure of the outflow (see Fidudre 1) éed t
high column densities for many lines-of-sight (see Fiduyeh2

emergent spectrum is expected to be strongly dependenembth
server inclination angled(= cos ™! 11). As in Paper II, we extracted
spectra for twenty different observer orientations, umfly sam-
pling the intervall > u > 0. Figure[® shows the spectra com-
puted for three example observer orientations for the $raisom
timestep 800 of the PK04 simulation. Despite the under|yiog-
plexity of the wind model, these spectra are qualitativatier sim-
ilar to those obtained from the simply-parameterized sme@ohd
models used in Paper Il. The spectra can be broadly classified
three groups, differentiated by the observer orientatibase are
exemplified by the spectra shown in Figlite 5 and discuss@vbel

For relatively pole-on inclinations (first panel of Figlijg the
direct component of radiation is largely unattenuated amiple-
mented by reflected radiation from the wind. As describedda-S
tion[3.2 (see FigurEl4), the most intense reflection occutheat
inner irradiated surface of the wind (the “failed wind” reg) and
this gives rise to a reflection component when observed pole o
Qualitatively similar to reflection contributions in therpanetrized
disk wind models used in Paper Il and disk reflection models
(Ross & Fabian 2005), this reflection component introduazth b
line emission and a Compton hump to the spectrum. The emissio
line features are moderately strong (the ke lihe has equivalent
width, EW ~ 140 eV for the upper spectrum in Figuré 4) and sig-
nificantly broadened by the Doppler motions of the matefial-(
width at half-maximum, FWHM~ 700 eV, determined by Gaus-
sian fitting). In addition, Compton scattering of reflectlore pho-
tons in the outflow causes weak, red-skewed line wings toldeve
This can be seen in the right-panels of Fiddre 5 which showaildet
of the spectrum around the strong Fe Kne.

For moderate inclination angels (second row of Fidure 5),
the primary X-ray source is obscured by the high-ionizatiast
outflow component. For these orientations, Compton sdadtés
the dominant opacity source along the line-of-sight altiioab-
sorption lines associated with high ionization state nialtémost
clearly, Fexxvi Lya) are also imprinted on the transmitted spec-
trum. These features are generally rather narrow but biftegh
from their rest energies due to the net outflow along the line
of sight. Emission features, typically slightly broader\(AM
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Figure 5. Spectra computed for three observer orientations (spedifie. = cos—! 6 wheref is the inclination of the observer measured from the z-axis)
for timestep 800 of the PK04 simulation. The left panels shiog/photon energy range 0.2 — 200 keV while the right panedg/ghe 2 — 10 keV region
(including the Fe K« line) in detail. In the left panels, the total spectrum (kjais subdivided into contributions from photons which haeene directly from
the primary X-ray source (red) and photons which arise froaitering/reprocessing in the outflow (blue). All spectra 1@ormalized to the input primary
X-ray spectrum (which was a pure power-law with photon inflex: 2.1). The range of rest-energies for Fe, Ni and & ansitions (6.4 — 6.97 keV, 7.5 —

8.1 keV and 2.3 — 2.6 keV, respectively) are indicated in {hyeeu right panel.

~ 800 eV) and with somewhat more developed red wings than pre-
dicted for polar inclinations, are also moderately stroogthese
orientations.

At higher inclination, the absorbing column density is krg
and the direct component of the spectrum becomes incréasing
dominated by the scattered/reprocessed component (tirel pf
Figurel®). This results in a spectrum with prominent emiséiites
(Fe Ka EW ~ 400 eV) and a stronger Compton hump.

In most respects, the spectra we obtain from the two snapshot
lead to qualitatively similar conclusions: in particuléine same
characteristic spectra features (Compton hump, kedfission
line, blended emission lines at soft energy, blue-shiftezbgption
lines) manifest and have similar dependence on the obsierler
nation. For fixed orientation, the emission features als@ ftam-
parable strength in the two snapshots, being just slighttynger
(typically by ~ 30 per cent in flux) in the second snapshot (re-
call that the second snapshot has typically higher colunmsities

which makes scattered/reprocessed radiation more dothirdan
detail, however, there are some interesting quantitatifferdnce
between the absorption line properties of the two snapshmatstly
for intermediate observer orientations, which we will noiscdiss
in greater detail.

3.3.2 Complexity at intermediate orientations

In both shapshots, the dependence of the spectrum on iticfina
angle is relatively modest when the orientation is eithghtar low.
The sensitivity is strongest for intermediate orientagianostly be-
cause of the rapid change in the transmission propertiégeafind
for inclinations that pass through the complex outflowirrgcture.
Itis in this range of orientation angles that the most compfgec-
tra occur but also where the least ambiguous outflow sigestur
(e.g. narrow, blueshifted absorption lines — see Papem)ncan-
ifest. To map out the spectra in this sensitive regime, weatsal



the Monte Carlo simulations extracting spectra for a finplgced
grid of twenty inclination angles (with# = 1 deg) centred around
the orientation used in the second panel of Fifilire 5 (48dég<
67 deg). A subset of the spectra obtained for this set ofriatihn
angles in the timestep 800 snapshot is shown in Figlre &jetivi
into the component of radiation reaching the observer thiréom
the X-ray source and that formed by scattering/reprocgsasithe
disk wind structure.

As expected, the direct component of the spectrum (upper
panel in Figuréb) is a stronger function of inclination thiae scat-
tered/reprocessed component. This can be readily unddrsioce
the scattered/reprocessed spectrum is formed by an ititeyoxer
all positions in the flow and is therefore relatively insérsi to
a small ¢~ 1 deg) change in inclination. In contrast, the attenua-
tion of the direct component is determined only by the coodg
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wider range of inclinations but it is generally significgnsharper,
deeper andessblueshifted compared to the same inclination in
the timestep 955 snapshot. The maximum Felueshift for the
first snapshot corresponds to only0.015¢ while it is as large as
~ 0.06c for the later snapshot. The largest Fe &bsorption EW is
similar in both snapshots 70 eV, although this occurs for different
0-values @ ~ 66 deg for timestep 800 artti~ 60 deg for timestep
955). For fixed inclination angle, the absorption EW charméte
significantly (a factor of two or more) between the two snapsh
for most orientations. Thus the model predicts that the gntigs

of blueshifted absorption features should not only be agtfanc-
tion of observer orientation but will also be significantlgriable
on timescales comparable to the time difference betweesrap-
shots (At ~ 5 years). We note that the calculated continuum level
is also different between the two snapshots, most obvicurslynd

in the narrow column of gas which obscures the small (assumed § < 65 deg. This is attributable to the larger column densities for

rem = 6rg) X-ray emission region. Since the properties of the
line-of-sight column change rapidly with inclination, shtompo-
nent of the spectrum is strongly dependentfoi®ur calculations
for the direct component of the radiation field are in quélita
agreement with the results of Schurch etlal. (2009): theyatem
strated that strongly orientation-dependent attenuasi@xpected

in the PK04 simulation fob0 deg< 6 < 67 deg (see e.g. their fig-
ure 1E]. But since their calculations effectively includaly the di-
rect component of the radiation field, we argue that thethstwer-
estimates the role of absorption in shaping the X-ray spattin
our emergent spectra (composed of the the sum of the two compo
nents shown in Figuffd 6), scattered/reprocessed lightrfaes for
many inclinations leading to spectra with less dramatiogtifon
features and overall weaker dependence on the observetarie
tion.

The full spectra (direct plus scattered) around the leer&-
gion for intermediate inclination angles are shown for bafttour
snapshots in Figullg 7. This illustrates the most strikirfpdince
between the spectra obtained from the two snapshots, naheely
behaviour of the blueshifted absorption lines. Owing tofdidy
narrow range of polar angles at which a fast wind is presetiten
model, it is only for a modest fraction of lines-of-sight tledean,
sharp absorption lines appear in our computed spectra tioerei
snapshot. In the timestep 800 snapshot, an &eakisorption line
is present for a range of inclinationsé ~ 12 deg. For the later
snapshot, the range is even small&f, ~ 5 deg. In our previous
work (Papers | and Il), narrow absorption lines also onlyegwpd
for only a minority of inclinations although they were geaigr
more common than found here. This is likely a consequendeeof t
simplicity of the velocity law adopted in the parametrizeddals
(Papers | and Il) — by adopting a smooth outflow velocity at all
points, those models increase the fraction of lines-dfitsighich
pass through moderately opaque material with a significamt-c
ponent of velocity directed towards the observer. In catiréne
model considered here has a much more complex velocity field
leading to a rarer occurrence of clean outflow signatures.

Most importantly, the blueshifted absorption featuresdaee
matically different between the two shapshots. In the tiees
800 snapshot, the FedKabsorption line not only manifests for a

1 Note that perfect agreement between our calculation ofrtresinitted
spectrum and those bf Schurch €t al. (2009) is not expectee siur cal-
culation includes the effects of ionization by scattereghtliand we have
adopted a different spectral shape for the source of iogizadiation. In
general, we obtain a higher ionization state of the absgrbas for inter-
mediate inclination angles than they found.

these lines-of-sight in the timestep 955 snapshot (seed&ju

In contrast, the model predicts that emission featuresgin p
ticular, Fe Ka) should be present in the spectrum for all observer
orientations and that their character will be less drara#ijicime-
variable (except fof > 75 deg, the Fe Ik emission flux typically
changes by no more than 30 per cent between the two snapshots).
The relative insensitivity of the emission line flux arisesrf the
fact that they are formed over an extended region in the fladv an
are thus less affected by details of the structure alongliberver’s
line of sight. As noted above, it is at the same inclinatiogles for
which absorption line features form that the emission laresmost
intrinsically broad (FWHM~ 0.8 keV) and also where they de-
velop the most noticeably red-skewed wings via Comptorniacat
ing in the flow (see Figurlg 8). We note that the red line wingstb
in the current simulations are somewhat less well-develahan
in the simplified models considered in Papers | and II; thiexs
pected since the fast wind component, in which Doppler sla#in
most effectively give rise to the red-skewed wing, occuiely a
relatively small region of the model.

4 SUMMARY, DISCUSSION AND CONCLUSIONS

We have applied our Monte Carlo radiative transfer code (see
Papers | and Il) to compute X-ray spectra for snapshots from
a radiation-hydrodynamics simulation of a line-driven A@GINk
wind (PKO04). In most important respects, we find that the ltssu
of these simulations support conclusions drawn from ouvipre
ous studies of parametrized outflow models. In particutbBrwe
find that a disk wind should imprint a wide range of spectrpsro
features in the X-ray band and (2) the role of the wind in réflec
ing/scattering/reprocessing radiation in these simutatisat least
as important as the part it plays in imprinting absorptigmatures.

Since we have considered only two snapshots from one model,
one should not expect that the simulated spectra will qteiveely
match observations. Rather the synthetic spectral feasheuld
be interpreted as broadly indicative of those which a diskdwi
may cause. This should guide future studies in which thedyydr
dynamical modelling will be improved and the system paramset
explored. It should also be borne in mind that the PKO04 sitrara
was primarily an attempt to build insight to the problem ofeh
driven AGN winds and is not expected to capture all the dedail
physics. In particular, since the model is axisymmetrigyilt not
correctly describe any small scale clumping in the flow.

In the following sub-sections we first discuss the relevasfce
our results to the interpretation of X-ray spectra (Sedidi). We
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Figure 6. Direct (upper) and scattered/reprocessed (lower) comysra# the spectrum computed for 48 degf < 67 deg for timestep 800 of the PK04
simulation (each inclination is indicated by a differentoeo; see colour bar in figure). The complete model spectrsee Figuré&l7, left) is composed of the
sum of these two components. Note the different ordinatie sised in the two panels. All spectra are normalized to thetiprimary X-ray spectrum (which

was a pure power-law with photon ind&x= 2.1).

then comment on the comparison of our spectra to those @kain
from the parametrized models used in Papers | and Il (Se&i&n
before discussing the implications of our work for the médglof
line-driven winds (Sectioh 413) and, finally, highlightisgme of
the outstanding questions in Section4.4.

4.1 Implications for the interpretation of X-ray spectra

4.1.1 Absorption lines

Ouir first application of a Monte Carlo code to the modellinghef
X-ray spectra of AGNL(Siin 2005) was motivated by the iderdific
tion of narrow, blueshifted absorption lines in the Fe K béad).
Pounds et al. 2003). Such features are the least ambigugne- si
ture of a fast, highly-ionized outflow. This study confirmattsuch
features can arise in a plausible disk wind geometry. Ouwueal
lations suggest that narrow, blueshifted: labsorption lines will
manifest in systems with line-driven disk winds for a linditeange
of orientations (very roughhA8 ~ 2 — 10 deg, centred around
moderate inclination angles 6f ~ 57 deg). For an isotropic dis-
tribution of observed orientations, this would suggest tivdy a
modest fraction of sources (somewhere arowngl — 15 per cent)

should show any such absorption lines. The fraction in tieenked
sample of X-ray bright AGN would be expected to be somewhat
higher since very high inclination systems are likely exeld —
but it should still be a minority. Thus the absence of this 6&king
gun” signature of outflow is not evidence against the presefa
fast wind and the calibration factor required to convertfthetion

of objects with observed narrow line features to the fractigth
powerful disk winds may be large.

Moreover, comparing the spectra obtained from the two
timesteps we considered demonstrates the absorption ripep
ties should be significantly variable on timescales conigarto
At ~ 5 years. Thus, even if the flow is persistent, re-observations
of particular objects are not expected to yield very simdlbsorp-
tion line properties over timescales of years: for a fixedeober
orientation, the line blueshifts, widths and equivaleidths can
all change significantly. This is consistent with obseiwati of e.g.
PG1211+143, an object where blueshifted Fe &bsorption has
been claimed but in which the absorption properties haviedar
between multiple observations made over the course of #te la
decade (see e.g. Pounds et al. 2003, /2005; Pounds & Reeves 200
2009). Our current radiative transfer simulations do netst@in
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Figure 8. The spectrum of escaping Fexphotons computed for an ob-
server inclination around 55 degrees for the timestep 8@psrot from
the PKO4 simulation. The solid black line shows the compigiectrum
of escaping Monte Carlo packets whose last physical inieraexcluding
Compton scattering, was with an Fefransition. The coloured lines show
the subdivision of this profile into contributions from patk which under-
went particular numbers of Compton scattering events tfer interaction
with an Fe Kx transition. The spectra are normalized to the peak of thee lin
and have been slightly smoothed to suppress Monte Carle.nois

the level of absorption line variability expected on muclorsér
timescales (e.g. on the scale of typical X-ray exposuregvérsi|
kiloseconds). Detailed consideration of shorter timescalill re-
quire a more extensive, tightly-spaced sequence of snepsahd

investigation of the role played by both small-scale stitetn the
flow (which will not be well-represented in the axisymmesimu-
lation considered here) and intrinsic, short time-scatetdity of
the primary X-ray source. We would like to note, howevert {ija
variations in the wind structure itself occur on a very widege of
timescales, at least as short-asl0°s — thus we expect that some
degree of variability will also be present on much shorteescales
than the time difference between the two snapshots useddrate
(i) short time-scale variability (timescales 10° s) is much more
likely to manifest in the absorption lines than any emisdiea-
tures since the light-crossing time for the simulatien (.01 yr

= 3 x 10° s) sets a lower limit for the timescale on which the
emission from the outflow should show significant variajilit

4.1.2 Emission features

Whilst narrow absorption features appear for only a limitaadge
of observer orientations, other spectroscopic signatasseciated
with emission/reflection by the wind are predicted to appeaall
inclination angles:

(i) A Compton hump is present for all observer inclinations.
This generally causes the spectrum to smoothly rise adnessrt-
ergy interval~ 10 — 25 keV. At harder energies it either flattens
or, for high inclination angles, turns down. In the curreintiga-
tion, the amplitude of the rise is quite modest, typicallyesal tens
per cent (measured relative to a power-law extrapolated fower
energies).

(ii) For all observer orientations, the 2 — 10 keV band shows a
fairly broad Fe Kx emission line (and corresponding, but weaker,
Ni and S features). This feature is shaped by fluoresce noamnts-
nation and scattering around the surface of the dense dfailed”
region and in the fast outflow. It can be fairly strong (endaEWs
of at least~150 eV for most orientations) and can develop a mod-
est red-skewed wing due to Compton scattering of line ptoton
the outflow. Thus, for a realistic disk wind configuration,igng-
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icant component of strong, broad Fexkemission with a complex
line profile can be easily produced.

(i) Below ~ 1 keV an additional emission component forms
from multiply blended line and continuum features. Thesedmm-
inated by reflection/reprocessing by the abundant elenfeat©

rate (M.,,) which is a significantly smaller fraction of the Eddington
accretion rate, the model presented here predicts emifeatures
which are comparably strong to those in the parametrizedetaod
used in Paper 11}, ~ 0.06Mgqq here but was> 0.6 Mgqq in the
models adopted in Paper Il). Thus the effective emissiorsomezof

and C and a modest component of bremsstrahlung emission fromthe hydrodynamical wind must be higher than that of the exdeit

the wind. Most of the emission features are strongly bleraled
though there is always a fairly prominent O emission feattre
0.7 keV and significant Fe emission at 0.8 keV. We note that, be
cause it is often a complex blend, the exact strength andesbiap
this low energy emission will be sensitive to changes in éhative
element abundances (which were fixed to their solar ratios)he

Qualitatively, each of the three classes of feature meation
above is known from observations of AGN (hard band excesses,
Ka emission, excess soft band emission; see e.g. Turner &iMille
2009). Given that there are many simplifying assumptionthé
PKO4 simulation and that we have made no attempt to tune the
simulation parameters, we find it encouraging that suchrebbke
signatures are immediately predicted.

Although the EWSs of our K emission lines are comparable
to those measured for the strongest narrow lihe components
in AGN, our emission lines are too broad to account for these:
Shu et al.|(2010) typically find Fedline cores that have FWHM
< 10,000 km s~* while our lines have FWHM- 30,000 km s™*.

The observed narrow line cores are therefore more likelyritg-o
nate in structures further out than the main line-formingjoes in

our simulations. Our synthetic emission line profiles canrmze
realistically connected with moderately broadened limagonents
such as reported in MCG-5-23-15 by Braito et ial. (2007). ohs

a case, the agreement in FWHM of the profile is much closer al-
though the emission EWs obtained from the current modelaare t
large by a factor of a few. Although interesting, the amppl@wof

the rise in flux betweer- 10 and 25 keV is small compared to
that required to explairsuzakuobservations of hard excesses in
AGN (e.g. PDS 455 Reeves etlal. 2009; NCG 4051 Terashima et al.
2009; 1H0419-577 Turner etlal. 2009). To explain such steag
cesses requires absorption by high column-density optitiaick
clumps along the line of sight. To fully explore this poshibiin

disk wind models will require full three-dimensional siratibns to

be undertaken in the future (see Seclion 4.4).

We argue that the qualitative properties of the spectramudxia
from the current model (with no tuning/exploration of parter
space) encourages further study of disk wind models. Weexre ¢
tainly forced to the strong conclusion that a line-driveskdivind
should imprint several X-ray spectroscopic features intaddto
“smoking gun” blueshifted absorption line features. Thithe fast
outflows required to explain blueshifted absorption linesassoci-
ated with a disk wind, it seems inevitable that the outflow aldo
have an important part in shaping many other spectral featawven
when it does not directly obscure the primary X-ray sourggore

4.2 Comparison to parametrized models

All the classes of spectral feature described above appéar
calculations with simply-parametrized outflow models (§igs.

3 and 4 of Paper Il). Qualitatively, the features have coipler
strengths and fairly similar shapes to those obtained witilé/ B

in Paper Il. The narrow absorption line features also hayeaqp-
mately the same maximum blueshifts. The most apparent igarant
tive difference is the relative paucity of narrow absorptieatures
in the spectra computed here. Also, despite having a wing#ass

parametrized model with the same mass-loss rate. In additie
red-skewed emission line wings are typically less welledeped
than in the parametrized models.

These differences can all be attributed to the greater compl
ity of the hydrodynamical model: in contrast to the paramett
models, it is not a steady-state flow but has density and veloc
ity variations that are not simple functions of azimuth aadius.
Moreover, neither the “failed wind” region nor the dense enat
rial around the disk at large radii are captured in the patdreel
model. Both these regions contribute to the Fe lihe emission
(see FigurEl4; i.e. these regions increase the effectivestonimea-
sure of the wind).

We conclude, therefore, that the simply-parameterized-mod
els provide a good means by which to study the influence ofla dis
wind on the spectrum. In particular, such models provideagan-
able description of how a successfully launched outflowimggo-
nent imprints blueshifted lines and associated broad énifsa-
tures from highly ionized material. There is, however, apantant
and obvious caveat with parametric modelling, namely thag i
only useful to the degree that it reflects the physical prioggiof
the wind. In our case, the parametric model is a poor reptaten
of the "failed wind” component, a component which does have a
affect on the overall spectrum. One must always be cautibasta
guantitative results derived from a parametric wind deicni.

Taken together, our studies (Papers |, Il and this work) ssigg
that models in which a smoothly outflowing component is domi-
nant will predict relatively common blueshifted absorptfeatures
(and more strongly-developed red-skewed line wings) coetbt
a flow with complex topology. In particular, narrow bluesbd Ko
absorption is most likely to be clearly seen in flows with made
covering fractions along lines-of-sight that have modestiouum
optical depths (see discussion in Paper ). Relative tosiaridea-
tures, these absorption line features are likely to be rarece-
narios in which other flow components (e.g. the “failed wiral”
the simulation presented here) have significant coveriactifins.
Thus, there are good prospects that an unbiased censusagfabr
sorption line features could, in the future, place constsadn the
typical geometry required for wind models.

4.3 Implications for the theory of AGN winds

In this study, we have adopted the existing radiation-
hydrodynamics simulation of PKO4 and performed detailed
radiative transfer simulations as a post-processing séep,
suming that the underlying density/velocity distribusorare
appropriate. Our detailed X-ray radiative transfer caltiohs,
however, point to a potentially important shortcoming o th
radiation-hydrodynamics simulation.

In the radiation-hydrodynamics calculation it was assumed
that X-ray radiative transfer in the wind was a purely abteep
processes. This leads to the presence of an extended wexdoel ar
the base of the wind which is only weakly ionized since it is
shielded from direct irradiation by a centrally located mau It is
in this low ionization material that the radiative line ferdue to the
uv disk photons is most effective in accelerating the flowieeer,
we have explicitly shown that scattered/reprocessedtiadihas a



pivotal role in determining not only the emergent X-ray speebut
also the ionization/thermal conditions in a disk wind. Imtjmalar,
with our multi-dimensional simulations we find that much bét
low density region behind the shielding gas is still rathgnii-
cantly ionized thanks to scattered light (see Fidire 1).

Additional ionization can reduce the line driving, potaiti
leading to a weaker wind (or even quenching the windj seeeProg
2005%). We speculate that the likely consequence of acauyfir
ionization by scattered X-rays would be that a larger fracwf
the material would be in the “failed wind” component whiles$
material will be successfully accelerated to escape vglob in-
vestigate this quantitatively will require further devetoents of
our radiation-hydrodynamics code and additional simoreti We
note, however, that for sources accreting clos#fqq, the forma-
tion of the “failed wind” component seems unavoidable and ou
results suggest that even this alone is an important steifmathe
formation of the X-ray spectrum. Thus it seems unlikely static-
tures formed due to the pressure exerted by the uv radiagtzhdf
the disk do not play any part in formation of the X-ray spectrof
AGN accreting close to the Eddington limit.

4.4  Further work

Important future improvements to the modelling shoulduide! in-
vestigating how the outflowing gas might continue to affdwt t
spectrum at larger radii and lifting the assumption of aiimetry.
A fully three-dimensional flow could be more complex and vabul
likely include more density inhomogeneities (see e.g.trjggm-
els of fig. 2 in_LKurosawa & Proga 2009). This may influence the
observables. In particular, optically thick clumps migltva a
role in explaining hard-band excesses (see e.q. Reeve2004);
Turner et all 2009). Since both the wind structure and priyrxar
ray source luminosity are likely to be time-variable, thdiation
transport should ultimately be make time-dependent tonaftor
the calculation of time-lags between spectral featuremifoy in
different regions and departures from thermal/ionizaggyuilib-
rium.

Here, our study has been limited to line-driven winds
(as simulated by PKO04) but other processes may also con-
tribute to the launching of AGN outflows: e.g. magnetically
driven or thermal winds from either an irradiated disk (e.g.
Luketic et al.| 2010) or an AGN torus (e.g._Dorodnitsyn et al.
20084.b;| Dorodnitsyn & Kallman_2009). Thus, in the future,
we will extend our studies to consider alternative wind sce-
narios and investigate whether there are prospects toirdiscr
nate between possible launching mechanisms based on pectr
scopic observations. In particular, it will be important com-
pute spectra based on a magnetically driven disk wind model.
It has been shown that magnetic fields could drive a disk
wind over a relatively wide range of radii and could explain
some of the properties of AGN outflows (Blandford & Payne
1982; |Emmering et al.l 19092; Contopoulos & Lovelace 1994;
Konigl & Kartje 11994;| de Kool & Begelman _199%; Bottorff etlal
1997, 12000;| Everett et al. 2002; Proga 2003; Everett 12005;
Fukumura et al. 2010).
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