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Discovery of Broad Soft X-ray Absorption Lines from the Quasar Wind in PDS 456
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ABSTRACT

High resolution soft X-ray spectroscopy of the prototyperation disk wind quasar, PDS
456, is presented. Here, tidMM—NewtorRGS spectra are analyzed from the large 2013-2014
XMM-Newtorcampaign, consisting of 5 observations of approximatelyKin length. Dur-
ing the last observation (hereafter OBS. E), the quasar asminimum flux level and broad
absorption line profiles are revealed in the soft X-ray bamith typical velocity widths of
oy ~ 10,000 kms™!. During a period of higher flux in the 3rd and 4th observati(@8S. C
and D, respectively), a very broad absorption trough is pfesent above 1 keV. From fitting
the absorption lines with models of photoionized absorpsipectra, the inferred outflow ve-
locities lie in the range- 0.1 — 0.2¢. The absorption lines likely originate from He and H-like
neon and L-shell iron at these energies. Comparison witleearchival data of PDS 456 also
reveals similar absorption structure near 1 keV in a 40 kemfsion in 2001, and generally
the absorption lines appear most apparent when the spedromre absorbed overall. The
presence of the soft X-ray broad absorption lines is alsepeddently confirmed from an anal-
ysis of theXMM—NewtorEPIC spectra below 2 keV. We suggest that the soft X-ray glisor
profiles could be associated with a lower ionization and ipbsslumpy phase of the accretion
disk wind, where the latter is known to be present in this gu&®m its well studied iron K
absorption profile and where the wind velocity reaches aalpialue of 0.3.
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1. Introduction

The masses of supermassive black holes (SMBHSs, Wighy = 10° — 10°/,) are known to correlate
with galaxy bulge mass (Magorrian et al. 1998) and even mgindly with the stellar velocity dispersion on
kpc scales; the so-called — o relation (Ferrarese & Merritt 2000, Gebhardt et al. 200®)isTmplies a co-
evolution between SMBHSs and their host galaxies, althobglekact mechanism linking the two remained
unclear. A potential mechanism responsible for this cdwtian came with the discovery of extremely
energetic outflows from the black holes powering the mostinons Active Galactic Nuclei (AGN) and
guasars (Pounds et al. 2003; Reeves et al. 2003; Charta2602], 2003; Tombesi et al. 2010; Gofford et
al. 2013). At high redshifts, such winds would have provitiesl necessary mechanical feedback that both
controlled the formation of stellar bulges and simultarsipvegulated SMBH growth, leaving the observed
M — o relation as a record of the process (Silk & Rees 1998; Kin@3200 Matteo et al. 2005).

In the local UniverseA < 0.3), the most powerful and best characterized X-ray wind aleskso far in
an AGN is hosted by PDS 456, a nearby= 0.184) radio-quiet quasar identified only in 1997 (Torres et al.
1997). PDS 456 is a remarkable object in many respects. Tiwaband near-infrared spectra show Balmer
and Paschen lines with broad wings (full-width at zero isignof >30,000 km s'; Simpson et al. 1999),
while in the H ST/STIS UV spectrum the &/ A1549 A emission line is blueshifted by5,000 kms?, and a
tentative absorption trough extends fres4,000 to 24,000 knTs' bluewards of the Ly rest-frame energy
(O’Brien et al. 2005). The bolometric luminosity of PDS 486 the order ofLy,,; = 10*" ergs™! (Reeves
et al. 2000; Yun et al. 2004), is more typical of a source afpsak of the quasar epoch & 2-3), when
AGN feedback is thought to have played a major role in theutian of galaxies. No direct measurement
is available for the mass of the central black hole, but this lse estimated from the SMBH/host galaxy
scaling relations to be- 1-2 x 10° M, (Nardini et al. 2015), thus implying that the black hole in 56
is accreting at a substantial fraction of the Eddington.rateder these physical conditions, the photon
momentum flux can contribute to the driving of massive aammedisk winds (severall., yr—1), provided
that the nuclear environment is sufficiently opaque to thatinaum radiation (e.g. King 2010; see also
Hagino et al. 2015).

The clear presence of strong absorption above 7 keV in PD#/d56evealed by a short (40-RsMM—
Newtonobservation in 2001. If attributed to iron K-shell absaopti such a feature would have arisen in a
high velocity outflow, requiring a large column density ofjhiy ionized matter (Reeves et al. 2003). An
unusual absorption trough was also found in the soft X-raydbzear 1 keV (see also Behar et al. 2010).
The detection of fast Fe K absorption has been confirmed isesplentSuzakucampaigns in 2007, 2011
and 2013, which implied an outflow velocity ef 0.3 ¢ (Reeves et al. 2009; Reeves et al. 2014; Gofford
et al. 2014). The broad, blueshifted emission and absaermtiofiles in the UV could be then potentially
associated with the decelerating phase of the wind out ¢e Iscales.

PDS 456 was observed again wKIMM—Newtonn a series of five observations between August 2013
and February 2014, with the first four sequences carriedmrtabout a month and the last one six months
later, in order to sample the spectral variations over difietime scales. All the observations were comple-
mented by the simultaneous high-energy spectra collegt&tLlS TARwhich provide a valuable broadband
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view that extends from the optical/UV to the hard X-rays. Histcampaign, Nardini et al. (2015) were
able to detect a persistent P-Cygni like profile from higldgized iron, thus establishing the wide-angle
character of the disk wind in PDS 456. This proved to be ingdrin accurately determining the overall
energy budget of the outflow in PDS 456, made possible thrasgablishing that the overall wind solid
angle was a significant fraction dfr steradian. Thus the inner disk wind expels matter at ratesedo
Eddington, with a kinetic power a significant fraction of thelometric output of the quasar, comfortably
exceeding the typical values thought to be significant fasgn mode feedback (Hopkins & Elvis 2010). In
many respects, PDS 456 strongly resembles the two fastwatflecently measured in two other luminous
obscured quasars, IRASF11119+3257 (Tombesi et al. 201bMak231 (Feruglio et al. 2015). Here the
initial accretion disk wind is likely critical for evacuaty matter from the central regions of these systems
during their post merger phases, with the eventual fatesofj#ts seen at large kpc) scales through massive
(~ 1000 M yr—') energy conserving molecular outflows.

However to date there have been very few detections of fadl A@flows in the soft X-ray band (see
Pounds 2014; Longinotti et al. 2015; Gupta et al. 2013, 20tSdme possible recent examples). Here we
present the soft X-ray spectroscopy of PDS 456 obtained freXMM—-NewtorReflection Grating Spec-
trometer (RGS; den Herder et al. 2001) as part of the exteB8&8—2014 campaign. In the subsequent
analysis we will show the detection of broad soft X-ray apton profiles in PDS 456, which may be po-
tentially associated to the fast wind measured in the iromidb In Section 2, we outline thedMM—-Newton
observations and data reduction, in Section 3 the overnail fd the mean RGS spectrum is discussed, while
Section 4 presents the detection of the soft X-ray absargiiofiles in the individual RGS observations. In
Section 5 photoionization modeling of the putative windhe soft X-ray band is presented, while Section
6 discusses the origins of the absorbing gas from a clumpifj phase accretion disk wind. Throughout
this work we assume the concordance cosmological valuesof®kms ! Mpc—! andQ,, = 0.73, and
errors are quoted at 90% confidendey? = 2.7) for one parameter of interest. In the spectral analysis, we
adopt a conversion between energy and wavelength ef (12.3984 A/A) keV.

2. XMM-Newton Observations of PDS 456

Five XMM—-Newtorobservations of PDS 456, of at least 100 ks in duration, wertopmed over a six
month time period in 2013-2014. The EPIC-pn and MOS instnim@ere operating in Large Window
mode and with the Thin filter applied. The observations atedi in Table 1 and are described in more detail
in Nardini et al. (2015). The first four observations (heteaDBS. A—D) were performed within a four
week period (with separations d¢f— 10 days between observations), while the fifth observation§(B
was performed about 5 months later and caught the AGN in tledbflux state of all the campaign (see
Table 1). TheXMM-Newtondata have been processed and cleaned using the Sciencesidr&bytware
(sAsv14.0.0), and analyzed using standard software packages(sv6.17,XSPECV12.9).

For the scientific analysis of this paper we concentratedhenRGS data, which have the highest
spectral resolution in the soft X-ray band, and we compdnedRGS results with the EPIC MOS and pn
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data for consistency. The RGS data have been reduced usirggaihdardsAs taskrgsprocand the most
recent calibration files. High background time intervalgehbeen filtered out applying a threshold of 0.2
counts s on the background event files. OBS. A was affected by sevemétry issues and about 28 ks
into the observation, even if the data were still recordbd,RGS telemetry became corrupted. The main
effect is not a simple loss of the data but an incorrect coatet for each of the RGS spectra. As it was not
possible to recover the ODF files and as the subsequent R@®spere not suitable for analysis, hereafter
we concentrate only on OBS. B-E from this campaign. Nonefisetluring OBS. A, from an analysis of
the unaffected EPIC spectra, PDS 456 was caught in a brightess obscured state, which was mainly
featureless in the soft X-ray band (see Nardini et al. 2015).

For each of the remaining four observations we first chechatithe RGS 1 and RGS 2 spectra were
in good agreement, typically to within the 3% level, and wesagquently combined them with tlsas task
rgscombine The spectra were analyzed over the 0.45-2.0 keV energerdmaow 0.45keV the spectra
are noisy due to the Galactic absorption column towards PIBSBuring these observations the two RGS
collected typically~ 8600 — 13600 net counts per observation (see Table 1 for details). Twbebbser-
vations (OBS. C and OBS. D), which were separated by only 4 day show a very similar spectral shape
and count rate, were further combined usiggcombinento a single spectrum (OBS. CD). Finally, in order
to investigate the mean spectral properties with a higlggrasito noise spectrum, we combined all the four
available observations obtained during this campaign.

In the initial spectral fitting, we first adopted a spectrairing of A\ = 0.1A for the RGS spectra,
which just slightly under-samples the FWHM spectral reofuof A\ = 0.06 — 0.08 A. At this binning,
the spectra have 20 counts per bin and thug? minimization was used for all the spectral fitting. Note
that in the subsequent analysis we also considered a finengigof A\ = 0.05 ,&) in order to search for
any narrow features in the combined RGS 1+2 spectra, as wellaarser binning (cAX = 0.2 ,&) for
modeling the broad spectral features present in some ofttiedual sequences.

The XMM-NewtorEPIC data were filtered for high background time intervalsicl yields net expo-
sure times as listed in Table 1. For the analysis we condedtian the MOS spectra, as they offer a better
spectral resolution in the soft band compared to the pn Hataever, we did check the pn spectra for con-
sistency in each observation. The MOS 1+2 source and baaokgdrepectra were extracted using a circular
region with a radius o85” and two circular regions with the same radius, respectiiegsponse matrices
and ancillary response files at the source position werdgatassing thesAs tasksarfgenandrmfgen We
then combined for each exposure the MOS 1 and MOS 2 spediea vafifying that the individual spectra
were consistent. As for the RGS data, after checking thaM®& spectra for OBS. C and OBS. D were
similar, we combined them into a single spectrum.

The MOS source spectra were then binned with constant eimegyyals of 15 eV. This oversamples
the spectral resolution of the EPIC MOS detectors below 2 idére the FWHM isv 50 eV (60 eV) at
0.5 keV (1 keV), by only factor of 3—4. We note that adopting thinning allows us to simultaneously fit
both the MOS and the RGS data with a similar sampling. Thecgoisrbright enough to collect between
0.54 — 0.79 counts s! for the combined MOS 1+2 spectra over the — 2 keV band.
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In order to study the long term spectral variability of the b6 soft X-ray spectra, the RGS and
EPIC spectra from the 2001 and 2007 archival observationgs @also extracted, (see Table 1). The data
were reduced in an identical way as to the 2013-2014 obsamgat The 2001 observation consisted of
a single exposure of- 40ks in duration, but at a higher overall count rate compareth¢o2013—-2014
observations, while the 2007 observations consisted ofseguences over two consecutkMM—Newton
orbits. These latter two 2007 spectra were consistent intigdeshape, with just a simple offset in flux
between them, so they were combined to give a single RGSrapeéiom 2007.

3. Initial Mean RGS Spectral Analysis

Initially we combined all of the 2013-2014 RGS observatioh$?DS 456 (i.e., OBS. B through to
OBS. E), in order to construct a single, time-averaged spectAlthough the spectrum of PDS 456 is time
variable, the idea is to have an initial parameterizatiobaih the continuum and local Galactic absorption
before proceeding with the analysis of the individual seges. The mean RGS spectrum was fitted with
a simple power-law plus blackbody continuum form, whereliteckbody is required to account for the
soft excess towards lower energies seen in this AGN. The seectrum was initially binned in constant
wavelength bins oAX = 0.1 A over the 0.45-2.0 keV (or 6.2—2850 range. A Galactic absorption column
from 21-cm measurements df; = 2.4 x 10?' cm~2 (Dickey & Lockman 1990; Kalberla et al. 2005) was
adopted at first, modeled with thidonew ISM absorption model irxSPEC using the cross—sections and
abundances of Wilms et al. (2000). However, in subsequenttii GalacticVyy value was allowed to vary,
along with the relative abundance of Oxygen (compared tonHjrder to ensure a good fit in the region
around the neutral O edge.

This simple continuum form returned a photon indeX'of 2.1 + 0.2, with a blackbody temperature
of kT = 10275 eV, while the Galactic column was found to be in excess of ther value withNy =
(3.9 £ 0.6) x 10*! cm=2. The resulting fit is shown in Figure 1, where the Galacticoghtson model
reproduces well the structure observed around the neutedg@ at~0.5keV. The relative O abundance
was found to be higher by a factor dfy, = 1.27 + 0.12 compared to the O/H abundance4o® x 10~*
reported in Wilms et al. (2000). The absorbed 0.5-2.0 ke¥ Xafay flux resulting from this model is
2.14 x 1072 ergent2s™!. Note that if instead the Solar abundances of Grevesse &a541998) are
adopted, which present a higher abundance of O, then thié/eetd abundance is consistent with Solar
(Ao = 0.95 £+ 0.09). While this model reproduces the overall shape of the sefaykcontinuum, the
fit statistic is relatively poor with a resulting reduced -suared ofy? /v = 287.7/205, suggesting the
presence of additional spectral complexity. An almost idanhfit is obtained if a somewhat different form
for the soft excess is used, e.g. a power-law plus Comptdrdizk spectrum.

The mean spectrum was also binned at a finer resolutiah o= 0.05 A per bin, in order to better
sample the resolution of the RGS over the spectral rangetefest. The motivation for this is to check
whether there is any signature of a warm absorber from loacityl low to moderately ionized outflowing
gas, which is commonly detected in the high resolution sefa¥X spectra of nearby Seyfert 1 galaxies
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(Kaastra et al. 2000, Sako et al. 2001, Kaspi et al. 2002)thEtmore any such low velocity (and distant)
component of a warm absorber would not be expected to syramagy between the observations. Thus with
the high signal to noise of the mean 464 ks net exposure, amgwabsorption (or emission) lines from
distant and less variable photoionized gas should be yeagparent in the spectrum close to the expected
rest-frame energies of the strongest atomic lines in thieXsody band. The residuals to the above absorbed
power-law plus blackbody fit are shown in Figure 2, which @tigld in the rest frame of PDS 456. Itis clear
that upon inspection of the spectra, no strong narrow abiearpr emission lines are observed close to the
expected positions of the strongest lines, such as the Bied Ly« resonance lines of O, Ne, Mg or Si, or
at the energy of the Fe M-shell UTA.

In order to place a formal limit on the column of any warm abgortowards PDS 456, the spectrum
was modeled with aRSTAR absorption grid with a turbulence velocity ef= 300 kms~!, adopting Solar
abundances (Grevesse & Sauval 1998) and allowing for a hodétow velocity of up to 5,000 kms'.
The above baseline continuum was used. The addition of thiswabsorber component resulted in little
improvement in the overall fit. Formally we can place an ugimeit on the column density of between
Nu < 0.6 x 102 cm™2 and Ny < 1.7 x 10?Y cm~2 for an ionization parame@m the range fromog ¢ =
0— 2, which covers the typical range of ionization seen in thé Xafy warm absorbers in Seyfert 1s. Thus
the presence of a low velocity, low ionization warm absowrggpears ruled out in PDS 456.

Although no conventional signature of a warm absorber,arfolhm of narrow absorption lines, appears
in these RGS spectra, the finely binned mean spectrum doeal tewad residual structure over the energy
range from 0.8-1.6 keV. Indeed, fitting with the above basetiontinuum results in a very poor fit, with
x%/v = 573/406 and a corresponding null hypothesis probability3df x 10~8. In the following sections
we investigate whether these broad features may reprdsesbft X-ray signature of the known fast wind
towards PDS 456 detected at iron K (e.g. Reeves et al. 200@jmilat al. 2015). In the subsequent spectral
fitting we adopt the coarse spectral binning®A = 0.2A to model these broad profiles, as no narrow
features are required by the data.

4. Analysis of Individual RGS Sequences

We then proceeded to investigate each of the RGS specteximnll during the 2013—-2014 campaign.
A first inspection of the individual RGS spectra shows thatétare remarkable differences between OBS. B
(upper and black data points in the upper panel of Figure 8)@BS. E (blue data points). The 0.5-2 keV
spectral shapes appear broadly similar, with some vaitialoif the intensity of the emerging continuum.
In addition, the appearance of a deep trough-al keV in OBS.E (observed frame) suggests that the
variations could at least in part be caused by a variableXsodty absorber. On the other hand, the spectra
obtained during OBS. C and OBS. D are almost identical (sgar€li3 lower panel) and are intermediate

The ionization parameter is defined@s: Lion /ner?, wheren, is the electron density, is the radial distance between the X-
ray emitter and the ionized gas ahg,, is the ionizing luminosity over the 1-1000 Rydberg rangee Thits of¢ are subsequently
ergcms .
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in flux between the OBS.B and OBS. E. Thus in order to invesighe main driver of the soft X-ray
spectral variability, we proceeded to fit each of the maircspéstates (i.e. OBS. B, OBS.CD and OBS. E)
independently. For the continuum we adopted the blackbdaay gower-law continuum model found with
the analysis of the mean RGS spectrum, allowingMheof the Galactic absorption to vary, as well as the
continuum parameters.

We found that, while for OBS. CD and OBS. E the photon indexheffirimary power law component
is consistent with' = 2.1, during OBS. B the spectrum requires a steeper power-lawpooent " ~
2.5 4+ 0.2). Statistically the fit is poor for most of the sequences wbempared to the above continuum
model, i.e.x?/v = 149.9/100 andx?/v = 170.2/100, for OBS.CD and OBS. E, respectively (see Table
2). In contrast, the continuum model can reproduce the t\arape of the RGS spectrum OBS. (v =
131.2/100); indeed, as seen in Figdre 4 (top panel) OBS. B appears afeaiareless in the RGS.

However, the continuum model leaves clear residuals in ®$el03 keV energy range for OBS. CD and
OBS. E. Broad and deep residuals are present in both of thestra (Figurél4, second and third panels),
where three main absorption troughs are detected. Durin§.GB a very broad absorption feature is
present near 1.2 keV, while during OBS. E two absorptionghsuemerge in the residuals-atl.0 keV and
~ 1.17keV, respectively. In particular, a closer inspection @ tesiduals of the OBS. E spectrum to the
best fit continuum model (see Figlide 5) unveils complex adigor structure around 1 keV.

4.1. Modeling and Identification of the Individual Profiles

To parameterize these profiles we added several Gaussiarpats and emission lines to the baseline
continuum model. We imposed an initial selection critenagreby any line in the RGS spectra was added
to the baseline model only if its addition yielded an impnmet in the fit statistic of at leagty? = 9.2 (for
2 interesting parameters) dry? = 11.3 (for 3 interesting parameters), equivalent to the 99% fiaice
level in y? statistics. Furthermore we impose an additional congfraihereby any individual line in the
RGS should be independently confirmed corresponding toaat lae same improvement iky? in the
MOS (see Section 4.3). Thus requiring a possible line dete@t the RGS to be independently confirmed
in the MOS, at a self consistent energy and flux, reduces kbiHood that the line in question is spurious
due to photon noise. Subsequently the parameters of thasssi@a lines selected in the RGS are listed in
Table[2, as well as the F-test probabilities associated thahaddition of each line to the baseline model.
Their statistical significances, which are typically cami@d at theso level or higher once the MOS data are
accounted for, are evaluated more throughly in the Appendix

As noted above, in OBS. CD we detected a stroR§i{l = 42 + 13 eV) and very broadd ~ 100
eV) absorption line af = 1174 + 38 eV, with an apparent velocity width af, = 280001 5500° km st
We attempt to place a tentative identification on this aksampfeature. The~ 1.2 keV absorption line
could be identified with blue-shifted{,; ~ 0.2¢) Nex Lya (Er., = 1.022 keV), perhaps blended with
iron L absorption in the ionization range from ¥e—xXx1v . Alternatively, associating this broad absorption

line with a single feature, but with a smaller blueshift, wbrequire an identification with the Beiv
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2s — 3p at Er,, = 1.167 keV. However, this would imply a single very broad line seensolation,
without a strong contribution from other Fe L lines, e.gx&@! at Er,, = 1.125 keV and lower ionization
ions. Furthermore, as we will discuss later in Section 5, elind this absorption profile with a grid of
photoionized absorption spectra prefers the solution withst and highly ionized wind, noting that part
of the large velocity width of the broad trough could be ekpd with a blend of these lines. Finally
a narrower absorption line is also apparent at 846 eV in OBS.d0d although it is much weaker than
the broad 1.2keV profile, it is also independently confirmedhe MOS (see Section 4.3). While the
identification of this isolated line is uncertain, we notattlf it is tentatively associated to absorption from
Oviil Lya (at Er,,, = 0.654 keV), its outflow velocity would be consistent with that falat iron K, at
~ 0.3c.

The appearance of complex soft X-ray absorption structear & keV in OBSE is perhaps not un-
expected, especially as this RGS sequence appears the bsosbed and at the lowest flux of all the
2013-2014XMM-Newtordata sets. As shown in Figurke 5, two deep absorption lines at1.01 keV and
E ~ 1.17keV) and an emission line & ~ 0.9 keV are formally required by the data (see Table 2). Indeed,
the addition of the two Gaussian absorption lines resultieénfit statistic improving by\y? = 44.3 for
Av = 5. Assuming that the absorption line profiles have the saméwilden the two lines are found to be
resolved with a common width ef = 41775 eV (or o, = 1200073200 kms™).

One likely identification of the emission/absorption lingimpin OBS. E at 913 eV and 1016 eV may
be with Neix (at Fr,, = 0.905 keV), which would then require the absorption line to be bhited with
respect to the emission line component. Alternativelyhé absorption at 1016 eV is separately associated
with NeXx Ly« (at Er., = 1.022 keV), then this would require little or no velocity shift. Wever, the sec-
ond absorption line at 1166 eV only requires a blueshiftig @ssociated with Ne Lyman+, alternatively
it could be associated to Kke1v 2s — 3p without requiring a blueshift. Thus the precise identifimatof
these 1 keV absorption lines are difficult to determine ondgrh@c basis from fitting simple Gaussian pro-
files. Their most likely origin will be discussed further wheve present the self consistent photoionization
modeling of the OBS. E spectrum in Section 5.3. Nonetheteggrdless of their possible identification, the
detection of the broad absorption profiles in the soft X-ragdin both OBS. E and OBS. CD may suggest
the presence of a new absorption zone with somewhat lowecitaeland/or ionization compared to the
well-known ionized wind established at iron K.

4.2. Comparison to the 2001 and 200XMM-Newton Observations

Following the results of the 2013—-2014 observations, wenayzed the RGS spectra collected during
the pasXMM—Newtorobservations of PDS 456, when the quasar was observed iwdhextreme states: a
highly obscured one (2001; Reeves et al. 2003) and an unauksstate (2007; Behar et al. 2010). For the
continuum model we again adopted the best fit found with tladyais of the mean RGS spectrum, allowing
the Ny of the Galactic absorption to vary as well as allowing theticmum parameters to adjust. For
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the 2001 observation we included an additional neutraigarbvering absorber in the continuum model;
indeed, during this observation, even though the intrifisic of PDS 456 is relatively high (see Table 1),
the AGN appeared heavily obscured, with the presence aigspectral curvature over the 1-10 keV band
(Reeves et al. 2003). This curvature is especially evidettie EPIC MOS data (see Section 4.3). Without
this absorber the derived photon index, although poorlystaimed, is extremely hard'(~ 1.5), and its
extrapolation above 2 keV lies well above the EPIC spectrath® other hand, the 2007 spectrum required
a steeper photon indeX' = 2.4 — 2.5), indicating a lack of intrinsic absorption.

The residuals for the 2001 and 2007 RGS data to the baselm&eom model are shown in the
two lower panels of Figurgl4. Similarly to the OBS.E spectrdaring the 2013-2014 campaign, the
2001 observation tracks the presence of the highly ionized wThe presence of absorption near 1 keV
in the 2001 observation was first noted in this data set by &eetal. (2003). A highly significant broad
absorption profile is apparent in the residual&’at 1061+11 eV, with an equivalent width oE'TV ~ 37 eV,
while the improvement in the fit statistic upon adding thisa@ption line isAx?/Av = 42.0/3 (see Table
2). The profile is resolved with a width of = 42713 eV (or o, = 1190073705 km s71), as per the similar
broad profiles in OBS. E. As discussed above, one plausiblgification is with mildly blueshifted Ne
Ly« (again notwithstanding any possible contribution frormitoabsorption). At face value this suggests
the presence of a lower velocity zone of the wind, which iestigated further in Section 5. In contrast
to the 2001 spectrum, the 2007 observations show littleeend for intrinsic absorption and appear to be
featureless (see also Behar et al. 2010).

4.3. Consistency check with EPIC-MOS soft X-ray spectra

In this section we perform a consistency check on the linésctled in the RGS with the EPIC MOS
spectra. Indeed, given the strength and breadth of the @timofeatures detected in the RGS spectra, we
may expect them to be detectable at the MOS CCD spectrautesol We thus considered the combined
MOS 1+2 spectra for each observation and, while we fitted thdy0.5-2 keV energy range where the soft
X-ray features occur, we also checked that the best fit mqueldde a good representation of the overall
X-ray continuum to higher energies. The continuum modehébfrom the analysis of the RGS spectra was
adopted, but again allowing the parameters to adjust. Asdraibove, the 2001 MOS observation also shows
pronounced curvature between 1.2—-2.0 keV, which is apparehe residuals of this spectrum in Figlie 6,
and was accounted for by including a neutral partial cogegibsorber.

The residuals of the five MOS spectra (OBS. B, CD, E, 2001 ar@¥ 2@ the best fit continuum
models are shown in Figufé 6. Several absorption profileslagely visible (which are labelled on each
of the corresponding spectral panels), and they are génerglood agreement with the features present in
the RGS in Figure 4. In particular, the broad absorption [@®fpresent during OBS.CD and OBS.E are
confirmed at high significance, whereby both the broad prefite 1.2 keV (OBS. CD) and the complex
absorption structure between 0.9-1.2 keV (OBS. E) emelgiglasignal to noise in the MOS data. Likewise
the broad absorption trough detected at 1.06 keV in the 2@dsdt, is also confirmed in the MOS spectra,
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with self consistent parameters. On the other hand, therdass nature of the 2007 spectrum is also
confirmed in the MOS, with no obvious residuals present irsghectrum. The results of the Gaussian line
fitting to the MOS spectra are subsequently summarized iteTab

As a further check of the consistency between the RGS and M&D&ttibns of the absorption lines,
we generated and overlaid confidence contours for each dihtgethat are independently detected in each
of the RGS and MOS spectra. As an illustration we show two efekamples from the OBS. E and 2001
sequences in Figure 7. The upper panel shows the 68%, 90%@&nddhfidence contours (for 2 parameters
of interest) of line energy against flux for the 1.16 keV absorption line detected in the OBS. E spectra.
The contours show the close agreement between the two dstealith the absorption line confirmed in
both the RGS and MOS spectra. Generally the line fluxes are tigttly constrained in the MOS, which
is likely due to the higher signal to noise and better continuwdetermination afforded by the MOS spectra.
The lower panel of Figure 7 shows the comparison betweenrelirgegy and width (in terms of) for the
~ 1keV broad absorption trough in the 2001 observation. Théotwa show that the broadening of the line
is independently measured by both RGS and MOS, with a width-ef40 eV (or o = 12000 kms™!). The
only marginal disagreement at the 90% level is in the linggneavhich is offset by~ 20 eV, although this
is likely to lie within the uncertainty of the absolute engrgale of the MOS detectors.

5. Modeling with Photoionized Absorption Models

Having established the consistent detection of the alisorfihes between the RGS and MOS spectra,
in this next section we model the absorption (and any enmmij}$iom these spectra with a self consistent
XSTAR photoionization model (Kallman & Bautista 2001). The gazishe modeling are to determine the
likely identifications of the absorption profiles and to reMne properties and possible outflow velocities of
the soft X-ray absorption zones.

5.1. Generation of Tabulated Photoionized Models

In order to generate thesSTAR grids for the modeling, we used the input SED defined from aukim
taneous fit to theXMM—-NewtonOM, EPIC andNuSTARdata, taken from the 2013-2014 campaign. The
details of the SED modeling can be found in Nardini et al. 80in summary the SED can be parameter-
ized by a double broken power law from between the optical-UV¥ to soft X-ray and X-ray portions of
the spectrum. In the optical-UV band covered by the OM (2-\M)0 the spectrum hak ~ 0.7 (so rising
in vF,, space), between the UV and soft X-rays (10-500 eV) the SEDndscsteeply with" ~ 3.3, and
above 500 eV, the intrinsic photon indexlis~ 2.4. As per Nardini et al. (2015), the total 1-1000 Rydberg
ionizing luminosity is5 x 10%6 — 1 x 10*” ergs™!, depending on the exact SED model adopted. Note that
the main impact upon using this SED form as the input photeiog continuum is in the ionization balance
of the gas; when compared to a model computed with a staridasd2 X-ray power-law continuum, the
ionization parameter will be comparatively higher, as¢hare a larger number of input UV and soft X-ray
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ionizing photons in the SED form, resulting in a higher iomgzluminosity over the 1-1000 Rydberg band.
This is particularly critical in the case of PDS 456, whicls lzasteep UV to X-ray continuum; as a result,
the ionization parameter can be an order of magnitude highen compared to a model produced with a
flatI" = 2 illuminating continuum.

Subsequently, a tabulated grid ¥6TAR models was calculated adopting this double broken power-
law SED, with an input ionizing luminosity of x 107 erg s and an electron density of, = 108 cm™3,
although the output spectra are largely insensitive to @mesitly that is chosen. The grid of models also
covers a wide range of parameter space, flom102° < Ny < 2.5 x 102> cm~2 in column density (in
steps of(log Ny1) = 0.14) and from2 < log ¢ < 7 (in steps of(log £) = 0.2) in terms of the ionization
parameter. The subsequent output spectra were calcula¢edhe 0.1-20 keV range, over 10,000 energy
steps. A turbulence velocity of.,,;, = 5,000 km s~! was chosen for the final grid of models, as it was found
that much lower turbulences could not match the breadth vivalgnt width of the soft X-ray absorption
features, while for higher turbulences, the absorptiorfileobecame too broad to model the observed
features seen near to 1 keV in the RGS spectra.

Given the good agreement between the RGS and MOS foXMBI-Newtonsequences, for each
sequence they were fitted simultaneously, allowing for acrwrmalization factor (typically withia-5%
of 1.0) between the two instruments. This has the benefitilafiag both the high spectral resolution of the
RGS and the higher signal to noise of the MOS data. The speetmfitted between 0.6—2.0 keV, avoiding
the energy band below 0.6 keV in order to minimize any calibrauncertainties associated with the O edge
in both detectors. We did not directly fit the MOS spectra &dkeV, as our motivation was to study the
properties of the soft X-ray absorption. However, as a a@scy check we did extrapolate the spectra above
2 keV to see whether, to first order, the model reproducedah&rmium form above 2 keV. The continuum
model adopted was the same as in the Gaussian fitting, i.everiaev plus blackbody component absorbed
by Galactic absorption. Generally, the photon index of tbergr law was fixed in all of the sequences to
I' = 2.1, however in OBS. B and 2007 this was found to be steeperiwvith2.4—2.5. In the 2001 sequence,
which has a strongly absorbed spectrum, an additional alepdrtial covering absorption component (with
Ny = 4.8 ¢ x 1022 cm~2 and covering fractiorf.., = 0.34 + 0.02) was applied to the soft X-ray power
law, as otherwise the photon index was found to be unusualtg twvith" ~ 1. We note that a similar
partial covering component has been found in some of théque®uzakwbservations of PDS 456, when
the spectrum becomes unusually hard (Reeves et al. 201far&Gef al. 2014, Matzeu et al. 2016).

5.2. Fitting Methodology

The XSTAR absorption grids were then applied to each of the sequetiogsrg the column density,
ionization parameter and outflow velocity to vary indepenlye as well as the continuum parameters. In
order to find the best fit solution for each absorption zonettifio each sequence in velocity space, we
first varied the outflow velocity from-0.3 ¢ (where the negative sign here denotes blueshift) upltdc, in
steps 0f).005¢, while allowing the ionization and column to adjust at eaelpén the fitting. Thus no a priori
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assumption is made about the likely velocity of any of theodsrs fitted to each sequence and the wide
range in velocity space searched ensures that the globahmimis found, allowing for any possible zero
velocity solution as well as outflow or inflow. This proceduvas then repeated for each absorption zone
which was subsequently added to each sequence, applyirmgitérea that the addition of each absorption
grid to the model required an improvement in fit statisticresponding to at least the 99.9% confidence
level. Once the global minimum for each absorption grid wamtl, we then conducted a finer search in
velocity, ionization and column density in order to find tika& minimum and uncertainties associated with
each parameter.

As an example, we describe in detail how this was applieda®@BS. E spectra, while the same fitting
procedure was applied to all of the sequences. The ini@atisgy point was with the baseline continuum
model, with only the Galactic absorption component pregamd no intrinsic absorption), which yielded a
poor fit statistic ofy?/v = 289.0/161. A single ionized zone of absorption was then added to theeinod
and they? space searched by stepping through the fit at each point inutilew velocity, as described
above. Figure 8 (upper panel) shows the resulting fit siatigtainst outflow velocity for this absorber. A
clear minimum is found ab = —0.17 £ 0.01¢, while a zero velocity solution is ruled out at 99.99%
confidence. As a result of the addition of this single absowieh an outflow velocity of—0.17¢, the fit
statistic improved to2 /v = 206/158. The corresponding F-test null hypothesis upon adding tsezibne
of absorption to the model (compared to the model with nomgitiem) is very low, withP; = 1.3x 10711, A
second absorption grid was then added to the model, to tetheshthe fit improved further upon its addition
and the velocity space of the new absorber was searchedyfonimmum in x2. The result of adding this
second absorption grid to the model is shown in Figure 8 (tqremel), which also shows a well defined
minimum, but at a lower outflow velocity af = —0.06 + 0.01¢. The fit statistic also significantly improved
upon the addition of the second absorption grid, with a tegureduced chi-squared gf /v = 181/155.
The corresponding F-test null hypothesis upon adding tbeskzone of absorption to the model (compared
to the model with only one absorber) is thEn= 1.6 x 10~*. The addition of further absorption grids to
the OBS. E spectra did not significantly improve the fit.

Thus the OBS. E spectrum requires two absorption zones, thevaster outflow velocity€0.17¢),
while both zones formally require an outflow velocity :at99.9% confidence. The resulting best-fit ab-
sorption parameters for both OBS. E as well as the other rgpesetquences are shown in Table 4, after
applying the same fitting procedure as described above.nergk the soft X-ray absorption can primarily
be modeled with two maiRSTAR zones (labeled as zones 1 and 2 respectively in Table 4),dbathich
are required to be outflowing with respect to the systemioargt of PDS 456, while we refer to zone 2 as
having the higher velocity of the two zones.
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5.3. Results of Photoionization Modeling to OBS. E
5.3.1. A Self-consistent Emission and Absorption Model

In addition to the two absorption zones described abovejttteOBS. E improves further tq? /v =
143.2/150, by adding two broad Gaussian emission profiles. The ermidsie centroids are &22 + 9eV
and1066 + 16 eV and are apparent in the MOS and RGS spectra for OBS. E (gaseH), while the lines
have fluxes off.5759 x 107> and3.27%2 x 10~° photons cm?s™!, respectively (or equivalent widths of
17 + 8eV and11 + 7eV). Note that strong 0.92 keV line emission has also beesectit previously in
some of theSuzakuXIS spectra of PDS 456, see for instance Figure 2 in Reeveks ¢2@09). The line
width, assuming a common width between the linesy is= 20 4+ 8 eV (or equivalently,c, = 6,500 +
2,600 kms™h).

In order to model the emission, we removed the adhoc Gaussmssion lines from the model and
instead fitted the emission using a self consistent grid otgbnized emission model spectra produced
by XSTAR, with the same input parameters and turbulence veloeity{ = 5,000 kms~!) as per the
absorption grids. Like for the absorption modeling, two gsion grids were added to the model, with the
column densities of the two emission zones tied to the cporeding values in the two absorption zones.
The ionization, outflow velocity and normalization (whicharoportional to luminosity) of the two emission
grids were allowed to vary. The parameters of the two emisaames are reported in Table 5 as applied to
OBS. E. The most significant emission zone is zone 1, whicks@s the lower ionization of the two zones
(log ¢ = 2.8 4+ 0.3) and yields an improvement in fit statistic Afy? /Av = 23.0/3 upon its addition to the
baseline absorption model, while in comparison the secaddwore highly ionized zonddg & ~ 4.6) is
only marginally significantfx?/Av = 12.0/3).

This finalxSTAR model provides a good fit to the simultaneous RGS and MOSrspedDBS. E, with
an overall fit statistic ofy? /v = 146.5/149. The resulting fit is shown in Figure 9, panel (a), with the
XSTAR model able to reproduce the absorption features, i.e.whdtoad absorption troughs at rest frame
energies ofv 1.0 keV and~ 1.2 keV. While the emitters do not necessarily have to be phigiaasociated
to the corresponding absorption zones, the emission istineless able to reproduce the excess soft X-ray
emission. In particular, the lower ionization emissionearaccounts for the stronger emission line observed
near 920 eV. Emission zone 1 also predicts an emission &eagar to 0.8 keV, which is consistent with the
spectrum shown in Figure 9. Emission zone 2 has a more sufsle,enainly accounting for the weaker
emission line near 1.06 keV. If this best-fit model to the 36ftay spectrum of OBS. E is extrapolated up
to higher energies using the MOS data, the agreement is gathidthe model reproducing well the shape
and level of the continuum above 2keV, as is seen in Figur@a®elpb). The remaining residuals at high
energies are due to the iron K absorption profile, as repimtdrdini et al. (2015).
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5.3.2. Properties of the Soft X-ray Emission and Absorption

In terms of the absorber properties, zone 1 has a lower coamdriower ionization compared to zone
2 (see Table 4 for parameter details), as well as a lower outflocity of v, /c = —0.064 £+ 0.012
(compared ta,,:/c = —0.17 + 0.01 in zone 2), and primarily accounts for the lowest energy efttho
absorption troughs. Note that a non-zero outflow velocityerpuired for both zones in the fit, as is also
described in the fitting procedure described in Section&2 Figure 8). With the emitter included, if the
velocity of both zones is forced to zero and the model refithalving the other absorber parameters to
vary (Ng, log &), then the fit is substantially worse compared to the caseene outflow velocities are
allowed to vary {2/v = 181.2/152 versusy?/v = 143.2/150). On the other hand, if we do allow the
velocity to vary, but assume that it is the same for both zoties the fit statistic is also worse than before
(x?/v = 176.4/151), as adjusting the ionization alone is not enough to expleérdifferent energy centroids
of the absorption profiles. Thus the two absorber zones greresl to be distinct in velocity space, as well
as in column/ionization.

In Figure 10 the relative contribution of each absorptionezs shown, in terms of the fraction of the
continuum that is absorbed against energy. The main catitibtowards zone 1 arises from Ne-x, as
well as absorption from L-shell Fe from ions in the rangexBe-xx ; the blend of these lines together with
a modest net blueshift produces the overall broad absorptagh which is centered near to 1 keV in the
rest frame. The contribution towards zone 2 is similar,rgiva blend of lines from Nex—x and Fexx—x1v;
then the higher energy of this absorption blend (centered toel.2 keV), arises primarily from the higher
outflow velocity and somewhat from the higher ionizationto§tzone.

Note that although either the 1 keV or 1.2 keV absorptionghsuin OBS. E could at first sight be
associated with absorption from Negat 1.02 keV) or Fexiv (at 1.16 keV) with a smaller blue-shift, the
self consistenkSTAR modeling presented above appears to rule this out. Thisciguse it is difficult to
produce absorption from these species in isolation, witlhoeontribution from other, lower energy, lines.
For instance for the higher velocity zone, although the® 2s — 3p absorption can contribute towards
the broad absorption profile at 1.2 keV, the other lower gnérghell Fe lines near to 1 keV also strongly
contribute, reducing the overall centroid energy of theogtison trough produced in thesTAR model (see
Figure 10 for their relative contributions). The net ressithat an overall blue-shift of the absorption profile
is required to match its observed energy in the actual sp@ctr

In terms of the emission, the strongest contribution is faone 1, which has the lowest ionization
parameter. The outflow velocities of the two emission zorresl@ver than their respective absorption
zones, i.e., the outflow velocity of zone lds,y = —0.04 4+ 0.02¢. This could be consistent with the
emission expected from a bi-conical outflow, as emissionbeaabserved across different sightlines which
will appear to have a lower net outflow velocity than along d¢lrect line of sight to the observer. The
emission from the near side of the outflow may be preferdéntidiserved in this case, if the emission from
the far (receding) side of the wind is obscured through atgremlumn of matter. This may be the case if,
for instance, the receding wind is on the far side of the aioralisk.

The relative contribution of the photoionized emissione®to the soft X-ray spectrum of PDS 456 are
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shown in Figure 11. The dominant contribution towards théssion is from zone 1 (Figure 11, red curve)
and the majority of the emission arises fronv® and Oviii. In particular, the emission near to 0.9keV is
mainly accounted for by blueshifted\@ Radiative Recombination Continuum (RRC) at 0.87 keV, along
with some contribution from the forbidden line of Ne At first sight, the Ovill RRC appears stronger than
the Ovill Ly« line at lower energies. However, this is just due to the fagtrission being more suppressed
by the Galactic absorption towards PDS 456, as this lowemggrime falls just above the deep neutral O
edge as seen in the observed frame. In contrast, the highieaion (og¢ = 4.670%) zone 2 is much
weaker (Figure 11, blue curve), and its main contributioio iseinforce the emission near 1 keV, mainly due
to blueshifted emission from Ng and Nex.

5.4. Extension to the otherXMM—-Newtonobservations

The absorption modeling was then extended to the other 20l3-sequences, as well as the 2001 and
2007 XMM—-Newtonobservations. In these observations, the soft X-ray earissiless prominent, as the
continuum fluxes are generally higher than in OBS. E, thuswbeexjuently concentrated on modeling only
the absorption zones. The zone 2 absorber appears commiboftthe data sets, except for the bright and
featureless 2007 spectrum, where only an upper limit candszg on the column. Indeed, the ionization
parameter of this zone is consistent within errors for aldhta sets, varying only in the narrow range from
log & = 4.04 — 4.19 (see Table 4). The main differences arise in the column tgnsghich is higher in the
more absorbed OBS. Bz = 1.5+0.4 x 1022 cm~2) and 2001 (Vg = 2.20-% x 10?2 cm~2) sequences and
weakest in the least absorbed OBS. B and 2007 observatiodsed in the bright, continuum dominated
2007 observations, a low upper-limit can be placed on thaneoldensity of Nz < 0.23 x 1022 cm2.
Likewise, although the RGS data is not available for OBS.A e basis of the EPIC/MOS data we can
still place an upper-limit on the column density 8f; < 0.35 x 10?2 cm~2 for zone 2, consistent with the
absorption being weaker while the continuum flux was brigtteing this observation.

The outflow velocity is strongly variable between some ofuseges, e.guou/c = —0.27 £+ 0.01
in OBS. CD versusi,,;/c = —0.17 + 0.01 in OBS. E. This is illustrated in Figure 12, which shows the
confidence contours in thi¥y versus outflow velocity plane for zone 2 in each of the B, CDné& 2001 se-
guences, the best fit parameters clearly differing alongdecity axis. Thus, while the column determines
the depths of the broad absorption troughs, the outflow itgldetermines its blueshift. Indeed, in the CD
observation it can be seen (e.g. from Figure 6) that the babadrption trough is shallower and shifted to
higher energies compared to observation E.

On the other hand, while the lower velocity zone 1 is requicegproduce the lower energy absorption
troughs in OBS. E and 2001 near to 1 keV, it is not required inadithe other observations and thus appears
rather sporadic. Zone 3 is included for completeness amésepts a possible high ionization phase of the
wind, similar to what is seen at iron K, with a similar ioniiat level oflog ¢ = 5.5 and a velocity of-0.3 ¢
(i.e., Nardini et al. 2015). At this level of ionization, ihd soft X-ray band, there is only a small imprint
from zone 3 in the spectrum, which is mainly in the form of &1@® Ly« absorption line blueshifted to
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above 0.8 keV (see the lower panel of Figure 10), while ordgdgramounts of absorption due to H-like Ne
and Mg are predicted. Due to its transparency at soft X-rdys highest ionization zone is therefore only
formally required in the OBS. CD spectrum, mainly to reproelthe weak absorption feature detected near
to 0.84 keV in the RGS and MOS data (see Tables 2 and 3).

6. Discussion
6.1. The Detection of Fast Soft X-ray Absorbers

Although the numbers of confirmed fast outflows have sigmifigaincreased through systematic stud-
ies of AGN in the iron K band (Tombesi et al. 2010, Gofford et28113), to date there have been relatively
few detections of fast outflows in the soft X-ray band. Hehe, detection of broad soft X-ray absorption
line profiles associated with the fast wind in PDS 456 reprissene of the few cases where the presence
of an ultra fast outflow has been established in the form dfilizitplueshifted absorption in both the Fe
K and soft X-rays bands. Other notable recent examplesdedhe nearby QSO, PG 1211+143 (Pounds
2014) and in the NLS1, IRAS 17020+4544 (Longinotti et al. 201In both of these cases, the observa-
tions suggest that the outflow is more complex than a singteanedium, with multiple ionization and/or
velocity components. In PG 1211+143, at least two diffek@hbcity components are present, both in the
iron K band as well as soft X-rays (Pounds et al. 2016), wihilthe NLS1 IRAS 17020+4544, a complex
fast ou; = 23,000 — 33,000 km s~!) soft X-ray absorber is present, covering at least 3 zonésrims of
ionization parameter.

In PDS 456, while the velocity of the soft X-ray absorber twit,,; = 0.17 — 0.27 ¢ for zone 2) is
similar to the highly ionized iron K absorption in this AGM.(; = 0.25 — 0.3¢), the column density
and ionization is up to two orders of magnitude lower thanitbe K absorber, i.elogé ~ 4 and Ny =
10%2 cm™2 at soft X-rays versusog & ~ 6 and Ng = 10%* cm™2 at iron K. This also suggests that the
outflow is more complex than what would be expected for a ®nmgdmogeneous radial outflow, where
the density varies with radius asx r~2. Thus, ast = L/nr?, in the radial case the ionization should
remain approximately constant along the outflow. A densitfile with a power-law distribution flatter
thann(r) o« =2 could account for a decrease in ionization with absorbeiaratistance, and indeed it
has been suggested from the distribution of warm absorbasgaghongst several Seyfert 1s (Behar 2009,
Tombesi et al. 2013). Another likely possibility, espelgiaiven the rapid variability of the soft X-ray
absorption seen here, is a clumpy, multi phase wind. Thuseddand more compact) clumps or filaments
could coexist within a smoother highly ionized outflow to kip the ionization gradients. Indeed a recent,
albeit slower ¢ ~ 0.01¢), multi-phase disk wind was recently revealed in the chaggiok Seyfert galaxy,
NGC 1365 (Braito et al. 2014), with very rapid changes in ¥ofay absorption (withA Ny ~ 103 cm—2
in At < 100 ks), requiring a clumpy outflowing medium.
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6.2. The Soft X-ray Outflow

We now explore the properties of the soft X-ray absorberiwitine context of a clumpy wind model. In
order to place a radial constraint on the absorbing gasaitahility timescale is considered. We concentrate
on zone 2, which is the best determined of the absorptionszane is relatively constant in ionization (see
Table 4). During the first four observations in the 2013—-20arpaign, there is a subtle variation in the
column density from< 0.35 x 10?2 cm=2 (OBS. A) t00.707037 x 10?2 cm~2 (OBS.CD), i.e. a slight
increase over a 3 week timescale. A stronger variation saover the subsequent 5-month period between
OBS. A-D and OBS. E, with an increase in column density.to+ 0.4 x 10?2 cm~2, while the velocity
of the absorber also decreases froRir + 0.01 ¢ t0 0.17 4+ 0.01 ¢. The more subtle absorption variability
between OBS. A and OBS. D in 2013 likely corresponds to thegmes of the same absorbing system (with
the same outflow velocity) across the line of sight. Howetls, stronger variations itvy; and outflow
velocity between this and OBS. E (as well as in 2001) likelyrespond to different absorption systems
(with 2007 being unabsorbed). Therefore we set a plausiblestale for the absorption variability, in terms
of the passage of clumps or filaments of gas across our lingf, of betweenAt = 10° — 107 s, i.e.,
weeks to months. It is also likely that some variability caewr on shorter timescales, as found during the
low flux 2013 Suzakuwbservations, where changes in the soft X-ray spectrumnoestiales of> 100 ks
could be accounted for by variability of a partially coveriabsorber (Matzeu et al. 2016).

The transverse motion of the absorbing systems moving sithesline of sight is assumed to be due
to the overall Keplerian rotation of the gas within the wimdth the observed outflow velocity being due
to the bulk motion of the wind towards us. The Keplerian vitjoat a radiusR is simply v% = ¢%/rg,
wherer, = R/R, is the radial distance from the black hole in gravitationaitsi The column through an
(approximately spherical) absorbing cloud can be expteas®; ~ ngAR, where its size i\ R = vk At.
The number density of an absorbing cloud is then given as:

Nu _ Nurg”
AR  cAt

(1)

nyH

The definition of the ionization parameter gives ~ n. = Li,n /€ R?, thus equating these densities yields
the radial distance of the clouds: A
Lion t —

32 = 2o E 2 (G M) 2, )

For the zone 2 absorbésg¢ ~ 4 and Ny ~ 1022 cm~2, while for PDS 456L;,, ~ 10*7 ergs™! and
Mgy ~ 10° M. Then forAt = 10 — 107s, R ~ 4000 — 11000R; = 0.7 — 1.7 x 10'® ~ 10'® cm. At
this distance, and for the ionization of the gas, then thebmrrdensity isi; ~ 107 cm™3, while the radial
extent of the clouds i&A R ~ 10'> cm. So the outflow clouds can be fairly compact (approxiryatelr,),

and also capable of partially covering the X-ray source.

At a distance ofR ~ 10'® cm, the Keplerian velocity isx ~ 4000 kms™!. This agrees well with
the measured velocity widths of the soft X-ray emissiondjneith o, = 6,500 & 2,600 kms™! (e.g. from
OBS. E), or the required velocity broadenirg£ 5,000 km s™!) in the xSTAR modeling. Furthermore, this
matches well the velocity widths of the broad UV emissiomdiin PDS 456, where the FWHM of thedy
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and CIv lines are 12,000 knTs and 15,000 kms!, respectively, and where thel€ profile shows one of
the largest blueshifts amongst quasars-df, 000 kms~! (O’Brien et al. 2005; compare to Richards et al.
2002). Thus the location of the soft X-ray outflow appearsicidient with the BLR in this AGN, and indeed
some of the more ionized (and less dense) BLR clouds coulddponsible for the soft X-ray absorption.

Alternatively, we can assume instead that the soft X-rayp®des arises from a wind with a smooth
radial profile out to large distances. In that case, fromgrgeng through the flow, then the radial extent
of the wind is given byRgmeoth = Lion/Nué ~ 102! cm for the above outflow parameters. Such a large-
scale outflow up to a kpc in extent, with a rather low densithéveny ~ 10cm—3), would not be able
to explain the variability of the absorber on weeks to motithgscales. Furthermore, the velocity widths
resulting from gas on these large scales is likely to be rathmll, ofo ~ 100kms™!, whereas (as seen
in Figure 2) there is no narrow component of emission/atlisprpn PDS 456 that could be associated to a
distant warm absorber. We conclude that the fast, soft Xateorber in PDS 456 arises from clumpy gas
on smaller (BLR) scales, and may exist co-spatially as adrigensity (but lower ionization) phase of the
fast, accretion disk wind.

6.3. The Soft X-ray Emission

The luminosity of the soft X-ray line emission can also bedugecalculate the global covering factor
of the outflowing gas. From the photoionization modelings ttormalization (or flux)x, of each of the
emission components is defined §TAR in terms of:

L3g

2
kac

R=f
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where Lsg is the ionizing luminosity in units 010%® ergs, Dy, is the distance to the quasar in kpc.
Here f is the covering fraction of the gas with respect to the totdilsangle, wheref = Q/4r. For a
spherical shell of gag, = 1, while L is the quasar luminosity that illuminates the photoionighdll. Thus
by comparing the predicted normalisatior) for a fully covering shell of gas illuminated by a lumingsit
L versus the observed normalizatioty{..) determined from the photoionization modeling, the cawgri
fraction of the gas can be estimated. For PDS 456, Wite= 10" ergs™' at a luminosity distance of
D = 860 Mpc, for a spherical shell the expectgdTAR normalization isx = 1.35 x 10~3. Compared to
the observed normalization factors reported in Table 5cthvering fraction of strongest lower ionization
(zone 1) of emitting gas ig = 0.44 + 0.22.

The soft X-ray emitting (and absorbing) gas thus covers atanlial fraction ofirr steradian, consistent
with the result obtained by Nardini et al. (2015) for the highization wind measured at Fe K, which
was found to cover at lea8tr steradian solid angle. This is consistent with the pictdréhe soft X-ray
outflowing gas being embedded within the wide angle highzation disk wind. Note that, despite the
large covering factor of the soft X-ray gas, wslumefilling factor is likely smaller. This is consistent with
a geometry where the absorbing clouds intercept a largegknfvaction of the sightlines from the X-ray
source, but individually are compact enough to occupy alssnalugh region in volume.
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Indeed, the volume filling factor can be estimated by comsidethe emission measure of the gas.
To estimate the emission measure, we consider the strong ®RC emission, with a flux of- 7.5 x
10~? photons cm? s~1, as determined from the fit to th&MM—NewtorOBS. E spectrum (see Section 5.2).
This corresponds to a luminosity dfovir ~ 6 x 10%! photonss! at the distance of PDS456. The
recombination coefficient for @il is o, = 1.2 x 10~ cm? s71, for a temperature 07" ~ 10 eV (Verner
& Ferland 1996). The overall emission measure can then loaleééd from:

Lovin
EM = arAOfifr (4)
where Ag is the abundance of Oxygerf; is the ionic fraction of the parent ion (fully ionized Oxygen
and f,. is the fraction of recombinations that occur direct to theugd state. Here we takk ~ 0.5 given
the ionization state of the gag, ~ 0.3 for the fraction of recombinations direct to ground, while @
abundance of.9 x 10~ is assumed (Wilms et al. 2000, Asplund et al. 2009). Thisgyae estimated
emission measure for the soft X-ray emitting ga&ef ~ 6 x 105 cm3,

In comparison we can also calculate the emission measurssoyrang the gas clouds occupy a spher-
ical region of radiugk, with a mean density, and a volume filling factor o¥;. For the emission measure:-

EM = / n?dV ~ gwR?’van. (5)

Taking a radius ofR = 10'® cm (consistent with the line velocity widths) and an emiitarization of
log ¢ ~ 3 (for the lower ionization zone 1) gives a densityrof= 108 cm=3 for the emitting clumps. By
comparison of the above expression with the emission meastimated from the line emission, this implies
a volume filling factor ofV; ~ 10~4, consistent with our expectations of a clumpy medium. A &igh
fraction of V; ~ 1 only occurs at much larger kpc scales (and at corresporydiogier densities, as R? =
Lion /€), resulting in a smooth medium, but inconsistent with theested absorption variability. Note that
the clumps probably exist as quasi-spherical clouds, ratten long strands or filaments of material, in
order to satisfy the criteria of a low volume filling factorttauhigh covering factor.

6.4. Outflow Energetics

Following Nardini et al. (2015), we also estimate the magfaw rate from:

Mout = 12mp X 47Tf’l)outNHR (6)

where f is the covering fraction and for the outflow,,, = 0.2¢, Ny = 10*2cm™2, R = 10" cm and

f ~ 0.4 from above. As the above equation is expressed in terms afdiuenn density, it is independent
of any volume filling factor, as the observéd; through the line of sight is the same regardless of whether
the outflowing matter is smooth or clumpy. This yields a masslaw rate of M., = 6 x 1026gs!

(or ~ 10Mg, yr—1), with a corresponding kinetic power @5 ~ 10%6 ergs™! (or approximately 10% of
the bolometric luminosity). This is consistent with theimsites from Nardini et al. (2015) for the highly
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ionized zone of the wind. This could suggest either thatalet ionization clumps form further out along
the wind from the high ionization matter, or that the lesszed matter carries an energetically similar
component as per the highly ionized part of the disk wind.

6.5. The overall view of the wind in PDS 456

PDS 456 is the first known AGN where it has been possible tdvedwoad absorption profiles (with
typical velocity widths ofc ~ 5,000kms™') in the soft X-ray band. In contrast, the absorption lines
detected from the few fast outflows that appear to be presesatfaX-rays (e.g. Gupta et al. 2013, 2015,
Longinotti et al. 2015, Pounds et al. 2016), appear to résit narrower systems. Indeed, the detection
of both the broad soft X-ray absorption lines and the fastygntlike profile at iron K may suggest that
PDS 456 is a higher ionization, X-ray analogue of the Broadokption Line (BAL) quasars commonly
known to occur in the UV (Turnshek et al. 1988, Weymann et 881). Indeed fast X-ray counterparts of
the UV outflows have also been detected in some of the BAL gqed€dartas et al. 2002, 2003). However
unlike the UV outflows, which are likely to be line driven, tixeray outflows are generally faster and
higher ionization. Indeed they may instead be driven byratiechanisms, such as by continuum radiation,
i.e. Compton scattering driven winds (King & Pounds 2003)bwp magneto hydrodynamical processes
(Fukumura et al. 2010).

One possibility is that the broad soft X-ray absorption dime PDS 456 may become more apparent
when the overall continuum is more absorbed. This appeabg tihne case in the current RGS observa-
tions, where the quasar spectrum is generally more feaggedt higher flux levels, while the absorption
structure becomes apparent when the continuum flux is atteduA similar situation may have occurred
during the recent extended campaign on the nearby SeyfiGC, 5548 (Kaastra et al. 2014), when broad
and blueshifted UV BAL profiles unexpectedly emerged whendbift X-ray flux was heavily suppressed
by a partial covering X-ray absorber. In PDS 456, the X-ragctum is also highly variable and similar
to NGC 5548, as well as to other AGN such as NGC 3516 (Markowiital. 2008, Turner et al. 2008),
NGC 1365 (Risaliti et al. 2009) or ESO 323-G077 (Miniutti &t2014), which exhibit pronounced absorp-
tion variability at soft X-rays.

Indeed a prolonged absorption event may have occurred indBB#onths prior to the 20L.8MM—
Newtonobservations, during an extended low flux observation Bitzakun February—March 2013 (see
Gofford et al. 2014; Matzeu et al. 2016 for details of thesseotations). During the 201Suzakwbserva-
tions, the soft X-ray flux was lower by about a factor>of0, when compared to the relatively unobscured
level observed iKMM—-NewtonOBS. B just six months later (Figure 13). This suggests tiesgnce of a
variable, high column density obscuring medium in PDS 456) Wy; > 10?2 cm~2. Several months later,
during the last of the curreTKMM—Newtonobservations in February 2014 (OBS. E), the soft X-ray flux
below 2 keV started to decline again when compared to OBSoiB¢citient with when the broad soft X-ray
absorption features emerged in the RGS spectra. The moreratedevel of obscuration during OBS.E
(with N ~ 1022 cm2), likely accounts for the decrease in soft X-ray flux betw@BS. B and OBS.E,
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while the overall level of the hard X-ray continuum above ¥ kemained unchanged.

The overall view of the wind in PDS 456 thus appears more ceriplan a simple, homogeneous radial
outflow. From the above considerations it appears that tfie<say outflow represents a denser, variable
and clumpy absorber, likely embedded within the fast, lessd, higher ionization phase of the wide-angle
wind responsible for the persistent iron K absorption peofilhe fast, high ionization phase of the wind is
likely launched from the inner accretion disk (at distanaéthin ~ 100 R, or ~ 106 cm from the black
hole, see Nardini et al. 2015), while the clumps within th&éflow appear to manifest over larger scales, at
aroundR ~ 10'® cm, and are perhaps coincident with density perturbatidittsimthe wind. Indeed, hy-
drodynamical simulations naturally predict the existeoteme variable density variations and streamlines
within the wind (Proga, Stone & Kallmann 2000), which couteén lead to the observed X-ray absorption
variability. The denser clumps responsible for the sof)-absorption appear radially coincident with the
expected location of the AGN broad emission line region,levttiey may also be responsible for the soft
X-ray re-emission from the wind. The denser clouds may atssufficiently compactAR ~ 10 R,) to
act as the putative partial covering X-ray absorber, and thag be responsible for the strong (order of
magnitude) absorption variability seen at soft X-rays tagahis quasar (Gofford et al. 2014, Matzeu et al.
2016). Indeed, in AGN in general, a complex topology of cksdrrounding the X-ray continuum source
may be able to account for the general distribution of braadbX-ray spectral shapes observed from both
the type | and type Il AGN population (Tatum et al. 2013, 2016)

Future, high resolution observations may prove cruciakirealing the structure of the accretion disk
wind seen in PDS 456, as well as in other quasars, and thedififfevind phases that are present over
different scales. Furthermore, any coincidence betweetJthand the soft X-ray absorber in PDS 456 can
be established by simultaneous soft X-ray observatiors (kith XMM—NewtorRGS orChandraLETG)
and the UV (viaHST/COS), which, as for the case of NGC 5548, can determine heviJi line profiles
respond to changes in the soft X-ray absorber.
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8. Appendix: Statistical Significance of the Absorption Lire Detections

Here we quantify and discuss the statistical significancth@fabsorption line detections in the RGS
and MOS spectra, which are reported in Section 4 of the méitiearAs an initial guide to the significance
of the line detections, Tables 2 and 3 give the F-test nulbabdities (Pr) for the addition of each of
the lines to the RGS and MOS spectra, noting that the F-tesina@ss that the prior distributions of the
uncertainties are Gaussian. Nonetheless this gives aratiwh of the significance level. Considering the
RGS alone, the most significant lines are the broad absarptifiles in 2001 at 1.06 keV and in the OBS. E
spectrum at 1.16 keV, wherg: = 1.3 x 107° and Pr = 9.0 x 1079 respectively, which exceeds tHe
level. The weakest two features (the emission line asstitat OBS. E, and the weak 850 eV absorption
line in OBS. CD) are confirmed at about the 99% level in the R(BBea

However when considering the MOS spectra alone, where #tistats are highest, the null probabil-
ities are even smaller, e.g. at the levelRf ~ 10~!! for some of the lines, which is at the confidence
level. Indeed the likelihood of any false positives in botB&Rand MOS is very small, as they would also
have to occur at a consistent energy between both detedtorsinstance the above 1.16 keV absorption
line in OBS. E has null probabilities dPr = 9.0 x 107% (RGS) andPr = 7.4 x 10~% (MOS) for each
detector, and thus the resultant probability of a falseddiete occurring in both detectors at the same energy
is extremely small. This is also the case for the other RG&Jimdeed when considering their multiplica-
tive probabilities of being independently detected in kb#hRGS and MOS, then the line detections are all
subsequently confirmed at the or higher level.

Indeed as a further guide to the whether the spectra can lypiaséy accounted for by a simple
baseline continuum without lines (which is the null hypatikecase), we also quote the reduced chi-squared
for the baseline model and subsequent false probabilityltreg from this in Tables 2 or 3. For each
spectrum, the fit statistic is extremely poor without theitold of any absorption lines to the spectra and
the baseline continuum alone is not an adequate descrigtithre data.

Monte Carlo simulations have then been used to assess ttikcsigce of the line detections (Protassov
et al. 2002). This is essentially a means to calibrate ataisstic, whereby the prior uncertainty distribution
is not known. As a test case, we ran the simulations on the @Bfectra, as this has the lowest continuum
flux and thus may be more likely to yield a higher rate of falssifives. The Monte Carlo simulations
were performed independently for both the RGS and MOS expestFor the null hypothesis model, we
adopted the best fit baseline model for the continuum, witalmeorption features, and we simulated 1000
spectra with the photon statistics expected for the samesexp times of the actual observation. In order to
account for the uncertainties in the continuum model, edtheosimulated spectra was then fitted with the
null hypothesis model and a new simulation was performet thié new best fit as the continuum model;
see Porquet et al. (2004) and Markowitz, Reeves & Braito §200r similar examples of applying this
method.

Each of these simulated spectra was then fitted with the ypibthesis model to obtain a baseline
x? value, fitted over the full 0.4-2.0 keV band. The spectra vegstematically searched for any line-like
deviations over the 0.8-1.5keV (rest-frame) energy ramgech is the most likely band for the lines to
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be found in the real data. To achieve this, we added a Gausssaoomponent and stepped through each
energy interval in the spectra, with a step size of 7 eV anfittes the spectrum at each step. Thus by
searching the spectra for any false positives over a widgygmange, no a priori assumption is made about
the initial line energy and the Monte Carlo simulations esgnt a blind trial. Note that the step size over
which the simulations were searched was chosen in order tichntfze binning used in the actual RGS and
MOS spectra. We also assumed a line width-of0 eV, similar to the typical value in the actual data.

We then obtained for each RGS simulated spectrum a minisruamd from these created a distribution
of 1000 simulated values of the maximurey?| values obtained from each spectrum (compared to the null
hypothesis model). We then constructed two independentiative frequency distributions of the\x?|
values expected for a blind line search in both the MOS and RégStra.

Only 1 RGS fake spectrum had|Ax?| > 17.3, which corresponds to the lowest significance case
of the reported Ax?| values for the observed absorption lines in the actual OB®eEtrum (at 1.02 keV,
see Table 2). Thus the inferred rate of false detection@-is= 1 x 1073, or alternatively the statistical
significance of the detection is 99.9%. We then inspected/Atlé distribution of the MOS simulated
spectra and we found that none of the spectra Has@| > 33.4, which is the level of the fit improvement
in the actual MOS spectrum for the same 1 keV absorption liméeed the highestAx?| deviation found
from the MOS simulations is 18.8; thus the false detectide irathe MOS OBS. E spectra i3 < 1075.
Hence even without requiring the false detections to octtineasame energy in the MOS and RGS (i.e.
within 420 eV as above), the Monte Carlo simulations demonstrate higaalbsorption features in OBS E
have a combined false probability & < 1075, given that the false detections would have to occur in
both the RGS and MOS. Furthermore, given the lines occureatdime energy in the actual RGS and MOS
spectra, this confirms that the features are likely intdnsithe AGN and are not a statistical artifact.
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Fig. 1.— The summed RGS 1+2 spectrum of PDS 456, taken frorm#an of the B—E 2013-2014 obser-
vations. Thelo errors are shown in greyscale. The spectra have been rebivittea constant resolution
of A =0.1A1n wavelength and are plotted in the observed frame. Thigdighows the RGS spectrum
(upper panel) and residuals (@) lower panel) compared to the best-fit continuum model dsad line)
consisting of a power-law (of photon indéx ~ 2.1) plus blackbody emission component. The Galactic
absorption has been modeled with thenew ISM absorption model, as described in the text. Note the
broad negative residuals present near 1 keV in the obseraptbf
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Fig. 2.— Deviations (in unitg’) of the mean RGS data from the best-fit ISM absorption modalioéd with

the baselineBNEW model, as plotted in Figure 1 and listed in Table 2. Therrors are shown in greyscale.
The data have been rebinned with a finer resolutiot af= 0.05 A. Rest energy (in keV) is plotted along
the lower x-axis, rest wavelength (ﬁn) along the upper axis. Dashed lines mark the expectedipasiof

the resonance components of the strongest He-like) ldad H-like (Lyx) lines from abundant elements.
The panels (from top to bottom) represent the residualsamafion the O, Ne and Mg/Si respectively. No
significant narrow emission or absorption features aregpitasear to the expected positions of the strongest
atomic lines, indicating the lack of a low velocity warm atisr associated to PDS 456, however clear
broad residual structure is apparent, in particular in t8e-D.5 keV range.
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Fig. 3.— The four RGS spectral sequences of PDS 456 takengltite 2013—-1XMM-Newtorcampaign.
The two panels show the fluxed spectra, unfolded against plesippwerlaw continuum. The upper plot
shows the 2nd (OBS. B, black circles) and highest flux sequeacsus the 5th (OBS. E, blue squares) and
lowest flux sequences. Residual structure in the OBS. Ergpeads apparent around 1 keV in the observed
frame. The lower panel shows the 3rd and 4th sequences (OB&I®, red circles and green squares
respectively). Taken only 4 days apart, these are consistdarm, so they have been combined for the
spectral analysis. The strong absorption between 0.5eW.6rkall the spectra is associated to the neutral
O1 edge from our Galaxy.
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Fig. 4.— Panels showing the RGS spectral residuals to thelibascontinuum model, for the 2013-2014
observations B, CD (combined), and E, as well as the eafiet 2nd 2007 RGS observations of PDS 456.
The RGS spectra have been binned\d = 0.2 A, at approximately twice the spectral resolution, and are
plotted in the rest frame of PDS 456:at 0.184. Data points are shown as black circles, witherror bars
shown in grey. Broad residuals are particularly apparesbime of the spectral sequences, e.g. in the form
of absorption troughs seen at 1keV and 1.17 keV in OBS. E, p dbsorption dip centered at 1.06 keV in
the 2001 sequence and a very broad absorption trough in OB&e@r 1.2 keV. The significant features
labeled above are those fitted with Gaussian profiles in Table
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Fig. 6.— Data/model residuals in the soft X-ray band to th&EHOS observations, showing from top to
bottom the 2013-2014 observations B, CD, and E, as well asaHier spectra from 2001 and 2007. The
baseline continuum is a power-law plus blackbody compgredigorbed by a Galactic column, as per the
RGS. Several line features that are present in the RGS area@tsirmed in the MOS spectra; in particular,
note the two absorption troughs between 1.0-1.2 keV in OBfhieedeep absorption profile above 1 keV in
the 2001 observation, and the broad absorption trough ab@keV in OBS. CD. The significant features
labeled above are those fitted with Gaussian profiles in Table



-6x10° -4x10°°

Line Flux (ph cm=2s)

-8x107°

_10—4

| 1 | 1 | 1 |

1.14 1.16 1.18 1.2
Rest Energy (keV)
T :

0.06
I

o (keV)

0.04
T

| s | s |

1.04 1.06 1.08
Rest Energy (keV)

Fig. 7.— Contour plots, showing the comparison between tivin® broad absorption lines detected in
RGS and MOS spectra. The contours for the RGS are shown ddisel, while the MOS is indicated by
dot-dashed lines. The contours represent the 68%, 90% &nde@ls for two parameters of interest. The
upper panel shows the contours between rest energy anduéofl the 1.16 keV absorption line in the
OBS. E spectrum, illustrating the independent agreememidsm the two spectra. The lower panel shows
the contours for the broad absorption trough in the 2001tapa¢ showing the agreement in the width of
the line profile &) measured between the two detectors.
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velocity represents outflow or blue-shift. The plots shoe tihanges in the resultagt after stepping
through velocity space for the addition of two successiv@gttion zones to the model, as described in the
text. The upper panel shows a well determined minimum at #itoauvelocity of v,,; = —0.17¢ for the
fast absorption zone. After accounting for the fast zonéait, the lower panel shows a further minimum
of vout = —0.06¢ corresponding to an additional slower absorption zone. fAdr&zontal dotted lines
correspond to the 99%, 99.9% and 99.99% confidence intdiwalsparameters of interest. Note a solution
with zero velocity or redshift is clearly excluded by thealat he resultant best-fit reduced chi-squared upon
the addition of each absorption zone is also shown in eachlpan
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Fig. 9.— Best fitxSTAR absorption model applied to observation E. The top panelshioexsTArR model
fitted simultaneously from 0.6-2.0 keV to the MOS (data mibtue stars) and RGS (black circles), while
the best-fit model fitted to each instrument is a solid line.e X8TAR model is able to account for the
absorption structure with 2 different velocity zones of@bing gas (absorption zones 1 and 2 in Table 4)
and the excess emission with 2 corresponding zones (see Fablhe lower panel shows the same model,
but extrapolated up to 10 keV in the MOS. The soft X-ray abSonpmodel is able to account for the
broad-band spectrum up to 10 keV, with the exception of tiigyBni like absorption feature at iron K.
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Fig. 10.— A graphical representation of the thresrAR absorber zones (see Table 4), showing the fraction
of the continuum absorbed by each zone in the region aroum¥.14one 1 (upper panel), corresponds
to the lowest velocity {.06 c), lower ionization component in OBS. E, which mainly prodsiche 1 keV
absorption trough seen in this observation. Zone 2 (middtee)) is a faster zone, and the blend of lines is
responsible for the broad absorption trough observed n2atel.. Most of the contribution towards zones
1 and 2 arises from the L-shell lines of iron and K-shell Nen&@ (lower panel) is the highest ionization
and fastest zone present in OBS. CD, which makes only a swatitiloution towards the soft band, as it is
mainly responsible for the blueshifted absorption near.8k8V, which is due to @11l Lya.
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Fig. 11.— The relative contribution of the two soft X-ray pbionized emission zones frokMM—-Newton
OBS. E, as modeled bysTAR with a velocity broadening of = 5,000 kms™! (see Table 5). The solid
(red) line represents the lower ionizatiolng¢ = 2.8) emission zone 1, which contributes towards the
majority of the soft X-ray line emission. In particular, tseongest line observed at 0.9keV likely
originates from the blueshifted @11 RRC, while at lower energies thev@I Ly« line is comparatively
weaker, as it is suppressed by Galactic absorption. Theeda@iue) line illustrates the much weaker
contribution that the higher ionization zone 2 makes towahn@& emission spectrum.
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Fig. 12.— Contour plots of column density against outflowoedly for the zone 2 absorber, for (a) OBS. B,
(b) OBS.CD, (c) OBS.E, and (d) 2001. The inner (black) contouhe outermost (blue) contour represent
the 68%, 90%, 99% and 99.9% confidence contours for 2 paresneténterest, while the black crosses
represents the best fit values. For OBS. B and OBS. CD, thedemt contours overlap, indicating that the
soft X-ray absorber has not strongly varied on a 2 week tisdedeetween these consecutive observations.
However, on longer (months to years) timescales, the absokbarly varies, e.g. between OBS. E (February
2014) and OBS.CD (September 2013) the column has increased least a factor of two, while the
velocity has decreased from 0.2% 0.17c¢. Across all of the observations, the absorber varies in Bgth
and velocity, while the ionization parameter remains camisivithin errors. Note the identicglandz axis
scales on all four plots.
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Fig. 13.— A comparison between thédIM—NewtorEPIC MOS spectra of OBS. B (September 2013, black
crosses) and OBS. E (February 2014, red circles) versuswhBiux SuzakuXIS 0+3 spectrum of PDS 456
obtained in March 2013 (blue stars). The latter spectrumesponds to the third sequence during the
February—March 201%uzakucampaign on PDS 456 (see Gofford et al. 2014, Matzeu et al6)200he
vF,, spectra have been fluxed againgt a 2 power law. During theSuzaki2013 observations the quasar
was at an extreme low flux, with the spectrum heavily absaorBeding the OBS. B spectrum the quasar is
relatively unobscured and the soft X-ray flux at 1 keV haseased by a factor ot 10 over a period of six
months. Then during OBS. E, several months later, the harayXtux has remained unchanged compared
to OBS. B, while the soft X-ray flux below 2 keV declined agai dfactor of~ 2, consistent with the
increased level of absorption revealed by the RGS spectra.
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Table 1. Summary of PDS 456 Observations

Observation ObsID Instrument Start Date/Time Exposure (k8) Net Rate (5')¢  Fluxd
CurrentXMM—-NewtorObservations
2013 0BS.A 0721010201 RGS1+2 2013-08-2704:23:26 - -
MOS 1+2 105.8 1.176 + 0.003 3.80
20130BS.B 0721010301 RGS1+2 2013-09-0603:06:51 109.3 0.124 +0.001 2.52
MOS 1+2 105.6 0.786 £+ 0.003 2.58
20130BS.C 0721010401 RGS1+2 2013-09-1518:30:00 1155 0.110£0.001 2.28
MOS 1+2 111.2 0.733 4+ 0.002 2.42
20130BS.D 0721010501 RGS1+2  2013-09-2002:29:39 108.8 0.107 +0.001 2.25
MOS 1+2 107.7 0.719 4+ 0.002 2.38
2014 0OBS.E 0721010601 RGS1+2 2014-02-2607:45:26 131.0 0.066 £+ 0.002 1.58
MOS 1+2 114.9 0.538 £+ 0.002 1.67
Mean B-E - RGS 1+2 - 464.6 0.102 £ 0.001 2.14
Archival XMM-NewtorObservations
2001 0041160101 RGS1+2  2001-02-2609:44:02 43.4  0.209+0.003  4.01
MOS 1+2 43.7 1.315+0.006  4.11
2007 0501580101 RGS1+2 2007-09-1201:07:18 90.5 0.199+0.002 4.25
MOS 1+2 87.6 1.462 £ 0.004  4.42
2007 0501580102 RGS1+2  2007-09-1401:46:07 89.1  0.126 +0.002 2.67
MOS 1+2 86.1 0.950 4 0.003 2.86

a2Qbservation Start/End times are in UT.

PNet exposure time, after screening and deadtime corrgdtids.

°Combined net count rate of RGS 1 and 2, or MOS 1 and 2 combined.

d0bserved 0.5-2.0keV band fluxes, in units 6f 12 ergcnr2s71,
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Table 2. Best fit parameters of the strongest Gaussian litied fo RGS.

Rest Energy o oy Intensity EW Ax?/Av Prt
(eV) (eV) kms! (10~% phenr2s71) (eV)
OBS. CD: No Gaussian lineg?/v = 170.2/100, Np = 1.53 x 10~°¢
ABS1 84678 6.575%  2,30073 000 —5.0724 —4.6722 17.0/3 82x 1073
13,000 . _
ABS2 1174721 109752 28,0007 %00 —13.0759 —41+33 25.2/3  71x1074
OBS. E: No Gaussian lineg?/v = 149.9/100, Np = 9.2 x 10~4¢
ABS1 1016713 41715 12,00075 500 —11.27579 —27.3T193 17.3)3  14x1073
ABS2 1166159 41 —6.775 % -31.37190  27.02  9.0x107°
4,000 . .
EMIS1 913118 1874 6,00075 000 5.2143 9.8+81 11.6/3 0.013
2001: No Gaussian lineg?/v = 181.5/99, Np = 8.4 x 1077¢
ABS1 1061711 42717 11,90075 700 4067123 37711 42.0/3 1.32x107°

“Measured line energy in the PDS 456 rest frame.

PNull hypothesis probability of any individual line, via st

“Fit statistic and null hypothesis probability against biagecontinuum model (without Gaussian lines).

tDenotes a tied parameter.
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Table 3. Best fit parameters of the strongest absorptios tlletected in the MOS spectra.

Rest Energy Intensity EW o Ax?/Av Prb
(eV) (1072 phenT2s71) (eV) (eV)
OBS. B: No Gaussian lineg?/v = 172.3/101, Np = 1.3 x 107°¢
ABS1 839110 —8.2132 —-7.6%35 10 18/2  1.2x 1073
ABS2 1253718 —2.1101 —-7.7t3%  100f 3412  55x1076

OBS. CD: No Gaussian lineg?/v = 198.1/102, Np = 3.8 x 1078¢
ABS1 845™1% —4.7123 —4.9%2%  10f 13.6/2 3.9 x 1073
ABS2 1249137 —6.8713 —24.2008 110f 7102 4.6 x 1071

OBS. E: No Gaussian lineg?/v = 208.3/101, Np = 1.9 x 107%¢

ABS1 998™ 1 —6.217% —-16.8720 45730 38.7/3 58 x 1076
ABS2 117213 —4.0709 —-19.2795 45t 33.4/2 7.4x1076
EMIS1 933423 3.201 1 71738 10t 44.7/2 24 x 1077

2001: No Gaussian lineg?/v = 260.3/100, Np = 3.16 x 10716¢
ABS1 108315 211737 322730 47t 79.1/3 1.8 x 1071
ABS2 1254112 ~8.6711 —22.9798 47t 7472 11 x 1071

@Measured line energy in the PDS 456 rest frame.
PNull hypothesis probability of any individual line, via st

“Fit statistic and null hypothesis probability against liagecontinuum model (without Gaussian
lines).

fDenotes a fixed parameter. Where the line width is unresalvéte MOS, it is fixed at a width
of o0 = 10eV. For the broad (ABS 1) profile in OBS. CD, the widthcot= 110 eV is fixed to the line
width obtained from the RGS spectrum.

‘Denotes a width which is tied between the two pairs of absmrpines.
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Table 4. Best fit parameters for the ionized absorbers.

B CD E 2001 2007
Zonel Nj - — 0.617033 19152 —
log £ - - 3657013 4.09701 -
Vout /€ - - —0.064%50;5 008277 -
Ax? — —~ 24.9 31.8 —~
Zone2 Nj 0.5279-29 0.70702 1.5070-32 2.2707 <0.23
log€®  4.047013 4187008 418707 4191007 4.107
Vout/e  —0.25475010 —0.26775008  —0.1707501F  —0.23775018  —0.177 5013
Ax? 50.4 80.5 83.0 20.2 6.7
Zone3 Nj <31 2318 <37 < 46 <22
log ¢P 5.5¢ 5.5 5.5¢ 5.5 5.5
Vout/ —0.3f —0.30700; —0.3f —0.3f —0.3f
Ax? - 20.0 -~ -~ 10.9

aColumn density in units of0?? cm~2. Note that for OBS. A, the upper-limit on the column density
(EPIC only) is< 3.5 x 10%! cm~2 for an ionization parameter dfg ¢ = 4.1.

P|onization parameter in units of erg cm's

fDenotes a fixed parameter.
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Table 5. Photoionized Emission Parameters for Observétion

Parameter  Zone 1 (low ionization)  Zone 2 (high ionization)

Nyg? 0.6 1.5

log ¢P 2.8+0.3 4.670-¢
Vout /¢ —0.040 4+ 0.018 —0.08 +0.02
Kxstar® 6.0+3.0x 10~* <12x1073
f=Q/4rd 0.44 +0.22 <0.88

aColumn density in units 0f0%?> cm~2. Note the column is tied to
the respective absorption zone.

blonization parameter in units of erg cm's

¢The normalization of th&xSTAR component, which is defined as
K = fL38/D§pC, where Lsg is the ionizing luminosity in units of
10% ergs!, Dy, is the source distance in kpc ayfids the covering
fraction of the photoionized gas. See Section 6.3 for detall

dCovering fraction, wherg = Q/4r.

fDenotes a fixed parameter.
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