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1 INTRODUCTION

ABSTRACT

PHL 1092 is a z ~ 0.4 high-luminosity counterpart of the class of Narrow-Line Seyfert 1
galaxies. In 2008, PHL 1092 was found to be in a remarkably low X-ray flux state during an
XMM-Newton observation. Its 2 keV flux density had dropped by a factor of ~260 with respect
to a previous observation performed 4.5 yr earlier. The ultraviolet (UV) flux remained almost
constant, resulting in a significant steepening of the optical-to-X-ray slope o, from —1.57
to —2.51, making PHL 1092 one of the most extreme X-ray weak quasars with no observed
broad absorption lines (BALs) in the UV. We have monitored the source since 2008 with
three further XMM-Newton observations, producing a simultaneous UV and X-ray data base
spanning almost 10 yr in total in the activity of the source. Our monitoring programme demon-
strates that the oo variability in PHL 1092 is entirely driven by long-term X-ray flux changes.
We apply a series of physically motivated models with the goal of explaining the UV-to-X-ray
spectral energy distribution and the extreme X-ray and o, variability. We consider three pos-
sible models. (i) A breathing corona scenario in which the size of the X-ray-emitting corona is
correlated with the X-ray flux. In this case, the lowest X-ray flux states of PHL 1092 are asso-
ciated with an almost complete collapse of the X-ray corona down to the marginal stable orbit.
(ii) An absorption scenario in which the X-ray flux variability is entirely due to intervening
absorption. If so, PHL 1092 is a quasar with standard X-ray output for its optical luminosity,
appearing as X-ray weak at times due to absorption. (iii) A disc-reflection-dominated scenario
in which the X-ray-emitting corona is confined within a few gravitational radii from the black
hole at all times. In this case, the intrinsic variability of PHL 1092 only needs to be a factor
of ~10 rather than the observed factor of ~260. We discuss these scenarios in the context of
non-BAL X-ray weak quasars.

Key words: galaxies: active — quasars: individual: PHL 1092 — X-rays: galaxies — X-rays:
individual: PHL 1092.

galactic nuclei (AGN) where the corona appears to emit X-rays
much less efficiently than usual, with an X-ray output ~10-100

X-ray emission is a universal property of efficiently accreting black
holes (BHs) and its origin is, most likely, Compton up-scattering
of the ultraviolet (UV)/extreme ultraviolet (EUV) disc emission
in an X-ray corona of hot electrons (e.g. Haardt, Maraschi &
Ghisellini 1994). There are, however, a few examples of active
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times lower than that expected based upon the optical/UV emis-
sion properties. These are known as X-ray weak AGN which often
exhibit broad absorption lines (BALs) in the UV, suggesting an
absorption-driven interpretation of their X-ray weakness (Brandt,
Laor & Wills 2000). Indeed, X-ray absorption has been convinc-
ingly detected in a number of BAL quasars (e.g. Brinkmann et al.
1999; Wang et al. 1999; Gallagher et al. 2001, 2004; Mathur et al.
2001; Chartas et al. 2002, 2007, 2009).
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However, a growing number of X-ray weak quasars do not show
any detectable BALSs in their UV spectra (e.g. Wu et al. 2011). The
best-studied case is that of PHL 1811 (Leighly et al. 2001, 2007a,b).
This quasar has been observed several times in X-rays and is persis-
tently X-ray weak. Its X-ray spectrum shows no sign of absorption
of a higher level X-ray flux, so that PHL 1811 appears to be in-
trinsically X-ray weak. The C1v emission line is weak, blueshifted
and asymmetric, indicating the presence of a wind. The near-UV
spectrum is dominated by Fe i and Fe 1 emission-line blends and
unusually low-ionization lines. Leighly et al. (2007b) demonstrated,
using detailed photoionization modelling, that the optical/UV emis-
sion lines are consistent with a wind plus disc scenario in which
C1v is produced in the outflow while the low-ionization lines (e.g.
Mgn) are associated with the denser disc at larger radii and see
an ionizing continuum filtered through the wind itself. Indeed, a
soft, X-ray weak ionizing continuum can explain the unusual op-
tical/UV line properties if filtering through the wind is considered
for the disc lines. The question in PHL 1811 and similar sources
is then whether the X-ray emission is intrinsically weak or due to
intervening X-ray-only absorption.

Here we consider the case of PHL 1092 which recently became
one of the most extreme X-ray weak non-BAL quasars known (see
below). PHL 1092 (z = 0.396) is a radio-quiet quasar with outstand-
ing Fe nemission (Bergeron & Kunth 1980, 1984; Kwan etal. 1995).
Its broad line widths of ~1800 km s~' and a ratio [O m]A5007/Hp ~
0.9, together with the strong Fe 11 emission (Fe/HB = 1.81), clas-
sify PHL 1092 as a high-luminosity Narrow-Line Seyfert 1 (NLS1)
galaxy (Osterbrock & Pogge 1985). The bolometric luminosity of
PHL 1092 is 4-5 x 10 ergs~!. Its UV spectrum shows relatively
weak, broad and blueshifted C 1v emission and presents many analo-
gies with the prototypical non-BAL X-ray weak quasar PHL 1811
(Wu et al. 2011).

In 2008, PHL 1092 was found to be in a remarkably low X-
ray flux state during an XMM-Newton observation with a 2keV
flux-density drop of ~260 with respect to a previous 2003 XMM—-
Newton exposure (Miniutti et al. 2009b). The UV flux remained
almost constant, resulting in a significant steepening of the optical-
to-X-ray slope ooy from —1.57 to —2.51 and showing that even
extreme X-ray weakness can in fact be a transient phenomenon.
Quasi-simultaneous optical spectra from Mg i1 to HB did not reveal
significant changes with respect to historical ones allowing us to
exclude the presence of a Mg BAL.

In order to shed light on the X-ray weakness phenomenon in
non-BAL quasars, we have monitored PHL 1092, obtaining three
observations with XMM—Newton since 2008, and another optical
spectrum which is quasi-simultaneous with our last X-ray pointing
in 2010. We report here results from our monitoring campaign
spanning almost 10 yr in total in the activity of the source. Our
observations provide simultaneous UV and X-ray data with which
we follow the long-term X-ray and optical/UV variability of this
remarkable source. We consider a series of physically motivated
models that can reproduce the UV-to-X-ray data at the different
probed X-ray flux levels, and we discuss the implications of our
results in the context of non-BAL X-ray weak quasars.

2 OBSERVATIONS

PHL 1092 was observed with XMM—-Newton on six occasions. The
first observation was performed on 2000 July 31, but due to prob-
lems with the European Photon Imaging Camera (EPIC; Striider
et al. 2001; Turner et al. 2001), only X-ray and UV light curves
could be obtained. The source was re-observed three years later,
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resulting in a complete set of opr files for all detectors. Results
from both observations were reported by Gallo et al. (2004). We
obtained a further ~60-ks observation on 2008 January 20 which
caught the source in an extreme X-ray weak state with a soft X-ray
flux drop of ~260 with respect to the 2003 observation as discussed
by Miniutti et al. (2009b). The source was monitored during the
two subsequent years, with three XMM—-Newton observations per-
formed on 2009 June 27, 2010 July 7 and 2010 December 30. The
2008 observation was complemented with quasi-simultaneous op-
tical spectra at the Hobby—Eberly Telescope (HET) and William
Herschel Telescope (WHT) on January 30 and February 14, respec-
tively, and an additional optical spectrum was obtained at the HET
on 2010 October 31. The HET data cover the ~4300~7300 A spec-
tral range, while the WHT spectrum is obtained in the ~3600-5180
and ~25950-9090 A range.

The observation log of the XMM—-Newton observations is given in
Table 1. The XMM—-Newton opr files were processed using the ded-
icated Science Analysis Software (sas v11.0) to obtain calibrated
event lists which were filtered for bad pixels and high background
flaring. Single and double events were selected to extract scientific
products for the EPIC detectors. We optimized the spectral extrac-
tion areas of the source to maximize the signal-to-noise ratio re-
sulting in observation-dependent circular extraction regions of radii
in the range of 25-40 arcsec. Background spectra were extracted
from larger off-source areas. Here we make use of the EPIC-pn data
from all observations because of its higher sensitivity with respect
to the MOS detectors. However, we have checked that the spectra
obtained from the pn and MOS detectors are consistent with each
other, which is indeed the case. All pn spectra were grouped to pro-
duce a minimum of 25 counts per energy channel. We also report
results from the XMM-Newton Optical Monitor (OM), which was
used to derive the monochromatic fluxes in the different available
filters in each observation. The OM generally takes multiple im-
ages per filter. As the intraobservation variability was found to be
marginal at best, the fluxes reported in Table 1 are obtained from
the average count rate in each observation and filter using the con-
version factors between OM count rate and monochromatic flux
reported in the XMM—Newton sas user guide.' Throughout this pa-
per, we adopt a cosmology with Hy =70 kms~! Mpc~!, Q4 = 0.73
and Qy = 0.27.

3 DRAMATIC LONG-TERM X-RAY
VARIABILITY

The historical soft X-ray flux light curve of PHL 1092 is shown in
Fig. 1. As can be seen, PHL 1092 was observed in an extremely low
flux state in 2008, which was reported and discussed by Miniutti
et al. (2009b). Its soft X-ray flux then recovered to reach in 2010
almost the same flux level it had in 2000. The earliest available X-
ray observation (Einstein; Wilkes et al. 1994) caught the source in a
relatively low-flux state in 1979. ROSAT observed the source twice
[Position Sensitive Proportional Counter (PSPC): Forster & Halpern
1996; Lawrence et al. 1997; High Resolution Imager (HRI): Brandt
et al. 1999] at flux levels comparable to the highest fluxes observed
with XMM—-Newton. A further ASCA observation is not shown here
as it was simultaneous with the ROSAT HRI monitoring campaign
(Leighly 1999a,b).

The XMM—-Newton observations provide simultaneous photomet-
ric data in the UV via the OM. The X-ray and UV monochromatic

! http://xmm.esa.int/sas/current/howtousesas.shtml
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Table 1. PHL 1092 X-ray observations, X-ray/UV flux densities and UV/optical to X-ray spectral indices. Teyp is in units of ks and
refers to the net exposure in the EPIC-pn detector after filtering for background periods. All observations were performed in the
XMM-Newton EPIC Full Window (FW) observing mode except XMM(3), for which the Large Window (LW) mode was used. For
XMM(1) no spectral information is however available and the flux has been determined from the EPIC-pn light curve. The 2 keV
flux density fokev is given in units of 10732 erg s~lem—2 Hz~!, and the UV/optical ones in units of 10727 erg sTlem™2Hz L.
The typical uncertainty on flux densities is 4—5 per cent at most (e.g. W2 filter). The rest-frame 2500 A flux density is extrapolated
from the nearest available OM filter using a spectral index of «, = —0.70 (Wu et al. 2001). Aw,y is the difference between
the observed value and that expected from the 2500 A luminosity using the well known anticorrelation between «ox and Lasgg

adpected _ 1 48 for PHL 1092). The rest-frame effective wavelength of the OM filters are 1519 A (W2), 1655 A (M2), 2084.5 A
(W1) and 2464 A (U).

XMM-Newton observations and optical/UV/X-ray properties

Obs. Date Texp Obs.mode  forev fw2z fm2  fwi fu  fas00  owax Cox Aadox
XMM(1)*  2000-07-31 25 FW 10 2.81 398 —186 —1.77 —0.29
XMMQ2)*  2003-07-18 23 FW 31 2.69 381 —1.65 —157 —0.09
XMM(@3)*  2008-01-20 57 LW 0.12 294 417 —-2.67 =251 —1.03
XMM4) 2009-06-27 24 FW 0.51 252 302 323 332 335 238 223 075
XMM(5) 2010-07-07 22 FW 3.1 272 275 299 340 -207 -193 —045
XMM(6) 2010-12-30 25 FW 2.4 268 288 301 320 323 211 —-197 -049
“For the first three observations, f2500 is obtained by extrapolating fw> assuming a spectral index of v, = —0.70. However, as

discussed in Section 4.1.1, the W2 filter is centred at 1519 A which coincides with the wing of the broad, blueshifted and possibly

variable C1v emission line. Hence, f250¢ is not highly reliable, which affects the derived values of arwax, 0ox and Awoy.
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Figure 1. The historical 0.5-2keV X-ray flux of PHL 1092. Open symbols
represent the XMM-Newton observations discussed in our paper. The data
points represent the mean flux level during the observation, and the error
is a measure of the intraobservation variability rather than of the statistical
error on the mean flux. The upper limit is from an XMM-Newton slew in
2006. The figure is an update of fig. 2 in Miniutti et al. (2009b). We refer to
the caption of that figure for further details.

fluxes from all XMM-Newton observations are reported in Table 1.
The monochromatic 2keV (rest frame) flux varies by a factor
of ~260 between observations XMM(2) and XMM(3). The UV
variations, however, have much smaller amplitude and they are
not strongly correlated with the X-ray ones. In fact, the maximum
UV variation is a ~15 per cent drop of the 1519 A (rest frame)
monochromatic flux between observations XMM(3) and XMM(4),
accompanied by an X-ray flux increase by a factor of ~4.2. The
presence of simultaneous UV and X-ray data allows us to derive
reliably the optical-to-X-ray slope o,y from 2000 to 2010. Here we
use the standard definition of aox = log (f2/f2500)l0g (Valvaspe) ™' =
0.384log (f2/f2500) between 2 keV and 2500 A in the rest frame. Fol-
lowing Gibson, Brandt & Schneider (2008), we also define Ao
as the difference between the observed o and that expected from
the anticorrelation between o and the 2500 A monochromatic lu-
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Figure 2. The 2000-2010 Ac«ox of PHL 1092 as a function of its 2keV
flux density showing visually that the aox variation is entirely due to the
long-term X-ray variability of PHL 1092. The level Aax = 0 corresponds to
aox = —1.48, which is that expected for a quasar with the 2500 A monochro-
matic luminosity of PHL 1092. We also show as reference (dashed line) the
level Aaox = —0.2684, corresponding to a quasar which is X-ray weak
by a factor of fx-weak = 5. The largest variation is between observations
XMM(2) and XMM(3) which differ by a factor of ~260 at 2keV (see
Table 1). PHL 1092 was X-ray weak by a factor fx-weak =~ 480 during
XMMQ3).

minosity which implies ¢&P*®d = —1.48 for PHL 1092 (e.g. Just
etal. 2007). The a, and Aa, values for each XMM-Newton obser-
vation of PHL 1092 are reported in Table 1. The rest-frame 2500 A
flux density we use to derive the oox and A,y values is extrapo-
lated from the nearest available OM filter using a spectral index of
a, = —0.70 (Wu et al. 2001).

As mentioned above, PHL 1092 became suddenly extremely
X-ray weak in 2008, reaching aox = —2.51, to be compared with
ooy = —1.57 in 2003 (Miniutti et al. 2009b). Our monitoring ob-
servations of PHL 1092 show that the source has recovered part
of its X-ray flux since 2008. PHL 1092 is still significantly X-ray
weak, but less extreme, with «,, = —1.97 in our latest observation

© 2012 The Authors, MNRAS 425, 1718-1737
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performed in 2010 December. In Fig. 2 we show A, as a function
of the 2 keV monochromatic flux. The almost perfect linear corre-
lation with log f5 ey shows that the o, variability of PHL 1092 can
be entirely explained in terms of its long-term X-ray flux changes.
The UV flux is almost constant (within 10 per cent of its mean
value), indicating that the large «x variability of PHL 1092 has
little to do with mass accretion rate variations, and is instead re-
lated to physical processes affecting the X-ray part of the spectral
energy distribution (SED) only. Notice that Aw can be used to
obtain the factor fx-weax by Which a given quasar is X-ray weak via
Fxoweak = 10729x/0.38% "We then infer that PHL 1092 was X-ray
weak by a factor fx-weax =~ 480 in its lowest X-ray flux state as
observed during XMM(3) in 2008 January.

4 UV AND OPTICAL SPECTRA

As mentioned above, we obtained optical spectra with the HET
quasi-simultaneously with observation XMM(3) and between ob-
servations XMM(5) and XMM(6), on 2008 January 30 and 2010
October 31, respectively. The 2008 observation was also comple-
mented by a second optical spectrum taken on 2008 February 14 at
the WHT to cover the Mg 11 region. Below, we start our discussion
of the optical/UV properties of PHL 1092 with a qualitative analysis
of the properties of the Hubble Space Telescope (HST) spectrum of
PHL 1092 obtained in 2003.

4.1 The HST UV spectrum

PHL 1092 was observed with the HST Space Telescope Imaging
Spectrograph (STIS,) on 2003 August 20 and 2003 September 18,
about one and two months after the XMM(2) observation. The ob-
servations were performed with the G140L and G230L gratings cov-
ering the 1150-3180 A spectral range. No significant variability is
detected between the two HST spectra. Here we do not perform any
detailed scientific analysis of the HST spectrum, but use it for illus-
tration purposes only. In the top panel of Fig. 3 we show the Ly« to
C ] portion of the spectrum of PHL 1092 and of the HST compos-
ite for radio-quiet sources (Telfer et al. 2002). The high-ionization
C1v emission line of PHL 1092 is much weaker than in the average
quasar. The C1v line is also broad and highly blueshifted with vir-
tually no contribution at the line’s rest-frame wavelength (see Wu
etal. 2011). Inspection of the optical spectrum of PHL 1092 taken at
the WHT on 2008 February 14 reveals that the low-ionization Mg 11
emission line is instead centred at its rest-frame wavelength and is
relatively narrow, with a likely smaller contribution from a broad
blueshifted component. The bottom panel of Fig. 3 shows a com-
parison of the C1v and Mg 11 line profiles in velocity space. The two
observations are not simultaneous. C1v is from the 2003 HST obser-
vation while Mg 11is from our 2008 February 14 observation with the
WHT.

The purpose of showing here the HST spectrum of PHL 1092
and the remarkably different line profiles of Civ and Mgu is
to associate PHL 1092 with other likely similar sources. The un-
usual UV emission-line properties of PHL 1092 match those of the
prototypical intrinsically X-ray weak quasar PHL 1811 (Leighly
et al. 2007a,b), and of the two strong Fe 1 emitters and relatively
X-ray weak NLS1 galaxies 1H 0707—495 and IRAS 13224—-3809
(Leighly 2004; Leighly & Moore 2004). Leighly (2004) associates
the broad, blueshifted, high-ionization lines (e.g. C 1v) with a wind,
while the narrow, rest-frame, low-ionization lines are likely pro-
duced in the denser disc or at the base of the wind itself. The lack
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Figure 3. Top: the HST-STIS spectrum of PHL 1092 is compared with
the HST-composite spectrum of radio-quiet quasars. Notice especially the
weak, broad and blueshifted C1v emission line of PHL 1092. We show as
reference the rest-frame C v wavelength of 1548 A as a dashed line. Bottom:
comparison between the C1v and Mg 11 line profiles obtained in 2003 (HST)
and 2008 (WHT), respectively. The zero velocity is shown for reference as
a dashed line.

(or extreme weakness) of any narrow C 1v emission line at the rest-
frame wavelength in all these sources suggests that the continuum
irradiating the narrow and low-ionization line-emitting region has
been filtered through the wind, thus supporting the idea that Mg n
and similar low-ionization lines are emitted further away than the
wind launching site, which Leighly estimates to be ~5 x 10°r, for
1H0707—495 and IRAS 13224—3809.

Most of the peculiar optical/UV properties of PHL 1811,
1H0707—495 and IRAS 13224—3809 can be explained with a
soft ionizing SED depleted of X-ray photons and, at least in
the case of the two latter NLS1 galaxies, by enhanced metal-
licity (Leighly 2004; Leighly et al. 2007b). The situation seems
similar in PHL 1092: we observe weak, blueshifted C1v emis-
sion, likely produced in a wind. No narrow Civ emission line
at rest-frame wavelength is observed, while Mgun is relatively
strong and narrow, supporting a filtered continuum in PHL 1092 as
well.

The C1v emission line properties of PHL 1092 strongly suggest
the presence of a wind in 2003 August/September, i.e. the epoch
of the HST observation. Considering the wind launching radius
estimated by Leighly for 1H0707—495 and IRAS 13224—-38009,
the physical distance of the wind from the centre is ~50 light-days
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in PHL 1092.2 Hence, taking into account this time-scale, the C1v
emission corresponds to a nuclear SED which is likely similar to that
we observe in 2003 July during XMM(2), when PHL 1092 was not
X-ray weak (Aaox ~ —0.09). We conclude that a wind in PHL 1092
can likely be launched even if the source is only moderately (or even
not at all) X-ray weak.

4.1.1 Evidence for C v variability?

All UV fluxes obtained with the OM during our monitoring show
signs of modest long-term variability, with a tendency of lower
variability amplitude at longer wavelengths (see Table 1). The last
three XMM—-Newton observations have exposures in multiple filters.
The variability trend above 1655 A (M2 filter) is for a higher flux
in XMM(4) a decrease in XMM(5) and a final rise in XMM(6). On
the other hand, the trend for the shortest wavelength W2 filter is,
surprisingly, the opposite. It is crucial to note that the OM filter W2
has an effective rest-frame wavelength of 1519 A, which coincides
with the wing of the (blueshifted) C1v emission line of PHL 1092.

In Fig. 4 we show the HST spectrum of PHL 1092 in the restricted
region around the Civ emission line on which we overplot the
monochromatic OM fluxes from the W2 (1519 A) and M2 (1655 A)
filters for the three observations with multiple-filter exposures. As
the HST spectrum was obtained at a time when PHL 1092 was most
likely not particularly X-ray weak, we have re-normalized the HST
spectrum to the OM photometry of the least X-ray weak observation
XMM(5). As can be seen, the HST spectral shape is consistent with
the OM photometry during XMM(5) and XMM(6), as shown by
the open diamonds and filled squares in Fig. 4. On the other hand,
this is not the case for the X-ray weakest observation XMM(4), in
which the two OM filters have a flux consistent with each other
(open circles in the figure).

This comparison suggests significant UV spectral variability. In
particular, our result suggests that the C 1v emission line was either
much fainter or more blueshifted during the X-ray weak state ob-
servation XMM(4). Both possibilities (and of course a combination
of them) can explain the difference between the HST spectral shape
and the OM photometry during XMM(4). In fact, there are numer-
ous suggestions in the literature that the C1v line equivalent width
(EW) is anticorrelated with its blueshift (e.g. Richards et al. 2011)
and that sources with smaller C1v EW (and/or larger blueshift) are
typically X-ray weaker or soft-spectrum objects (Wu et al. 2009;
Kruczek et al. 2011; Richards et al. 2011). Our result suggests
that the idea that X-ray weaker quasars have lower C1v EW and
larger C1v blueshift possibly holds not only statistically in large
AGN samples, but also in individual sources such as PHL 1092.
Unfortunately, the lack of multiple-filter exposures during the
X-ray weakest observation XMM(3) prevents any further analy-
sis of the issue. A UV spectrum of PHL 1092 during an extreme
X-ray weak epoch would clearly solve this important issue.

4.2 Optical HET spectra: comparison between the 2008 and
2010 observation

The 2008 HET and WHT optical spectra of PHL 1092 from Mgn
to HB were presented and qualitatively discussed by Miniutti et al.
(2009b). The main conclusion was that, despite the enormous X-ray
flux drop, the optical spectra did not show significant changes with

2 We assume here a black hole mass of 3 x 103 Mg (see e.g. Nikotajuk,
Czerny & Gurynowicz 2009).
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Figure 5. The HET spectra of PHL 1092 from the 2008 and 2010 observa-
tions. We do not show here the WHT data (obtained just 15 d after the 2008
HET data) as the WHT and HET spectra are consistent with each other in
the common spectral range.

respect to older spectra (e.g. Bergeron & Kunth 1980). Here we
compare the two HET optical spectra of PHL 1092 which were ob-
tained in 2008 and 2010. The X-ray flux density at 2keV increased
by a factor of ~20 from 2008 to 2010.

Spectra of PHL 1092 were taken on two occasions (2008 January
28 and 2010 October 31) with the Low Resolution Spectrograph
(LRS; Hill et al. 1998) on the HET (Ramsey et al. 1998; Shetrone
et al. 2007). On each night two 600-s exposures were obtained
with a 1.0-arcsec slit and the 600 line mm~! grating. The calibrated
spectra, which have a resolution of ~5 A, are displayed in Fig. 5
in a restricted region covering some of the Fen complex as well
as the HB and [O ] emission lines. The spectra were placed on
an approximate absolute flux scale by combining photometry taken
by the Sloan Digital Sky Survey (SDSS; York et al. 2000) with the
R-band images taken by the LRS immediately before the acquisi-
tion of the spectra. SDSS photometry in the ugriz filters (Fukugita
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et al. 1996) of the field containing PHL 1092 was obtained on 2004
December 14. We derived the R to r transformation using field stars
(employing r — i as the colour term). As shown in Fig. 5, the two
HET spectra are quite similar in continuum shape and line proper-
ties; the major change during this 2.8 yr span (2 yr in the quasar rest
frame) is a lowering of the flux level by 0.14 mag accompanied by a
similar drop of the Hp line flux. This overall flux change is roughly
consistent with that observed in the UV from the quasi-simultaneous
OM photometry (see Table 1).

5 X-RAY SPECTRAL ANALYSIS I: BASIC
SPECTRAL CHARACTERIZATION

Having established that the extreme o, variation of PHL 1092 is
due to its long-term X-ray variability only (see Fig. 2), we turn
to the XMM-Newton data with the goal to explain simultaneously
the UV-to-X-ray SED of PHL 1092 at all observed flux levels. As
mentioned, no X-ray spectral information is available for XMM(1),
so we perform our analysis considering observations XMM(2)—
XMM(6) spanning 7.5 yr (5.4 yr in the rest frame) in the activity
of PHL 1092 and more than two orders of magnitude in soft X-ray
flux. All EPIC-pn data are considered between 0.3keV and up to
the energy at which the source is confidently detected above the
background. The EPIC-pn spectra used in our analysis are shown
in Fig. 6.

We first perform a basic phenomenological spectral analysis of
the X-ray data, which are all fitted simultaneously here as well
as in all subsequent sections. As discussed by Gallo et al. (2004),
Dasgupta, Rao & Dewangan (2004) and Miniutti et al. (2009b),
the X-ray spectrum of PHL 1092 can be described by the combi-
nation of a high-energy power law plus a soft excess component.
Here we adopt a standard multicolour blackbody (the piskBB model;
see e.g. Mitsuda et al. 1984) and power-law model to describe the
spectra in all observations, i.e. at all X-ray flux levels. We as-
sume Galactic absorption with column density fixed to the value
taken from Kalberla et al. (2005), namely 3.57 x 10%°cm™2. As
the power-law slope cannot be constrained reliably in all observa-
tions we (arbitrarily) force the photon index to be the same in all
observations. We obtain a fair phenomenological representation of

XMM(2)
XMM@3) ]

XMM(S) |
XMM(6) 3

0.1

Cts s ' keV!
0.01

103

104

0.5 1 2 5
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Figure 6. The EPIC-pn spectra of PHL 1092 used in our analysis from 2003
to 2010. All data are considered down to 0.3 keV and up to the observation-
dependent energy at which the source is confidently detected above the
background level. Observation XMM(1) is not considered here as no spectral
data are available. The x-axis energy is in the observed frame here and in all
subsequent figures, unless specified otherwise.
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the spectra (x?/dof = 425/357) with I = 2.0 & 0.3. The blackbody
has a temperature in the range of ~0.08-0.12 keV, consistent with
the soft excess temperature of type 1 AGN (e.g. Czerny et al. 2003;
Gierlifiski & Done 2004; Miniutti et al. 2009a). We stress here that
the blackbody component should not be identified with thermal disc
emission, as extrapolation down to the UV underestimates the OM
data by more than two orders of magnitude. The results of this phe-
nomenological description of the X-ray data are reported in Table 2.
In the following sections, we explore a set of more physically moti-
vated spectral models applied simultaneously to the EPIC and OM
data.

6 X-RAY SPECTRAL ANALYSIS II: BASELINE
MODEL

We adopt as our baseline model the recently developed oPTXAGN
model (see Done et al. 2012; Jin et al. 2012 for a detailed description
and applications). This model assumes that the disc emits, at each
radius, a colour—temperature corrected blackbody down to a given
X-ray corona outer radius R.. The main model assumption is that the
energy can no longer thermalize within R, and is instead distributed
between powering the soft X-ray excess component and the high-
energy power-law tail via Comptonization in a two-phase plasma.
The energy distribution within the corona is determined by the
fraction of coronal luminosity powering the high-energy power law
fp1 (the remaining coronal luminosity 1 — f},; powers the soft excess).
As mentioned, R, sets the X-ray corona outer radius, while its inner
boundary coincides with the innermost stable circular orbit (ISCO)
Risco- The total coronal luminosity is proportional to 1 — Rjsco/R. SO
that no X-ray emission is produced if R, < Rjso-

6.1 Soft excess as Comptonization

The first spectral model we consider is the baseline oprTxaGN model
in which the soft excess is due to the Comptonization of the soft disc
thermal photons in an optically thick plasma. As the disc thermal
component contributes in the UV, all the available OM data are used
simultaneously with the EPIC spectra to constrain the thermal disc
emission. As we fit simultaneously UV and X-ray data, we include
the RepDEN (for UV data) and pHABs (for X-ray data) models to
account for line-of-sight Galactic absorption. We use the standard
dust-to-gas conversion E(B — V) = 1.7 x 10722Ny (Bessell 1991)
to link the UV and X-ray absorption.

Our goal is to reproduce the UV/X-ray data in all observations
with variations of a minimum number of parameters. As the UV
flux of PHL 1092 does not vary significantly (see Table 1), we force
the Eddington ratio to be the same at all X-ray flux levels, i.e. in
all observations.? Given that the phenomenological model explored
above indicates a similar spectral shape of the soft excess in all
observations (see Table 2), we also assume that the electron tem-
perature (kT.) and optical depth (z.) of the optically thick plasma
producing the soft excess are constant. One of the model parame-
ters is the BH spin, and we consider two different cases, namely a
non-rotating Schwarzschild BH (a = 0) and a maximally spinning
Kerr BH (a = 0.998). The difference between the two cases is that
the innermost stable circular orbit is Rjs., = 67, fora =0and 1.24r,
for a = 0.998 (where r, = GMpn/c?).

3 Our assumption was checked a posteriori. Indeed, if we instead assume
observation-dependent Eddington ratios, they all appear to be consistent
within the errors with that obtained by forcing it to be the same in all
observations (Table 3).
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Table 2. Best-fitting parameters for the phenomenological model comprising Galactic absorption, a multicoloured blackbody and a
power law (with slope forced to be the same in all the XMM-Newton observations). The inner disc blackbody temperature is not redshift
corrected and is given in units of keV. Fluxes in the 0.5-2 and 2-10 keV band are in cgs units.

Phenomenological model x2/dof = 425/357

Obs. kTin Nuiskbb r log Fo.5-2 log F2-10
XMM(2) 0.11 £0.01 1520 4+ 187 20+£0.3 —12.254 + 0.007 —12.76 £ 0.07
XMM(3) 0.08 +£0.03 504 £+ 500 - —14.630 £ 0.094 <—14.20
XMM(4) 0.11 £0.03 30 £25 - —14.088 + 0.063 <—14.00
XMM(5) 0.10 £ 0.02 1666 + 298 - —12.902 £+ 0.014 —13.63 £ 0.10
XMM(6) 0.10 £ 0.01 373 £93 - —13.190 + 0.018 —13.95 £0.10

Table 3. Best-fitting parameters for the baseline model. Columns with only one entry refer to parameters that have been forced to be the
same as in the previous row. We report results for both @ = 0 and a = 0.998 as they are statistically equivalent. The black hole mass is
in units of 108 Mg . The outer corona radius R is in units of 7y = GM| H/c? and the temperature of the electron population responsible
for the soft X-ray excess (kT.) is in units of keV. The best-fitting X-ray unabsorbed luminosity is also reported for reference in units of
10¥ ergs~! in the soft 0.5-2keV and hard 2-10keV band for the « = 0 model (as they are of course identical for the a = 0.998 case).

We do not report errors as these luminosities are mostly based upon model extrapolation.

Baseline model (a = 0)

x2/dof = 480/370

Obs. Mpu log (L/Lgdd) R kT Te I Sl Los—2 Lr—10
XMM(2) 2.37+0.25 0.39 £ 0.08 9.80£0.70 0.124+0.01 42+16 28+02 029+0.11 65.0 5.88
XMM(3) - - 6.39 £0.08 — - - 0.55+£0.15 0.29 0.04
XMM(4) - - 6.61 £0.08 — - - 0.45 £ 0.15 0.98 0.11
XMM(5) - - 8.06 £ 0.32 — - 21+03 0.05+0.04 19.0 0.77
XMM(6) - - 7.48 £0.20 — - - 0.06 £0.04  8.77 0.57
Baseline model (a¢ = 0.998) x2/dof = 480/370
XMM2) 17.0+£20 —-0514+0.08 1.60£0.06 0.12+0.01 42+15 28402 0.30+£0.11 - -
XMM(3) - - 1.27 £0.01 — - - 0.56 £ 0.13 - -
XMM(4) - - 1.29 +0.01 — - - 0.43 +£0.12 - -
XMM(5) - - 1.41 £0.04 — - 2.1£03 0.05£0.04 - -
XMM(6) - - 1.36 £0.03 - - - 0.08 £ 0.05 - -

We are thus left with the following free parameters: the BH mass,
the Eddington ratio, kT, ., I'}, the outer X-ray corona radius R
and the fraction of coronal luminosity powering the hard power law
fp1. However, all these parameters are forced to be the same in all
observations except R., I', and f ;. After a few initial tests, we found
that the data are best represented if I'}, is forced to be the same in
the first three and last two observations.

We obtain a fair (although not excellent) simultaneous descrip-
tion of the OM and EPIC-pn data for both the @ = 0 and a =
0.998 cases, with x?/dof = 480/370. The results are reported in
Table 3. We obtain a BH mass of ~2.4 x 10¥ M for the a =
0 case and ~1.7 x 10° M for the a = 0.998 one. The corre-
sponding Eddington ratios imply super-Eddington accretion for a
Schwarzschild BH with L/Lgpp ~ 2.45, and a sub-Eddington ratio
of L/Lgpp ~ 0.31 for a Kerr one. Using the standard mass scal-
ing relations (e.g. Vestergaard & Peterson 2006) together with the
optical luminosity and the full width at half-maximum (FWHM)
of HB obtained from single-epoch optical spectra, one estimates a
black hole mass of ~3 x 108 Mg for PHL 1092, in line with our
best-fitting result for the Schwarzschild BH case (Nikotajuk et al.
2009).

The most striking results of our analysis are that (i) the X-ray
corona of PHL 1092 is extremely compact at all probed X-ray flux
levels with R, < 1.8R;, in all observations, and (ii) the extreme
observed X-ray and o, variability can be explained in terms of a
variation of the X-ray corona size and hence X-ray output (propor-
tional to 1 — Risco/R.). The deep minimum X-ray flux state observed
during XMM(3) is the result of an almost complete collapse of the

X-ray corona down to the inner disc boundary Rjs, in both the
Schwarzschild and Kerr cases.

The evolution of R, is shown in the top panel of Fig. 7 for
the Schwarzschild BH case.* In the bottom panel, we show the
(unabsorbed) model SED showing visually the difference in the
corona X-ray output at the two extreme flux levels, accounting for
the large variation of oy from —1.57 to —2.51. The nominal power-
law connecting 2500 A and 2 keV in the rest frame is also shown as a
dashed line in both cases. Since we assume that the Eddington ratio
is constant, the bolometric luminosity is the same at all X-ray flux
levels, namely Lpo ~ 4.7 x 10% erg s~!. This implies an enormous
change in the X-ray bolometric correction (Kx), from Kx ~ 8 x 10?
in the highest flux XMM(2) observation to Kx ~ 1.2 x 10° in the
lowest flux XMM(3) one for the standard 2—-10keV X-ray band.

6.2 Can X-ray absorption make PHL 1092 a standard quasar
with constant Ao, ~ 0?

The model presented above successfully explains the «ox variation
but at the expense of invoking a breathing X-ray corona producing
an intrinsic X-ray flux change of more than two orders of magnitude
from the highest to the lowest flux state of PHL 1092. Here we
search for a solution in which the intrinsic X-ray flux of PHL 1092

4The Kerr BH case is qualitatively the same and we discuss here the
Schwarzschild case only for simplicity. In fact, the evolution of R in the
two cases is almost identical, once expressed in units of Risco.
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Figure 7. Top: the X-ray corona outer boundary R as a function of time
in PHL 1092 for the case of a Schwarzschild BH with a = 0 and Rjsco =
6r. The collapse of the corona down to ~Rjs, is able to explain the factor
of ~260 X-ray flux drop between the highest and lowest flux observations
(2003 and 2008) at fixed Eddington ratio. Bottom: the E2F(E) model SED
of PHL 1092 during the highest and lowest flux observations XMM(2) and
XMM(3) as obtained with the baseline model for a = 0 (see Table 3, top).
The SED has been corrected for Galactic absorption. We also show as filled
circles the position of 2500 A and 2 keV in the rest frame. The dashed lines
represent the optical to X-ray spectral slope for the two observations.

is constant and possibly similar to that expected for a quasar with
its optical luminosity. Guided by the observational fact that X-ray
weak quasars are often associated with intrinsic UV and X-ray
absorption (at least the BAL X-ray weak sources), we assume that
the X-ray flux variability of PHL 1092 is apparent and due to X-ray
absorption.

To test this scenario in PHL 1092, we use the same model as
above, adding a partially ionized X-ray absorber with no counter-
part in the UV. As our absorption spectral model (the zxipcF model;
Reeves et al. 2008) is only defined in the X-ray band, we use the
EPIC data only, fixing the BH mass and Eddington ratio to the val-
ues derived above, so that the UV data are automatically described
by the overall model (provided that R. < 20-30r,). We discuss here
for simplicity the Schwarzschild a = 0 case only (qualitatively sim-
ilar results are obtained in the Kerr case). Our goal is to reproduce
the X-ray weakness and variability of PHL 1092 with absorption
effects. Hence, we force the corona outer boundary R. to be the
same in all observations. This implies that the intrinsic X-ray flux
of PHL 1092 is always the same. For self-consistency, the absorber

© 2012 The Authors, MNRAS 425, 1718-1737
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ionization state is also forced to be the same at all flux levels al-
though, in principle, the ionizing flux may intercept clouds with
different density at different times. The coronal parameters affect-
ing the soft excess (k7. and t.) and the high-energy power-law tail
(I'y and f,1) are also forced to be constant to limit further the number
of free parameters (forcing the coronal parameters to be the same
in all observations reduces the number of free parameters from 27
to 11).

After a few tests, we found that the absorber column density and
covering fraction cannot be simultaneously constrained. We then
decided to force a marginally Compton-thick column density of
Ny = 10*cm™ in all observations and let the covering fraction
vary. This choice is motivated by the fact that our absorption model
neglects Compton scattering, thus becoming less robust for much
higher column densities. On the other hand, after testing different
Ny values, we find that a significantly lower Ny cannot reproduce
the observed large X-ray flux variability with changes in covering
fraction only. Changing the column density around the chosen value
slightly affects the best-fitting ionization state and covering fraction
but not the overall statistical quality of the fit. Hence, the derived
parameters must be taken with caution. We do not find a fair de-
scription of the EPIC data (x 2/dof = 710/362). It should, however,
be stressed that most of the contribution to the x> comes from the
intermediate-flux observations XMM(5) and XMM(6), which ap-
pear to exhibit a further absorption structure at ~1keV (~1.4keV
in the rest frame). The absorption feature is shown in terms of data-
to-model ratio for the intermediate-flux observations XMM(5) and
XMM(6) in the top panel of Fig. 8.

To address this feature, we added a Gaussian absorption line
with the same energy and width in all observations, but we allow
the absorption line optical depth to be observation dependent. We
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Figure 8. Top: the data-to-model ratio for the intermediate-flux observa-
tions XMM(5) and XMM(6) using a single absorption model. Bottom: same
as above but including a Gaussian absorption line at Egps ~ 1.05 keV. We
only show the intermediate-flux observations for visual clarity as the ab-
sorption feature is more prominent in these data sets (see text for details).
The feature is marginally visible in XMM(2) as well, while the data from
XMM(3) and XMM(4) are inconclusive due to the relatively poor quality
around 1 keV. The data have been re-binned for visual clarity only.
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Table 4. Best-fitting parameters for the absorption model. The soft excess is modelled as Comptonization in an optically thick
corona, and the intrinsic X-ray flux is assumed to be constant, i.e. one and the same in all the XMM-Newton observations. The
coronal parameters are as follows: k7e = 0.19 £ 0.2keV, t = 15 £ 8, 'y = 1.8 £ 0.1, Rc = 15 & 5rg and f};; = 0.05 & 0.03.
All the above parameters are forced to be the same at all flux levels. The absorber column density is in units of 10>> cm~2. Tts
ionization state reaches the lower limit defined in the absorption model we use (logé = —3.0), as indicated by the subscript p
(‘pegged’). The absorption line energy is in units of keV and is given in the observed-frame.

Absorption model (a = 0)

Mgy =237 x 103 Mg log (L/Lggq) = 0.39

x2/dof = 410/355

Obs. Nu log & Ct

XMM(2) 1005 —3.050,
XMM(3) -

XMM(4) - -
XMM(5) - -
XMM(6) - -

0.190 £ 0.010
- 0.996 £ 0.001
0.985 £ 0.005
0.725 £ 0.008
0.884 £ 0.005

obtain a good description of the data (x?/dof = 410/355) with a
relatively broad absorption line (o y»s ~ 0.20ke V) at E,ps ~ 1.05 keV
in the observed frame, corresponding to ~1.47 keV in the rest frame.
The line is more prominent in XMM(5) and XMM(6) with optical
depths of 7(s) = 1.00 &= 0.10 and 7, = 0.60 £ 0.10 (see the bottom
panel of Fig. 8). It is also detected in the highest flux observation
XMM(2) with 75y = 0.15 £ 0.03; it is not detected in the lowest
flux observations, where the signal-to-noise-ratio around 1keV is,
however, limited. The broad width and energy of the absorption line
suggest an identification with the Fe L absorption complex around
1 keV, with possible contribution from Ne 1x—x and/or Mg xi1—x11 (see
e.g. Nicastro, Fiore & Matt 1999). Identification of the absorption
feature with Fe L resonant absorption at ~1keV implies an outflow
with highly relativistic velocity ve, ~ 0.3c.

On the other hand, the X-ray flux variability is produced by the
variation of the covering fraction of a relatively cold (logé < —1.0)
absorber with Ny = 10** cm™? (fixed, as discussed above). The
absorber covers ~19 per cent of the X-ray source in the highest X-
ray flux observation, and ~99.6 per cent of it during the lowest X-ray
flux one. The best-fitting parameters for our spectral decomposition
are reported in Table 4. The evolution of the cold absorber covering
fraction is shown in Fig. 9 (top). In the bottom panel of Fig. 9, we
show the model X-ray SED for the highest and lowest X-ray flux
states together with the intrinsic X-ray corona output (common to
all flux states).

Remarkably, if the absorber were absent, the intrinsic monochro-
matic flux of PHL 1092 at 2keV would be a factor of ~1.3 higher
than that observed in the high flux state. Such unabsorbed intrin-
sic X-ray flux makes PHL 1092 a standard quasar with constant
Aoy = —0.05 =~ 0. Thus, within the context of the absorption
model, PHL 1092 would be a quasar with standard X-ray output,
which only appears extremely X-ray weak at times due to interven-
ing absorption.

7 X-RAY SPECTRAL ANALYSIS III: THE
NATURE OF THE SOFT EXCESS

In the previous sections, we have assumed that the soft X-ray excess
is produced by Compton up-scattering of the UV/EUV disc photons
in an optically thick corona with temperature ~0.15 keV. This inter-
pretation of the soft excess has been frequently questioned by many
different authors (e.g. Gierlinski & Done 2004) because, in order
to reproduce the uniform spectral shape in samples of AGN with
significantly different BH mass and Eddington ratio, the electron
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Figure 9. Top: the evolution of the absorber covering fraction with
time. The lowest flux states observed in 2008 and 2009 are due to the
~100 per cent covering of the X-ray source. Bottom: the E*F(E) model
SED of PHL 1092 during the highest and lowest flux observations XMM(2)
and XMM(3) as obtained with the absorption model. The ~1 keV absorption
line in XMM(2) is broad and has relatively low equivalent width, so it is not
clearly seen on this scale. We also show, with a dotted line (blue on-line),
the unabsorbed intrinsic X-ray flux which is the same in all observations.
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temperature must be remarkably uniform. The uniform soft excess
shape may indicate that processes that are independent of accretion
physics are instead at play. Below, we explore two spectral models
in which the soft X-ray excess is either an apparent feature due to
intervening absorption or a real extra emission component due to
X-ray reflection off the inner accretion disc. Both interpretations
invoke atomic processes to explain the nature of the soft excess
and, as such, they naturally provide an explanation for the uniform
shape of this feature in AGN X-ray spectra.

7.1 Partially ionized absorption

As mentioned above, a partial covering X-ray absorption model
can reproduce the extreme o variability of PHL 1092. Moreover,
it also explains its X-ray weakness since, if the absorber was ab-
sent, PHL 1092 would be a quasar with standard X-ray output and
Aaox ~ 0. Here we explore the possibility that the ionized absorber
also accounts for the X-ray soft excess. We use exactly the same
model as above but we force the X-ray corona to only power the
high-energy power law by fixing f;, = 1 in all observations. This
model eliminates the optically thick X-ray corona generating the
soft excess which has thus to be explained with a different process.
In this case we assume that the soft X-ray excess is not a real extra
emission component, but rather an apparent feature due to deep
absorption troughs affecting the intermediate X-ray energy band
(~0.7-2keV).

The model, however, does not reproduce the data (x*/dof =
750/358). Even if the Gaussian absorption line is replaced with a
highly ionized outflowing absorber, the quality of the fit remains
unacceptable, and the power-law photon index reaches an implau-
sibly high value of I' ~ 3.8. In fact, the only way to obtain a fair
description of the data within this model is to allow for a large
intrinsic X-ray flux variation, i.e. for a variation in the corona size
set by R.. In this context, as the intrinsic flux varies, we also leave
the absorber(s) ionization free to vary. This approach produces a
fit with good statistical quality (x2/dof = 420/354), and the soft
excess is reproduced. However, the model implies that the intrinsic
X-ray flux of PHL 1092 changes by a factor of ~250 between the
highest and lowest flux states. Moreover, the ionization state of the
absorbers does not follow the unabsorbed flux, although this may
be understood by considering that the ionizing flux may intercept
clouds of different density and/or distance at different times. The
model fails at reproducing via absorption effects any of the ob-
served X-ray flux and o,y variability; it is just a modified version
of the baseline model. The only difference between the present and
baseline models is in the description of the nature of the soft excess
rather than in the mechanism behind the extreme X-ray variability.
Much higher quality existing X-ray data sets are better suited to
attack the issue of the nature of the soft excess. Hence, we do not
discuss this model any further here. We point out, however, that our
absorption model does not include re-emission, which is likely to
mostly contribute in the soft X-ray band and may be of some help
in reproducing the soft excess for specific geometries (e.g. Schurch,
Done & Proga 2009).

7.2 Ionized disc reflection

We now consider the possibility that the soft X-ray excess is a real
extra emission component affecting primarily the soft X-ray band.
The most attractive idea, besides Comptonization, is that ionized
reflection off the inner accretion disc contributes to the soft X-rays.
X-ray reflection off the inner accretion disc has been shown to
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represent a plausible explanation of the nature of the soft excess
in many sources and, in particular, in many NLS1 galaxies (e.g.
1H0707—495: Fabian et al. 2004, 2009; NGC 4051: Ponti et al.
2006; IRAS 13224—3809: Ponti et al. 2010).

We apply the baseline opTxaGN model as above to all EPIC data
fixing the BH mass and Eddington ratio to the best-fitting values
derived with the baseline model, depending on the adopted BH
spin. We also force the X-ray corona to only power the hard X-ray
power law (f;; = 1) so that the baseline model does not produce
any soft excess. To describe the soft X-ray excess as ionized disc
reflection, we use the REFLION model (Ross & Fabian 2005) to which
we apply the RDBLUR/KDBLUR relativistic kernel, appropriate for a
Schwarzschild/Kerr BH, and obtained by R. Johnstone and A. C.
Fabian from the piskLINE/LAOR models (Fabian et al. 1989; Laor
1991). As the corona is now optically thin, the inner disc below R,
is visible and we fix the inner disc radius to R;, at all flux levels.

The model free parameters are thus R, the hard X-ray power-
law photon index I'y,, the reflection emissivity index g (where the
emissivity profile is o< #~9), the disc inclination i and the reflection
ionization state £ .. and normalization. However, g and (obviously)
i are forced to be the same at all flux levels. To limit further the
number of free parameters we attempted to force I', to be constant,
but we found that the last three observations do require a steeper
index than the others; we thus force I'j, to be the same in the first two
and last three observations, respectively. Our initial fits show that the
X-ray spectrum of PHL 1092 is completely reflection dominated at
all flux levels. We thus force the corona outer radius R, to coincide
with Riso so that no X-ray corona emission is present.

We obtain a fair description of the data () 2/dof = 420/353 for the
Kerr BH case and y >/dof = 455/353 for the Schwarzschild BH case)
with the inclusion of a low-column/low-ionization warm absorber.
As we obtain a better description of the data with a maximally
spinning Kerr BH, we only discuss the a = 0.998 case here. For the
warm absorber, we use the zxipcr model fully covering the source.
Our results are reported in Table 5. We must point out that the warm
absorber component is not exceedingly robust as it is affected by
the presence of the thermal disc emission, which impacts the softest
X-ray energies. The latter component is not fitted but imposed by
our choice of BH mass and Eddington ratio which are, as discussed
later, somewhat uncertain. It is, however, reassuring that the warm
absorber ionization state is well correlated with the total flux (see
Table 5), ensuring the overall self-consistency of the model. The
warm absorber model improves the fitting statistics by A x? = —32
for six additional free parameters.

The column F . in Table 5 refers to the total reflection flux
in the 0.001-300keV band rather than the flux in any restricted
energy band. F is at all times proportional (via the disc albedo
A) to the total flux irradiating the disc Fi,,. Hence, for the model to
be self-consistent, F.¢ must be correlated with the disc ionization
state &..¢. Fig. 10 (top) demonstrates that the two quantities are
extremely well correlated, so that the reflection scenario is indeed
self-consistent. The key result of our modelling is shown in the
bottom panel of Fig. 10, where we display the model X-ray SED
for the highest and lowest flux states. The key point is that the
actual reflection flux change is only a factor of ~10 between the
two flux states and not the factor of ~260 observed at 2keV (see
Table 1). This aspect is best seen above ~30keV where ionization
effects are negligible. The flux change is larger than two orders
of magnitude at soft X-rays, mostly because of the different disc
ionization. Ionization changes affect very significantly the reflection
spectral shape, redistributing the flux from EUV to hard X-rays.
Thus, two reflectors with exactly the same overall total flux but
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Table 5. Best-fitting parameters for the reflection-dominated model. The column density of the warm absorber (WA) is in

units of 10?2 cm

~2 and the disc inclination i in degrees. Frer is the total reflection flux over the whole band (here 0.001—

300keV) in units of 10~ ergs~! em~2. Notice that Fyey is likely overestimated (but in the same way in all observations)
because of the unknown low-energy bound which should be set at the energy below which the efficiency of the Compton
up-scattering of the soft UV/EUV disc photons producing the irradiating power law is negligible.

Disc reflection model (a = 0.998)

Mgn =17.0 x 108 Mg log (L/Lggq) = —0.51

x2/dof = 420/353

Obs. N

log 6™ g

XMM(2) 0057305, 50403

XMM(3) -
XMM(®4) -
XMM(5) -
XMM(6) -

—2.1£02

i

53+6

log & rer Fref R. I'h

3.03 £0.04

1.93 £0.17
245 +0.14
2.74 £ 0.10
2.58 £0.10

92+£04 12355 2.57£0.02
0.7£03 - -
26+0.2 - 2.76 £0.03

45+0.2 - -
35+02 - -
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Figure 10. Top: the correlation between the accretion disc ionization state
and the total reflection flux Fief. Since Fier is proportional to the flux irradiat-
ing the disc, the excellent correlation shows that the model self-consistently
accounts for irradiating flux and ionization changes. Bottom: the E*F(E)
model X-ray SED of PHL 1092 during the highest and lowest flux observa-
tions XMM(2) and XMM(3) as obtained with the disc reflection-dominated
model. The SED has been corrected for the intrinsic warm absorption, while
Galactic absorption is present. The X-ray SED is completely reflection dom-
inated with some accretion disc contribution at soft X-rays (blue dashed line)
which becomes visible in the low X-ray flux observations.

different ionization may differ enormously in the flux calculated
in any restricted energy band. This is exactly what happens here:
the low flux reflector has a lower ionization than the high flux one
(about a factor of 10), which implies larger opacity in the soft X-rays
depressing the reflection flux in this band.

7.2.1 Reflection-dominated X-ray spectrum and light bending

As seen above, the X-ray spectrum of PHL 1092 can be inter-
preted as being reflection dominated at all flux levels. Reflection-
dominated spectra require the selective suppression of the intrinsic
continuum. As shown, for instance, by Martocchia, Karas & Matt
(2000), light-bending effects can produce reflection-dominated
spectra by selectively depressing the X-ray continuum at infin-
ity while increasing the disc irradiation and hence the reflection
flux. According to our own ray-tracing simulations, the X-ray spec-
trum becomes increasingly reflection dominated as the X-ray pri-
mary source location approaches the BH (see Miniutti et al. 2003;
Miniutti & Fabian 2004). In the case of a Kerr BH, for any dis-
tance <5rg, the flux irradiating the disc is always at least twice that
escaping at infinity so that reflection-dominated spectra are pro-
duced. We propose that the X-ray corona in PHL 1092 is confined
within a few gravitational radii from the BH and that light-bending
effects are responsible for the observed reflection-dominated
spectrum.

Let us now consider the appearance of PHL 1092 in the absence
of light-bending effects, for the standard case in which the X-ray
corona is not confined to the strong field regime close to the BH. In
such a situation 50 per cent of the emitted X-ray flux is directed away
from the disc and detected as the X-ray continuum flux Feop. The
remaining 50 per cent irradiates the disc with a flux Fi, = F .y and
the spectrum is not reflection dominated. Fj,, is then reprocessed into
the X-ray reflection spectrum with flux Fif = AF};, where A is the
disc albedo. The remaining fraction of irradiating flux is absorbed,
thermalized and emitted in the UV as reprocessed quasi-blackbody
emission. A is generally a function of the incident angle, energy
and disc ionization. However, for the purposes of our discussion
we assume for simplicity that A = 0.5, i.e. in between the typical
albedo of a completely cold disc (~0.1-0.2) and a fully ionized
one.

Light-bending effects break the equivalence Fi,, = Fon, by differ-
ently affecting Feone and Fiy,, but obviously maintain Fief = AFi,.
Let us assume for simplicity a point-like X-ray source on the BH
axis at 2r, from the BH, where Fi;, is amplified by a factor of ~1.5
with respect to the case with no light bending (see e.g. fig. 13 of

© 2012 The Authors, MNRAS 425, 1718-1737
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Fabian et al. 2012). Under this assumption we can estimate the
total flux that would be observed in the absence of light-bending
effects, where the spectrum is not reflection dominated and the disc
subtends a solid angle of 27t at the source.

It turns out that the total (continuum+reflection) flux density at
2keV in the absence of light-bending effects is higher than the
observed (reflection only) by a factor of ~70 during the low flux
state and by a factor of ~9 during the high flux one. This result
implies that PHL 1092 would have had Aao ~ —0.32 in its low-
est X-ray flux state and Awox ~ +0.28 in its highest. In summary,
the reflection-dominated model implies that PHL 1092 would be a
quasar with relatively standard X-ray output and A« ~ 0 oscillat-
ing between X-ray weak and X-ray bright states in the absence of
light-bending effects.

A final word of caution must be placed on the values of BH
mass and Eddington ratio we have assumed. We have adopted the
best-fitting values of our baseline model for a Kerr BH, but this
approach is not entirely correct. In fact, if the X-ray spectrum is
reflection dominated, reprocessing is inevitably important in the
optical/UV as well, as we expect that (1 — A)F,, ~ 0.5F,, is ab-
sorbed and reprocessed as thermal emission in the UV. Moreover,
the X-ray reflection spectrum itself contributes in the UV/EUV
down to the (rather uncertain) energy where Comptonization is
efficient in producing the irradiating X-ray power law. The UV
outflow also certainly contributes via scattering to the UV flux.
In summary, we caution that the BH mass estimated with our
baseline model could actually overestimate the true value be-
cause our model attributes the UV emission entirely to the ther-
mal accretion disc, while other contributions are possible (if not
likely).

8 A CLOSER LOOK AT THE X-RAY
VARIABILITY OF PHL 1092

The soft X-ray light curves from three XMM-Newton observations
are shown in Fig. 11 in the 0.3-1.43keV band (~0.4-2keV in the
rest frame). The soft band is selected because the low-flux obser-
vations are background dominated above ~2keV (rest frame) and
because the count rate drops rapidly with energy due to the steep
spectrum of PHL 1092, making it difficult to study the hard X-ray
variability even at the highest X-ray flux levels.. We show observa-
tions XMM(2), XMM(4) and XMM(6), as they are representative
of the typical X-ray variability in high-, low- and intermediate-
flux states, respectively. One of the key properties of X-ray time
series from accreting systems is the intimate relation between the
variability on different time-scales. As discussed by many authors
(see e.g. Uttley & McHardy 2001; Uttley, McHardy & Vaughan
2005) the root-mean-square (rms) variability for a given segment
of a light curve is linearly correlated with the segment mean flux
on all measured time-scales. The linear rms—flux relationship holds
for the Comptonized power-law-like component in many accret-
ing systems, from accreting white dwarfs to AGN, suggesting a
common physical origin for the broad-band intrinsic coronal X-ray
variability, independent of source type (e.g. Uttley 2004; Scaringi
et al. 2012).

In order to assess whether similar properties are present in
PHL 1092, we then compute the rms variability of PHL 1092 in the
frequency range of 0.05-1 mHz (0.07-1.4 mHz in the rest frame).
The 90 per cent error on the rms is computed by considering the
measurement uncertainty as well as the scatter due to the red com-
ponent of the noise, using the results in table 1 of Vaughan et al.
(2003) and following the prescriptions of Ponti et al. (2012). The
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Figure 11. From top to bottom we show the background-subtracted light
curve of PHL 1092 from the XMM(2), XMM(4) and XMM(6) observations.
The energy band is 0.3—1.43 keV (~0.4-2 keV in the rest frame) and all light
curves have 1 ks bin size, corresponding to ~715 s in the rest frame.

resulting rms variability as a function of X-ray flux (count rate) is
shown in Fig. 12 for all XMM-Newton observations. As can be seen,
despite the relatively large errors, the rms variability appears to be
correlated with flux, in agreement with the expected linear rms—flux
relationship (Uttley & McHardy 2001). The size of the error bars
prevents us from claiming a robust linear rms—flux relationship in
PHL 1092, but it is clear, for instance, that the rms variability of
the lowest flux observation (rms < 4.2 x 1073 countss~' for an
average count rate of ~2.8 x 1073 countss™!) is at least one or-
der of magnitude smaller than lower possible rms of the highest
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Figure 12. The rms variability as a function of flux. The rms variability
is computed in the frequency range 0.05-1 mHz (0.07-1.4 mHz in the rest
frame) for all XMM-Newton observations.

flux one’® (rms > 4.4 x 1072 countss~' for an average count rate
of ~0.55 counts s~ !).

This result indicates that the short- and long-time-scale X-ray
variability in PHL 1092 are likely to obey the same linear relation-
ship as most other accreting systems. The rms—flux relationship
we tentatively obtain in PHL 1092 may also explain the prolonged
low-flux state from observations XMM(3) to XMM(4) which are
separated by ~1 yr in the quasar rest frame; the low-flux state of
PHL 1092 can be seen simply as the continuation to long time-scales
of the non-linear behaviour implied by the rms—flux relationship. In
practice, as the linear rms—flux relationship implies that the fluxes
have a lognormal distribution, AGN with large variability ampli-
tudes (such as PHL 1092) are more likely to exhibit excursions into
relatively prolonged low-flux states than into high-flux ones. This
behaviour has indeed been observed in a number of AGN and, espe-
cially, in those with large variability amplitudes such as the NLS1
galaxies NGC 4051 and 1H0707—495 (see examples of prolonged
low-flux states in fig. 1 of Vaughan et al. 2011, and fig. 1 of Fabian
etal. 2012). The lack of variability during prolonged low-flux states
and the extreme variability amplitude during high-flux intervals are
just opposite extremes of the linear rms—flux relationship. As for the
frequency with which extreme flux variations can occur, Gibson &
Brandt (2012) have shown that extreme X-ray variations (>100 per
cent) such as those observed in PHL 1092 are quite rare (an upper
limit of about 4 per cent of observations) in quasars with similar
optical luminosity.

Our baseline and reflection spectral models are associated with
large and moderate intrinsic variability, respectively. As such, an
rms—flux linear relationship has to be expected. On the other hand,
this is not the case for the absorption model, as most (if not all) of
the long-term X-ray variability is attributed to absorption changes.
It remains to be seen whether a scenario in which most of the long-
time-scale flux variability is induced by obscuring structures can
naturally reproduce the linear rms—flux relation we suggest to exist
in PHL 1092.

> See Table 2 for cgs fluxes in the 0.5-2 keV band.

8.1 Long-time-scale variability

We now consider the typical rate of change of the physical parame-
ters governing the flux variability of PHL 1092 on long-time-scales
in the framework of the three scenarios we propose.

8.1.1 Breathing corona (baseline) scenario

The X-ray flux is, in this model, determined by the size of the X-ray
corona. As shown in the top panel of Fig. 7, the baseline model
suggests a breathing corona scenario in which the corona outer
boundary R, changes with time. In order to assess the typical rate
of change (AR./AT), we define AR, as the difference in corona
size between two subsequent XMM—Newton observations separated
by a time-span AT (in the quasar rest frame). In the top panel of
Fig. 13 we show the resulting AR./AT as a function of the rest-
frame time-span AT for the case of a Schwarzschild BH. The lowest
data point at ~1 yr (corresponding to the rate of change between
the two lowest X-ray flux observations) may be seen as an outlier,
especially for the absorption model discussed below. Hence, we
define here the typical (AR./AT) as the average obtained ignoring
the lowest data point. We have (AR./AT) ~ 1.24r,yr~! which,
assuming the BH mass for the Schwarzschild case, corresponds
to a radial velocity of ~13.7kms~! (we would have ~15.8kms™!
assuming a Kerr BH instead, again showing the qualitative similarity
of the two solutions). This shrinking velocity is likely larger than the
radial drift in the inner accretion disc (Frank, King & Raine 2002).
Hence, the corona outer boundary is unlikely to actually physically
shrink. Its apparent motion is most likely related to a change of the
active region typical size and location rather than to real motion
of the coronal outer boundary. Notice that the lowest data point,
corresponding to the AR./AT ~ 0.2r, yr~' between the two lowest
X-ray flux observations XMM(3) and XMM(4), is ~60 away from
the typical rate of change.

8.1.2 Absorption scenario

The covering fraction rate of change AC{/AT as a function of AT
is shown in the middle panel of Fig. 13. The horizontal line refers
to (AC{/AT) ~ 0.26 yr™!, obtained by excluding the lowest data
point which is a clear outlier at more than 30c. The presence of
such a highly significant outlier means that the low-flux states are
not only anomalous for their extreme X-ray weakness, but also be-
cause the almost complete covering of the X-ray source (i.e. the
extreme low-flux state) lasts too long with respect to what would be
expected based upon the typical covering fraction rate of variation.
In summary, the similar and high covering fraction in two observa-
tions separated by ~1 yr has to be regarded as coincidental, which
takes away some of the appeal of the absorption scenario.

8.1.3 Disc-reflection scenario

The disc-reflection flux rate of change AF,s/AT as a function of
AT is shown in the bottom panel of Fig. 13, where the reflection flux
is computed in the 0.001-300 keV band. The typical reflection flux
rate of change is (AF,t/AT) ~2.7 x 10~ ergem™2 s~ yr~!. The
flux rate of change between the two lowest X-ray flux observations
is only ~2¢ away from the typical rate. Hence, all flux states,
including the extremely X-ray weak ones, are consistent with the
typical variability of PHL 1092 on long-time-scales at the 2o level.

© 2012 The Authors, MNRAS 425, 1718-1737
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Figure 13. Top: the outer corona boundary rate of change according to
the baseline breathing corona model for the Schwarzschild BH case. We
also show the average (AR./AT) ~ 1.24r, yr~!, which has been obtained
by ignoring the lowest data point at ~1 yr, together with its 90 per cent
error. (AR./AT) corresponds to a radial velocity of ~13.7kms~! for the
adopted BH mass. Middle: the covering fraction rate of change according
to the absorption model. We also show the typical (AC{/AT) ~ 0.26yr~!,
obtained ignoring the lowest data point. A better fit for the three highest
data points can be obtained as ACt/AT oc AT~02* without changing the
outlier nature of the lowest data point. Bottom: the disc-reflection total flux
rate of change according to the disc-reflection model. Fief is proportional
to the flux irradiating the disc at all times and, as such, to the disc ioniza-
tion. We also show the typical flux rate of change (AF.t/AT) ~ 2.6 x
10~ ergem™2 s~ ! yr~!, obtained ignoring the lowest data point.
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8.2 Short-time-scale variability

We now consider the short-time-scale (~ks) intraobservation vari-
ability of PHL 1092. For simplicity, we focus here on the highest
flux XMM(2) observation only, where a smooth decline of soft
X-ray flux by a factor of ~2 in ~23 ks (~16.5ks in the rest frame)
is seen (top panel of Fig. 11). This ensures that the most stringent
limits based on the short-time-scale variability can be derived since,
as shown in Fig. 12, the rms—flux correlation implies that the highest
flux observation is also the one with the largest rms variability.

Let us first consider the excess variance o2 as a measure of the
X-ray variability in XMM(2). We refer to Ponti et al. (2012) for the
operative definition of the excess variance and its error. Using time
bins of 250s and dividing the XMM(2) light curve in intervals of
10ks (both in the quasar rest frame), we have o2 1o, = 0.01270053
in the 0.4-2 keV band (rest frame). As shown by Ponti et al. (2012),
the X-ray excess variance in the soft and hard X-ray band is tightly
correlated. If this is the case for PHL 1092 as well, we can then
make use of the results in table 3 of Ponti et al. (2012), where
the authors report the UHZXS—MBHX relationship for the hard X-ray
o2, to give an estimate of the BH mass of PHL 1092 as derived
from its X-ray variability. We obtain Mpy x = 6féo x 106 Mg,
in good agreement with previous studies (Nikotajuk et al. 2009).
We point out, however, that this result is obtained assuming that
the soft X-ray excess variance is indeed tightly correlated with the
hard X-ray one, as the case for the AGN in the work by Ponti et al.
(2012). However, the soft X-ray variability in PHL 1092 may not be
intrinsic (but driven, for example, by absorption changes) and may
thus overestimate the intrinsic X-ray variability of the source. We
should then take a conservative approach and consider the Mgy x
value derived above as a lower limit.

As already discussed by Nikotajuk et al. (2009), the BH mass
derived from PHL 1092 X-ray variability is about two orders of
magnitude lower than that estimated through single-epoch optical
spectra, which is Mgy opt ~ 3 X 108 M. This means that (i) the
short-time-scale variability of PHL 1092 is exceptionally high with
respect to the AGN population or (ii) the formulae used to derive
the BH mass from the optical luminosity and the H8 FWHM do
not apply as standard in the case of PHL 1092. As a note of caution,
it should be mentioned that PHL 1092 is a wind-dominated object
in the UV (see Section 4). The standard BH mass scaling relations
(e.g. Vestergaard & Peterson 2006) are based on reverberation-
mapped objects which are not wind dominated. Moreover, the HB
emission region likely sees a continuum which has been filtered
through the wind, which makes the mass scaling relation possibly
more uncertain in this case. Hence, the BH mass scaling relations
may not be highly reliable for wind-dominated systems such as
PHL 1092, as discussed by Richards et al. (2011).

The BH mass derived from our UV-to-X-ray spectral analysis
with the baseline model is much higher than that derived from
X-ray variability and, in the Kerr BH case, it is also much higher
than My op (we derive ~2.4 x 10% and ~1.7 x 10° M, for the
Schwarzschild and Kerr BH cases, respectively, see Table 3). The
BH mass we derive from spectral fitting is based on the assumption
that the optical/UV emission detected with the OM is entirely due
to intrinsic accretion disc thermal emission. It is impossible, in
fact, to reach the OM fluxes with a lower BH mass and with a
reasonable value for the Eddington ratio (say lower than 5), so that
the data do not seem to allow for much lower BH masses than
those reported in Table 3. The only way to lower the BH mass from
spectral fitting would be to consider that the optical/UV fluxes are
contaminated or even dominated by a different emission component.
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Such component may be reprocessed emission, likely a combination
of disc thermal reprocessing and reflection, plus scattering from the
UV wind. This may be relevant for our reflection-dominated model
(which prefers the Kerr solution, hence a likely too large BH mass)
for which a significant contribution of reprocessing to the UV flux
has to be expected. In summary, if reprocessing is important, the
BH mass derived from our spectral fits to the UV and X-ray data
is likely overestimated. However, the lack of a self-consistent disc
reprocessing model (thermal plus reflection) from optical/UV to
X-rays, and of a reliable model for the wind scattering contribution
to the UV continuum, does not allows us to robustly infer reliable
BH mass estimates within this scenario.

The short-time-scale X-ray variability of PHL 1092 can also be
used to constrain the X-ray corona size under the assumption that the
variability is intrinsic (if not, the coronal size derived below has to be
considered as a lower limit). As can be seen in Fig. 11, significant
variability is detected down to the bin size. In fact, considering
shorter bins, we detect significant variability down to At = 500s
during the XMM(2) high-flux observation. Simple light-travel time
arguments imply an X-ray corona size of the order of D, = cA#/(1 +
7) ~ 1.1 x 10'3 cm. The gravitational radius scales linearly with the
BH mass and is 1.48M5 x 10'3 cm, where Mj is the BH mass in units
of 108 M@, sothat D, ~ O.7rng_l .Hence, any BH mass exceeding
1.4 x 108 M would imply a very compact corona with D, < 1r,.
Even considering the uncertainty in BH mass discussed above, this
result suggests that X-rays come from one single compact active
region at any given time, supporting the compact corona required
by our reflection-dominated model.

Let us now consider the implications of the short-time-scale vari-
ability of PHL 1092 for the three proposed scenarios. We assume
here that the same mechanism responsible for the long-time-scale
variability acts also on short time-scales. This is of course a strong
assumption, and we cannot exclude that two different processes
are at play on different time-scales. It is however instructive to
explore the consequences of such an assumption on the proposed
spectral/variability models.

8.2.1 Breathing corona (baseline) scenario

In the breathing corona scenario, the observed XMM(2) short-time-
scale variability can be produced by a smooth contraction of the
corona outer boundary from R. ~ 10.3r, to ~8.9r, (we discuss the
Schwarzschild case only for simplicity). As this happens in 16.5ks
in the rest frame, the short time-scale variability implies an unphys-
ically large radial velocity of ~0.3c¢. This highly relativistic radial
velocity of the corona outer boundary reinforces our conclusion
that the X-ray corona cannot physically shrink. The measured R, is
much more likely to represent the typical size (and/or distance from
the BH) of the X-ray active region at any given time. For example,
the rate of change of R, could represents the velocity with which the
magnetic structures responsible for heating the coronal plasma can
re-organize themselves, leading to the activation of X-ray-emitting
regions of different size and/or location.

8.2.2 Absorption scenario

For the absorption model, the observed variability can be obtained
with a covering fraction change of ACy ~ 50 per cent in AT ~
16.5ks (rest frame). Considering an X-ray source size D and cov-
ering from a single obscuring structure (cloud), this corresponds to
a cloud velocity of v ~ ACDJ/AT = (D/ry) x 1.06 x 10° cms™!

for our best-fitting BH mass in the Schwarzschild case. Assuming
a typical X-ray source size of 10r,, we infer a cloud velocity v ~
0.35¢ in the plane of the sky. This velocity is of the order of the
outflow velocity that we infer from our spectral analysis by identi-
fying the ~1keV absorption feature with Fe L absorption. Such an
outflow velocity is also in the range of that of the ultrafast outflows
that have been claimed at Fe K energies in a significant fraction of
radio-quiet AGN (e.g. Tombesi et al. 2010, 2012). In summary, if
absorption is invoked to explain not only the long-time-scale but
also the short-time-scale variability, an ultrafast outflow is neces-
sary. Such a high velocity, however, makes it even more difficult to
explain the prolonged low-flux states of observations XMM(3) and
XMM(4) as clouds moving relativistically should cover/uncover the
X-ray source on very short time-scales.

8.2.3 Disc-reflection scenario

In the reflection-dominated scenario, the X-ray flux variability is
driven by the variability of the flux irradiating the accretion disc
together with the associated disc ionization change. Considering
our best-fitting model for observation XMM(2), we find that the
observed soft X-ray flux variability is reproduced with a slightly
smaller variation of the irradiating flux and ionization state, namely
afactor of ~1.5 instead than a factor of 2 in 16.5 ks (rest frame). This
corresponds to AF,i/AT ~2 x 107'% ergcm™2 s2. The reduction
of the intrinsic X-ray variability amplitude because of ionization
effects also reduces the intrinsic excess variance by ~50 per cent,
and slightly increase the X-ray variability BH mass estimate which,
according to this model, would be of the order of Mgy x ~ 107 Mg
(although with large errors).

9 SUMMARY OF THE DATA ANALYSIS
RESULTS

We have applied to our XMM—-Newton monitoring observations of
PHL 1092 a series of models that can explain the extreme X-ray
(atoy) variability of PHL 1092 within different contexts. Below, we
summarize the results of our analysis in the framework of the three
proposed scenarios.

9.1 Baseline model

Our baseline model implies an intrinsic X-ray flux variation of
more than two orders of magnitude in 3.2 yr (rest frame). Within
the framework of that model, this flux variation is associated with
the collapse of an already compact X-ray corona down to the ISCO
(or close to it). This result is obviously highly model dependent as by
construction the only way in which the model can produce variable
X-ray output at fixed Eddington ratio is by varying the X-ray corona
size. Any model able to account for large X-ray variability and
almost constant optical/UV emission would be successful. However,
the model is reasonably self-consistent and provides an elegant
solution in terms of a breathing X-ray corona for oy variation
that is entirely driven by X-ray flux variability, as is the case in
PHL 1092 (see Fig. 2). The model accounts for the soft excess in
terms of Comptonization of the soft disc photons in the optically
thick corona. Its electron temperature is similar to that inferred from
the analysis of the soft excess in the vast majority of type 1 AGN.
As such, it remains to be seen whether this remarkably uniform
electron temperature in accreting BH spanning orders of magnitude
in BH mass and Eddington ratio can be physically explained.
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In both the Schwarzschild and Kerr cases, the observed AR, im-
plies a radial shrinking of the X-ray corona outer radius with a radial
velocity of ~10-15kms™!, increasing to ~0.3c if the model also
needs to explain the short-time-scale X-ray variability of PHL 1092.
This suggests that the corona is not actually physically shrinking, but
that the heating mechanism (likely associated with magnetic fields)
is occurring in more localized sites during low-flux states. Notice
that the very compact X-ray corona in low-flux states would also
imply that light-bending effects can no longer be neglected, likely
producing a strong reflection contribution off the inner accretion
disc. As such, the model is not entirely self-consistent. However,
the relatively limited quality of the data does not allow us to in-
clude the disc reflection component into the baseline model without
overmodelling the X-ray data.

9.2 Absorption model

The absorption model is based on the idea that the observed dra-
matic X-ray flux variability is not intrinsic but is due to intervening
absorption. Indeed, we find an attractive solution in which the in-
trinsic X-ray flux of PHL 1092 is constant as is the UV flux (and
hence the accretion rate). The observed variability can be entirely
explained in terms of a relatively cold absorber (with log& < —1.0)
with varying covering fraction. The absorber covers ~19 per cent
of the X-ray corona in high X-ray flux states and almost 100 per
cent of it in low flux ones. It should be pointed out that such a
low-ionization absorber should imprint absorption features in the
UV, which are not seen in the HST spectrum. This issue will be
discussed in Section 10. Remarkably, the intrinsic (constant) X-
ray flux of PHL 1092 in the absorption scenario is consistent with
that expected for a quasar with the PHL 1092 optical luminosity.
Hence, within the absorption-dominated scenario, PHL 1092 is an
intrinsically standard quasar with Awox ~ 0. An absorption feature
at ~1.5keV in the rest frame is also seen and cannot be produced
by the relatively low-ionization absorber. If the feature is identified
with the Fe L complex, it implies the presence of a second absorbing
phase with relatively high ionization and highly relativistic outflow
velocity (of the order of ~0.3¢).

Such a highly relativistic outflow velocity may be shared by the
cold absorber as well. In fact, if we make the strong requirement
that the model must be able to reproduce also the short-time-scale
X-ray variability of PHL 1092 with covering fraction changes, a
similar outflow velocity must be invoked for the cold absorber as
well. On the other hand, such velocity makes it difficult to account
naturally for the fact that the two subsequent observations XMM(3)
and XMM(4), separated by ~1 yr in the rest frame, share an almost
identical covering fraction (of ~100 per cent). This prolonged low-
flux state is at odds with the typical absorber variability properties
which would predict a AC; ~ 0.2-0.3 over a ~1 yr time-scale.

In summary, the absorption model can explain the variability of
PHL 1092 on long time-scales but requires the extremely X-ray
weak states to be somewhat exceptional as they are clear outliers
and do not match the typical absorption variability properties on
long time-scales. The bottom line is that the low-flux states last too
long to match the typical covering fraction rate of change. In fact,
excursions into relatively prolonged low-flux states are a common
characteristic of AGN with large variability amplitude and obeying
a linear rms—flux relationship, which we suggest exists in PHL 1092
as well. It remains to be seen whether a self-consistent absorption
model is able to induce a linear rms—flux relationship, thus explain-
ing the prolonged low-flux states in the absorption scenario. On the
other hand, the baseline and reflection models, which are both asso-
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ciated with intrinsic X-ray flux variability, are naturally coupled to
the linear rms—flux relationship (which predicts prolonged low-flux
states), so that they may be regarded as less problematic in this
respect.

9.3 Reflection model

A reflection-dominated model represents a plausible alternative to
the scenarios discussed above. We are able to reproduce the ob-
served factor of ~260 variation at 2 keV by only invoking a factor
of ~10 change in the intrinsic X-ray flux, coupled with associated
disc ionization changes. The excellent correlation between the disc
ionization and the total reflection flux (proportional to that irradiat-
ing the disc) ensures that the model is self-consistent. Ionized disc
reflection also provides a natural explanation for the soft X-ray ex-
cess with no need for Comptonization in an optically thick corona,
which is not the case for any of the above models. The model implies
that PHL 1092 appears predominantly X-ray weak because its X-
ray corona is extremely compact and centrally concentrated, within
a few r, from the BH. Such compact corona also self-consistently
predicts reflection-dominated spectra because of light-bending ef-
fects. In absence of light bending, PHL 1092 would in fact appear
as a non-X-ray weak quasar with a residual «, variation due to
moderate intrinsic X-ray variability (a factor of 10 in 3.2 yr in the
rest frame).

The reflection model can explain both the long- and short-time-
scale X-ray variability of PHL 1092 with relatively modest intrinsic
flux changes. As the model is associated with intrinsic variability,
the (tentative) linear rms—flux relationship we suggest to exist in
PHL 1092 comes as no surprise. Hence the relatively prolonged
low-flux state (lasting ~1 yr) can be seen simply as a consequence
of the rms—flux linear relationship (i.e. of the lognormal distribution
of fluxes).

10 DISCUSSION: PHL 1092 IN THE WIDER
CONTEXT

PHL 1092 shares many common properties in the optical/lUV
with the prototypical non-BAL X-ray weak quasar PHL 1811 (see
also the case of LBQS 0102—2713; Boller, Schady & Heftrich
2011). Their UV spectra are characterized by weak, broad and
asymmetric high-ionization emission lines and strong, narrow and
low-ionization lines at the rest-frame wavelength. Most of their
unusual optical/UV properties can be understood by assuming a
two-component broad emission-line region (BELR) comprising a
wind (e.g. C1v) and a disc (e.g. Mg ) component irradiated by a
soft SED depleted of X-ray photons (Leighly et al. 2007b; Wu et al.
2011). Filtering of the ionizing flux through the wind also explains
the lack of high-ionization lines in the disc component which is then
located at a greater distance from the BH than the wind launching
site. The implication is that the BELR sees a soft X-ray weak SED
which may be intrinsic to these sources (as in our baseline model),
due to absorption, or induced by light-bending effects.

Our baseline model associates X-ray weak sources with a com-
pact corona confined within a few r, from the BH. This result arises
because the X-ray output is proportional to the size of the X-ray
corona, i.e. Lx o (1 — R./Riso)- In this respect, the baseline model
resembles the disc-reflection one, as the X-ray emission from an ex-
tremely compact corona will inevitably be affected by light-bending
effects, which further reduce the X-ray output at infinity and im-
ply the presence of reflection-dominated spectra, especially if a
rapidly rotating Kerr BH is considered. We are therefore left with
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two main physical scenarios: PHL 1092 (and likely other non-BAL
X-ray weak sources) is characterized by (i) an unusually compact
X-ray corona or (ii) X-ray-only absorption.

Wu et al. (2011) recently collected a sample of 10 PHL 1811
analogues at high redshift with a mean Aax ~ —0.40. The X-ray
analysis of this sample suggests that these objects have an average
photon index I' = 1.2 £ 0.5, which appears to be harder than that
of standard X-ray detected AGN, although the relatively large error
bar does not allow firm constraints on the spectral shape. If the
typical spectrum of the PHL 1811 analogues is indeed harder than
usual, it may be related either to intervening absorption or to the
presence of a reflection-dominated spectrum, two of the models that
we consider here for PHL 1092 and that have been suggested by Wu
etal. (2011) for the PHL 1811 high-redshift analogues.

If absorption is invoked, the material must lie closer to the central
BH than the BELR (say that for Mg 1) so that the ionizing continuum
is effectively X-ray weak thus explaining the observed optical/UV
emission line properties (see Leighly 2004). On the other hand, UV
disc photons should not be affected, as no absorption is seen in
the UV spectrum. The X-ray absorber could be naturally associated
with the putative shield which is often invoked in outflow models
not to overionize the gas at the base of the outflow, thus enabling
acceleration (e.g. Murray et al. 1995; Wu et al. 2011). As such, the
absorber may be co-spatial with the outflow: wind simulations show
that the outflow is likely self-shielding as the column density close
to the disc surface can be high enough to enable the acceleration
of a line-driven wind (e.g. Proga, Stone & Kallman 2000; Proga &
Kallman 2004). This shielding X-ray absorber could well have been
detected in a few cases of BAL quasars (e.g. Chartas et al. 2002).
If low-ionization high-column-density gas exists at almost all radii
close to the disc surface (as per e.g. Proga & Kallman 2004, see
their fig. 1), the UV emission from the extended disc would always
be affected, independently of the specific line-of-sight. Hence, such
simulations may not be totally relevant for the case of AGN with
no absorption signatures in the UV.

The lack of UV absorption in PHL 1092 (and the presence of the
broad, blueshifted C1v emission line) most likely indicates that our
line-of-sight only crosses the highly ionized outflow polar zones,
so that no absorption features are imprinted in the UV. Accord-
ing to the work of Schurch et al. (2009), which is based on the
wind simulations by Proga & Kallman (2004), polar lines-of-sight
are characterized by high ionization, while equatorial ones by cold
absorption (i.e. equatorial lines-of-sight intercept the gas responsi-
ble for the shielding). A pole-on line-of-sight into the wind funnel
would indeed be consistent with the detected blueshifted C 1v emis-
sion line.

Let us now consider whether the X-ray-only absorber we infer
from our absorption model is consistent with this picture. The flux
variability and transient X-ray weakness of PHL 1092 is due to the
variation of the covering fraction of a relatively cold absorber with
logé < —1.0. If the absorber also covers the UV-emitting disc,
such a low-ionization absorber would imprint features in the UV
spectrum as well, as seen in BAL quasars but not in PHL 1092
and similar sources. Indeed, according to Proga & Kallman (2004),
such low ionization is only achieved for equatorial lines-of-sight
(say >70°, see fig. 1 of their work). This means that we would be
intercepting the denser part of the outflow (basically the shielding
gas), which conflicts with the fact that no absorption features are
imprinted in the UV (dominated instead by broad and blueshifted
emission lines).

The presence of a cold X-ray absorber associated with the lack of
UV absorption represents a problem for the absorption scenario, as

detailed by Wuetal. (2011). The only possible way out we can envis-
age is that the X-ray absorber is more compact that the UV-emitting
disc so that the UV emission is not significantly absorbed. Let us as-
sume an absorber confined within a fiducial radius of ~50r,, so that
the UV emission from within that region is small and the UV spec-
trum does not present any absorption feature. Our absorption model
is based on the XSTAR code, and the ionization parameter is defined
as & = Lion/(R?n), where n is the gas number density, R its distance
from the ionizing source and L;,, the ionizing luminosity between
1 and 1000 Ry. The intrinsic ionizing luminosity of PHL 1092 is
Lion ~ 3.5 x 10 ergs™, so that n(R/r,)* = 2.9 x 106 'cm™!
(adopting the best-fitting BH mass in the Schwarzschild case). For
the ionization parameter we derive (log & < —1.0), this implies that
a compact absorber with R ~ 50r, can only be obtained with n >
10" cm—3, which seems highly unlikely.

Hence the absorption model we propose is not self-consistent as
the low-ionization gas detected in absorption (and needed to re-
produce the X-ray flux variability) cannot survive in the compact
region that is necessary to avoid significantly affecting the UV. This
conclusion is, however, somewhat model dependent because our ab-
sorption model is likely oversimplified. For instance, one can imag-
ine a situation in which the absorbing cloud(s) have a multilayer
structure. The outer layers are highly ionized and reduce via absorp-
tion and Compton scattering, the ionizing luminosity irradiating the
inner layers. If so, the cloud(s) core could possibly survive with rel-
atively low ionization even very close to the ionizing source. This
hypothesis would require consideration of a multilayer absorption
model in which Compton scattering is self-consistently taken into
account, which also means considering with care all possible out-
flow geometries/velocities. Given the limited quality of our X-ray
data, we must defer this study to future higher quality observations
of PHL 1092 or of other similar (X-ray brighter) sources.

If a reflection-dominated spectrum is invoked, the overall opti-
cal/UV to X-ray SED is intrinsically steep as the ionizing continuum
is X-ray depleted and, as such, the unusual optical/UV emission-
line properties of PHL 1092 and other similar sources can be ex-
plained. We attribute this effect to light-bending close to the BH
which depresses very significantly the continuum flux that can es-
cape to an observer at infinity. Our analysis of PHL 1092 shows
that a reflection-dominated spectrum due to the presence of a very
compact and centrally concentrated X-ray corona (few r, in size)
can indeed produce extreme X-ray weak states as well as dramatic
X-ray variability in the soft band by invoking much lower ampli-
tude variation in the intrinsic X-ray flux. Most of the soft X-ray
variability is accounted for by moderate disc ionization variation,
associated with the similar amplitude intrinsic flux.

As mentioned above, the UV properties of PHL 1092 are
similar to those of two other X-ray weak NLSI galaxies:
IH0707—495 and IRAS 13224—3809. Remarkably, the X-ray
spectra of 1H0707—495 and IRAS 13224—3809 have been inter-
preted as being disc-reflection dominated (Boller et al. 1993, 2002,
2003; Fabian et al. 2002, 2004, 2009, 2012; Ponti et al. 2010). In
both cases, a significantly enhanced Fe abundance is required to
model the X-ray spectrum which is in agreement with the enhanced
metallicity inferred by Leighly (2004b) from the UV spectra. A
recent observation of 1H0707—495 (Fabian et al. 2012) suggests
that the X-ray corona is confined within ~2r, from the central
BH during extremely low X-ray flux states, while it is likely more
extended during higher X-ray flux states, in agreement with light-
bending model predictions (Miniutti & Fabian 2004). Moreover,
soft X-ray time lags of the order of the light-crossing time of a
few r, have been detected in 1H0707—495, and their properties
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(energy and frequency dependence) support the overall interpreta-
tion in terms of disc reflection (Fabian et al. 2009; Zoghbi et al.
2010; Zoghbi, Uttley & Fabian 2011). It should be mentioned that,
although no complete spectral-timing model has been presented,
the properties of 1H0707—495 have been suggested to be consis-
tent with an absorption-dominated interpretation, which, however,
may require a special line-of -sight (Miller et al. 2010). The de-
tection of time-lags in several other sources appears to exclude the
possibility that we are dealing with such special lines-of-sight (e.g.
Emmanoulopoulos, McHardy & Papadakis 2011; Tripathi et al.
2011; Zoghbi & Fabian 2011; Zoghbi et al. 2012). Moreover, the
time-lag amplitude appears to scale with BH mass as predicted
within the reverberation scenario if the reflector is few r, only from
the X-ray source (De Marco et al. 2012). Gibson et al. (2008) showed
that non-BAL X-ray weak quasars make up less than about 1-2 per
cent of the optically selected quasar population. On the other hand,
Wu et al. (2011) reported that the fraction of PHL 1811 analogues
in the radio-quiet population is <1.2 per cent. It is reassuring that
the fraction of AGN that can be very strongly reflection dominated
is constrained to be <2 per cent by the hard X-ray cosmic back-
ground (Gandhi et al. 2007), although the cosmic X-ray background
sources are likely in a different luminosity regime from the SDSS
quasars considered by e.g. Wu et al. (2011).

11 CONCLUSIONS

We have analysed XMM-Newton observations of PHL 1092 cover-
ing nearly 10 yr (7.5 yr in the rest frame) of its activity and spanning
more than two orders of magnitude in soft X-ray flux. We comple-
ment our analysis with optical spectra obtained in 2008 January
and 2010 October and with a qualitative discussion of the UV HST
spectrum from a 2003 August/September STIS observation. The
main results of our analysis can be summarized as follows.

(i) The remarkable o, variability of PHL 1092 is entirely driven
by the X-ray variability. During our monitoring campaign, we detect
a maximum X-ray flux variability by a factor of ~260 in ~3.5yr
(rest frame), while the UV variability is confined to within 10-15 per
cent. At its minimum X-ray flux level (2008 January), PHL 1092
is about a factor of ~480 X-ray weak with respect to a standard
quasar with its optical luminosity.

(i) The UV spectrum of PHL 1092 is characterized by weak,
broad and blueshifted C1v emission, most likely originating in
a wind. The lack of absorption features in the UV spectrum of
PHL 1092 most likely indicates that the outflow does not cross
our line-of-sight, in contrast with the case of BAL quasars. It
presents many analogies with the prototypical non-BAL X-ray weak
quasar PHL 1811 and with the two NLS1 galaxies 1H 0707—495
and IRAS 13224—-3809. We tentatively report UV variability in
the C1v region based on a comparison between the single-epoch
HST spectrum and the UV photometry from the XMM-Newton OM
observations. The possible C1v variability appears to be associ-
ated with X-ray weakness. Our results are consistent with the idea
that the C1v emission line is weaker and/or more blueshifted in
X-ray weaker states. This implies either that the ionizing flux drop
associated with X-ray weak states is sufficient to depress the C1v
emission-line flux, or that the outflow can be launched from closer in
during X-ray weak states, thus resulting in a larger outflow velocity
and C1v blueshift. The optical spectrum of PHL 1092 is dominated
by Fe 1, and is characterized by relatively narrow HB and Mg 11 lines
centred at rest-frame energies, likely originating in the dense outer
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disc. No significant spectral changes are seen in the optical from
2008 to 2010.

(iii) The X-ray variability of PHL 1092 on long- and short time-
scales suggests a correlation between the X-ray flux and the rms
variability, consistent with the linear rms—flux relationship that
has been now observed in almost all types of accreting objects.
PHL 1092 has a high variability amplitude on short time-scales
which can be used to estimate its BH mass. The X-ray variabil-
ity BH mass estimate is, however, about two orders of magnitude
smaller than that obtained using the standard BH mass scaling re-
lations using single-epoch optical spectra. This result calls into
question either the idea that the mechanism behind the short-time-
scale variability of PHL 1092 is the same as in all other accreting
objects (which would be surprising, given the rms—flux relation we
suggest) or the reliability of the standard mass scaling relations for
wind-dominated soft-spectrum AGN such as PHL 1092.

(iv) We propose three possible scenarios that can explain the UV-
to-X-ray SED of PHL 1092 at all X-ray flux levels: (i) a breathing
corona scenario in which the X-ray flux is correlated with the X-
ray corona size and where X-ray weak states are associated with
the collapse of the corona down to the marginal stable orbit; (ii)
an absorption model where the X-ray variability is dominated by
changes of the covering fraction of a relatively cold absorber which
covers almost 100 per cent of the X-ray source in X-ray weak states;
(iii) a disc-reflection-dominated scenario where the X-ray corona is
confined within few r, from the central BH at all flux levels.

In the breathing corona scenario, the X-ray corona of PHL 1092
is always compact (<2R;,) and shrinks down to ~R;, in extreme
X-ray weak states. However, the shrinking radial velocity is likely
too high to be plausible and, as such, we interpret the breathing
corona as an indication that the X-ray active regions are more
compact (and likely closer in) in low X-ray flux states. If so, we
caution that light-bending effects will inevitably occur, so that the
model reduces to the reflection-dominated one at least in extreme
X-ray weak states.

The absorption interpretation is not completely self-consistent as
the X-ray flux variability is produced by variations of a relatively
cold absorber. The absorber should imprint some absorption feature
in the UV, but UV absorption is not detected in the spectra of
PHL 1092, PHL 1811, the PHL 1811 analogues of Wu et al. (2011)
or the two NLS1 galaxies we consider. One possibility is that the
absorber is confined within the UV-emitting disc, i.e. within a few
tens of r,. If so, however, absorbing clouds cannot survive at the
low-ionization level we need to reproduce the X-ray variability.
A possible way out would be to consider a multilayer absorption
model in which every absorbing cloud is structured into multiple
layers. The outer layers may protect the innermost cloud(s) nucleus
from the ionizing flux, thus enabling them to survive close to the
source at low ionization. We defer such complex study to future
work.

As mentioned, the X-ray variability and overall SED can also be
reproduced in a reflection-dominated scenario where a compact X-
ray corona is confined within few r, from the BH at all flux levels.
Light-bending effects produce a disc reflection-dominated spec-
trum, and the observed extreme X-ray flux variability at soft X-rays
(a factor of 260 in 3.5 yr) is reproduced with a much smaller factor
of ~10 intrinsic variation. A similar scenario has been invoked for
1H0707—495 and IRAS 13224—3809, two NLS1 galaxies which
share many properties with PHL 1092 from UV to X-rays. The re-
cent detection of soft X-ray time lags in 1H0707—495 (and other
sources) supports a reflection scenario in these objects.
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Two of the three scenarios we present make very different pre-
dictions for the X-ray flux above 10keV. The absorption model
implies a constant flux Fsg_j00 ~ 2.5 x 1073 ergem™2s~! in the
30-100keV band, while the reflection-dominated model predicts
a much lower flux® of F3o_jg0 < 4.1 x 107"*ergecm™2s~! On the
other hand, as the baseline model is associated with very large in-
trinsic variability, the predicted hard X-ray flux is too variable to
provide a useful constraint. A deep observation of PHL 1092 (or of a
similar source) with sensitive hard X-ray detectors such as ASTRO-
H (Takahashi et al. 2010) and NuSTAR (Harrison et al. 2010) in
the near future may thus reveal the nature of the transient X-ray
weakness phenomenon, and could shed light into the nature of the
non-BAL X-ray weak quasars population at large.
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