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ABSTRACT

XMM-—Newton observations of five high-luminosity radio-quiet quasi-stellar objects (QSOs;
Q 0144—-3938, UM 269, PG 16344706, SBS 09094532 and PG 1247+267) are presented.
Spectral energy distributions were calculated from the XMM-Newton European Photon Imag-
ing Camera (EPIC) and Optical Monitor (OM) data, with bolometric luminosities estimated in
the range from 7 x 10% to 2 x 10* erg s~! for the sample, peaking in the ultraviolet. At least
four of the QSOs show a similar soft excess, which can be well modelled by either one or two
blackbody components, in addition to the hard X-ray power law. The temperatures of these
blackbodies (~100-500 eV) are too high to be direct thermal emission from the accretion disc,
so Comptonization is suggested. Two populations of Comptonizing electrons, with different
temperatures, are needed to model the broad-band spectrum. The hotter of these produces what
is seen as the hard X-ray power law, while the cooler (~0.25-0.5 keV) population models the
spectral curvature at low energies. Only one of the QSOs shows evidence for an absorption
component, while three of the five show neutral iron emission. Of these, PG 12474267 seems
to have a broad line (with an equivalent width of ~250 eV), with a strong, associated reflection
component (R ~ 2), measured out to 30 keV in the rest frame of the QSO. Finally, it is con-
cluded that the X-ray continuum shape of active galactic nuclei remains essentially constant

over a wide range of black hole mass and luminosity.
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1 INTRODUCTION

The X-ray continuum in Seyfert galaxies has been well studied; in
these objects, a hard spectral component dominates the emission
above ~2 keV. A proposed origin for this component is in a hot
corona above the accretion disc surface, in which optical/ultraviolet
(UV) photons from the disc are Comptonized to X-ray energies. A
fraction of the hard X-ray power-law continuum then illuminates
the disc (and possibly a molecular torus); some of these photons
are absorbed, forming an iron K-edge at >7 keV, while others are
reprocessed into an Fe Ko line at 6.4 keV and a Compton reflec-
tion ‘hump’, caused by Compton down-scattering of the hard X-ray
photons (Pounds et al. 1990).

It has been found that, although these features are generally ob-
served in Seyfert 1 galaxies (Nandra & Pounds 1994), they are less
common in the spectra of quasi-stellar objects (QSOs; e.g. Reeves
et al. 1997; Lawson & Turner 1997). In many cases this could be
related to a lack of signal-to-noise, but it is important to determine
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whether such features are ubiquitous in QSOs and, hence, whether
this emission mechanism is common over the full range of active
galactic nuclei (AGN) luminosities. Observing the most luminous
QSOs allows an investigation into objects where the accretion rate
may be close to the Eddington limit and/or where the black hole
mass may be large (i.e. ~10° M).

Work with ASCA (e.g. Reeves & Turner 2000) found evidence for
iron-line emission in a number of QSOs, but often originating from
ionized material, rather than the cold emission found for Seyferts. If
this were true in general, it could be explained by the more luminous
AGN having a higher accretion rate, which causes the surface of the
disc to become ionized.

The QSOs in this paper form a small sample of high-luminosity,
radio-quiet objects, with X-ray luminosities from 7 x 10* to 3 x
10% erg s~! (bolometric luminosities of 7 x 10* to 2 x 10% erg
s~1); the redshifts cover a range from 0.244 up to 2.038. Radio-quiet
objects form the majority of luminous AGN (e.g. Kukulaetal. 1998),
but are less X-ray luminous than their radio-loud counterparts, for a
given optical luminosity (Zamorani et al. 1981; Worrall et al. 1987;
Wilkes et al. 1994). Because radio-quiet QSOs (RQQs) are fainter
in the X-ray band, the high throughput of the XMM-Newton X-ray
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telescopes makes the European Photon Imaging Camera (EPIC) in-
struments ideal for an X-ray investigation of distant RQQs. The aim
of this study is to investigate the properties of the central engine in
some of the most luminous QSOs (i.e. the extreme end of the accre-
tion rate, black hole mass and/or luminosity parameter space). It is
possible to do this with RQQs because the jet is thought not to con-
tribute significantly to the X-ray emission, whereas, in radio-loud
quasars, synchrotron or inverse Compton emission from a relativis-
tic jet may dilute some of the spectral features (such as the iron line
or soft excess) which are thought to originate from the accretion
disc.

2 XMM-NEWTON OBSERVATIONS

Table 1 lists the dates and the instrumental set-up for each of the
EPIC observations, while Table 2 gives the redshifts, Galactic ab-
sorbing column and radio measurements for each of the QSOs. A
value of R < 1 defines the AGN as being radio-quiet, where Ry is
given by the log of the ratio of the radio (5 GHz) to optical (B-band)
fluxes (Wilkes & Elvis 1987; Kellerman et al. 1989).

The pipeline-produced event-lists were filtered using XMMSELECT
within version 5.4 of the sAs (Science Analysis Software); single-
and double-pixel events (patterns 0—4) were used for the PN, while
patterns 0—12 were chosen for the MOS instruments. Spectra were
extracted within a small circular region, centred on the source, with a
radius of between 25 and 40 arcsec, depending on the source bright-
ness. (Smaller regions were used for the fainter sources, to mini-
mize the contribution from the background.) Background spectra
(within the same size, or larger, region) were produced from an off-
set position free of other sources. MOS 1 and MOS 2 spectra were
subsequently co-added, after confirmation that the results were con-
sistent. Source and background light curves were also extracted for
each object. Time intervals of relatively high, flaring background
were identified for both of the PG QSOs, and these periods were ex-

cluded from the following analysis. None of the source light curves
showed variability over the duration of the observations after the
removal of the background, however. After grouping the spectra to
obtain a minimum of 20 counts per bin, version 11.1.0 of XSPEC was
used to analyse the data. The most recent (time-dependent) response
matrices (rmfs) were used when fitting the spectra, together with an
ancillary response file (arf) generated by running ARFGEN within the
SAS. The rmfs take into account the degradation of the instruments
over the years since launch, and specifically model how the charge
transfer inefficiency (CTI) has changed. Optical/UV magnitudes
were obtained from the Optical Monitor (OM) where possible and
these are discussed in Section 4. Errors are given at the 90 per cent
level (e.g. Ax? = 4.6 for two interesting parameters). Throughout
this paper, a Wilkinson Microwave Anistropy Probe (WMAP) cos-
mology of Hy = 70 km s~' Mpc™!, cosmological constant §2; =
0.73 and 2, = 1 — Q, is assumed; for comparison with previous
conventions, using go = 0.1 and Hy, = 70 km s~! Mpc~! would
give slightly smaller luminosity distances: a factor of ~0.93-0.97
(z = 0.244-2.038) compared to the values used here.

3 ANALYSIS OF EPIC DATA

3.1 The iron K band

Throughout the analysis, the co-added MOS and PN spectra were
found to give consistent results, so the values given in this paper
are those for joint fits to the instruments. A simple power-law fit
over the 0.2-10 keV band showed significant curvature in all five
spectra (Fig. 1). For three of the QSOs, upward curvature was found
atlow (<1-2 keV observer’s frame) energies, indicating soft excess
emission; although the panel for PG 16344706 does not show an
obvious excess of counts at lower energies, it was found to be better
fitted by the inclusion of a soft excess component (see Section 3.2).

Table 1. Information about the observations and XMM-Newton configurations for the QSOs.

Object Obs. ID Obs. date Exposure time (ks)* Filter ModeP
(rev.) MOS 1 MOS 2 PN MOS/PN MOS 1 MOS 2 PN
Q 0144—-3938 0090070101 2002/06/18 (0462) 323 323 28.1 Medium Iw Iw ff
UM 269 0090070201 2002/01/05 (0380) 20.3 20.3 16.3 Medium Iw Iw ff
PG 16344706 0143150101 2002/11/22 (0541) 13.7 13.7 12.6 Medium ff ff ff
SBS 0909+532°¢ 0143150301 2003/04/17 (0614) 12.9 12.9 10.7 Medium ff ff ff
0143150601 2003/05/18 (0630) 17.0 17.1 13.8 Medium ff ff ff
PG 12474267 0143150201 2003/06/18 (0645) 24.0 24.0 19.0 Medium ff ff ff

#‘Clean’ exposure times are given, after excluding periods of high background flares.

bHere, Iw denotes large window, ff denotes full-frame.

This first observation of SBS 09094532 was wiped out due to high background.

Table 2. Information about the five QSOs in this sample. E(B —V') values are taken from the NED. The radio fluxes were measured at 1.5 GHz. (i) NRAO/VLA
Sky Survey (Condon et al. 1998); (ii) Wadadekar & Kembhavi (1999); (iii) Vignali et al. (1999); (iv) Barvainis, Lonsdale & Antonucci (1996); (v) Reeves &
Turner (2000); (vi) FIRST survey (Becker, White & Helfand 1995); (vii) Kellerman et al. (1989).

Object RA Dec. Redshift Galactic Ny E(B-V) Radio flux Ry, Reference
J2000 12000 (10%° cm=2) density (mJy)

Q 0144-3938 01:46:12.5 —39:23:5.0 0.244 1.44 0.014 2.5 <0.2 @

UM 269 00:43:19.7 00:51:15.0 0.308 2.30 0.02 1.1 0.67 (i), (iii)

PG 16344706 16:34:28.9 70:31:33 1334 448 0.04 1.65 —0.59 (iv), (v)

SBS 0909+532 09:13:1.6 52:59:29.1 1.376 1.6 0.015 1.09 —0.92 (vi)

PG 12474267 12:50:5.6 26:31:9.8 2.038 0.9 0.013 1.17 0.36 (vii)

© 2004 RAS, MNRAS 353, 133-142
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Figure 1. The plots show the ratio of the data to a power-law model, fitted over 2—10 keV in the rest frame. Extrapolating the power-law fit over 0.2-10 keV
(observer’s frame) shows soft excesses in three of the objects; in the spectrum of PG 12474267 the reflection component is dominant. The vertical dotted
line marks the position of 6.4 keV in the rest frame. Positive residuals can be identified in the spectra of Q 0144—3938, PG 12474267 and SBS 0909+532,
indicating the presence of iron emission. Co-added MOS residuals are shown in black, PN in grey.

The last panel of Fig. 1 (PG 1247+4-267) shows an excess of counts
in the high-energy portion of the spectrum. To avoid the curvature,
the spectra over the rest-frame 2—10 keV bands were initially inves-
tigated. First, a power-law model, attenuated by neutral absorption,
was tried, where Ny was fixed at the Galactic value for each object,
calculated using the NH FToOL (Dickey & Lockman 1990). Next a
Gaussian component was included for each spectrum, to measure
emission from Fe Ko if such a line was insignificant, then only the

© 2004 RAS, MNRAS 353, 133-142

upper limit on the equivalent width (EW) is quoted in Table 3. As
the table shows, two of the objects did not require any iron emission
components. The remaining three QSOs, however, did show signifi-
cant evidence for neutral Fe K emission, at >99 per cent confidence,
according to an F-test.

Allowing the width of the line in Q 0144—3938 to vary improved
the fit slightly over a narrow-line model (null probability of 1.7 x
1072); the best-fitting line was found to have an intrinsic width of
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Table 3. Fits over the 2-10 keV energy band; 90 per cent errors (Q 0144—3938, SBS 0909+532 and PG 1247+267) and upper limits (UM 269 and
PG 1634+706) are given for the EW of the iron line. The width of the lines have been corrected to the rest frame of the objects in question. The F-test null
probability compares the fit with the iron line to that with only the power law, with the number of extra free parameters in brackets.

Object Fit Model r Line o Equivalent x2/dof F-test null
energy (keV) (keV) width (eV) prob. (free param.)

Q 0144—-3938 1 PL 1.78 £+ 0.05 343/369

2 PL+GA 1.82 £0.05 6.45 £ 0.06 0.15+ 0.1 215 + 80 317/366 2.36x107° (3)
UM 269 1 PL 1.68 + 0.10 211/198

2 PL+GA 1.69 & 0.10 6.4 0.0 <80 210/197 0.334 (1)
PG 1634+706 1 PL 2.19 £ 0.05 285/296

2 PL+GA 2.19 £ 0.05 6.4 0.0 <72 284/295 0.309 (1)
SBS 0909+532 1 PL 1.71 £ 0.05 205/227

2 PL+GA 1.73 £ 0.06 6.42 +0.11 <0.49 200 £+ 75 196/224 6.41x1073 (3)
PG 12474267 1 PL 2.15+£0.07 123/160

2 PL+GA 2.23 +0.10 6.30 £ 0.36 0.52 £ 0.35 421 £ 215 112/157 2.04x1073 (3)

o ~ 0.15 keV. The spectrum of SBS 0909+532 also showed evi-
dence for a line, but it was not possible statistically to differentiate
between a narrow and a broadened component; hence, the 90 per cent
upper limit to the width is given in Table 3. Finally, PG 12474267
showed iron emission as well. This line was also better modelled
with a broad component, with an EW of ~400 eV for a width of
o ~ 0.52 keV (decrease in x2/dof of 5/1, compared to a narrow
line; the F-test null probability for this is 8.9 x 107%). It should be
noted that Protassov et al. (2002) have shown that the F-test may
not be an appropriate statistic for determining the significance of
marginal line parameters and should be used with caution. Thus,
although there is evidence that the iron line may be broadened, no
definite statement can be made.

None of the five QSO spectra showed any evidence for iron ab-
sorption edges at 27 keV, in contrast to PDS 456, for example
(Reeves, O’Brien & Ward 2003), which is also a high-luminosity
radio-quiet AGN.

3.2 Broad-band X-ray continuum

Because three of the QSOs in this sample are at z > 1, the presence
of a Compton reflection hump was investigated, using the model
PEXRAV (Magdziarz & Zdziarski 1995) in XSPEC. In the standard
model of AGN, reflection can occur from the accretion disc and/or
molecular torus (e.g. Lightman & White 1988; George & Fabian
1991). At z = 1, the XMM-Newton band extends up to 20 keV in
the rest frame, so it might be expected that any spectral flattening due
to reflection would be observable. Because reflection components
can also affect the lower-energy spectra, these fits were conducted
over the full 0.2-10 keV energy band. The results of this model,
given in Table 4, show that only in PG 12474-267 was a reflec-
tion component significantly detected; upper limits are given for
the remaining four objects. For PG 12474267, a simple power-law
plus Gaussian fit over the broad-band gave a reduced y? value of
270/295; the inclusion of the reflection parameter decreased this to
236/294, giving a null probability of 3.3 x 107!°. The component
in PG 12474-267 is strong, with R ~ 2, and is required in addition
to the broad line; R is defined to be €2/27t, where €2 is the solid angle
subtended by the scattering medium. Thus, for a value of R > 1, the
indication is that reflection is occurring from >27t steradian, which
is unphysical; possible explanations are discussed in Section 5.

As one would expect the strength of the Compton reflection hump
to scale directly with the EW of the iron line for a given photon in-
dex and disc inclination, the iron line EW was linked to the strength

Table 4. Compton reflection fits to the data. The reflection component,
modelled using PEXRAV, is given by R = €2/27t. These values were obtained
by modelling the broad-band (0.2-10 keV) X-ray spectra of the objects.
F-test probabilities are given for one additional degree of freedom.

Object Reflection parameter F-test null prob.
Q 0144-3938 <1.33 0.341
UM 269 <2.00 0.999
PG 1634+706 <0.72 0.567
SBS 09094532 <I.1 0.999

PG 12474267 2.87 +0.96 3.3 x 10710

of the reflection component, R, within the PEXRAV model. To deter-
mine the scaling between R and the line EW, the model of George &
Fabian (1991) was used, appropriate for reflection off neutral mat-
ter. In the case where the continuum photon index is I' ~ 2.3, with
an inclination angle for the reflector of 30° to the line of sight, a
reflection component with R = 1 should produce an iron line with
an EW of ~120 eV. Refitting this reflection model to PG 1247+267
then resulted in a slightly weaker iron line, with an EW of 259 +
74 eV, whilst the strength of the corresponding reflection component
is then R = 2.2 £ 0.7, consistent with the previous fit. The energy
and velocity width of the line are largely unchanged, with £ = 6.35
4 0.51 keV and o = 0.53 £ 0.37 keV. The reflection component
is clearly detected in Fig. 1, with a null probability of 5.4 x 107
(for the presence of both the line and reflection component); this
corresponds to A x? = 40 for three degrees of freedom. The reflec-
tion hump is consistent with the strong line observed and the fit with
both the broad line and reflector is shown in Fig. 2. Fig. 3 shows the
confidence contours for the strength of the reflection and the power-
law slope, demonstrating clearly that the data are inconsistent with
a reflection parameter of zero at >99 per cent.

Extrapolating the best-fitting 2-10 keV models over the full
XMM-Newton bandpass showed obvious soft excesses (Fig. 1) in
three of the five QSOs; fit 3 in Table 5 gives the reduced x> value
for this extrapolation. The soft excess emission appears strongest
in those QSOs at the lower redshifts; however, this is mainly a se-
lection effect, because the soft excess will be shifted out of the
XMM-Newton energy bandpass as the redshift increases. Likewise,
at higher z, any reflection component in the spectrum will be shifted
into the hard band, making high-energy curvature more obvious
in the data. The most straightforward, if not particularly physical,

© 2004 RAS, MNRAS 353, 133-142


http://mnras.oxfordjournals.org/
http://mnras.oxfordjournals.org/

XMM-Newton observations of high-luminosity RQQs 137

1074

flux (keV em™2 s7")
107°

" PRI | " " " PR
Q0.5 1 2 5 10
channel energy (keV)

407
i\,‘ T

Figure2. The best fit to the broad-band spectrum of PG 12474267 includes
a strong reflection component, as this unfolded plot shows. There is also a
correspondingly strong, broad Fe Ko emission line. PN data only are shown
for clarity.
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Figure 3. 68, 90, 95 and 99 per cent confidence contours (two interesting
parameters) for the strength of the reflection parameter in PG 12474267
against photon index. The data are not consistent with zero reflection.

method for modelling the soft excess is the inclusion of blackbody
(BB) components. As Table 5 shows, the objects were generally best
fitted with one or two BBs in addition to the power law (fits 5 and
6); however, the fit to Q 0144—3938 improves enormously with the
addition of a warm absorber component (modelled with ABSORI in
XSPEC), in the rest frame of the AGN. The presence of this component
was suggested in Fig. 4 by a dip in the spectrum around 0.6-0.8 ke V.
The main component of this warm absorber are edges corresponding
to O vit and O viil. The other QSOs showed no evidence for excess
Ny and upper limits for cold absorption are given in Table 5. It was
found that there was only weak evidence for a soft emission com-
ponent in PG 12474267, with the reflection component accounting
for most of the spectral curvature. Alternatively, the spectral shape
of PG 1247+267 can be modelled by a much flatter power law, to-
gether with three BB components and the broad line, but no Comp-
ton reflection hump. For I' = 1.61 & 0.14 and BB temperatures of
kT = 0.067 & 0.014, 0.267 + 0.045 and 0.702 4 0.089 keV, a x>
value of 229 for 288 degrees of freedom is obtained. However, this
model is inconsistent with the presence of the strong emission line,
which is an indication that a reflection component should be present
(assuming the reprocessing medium is Compton-thick).

An alternative method for modelling the curvature is using a bro-
ken power law to model the entire spectrum; these fits are quoted
in Table 6. For four of the QSOs, the break energies for the broken

© 2004 RAS, MNRAS 353, 133-142

power law (given in the rest frame) are 1-4 keV, indicative of mod-
elling soft excess emission; PG 12474267 shows spectral hardening
at higher energies, which is more suggestive of reflection, agree-
ing with the previous fits. Only the spectrum of SBS 0909+532
can be fitted statistically as well with a broken power law as with
the power-law/BB model. However, for the case of PG 16344706,
including an additional rest-frame absorption component [Ny =
(16 £ 2) x 10% cm™2] actually improves the fit, despite there being
no evidence for such absorption when modelling the spectrum with
a power law and BB. BB spectra curve over at lower energies, while
power laws do not; Fig. 1 shows that the spectrum of PG 16344706
does roll over slightly at the low energies, hence the requirement
for the excess absorption. This fit results in x2/dof = 487/506, a
decrease of 7 for one degree of freedom, compared to the BB fit.
UM 269, SBS 0909+532 and PG 1247+267 still show no sign of
an increased column density.

Table 7 lists the 2-10 and 0.2-10 keV fluxes and unabsorbed
luminosities, derived from the best-fitting power-law/BB models.
Note that SBS 0909+532 is a gravitational lens (Kochanek et al.
1997; Oscoz et al. 1997; Lehar et al. 2002); hence, the luminosity
estimated from the fits is much too high. Chartas (2000) has esti-
mated that the luminosity of this object is enhanced by a factor of
15, thus the values determined from fitting the X-ray spectrum have
been scaled down by this amount in the tables and figures in this
paper.

Although blackbodies parametrize the soft excess very well, the
temperatures for these components are significantly hotter than
could be feasibly expected from a luminous QSO accretion disc.
There is a relationship between the disc temperature, accretion rate
and the mass of the black hole, given by (Peterson 1997):

. 1/4
M —3/4
T(r) ~63x10° - M (L) K. 1)
Mgaq Ryen

For a black hole mass of ~10° M, the hottest temperature (i.e.
at an innermost radius of 3 R, where the Schwarzschild radius
R = 2GM /c?) is ~10 eV. The temperatures found by fitting the
soft excess with BB components (Table 5) are much higher than
this, generally with k7 2> 100 eV. This indicates that the excess seen
is not due to direct thermal emission from the accretion disc and
requires Compton up-scattering of the disc photons.

Inverse Comptonization of the thermal photons can form both
the soft excess and the apparent hard X-ray power law. This theory
suggests that there is a population of hot electrons, above the disc,
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Figure 4. After modelling the broad-band spectrum of Q 0144—3938 with
a power law, two BBs and an iron line, a dip can be seen in the spectrum
around 0.6-0.8 keV (observer’s frame); this indicates the presence of the
warm absorber. MOS data are plotted in black, PN in grey.
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Table 5. Fits over the 0.2-10 keV energy bands; the F-test values are given for each BB model compared to the previous fit. The Fe lines present in
Q 0144—3938, SBS 09094267 and PG 12474267 were fixed to the values determined over the 2-10 keV band. The ‘EXTRAP.PL’ fit refers to the x 2 value
obtained if the power law fitted to the 2-10 keV rest frame is simply extrapolated over the full 0.2-10 keV band. The fits for PG 12474267 also include a
reflection component, REF (see Table 4).

Object Fit  Model r kT? kT? NyP g° x2/dof F-test null
(keV) (keV) (10 cm™2) probability
Q0144—3938 3 EXTRAP.PL 1.82 £ 0.05 3289/754
4 PL 2.07 £0.05 2112/754
5  PL+BB 1.74 +£0.04  0.095 + 0.003 956,752 1.00 x 10~%°
6 PL+2BB 1.5440.07 0.103+0.003  0.488 + 0.030 902/750 3.39 x 10710
7  (PL+2BB)*ABS  1.81+0.05 0.1234+0.008 0.283 +0.020 97 £29 98+32  828/748 125 x 1074
UM 269 3 EXTRAP.PL 1.68 & 0.10 1824/514
4 PL 1.93 £ 0.03 621/514
5  PL+BB 1.84 £0.04 0.120 £ 0.016 564/512 1.97 x 10711
6  PL+2BB 1.59+0.10 0.104 £0.011 0.311 +£0.035 <8 533/510 5.49 x 1077
PG 1634+706 3 EXTRAP.PL 2.19 £0.05 606/509
4 PL 2.11 +0.02 548/509
5  PL+BB 1.96 +0.05  0.404 + 0.027 <7 494/507 379 x 10712
SBS 0909+532 3 EXTRAP.PL 1.73 £ 0.06 514/428
4 PL 1.81 £ 0.01 424/428
5  PL+BB 1.64 +£0.05 0.274 £ 0.034 375/426 436 x 10712
6  PL+2BB¢ 1.604+0.04 0.102+0.039 0.335+0.038 <1 367/424 1.00 x 1072
PG 12474267 3 EXTRAP.PL 2.2340.10 287/295
4 PL 2.18 £0.02 270/295
45  PL+REF 234 £0.04 236,/293 273 x 1072
5  PL+REF+BB¢ 230+£0.05 0.050 & 0.020 <9 230/291 2.00 x 1072

2BB temperature.

b Absorption component.

Ionization of the warm absorber.

9dThis soft emission component is only marginally significant.

Table 6. Broken power-law fits to the broad-band spectra; absorption/Gaussian components are included as before. I sof; is the photon index below the break
energy (Evreak), 'hard above. The break energy is given in the QSO rest frames. The final column gives the change in Xz/dof between the broken power-law
fits and power-law/BB model; a negative sign demonstrates that the x 2 value is lower for the BB fit.

Object Fit Model T soft Ebreak T hard x2/dof Ax?/dof
Q 0144—3938 8 BKNPL 2.20 £ 0.03 3.35 +£0.76 1.82 4 0.06 848/750 —20/2
UM 269 8 BKNPL 2.07 £ 0.03 2.68 £ 0.43 1.65 & 0.08 544/512 —11/2
PG 16344706 8 BKNPL 2.12 4 0.01 1.63 + 0.38 1.84 +0.17 541/507 —47/1
SBS 09094532 8 BKNPL 1.95 % 0.05 3.80 £ 0.81 1.58 4 0.08 368/426 —-1/2
PG 12474267 8 BKNPL 2.24 +0.04 7.93 +1.73 1.63 £0.24 239/293 -9/2

4See text for an alternative fit, including absorption.

Table 7. Fluxes and luminosities over the 2—10 keV (rest frame) and 0.2-10 keV (observer’s frame) energy bands, calculated from the power-law plus BB
models. The luminosities of SBS 09094532 have been decreased by a factor of 15 due to the object being a gravitational lens; the fluxes, however, are the actual
observed values. The sixth column gives the rest-frame energy range to which the XMM—Newton band of 0.2-10 keV corresponds. The bolometric luminosities
(estimated from 2500 A) and (lower-limit) black hole masses are also quoted.

Object 2-10 keV (rest-frame) 0.2-10 keV (observer’s frame)
Flux Luminosity Flux Luminosity Rest frame Bolometric Black hole
(erg em2s7h (erg s7h (erg em2 s (erg s7h) XMM-Newton band luminosity (erg s7h mass (M)
Q 0144—3938 1.21 x 10712 232 x 10* 2.58 x 10712 6.60 x 10* 0.25-12.44 2 x 10% 2 x 108
UM 269 8.90 x 10~13 2.80 x 10* 1.92 x 10712 6.54 x 10* 0.26-13.08 7 x 10% 5 x 107
PG 1634+706 1.16 x 10712 1.32 x 10% 2.98 x 10712 3.30 x 10% 0.47-23.34 2 x 10* 1 x 100
SBS 09094532 3.70 x 10713 5.18 x 10% 1.53 x 10712 1.29 x 10% 0.48-23.76 4 x 10% 3 x 108
PG 12474267 6.00 x 10714 9.21 x 10% 7.00 x 10713 278 x 10% 0.61-30.38 1 x 10* 1 x 100

which Comptonizes the disc photons to produce the observed soft
excess. The ‘power law’ at higher energies could also be formed by
Comptonization, but through interactions with a much hotter elec-
tron corona. Comptonized spectra ‘roll over’ at ~4 kT’; hence, for
a relatively cool (<1 keV, say) electron population, the component
will be similar in shape to a BB, only somewhat broader. For a hot

electron population (~100 keV), the spectrum will appear power-
law-like out to energies well beyond the energy bandpass of most
current X-ray instruments.

The Comptonization model used to fit these spectra was THCOMPFE
(Zdziarski, Johnson & Magdziarz 1996); the results are shown
in Table 8 and the fits in Fig. 5. The temperature of the hottest
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Table 8. Double-Comptonization fits to the data. The absorption component was included for Q 0144—3938. kT, is the input BB temperature, kT is the
electron temperature, T is the optical depth, and the superscript ‘f* denotes frozen.

Cooler Comptonized component

Hotter Comptonized component

Object Fit Model kTL, kT, T kTL, kTt r x2/dof
(eV) (keV) (eV) (keV)
Q 0144—-3938 9 2THCOMPFE 20 0.261 £ 0.016 32+4 20 200 1.90 + 0.04 836/749
UM 269 9 2THCOMPFE 30 0.496 £ 0.168 13+£3 30 200 1.62 + 0.09 544/512
PG 1634+706 9 2THCOMPFE 10 0.420 £ 0.060 40 £ 18 10 200 1.95 + 0.05 541/506
SBS 0909+532 9 2THCOMPFE 10 0.491 £0.169 15+£5 10 200 1.60 + 0.05 368/425
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Figure 5. Unfolded plots showing the Comptonization fits to the spectra of Q 0144—3938, UM 269, PG 16344706, SBS 09094532 and PG 1247+267. As

before, Q 0144—3938 includes additional absorption.

Comptonizing distribution was set to 200 keV, because the roll-off
for the ‘power-law’ component is expected to be outside the band-
pass of XMM-Newton, as explained above. This component will
appear very similar to a power law over this limited energy band.
Modelling the spectra with an actual power law (with a Comp-
tonization component for the soft excess) leads to almost identi-
cal fits; Comptonization of the disc photons by hot electrons is,
however, a plausible explanation for the formation of the observed
power-law emission. The model for Q 0144—3938 includes a sim-
ilar value for excess absorption as for the BB fit. The temperature
of the disc photons will be cooler than can easily be modelled over
the XMM-Newton band. Subsequently, an estimate of the accre-
tion disc temperature was made as follows. The luminosity at 2500
A (rest frame) was estimated from the V-band magnitude assuming
an slope of 0.7; from Elvis et al. (1994), a typical QSO has a median
bolometric to 2500-A luminosity ratio of Ly /Lasoos of 5.6. This
allowed an estimate of the black hole mass to be obtained (Table 7),
because

4nGMmpc

or

M
Ligg = ~ 1.3 x 10 —ergs™. ®)
Mo
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This estimate will be a lower limit to the mass, because it has been
assumed that accretion occurs at the maximum Eddington rate. Tak-
ing an accretion rate of Mgy to be a typical value for high-luminosity
QSOs, the temperature of the disc was calculated for each object,
for aradius of 3 R, using equation (1). The resultant temperatures
were rounded to the nearest 5 eV, and are listed in the fourth column
of Table 8.

Two comments must be made about these Comptonization fits.
First, the resulting model was largely insensitive to the estimated
disc temperatures, because they are so low. Secondly, the geom-
etry of AGN is unknown: it could be that some disc photons are
Comptonized to soft excess energies, while others directly inter-
act with the hotter electron population, forming the hard power
law. Alternatively, the two Comptonizing electron populations could
be ‘layered’, such that some photons are first Comptonized by the
warm, ‘soft excess’ population, before undergoing further Comp-
tonization with the hotter electron cloud (due to the disc corona).
If this were to be the case, then the input temperatures for the
two components should not be the same. The results given in Ta-
ble 8 assume the first of these possible scenarios. The fits were


http://mnras.oxfordjournals.org/
http://mnras.oxfordjournals.org/

140 K. L. Page et al.

also tried allowing the input photons to the hotter Comptonizing
electrons to have a varying temperature; however, statistically the
fits could not be differentiated for these spectra. Because it was
found earlier that the spectrum of PG 12474267 could be well
described without a soft excess component if reflection were in-
cluded, these data were not modelled with the Comptonization
components.

4 OPTICAL MONITOR DATA

With the exception of UM 269, OM observations were obtained
for the AGN in this sample; Table 9 lists the magnitudes found in
each band. Also given is o, the two-point optical to X-ray spectral
index. As for estimating the bolometric luminosity, a typical optical
slope of 0.7 (f, o v™°7) was assumed, to convert the OM UV
flux at 2120 A (observer’s frame; for UM 269, the V-band flux at
5500 A was used) to an estimate of the value at 2500 A (in the rest
frame), needed for the definition of &, which is

_ loglf,(2keV)/ £,(2500 A)]
"~ log[v(2keV)/v(2500 A)]

3

ox

Spectral energy distributions (SEDs) were produced, showing
the Comptonization fit over the XMM—Newton band, together with
the OM optical/UV points; these are plotted in Fig. 6. There is
an added complication for the objects at higher redshift, however.
For PG 16344706, SBS 09094532 and PG 12474267, some of
the OM data points are very close to the Lyman limit of 912 A; a
vertical dotted line indicates 912 A in Fig. 6. Without applying a
correction factor, the optical/UV data points would be seen to fall
with increasing frequency, because some of the higher-frequency
photons have been absorbed. Barvainis (1990) plots an SED for
PG 1634+706 at frequencies lower than ~ 2 x 10'5 Hz, where
the spectrum can be seen to be rising as the frequency increases.
Similarly, Koratkar, Kinney & Bohlin (1992) show a UV spectrum
of PG 12474267, where absorption below ~2000 A can clearly
be seen. The measurements which fall between Lyo (1216 A) and
Lyg (1026 A), or between Ly and the limit of the series, have been
corrected by the mean values for the Lyman line absorption given by
O’Brien, Gondhalekar & Wilson (1988). Beyond the Lyman limit,
absorption by the continuum is also important. This correction factor
is, however, uncertain, so the two highest-frequency UV points in
PG 12474267 have only been corrected for the line absorption, not
the additional continuum absorption; therefore, the UV spectrum in
this case is reddened.

Table 9. Optical and UV magnitudes obtained from the OM. The corre-
sponding wavelengths for the different bands are: V, 550 nm; B, 440 nm; U,
360 nm; UVW1, 291 nm; UVM?2, 231 nm; UVW2, 212 nm. The last column
gives the calculated two-point optical to X-ray slope, o ox.

Mean optical and UV magnitudes

Object 14 B U UVW1 UVM2 UVW2 e

Q0144-3938 - 16.7 156 155 - 15.1 —1.47
UM 269 17.85* - - - - - —1.40
PG 16344706  14.8 - 141 - - 14.1 —1.57
SBS 0909+532 - - - 154 15.8 15.8 —1.44
PG 12474267 - - - 15.0 15.3 15.6 —1.55

2The V-band magnitude for UM 269 has been taken from the Hewitt &
Burbidge (1993) catalogue, because no OM data were obtained.

5 DISCUSSION

In this paper, optical to X-ray SEDs have been investigated for high-
luminosity, RQQs, ranging from ~7 x 10* to 3 x 10% erg s~! over
the X-ray band (7 x 10% to 2 x 10*® erg s~' bolometric).

When fitting the rest-frame 2-10 keV band, the mean photon
index for the five QSOs in this sample is I' = 1.93 £ 0.02. Despite
the sample being small, this value is in very good agreement with
the slopes measured in ASCA spectra by Reeves & Turner (2000),
for which a mean slope of 1.89 £ 0.05 was found for the RQQs, and
also with Ginga results (Lawson & Turner 1997). Similarly, Page
et al. (2003) also obtained an average value of 1.89 £ 0.04, for a
sample of lower-luminosity serendipitous XMM-Newton-detected
QSOs. This value of I' ~ 1.9 is the same as that found for Seyfert 1
galaxies by Nandra & Pounds (1994). The mean «,, for this sample
was found to be —1.48. This is somewhat flatter than other surveys
of QSOs have found: e.g. 1.66 (Page et al. 2003); 1.56—1.78 (Vignali
et al. 2001). However, the result is not surprising, because the five
objects in this sample were selected from luminous AGN in the
ROSAT All-Sky Survey and are, therefore, X-ray bright. oy has
been previously found to become steeper with increased luminosity
(e.g. Wilkes et al. 1994; Vignali, Brandt & Schneider 2003). This
small sample confirms these results, with a simple Spearman Rank
correlation giving a probability of 98 per cent.

The vast majority of luminous AGN (Turner & Pounds 1989;
Pounds & Reeves 2002) show soft excesses, i.e. emission above the
extrapolation of a power law, fitted to the 2-10 keV (rest-frame)
energy band, at energies <1 keV. Four of the QSOs in this sample
show soft excess emission very clearly; the evidence is only marginal
for PG 12474267, where the reflection component provides the
observed curvature in the spectrum at higher energies. It should be
noted that, at higher redshifts, cool soft excesses will become more
difficult to detect, due to the shift in the rest-frame energy band
to higher values. PG 12474267 shows a weak indication for a BB
component of kT~ 50 eV, which, at z = 2.038, is mainly shifted out
of the bandpass of XMM—-Newton. Alternatively, if the spectrum is
modelled without a reflection parameter, then PG 12474267 shows
a very hot soft excess (highest BB kT of ~0.7 keV); this lack of
reflection is not consistent with the strong iron line, though, unless
the reprocessing material is Compton-thin.

Thus, it appears that high-luminosity radio-quiet AGN have iden-
tical X-ray continuum properties to lower-luminosity QSOs and
Seyfert 1 galaxies. The objects in this sample cover a range of
X-ray luminosities between ~7 x 10* and 3 x 10* ergs~!, whereas
Seyfert galaxies typically cover a range of ~10-10% erg s~!
(Nandra & Pounds 1994). This indicates that the AGN X-ray contin-
uum shape remains essentially constant over a wide range of black
hole mass and luminosity.

Two components are required to model the broad-band X-ray
continuum. These can be explained through Comptonization of pho-
tons from the accretion disc: the hard X-ray power law is produced
through an interaction with hot (possibly non-thermal) electrons
in a corona above the accretion disc. A second, cooler population
of electrons (~0.5 keV, rather than >100 keV) produces the soft
excess; these electrons are still much hotter than the accretion disc
itself, though, which has a temperature of k7" < 30 eV. It is not
yet clear how the soft excess electrons are heated. One possibility
is that some areas of the accretion disc are irradiated by the hot
electron corona; this could lead to ‘hotspots’ on the accretion disc,
where a warm, mildly ionized layer could Comptonize the thermal
optical/UV photons to the soft excess temperatures (e.g. di Salvo
et al. 2001). Alternatively, the regions of the disc heated by the
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Figure 6. SEDs plotting the EPIC and (dereddened) OM data. The vertical dotted line signifies the Lyman limit (912 A). The abscissa gives the frequency in
the rest frame. The EPIC data were modelled with two THCOMP components, and the unabsorbed data have been plotted. The OM points (shown as stars) have
been dereddened and corrected for Lyman line absorption. Note, however, that the two points at higher frequencies than the Lyman limit in PG 12474267 have
only been corrected for absorption due to the Lyman lines, not the Lyman continuum as well; they are, therefore, too red.

flares could thermalize the radiation, forming a BB spectrum with
a temperature higher than that of the mean disc emission (Haardt,
Maraschi & Ghisellin 1994). The size of this soft-excess-forming
‘region’ can be estimated by assuming that the emission is BB in
nature (because t >> 1, this is a valid approximation); taking the
emitting region to be circular, and performing this calculation, leads
to a radius of ~10"'-10"> m. For a black hole of mass 10° M, the
Schwarzschild radius is ~3 x 10'2 m, i.e. the emitting region is
actually smaller than Ry.,. This implies that the warmer region is
patchy, rather than covering the entire surface of the disc; likewise,
the hot, flaring (coronal) regions must also be small. This result is
also consistent with some of the disc photons being observed di-
rectly as the optical/UV emission, while yet more interact with the
hot electron corona to form the observed power law.

Iron lines were commonly identified in AGN spectra by Ginga
observations (Pounds et al. 1989, 1990; Nandra et al. 1991;
Nandra & Pounds 1994). With the improved resolution of current
instruments, it is sometimes possible to differentiate between nar-
row (<10 eV; unresolved by an instrument such as XMM-Newton)
and broad lines. To date, few broad lines have been found in XMM—
Newton spectra of AGN, examples being Q 0056—363 (Porquet &
Reeves 2003), MCG—5—-23—16 (Dewangan, Griffiths & Schurch
2003), MCG—6—30—15 (Fabian et al. 2002b), Mrk 205 (Reeves
et al. 2001) and Mrk 509 (Pounds et al. 2001). Nandra et al. (1997)
reported a Baldwin effect for the broad lines in ASCA data — that
is, as the X-ray luminosity of the source increases, the strength of
the broad line diminishes. The same Baldwin effect has been iden-
tified for the narrow iron lines in XMM-Newton observations (Page
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et al. 2004a). Also, both Reeves et al. (1997) and Lawson & Turner
(1997) found that reprocessed features (such as the iron K line and
reflection humps) were less common in QSOs than in the lower-
luminosity Seyferts. Thus, it is rather surprising to find a strong,
apparently broad line, together with a clear reflection component,
in such a luminous QSO as PG 12474267 (broad-band X-ray lumi-
nosity of ~2 x 10 erg s~!). Both the strength and velocity width of
the line (o = 30000 km s~") imply that the reflection is occurring off
the inner accretion disc, rather than distant matter, such as the torus.
The line is also much stronger than the narrow component of the Fe
lines observed from further out (that is, from the broad or narrow
line regions, or the torus) in many Seyfert 1s; these narrow lines are
typically around 100 eV in EW (e.g. Kaspi et al. 2001; Pounds et al.
2001; Reeves et al. 2001; Page et al. 2004a). Q 0144—3938 was also
better fitted with a broad, rather than a narrow line, but is less lumi-
nous than PG 12474267, it was not possible to determine whether
the line in the spectrum of SBS 09094267 was broad or narrow.
3C 273, a luminous radio-loud quasar, has previously been reported
to show evidence for a broad line (Yaqoob & Serlemitsos 2000; Page
et al. 2004b), although much weaker than in PG 12474267, with an
EW of ~50 eV. PG 1247+267 seems to be the most luminous QSO
to show a strong (apparently) broad line to date, although there is
some uncertainty about whether the line is truly broad; the object
also reveals the first clear detection of a reflection component in a
high-luminosity AGN.

Reeves & Turner (2000) found, in a sample of 62 QSOs (both
radio-loud and radio-quiet), that approximately half of the iron
emission lines seen were at energies >6.4 keV, implying the lines
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originated from partially ionized matter. It seems somewhat unusual
that the lines reported in this paper appear neutral; however, the cur-
rent sample of five (three detections) is much smaller than in the
Reeves & Turner (2000) paper.

It should be noted that the reflection component found in PG
12474267 is very strong, even for an accretion disc: R > 2 im-
plies the reflection is occurring from >47t steradian. There are a
number of possible explanations for this. It could be a geometri-
cal phenomenon; i.e. part of the direct, hard X-ray emission may
be being obscured by structure within the disc. In this case, the
reflection would appear enhanced (see, for example, Fabian et al.
2002a). Alternatively, it could be due to relativistic effects. Fabian
& Vaughan (2003) use gravitational light-bending as an argument
for explaining the very strong line (also ~400-500 eV) observed in
MCG—-6—-30—15.

With the discovery of such a strong iron line and reflection com-
ponent in PG 1247+267, a much longer observation of the object
(>19 ks of PN time as presented here) is desirable, in order to in-
vestigate the spectral features more thoroughly, including whether
the line varies over time.
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