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ABSTRACT

This is the third paper in a series describing the spectroscopic properties of a sample of 39
AGN at z ~ 1.5, selected to cover a large range in black hole mass (Mpy) and Eddington ratio
(L/Lggq). In this paper, we continue the analysis of the VLT/X-shooter observations of our
sample with the addition of nine new sources. We use an improved Bayesian procedure, which
takes into account intrinsic reddening, and improved Mgy estimates, to fit thin accretion disc
(AD) models to the observed spectra and constrain the spin parameter (a,) of the central black
holes. We can fit 37 out of 39 AGN with the thin AD model, and for those with satisfactory
fits, we obtain constraints on the spin parameter of the BHs, with the constraints becoming
generally less well defined with decreasing BH mass. Our spin parameter estimates range
from ~—0.6 to maximum spin for our sample, and our results are consistent with the ‘spin-up’
scenario of BH spin evolution. We also discuss how the results of our analysis vary with
the inclusion of non-simultaneous GALEX photometry in our thin AD fitting. Simultaneous
spectra covering the rest-frame optical through far-UV are necessary to definitively test the

thin AD theory and obtain the best constraints on the spin parameter.
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1 INTRODUCTION

The dominant source of optical-UV emission in active galactic nu-
clei (AGN) is likely an accretion flow surrounding a central super-
massive black hole (SMBH). For most cases, it is believed that this
accretion flow takes the form of an optically thick, geometrically
thin accretion disc (thin AD), as described in Shakura & Sunyaev
(1973). The physics of an actively accreting BH is governed by
three key parameters, namely its mass (Mpy), spin (defined using
the dimensionless parameter a.), and accretion rate (M). These
parameters are intimately connected to the nature of the accretion
flow around the BH, and AGN with very large accretion rates are
believed to have optically thick, geometrically thick accretion discs
(‘slim’ ADs; Abramowicz et al. 1988; Ohsuga & Mineshige 2011;
Netzer 2013, and references therein).

There are several ‘standard’ models in the literature that pre-
dict the emitted SED of thin ADs, based on the general ideas in
Shakura & Sunyaev (1973) and with various improvements, includ-
ing general relativistic (GR) corrections, radiative transfer in the
disc atmosphere, and disc winds (e.g. Hubeny et al. 2001; Davis &
Laor 2011; Done et al. 2012; Slone & Netzer 2012). As described in
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Koratkar & Blaes (1999) and Davis & Laor (2011), as well as in our
previous paper, Capellupo et al. (2015) (hereafter, Paper I), early
attempts to fit such thin AD models to observed AGN spectra have
generally found that the theoretical SEDs are significantly bluer
than those observed. However, these studies were likely affected by
relatively narrow wavelength coverage, by potential variability be-
tween different observations taken by different instruments, and/or
stellar light contamination at long wavelengths.

Furthermore, while estimates of Mgy and M (or the Eddington
ratio, L/Lgqq) have been obtained for many active SMBHs, the spin
parameters are largely unknown. Up until recently, spin measure-
ments have been limited to X-ray observations of relatively nearby
AGN that are able to probe the innermost regions of the AD. Specif-
ically, high-quality X-ray observations are required to model the
profile of the relativistic 6.4 keV K line, and such measurements
have been performed for only a handful of AGN at low redshift
(Fabian et al. 2000; Brenneman 2013; Risaliti et al. 2013; Reis et al.
2014; Reynolds 2014, and references therein). The highest redshift
AGN with such a measurement so far is at z ~ 0.6, and this was
possible only because it is lensed (Reis et al. 2014). A further down-
side to this approach is that these measurements cannot distinguish
between negative spin and spin of 0 because the changes are too
small in the broad 6.4 keV line profile. Therefore, a method that
is sensitive to the full range of spin parameters (—1 < a, < 1) and
can be applied to AGN at larger redshifts is necessary.
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In Paper I, we introduced a new sample of AGN, observed with a
unique instrument, X-shooter, at the VLT (Vernet et al. 2011). This
sample was selected based on the BH mass and the Eddington ratio
(L/Lggqa), two of the three fundamental properties of active BHs.
Nothing was known about the spin of this sample at the time the
sample was selected.

Our sample was selected in a narrow redshift range centred
around z ~~ 1.55. This redshift was selected so that the four strongest
broad emission lines (BELs; Ho, HB, Mg 112800 A, and C1v 1549 A)
would fall within the observed spectral range of the X-shooter in-
strument. This is important for addressing the physics of BELs and
the estimation of Mpy based on these BELs. Using the X-shooter
instrument avoids the problem of line and continuum variations
that arises when observing individual BELs at different times and
with different instruments. The results of this part of the project are
described in Mejia-Restrepo et al. 2016 (hereafter, Paper II).

Our work in Paper I showed that with wide, single-epoch wave-
length coverage of the SEDs, the thin AD theory is indeed consistent
with the data for at least 25 out of the 30 AGN we studied, in contrast
with many of the earlier works on AGN SED fitting. Furthermore,
we were able to constrain the spin parameter for those sources with
satisfactory thin AD fits to the SEDs.

In the current work, we improve and expand upon the work
in Paper I in three ways. First, we add an additional nine AGN
to the sample to fill a section of the Mpy—L/Lg4q plane missing
in Paper I, namely fainter AGN with a combination of smaller
Mgy and lower L/Lgqq. Secondly, we improve our Bayesian AGN
SED fitting procedure by including improved Mgy estimates from
Paper II and, instead of applying intrinsic reddening only to those
AGN that could not otherwise be fit with a thin AD SED, as we did
in Paper I, we now include an intrinsic reddening correction in our
Bayesian fitting procedure for all sources. Third, we investigate the
inclusion of archival photometry from GALEX, in order to extend
our wavelength coverage further into the UV. This allows us to cover
a larger portion of the AGN SED that is dominated by radiation
from the AGN accretion disc. Although, this analysis is hampered
by potential variability between the non-simultaneous GALEX and
X-shooter observations.

We summarize the sample selection, observations, and data re-
duction in Section 2. In Section 3, we describe the thin AD model
we use, our procedure for fitting the model to the data, and the
results of fitting both the X-shooter spectra alone and the combined
X-shooter+GALEX SEDs. In Section 4, we discuss the implica-
tions of our results on the nature of AGN accretion discs and our
understanding of AGN BH spin evolution. Throughout this work,
we assume a ACDM cosmological model with 2, =0.7, ,, =0.3,
and Hy = 70km s~ Mpc™!.

2 SAMPLE OBSERVATIONS AND DATA
REDUCTION

2.1 X-shooter

In this work, we use a sample of AGN selected from the seventh data
release of the SDSS (Abazajian et al. 2009), as described in Paper I,
and from 2SLAQ (Croom et al. 2009). To summarize, our sample
was selected to cover the widest possible range in Mgy and L/Lgqq,
within a narrow redshift range, z ~ 1.45-1.65. For the purpose
of selecting the sample only, we use measurements of the Mgu
emission line in the SDSS (for the original 30 sources described
in Paper I) and 2SLAQ (for the new nine sources presented here)
spectra, along with a standard bolometric correction (BC) factor
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Figure 1. Our sample selection plotted on the My—L/Lggq plane, using
the measured values based on SDSS and 2SLAQ spectra and McLure &
Dunlop (2004). Black points are the original 30 and blue points are the 9
new sources.

and relations given in McLure & Dunlop (2004), to estimate Mgy
and L/Lgqq. We divide the known Mpy—L/Lgqe plane into nine
bins, and we select five objects per bin (Fig. 1). We have currently
observed 39 AGN, in bins A—H, with Mgy ranging from ~9 x 10’
to 4 x 10° Mg and L/Lggq from ~0.04 t0 0.7.

The X-shooter instrument at the VLT provides spectra with con-
tinuous wavelength coverage from ~3000 to 25 000 A, by simulta-
neously observing three wavelength regions, the UV-blue (UVB),
visible (VIS), and near-infrared (NIR; Vernet et al. 2011). The in-
strumental set-up for the nine new sources presented in this paper
(ESO programme 092.B-0613) is the same as for the original 30
(Paper I; ESO programme 088.B-1034). We observe with the widest
available slit widths, 1.2-1.6 arcsec, giving a resolving power of
3300-5400, depending on the arm. Table 1 lists the nine new ob-
jects in our sample and the dates of observation.

The spectra were reduced using the ESO Reflex environment
(Freudling et al. 2013) and version 2.5.2 of the ESO X-shooter
pipeline, in nodding mode (Modigliani et al. 2010). The pipeline
subtracts the detector bias and dark current, rectifies and cali-
brates the wavelength scale of the spectra, and uses an observed
spectroscopic standard star spectrum to calculate an absolute flux-
calibrated spectrum. In general, the standard star is observed the
same night as the science target.

With the pipeline-calibrated result, we then corrected the spectra
for telluric absorption within the VIS arm spectrum, using a telluric
standard star observation at a similar airmass as the AGN observa-
tion taken either right before or right after the AGN observation.
In the case of the wavelength region ~8950-9800 A, we used a
model telluric spectrum instead of a standard star observation. In
the NIR arm, where there is more significant telluric absorption, we
simply remove the regions of the spectrum most affected by this
absorption.

Finally, we use the Schlegel, Finkbeiner & Davis (1998) maps
and Cardelli, Clayton & Mathis (1989) extinction law to correct the
spectra for Galactic extinction. Table 1 lists the values of Ay due to
the Galaxy for the nine new targets.

Fig. 2 shows the full X-shooter spectra of the nine new sources.
All sources are corrected for Galactic extinction, and some have
been corrected for host galaxy contamination, as described in
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Table 1. Summary of observations and data reduction.

Name Dates observed A, Notes

J0042+0008 2013 October 24 0.02 b
2013 October 31
2014 February 23
2014 February 26
2014 February 27
2014 April 24
2014 April 24
2014 April 27
2013 November 03
2013 November 03
2013 November 04
2013 November 08
2013 December 31 0.03 b
2014 January 30

2014 April 27 0.04 b
2015 January 27

2015 January 27

2015 January 27

2014 March 08 0.04

2014 March 08
2014 April 23
2014 April 23
2014 April 24
2013 November 04
2013 November 08
2014 July 28

2014 July 28

2014 July 29

2014 July 29

2014 February 24 0.04 b
2014 February 26

2014 February 26

2014 February 27

2014 March 01

2014 March 01

2014 February 04 0.03 b
2014 February 22

2014 February 22

2014 February 23

J1021-0027 0.05 ¢

JO038—-0019 0.02 b

J0912—-0040

J1048—-0019

J1045-0047

0.02 b

J0042—-0011

J10464-0025

J0930—-0018

Notes. “Galactic extinction.
bRequires host galaxy subtraction.
‘BALQSO.

Section 3.1. The spectra are ordered by source luminosity as
determined from AL, (3000) A. For consistency, the sources are
ordered in this same way in Table 1.

2.2 GALEX

To increase our wavelength coverage, we incorporate measurements
from the sixth and seventh data release of GALEX. The GALEX
mission has surveyed the sky in two UV bands. The far-UV filter
has a bandwidth of 1344-1786 A, with an effective wavelength of
1538.6 A, and the near-UYV filter has a bandwidth of 1771-2831 A,
with an effective wavelength of 2315.7 A (Morrissey et al. 2007).
This corresponds to rest wavelengths of ~600 and 900 A for our
sample. The GALEX catalogue contains photometric measurements
of 38 out of 39 of the AGN in our sample in the NUV band and 20 in
the FUV band. We have up to five epochs of GALEX photometry per
source, taken anywhere from 2003 September to 2012 February. The
first X-shooter observations from Paper I began in 2011 October,
whereas 75 per cent of our sample only have GALEX data from
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before 2010. As detailed below, time variability is evident in many
of these observations, so we consider all epochs here.

The GALEX magnitudes range from 17.7 to 23.5, and most of
the errors range from 0.02 to 0.3 mag, with a few measurements
having errors as high as 0.6 mag. We also corrected the GALEX
measurements for Galactic extinction, using the same extinction
maps and extinction law as for the X-shooter spectra.

3 FITTING ACCRETION DISC MODELS

3.1 Standard thin AD models

As described in Paper I, most current AD models are based on
the blackbody thin disc model of Shakura & Sunyaev (1973), with
two significant improvements: the inclusion of general relativity
(GR) terms and the improvement of the radiative transfer in the disc
atmosphere (e.g. Hubeny et al. 2001; Davis & Laor 2011). In the
current paper, we continue to use the numerical code presented in
Slone & Netzer (2012) to calculate thin AD spectra, with a viscosity
parameter («) of 0.1.

Before calculating thin AD models, we calculate both Mgy and M
(the accretion rate in M yr~') directly from the observed spectrum.
A major improvement relative to Paper I is the use of new Mgy
measurements based on the comparison of four strong emission
lines in our own sample — Ho, HB, Mg 11, and C1v (Paper II). The
main results of Paper II are: (1) He, HB, and Mgu give consistent
estimates of Mgy, albeit with a normalization which is somewhat
different from the one used in Paper I (based on the Trakhtenbrot
& Netzer 2012 calibration of the Mg method). The Mg u-based
estimates are less reliable for broad absorption line AGNs and for
sources where FWHM(Mg 1) > FWHM(Hg). (2) The C1v line by
itself does not provide reliable BH mass estimates for many of the
sources. (3) New estimates of Mgy that are based on the FWHM of
Mg 11 are larger than the estimates used in Paper I by ~0.16 dex, with
a scatter of 0.20 dex. All calculations and model fitting presented
in this paper use the new mass measurements.

The method for measuring M , in units of Mg yrfl, is the same
as in Paper I, and is based on the properties of thin ADs (Collin
et al. 2002; Davis & Laor 2011) and the fact that thin AD SEDs
can be described by a canonical power law of the form L, ocv!/3 at
long enough wavelengths. Using the measured Mgy and equation 1
from Paper I, we can determine the mass accretion rate directly
from the monochromatic luminosity in a wavelength region along
this power-law portion of the SED. The one additional unknown is
the inclination of the disc with respect to our line of sight.

The nine new sources presented here are fainter than the 30
sources presented in Paper I, and therefore, they are more suscepti-
ble to host galaxy contamination at longer wavelengths, including
the wavelength region used for measuring the accretion rate. We
therefore have to subtract the host galaxy emission in order to more
accurately measure the AGN SED.

We determine which objects require a host galaxy subtraction
based on the rest-wavelength equivalent width (EW) of the Ha
emission line. The EW of the Balmer lines is not affected by the
Baldwin effect, and the Her line intensity is a reliable bolometric
luminosity indicator (Stern & Laor 2012). We first look at the EW
distribution of the brightest 28 AGN in the sample, whose lumi-
nosity at 5100 A is high enough that host contamination is small
enough to safely be neglected (Shen et al. 2011). We then compare
the EW distribution for the 11 faintest AGN in the sample to the
distribution for the brighter AGN, and we find most of the faint
AGN have EW smaller than the median EW of the brighter AGN
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Figure 2. Spectra of the nine new X-shooter sources with the best-fitting thin AD models (red curves) overplotted. For those objects whose best model fit
required an intrinsic reddening correction, we plot the dereddened spectrum in grey. Seven of the nine spectra were corrected for host galaxy contribution
before fitting. The objects are ordered by source luminosity, as determined from ALj (3000) A.
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Figure 2. — continued

(i.e. EW < 400 A). This clustering of AGN at low EW, as compared
to the distribution of EW for the brighter sample, indicates there is
host galaxy light raising the observed continuum luminosity in this
wavelength region for these few objects.

MNRAS 460, 212-226 (2016)

In order to subtract the host galaxy for these few faint objects, we
use a Bruzual & Charlot (2003) model of an old stellar population,
with an age of 11 Gyr and solar metallicity. Such stellar population
models have been used in many earlier works to correct for host
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Table 2. Parameter values for the grid of AD models.

Parameter A Min-Max values
log_MBH Mgl 0.075 7.40: 10.25
log M M yr™'] 0.075 —1.50: +2.10
ay 0.1 —1.0: 4+0.998
cosf(1+2cosh)/3 0.067 1.000: 0.330
Ay (mag) 0.05 0.00: 0.50

galaxy contamination (e.g. Bongiorno et al. 2014; Banerji et al.
2015). We scale the stellar population model based on the ratio
between the observed Ho EW and the median of the EW distribution
(400 A). Younger stellar populations have a larger contribution in
the UV, but using a stellar population with an age of 900 Myr,
instead of the 11 Gyr model, changes the luminosity by less than
5per cent at 3000 A in the corrected AGN spectrum. Therefore, the
choice of stellar population model does not have a large effect on
the UV spectrum of our AGN. We now use these corrected spectra
for measuring M and for the remainder of the analysis in this paper.

3.2 Bayesian SED-fitting procedure

We again generate a grid of thin AD models using the Slone &
Netzer (2012) code, and we use a Bayesian method to fit the models
to the observed spectra, in order to take into account the errors in
Mgy and M and the unknown disc inclination. We use the same
method described in Paper I, except that the grid now extends to
lower Mgy and we now have a finer spacing in Mgy and M values
(0.075 dex, instead of 0.15 dex; see Table 2). The expanded grid
now includes 441 441 models.

In Paper I, we explored applying an intrinsic reddening correction
to those AGN spectra that were not initially well fit by the thin AD
model. However, it is possible that some of the AGN whose spectra
are well fit are also affected by some amount of intrinsic reddening.
We therefore add intrinsic reddening as another parameter in the
Bayesian analysis. We adopt a range in Ay from 0. to 0.50 mag, in
intervals of 0.05. To minimize the number of parameters, we adopt
only a simple power-law curve, where A(A) = A,A~' mag, to dered-
den the X-shooter spectra. To deredden the GALEX photometry, we
use the MRN dust extinction model (Mathis, Rumpl & Nordsieck
1977).

To summarize our Bayesian approach, we determine the posterior
probability for each of the 441 441 models for each value of Ay for
each source. This probability is the product of the likelihood, L(1m),
and the priors on Mgy and M. We have no prior knowledge on
a,, cos 0,! or the amount of intrinsic reddening. The likelihood is
based on the standard x? statistic, measured using up to seven line-
free continuum windows, centred at 1353, 1464, 2200, 4205, 5100,
6205, and 8600 A. The widths of these bands range from 10 to
50 A. For five objects at the upper end of the narrow redshift range
of our sample, the bands centred on 4205 and 5100 A fall within
regions of strong atmospheric absorption and are thus unusable.
When calculating x2, we combine the standard error from Poisson
noise and an assumed 5 per cent error on the flux calibration.

We use Gaussian distributions, centred on the observed values
(M, M°) and with standard deviations (o, o) given by their
uncertainties, to represent the priors on Mgy and M. We again adopt
0.3 and 0.2 dex for o, and o, respectively. The resulting posterior

!'We only consider cos # > 0.5, appropriate for type-I AGN.
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probability is given by

posterior o exp(—x2/2) x exp(—(MgtI’;— Mg‘;;d)z/Zafl)

. Mobs . 2
X exp (— (M"bsx ﬁ — Mm°d) /20@) .
Appendix A in Paper I gives the full derivation of the posterior
probability.

The Bayesian procedure ranks the 441 441 models based on the
posterior probability for each one. We consider an AGN to have a
satisfactory thin AD fit when the model with the highest probability
has a reduced x? statistic less than 3.

3.3 Fitting X-shooter spectra

We first fit thin AD models to just the X-shooter spectra for all
the sources. From Paper I, 22 out of 30 AGN have a satisfactory
fit, before making any additional corrections to the spectra (i.e.
correcting for intrinsic reddening or considering disc winds). After
correcting for intrinsic reddening, but using only a single value of
Ay per source, we found satisfactory fits to another 3 out of 30
sources, bringing the total to 25 out of 30 AGN.

Using a larger model grid and considering multiple values of
Ay, we find that 37 out of the entire sample of 39 AGN have
satisfactory fits. Three of the AGN with marginal fits in Paper I
can now be fit satisfactorily, and all of the nine AGN we add to
the sample in the current work have satisfactory fits. Only one of
the nine new sources (J1021-0027) requires an intrinsic reddening
correction for a satisfactory fit (in total, 6 of the 39 sources require
such a correction for a satisfactory fit). The best-fitting models for
the nine new sources are overplotted in Fig. 2.

In Fig. 3, we show the probability contours for two of the five
parameters, a. versus Mpy, for the 37 AGN with satisfactory fits
to the X-shooter spectrum. The six sources that can only be fit
after dereddening the spectra are highlighted in red. Table 3 lists the
median values of the deduced parameters based on the probabilities.

3.4 Fitting X-shooter+GALEX SEDs

While X-shooter provides excellent wavelength coverage, we are
missing a significant portion of the AGN SED that is dominated
by emission from the accretion disc. In particular, we are miss-
ing wavelengths bluewards of ~1200 A, where, in most cases,
a turnover in the thin AD spectrum occurs. Some constraint on
the AGN SED at these short wavelengths is necessary to fully
test the thin AD theory and constrain the various input parameters
via the Bayesian method we adopt.

One solution that is already readily available is the GALEX sur-
vey. As described in Section 2.2, the latest data release of GALEX
contains photometric data for all but one of our sources at ~900 A,
and for 20 out of 39 at ~600 A. However, there are two main
caveats to the usage of GALEX photometry. The first is that the
GALEX bands are very broad, and we cannot properly take into
account any emission lines or potential intervening Lyo absorption
that could affect the flux at these wavelengths. The second caveat
is variability between the GALEX and X-shooter epochs, especially
given that variability is known to be more significant at these short
wavelengths (MacLeod et al. 2012; Zuo et al. 2012).

With these caveats in mind, we apply our Bayesian method to a
combined X-shooter+GALEX SED. The procedure is the same as in
Section 3.3, but we now have up to nine continuum regions, instead
of seven. Because we have multiple epochs of GALEX photometry

MNRAS 460, 212-226 (2016)
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Figure 3. Contour plots of spin parameter a.. versus Mgy for the 37 sources with satisfactory fits to just the X-shooter spectrum. The objects labeled with red
typeface are those sources which require an intrinsic reddening correction to obtain a satisfactory fit. The darkest blue contours correspond to a probability of

less than 10 per cent.

for most sources, we use the weighted average of all the epochs
for each source. For the error on each GALEX measurement, we
combine the standard measurement errors with an extra error of
20 per cent to take into account the unknown variability between
the X-shooter and GALEX epochs and an additional 5 per cent error
based on the unknown slope of the SED through the GALEX filters.
The error estimate for the unknown variability is based on the typical

MNRAS 460, 212-226 (2016)

variability amplitudes found by MacLeod et al. (2012) and Zuo et al.
(2012) and the variability between individual GALEX epochs in our
own sample.

In Figs 4 and 5, we show several representative examples of the
X-shooter+GALEX SED, with the best-fitting model shown in red
and the best-fitting model to the X-shooter spectrum alone shown in
blue. The coloured points are the individual GALEX epochs, and the
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Figure 4. Examples of satisfactory fits to the combined X-shooter+GALEX SED. The blue curve is the best fit to just the X-shooter spectrum, and the red

curve is the best fit to X-shooter+GALEX. The coloured points are the individual GALEX epochs, and the black points are the weighted average of the different
epochs.
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Figure 5. Same as Fig. 4, but for cases where no satisfactory fit was found to the X-shooter+GALEX SED. For J0213—0036, we show just the fits to the
X-shooter+GALEX SED, for before and after applying an intrinsic reddening correction. The grey curve and points are the dereddened SED.
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Figure 6. Same as Fig. 3, but for fits to the combined X-shooter+GALEX SEDs.

black points are the weighted average of all the epochs. Fig. 4 shows
three examples of satisfactory fits, and Fig. 5 shows three examples
of cases with a marginal fit or with clearly no fit at all. We are able to
find satisfactory fits to 26/38 of the combined X-shooter+GALEX
SEDs.

Justasin Section 3.3, we consider intrinsic reddening when fitting
the X-shooter+GALEX SEDs. However, we find that correcting for
intrinsic reddening does not solve the discrepancy we find between
the models and the GALEX photometry for the objects that have
satisfactory fits to X-shooter alone. There are just two sources whose
X-shooter+GALEX SEDs are fit only with Ay > 0, but these are two
of the sources that already required dereddening for a satisfactory
fit to the X-shooter spectrum alone.

The examples in Fig. 4, in particular J0143—0056 and
J10134-0245, show how variability between the X-shooter and
GALEX epochs can cause the difference between a good and a
bad fit. For example, the magenta GALEX point for J0143—0056
and the green points for J10134-0245 would not be fit with the
thin AD model. If we only had those epochs available, then these
two objects would not be considered to have satisfactory fits. If
we had contemporaneous UV data for J1050+0207 (Fig. 5), for
example, it is possible that we would find a satisfactory fit to the

MNRAS 460, 212-226 (2016)

entire SED. Therefore, we can see from many of the objects with
multi-epoch GALEX data that the unknown variability between the
X-shooter and GALEX epochs is a real uncertainty, and the fraction
with satisfactory fits (26/38) is likely a lower limit.

It is also instructive to examine in how many cases our ‘best-
fitting’ models overestimate and underestimate the GALEX lumi-
nosities. If the discrepancies between the model and the GALEX
measurements are due primarily to variability, then one would ex-
pect to find roughly the same number of cases where the model over-
estimates these measurements versus the number where the model
underestimates these measurements. Considering the best-fitting
model to just the X-shooter spectrum, roughly the same number
overestimate the GALEX photometry versus underestimate (11 ver-
sus 9 sources). Similarly, when fitting the X-shooter+GALEX SED,
half of the best-fitting models overestimate the GALEX luminosities
and half underestimate. For this comparison, we are considering just
the weighted average of the GALEX measurements. These results
show that the thin AD model does not systematically overestimate
or underestimate the GALEX data.

As in Section 3.3, we plot the a, versus Mgy probability contours
for fitting the thin AD models now to the X-shooter+GALEX SED in
Fig. 6. The constraints on the spin are less confined for many sources
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when including the GALEX photometry in the fitting, especially for
the AGN with higher Mgy, e.g. J115240702. For some of these
high mass cases, the contours are shifted to lower spin parameters
than when fitting the X-shooter spectrum alone.

4 DISCUSSION

4.1 AGN accretion discs

In this work, we fit standard thin AD models (Section 3.1) to X-
shooter spectra of 39 AGN at z ~ 1.5 and also to the combined
X-shooter+GALEX SED of 38 of these sources. When considering
just the X-shooter spectrum, we can fit 37 out of 39 AGN spec-
tra in our sample when allowing for a small intrinsic reddening
correction. Collinson et al. (2015) also find agreement between
the thin AD model and the optical/IR spectra for many of their
11 sources.

When including GALEX photometry in our fitting procedure,
the number of AGN that we can fit satisfactorily is reduced to 26
out of 38 AGN. Accurately fitting SEDs to X-shooter and GALEX
data is hampered by potential variability between the X-shooter
and GALEX epochs. For the sample overall, in roughly half the
cases where we do not find a model fit that is consistent with both
the X-shooter spectrum and the GALEX photometry, the model fit
overestimates the GALEX measurements (see Section 3.4). There-
fore, there is an even split between overestimating and underes-
timating the GALEX measurements, indicating that variability is
a likely cause for the discrepancy between model and observa-
tions for the 11 sources that no longer have a satisfactory thin AD
model fit.

However, if we consider just the AGN with Mgy > 10° Mg,
and ignore the two AGN with broad absorption, the tendency is for
the model to overestimate the GALEX photometry for those cases
with no satisfactory fit. This at least suggests that the discrepancy
between the thin AD model and the GALEX photometry might
not be due solely to variability between the GALEX and X-shooter
epochs, at least for the brighter half of the sample, but rather that
there is some physical explanation for the discrepancy.

While we found both in Paper I and in the current work that
an intrinsic reddening correction can cure discrepancies between
the model and the X-shooter spectrum in the bluer part of the X-
shooter spectrum, we do not find that intrinsic reddening helps to
cure the discrepancies between the model and the GALEX photom-
etry mentioned above when our models overestimate the GALEX
luminosities.

One possibility for the discrepancy at short wavelengths is out-
flowing gas from the accretion disc. Both Slone & Netzer (2012)
and Laor & Davis (2014) show how including a mass outflow from
a thin AD reduces the radiation at shorter wavelengths, and this
could explain the discrepancy between the data and the model for
those cases where the model overestimates the GALEX photometry.

Another further possibility is that some of these systems do not
harbour a thin AD, but rather a ‘slim’ accretion disc. Such discs
are expected at larger L/Lgaq (L/Lgaa > ~0.2; Abramowicz et al.
1988; Ohsuga & Mineshige 2011; Netzer 2013; Wang et al. 2014).
However, current models of ‘slim’ discs are not yet able to pro-
duce predicted SEDs that are accurate enough for a comparison to
observed SEDs as we perform in this work (see e.g. Sadowski &
Narayan 2016). It will be informative to compare such model SEDs,
when they are available, to data sets like the one presented here to
test what fraction of AGN are consistent with having a ‘slim” AD.
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Figure7. The distribution in the median Ay values from the Bayesian fitting
procedure. The blue curve is based on fits to the X-shooter spectra alone,
and the green curve is based on fits to the combined X-shooter+GALEX
SED.

4.2 Reddening in AGN host galaxies

In Paper I, we compared three different extinction curves — simple
power-law, Galactic, and SMC — and found that the simple power-
law and Galactic curves gave the best fits to the observed SEDs. In
this paper, to reduce the number of free parameters in our Bayesian
fitting procedure, we only consider the simple power-law model,
but we can compare our results to the typical amount of reddening
found in AGN in other work.

In Fig. 7, we plot the distribution in Ay values from our Bayesian
fitting routine for all the AGN with satisfactory thin AD fits. Most
of the AGN have Ay values <0.15 mag. For comparison, Krawczyk
et al. (2015) find that just 2.5 percent of non-BAL quasars, out
of a large sample of SDSS quasars, have Ay > 0.3 mag. In our
smaller sample, the results of our Bayesian fitting routine gives 2
out of 37 non-BAL AGN (5 percent) with Ay > 0.3 mag. This is
generally consistent with the results of Krawczyk et al. (2015) and
indicates that, in general, we are not overcorrecting the spectra when
including intrinsic reddening as a parameter in the fitting routine.

While our sample was selected to avoid AGN with significant
absorption, there are two sources in the sample with BAL absorption
(J1005+4-0245 and J1021—-0027). We could not find satisfactory fits
for either of these two sources before intrinsic reddening correction,
even when fitting the X-shooter spectrum alone. After correcting for
intrinsic reddening, we find a satisfactory fit for one and a marginal
fit for the other. This is consistent with previous work that has
shown that BAL quasars tend to have redder spectra than non-BAL
quasars. For example, Krawczyk et al. (2015) find that 13 per cent
of BAL quasars have Ay > 0.3 mag, compared to just 2.5 per cent
of non-BAL quasars, as mentioned above. One of the BAL AGN
in our sample, J1021—0027, has Ay = o.39t3;?§ mag. The other,
J1005+0245, does not have a satisfactory thin AD fit, but the closest
fit we find is with an Ay = 0.50 mag.

4.3 Disc-derived Mgy and L/Lgqq and bolometric correction
factors

Given the fitted thin AD SEDs, we can now compare the values of
Mgy and L/Lgyq derived from the thin AD fits to our best estimates
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Figure 8. A comparison between the observed Mgy, measured in Paper 11
directly from the spectra, and the median value of Mgy from the Bayesian
fitting procedure for just the X-shooter spectra (blue points) and for the
combined X-shooter+GALEX SED (green points). For reference, the dashed
line is the one-to-one line, and the dotted lines are £0.3 dex. The typical

error on log(M32) is 0.3 dex.
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Figure 9. Same as Fig. 8, but instead showing a comparison between
L/Lgqq[BC], calculated directly from the observed spectra using a bolo-
metric correction (BC) factor (Paper II), and the median s value from the
Bayesian fitting routine. The typical errors on L/Lgqq are at least as high as
those on Mglf_f.

of Mgy and L/Lgyq derived directly from the observed spectrum
(Paper II). In particular, Fig. 8 shows that we are able to find satis-
factory fits for most of the AGN in our sample with thin AD models
that have BH masses within ~1o of the observed values of Mpy.
Interestingly, we also find good agreement between L/Lgqq[BC],
which is measured directly from the observed spectrum using a
bolometric correction (BC) factor, and the median value of L/Lggq
(m1) from our thin AD fitting procedure, as shown in Fig. 9. Compar-
ing Figs 8 and 9 to the corresponding figures in Paper 1, it is clear that
we find better agreement here between the results of the Bayesian
analysis and the observationally derived quantities, especially be-
tween m and L/Lggq[BC]. This is largely due to the improvements
in the measurements of Mgy, as described in Paper II. In Paper I, we

MNRAS 460, 212-226 (2016)

see a systematic offset between 71 and L/Lgqq. The Mgy estimates
used here are systematically larger than in Paper I, thus reducing
the values of L/Lggq[BC] and bringing them more in line with our
estimates of 7z from the thin AD fitting.

The inputs to the Bayesian fitting procedure are Mgy and M, as
measured from the spectra, neither of which require a bolometric
correction to calculate. On the other hand, calculating L/Lgqq di-
rectly from the spectra requires a bolometric correction, and the
good agreement between rir and L/Lgqq found here in Fig. 9 in-
dicates that the bolometric correction factors used in Paper II to
calculate L/Lgqq give reasonable results.

4.4 Black hole spin

The goal of the spectral fitting is not just to test the thin AD theory,
but in cases where the observed data is consistent with the theory, to
attempt to constrain a,., as demonstrated already in Paper I. With our
results, we see that we can obtain much tighter constraints for active
BHs above Mgy ~ 10° M@, as compared to those below this mass.
This tendency is expected since precise determination of the spin
parameter depends, crucially, on the wavelength range exhibiting
the largest SED curvature. This range is at longer wavelengths
for more massive BHs and BHs with lower L/Lgqyq. For the most
massive objects in our sample, this range is well inside the X-
shooter wavelength coverage, and hence we can better constrain a,.
For lower mass, higher accretion rate BHs, much of the curvature is
at far-UV wavelengths, and the X-shooter range can thus be fitted
by a range of models with a wide range in a,. Fig. 10 combines
the results presented in Figs 3 and 6 and Table 3, and it is clear
that the most massive BHs have both the highest spin parameters
and the tightest constraints on the spin parameter.

If we focus on the 17 sources with Mgy > 10° Mg and a, >
0.7 (efficiency ~ 0.1), when fitting just the X-shooter spectrum,
10 of those have a satisfactory fit with GALEX. Of these 10, the
estimate of a, decreases to below 0.7 for 5 of them after fitting
the X-shooter+GALEX SED, and the errors on a, are larger. This
reduction in spin parameter is due to the GALEX photometry forcing
the fits to lower luminosities at far-UV wavelengths.

We also see that while GALEX provides some crucial information
on the SED shape bluewards of ~1200 A for our sample, it does not,
in general, reduce the uncertainties on the parameters involved in
fitting the thin AD model. As mentioned already, our spin parameter
estimates for the highest mass BHs are now more uncertain, and
the uncertainty on the spin for the BHs with Mgy < 10° Mg is
similar after including GALEX. This is likely due mostly to the
large uncertainties on the GALEX points. If the ‘turnover’ in the
thin AD spectrum occurs shortwards of 1200 A, then spectra are
needed in this wavelength regime to properly trace the SED and
fit the thin AD models. Follow-up spectroscopy with HST is thus
necessary to confidently test the thin AD model and obtain more
precise constraints on the BH spin.

Despite the uncertainties mentioned above, the results still give
some insight into the evolution of SMBH spin in AGN. The two
commonly discussed scenarios in the literature to characterize this
evolution are referred to as ‘spin-up’ and ‘spin-down’. The differ-
ence between these two scenarios is primarily in the nature of the
accretion episodes that fuel the BH. On the one hand, a series of ac-
cretion episodes with random and isotropic orientations will cause
the SMBH to ‘spin-down’ to moderate spins near a, ~ 0, regardless
of the final mass of the SMBH (King, Pringle & Hofmann 2008;
Wang et al. 2009; Li, Wang & Ho 2012; Dotti et al. 2013). On
the other hand, growing a SMBH via a single prolonged accretion
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Figure 10. The spin parameter, a., as a function of Mpy. Top panel is based on fits to X-shooter only (37 sources), and the bottom panel is based on fits to
X-shooter+GALEX (26 sources). The left-hand panel is a contour plot of the combined probability distributions in a,. and Mgy for the sources with satisfactory
fits. The middle panel shows the median a, and Mgy values, with the red points identifying those sources for which dereddening was required for a satisfactory
thin AD fit. The right-hand panel shows the distribution in the best-fitting spin parameters.

episode, or for the most massive BHs, when the orientations of
the accretion episodes have even a small amount of anisotropy, the
SMBH will ‘spin-up’ to a high spin parameter (Dotti et al. 2013;
Volonteri et al. 2013).

In Paper I, we found that our results favour the ‘spin-up’ scenario,
and our current results favour this scenario for similar reasons.
We again find a wide range in spin parameters for the sample, as
shown in the rightmost panels of Fig. 10, with the exception that
there are almost no sources with a, < —0.5. Furthermore, even
with the GALEX points included in the analysis, there are many
sources with high spin (a, > ~0.5). If the ‘spin-down’ scenario
were dominating, i.e. if there were multiple, randomly-oriented
accretion events throughout the lifetime of these SMBHs, we would
expect a concentration of values around a, ~ 0. Instead, our results
favour scenarios where there is just one long accretion episode or
multiple events with some preferred orientation.

In fact, compared to Paper I, we see a clear shift in the distribution
of a, towards higher spin. This is due both to the higher black hole
mass estimates (see Section 3.1 and Paper II) and to the inclusion of
an intrinsic reddening correction in the Bayesian fitting procedure.
While for most objects the typical amount of intrinsic reddening
is small (Ay < 0.15 mag), any correction of the spectrum for red-

dening will increase the luminosity at shorter wavelengths much
more than at the longest wavelengths in the SED. This will favour
higher spin parameters, if all other parameters remain roughly the
same. Previous efforts to constrain BH spin have also generally con-
cluded that many BHs have high spin, especially the most massive
(Mg >10° M) BHs (Davis & Laor 2011; Reis et al. 2014;
Reynolds 2014; Reynolds et al. 2014; Trakhtenbrot 2014; Wang
et al. 2014). All of this supports the ‘spin-up’ scenario of BH spin
evolution.

5 CONCLUSIONS

This work is the third in a series of papers describing the spectro-
scopic properties of a sample of AGN at z ~ 1.5, selected to cover
a wide range in both Mpy (~10% to 10'° M) and L/Lgq[BC]
(~0.01 to 0.4) and observed with the X-shooter instrument, which
provides very wide, single-epoch coverage. We apply a similar, but
improved, Bayesian procedure as in Paper I to fit thin AD models to
observed AGN SEDs, this time with a larger sample (39 AGN), im-
proved Mgy estimates from Paper I, and the inclusion of intrinsic
reddening as a parameter in our Bayesian SED fitting procedure.

MNRAS 460, 212-226 (2016)
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When fitting the thin AD model to the X-shooter spectra alone,
we find that we are able to fit more of the AGN in our sample than in
Paper I, with 37 out of 39 AGN (95 per cent) having a satisfactory fit
(Section 3.3). For those AGN with satisfactory fits, we constrain the
spin parameter, a,, with the constraints becoming less well-defined
with decreasing Mpy. The distribution in a, for these sources ranges
from negative spin to nearly maximum spin. This distribution tends
to favour the ‘spin-up’ scenario of BH spin evolution, suggesting
that these AGN are generally fueled by relatively long episodes of
coherent accretion with some preferred orientation (Section 4.4).

We also investigate the inclusion of non-simultaneous GALEX
photometry in our analysis. This decreases the number with sat-
isfactory fits to 26 out of 38 (68 percent) sources (Section 3.4);
however, given the large variability that can occur for AGN at these
UV wavelengths, it is unclear how much variability is affecting our
fitting results for these combined X-shooter+GALEX SEDs. The in-
clusion of GALEX photometry also tends to decrease the estimates
of a,, especially for the AGN with larger Mgy, but taken at face
value, these estimates of a, still support the ‘spin-up’ scenario of
BH spin evolution.

While our results support the thin AD theory for a majority of
the AGN in our sample, simultaneous UV and optical spectra are
required to properly test the thin AD theory in the far-UV, where,
for many sources, the peak of the thin AD spectrum occurs. Such
simultaneous spectra will also provide the best constraints on a,,
particularly for the lower Mgy sources.
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