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ABSTRACT
We use quasi-simultaneous near-infrared (near-IR) and optical spectroscopy from four observ-
ing runs to study the continuum around 1 μm in 23 well-known broad emission line active
galactic nuclei (AGN). We show that, after correcting the optical spectra for host galaxy light,
the AGN continuum around this wavelength can be approximated by the sum of mainly two
emission components, a hot dust blackbody and an accretion disc. The accretion disc spectrum
appears to dominate the flux at ∼ 1 μm, which allows us to derive a relation for estimating
AGN black hole masses based on the near-IR virial product. This result also means that a
near-IR reverberation programme can determine the AGN state independent of simultaneous
optical spectroscopy. On average we derive hot dust blackbody temperatures of ∼1400 K,
a value close to the sublimation temperature of silicate dust grains, and relatively low hot
dust covering factors of ∼7 per cent. Our preliminary variability studies indicate that in most
sources, the hot dust emission responds to changes in the accretion disc flux with the expected
time lag; however, a few sources show a behaviour that can be attributed to dust destruction.
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1 IN T RO D U C T I O N

The broad emission line region (BELR) of active galactic nuclei
(AGN) is one of the most direct tracers of the immediate envi-
ronment of supermassive black holes. However, despite decades of
intensive optical and ultraviolet (UV) spectrophotometric studies,
its geometry and kinematics remain ill-defined (see e.g. review by
Sulentic et al. 2000). Our current, limited knowledge of its physical
condition and scale was gained primarily through the application
of photoionization models (see e.g. review by Ferland 2003) and
through reverberation mapping studies (see e.g. review by Peterson
1993). We have started to extend these studies to near-infrared
(near-IR) wavelengths. In Landt et al. (2008, hereafter Paper I),
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we outlined the rationale of our programme, presented the obser-
vations of the first three epochs and addressed briefly some of
the important issues regarding the physics of the most prominent
broad emission lines. Here, we present the fourth epoch of obser-
vation and investigate the continuum around the 1-μm inflection
point.

The AGN spectral continuum region around the rest-frame wave-
length of ∼1 μm is believed to sample simultaneously two impor-
tant emission components, namely the accretion disc (e.g. Malkan
& Sargent 1982; Malkan 1983) and the hottest part of the putative
dusty torus (e.g. Barvainis 1987; Neugebauer et al. 1987). However,
although it is assumed to be understood, it has not yet been sampled
spectroscopically in its entirety. By probing the long-wavelength
end of the accretion disc spectrum (Kishimoto, Antonucci & Blaes
2005; Kishimoto et al. 2008), such an investigation has the poten-
tial to solve the discrepancy often found between theoretical models
and observations (see e.g. review by Koratkar & Blaes 1999). Fur-
thermore, since the accretion disc most likely illuminates directly
the inner parts of the dust structure, monitoring the change in spec-
tral flux and slope of these two emission components relative to
each other can constrain the location and geometry of the obscurer.
So far, only few sources have been observed in dust reverberation
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programmes (e.g. Glass 1992, 2004; Nelson 1996; Oknyanskij et al.
1999; Minezaki et al. 2004; Suganuma et al. 2006; Koshida et al.
2009).

The paper is organized as follows. In Section 2, we briefly in-
troduce the sample and discuss the observations. In Section 3, we
derive pure AGN continuum spectral energy distributions (SEDs),
based on which we constrain the individual continuum components
(Section 4). The variability of these components is discussed in
Section 5. Finally, in Section 6 we summarize our main results and
present our conclusions. Throughout this paper, we have assumed
cosmological parameters H0 = 70 km s−1 Mpc−1, �M = 0.3 and
�� = 0.7.

2 O BSERVATIONS

The target selection, observational strategy and data reduction pro-
cedures have been described in detail in Paper I. In short, we ob-
tained for a sample of 23 well-known relatively nearby (z � 0.3)

and bright (J � 14 mag) broad emission line AGN during four
observing runs contemporaneous (within 2 months) near-IR and
optical spectroscopy. The observations were carried out between
2004 May and 2007 January with a single object being typically
observed twice within this period.

In the near-IR we used the SpeX spectrograph (Rayner et al. 2003)
at the NASA Infrared Telescope Facility (IRTF), a 3-m telescope
on Mauna Kea, Hawaii. We chose the short cross-dispersed mode
(SXD, 0.8–2.4 μm) and a short slit of 0.8 × 15 arcsec. The optical
spectra were obtained with the FAST spectrograph (Fabricant et al.
1998) at the Tillinghast 1.5-m telescope on Mt. Hopkins, Arizona,
using the 300 l mm−1 grating and a 3-arcsec long-slit, resulting in a
wavelength coverage of ∼3720–7515 Å.

Paper I presented details for the first three epochs (2004 May,
2006 January and 2006 June). Similarly, we give in Tables 1 and 2
the details for the fourth IRTF epoch carried out on 2007 January
24–26. These nights were mostly photometric with a seeing in the
range of ∼0.7–1 arcsec.

Table 1. IRTF journal of observations for the fourth epoch.

Object name Observation Exposure Airmass Continuum S/N Telluric standard star
date (s) J H K Name Distance Airmass

(◦)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Mrk 335 2007 Jan 25 32 × 120 1.431 33 110 272 HD 1160 16.1 1.977
Mrk 590 2007 Jan 24 58 × 120 1.214 37 122 143 HD 13936 10.2 1.697
Ark 120 2007 Jan 26 48 × 120 1.162 187 226 436 HD 34317 1.8 1.054
Mrk 79 2007 Jan 25 48 × 120 1.334 97 202 448 HD 45105 12.6 1.128
PG 0844+349 2007 Jan 24 48 × 120 1.138 99 170 259 HD 71906 4.2 1.271
Mrk 110 2007 Jan 26 48 × 120 1.449 61 148 452 HD 71906 17.8 1.368
NGC 3227 2007 Jan 25 16 × 120 1.339 57 94 146 HD 89239 7.6 1.122
NGC 4151 2007 Jan 24 8 × 120 1.446 15 54 113 HD 109615 4.9 1.398
3C 273 2007 Jan 25 40 × 120 1.060 123 343 347 HD 109309 11.6 1.199
HE 1228+013 2007 Jan 25 48 × 120 1.370 40 101 274 HD 109309 10.7 1.242
NGC 4593 2007 Jan 24 8 × 120 1.446 43 123 191 HD 112304 10.8 1.540
NGC 5548 2007 Jan 24 16 × 120 1.319 57 73 145 HD 131951 14.0 1.299
Mrk 817 2007 Jan 26 40 × 120 1.509 98 224 323 HD 121409 7.8 1.480

Note. The columns are as follows: (1) object name; (2) observation date; (3) exposure time; (4) average airmass; S/N in the continuum
over ∼100 Å measured at the central wavelength of the (5) J, (6) H and (7) K bands; for the star used to correct for telluric absorption
(8) name, (9) distance from the source and (10) average airmass.

Table 2. Tillinghast journal of observations for the fourth epoch.

Object name IRTF Observation Exposure Airmass Cloud
observation date (s) condition
date

(1) (2) (3) (4) (5) (6)

Mrk 335 2007 Jan 25 2007 Jan 24 2 × 300 1.38 Clear
Mrk 590 2007 Jan 24 2007 Jan 24 2 × 720 1.21 Clear
Ark 120 2007 Jan 26 2007 Feb 08 2 × 480 1.18 Cirrus
Mrk 79 2007 Jan 25 2007 Jan 22 2 × 480 1.12 Clear
PG 0844+349 2007 Jan 24 2007 Jan 22 2 × 480 1.03 Clear
Mrk 110 2007 Jan 26 2007 Jan 22 2 × 420 1.08 Clear
NGC 3227 2007 Jan 25 2007 Jan 22 2 × 180 1.02 Clear
NGC 4151 2007 Jan 24 2007 Feb 12 2 × 90 1.07 Cloudy
3C273 2007 Jan 25 2007 Feb 12 2 × 300 1.25 Cloudy
HE 1228+013 2007 Jan 25 2007 Feb 12 2 × 480 1.30 Cloudy
NGC 4593 2007 Jan 24 2007 Feb 17 2 × 270 1.27 Cirrus
NGC 5548 2007 Jan 24 2007 Feb 17 2 × 270 1.02 Cirrus
Mrk 817 2007 Jan 26 2007 Feb 17 2 × 360 1.13 Cirrus

Note. The columns are as follows: (1) object name, (2) IRTF observation date (reproduced from Table 1),
(3) Tillinghast UT observation date, (4) exposure time, (5) average airmass and (6) cloud condition.
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3 AG N S P E C T R A L E N E R G Y D I S T R I BU T I O N S

Our aim is to study the spectral shape of the AGN continuum over
the entire observed frequency range and how it changes as the AGN
flux varies. For this purpose, we need to isolate the spectrum of the
pure AGN and ensure an acceptable relative photometry between
epochs. In practice, this means that we need to subtract the flux
of the underlying host galaxy and correct the individual spectra for
flux calibration errors (e.g. varying weather conditions, aperture and
seeing effects). In the absence of short-term variability, these steps
should yield an alignment between the AGN optical and near-IR
spectral parts.

In principle, accurate (within a few per cent) relative photometry
of the spectra can be achieved a posteriori by using the fact that
the narrow emission line fluxes of AGN are constant over several
years (Peterson 1988, 1993). However, this requires that the ob-
servations were performed under similar conditions, i.e. using the
same aperture and slit position angle and having the same seeing.
In general, these requirements were not met for our optical obser-
vations, which were obtained in service mode under widely varying
weather conditions. On the other hand, the near-IR spectra were
obtained uniformly during four separate epochs, with one of them
(2006 June) having photometric weather conditions throughout. In
addition, the much better seeing achieved in the near-IR relative to
the optical band allowed us to use a relatively small slit for these
spectra, which minimized the contamination by host galaxy light.

Given these considerations, we chose the following approach to
obtain pure AGN continuum SEDs with acceptable relative photom-
etry. First, we performed relative photometry of the near-IR spectra
using the flux of the strong narrow emission line [S III] λ9531 with
the epoch observed under the best weather conditions (usually 2006
June or 2007 January) as a reference. We have measured the emis-
sion line fluxes as described in Paper I and list them in Table 3. We
note that [S III] λ9531 is not observed for the source HE 1228+013,
and therefore no adjustment of the near-IR spectra was made in this
case. Secondly, we subtracted the host galaxy flux from the (ad-
justed) near-IR spectra. Finally, we corrected the flux scale of the
optical spectra by requiring that after the subtraction of the (optical)
host galaxy contribution the optical and near-IR AGN spectral parts
align. In Fig. A1, we show the original data (left-hand panels) and
the data after host galaxy subtraction and spectral alignment were
applied (right-hand panels).

We have estimated the host galaxy contribution in the apertures
of both the near-IR and optical spectra using the Hubble Space
Telescope (HST) images of Bentz et al. (2006a, 2009) and following
their approach. The observed HST fluxes were transformed to a
rest-frame wavelength of 5100 Å by applying a colour correction
factor based on the model bulge galaxy template of Kinney et al.
(1996) and were corrected for Galactic extinction using Aλ values
derived from the hydrogen column densities of Dickey & Lockman
(1990). The unabsorbed rest-frame 5100-Å fluxes were then used
to scale the galaxy template from Mannucci et al. (2001) of the
appropriate Hubble type, which was subsequently subtracted from
the (rest-frame) spectrum. Details of our host galaxy flux estimates
are given in Tables 3 and 4 for the near-IR and optical spectra,
respectively. As expected, the relatively small aperture used in the
near-IR includes significantly less host galaxy flux than the optical
aperture, on average a factor of ∼3.

For 8/23 objects, we did not have suitable HST images. In these
cases, we have estimated the host galaxy contribution based on
the linear correlation present between the logarithms of the aper-
ture and the enclosed host galaxy luminosity for the sources with

HST images (Fig. 1). The observed correlation is log Lhost = 0.73
(±0.04) × log (aperture) + 39.05(±0.04), where Lhost is the host
galaxy luminosity at rest-frame 5100 Å (in erg s−1 Å−1) and aper-
ture is the spectral aperture (in kpc2). Additionally, we could not
find information on the host galaxy type for four sources. In these
cases, we have assumed elliptical hosts for the two high-redshift
sources IRAS 1750+508 and PDS 456 and spiral (S0) hosts for the
two low-redshift sources H 2106−099 and H 1934−063.

The frequency gap between our near-IR and optical spectra is
large enough (log ν ∼ 0.05) that we need to assume an overall
spectral shape in order to judge the two parts as being ‘aligned’.
Therefore, since the AGN continuum bluewards of ∼1 μm is gener-
ally thought to be emitted by the accretion disc, we have considered
this component as the model and calculated its spectrum as detailed
in Section 4.1. Assuming an accretion disc spectrum, excess host
galaxy contribution to the optical spectrum (but not to the near-IR
spectrum) was apparent in the majority of our low-redshift (z � 0.1)
sources, requiring also a host galaxy flux correction factor. How-
ever, as Fig. 2 shows, in most cases the host correction factors are
similar to the correction factors applied to the total optical spectra,
and in only a few sources they indicate a real underestimation (by
factors of �3).

The relative photometry in the near-IR required flux correction
factors of <2, with the exception of Mrk 590 (factor of ∼3), and
most spectra had flux differences relative to the best-weather epoch
of no more than ∼20–30 per cent (Fig. 3, top panel). The correction
factors for the optical spectra spanned a larger range of ∼0.6–
3.8. The narrow emission line [O III] λ5007 is usually used for
relative photometry in the optical, and we list in Table 4 also its
flux. As Fig. 3 shows, whereas our approach did not succeed in
bringing also the [O III] λ5007 line fluxes of the different epochs into
alignment (bottom panel), it did reduce the scatter of the original
flux ratio distribution (middle panel). Finally, for a subsample of
12 sources we compare in Fig. 4 the optical correction factors
with the ratio between the [O III] λ5007 line fluxes observed by
reverberation programmes (Korista et al. 1995; Peterson et al. 1998;
Bentz et al. 2006b; Denney et al. 2010) and us. Fig. 4 indicates that
the optical correction factors are mostly overestimates relative to
photometric conditions. This result could be partly due to our near-
IR flux calibration, which was based on the telluric standard stars.
Since the target integration times were considerably larger than
those of the stars, the seeing would have varied substantially for the
former, leading overall to an overestimate of the extraction aperture
and so of the flux scale.

4 AG N C O N T I N U U M C O M P O N E N T S

Our observations cover the continuum rest-frame frequency range
of ν ∼ 1014–1015 Hz, which is believed to sample two important
emission components, namely the accretion disc (e.g. Malkan &
Sargent 1982; Malkan 1983) and the hottest part of the putative
dusty torus (e.g. Barvainis 1987; Neugebauer et al. 1987). These
two components are predicted to have opposite spectral behaviours,
namely the accretion disc and the hot dust emission rising and
falling towards longer frequencies (in a logarithmic νf ν versus ν

plot), respectively, resulting in an inflection point at the location
where they meet (at ∼1 μm; e.g. Carleton et al. 1987; Ward et al.
1987; Elvis et al. 1994; Glikman, Helfand & White 2006; Riffel,
Rodrı́guez-Ardila & Pastoriza 2006).

Our present knowledge of this special continuum region is
based mainly on optical spectroscopy combined with near-IR
photometry, with the two frequency ranges usually not observed
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Table 3. Estimates of the near-IR host galaxy contribution.

Object name z A(1+z)5100 Host Ref. IRTF [S III] λ9531 Near - IR spectrum HST flux HST flux
(mag) type run flux Aperture PA (5580 Å) ((1 + z)5100 Å)

(erg s−1 cm−2) (arcsec2) (◦) (erg s−1 cm−2 Å−1) [erg s−1 cm−2 Å−1]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

IRAS 1750+508 0.300 0.041 ? 2004 May 9.88E−15 0.8 × 3.0 0 – 4.93E−17
2006 Jun 7.36E−15 0.8 × 4.0 0 – 6.06E−17

H 1821+643 0.297 0.061 E F04 2004 May 1.25E−14 0.8 × 3.2 0 – 5.29E−17
PDS 456 0.184 0.941 ? 2006 Jun 2.81E−15 0.8 × 4.0 0 – 1.19E−16
3C 273 0.158 0.000 E B09 2006 Jan 1.13E−14 0.8 × 5.4 207 2.61E−16 2.55E−16

2006 Jun 7.26E−15 0.8 × 4.0 0 2.28E−16 2.22E−16
2007 Jan 1.48E−14 0.8 × 5.4 0 2.50E−16 2.44E−16

Mrk 876 0.129 0.005 E B09 2006 Jun 1.17E−14 0.8 × 4.4 0 4.60E−16 4.54E−16
HE 1228+013 0.117 0.000 E L07 2006 Jun – 0.8 × 3.4 0 – 1.75E−16

2007 Jan – 0.8 × 5.4 0 – 2.41E−16
PG 0844+349 0.064 0.031 Sa B09 2006 Jan 4.57E−15 0.8 × 5.0 270 5.27E−16 5.00E−16

2007 Jan 7.10E−15 0.8 × 4.6 0 5.36E−16 5.08E−16
Mrk 110 0.035 0.000 Sa P07 2006 Jan 1.70E−14 0.8 × 5.4 254 2.49E−16 2.18E−16

2007 Jan 1.97E−14 0.8 × 5.0 0 2.47E−16 2.16E−16
Mrk 509 0.034 0.083 S0/a P07 2004 May 3.23E−14 0.8 × 2.8 0 3.85E−16 3.81E−16

2006 Jun 4.25E−14 0.8 × 4.0 0 4.83E−16 4.77E−16
Ark 120 0.033 0.570 Sb P07 2006 Jan 2.61E−14 0.8 × 4.0 327 4.10E−15 5.87E−15

2007 Jan 2.28E−14 0.8 × 5.0 0 4.11E−15 5.88E−15
Mrk 817 0.031 0.000 Sa P07 2004 May 2.38E−14 0.8 × 3.6 0 2.26E−16 1.96E−16

2006 Jun 2.28E−14 0.8 × 4.0 0 2.51E−16 2.18E−16
2007 Jan 2.70E−14 0.8 × 5.0 0 2.95E−16 2.57E−16

Mrk 290 0.030 0.000 S0 P07 2004 May 2.08E−14 0.8 × 3.0 0 – 4.71E−16
2006 Jun 3.33E−14 0.8 × 4.0 0 – 5.80E−16

H 2106−099 0.027 0.161 ? 2004 May 2.35E−14 0.8 × 3.6 0 – 5.74E−16
2006 Jun 2.25E−14 0.8 × 4.0 0 – 6.29E−16

Mrk 335 0.026 0.077 S0/a P07 2006 Jan 1.31E−14 0.8 × 4.4 86 5.97E−16 5.44E−16
2007 Jan 1.28E−14 0.8 × 4.2 0 6.21E−16 5.67E−16

Mrk 590 0.026 0.000 S0 P07 2006 Jan 1.10E−14 0.8 × 5.0 353 1.31E−15 1.11E−15
2007 Jan 3.29E−14 0.8 × 4.6 0 1.27E−15 1.08E−15

Ark 564 0.025 0.228 Sb O07 2006 Jun 3.22E−14 0.8 × 4.0 0 – 6.57E−16
Mrk 79 0.022 0.183 Sb P07 2006 Jan 5.09E−14 0.8 × 4.0 186 4.10E−16 4.06E−16

2007 Jan 4.87E−14 0.8 × 4.2 0 4.13E−16 4.08E−16
NGC 5548 0.017 0.000 Sa P07 2004 May 4.62E−14 0.8 × 5.0 0 1.22E−15 1.02E−15

2006 Jan 3.95E−14 0.8 × 8.0 273 1.38E−15 1.16E−15
2006 Jun 6.59E−14 0.8 × 4.0 0 1.14E−15 9.56E−16
2007 Jan 5.98E−14 0.8 × 5.8 0 1.26E−15 1.06E−15

NGC 7469 0.016 0.140 Sa P07 2006 Jan 1.16E−13 0.8 × 6.0 71 2.76E−15 2.59E−15
H 1934−063 0.011 0.744 ? 2006 Jun 1.14E−13 0.8 × 4.0 0 – 1.11E−15
NGC 4593 0.009 0.000 Sb P07 2004 May 2.56E−14 0.8 × 4.0 0 1.31E−15 1.08E−15

2006 Jun 2.89E−14 0.8 × 4.0 0 1.31E−15 1.08E−15
2007 Jan 3.76E−14 0.8 × 5.8 0 1.67E−15 1.38E−15

NGC 3227 0.004 0.000 Sa/b RC3 2006 Jan 3.25E−13 0.8 × 6.0 0 2.22E−15 1.82E−15
2007 Jan 2.68E−13 0.8 × 5.0 0 2.17E−15 1.77E−15

NGC 4151 0.003 0.000 Sa/b RC3 2004 May 1.06E−12 0.8 × 7.6 0 5.71E−15 4.66E−15
2006 Jan 1.15E−12 0.8 × 6.0 218 5.79E−15 4.72E−15
2006 Jun 1.16E−12 0.8 × 4.4 0 5.03E−15 4.10E−15
2007 Jan 8.22E−13 0.8 × 5.8 0 5.39E−15 4.40E−15

Note. The columns are as follows: (1) object name; (2) redshift from NED; (3) Galactic extinction at rest-frame 5100 Å; (4) Hubble type of the host galaxy;
(5) reference for the host type, where P07: Petrosian et al. (2007), B09: Bentz et al. (2009), RC3: de Vaucouleurs et al. (1991), F04: Floyd et al. (2004), L07:
Letawe et al. (2007), O07: Ohta et al. (2007); (6) IRTF run (epoch with best weather conditions given in bold); (7) observed flux of the narrow-line [S III] λ9531;
(8) near-IR extraction aperture; (9) near-IR slit position angle, where PA = 0◦ corresponds to east–west orientation and is defined east through north; (10)
host galaxy flux at 5580 Å (except for Mrk 509 at 5483 Å) estimated from HST images of Bentz et al. (2006a, 2009); and (11) host galaxy flux at rest-frame
5100 Å, corrected for Galactic extinction using the values in Column (3).

contemporaneously. Our observations now give us for the first time
the opportunity to define the separate continuum components at
spectroscopic rather than photometric precision. This permits us
to investigate their properties in greater detail than was possible
before. In particular, we are interested to understand if a near-IR
reverberation mapping campaign generally requires simultaneous

optical spectroscopy to determine the state of the ionizing flux or if
the latter can also be derived from the continuum behaviour at longer
wavelengths.

For the purpose of the following analysis, we have normalized
all SEDs at ∼1 μm (Fig. 5). The SEDs of two sources, namely
Mrk 590 and NGC 3227, are strongly affected by host galaxy light
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Table 4. Estimates of the optical host galaxy contribution.

Object name z A(1+z)5100 IRTF [O III] λ5007 Opt. Optical spectrum HST flux HST flux Host
(mag) run flux corr. Aperture PA (5580 Å) [(1 + z)5100 Å] corr.

(erg s−1 cm−2) factor (arcsec2) (◦) (erg s−1 cm−2 Å−1) (erg s−1 cm−2 Å−1) factor
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

IRAS 1750+508 0.300 0.041 2004 May 8.43E−14 0.90 3 × 4.2 110 – 1.67E−16 1.0
2006 Jun 7.64E−14 1.00 3 × 4.8 90 – 1.83E−16 1.0

H 1821+643 0.297 0.061 2004 May 1.63E−13 1.32 3 × 3.6 110 – 1.49E−16 1.0
PDS 456 0.184 0.941 2006 Jun 1.22E−14 1.70 3 × 4.2 6 – 3.20E−16 1.0
3C 273 0.158 0.000 2006 Jan 1.92E−13 0.67 3 × 3.6 −15 5.49E−16 5.36E−16 1.0

2006 Jun 1.51E−13 1.80 3 × 4.2 90 6.00E−16 5.86E−16 1.0
2007 Jan 2.11E−13 0.75 3 × 4.8 25 6.27E−16 6.12E−16 1.0

Mrk 876 0.129 0.005 2006 Jun 5.13E−14 1.40 3 × 4.8 110 7.93E−16 7.83E−16 1.0
HE 1228+013 0.117 0.000 2006 Jun 4.44E−14 1.50 3 × 4.8 50 – 5.78E−16 1.0

2007 Jan 5.61E−14 1.80 3 × 4.2 33 – 5.27E−16 1.0
PG 0844+349 0.064 0.031 2006 Jan 5.24E−14 1.80 3 × 3.6 80 7.61E−16 7.22E−16 4.9

2007 Jan 4.56E−14 1.75 3 × 7.8 107 8.96E−16 8.51E−16 3.6
Mrk 110 0.035 0.000 2006 Jan 2.00E−13 2.60 3 × 4.8 6 5.55E−16 4.86E−16 5.4

2007 Jan 2.66E−13 2.10 3 × 6.0 −15 5.86E−16 5.13E−16 6.5
Mrk 509 0.034 0.083 2004 May 4.63E−13 2.80 3 × 4.2 0 1.49E−15 1.47E−15 4.2

2006 Jun 6.11E−13 2.30 3 × 4.8 −10 1.62E−15 1.60E−15 4.5
Ark 120 0.033 0.570 2006 Jan 1.94E−13 1.00 3 × 4.8 7 5.78E−15 8.28E−15 1.0

2007 Jan 1.69E−13 1.00 3 × 4.8 6 5.78E−15 8.28E−15 1.0
Mrk 817 0.031 0.000 2004 May 3.81E−13 1.00 3 × 4.2 0 8.60E−16 7.48E−16 2.9

2006 Jun 1.16E−13 1.90 3 × 4.2 110 8.65E−16 7.53E−16 1.7
2007 Jan 8.28E−14 3.10 3 × 7.2 20 1.11E−15 9.66E−16 3.3

Mrk 290 0.030 0.000 2004 May 2.10E−13 3.40 3 × 4.8 110 – 1.75E−15 2.0
2006 Jun 1.93E−13 3.30 3 × 5.4 90 – 1.92E−15 1.0

H 2106−099 0.027 0.161 2004 May 1.23E−13 2.75 3 × 4.2 −5 – 1.69E−15 2.5
2006 Jun 1.52E−13 2.00 3 × 5.4 −14 – 2.04E−15 2.1

Mrk 335 0.026 0.077 2006 Jan 2.78E−13 1.00 3 × 3.6 55 1.20E−15 1.09E−15 1.7
2007 Jan 1.76E−13 1.90 3 × 6.6 65 1.45E−15 1.32E−15 2.4

Mrk 590 0.026 0.000 2006 Jan 8.18E−14 1.00 3 × 6.6 5 3.65E−15 3.11E−15 1.5
2007 Jan 8.09E−14 1.00 3 × 9.6 11 3.96E−15 3.37E−15 1.0

Ark 564 0.025 0.228 2006 Jun 2.25E−13 1.75 3 × 4.8 70 – 1.98E−15 1.3
Mrk 79 0.022 0.183 2006 Jan 4.79E−13 1.60 3 × 4.2 28 1.03E−15 1.02E−15 2.8

2007 Jan 4.58E−13 1.75 3 × 7.8 −45 1.27E−15 1.27E−15 4.1
NGC 5548 0.017 0.000 2004 May 1.58E−12 0.55 3 × 7.2 71 3.37E−15 2.82E−15 1.0

2006 Jan 5.90E−13 2.40 3 × 6.0 110 3.24E−15 2.71E−15 2.1
2006 Jun 4.35E−13 2.10 3 × 8.4 70 3.54E−15 2.96E−15 1.4
2007 Jan 3.06E−13 2.50 3 × 8.4 −55 3.58E−15 2.99E−15 2.0

NGC 7469 0.016 0.140 2006 Jan 9.95E−13 1.00 3 × 4.8 51 7.89E−15 7.41E−15 1.0
H 1934−063 0.011 0.744 2006 Jun 5.52E−13 2.10 3 × 5.4 −26 – 3.59E−15 1.8
NGC 4593 0.009 0.000 2004 May 1.74E−13 2.25 3 × 6.0 5 4.81E−15 3.97E−15 3.1

2006 Jun 1.54E−13 1.85 3 × 7.2 43 5.39E−15 4.44E−15 1.9
2007 Jan 1.13E−13 3.80 3 × 9.0 10 5.64E−15 4.65E−15 4.9

NGC 3227 0.004 0.000 2006 Jan 9.10E−13 1.00 3 × 6.0 0 6.46E−15 5.28E−15 1.5
2007 Jan 1.28E−12 0.71 3 ×10.2 −13 7.62E−15 6.23E−15 1.5

NGC 4151 0.003 0.000 2004 May 8.03E−12 3.00 3 × 5.4 −40 1.22E−14 9.91E−15 3.7
2006 Jan 1.18E−11 1.30 3 × 4.8 54 1.19E−14 9.71E−15 2.2
2006 Jun 1.18E−11 2.00 3 × 6.6 90 1.33E−14 1.08E−14 1.8
2007 Jan >4.09E−12 2.40 3 × 8.4 102 1.42E−14 1.15E−14 3.9

Note. The columns are as follows: (1) object name; (2) redshift from NED; (3) Galactic extinction at rest-frame 5100 Å; (4) IRTF run; (5) observed flux of
the narrow-line [O III] λ5007; (6) flux scale correction factor for the optical spectrum; (7) optical extraction aperture; (8) optical slit position angle, where
PA = 90◦ corresponds to east–west orientation; (9) observed host galaxy flux at 5580 Å (except for Mrk 509 at 5483 Å) in optical aperture derived from HST
images of Bentz et al. (2006a, 2009); (10) observed host galaxy flux at rest-frame 5100 Å in optical aperture, corrected for Galactic extinction using the values
in column (3); and (11) host galaxy flux correction factor.

in both their near-IR and optical spectral parts (Fig. 6) and are not
considered further.

4.1 Accretion disc

The AGN continuum bluewards of ∼1 μm is believed to be emit-
ted by the accretion disc, which is considered the main source of

ionizing flux producing the broad emission lines. In order to test
if this component is indeed seen in our data, we have calculated
accretion disc spectra. We have assumed a steady geometrically
thin, optically thick accretion disc, in which case the emitted flux is
independent of viscosity and each element of the disc face radiates
roughly as a blackbody with a characteristic temperature depending
only on the mass of the black hole, MBH, the accretion rate, Ṁ , and
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Near-IR BELR of AGN – II. The 1-μm continuum 223

Figure 1. Spectral aperture versus enclosed host galaxy luminosity at rest-
frame 5100 Å as derived from HST images. Based on the observed corre-
lation (solid line), we have estimated the host galaxy flux in the spectra of
sources without useful HST images.

Figure 2. Histogram of the ratio between the optical correction factors
applied to the host galaxy and the total flux.

the radius of the innermost stable orbit (e.g. Peterson 1997; Frank,
King & Raine 2002). We have adopted the Schwarzschild geometry
(non-rotating black hole) and for this the innermost stable orbit is at
rin = 6 rg, where rg is the gravitational radius defined as rg =
GMBH/c2, with G being the gravitational constant and c the speed
of light. Furthermore, we have assumed that the disc is viewed
face-on.

The accretion disc spectrum is fully constrained by the two
quantities, the mass and accretion rate of the black hole. Two-
thirds of our sample have black hole masses derived from rever-
beration mapping campaigns. For the remainder (seven sources),
we have estimated this quantity by applying the virial theorem
MBH ∝ v2r/G, where v and r are the velocity and radial dis-

Figure 3. Histograms of the ratio between the line fluxes corresponding
to the best-weather IRTF run and another epoch. The top, middle and bot-
tom panels show the narrow emission lines [S III] λ9531, [O III] λ5007 and
[O III] λ5007, with the optical correction factor listed in Table 4 applied,
respectively.

Figure 4. The ratio between the [O III] λ5007 line fluxes from optical re-
verberation programmes and our observations versus the correction factor
applied to the optical spectrum. The locus of equality is shown as the solid
line.

tance of an orbiting particle, respectively, to the near-IR. Using
the width of the Paβ broad component [denoted full width at half-
maximum (FWHM)Paβ , published in Paper I] as a measure of v

and the square-root of the continuum luminosity at 1 μm (denoted
νL1 µm) as a surrogate for r, Fig. 7 shows that for the sources with
reverberation mapping results the black hole mass correlates with
the near-IR virial product. The observed correlation is log MBH =
0.84(2log FWHM Paβ + 0.5log νL1 µm) − 16.58. The accretion rate
can be obtained directly from an approximation of the accretion
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224 H. Landt et al.

Figure 5. Left-hand panels: rest-frame AGN (host galaxy-subtracted) SEDs (from the right-hand panels of Fig. A1) normalized at 1 µm (vertical dashed line)
to the luminosity of the lowest flux epoch. The four IRTF observing runs are shown in colour: 2004 May (black), 2006 January (green), 2006 June (red) and
2007 January (blue). The dotted line indicates the accretion disc spectrum that approximates best the continuum bluewards of ∼1 µm. The horizontal dashed
line marks the minimum in the integrated luminosity of the lowest flux epoch. Wavelength units in µm are labelled on the top axis. Right-hand panels: as in
left-hand panels with the accretion disc spectrum subtracted. The dotted line shows the blackbody spectrum fitted to the continuum redwards of ∼1 µm.

disc spectrum to the data. We show our results in Fig. 5 (left-hand
panels, dotted lines) and list the relevant values in Table 5.

The calculated accretion disc spectrum approximates well the
AGN continuum slope bluewards of ∼1 μm in all high-redshift
(z � 0.1) sources, where the host galaxy contribution to the to-
tal flux is negligible at all wavelengths. In particular the near-IR
spectral part (∼0.8–1 μm, covered by the IRTF spectrum) is well
reproduced, which is free from major contaminating components

such as e.g. strong Fe II emission and the ‘small blue bump’ (Grandi
1982; Wills, Netzer & Wills 1985) sometimes found in the optical
spectral part. However, most important for our future near-IR re-
verberation programme is the result that the accretion disc emission
can still dominate at the large wavelength of ∼1 μm. This means
that we observe the flux of the ionizing component directly in the
near-IR, which will allow us to determine the AGN state without
optical spectroscopy.
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Near-IR BELR of AGN – II. The 1-μm continuum 225

Figure 5 – continued

In the lower redshift sources, the host galaxy contribution is
expected to be minimal in the near-IR spectrum, since these
observations were taken through a relatively narrow slit, and in
the bluer part of the optical spectrum, since at these frequencies
the AGN emission lies well above that of the host galaxy. Indeed,
in both these frequency regimes the calculated accretion disc spec-
trum is always a satisfactory approximation. However, excess host
emission is often observed at the red end of the optical spectrum,
which has the effect of flattening the spectrum (in a logarithmic
νf ν versus ν plot). Nevertheless, subtraction of sufficient host galaxy
flux leads also in this spectral range to an alignment of the data with
the expected accretion disc emission.

4.2 Hot dust

The AGN continuum redwards of ∼1 μm is believed to be produced
by the hottest part of a dusty torus, which surrounds the central ion-
izing source and obscures the BELR for lines of sight close to the
plane of the accretion disc. Assuming that this component is in-
deed seen in our data, we have subtracted from the total spectrum
that of the accretion disc and have fitted to the result a blackbody
spectrum. For this purpose we have used the C routine MPFIT (ver-
sion 1.1; Markwardt 2009), which solves the least-squares problem
with the Levenberg–Marquardt technique, and have fitted for the
temperature and flux scaling. We have included in the fit only the
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226 H. Landt et al.

Figure 5 – continued

continuum part of the near-IR spectrum, i.e. we have excluded emis-
sion lines, and rebinned it to �log ν = 0.01 Hz. We show our results
in Fig. 5 (right-hand panels, dotted lines) and list the relevant values
in Table 5.

A hot blackbody spectrum appears to approximate well the near-
IR AGN continuum in all our sources. In particular, the typical cur-
vature of such a spectrum is evident in our spectra due to their rela-
tively large wavelength coverage. This behaviour was also noted by
Rodrı́guez-Ardila & Mazzalay (2006), whose near-IR spectrum of
one broad-line AGN (Mrk 1239) covered an even larger wavelength
range of 0.8–4.5 μm. In this respect, we note that the blackbody cur-
vature is not evident in the original spectra (without the accretion

disc component subtracted), which resemble rather a single power
law. The resulting temperatures for the hot blackbody component
are in the range of Thot ∼ 1100–1700 K, which are typical values
of the dust sublimation temperature for most astrophysical grain
compositions (≈1000–2000 K; Salpeter 1977). The overall temper-
ature distribution is relatively narrow and has a well-defined mean
of 〈Thot〉 = 1365 ± 18 K (Fig. 8). Similarly narrow temperature dis-
tributions were obtained previously by AGN studies using low- and
medium-resolution near-IR spectra (Kobayashi et al. 1993; Riffel
et al. 2009) and more recently by studies based on high-resolution
near-IR photometric and interferometric observations (Kishimoto
et al. 2007, 2009, 2011).
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Figure 5 – continued

This well-defined peak of the blackbody temperatures is close to
the sublimation temperature of silicate dust grains (Kimura et al.
2002). More refractory dust types are known, notably carbonaceous
dust, e.g. graphite, which can survive up to ∼2000 K. The absence
of such hot dust, except in one object (NGC 5548), suggests that
either carbonaceous dust is rare in AGN or some other mechanism
than dust sublimation sets the maximum dust temperature. Dust
formation is critically dependent on the numerical ratio of carbon
to oxygen atoms in the parent gas; most pair up to form CO and do
not form dust (Whittet 2003). An imbalance in C/O atom numbers
biases dust formation strongly towards either carbon-rich or oxygen-

rich (including silicates). The ∼1400-K peak in AGN suggests an
oxygen-rich environment from which the dust formed.

The strength of our data set is that it allows us to observe simul-
taneously the accretion disc and the hot dust emission. Therefore,
we can derive for the first time meaningful covering factors for the
dusty obscurer in AGN. If the UV radiation from the accretion disc
emitted into the solid angle, �, defined by the dust distribution is
completely absorbed and re-emitted in the IR, the dust covering
factor is C = �/4π = ∫

hotLνdν/
∫

accLνdν ≈ 0.4 × (νLhot/νLacc),
where νLhot and νLacc are the peak luminosities of the hot black-
body and accretion disc spectrum, respectively (e.g. Barvainis 1987;
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Figure 5 – continued

Granato & Danese 1994). Note that whereas ν Lhot lies only slightly
outside the observed spectral range and is therefore well constrained
by the data, the accretion disc peak luminosity is strongly model-
dependent. In Fig. 9, we show the distribution of hot dust covering
factors. We obtain values in the range of C ∼ 0.01–0.6 and a mean
of 〈C〉 = 0.07 ± 0.02. Our average value is a factor of ∼6 lower
than the average total dust covering factor obtained by Sanders et al.
(1989) (〈C〉 = 0.40 ± 0.01), who considered the ratio of the entire
integrated IR luminosity (in the frequency range ν ∼ 1012–1014.5

Hz) to the integrated accretion disc luminosity for a large (∼100
sources) sample of bright quasars.

The relatively low hot dust covering factors could be a result
introduced by the correction factors that we applied to the optical
spectra (Section 3), i.e. we have artificially raised the accretion
disc flux relative to the hot dust emission. In order to address this
concern, we have plotted in Fig. 10 the covering factors versus the
optical correction factors. Whereas we see an envelope in the sense
that the higher the optical correction factor, the lower the highest
covering factor, overall we observe large hot dust covering factors
(C � 0.1) in only a few cases (mostly in Ark 120 and NGC 4151) or,
put differently, AGN states cluster around relatively low C values
independent of the optical correction factor.

C© 2011 The Authors, MNRAS 414, 218–240
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

 at D
urham

 U
niversity L

ibrary on A
pril 12, 2013

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

http://mnras.oxfordjournals.org/


Near-IR BELR of AGN – II. The 1-μm continuum 229

Figure 5 – continued

4.3 Additional continuum components

The observed AGN SEDs can be explained mainly by the sum of
an accretion disc spectrum and emission from hot dust. However,
two additional continuum components are expected to be present,
which albeit weaker could alter the AGN continuum slope. The first
is the diffuse continuum (thermal emission and scattering) from the
BELR, which can be strong due to the relatively high gas densities
found in these regions. The Balmer jump and continuum (λ <

3646 Å) were identified in AGN spectra long ago (e.g. Malkan
& Sargent 1982) and predicted in early photoionization models as
well (e.g. Wills et al. 1985). If the BELR is emitting a Balmer

continuum, it is also emitting a Paschen continuum (λ < 8205 Å),
the strength of which could be important throughout the optical and
near-IR spectrum. Other, weaker, recombination continua (Brackett,
etc.) will also be present within the IR. Korista & Goad (2001)
used the photoionization code CLOUDY (Ferland et al. 1998) and
calculated the full diffuse BELR continuum assuming clouds with
simple distributions in gas density and incident ionizing flux. They
found that after correcting for host galaxy light ∼20 per cent of the
flux at 5100 Å may be due to this component, which is dominated
by the thermal continua (nearly 40 per cent at the Balmer jump;
see Korista & Goad for details). In a representation of the SED
as in Fig. 5 (log νf ν versus log ν), the relative contribution of this
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Figure 5 – continued

component is expected to strengthen with increasing wavelength
as the accretion disc spectrum falls, resulting in a flattening of the
near-UV to near-IR AGN continuum spectrum as compared to an
accretion disc alone.

A second additional component is due to the finite albedo
of the same dusty clouds emitting the thermal IR continuum.
Korista & Ferland (1998) investigated the effective albedo of
a variety of gas clouds potentially present within the BELR.
These contributions are included in the diffuse continuum just de-
scribed. They also presented the effective albedo of a high column
density, dusty cloud with parameters grossly approximating the
clouds producing most of the hot dust emission. They found an

∼20 per cent albedo spanning the wavelength range of λ =
2500 Å–1 μm that declines significantly for wavelengths outside.
While the detailed wavelength-dependent albedo depends on the
grain size distributions and composition, their overall amplitudes
should not differ greatly. Although the spatially integrated scattered
nuclear light will depend on factors such as the geometry of the
scattering region and the observer’s viewing angle, contributions
of ∼10 per cent to the AGN continuum are possible. Due to the
finite grain albedo, the dusty torus will contribute additional light
to the near-UV to the near-IR spectrum that otherwise would not
be expected from its thermal emission alone. As with the con-
tribution from the diffuse continuum light from the BELR, this
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Figure 6. Rest-frame SEDs for the two sources (Mrk 590 and NGC 3227) that are strongly affected by host galaxy light. The spectra corresponding to the
IRTF observing runs in 2006 January (green) and 2007 January (blue) are normalized at 1 µm (dashed line). The host galaxy templates from Mannucci et al.
(2001) are overplotted (magenta). Wavelength units in µm are labelled on the top axis.

Figure 7. Black hole mass determined from reverberation campaigns versus
the near-IR virial product between the width of the Paβ broad component
and the continuum luminosity at 1 µm. Based on the observed correlation
(solid line), we have estimated the black hole mass of sources without
reverberation results.

contribution will act to flatten (in log ν f ν versus log ν) the AGN
continuum.

Due to the uncertainties in the absolute flux calibration and the
relative normalizations of our near-IR and optical spectra, we have
not attempted to isolate the contributions of the diffuse BELR con-
tinuum and the dust scattering of nuclear light to the AGN con-
tinuum. However, doing so should provide additional physical and
geometrical constraints on the BELR and inner dusty torus. Here
we only point out that the strongest contributor to the diffuse BELR
continuum, namely the Balmer jump and continuum, is clearly vis-
ible in most of our optical spectra, forming together with Fe II the
so-called small blue bump (Grandi 1982; Wills et al. 1985).

5 AG N C O N T I N U U M VA R I A B I L I T Y

Both AGN continuum components sampled by our spectra are ex-
pected to be variable. The main cause of variability will be a change
in the accretion rate, which will lead to a change in the dust illumi-
nation. However, although the variability behaviour of the accretion
disc has been studied extensively by optical reverberation cam-
paigns, only few sources have been observed in dust reverberation
programmes so far (e.g. Glass 1992, 2004; Nelson 1996; Oknyanskij
et al. 1999; Minezaki et al. 2004; Suganuma et al. 2006; Koshida
et al. 2009). Therefore, the exact location of the dusty obscurer as
well as its geometry remain uncertain. In this section, we discuss
the first results of our coordinated optical and near-IR reverberation
campaign. Based on these results, we will select the final sample
for monitoring and develop a suitable observational strategy.

We have multiple observation epochs available for 15/21 sources
listed in Table 5, of which five sources have more than two epochs.
Defining the variability factor as the flux change at 1 μm relative
to the lowest flux state in a fixed period of 1 yr, we obtain the
distribution shown in Fig. 11. Note that this variability factor is
different from that listed in Table 5 (column 6), which refers to
the total period between two epochs, and was calculated assuming
uniform variability between the lowest flux epoch and the epoch
with a higher flux. The most variable of our sources are 3C 273,
HE 1228+013 and NGC 4151, which have at least one epoch with a
1-yr variability factor of �2, followed by PG 0844+349, Ark 120,
NGC 5548 and 4593, with variability factors of ∼1.5–2. The source
Mrk 817 shows no variability and our three least variable sources
are IRAS 1750+508, Mrk 509 and H 2106−099.

With our future near-IR reverberation programme, we will be
able to study also the variability behaviour of the hot dust and its
dependence on the state of the ionizing source. A first look gives
Fig. 12, where we have plotted the hot dust variability factor versus
the accretion disc variability factor, with both values calculated for a
fixed period of 1 yr. Assuming that the hot dust absorbs and re-emits
all the accretion disc luminosity, we have then estimated the average
radius of the hot dust component as Rhot =

√
νLacc/4πσT 4

hot, where
σ is the Stefan–Boltzmann constant, and have separated sources into
those having Rhot > 1 and <1 light-year (open and filled circles,
respectively).
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Table 5. AGN continuum fit parameters.

Object name MBH Ref. IRTF run log νL1 µm Var. log νLacc Thot log νLhot C Rhot

(M	) (erg s−1) factor (erg s−1) (K) (erg s−1) (lyr)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

IRAS 1750+508 9.3e+07 est 2004 May 45.02 1.00 46.84 1289 45.15 0.01 6.27
2006 Jun 45.12 1.26 46.98 1383 45.19 0.01 6.40

H 1821+643 8.9e+08 est 2004 May 45.76 1.00 46.92 1320 46.01 0.05 6.55
PDS 456 1.8e+08 est 2006 Jun 45.69 1.00 47.42 1425 45.98 0.01 10.00
3C 273 8.9e+08 P04 2006 Jan 45.56 1.10 46.66 1403 45.71 0.04 4.30

2006 Jun 45.84 1.91 47.02 1443 45.94 0.03 6.15
2007 Jan 45.52 1.00 46.61 1418 45.64 0.04 3.97

Mrk 876 2.8e+08 P04 2006 Jun 44.55 1.00 45.65 1339 44.90 0.07 1.48
HE 1228+013 5.2e+07 est 2006 Jun 44.57 1.00 46.38 1333 44.85 0.01 3.45

2007 Jan 44.95 2.40 46.95 1337 45.15 0.01 6.61
PG 0844+349 9.2e+07 P04 2006 Jan 44.38 1.58 45.89 1443 44.16 0.01 1.68

2007 Jan 44.18 1.00 45.61 1190 44.05 0.01 1.78
Mrk 110 2.5e+07 P04 2006 Jan 43.61 1.00 45.28 1406 43.81 0.01 0.87

2007 Jan 43.71 1.26 45.42 1452 43.89 0.01 0.96
Mrk 509 1.4e+08 P04 2004 May 44.11 1.20 45.31 1432 44.29 0.04 0.87

2006 Jun 44.03 1.00 45.20 1398 44.12 0.03 0.81
Ark 120 1.5e+08 P04 2006 Jan 43.80 1.58 44.88 1102 44.49 0.16 0.90

2007 Jan 43.60 1.00 44.58 1100 44.43 0.28 0.64
Mrk 817 4.3e+07 D10 2004 May 43.64 1.00 45.08 1446 43.97 0.03 0.66

2006 Jun 43.64 1.00 45.08 1392 43.81 0.02 0.71
2007 Jan 43.64 1.00 45.08 1401 43.86 0.02 0.70

Mrk 290 2.4e+07 D10 2004 May 43.47 1.58 45.07 1453 43.62 0.01 0.64
2006 Jun 43.27 1.00 44.78 1353 43.59 0.03 0.53

H 2106−099 2.3e+07 est 2004 May 43.45 1.26 45.10 1346 43.55 0.01 0.78
2006 Jun 43.35 1.00 44.95 1342 43.62 0.02 0.66

Mrk 335 1.4e+07 P04 2006 Jan 43.42 1.38 45.26 1308 43.74 0.01 0.99
2007 Jan 43.28 1.00 45.06 1206 43.77 0.02 0.92

Ark 564 9.8e+06 est 2006 Jun 43.15 1.00 45.03 1202 43.48 0.01 0.90
Mrk 79 5.2e+07 P04 2006 Jan 43.24 1.23 44.38 1339 43.71 0.09 0.34

2007 Jan 43.15 1.00 44.25 1364 43.55 0.08 0.28
NGC 5548 4.4e+07 D10 2004 May 42.82 1.00 43.87 1572 43.03 0.06 0.14

2006 Jan 43.22 2.51 44.44 1730 43.26 0.03 0.22
2006 Jun 42.92 1.26 44.01 1547 43.22 0.06 0.17
2007 Jan 42.92 1.26 44.07 1291 42.98 0.03 0.26

NGC 7469 1.2e+07 P04 2006 Jan 43.10 1.00 44.70 1551 43.54 0.03 0.37
H 1934−063 5.8e+06 est 2006 Jun 42.80 1.00 44.70 1426 42.91 0.01 0.44
NGC 4593 9.8e+06 D06 2004 May 42.58 1.58 44.18 1429 42.94 0.02 0.24

2006 Jun 42.55 1.48 44.14 1380 43.07 0.03 0.24
2007 Jan 42.38 1.00 43.88 1281 42.87 0.04 0.21

NGC 4151 4.6e+07 B06 2004 May 41.88 1.48 42.53 1281 42.33 0.25 0.04
2006 Jan 41.97 1.82 42.67 1328 42.43 0.23 0.05
2006 Jun 41.71 1.00 42.31 1278 42.45 0.55 0.03
2007 Jan 41.81 1.26 42.44 1231 42.44 0.40 0.04

Note. The columns are as follows: (1) object name; (2) black hole mass (in solar masses); (3) reference for the black hole mass, where B06: Bentz et al. (2006b),
D06: Denney et al. (2006), D10: Denney et al. (2010), P04: Peterson et al. (2004) and est: estimated based on the correlation in Fig. 7; (4) IRTF run; (5) total
AGN (host galaxy-subtracted) luminosity at 1 µm; (6) variability factor relative to the lowest flux epoch; (7) peak luminosity of the accretion disc; for the hot
dust component; (8) its blackbody temperature; (9) peak luminosity; (10) covering factor and (11) average radius (in light-years).

Two important results become evident from Fig. 12. First, for
most sources we observe a response of the hot dust to the change
in accretion disc luminosity, which is always lower than the latter,
as expected for a response lag. Most interestingly, however, is that
a dust response is observed even in those sources with estimated
hot dust radii well above 1 light-year, i.e. for which we would
expect no response. The only exception in this group is the source
IRAS 1750+508. Secondly, for a few sources we observe a deficit
of hot dust in the high state. This effect is most pronounced in the
source NGC 4151, for which it was observed also by Koshida et al.
(2009) using long-term optical and near-IR imaging and attributed
to dust destruction.

6 SU M M A RY A N D C O N C L U S I O N S

We have used four epochs of quasi-simultaneous (within 2 months)
near-IR and optical spectroscopy of 23 broad-line AGN to study
the continuum spectral shape around 1 μm. Our main results can be
summarized as follows.

(i) The accretion disc spectrum appears to dominate the flux at
∼1 μm, which allows us to derive a new relation that can be used
to estimate AGN black hole masses. It is based on the near-IR
virial product, defined here as the product between the width of
the Paβ broad emission line and the integrated 1-μm continuum
luminosity. The dominance of the accretion disc spectrum at such
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Figure 8. Histogram of the temperature of the hot dust.

Figure 9. Histogram of the hot dust covering factor C ≈ 0.4 × (νLhot/

νLacc), where νLhot and νLacc are the peak luminosities of the hot blackbody
and accretion disc spectrum, respectively.

long wavelengths means that the AGN state can be determined
directly from the near-IR spectrum, making simultaneous optical
spectroscopy for a reverberation programme unnecessary.

(ii) An adequate subtraction of (in particular optical) host galaxy
light reveals that the AGN continuum in the rest-frame frequency
range of ν ∼ 1014–1015 Hz can be approximated by the sum of
mainly two emission components, a hot dust blackbody and an
accretion disc spectrum.

(iii) For the hot dust component, we derive temperatures in the
range of Thot ∼ 1100–1700 K, which are typical values of the dust
sublimation temperature, with a mean of 〈Thot〉 = 1365 ± 18 K. This
mean value is close to the sublimation temperature of silicate dust
grains, indicating that either carbonaceous dust is rare in AGN or
some other mechanism than dust sublimation sets the maximum dust
temperature. The resulting hot dust covering factors are relatively

Figure 10. The hot dust covering factor versus the correction factor applied
to the optical spectrum.

Figure 11. Histogram of the variability factor measured at 1 µm and cal-
culated over a fixed period of 1 yr.

low and in the range of C ∼ 0.01–0.6, with a mean of 〈C〉 =
0.07 ± 0.02.

(iv) Our preliminary variability studies have identified promising
candidates for a future near-IR reverberation programme. Our three
most variable sources in the near-IR are 3C 273, HE 1228+013 and
NGC 4151. Furthermore, we have studied the response of the hot
dust emission to changes in the accretion disc flux. Most sources
show the expected time lag, but a few sources have a deficit of hot
dust in the high state, which indicates dust destruction.

In our future work, we will study the variability of the near-IR
broad emission lines and constrain their physical conditions using
detailed photoionization models. In the longer term, we plan to
image our sample with current and future near-IR interferometers
(Elvis & Karovska 2002).
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Figure 12. Change in hot dust luminosity versus change in accretion disc
luminosity over a fixed period of 1 yr. The horizontal solid line indicates the
locus of equal hot dust luminosity in both AGN states, with a deficit of hot
dust observed in the high state for sources below this line. The diagonal solid
line marks the locus of equality. Open and filled circles indicate sources with
average hot dust radii greater and lower than 1 light-year, respectively.
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Figure A1. Rest-frame SEDs for the IRTF observing runs in 2004 May (black), 2006 January (green), 2006 June (red) and 2007 January (blue). The left-hand
and right-hand panels show the original data and the data after host galaxy subtraction and spectral alignment were applied, respectively. See the text for more
details.
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Figure A1 – continued
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Figure A1 – continued
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Figure A1 – continued
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Figure A1 – continued
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Figure A1 – continued

This paper has been typeset from a TEX/LATEX file prepared by the author.
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