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  Japanese lead by Y. Okamoto & M. Honda 
USA lead by C. Packham, M. Chun, & M. Richter 
◦  Strong MIR community interest in Japan & USA 
◦ NSF seed funding (PI: Packham) to define key science 

drivers & optical design 
◦  J-TMT funds (PI: Honda-san) for chopping &  

AO early R&D 
  Instrument capabilities 
◦  High spatial resolution (0.063”) 
◦  High spectral resolution (R~120,000)  
◦ Moderate spectral resolution (R~1,000) 
◦  IFU & polarimetry modes 



  Only with high spatial resolution, we can lower the 
contamination from host galaxy to AGN signal 

  Resolution at z=0.5 
  JWST = 1.5kpc (galactic star forming rings, etc.) 
  TMT = 330 pc (nuclear dominated) 

  Images show 5x increase in spatial resolution 
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  Surrounding area contamination complicates interpretation 
◦  MIR constrains torus to <few pc & clumpy distribution 
◦  1” resolution of nearby AGN shows AGN contribution (<)<30% 

  Image quality & stability a problem for 8m’s 
◦  JWST & AO systems on 30m-class telescopes => high Strehls 
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  Notes 
◦  Point source sensitivity 10σ in one hour elapsed time 

◦  E-ELT at MIR offers D4 performance boost from primary 

◦  Estimated from publications (simple scaling) or on-line calculators 
  Observing/conditions assumptions can be widely different between groups 

>2 orders 

>2 orders 



1.  Order of magnitude more sensitive than 8m-
class even at much higher spectral resolution 
2.  Not as sensitive as space-based observatories	

  Notes 
◦  Point source sensitivity 10σ in one hour elapsed time 

◦  E-ELT at MIR offers D4 performance boost from primary 

◦  Estimated from publications (simple scaling) or on-line calculators 
  Observing/conditions assumptions can be widely different between groups 



  Line of sight 
affords 
radically 
different 
views of the 
AGN central 
engine 

  Obscuration 
due to the 
torus is 
fundamental 
to AGN 
theories 
◦  Detailed 

knowledge 
of the torus 
is crucial 



 Difficult to (directly) observe at optical & 
NIR wavelengths as AGN & host galaxy 
swamp the signal 

 Characteristic temperature is a few 100K 
◦  Blackbody emission peaks at ~30µm 
  ‘Powered’ by interception of high energy accretion 

disc emission, & reprocessed to longer wavelengths 

  Ideally observed and MIR to mm 
wavelengths at highest available spatial 
resolution 



Pier & Krolik 92 

5-10 pc 

Pier & Krolik 93 

~100 pc 

  Efstathiou et al (1996) estimate 
torus for NGC1068 Rout = 178pc 

  Granato et al (1997) 

  Uniform density 

  Rout > 10 – 20 pc 



  Clumpy torus model of Nenkova et al. (2002) 
◦  Clouds follow power law distribution  
◦  Clouds concentrated in equatorial plane 
◦  Distributed with scale height σ	

◦  τv of each cloud = 40-100+ Av 
◦  Type 2 number of clouds along pencil-beam line of sight ~8 



  Clumpy distribution puts cooler dust (on protected 
side) closer to nucleus than continuous dust 
distribution 
◦  Far more compact torus 
◦  Very different spectral shapes 

Pole-on Edge-on 



  Fits of the clumpy torus model to the 10µm 
spectrum of NGC 1068 (heavy solid line) 

  Torus size best fit ~3pc 
  Entirely consistent with MIR interferometric 

observational result of Jaffe et al. (2004) 



  Centaurus A torus <0.19”, 3.1pc 
◦  Radomski et al. 2007 

  Circinus torus <0.2”, 4pc 
◦  Packham et al. 2005 

  NGC1068 torus <0.4”, 3pc 
◦  Mason et al. 2006; Jaffe et al. 2004; Packham et al. 2007 

  NGC4151 torus <0.4”, <35pc 
◦  Radomski et al. 2003 

  MIR torus SED M87  
shows no evidence  
of torus emission 
◦  Perlman et al. 2001, 2007 

  Torus is at TMT’s  
diffraction limit… 

!V , and the total number of clouds through the equatorial plane,
NC. We show the results for a model that fits the observed 10 "m
nuclear spectrum of NGC 1068 well (Mason et al. 2006), with
q ¼ 2 and NC ¼ 8, and a comparison model in which q ¼ 1 and
NC ¼ 5. In bothmodels, !V ¼ 40, the outer radius is 30 times the
dust sublimation radius, and the cloud distribution is Gaussian in
elevation above the torusmidplane, without a sharp cutoff. These
two sets of parameters yield cloud distributions and images that
are characteristic of the full parameter space we explored.

The torus is viewed edge-on in the simulated images at 8.8 and
18.3"m (Fig. 6). The 18.3"memission generally traces the cloud
distribution because optical depth effects are not significant, both
for heating the clouds and for their subsequent emission. Directly
heated clouds that are not blocked along the line of sight dom-
inate the emission at 8.8 "m. The resulting images are extended
perpendicular to the cloud distribution, and in the less compact
(q ¼ 1) distribution, this extension persists on larger scales. The
exact emission profile does depend on the model parameters, but
in all cases the strong extended emission (which the FWHM of
the simulated images themselves indicates) is confined to scales
of 0.0200. In the simulations, the flux declines to 10% of the peak
strength on scales of 0.0800 or less. In general, the emission is
more compact in the steeper cloud distributions, and it is always

much smaller than the 0.200 upper limit wemeasure in the data. This
approaches the scales of HST Space Telescope Imaging Spectro-
graph (STIS) observations of Marconi et al. (2006), which indicate
the central dark object in Cen A is no more than 0.03600Y0.0400

(0.6Y0.7 pc) in radius. Thus, careful interferometrywill be required
to resolve this structure.

4.1.4. Nucleus: Synchrotron Emission

As in the case of M87 (Perlman et al. 2001), the powerful
radio jet of Cen A could provide a significant fraction of the
mid-IR emission through synchrotron radiation. Chiaberge et al.
(2001) claim the entire nuclear SED of Cen A can be fit with a
synchrotron self-Compton (SSC) model. In addition, recent mid-
IR interferometry models by Meisenheimer et al. (2007) suggest
a tiny predominantly SSC core (<0.2 pc). They model an SSC
core contributing between 80%and 60%of the emission between
8 and 13 "m, respectively. However, there are several problems
with this scenario.

First, the lack of polarization at "1000 "m (Packham et al.
1996) is difficult to reconcile with a predominantly synchrotron
core. Second, Meisenheimer et al. (2007) reference the variabil-
ity seen at L band ("3.5 "m) by Lepine et al. (1984) detailing
an increase in flux by a factor of 5 between 1971 and 1981 as

Fig. 6.—Number of clouds integrated along the line of sight, for radial distribution q ¼ 1 (top left) and q ¼ 2 (bottom left). For the total number of clouds along an
equatorial ray to the central engine, NC ¼ 5 (top left) and NC ¼ 8 (bottom left), the maximum number of clouds along the line of sight is 12 and 25, respectively, for
maximum integrated optical depth of 480 and 1000 in the V band. Beside these cloud distributions are simulated images of emission at 8.8"m (middle) and 18.3 "m (right).
In these models, the optical depth per cloud !V ¼ 40 and the outer radius of the cloud distribution is located at 30 times the dust sublimation radius. The 18.3 "m images of
both models are similar to each other and to the cloud distribution because both the heating and subsequent emission are insensitive to optical depth effects. In contrast, the
8.8"memission does not trace the cloud distribution because of the large optical depth of the torus and the strong temperature dependence, especiallywhen the distribution
is not compact (q ¼ 1). Here the emission extends along the polar axis, which is the location of clouds that directly view the AGN and that are not blocked along the line of
sight. In all cases, the emission is confined to scales much smaller than the spatial resolution of our observations. The images are scaled linearly, and the contours are
logarithmically spaced, beginning at 50% of the peak value and declining by factors of 2.
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  NIR & MIR data allow detailed comparison between 
Seyfert AGN and construction of templates 

  Bayesian fitting gives error estimates from multi-
dimensional fitting 

Type 1 Type 2 



 Reprocessing efficiency vs. torus covering 
factor shows difference between Seyfert 1&2 

 AGN Lbol vs. the  
torus geometrical  
covering factor  
(f2) decreases  
with increased 
 Lbol 
◦ Consistent  

with receding  
torus models  



        BLR 

Broad Line Region 

Torus 



 At low accretion levels, torus dissipates 

◦  Liners (Maoz et al. 2005)  

 No torus dust emission 

◦ M87 (Whysong & Antonucci 04; Perlman et al. 
2004, 2007) 

  Need high spatial resolution MIR and NIR 
observations 

 Imaging and low-spec. resolution needed 



  The properties of the torus remain uncertain 
① Nature of torus material & connection with host galaxy 
② Properties, such as geometry & optical depth dependence on 

activity  
③ Dust properties vs. AGN luminosity/type? 
④ Nuclear (<100pc) starbursts in feeding and/or obscuring AGNs? 
⑤ Fueling of AGN 

  8m’s can observe few 100 AGN in detail, TMT will be in 
the 1000’s, or at much higher z (but still <1) 

  LINERS very hard to observe well on 8m’s 
  AGN imaging & spectral observations of z<0.5 objects 

permit templates production of crucial importance for 
JWST & SPICA 
◦  Combined results allow torus properties, effect of radio 

loudness, and the host galaxy versus both the level of AGN 
activity vs. z be probed 



  Very preliminary (~feasibility) design achieved 
  Science cases should be updated & flowed 

down to instrument requirements formally 
  Imaging and low-spectral resolution at MIR 
◦  Also need 3-5µm 

  LINERs can help address creation/sustaining 
of the torus 

  Pushing to higher z important for templates 
◦ Needed for JWST/SPICA and in its own right 

 Directly imaging the torus remains attractive 
goal, but tough 



  SMBH & galaxy masses are directly proportional 
◦  Galaxy bulge mass (Mbulge) & stellar velocity dispersion (σ) are 

tightly correlated with the SMBH (MBH), despite being spatially 
on hugely different scales, thus lacking direct connection 
◦  MBH vs. Mbulge & MBH-σ relation 

  Co-evolution between the 
SMBH & galaxies, precise 
nature uncertain 

  Spitzer observations  
(at [OIV] 25.9µm, 11.3µm  
PAH, and extended 24µm)  
show near-nuclear (<1 kpc) 
SFR is closely correlates to 
SMBH mass; breaks >~1kpc 
◦  Physical connection in the SFR 

in inner regions & SMBH mass 

8 Diamond-Stanic et al.

Fig. 8.— The ratio of the the SFR determined from the 11.3 µm
feature to the SFR in a r = 1 kpc aperture, where additional con-
tributions from 24 µm emission outside the spectroscopic aperture
are included, as a function of galaxy distance. Such contributions
are often significant for sources with D < 30 Mpc.

0.73 dex for r > 1 kpc SFRs and 0.86 dex for total SFRs.
Furthermore, the correlation probabilities for the flux–
flux versions of these extended and total SFR relation-
ships are not highly significant (see Table 2), illustrating
that the connection between the physical quantities is
weak. In addition, the observed significance is enhanced
by a Malmquist-type bias against more distant galaxies
with lower SFRs, related to the galaxy apparent magni-
tude limit of the RSA Seyfert sample.
To illustrate the stronger correlation and smaller scat-

ter associated with nuclear SFRs, in Figure 12 we show
the posterior distributions for the correlation coeffi-
cient and intrinsic scatter of the SFR–BHAR relation-
ship when considering (1) 11.3 µm aromatic feature, (2)
r = 1 kpc, (3) r > 1 kpc, and (4) total galaxy SFRs.
This figure illustrates that while the BHAR correlates
reasonably well with star formation on sub-kpc scales, it
is only weakly related to extended and total star forma-
tion activity.

6. DISCUSSION

Our results present a picture where the star formation
on sub-kpc scales in AGN host galaxies traces the BHAR
in a somewhat sub-linear fashion, while star formation
on larger scales only weakly traces the BHAR. Recently,
Lutz et al. (2010) argued that host galaxy star forma-
tion only shows a clear dependence on AGN luminosity
for high-luminosity sources (LAGN > 1045 erg s−1 or
ṀBH > 0.1 M" yr−1, see their Figure 6), but our results
show that this relationship persists towards lower AGN
luminosities if one considers only the nuclear component
of the host galaxy. Given that estimates for samples of
AGNs usually provide only total SFRs (see Section 6.1),
the observed scaling between SFR and BHAR may de-
pend on whether the star formation is dominated by a
nuclear or extended component.

Fig. 9.— The relationship between nuclear SFR (measured on
r = 1 kpc scales) and the BHAR. A strong correlation exists, and
the slope of the relationship is sub-linear as sources with larger
BHARs tend to have smaller SFR/BHAR ratios (see equation 5).

6.1. Comparison with Previous SFR and BHAR
Measurements

Several authors have estimated SFRs for AGN host
galaxies and explored the relationship with BHAR. Some
find an approximately linear relationship (α ≥ 0.8, where
SFR ∝ Ṁα

BH , e.g., Satyapal et al. 2005; Netzer 2009;
Shi et al. 2009) consistent with our results for nuclear
SFRs traced by the 11.3 µm aromatic feature (equation 4,
Figure 5), while others finding a much shallower rela-
tionship (α ≤ 0.5, e.g., Hao et al. 2005; Silverman et al.
2009; Bonfield et al. 2011), more consistent with our re-
sults for extended and total SFRs (Figures 10–11).
Among studies that have used the aromatic features to

estimate SFRs, Netzer (2009) compiled Spitzer measure-
ments for 28 z ∼ 0.1 QSOs (Netzer et al. 2007) and 12
z ∼ 2 QSOs (Lutz et al. 2008) to complement their own
study of a large sample of type 2 Seyferts and LINERs
from the Sloan Digital Sky Survey (SDSS). The AGN
luminosities for the SDSS sources were estimated using
the [O iii]λ5007 and [O i]λ6300 lines, and SFRs were es-
timated using the method of Brinchmann et al. (2004).
They found a relationship of the form SFR ∝ Ṁ0.8

BH

with a SFR/BHAR ratio ∼ 30 for ṀBH = 0.1 M" yr−1.
Similarly, Shi et al. (2009) considered the relationship
between 5–6 µm continuum luminosity and aromatic-
feature luminosity for a sample of 89 PG quasars at



  The TMT is ideal for higher z objects, as all key 
emission lines & features are observable 
◦  The [SIV] line (10.5µm) is a good substitute with 

superior ground-based sensitivity instead of the [OIV] 
line 

  MICHI will be able to extend this to a larger 
distance (median distance ~60Mpc), with an 
angular resolution of only ~20pc as projected on 
the galaxy 
◦  Decisively isolate the SMBH from the diffuse 

surrounding star formation affording a mass estimate 
of the SMBH 
◦  Well within the 1kpc limit for the SFR estimate 



  ULIRGs show large IR luminosities  
(LIR>1012Lo) 
◦  Starburst or AGN responsible,  

but hidden behind obscuring dust 
  Important to trace the history of both AGN & galaxies 
◦  Links detailed AGN characterization to the cosmological evolution 

  Key problem is the distinction of AGNs from compact starburst 
objects, as the IR emission is typically highly obscured 
◦  Best investigated at 20µm 

  Observing the emission surface brightness can eliminate  
starburst emission in very bright luminous objects 

  ULIRGs are more prevalent at moderate z, probing the emission 
source in the local universe & constructing templates is crucial 
preparation for follow-on space-based observations 
◦  Understanding ULIRGs versus z is a powerful method to investigate 

the evolution of AGN & galaxies, effects on each other 

10 Magnelli et al.: Infrared Luminosity Density at 0 < z < 2.3

Fig. 9. (Left) Evolution up to z ∼ 2.3 of the comoving number density of “normal” galaxies (i.e. 107 L! < Lir < 1011 L!; black filled triangles),
LIRGs (orange filled diamonds) and ULIRGs (red filled stars). The green circles represent the total number of galaxies which are above the 24 µm
detection limit of the surveys presented here, i.e. Lir > Lflux limitir . The z∼ 0 points are taken from Sanders et al. (2003). (Right) Evolution of the
comoving IR energy density up to z ∼ 2.3 (upper striped area) and the relative contribution of “normal” galaxies (yellow filled area), LIRGs
(orange filled area) and ULIRGs (red filled area). The areas are defined using all the solutions compatible within 1 σ with the infrared LF. Black
arrows show the comoving IR energy density derived by stacking the 70 µm image at all IRAC sources positions (S IRAC

3.6 µm > 0.6µJy). The axis on
the right side of the diagram shows the evolution of the SFR density under the assumption that the SFR and LIR are related by Eq. 3 for a Salpeter
IMF.

Fig. 10. (Left) Evolution of the comoving IR energy density up to z ∼ 2.3. Blue empty circles represent the results obtained by Caputi et al. (2007)
for the global evolution of the comoving energy density (solid line) and the relative contribution of “normal” galaxies (dot line), LIRGs (dashed
line) and ULIRGs (dot dashed line). Filled black star represents the comoving IR energy density of the Universe inferred at z ∼ 2.3 by Reddy et al.
(2008) while open star shows the relative contribution of LIRGs. Filled areas are as in Figure 9. (Right) Evolution of the comoving SFR density
up to z ∼ 2.3 assuming that SFR and LIR are related by Eq. 3 for a Salpeter IMF. Filled areas are as in Figure 9. The dotted line represents the
SFR measured using the UV light not corrected for dust extinction (Tresse et al. 2007). The dashed line represents the total SFR density defined
as the sum of the SFR density estimated using our infrared observations and the SFR density obtained from the UV light uncorrected for dust
extinction. Light blue diamonds are taken from Hopkins & Beacom (2006) and represent the SFR densities estimates using various estimators.
Dark blue triangles represent the SFR density estimated by Seymour et al. (2008) using deep radio observations. Green circles represent the SFR
density estimated by Smolčić et al. (2009) using deep 20 cm observations and dark blue squares represent the relative contribution of ULIRGs to
this SFR density.

that if we take into account the range of IR LD defined by all
solutions compatible within 1σ with our data points, our IR
LDs of LIRGs and ULIRGs are compatible with estimates from
Caputi et al. (2007). On the other hand, the IR LD estimated by
Caputi et al. (2007) for galaxies with LIR < 1011 L! is far below
our estimate since they used a flatter faint-end slope for their
infrared LF. We believe that our estimate is more reliable since
we are using a 24 µm catalog that is ∼ 3 times deeper than that
used by Caputi et al. (2007). We also note that the extrapolation
of our infrared LF to these faint luminosities is corroborated by

the infrared LF inferred by Reddy et al. (2008).
We also compare our z ∼ 2.05 IR LD values with the z ∼ 2.3

estimates of Reddy et al. (2008). We note that this comparison
is not straightforward because their IR LD needs to be slightly
corrected prior to be compared with our work. Indeed, since
they cannot constrain with their sample the contribution of
ULIRGs to the IR LD, they use the value derived by Caputi
et al. (2007). By replacing the Caputi et al. (2007) estimates
by our value we compute the correct IR LD of Reddy et al.
(2008), i.e., 10.0± 0.2× 108 L! Mpc−3. We find that the IR LDs



 Daytime observing 
◦ MIRAO/未知 could exploit excellent seeing 

conditions in early morning hours 
◦  Appears feasible with no loss in performance for 

many bright objects; affords extra 1-2 hours per 
night of TMT observing time 
  Need to understand operational implications 
◦  R&D efforts 
  New NB filters  

in hand to be  
used on Subaru’s  
AO system soon 

  We appreciate the  
help of the Subaru  
AO team (especially  
Hayano-san) 
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 未知 fits very well into the wavelength and spatial/
spectral resolution plot of the TMT 

 未知 & the Mid-IR AO system (MIRAO) 
optimized for>7.5µm 
◦  MIRAO to offer 

excellent IQ 
at 3 & 5 µm 
◦ 未知 could offer 

limited 3 & 5 µm 
capabilities 
  Currently considering 

this point carefully 



  FWHM of images/spectra do not tell the 
whole story 
◦  Strehl ratio is also crucial of course, especially 

in regions where the source(s) is embedded in 
diffuse emission 
  Typical for MIR observations 
◦ Telescope  Size   Strehl (8µm) 

Spitzer   85cm  95% 
TMT   30m   90% 
JWST   6.5m   80% 
Gemini   8.1m   ~20-30% 



  Submitted $4.4M proposal to NSF’s MSIP 
◦  Thanks to the TMT & SAC for their help & approval 

  Review comments very helpful: 
◦  The proposal makes a strong case for the necessity of a mid-IR 

camera with high dispersion capabilities at the TMT.   The 
proposed science drivers (e.g. gas dynamics and organic 
molecules in YSOs, characterization of extrasolar planet 
atmospheres, study of AGN tori and Solar System observations) 
squarely fit with the primary science objectives motivating the 
construction of TMT and are at the forefront of astronomy.  
◦  Given that the NSF participation in the TMT is still not 

confirmed, there is an element of risk that this instrument will 
not be accessible for the broader astronomical community 
outside the TMT consortium.  
◦  It would complement future contemporaneous facilities such as 

JWST  



  Intellectual merit is well presented and very compelling  
  The thought that has gone into the scientific impact is 

impressive and complete  
  If NSF participation in TMT is a realistic possibility, this 

proposal represents a positive step for the U.S. 
astronomical community.   The science is compelling and 
well presented.   The group has the right experience and 
expertise to make this effort successful.  

  The science case for MIR with TMT is broad and 
compelling  

  The science case for a mid-IR instrument on a 30m 
telescope is strong, and the preliminary design of this 
complex instrument is important and worthy of funding 



 Connection between host galaxy and 
AGN remains unclear 
◦ Mσ relationship 
◦  Evolution of AGN and host galaxy 
◦ Cosmological connections? 
◦  Black hole formation 

 Much still unknown/unclear about AGN 
  Interesting in their own right 
 Lab for high energy astrophysics 

New Worlds, New Horizons in Astronomy and Astrophysics 

Report Release e-Townhall
Keck Center of the National Academies 

August 13, 2010



  Archetypal Sy AGN 
◦  Sy 2 in total flux,  

Sy 1 in polarized flux 
  If large torus (r>15pc) 

present in NGC1068, easily 
resolvable at our 8m MIR 
resolution 
◦  9.7µm image shows no 

evidence of extension 
attributable to the torus 

  Nuclear spectra inconsistent 
with homogenous torus 
model predictions 

Torus 



Mid-IR data from T-ReCS/Gemini 
(Packham et al. 2005) 

Near-IR data from NACO/VLT 
(Prieto et al. 2004) 

NACO J 

NACO L 

NACO M 

T-ReCS N T-ReCS Q 



  Strong correlation across  
luminosity range and  
independent of Seyfert  
type (r<100pc, Levenson  
et al. 2010) 
◦  High spatial resolution  

needed to reduce contamination 
  No significant difference between Seyfert 1 and 2 
  MIR emission of the torus is nearly isotropic  
◦  Clumpy torus models show MIR emission is insensitive to 

the viewing angle 
◦  Homogenous torus models produce significantly stronger 

(several orders of magnitude) MIR emission in Seyfert 1’s 



 The dusty inner edge of the torus is 
described by (Lawrence 1991) 
◦ The sublimation temperature of dust 
◦ The temperature field 

 Dust sublimation scales as r α L0.5  
 This implies that the half opening angle of 

the torus will be larger for more 
luminous objects (θ=tan-1 r/h) 

 Our results are entirely consistent with 
this model 

2 M E T H O D

2.1 The receding torus model

The receding torus model, as proposed by Lawrence (1991) and

illustrated in Fig. 1, is fairly simple. Dust evaporates at a tempera-

ture of about 1500 K, and cannot survive closer to the nucleus than

the radius where the temperature of the nuclear radiation field is

hotter than this. All quasars display a near-infrared bump longward

of 1 !m that is believed to be caused by thermal emission from dust,

and the constancy of wavelength at which this bump appears

indicates that dust is always present at the hottest possible tem-

peratures. The inner radius of the torus is therefore determined by

the radius at which dust evaporates, which scales as r " L0:5. If the

half-height, h, of the torus is independent of the source luminosity,

then the half opening angle v ¼ tan¹1 r=h will be larger in the more

luminous objects. Hill et al. (1996) find that this model fits the

observed nuclear extinctions in radio galaxies very well.

We are more likely to be viewing the luminous objects within

their cones, and are consequently more likely to classify them as

quasars. Qualitatively then, this simple model could explain the

tendency for quasars to have a higher [O III] luminosity than radio

galaxies. We therefore undertake a quantitative investigation using

Monte Carlo simulations.

2.2 Simulations

We consider an ensemble of objects with the same redshift and radio

power, which could reasonably be assumed to have similar torus

properties (e.g. torus height). Their intrinsic optical–ultraviolet

luminosities will have a well-defined mean, L0, determined by the

strong correlation between optical and radio luminosity, but will

show scatter owing to the intrinsic dispersion in this relationship.

We assume this dispersion to be Gaussian in log L, with standard

deviation j. We define v0 to be the half opening angle for an object

with the mean luminosity, L0. An object with luminosity L with

therefore have an half opening angle,

v ¼ tan¹1½ðL=L0Þ0:5 tan v0ÿ;

and the probability that such an object will be observed as a radio

galaxy (i.e. our line of sight is outside the opening angle of the cone)

is

pRG ¼ cos v ¼ ð1 þ tan2
vÞ¹0:5

:

Obviously, pQSO ! 1 ¹ pRG.

For our ensemble of objects, we can therefore determine the ratio

of the mean optical–UV luminosities of quasars and radio galaxies

(we evaluate the mean in log space), for a given j and v0. However,

there exist observational data which allow us to fix these free

parameters. First, Serjeant et al. (1998) measure the scatter about

the mean optical–radio luminosity correlation for steep-spectrum

L40 C. Simpson

! 1998 RAS, MNRAS 297, L39–L43

Figure 1. Schematic representation of the receding torus model. The

opening angle, v, for the low luminosity object (top) is fairly small. In the

high-luminosity object (bottom), the inner radius of the torus, r, is larger,

producing an increased opening angle provided the half-height of the torus,

h, remains constant.

Figure 2. Observed dispersion in a radio-selected quasar sample as a function of the dispersion in the parent AGN population. v0 is the half opening angle for the

mean luminosity, L0, and the solid lines are for v0 ¼ 30#, 40#, 50#, 60#, 70# and 80#. The dashed line is the equality relationship.


