
Echo	  Mapping	  of	  AGN	  Accre2on	  Disks	  
AGN	  Distances	  for	  Cosmology	  

2013 Apr David Axon Memorial --	


BH       Disk         BLR        Torus	

hrs       days       weeks      months	


Czerny & Hryniewicz 2011	

Dusty Disk Wind Model	
 Keith Horne	


Pasquale Galianni	

	


SUPA St Andrews	


Echo Mapping:	

 micro-arcsec resolution 

via light travel time delays	




Broad	  Emission-‐Line	  Reverbera2ons	  

continuum	


Hβ	


13 years in the life of NGC 5548	


Photo-ionised and Doppler broadened emission lines	


Correlated variations 
in the continuum and 
broad emission lines	


	

Line variations lag 

behind the continuum	

	


Light travel time 
delays.	
 AGN Watch	




Echo	  Mapping	  
	  (aka	  Reverbera2on	  Mapping)	  

delay   !

! !( )
Direct	


Echo	


! =
R

c
1+ cos!( )

Micro-arcsecond Tomography of Acretion Flows                                    
in  Active Galactic Nuclei	




Time	  Delays	  =>	  	  BLR	  sizes	  

Hα	


Hβ	


Hγ	


7.3d	


2.9d	


τ = 1.3d	


continuum	
 20d	


LAMP data, MCMC fit by J.Simpson	


Arp 151	




Black	  Hole	  Masses	  from	  BLR	  sizes	  

Bentz, et al 2010	


Log[ delay τ (days)	  ]	  

Lo
g[

  Δ
V	  
(k
m
/s
)	  ]
	  

Hβ	


Hα	


Hγ	


CCF	  vs	  MCMC	  

V = ( f G M / c τ )1/2	


Virial Gas Motions	


Bulge velocity 
dispersion	


MBH = ΔV 2 c τ / G	  f	  	  



AGN	  Distances	  for	  Cosmology	  	  
D	  =	  (	  4π L	  /	  F	  )1/2	  	  	  ~	  	  	  τ	  /	  F1/2	  	  	  

•  (Walker,	  et	  al.	  2011)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Collier	  et	  al.	  1999,	  CackeA	  et	  al.	  2007)	  	  

•  BLR	  reverbera2ons:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Disk	  reverbera2ons:	  
•  	  	  Emission	  line	  5me	  delays	  	  	  	  	  	  	  	  	  	  	  	  Con5nuum	  5me	  delays	  
•  RBLR	  ~	  L1/2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  T	  ~	  R-‐3/4	  	  	  =>	  	  	  τ	  ~	  λ4/3	  	  

	  	  	  	  	  	  =>	  	  D	  ~	  τ	  /	  F1/	  2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =>	  D	  ~	  τ ( cos(i) /	  λ3	  Fν )1/2	


•  	  spectrophotometry	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  broadband	  Imaging	  	  
•  	  	  larger	  telescope	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  smaller	  telescope	  	  
•  	  	  long	  lags	  (weeks-‐months)	  	  	  	  	  	  	  	  	  	  	  	  	  	  short	  lags	  (days)	  	  
•  	  	  photo-‐ionised	  clouds	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  irradiated	  disk	  

•  Two	  independent	  methods.	  
•  Disk	  reverbera5ons	  might	  be	  simpler	  /	  faster	  ?	  

•  Can	  “Standard	  Disks”	  compete	  with	  SN	  Ia	  “Standard	  Bombs”	  ?	  
•  Visible	  to	  higher	  redshiTs.	  	  	  	  	  	  	  	  	  	  	  	  	  Simpler	  physics	  ?	  
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AGN	  Distances	  from	  Disk	  Reverbera2ons	  
•  Simple	  Assump5ons:	  
•  1.	  Light	  travel	  5me	  delays:	  	  	  	  

•  2.	  Flat	  geometry:	  	  	  	  	  dΩ	  =	  2π	  R	  dR	  cos(	  i	  )	  /	  DL
2	  

•  3.	  Blackbody	  emission:	  	  	  	  Ιν = Βν[	  T(	  R	  ),	  λ ]	  	  
•  For	  a	  steady	  disk:	  
•  Observe:	  	  

•  Poten5al:	  	  Test	  T(	  R	  )	  law,	  measure	  M	  Mdot,	  and	  DL	  (z).	  

•  	  	  	  	  

Scientific Justification:

The surprising discovery of cosmic acceleration warrants some effort to cross-check the Type Ia Supernova
results with independent methods, to control potential systematic errors, and to find standard candles
at higher redshifts. Toward this goal, we propose ugriz monitoring of two Active Galactic Nuclei (AGN)
to measure the temperature-radius profiles of and luminosity distances to their accretion disks. The
results of this pilot programme will assist us in formulating a longer-term programme using the LCOGT
network to calibrate reverberating AGN disks as standard candles to constrain cosmological parameters.
Our method is formulated in (Cackett et al. 2007), where its feasibility is tested on a sample of 14 AGN
(see also the Figures). The temperature-radius profile of a steady-state accretion disk with accretion rate
Ṁ around a black hole of mass M is T 4 = 3GM Ṁ/8π σ R3 . The observed disk spectrum, obtained by
summing blackbody emission over the disk annuli, is

fν(λ) =
∫

Bν

[

λ

1 + z
, T (R)
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2π R dR cos i
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(1 + z)4/3
(
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cos i

λ1/3 D2
L

.

The variable central regions of the accretion flow irradiate the disk, launching ripples of heating and cool-
ing that expand outward at the speed of light across the disk surface. By observing these reverberations
at different wavelengths we can measure the T (R) profile and luminosity distance DL. Because the disk
temperature decreases outward, we see brightness ripples first at shorter and later at longer wavelengths.
The derivative dBν/dT peaks at h c (1 + z)/λ k T ∼ 5, connecting each observed λ with a corresponding

T . The observed time delay τ = (1 + z)R/c is thus τ ∝ λ4/3
(

M Ṁ
)1/3

(1 + z)−1/3. By measuring the

time delay τ(λ) and disk flux fν(λ), we can test the τ ∝ λ4/3 and fν ∝ λ−1/3 predictions arising from the
T ∝ R−3/4 structure of a steady disk, and determine M Ṁ . Combining the above relations also provides
an estimate for the luminosity distance

DL = 6.3 Mpc
(

τ

day

) (

λ

104 Å

)−3/2 (

fν/ cos i

Jy

)−1/2

(1 + z) .

Thus from fν(λ) and τ(λ) we measure a (biased) luminosity distance D/
√

cos i without using the
Hubble law. For AGN not obscured by a fat dusty torus we expect i < 60◦ and 0.7 <

√
cos i < 1. We

aim to employ AGN disk reverberations to secure luminosity distances over a range of redshifts.

Our programme is ideal for LCOGT robotic telescope network because the key requirement is to
secure sufficient cadence, duration and S/N to determine reliable wavelength-dependent time delays.
Note that we are NOT using emission-line reverberations, which are used to measure black-hole
masses and may also give independent AGN distances based on the R ∝

√
L relation of photo-ionised

emission-line regions (Watson et al. 2011). Our method, using broad-band photometry to measure the
shorter time delays of continuum reverberations, should be feasible with fainter targets and/or smaller
telescopes. Another potential strength of our method is its reliance on relatively simple physics. The
main assumptions are 1) time delays arise from light travel time, 2) the accretion disk is thin, with an
approximately flat geometry, 3) the disk surface emits thermal radiation increasing with T approximately
like a blackbody.

This proposal is a pilot study with the LCOGT network to evaluate feasibility, to secure datasets
suitable for testing and refining data analysis methods, and to gain enough experience to understand the
telescope time requirements for a larger programme. Our goal is to develop the method for application
to AGN at larger redshifts to constrain cosmological parameters including H0, ΩM , ΩΛ, w and wa. If
we succeed, our results will cross-check those from Type Ia Supernovae, using different physics and
ultimately extendable to larger redshifts. Whether AGN disks can be calibrated as standard candles as
well as Type Ia Supernovae remains to be seen. The two methods rely on different physics – standard
bombs vs reverberating disks. Supernovae are hard to find and they come and go quickly. AGN disks are
easy to find and helpfully reverberate for as long as it takes to beat down statistical errors. Both methods
suffer systematic errors that warrant investigation and may be controllable to high enough precision.
The AGN are observable at larger redshifts, which is helpful to pin down cosmological parameters.
Cackett, Horne, Winkler 2007, MNRAS 380, 669.
Watson, Denney, Vestergaard, Davis 2011, ApJL, 740, L49.
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ultimately extendable to larger redshifts. Whether AGN disks can be calibrated as standard candles as
well as Type Ia Supernovae remains to be seen. The two methods rely on different physics – standard
bombs vs reverberating disks. Supernovae are hard to find and they come and go quickly. AGN disks are
easy to find and helpfully reverberate for as long as it takes to beat down statistical errors. Both methods
suffer systematic errors that warrant investigation and may be controllable to high enough precision.
The AGN are observable at larger redshifts, which is helpful to pin down cosmological parameters.
Cackett, Horne, Winkler 2007, MNRAS 380, 669.
Watson, Denney, Vestergaard, Davis 2011, ApJL, 740, L49.
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Figure 1: Observed lightcurves of 3C390.3 (left) and Markarian 876 (right) from a preliminary reduction of FTN
B and LT B and V images obtained in Sem 11b. The proposed Sem 12a observations add 90 points doubling the
duration, cadence and (S/N)2 per point, and provide 5 bandpasses (ugriz) for the disk reverberation analysis.

Figure 2: Left: 3C390.3 spectrum and the B,V,R,R’,I bandpasses used in our previous analysis. Right: Lightcurves
and cross-correlation functions. (from Cackett, Horne, Winkler 2007).

Figure 3: Left: Flux-Flux diagram where for each bandpass the slope gives the flux of the variable (accretion disk)
component. Right: Spectral energy distributions (max, min, max-min, and host galaxy) and the time delay spectrum
derived from the lightcurve analysis compared with predictions for a steady accretion disk model. Dashed line is
the disk’s fν ∝ λ−1/3 spectrum prior to the E(B-V)=0.14 extinction (from Cackett, Horne, Winkler 2007). We will
significantly improve the noisy time delay measurements.
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Figure 1: Observed lightcurves of 3C390.3 (left) and Markarian 876 (right) from a preliminary reduction of FTN
B and LT B and V images obtained in Sem 11b. The proposed Sem 12a observations add 90 points doubling the
duration, cadence and (S/N)2 per point, and provide 5 bandpasses (ugriz) for the disk reverberation analysis.

Figure 2: Left: 3C390.3 spectrum and the B,V,R,R’,I bandpasses used in our previous analysis. Right: Lightcurves
and cross-correlation functions. (from Cackett, Horne, Winkler 2007).

Figure 3: Left: Flux-Flux diagram where for each bandpass the slope gives the flux of the variable (accretion disk)
component. Right: Spectral energy distributions (max, min, max-min, and host galaxy) and the time delay spectrum
derived from the lightcurve analysis compared with predictions for a steady accretion disk model. Dashed line is
the disk’s fν ∝ λ−1/3 spectrum prior to the E(B-V)=0.14 extinction (from Cackett, Horne, Winkler 2007). We will
significantly improve the noisy time delay measurements.
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Disk	  maps	  for	  12	  more	  Seyferts	  (z<0.1)	  Thermal reprocessing in AGN accretion discs 675

Figure 7. Reprocessing model fits for all 14 AGN. Each double panel (described next) shows the fit for one AGN. Top: maximum (circles) and minimum
(triangles) spectra, with best-fitting model. Difference spectrum (crosses), with reddened accretion disc model. Dereddened disc model is given by the dashed
line. Squares indicate best-fitting galaxy fluxes. Bottom: time-delay distribution with best-fitting model. Time-delays relative to B band, and determined from
the peak of the CCF.

peak of the CCF rather than the centroid. The peak time-delays
are generally smaller than the centroid delays and therefore give a
lower measurement of the distance. First, we correct for the known
Galactic extinction in the direction of each AGN using the combined
Galactic extinction law of Nandy et al. (1975) and Seaton (1979).
Further reddening due to extinction intrinsic to the AGN is included
using the AGN reddening curve of Gaskell et al. (2004) (see Fig. 5).

While these reddening laws both have very similar slopes in the
optical, they differ greatly in the UV (where we are not concerned
about here), and importantly, have different R values, where R ≡
AV /E(B − V).

To determine the uncertainties in each of the fit parameters, we
fix the parameter of interest at a value offset from the best-fitting
value. The other parameters are then optimized and the χ2 value
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Figure 7 – continued

determined. We do this for a range of values either side of the best-
fitting value, with the range chosen so that it covers !χ2 = 1.0. A
parabola is then fit to the points, and forced to be a minimum (and
hence have zero gradient) at the best-fitting value. From the parabola
1σ errors are determined from where !χ 2 = 1.0. An example of
this is shown in Fig. 6.

We present the best-fitting models for each of the AGN in Fig. 7,
and the best-fitting parameters in Table 4. Note that the extinction
values are close to those determined by the two other methods
(see Fig. 8 for a comparison). In several cases there are deviations

of the difference spectrum from the best-fitting model resulting in
high values of reduced χ2. This is likely to be due to contributions
from broad emission lines. For instance, Hα lies in the R band, and
various Balmer lines and Fe II features lie in the B band (see Fig. 9).
The R-band flux does sometimes appear higher than the model fit,
particularly in cases where the χ 2 is high, as would be expected due
to contributions by Hα.

To check whether the determined galaxy spectra are realistic, we
plot the galaxy spectra dereddened for galactic interstellar extinc-
tion, all normalized to the I-band flux in Fig. 10. We do not deredden
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Figure 4: Hubble diagram (distance modulus vs redshift) from a disk reverberation analysis of lightcurves of 14
nearby Seyfert galaxies (Cackett, Horne, Winkler 2007). Open and closed symbols indicate the max and min correction
for host galaxy light. The best-fit model (solid line) gives H0 = 44±5 km s−1Mpc−1, indicating a systematic bias and
30% rms scatter in the distances. We do not fully understand the bias, but note that ΩM , ΩΛ, w and wa control the
shape of the Hubble diagram and may thus be constrained by pushing to higher redshifts provided the bias is redshift
and luminosity independent, as we might expect from scaling the disk physics. The distance residuals currently show
no correlation with luminosity over a factor 100 in luminosity. Meanwhile we can improve the distances and extend
to higher redshifts and luminosities. The proposed Sem 12a observations will sharpen the 3C390.3 result at z = 0.056
and add Mrk 876 at z = 0.129.

Figure 5: Hubble diagram from simulated data on a sample of 44 variability-selected AGN, and the corresponding
constraints on H0, ΩM and ΩΛ. (from Cackett, Horne, Winkler 2007). The simulation assumes 15% distance errors
and recovers standard parameters H0 = 70 km s−1Mpc−1, ΩM = 0.3, ΩΛ = 0.7 with useful precision. Such a study
should be possible by AGN monitoring with the LCOGT network. At higher redshifts we can observe larger more
luminous AGN disks with longer time delays. We observe variations stretched by a factor 1 + z, but we also observe
at shorter rest-frame wavelengths where rest-frame delays are shorter, and where disk variability is larger and host
galaxy fainter.

Luminosity	  Distances	  	  
for	  13	  Seyferts	  at	  z	  <	  0.1	  

Cackett, Horne, Winkler 2007	


30% RMS scatter.           Disks are fainter than expected.	


Scientific Justification:

The surprising discovery of cosmic acceleration warrants some effort to cross-check the Type Ia Supernova
results with independent methods, to control potential systematic errors, and to find standard candles
at higher redshifts. Toward this goal, we propose ugriz monitoring of two Active Galactic Nuclei (AGN)
to measure the temperature-radius profiles of and luminosity distances to their accretion disks. The
results of this pilot programme will assist us in formulating a longer-term programme using the LCOGT
network to calibrate reverberating AGN disks as standard candles to constrain cosmological parameters.
Our method is formulated in (Cackett et al. 2007), where its feasibility is tested on a sample of 14 AGN
(see also the Figures). The temperature-radius profile of a steady-state accretion disk with accretion rate
Ṁ around a black hole of mass M is T 4 = 3GM Ṁ/8π σ R3 . The observed disk spectrum, obtained by
summing blackbody emission over the disk annuli, is

fν(λ) =
∫

Bν

[

λ

1 + z
, T (R)

]

2π R dR cos i

D2
∝

(1 + z)4/3
(

M Ṁ
)2/3

cos i

λ1/3 D2
L

.

The variable central regions of the accretion flow irradiate the disk, launching ripples of heating and cool-
ing that expand outward at the speed of light across the disk surface. By observing these reverberations
at different wavelengths we can measure the T (R) profile and luminosity distance DL. Because the disk
temperature decreases outward, we see brightness ripples first at shorter and later at longer wavelengths.
The derivative dBν/dT peaks at h c (1 + z)/λ k T ∼ 5, connecting each observed λ with a corresponding

T . The observed time delay τ = (1 + z)R/c is thus τ ∝ λ4/3
(

M Ṁ
)1/3

(1 + z)−1/3. By measuring the

time delay τ(λ) and disk flux fν(λ), we can test the τ ∝ λ4/3 and fν ∝ λ−1/3 predictions arising from the
T ∝ R−3/4 structure of a steady disk, and determine M Ṁ . Combining the above relations also provides
an estimate for the luminosity distance

DL = 6.3 Mpc
(

τ

day

) (

λ

104 Å

)−3/2 (

fν/ cos i

Jy

)−1/2

(1 + z) .

Thus from fν(λ) and τ(λ) we measure a (biased) luminosity distance D/
√

cos i without using the
Hubble law. For AGN not obscured by a fat dusty torus we expect i < 60◦ and 0.7 <

√
cos i < 1. We

aim to employ AGN disk reverberations to secure luminosity distances over a range of redshifts.

Our programme is ideal for LCOGT robotic telescope network because the key requirement is to
secure sufficient cadence, duration and S/N to determine reliable wavelength-dependent time delays.
Note that we are NOT using emission-line reverberations, which are used to measure black-hole
masses and may also give independent AGN distances based on the R ∝

√
L relation of photo-ionised

emission-line regions (Watson et al. 2011). Our method, using broad-band photometry to measure the
shorter time delays of continuum reverberations, should be feasible with fainter targets and/or smaller
telescopes. Another potential strength of our method is its reliance on relatively simple physics. The
main assumptions are 1) time delays arise from light travel time, 2) the accretion disk is thin, with an
approximately flat geometry, 3) the disk surface emits thermal radiation increasing with T approximately
like a blackbody.

This proposal is a pilot study with the LCOGT network to evaluate feasibility, to secure datasets
suitable for testing and refining data analysis methods, and to gain enough experience to understand the
telescope time requirements for a larger programme. Our goal is to develop the method for application
to AGN at larger redshifts to constrain cosmological parameters including H0, ΩM , ΩΛ, w and wa. If
we succeed, our results will cross-check those from Type Ia Supernovae, using different physics and
ultimately extendable to larger redshifts. Whether AGN disks can be calibrated as standard candles as
well as Type Ia Supernovae remains to be seen. The two methods rely on different physics – standard
bombs vs reverberating disks. Supernovae are hard to find and they come and go quickly. AGN disks are
easy to find and helpfully reverberate for as long as it takes to beat down statistical errors. Both methods
suffer systematic errors that warrant investigation and may be controllable to high enough precision.
The AGN are observable at larger redshifts, which is helpful to pin down cosmological parameters.
Cackett, Horne, Winkler 2007, MNRAS 380, 669.
Watson, Denney, Vestergaard, Davis 2011, ApJL, 740, L49.
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Figure 12. The residuals of the Hubble diagram fit are compared with var-
ious AGN properties and parameters of the fit. The open circle indicates
NGC 5548, and the open square NGC 7469. Here we use the reverberation
mapping masses for these objects determined by Peterson et al. (2004).

the surface of the disc may not be flat enough. For instance, if the
surface was bumpy, one can imagine that only the front side of the
bump would be illuminated and that large bumps would actually
place some of the disc in shadow. For there to be a factor of ∼2
increase in H0, there would need to be a factor of 4 increase in the
actual disc flux (as f ν ∝ D−2 and H0 ∝ 1/D). Therefore one quarter

of the disc would need to be illuminated, and the remaining three
quarters not for the true disc flux to be four times larger than that
observed. In the lamppost model for disc illumination (e.g. Collin
et al. 2003) this would be hard to achieve as in this model the irra-
diating source is high above the central black hole and illuminates
it in all directions. However, if the incidence angle is low, so that ir-
radiating photons can graze the disc surface, then small undulations
in the disc surface, such as might arise from spiral density waves,
may be sufficient to shadow a significant fraction of the disc surface.
Alternatively, if the illumination of the disc was more localized, for
instance due to magnetic flares in the disc corona just above the disc
surface (e.g. Collin et al. 2003) then, it is easy to picture that only a
small amount of the disc is irradiated.

It is important to consider whether additional extinction can be
used to explain an increased true flux. As extinction is wavelength-
dependent, increasing its magnitude would also cause a change in
shape of the SED. Therefore only if the dust grains in the AGN are
much larger than assumed (i.e. R > 5.15 that we used for the AGN
extinction) could more extinction be allowed.

Furthermore, a scattering medium above the disc (such as a disc
wind) could slow the outward propagation of the irradiating light,
by making it more of a random walk diffusion process, rather than
direct path to the disc surface. This could increase the mean effective
path length so that 〈τ 〉 > R/c, and cause incident photons to be
distributed over a wider solid angle than their direct line of sight.
Such a process would broaden the transfer function. If scattering is
important, then the detailed shape of the disc surface may be less
important.

Finally, we also consider whether thermal reprocessing from dust
can account for this offset in distance. Gaskell (2006) has recently
proposed that the short-wavelength tail of thermal emission from the
dusty torus may account for the observed increase of optical contin-
uum time-delay with wavelength. However, the typical size of the
dusty torus is thought to be on scales of up to hundreds of light-days
(Glass 2004; Minezaki et al. 2004; Suganuma et al. 2004, 2006).
The optical tail of the thermal emission from such dust would ex-
hibit similar large delays and broadening, affecting broad structure
in the cross-correlation function, but not significantly moving the
cross-correlation peak that we are using here to measure interband
delays.

Observationally, we can better understand AGN discs by increas-
ing the cadence of multiband monitoring to improve the delay mea-
surements and ideally to measure delay distributions rather than
just mean delays. The main uncertainty in our distances arises from
uncertainties in the delay measurements. Defining the shape of the
delay distribution, for comparison with predictions, would strin-
gently test the blackbody disc model, and could detect or rule out
additional significant broadening mechanisms.

5.3 Possible cosmological probe?

A systematic shift in the distance determination that is apparent in
this analysis is not necessarily a problem when determining cosmo-
logical parameters other than H0. For #M and #$, it is the shape

of the redshift–distance relationship that matters. It is therefore
possible that even without understanding this offset, this method
can be used as a cosmological probe provided that the systematic
shift is redshift and luminosity independent. As mentioned earlier,
AGN are numerous throughout the Universe, out to high redshift.
As they are intrinsically extremely luminous objects, accurate pho-
tometry can be obtained out to redshifts far greater than supernovae
type Ia can be observed, allowing similar accuracy in #M and #$
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Figure 12. The residuals of the Hubble diagram fit are compared with var-
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NGC 5548, and the open square NGC 7469. Here we use the reverberation
mapping masses for these objects determined by Peterson et al. (2004).

the surface of the disc may not be flat enough. For instance, if the
surface was bumpy, one can imagine that only the front side of the
bump would be illuminated and that large bumps would actually
place some of the disc in shadow. For there to be a factor of ∼2
increase in H0, there would need to be a factor of 4 increase in the
actual disc flux (as f ν ∝ D−2 and H0 ∝ 1/D). Therefore one quarter

of the disc would need to be illuminated, and the remaining three
quarters not for the true disc flux to be four times larger than that
observed. In the lamppost model for disc illumination (e.g. Collin
et al. 2003) this would be hard to achieve as in this model the irra-
diating source is high above the central black hole and illuminates
it in all directions. However, if the incidence angle is low, so that ir-
radiating photons can graze the disc surface, then small undulations
in the disc surface, such as might arise from spiral density waves,
may be sufficient to shadow a significant fraction of the disc surface.
Alternatively, if the illumination of the disc was more localized, for
instance due to magnetic flares in the disc corona just above the disc
surface (e.g. Collin et al. 2003) then, it is easy to picture that only a
small amount of the disc is irradiated.

It is important to consider whether additional extinction can be
used to explain an increased true flux. As extinction is wavelength-
dependent, increasing its magnitude would also cause a change in
shape of the SED. Therefore only if the dust grains in the AGN are
much larger than assumed (i.e. R > 5.15 that we used for the AGN
extinction) could more extinction be allowed.

Furthermore, a scattering medium above the disc (such as a disc
wind) could slow the outward propagation of the irradiating light,
by making it more of a random walk diffusion process, rather than
direct path to the disc surface. This could increase the mean effective
path length so that 〈τ 〉 > R/c, and cause incident photons to be
distributed over a wider solid angle than their direct line of sight.
Such a process would broaden the transfer function. If scattering is
important, then the detailed shape of the disc surface may be less
important.

Finally, we also consider whether thermal reprocessing from dust
can account for this offset in distance. Gaskell (2006) has recently
proposed that the short-wavelength tail of thermal emission from the
dusty torus may account for the observed increase of optical contin-
uum time-delay with wavelength. However, the typical size of the
dusty torus is thought to be on scales of up to hundreds of light-days
(Glass 2004; Minezaki et al. 2004; Suganuma et al. 2004, 2006).
The optical tail of the thermal emission from such dust would ex-
hibit similar large delays and broadening, affecting broad structure
in the cross-correlation function, but not significantly moving the
cross-correlation peak that we are using here to measure interband
delays.

Observationally, we can better understand AGN discs by increas-
ing the cadence of multiband monitoring to improve the delay mea-
surements and ideally to measure delay distributions rather than
just mean delays. The main uncertainty in our distances arises from
uncertainties in the delay measurements. Defining the shape of the
delay distribution, for comparison with predictions, would strin-
gently test the blackbody disc model, and could detect or rule out
additional significant broadening mechanisms.

5.3 Possible cosmological probe?

A systematic shift in the distance determination that is apparent in
this analysis is not necessarily a problem when determining cosmo-
logical parameters other than H0. For #M and #$, it is the shape

of the redshift–distance relationship that matters. It is therefore
possible that even without understanding this offset, this method
can be used as a cosmological probe provided that the systematic
shift is redshift and luminosity independent. As mentioned earlier,
AGN are numerous throughout the Universe, out to high redshift.
As they are intrinsically extremely luminous objects, accurate pho-
tometry can be obtained out to redshifts far greater than supernovae
type Ia can be observed, allowing similar accuracy in #M and #$
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Figure 12. The residuals of the Hubble diagram fit are compared with var-
ious AGN properties and parameters of the fit. The open circle indicates
NGC 5548, and the open square NGC 7469. Here we use the reverberation
mapping masses for these objects determined by Peterson et al. (2004).

the surface of the disc may not be flat enough. For instance, if the
surface was bumpy, one can imagine that only the front side of the
bump would be illuminated and that large bumps would actually
place some of the disc in shadow. For there to be a factor of ∼2
increase in H0, there would need to be a factor of 4 increase in the
actual disc flux (as f ν ∝ D−2 and H0 ∝ 1/D). Therefore one quarter

of the disc would need to be illuminated, and the remaining three
quarters not for the true disc flux to be four times larger than that
observed. In the lamppost model for disc illumination (e.g. Collin
et al. 2003) this would be hard to achieve as in this model the irra-
diating source is high above the central black hole and illuminates
it in all directions. However, if the incidence angle is low, so that ir-
radiating photons can graze the disc surface, then small undulations
in the disc surface, such as might arise from spiral density waves,
may be sufficient to shadow a significant fraction of the disc surface.
Alternatively, if the illumination of the disc was more localized, for
instance due to magnetic flares in the disc corona just above the disc
surface (e.g. Collin et al. 2003) then, it is easy to picture that only a
small amount of the disc is irradiated.

It is important to consider whether additional extinction can be
used to explain an increased true flux. As extinction is wavelength-
dependent, increasing its magnitude would also cause a change in
shape of the SED. Therefore only if the dust grains in the AGN are
much larger than assumed (i.e. R > 5.15 that we used for the AGN
extinction) could more extinction be allowed.

Furthermore, a scattering medium above the disc (such as a disc
wind) could slow the outward propagation of the irradiating light,
by making it more of a random walk diffusion process, rather than
direct path to the disc surface. This could increase the mean effective
path length so that 〈τ 〉 > R/c, and cause incident photons to be
distributed over a wider solid angle than their direct line of sight.
Such a process would broaden the transfer function. If scattering is
important, then the detailed shape of the disc surface may be less
important.

Finally, we also consider whether thermal reprocessing from dust
can account for this offset in distance. Gaskell (2006) has recently
proposed that the short-wavelength tail of thermal emission from the
dusty torus may account for the observed increase of optical contin-
uum time-delay with wavelength. However, the typical size of the
dusty torus is thought to be on scales of up to hundreds of light-days
(Glass 2004; Minezaki et al. 2004; Suganuma et al. 2004, 2006).
The optical tail of the thermal emission from such dust would ex-
hibit similar large delays and broadening, affecting broad structure
in the cross-correlation function, but not significantly moving the
cross-correlation peak that we are using here to measure interband
delays.

Observationally, we can better understand AGN discs by increas-
ing the cadence of multiband monitoring to improve the delay mea-
surements and ideally to measure delay distributions rather than
just mean delays. The main uncertainty in our distances arises from
uncertainties in the delay measurements. Defining the shape of the
delay distribution, for comparison with predictions, would strin-
gently test the blackbody disc model, and could detect or rule out
additional significant broadening mechanisms.

5.3 Possible cosmological probe?

A systematic shift in the distance determination that is apparent in
this analysis is not necessarily a problem when determining cosmo-
logical parameters other than H0. For #M and #$, it is the shape

of the redshift–distance relationship that matters. It is therefore
possible that even without understanding this offset, this method
can be used as a cosmological probe provided that the systematic
shift is redshift and luminosity independent. As mentioned earlier,
AGN are numerous throughout the Universe, out to high redshift.
As they are intrinsically extremely luminous objects, accurate pho-
tometry can be obtained out to redshifts far greater than supernovae
type Ia can be observed, allowing similar accuracy in #M and #$
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Goal:	  	  AGN	  Disk	  	  Distances	  
	  for	  10-‐100	  SDSS	  quasars	  out	  to	  z	  =	  3.	  

	  	

•  Robotic Telescope Network (LCOGT/SUPA): 	


	
 8 x 1m scopes (SAAO,CTIO,SSO) => 1/3 day sampling.	

•  Define the survey:   Analysis / simulations to understand the 

time delay accuracy (hence distance accuracy) given survey 
parameters (S/N, cadence, duration).	


•  Small sample (3-10 targets)  first results + feasibility.         
SDSS data to preselect for variability and low reddening.	


•  Optimise analysis:  Image analysis to extract lightcurve. 
Lightcurve analysis to measure disk parameters and distance.	


•  Larger sample:  (50-100? targets). Optimise brightness and 
redshift range of sample.	


•  Cosmology:   constraints on ΩM,  ΩΛ,  w0, wa 	
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Simulated Survey Results	

Cosmology	  from	  SDSS	  Quasars	  ?	  



Thanks	  for	  Listening	  

BLR Reverberations   τ ~ weeks      D ~ τ  / F1/2	

Accretion Disk          τ ~ days        D ~ τ ( cos(i) / λ3 Fν ) 1/2	

	


Now: 30% RMS in D for individual Seyferts	

No obvious trend over factor 100 in L and M	

	

SDSS Quasars brighter and less reddened than Seyferts	

Robotic telescopes (LCOGT) for monitoring	

Aim for10-100 useful Quasar distances to z ~ 3.	

	

 DL(z) from AGN Disks can check / extend those from SN Ia ?	

 	

	

   	



