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• The	sublimation	of	the	dust	grains
– The	dust	is	directly	illuminated	by	the	radiation	from	the	accretion	disk.	
– As	the	dust	is	closer	 to	the	accretion	disk,	its	temperature	becomes	 higher.
– The	dust	sublimates	when	it	locates	too	close	to	the	accretion	disk.	

Tsub ≈	1800	K	for	graphite	grain,	1500K	for	silicate	grain	

• Inner	radius	of	the	dust	torus	(rin)
– The	dust	grain	is	heated	up	to	the	sublimation	temperature	(Tsub).
– The	equilibrium	of	the	incident	and	emitted	radiation	energy	is:

Dust	in	the	innermost	region	of	the	torus

where	a :	dust	grain	size,	Q :	absorption	coefficient	of	dust,
B:	Planck	function
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Distance	based	on	the	torus	RM	

• The	radius	– luminosity	relation	 for	the	rin of	the	dust	torus
– Theoretical	expectation	:

– The	proportional	constant	A can	be	determined	by	the	dust	
sublimation	model	with	the	parameters	of	Qν,	Lν,	and	Tsub.
• Lν :	little	 systematic	 variation	 in	AGN	spectra	of	different	 luminosities
• Qν, Tsub :	determined	by	the	properties	of	dust	grain,	which	will	

be	common	in	AGNs

• The	luminosity	distance
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Torus	RM	(-1990s)	

• The	dust	lag-luminosity	 relation	for	 the	torus-RM	distance
– There	were	limited	number	of	the	torus	RM	observations.

NGC	4151	(Penston+	74);	III	Zw 2	(Lebofsky &	Rieke 80);
Fairall 9	(Clavel,	Wamsteker,	&	Glass	89);	NGC	3783	(Glass	92);	
GQ	Comae (Sitko+	93);	NGC	4151	(Oknyanskij 93,	99);	Mrk 744	(Nelson	96)

– The	correlation	 was	suggested	 as	theoretically	 expected.
Although	 the	number	and	quality	of	the	dust	lag	are	somewhat	limited.

-29 -28 -27 -26 -25 -24 -23 -22 -21 -20 -19 -18 -17 -16 -15
10

100

1000

10000

2.5 mag

3C446

GQ Comae
Fairall 9

III Zw 2

N3783

N4593

N1566

La
g	
tim

e	
(d
ay
s)

MU (mag)TM	95	(private)

20
01
AS
PC
..
22
4.
.1
49
O

Oknyanskij 99;	Oknyanskij &	Horne	01



New	torus	RM	project

• The	MAGNUM	project	 (Yoshii+	1995-)
– A	large	systematic	torus	RM	survey	program	was	conducted

(Yoshii	02;	Yoshii,	Kobayashi,	&	TM	03),	which	aims	to
• Establish	the	radius-luminosity	 relation	for	the	dust	torus
• Measure	the	luminosity	distance	of	AGNs	to	constrain	
the	cosmological	parameters

– A	robotic	2-m	telescope	
dedicated	for	the	optical
and	near-infrared	monitoring
observation	was	built at
the	Haleakala	observatory
(Kobayashi,	TM+98).
• The	observation	was	carried	
out	during	2000-2008.
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Both	the	sample	size,	and
the	cadence	and	the	photometric
accuracy	of	the	light	curve
were	much	improved.

1000	days

• The	MAGNUM	project	 (Yoshii+	1995-)
– The	V- and	K-band	light	curves	(NGC	4151	as	an	example)



The	radius-luminosity	relation	for	the	dust	torus

• Initial	result	from	the	MAGNUM	project
– The	dust	lag	is	well	correlated	with	the	luminosity	as	expected,					

while	it	is	only	weakly	 correlated	with	the	black	hole	mass
(TM+04;	Suganuma,	TM+	06).

for Kepler motion of the BLR gas (Peterson & Wandel 1999).
Assuming that the virial theorem applies similarly to about
three dozen Seyfert nuclei and quasars that have been targets of
reverberation mapping observations for the BLR (e.g., Wandel
et al. 1999; Kaspi et al. 2000; Peterson et al. 2004), their central
masses have been estimated with a typical uncertainty of a factor
of 2 or 3 over a range of 106–108 M!.

Figure 31 shows the infrared lag measurements plotted
against the central masses that have been measured from re-
verberation radii and widths of broad emission lines in in-
dividual AGNs. The filled and open symbols have the same
meanings as in Figure 30 for infrared lag measurements. The
central masses are taken from Peterson et al. (2004). The in-
clined lines correspond to c!t/Rg ¼ 103, 104, 105, and 106,
where c!t is the light-travel distance or inner radius of the dust

torus and Rg ¼ GMc/c
2 is the gravitational radius, which scales

linearly with the central mass Mc .
Correlation between the centralmass and the lag time (Fig. 31)

is weaker than between the central optical luminosity and the lag
time (Fig. 30). Furthermore, the inner radius of the dust torus
c!t does not scale with the gravitational radius Rg that encloses
the central mass. It is therefore evident that the inner radius of
the dust torus is not determined by the dynamics under the influ-
ence of a supermassive black hole at the center but rather by the
strength of the UV/optical radiation from the central engine. As a
consequence, the scatter in Figure 31 might be interpreted as the
difference in the mass-to-luminosity ratio that should be deter-
mined by the accretion rate and the radiative efficiency in the
accretion flow in individual AGNs.

5.3. Relation of Dust Torus to Broad-Line Region

Confirmation of a dust torus outside the BLR not only verifies
the unification scheme of AGNs but also yields knowledge of
physical conditions in the central regions of AGNs for which we

TABLE 10

Cross-Correlation Results from the Simulated Light Curves

Object Subset MV Magnitude Range Lag Time (BI) Lag Time (ES)

NGC 5548.............. All data #19.19 [#18.39, #19.65] 45:1þ1:5
#3:4 48:7þ4:6

#4:1

2001 #19.39 [#18.88, #19.65] 47:8þ1:7
#1:2 48:0þ2:7

#2:3

2002–2003 #19.04 [#18.39, #19.60] 47:3þ3:9
#5:6 46:7þ4:8

#5:3

2003 #19.18 [#18.39, #19.60] 57:0þ1:2
#6:2 52:9þ3:0

#5:8

NGC 4051.............. All data #15.65 [#15.27, #16.02] 24:1þ11:1
#9:2 21:0þ8:4

#4:8

2001 #15.51 [#15.27, #15.76] 10:2þ16:4
#2:2 10:9þ4:2

#3:7

2002 #15.66 [#15.38, #16.02] 11:0þ4:4
#2:9 10:8þ5:5

#4:0

2003 #15.77 [#15.56, #16.02] 22:8þ3:1
#5:9 18:1þ6:2

#4:4

NGC 3227.............. All data #17.35 [#17.15, #17.47] 6:8þ4:1
#4:6 . . .

2002 #17.35 [#17.23, #17.43] 16:3þ6:0
#4:4 20:2þ5:2

#5:7

2003 #17.35 [#17.15, #17.47] 6:0þ4:8
#5:4 . . .

NGC 7469.............. All data #19.78 [#19.40, #20.00] 87:6þ16:7
#14:3 85:4þ26:7

#24:3

2001 #19.82 [#19.60, #20.00] 88:0þ17:8
#8:4 86:9þ17:5

#14:1

2002 #19.71 [#19.39, #19.96] 77:7þ21:7
#25:5 64:9þ29:4

#12:8

Notes.—MV is the absolute V-band magnitude averaged over the magnitude range observed. The lag time is the median of
!peak in the CCPD. For NGC 3227, when the CCPD results in too broad a distribution, reflecting the plateau feature in the
CCF (Fig. 20), the lag time is given no value in the blank cells.

Fig. 30.—Lag times between the UV/optical and K-band light curves of
AGNs, plotted against the absolute V magnitude. The filled symbols represent
our results for NGC 5548 (squares), NGC 4051 (circles), NGC 3227 (triangle),
and NGC 7469 (inverted triangles), including our earlier result for NGC 4151
(diamond; Minezaki et al. 2004). The others are data from the literature for
Fairall 9 ( pentagon; Clavel et al. 1989), GQ Com ( plus sign; Sitko et al. 1993),
NGC 3783 (circle; Glass 1992), NGC 4151 (diamonds; Oknyanskij et al. 1999),
and Mrk 744 (asterisk; Nelson 1996). Note that the horizontal error bar in mag-
nitude represents the observed range of flux variation during the observation.

Fig. 31.—Lag times for hot dust in Fig. 30, plotted against the central virial
mass estimated from the reverberation radii and widths of broad emission lines
in individual AGNs (Peterson et al. 2004). Each symbol indicates the same
AGN as in Fig. 30. The inclined lines for various values of c! t/Rg are shown,
whereRg ¼ 2GMc/c

2 is the gravitational radius andMc is the central virial mass.
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for Kepler motion of the BLR gas (Peterson & Wandel 1999).
Assuming that the virial theorem applies similarly to about
three dozen Seyfert nuclei and quasars that have been targets of
reverberation mapping observations for the BLR (e.g., Wandel
et al. 1999; Kaspi et al. 2000; Peterson et al. 2004), their central
masses have been estimated with a typical uncertainty of a factor
of 2 or 3 over a range of 106–108 M!.

Figure 31 shows the infrared lag measurements plotted
against the central masses that have been measured from re-
verberation radii and widths of broad emission lines in in-
dividual AGNs. The filled and open symbols have the same
meanings as in Figure 30 for infrared lag measurements. The
central masses are taken from Peterson et al. (2004). The in-
clined lines correspond to c!t/Rg ¼ 103, 104, 105, and 106,
where c!t is the light-travel distance or inner radius of the dust

torus and Rg ¼ GMc/c
2 is the gravitational radius, which scales

linearly with the central mass Mc .
Correlation between the centralmass and the lag time (Fig. 31)

is weaker than between the central optical luminosity and the lag
time (Fig. 30). Furthermore, the inner radius of the dust torus
c!t does not scale with the gravitational radius Rg that encloses
the central mass. It is therefore evident that the inner radius of
the dust torus is not determined by the dynamics under the influ-
ence of a supermassive black hole at the center but rather by the
strength of the UV/optical radiation from the central engine. As a
consequence, the scatter in Figure 31 might be interpreted as the
difference in the mass-to-luminosity ratio that should be deter-
mined by the accretion rate and the radiative efficiency in the
accretion flow in individual AGNs.

5.3. Relation of Dust Torus to Broad-Line Region

Confirmation of a dust torus outside the BLR not only verifies
the unification scheme of AGNs but also yields knowledge of
physical conditions in the central regions of AGNs for which we

TABLE 10
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Notes.—MV is the absolute V-band magnitude averaged over the magnitude range observed. The lag time is the median of
!peak in the CCPD. For NGC 3227, when the CCPD results in too broad a distribution, reflecting the plateau feature in the
CCF (Fig. 20), the lag time is given no value in the blank cells.

Fig. 30.—Lag times between the UV/optical and K-band light curves of
AGNs, plotted against the absolute V magnitude. The filled symbols represent
our results for NGC 5548 (squares), NGC 4051 (circles), NGC 3227 (triangle),
and NGC 7469 (inverted triangles), including our earlier result for NGC 4151
(diamond; Minezaki et al. 2004). The others are data from the literature for
Fairall 9 ( pentagon; Clavel et al. 1989), GQ Com ( plus sign; Sitko et al. 1993),
NGC 3783 (circle; Glass 1992), NGC 4151 (diamonds; Oknyanskij et al. 1999),
and Mrk 744 (asterisk; Nelson 1996). Note that the horizontal error bar in mag-
nitude represents the observed range of flux variation during the observation.

Fig. 31.—Lag times for hot dust in Fig. 30, plotted against the central virial
mass estimated from the reverberation radii and widths of broad emission lines
in individual AGNs (Peterson et al. 2004). Each symbol indicates the same
AGN as in Fig. 30. The inclined lines for various values of c! t/Rg are shown,
whereRg ¼ 2GMc/c

2 is the gravitational radius andMc is the central virial mass.
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Suganuma,	TM+	06
The	filled	symbols	represent	the	data	from	the	MAGNUM,	the	others	from	the	literature.

vs.	luminosity vs.	black	hole	mass
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Fig. 1.—Optical and near-infrared light curves of the NGC 4395 nucleus
on 2004 May 1 (UTC): V (small open circles), J (open squares), H (small
filled circles), and K (open circles). For clarity, an offset of !0.05 mJy is
applied to H, and !0.25 mJy to K.

Fig. 2.—CCF (dashed line) and the CCCD (solid line) between the V-band
light curve and the combined light curve on 2004 May 1 (UTC). TheJ"H
CCF is peaked at 0.003 days, and the CCF centroid is estimated to be

days or minutes from the CCCD.!0.006 !8.6t p 0.005 7.2cent "0.011 "15.8

briefly, because most of them have been described in Minezaki
et al. (2004).
Our one-night monitoring observation started at 06:31 and

ended at 12:35 on 2004 May 1 (UTC). Using the MIP’s si-
multaneous optical and near-infrared imaging capability, a se-
quence of , , and imagings was repeated cy-(V, K) (V, H) (V, J)
clically during the observation, and 59 data points for V and
20 data points for each of J, H, and K were obtained. The
average monitoring interval was 6 minutes for V and 18minutes
for J, H, and K. In addition, the long-term monitoring obser-
vation started from 2004 February 12 (UTC), and 11 data points
were obtained until 2005 January 22 (UTC). After 2004 April
29 (UTC), the observation each night was carried out quasi-
simultaneously (within 10 minutes) in the B, V, I, J, H, and K
bands.
The nuclear flux was measured relative to a nearby reference

star [ , (J2000)], whichh m s ′a p 12 25 50.91 d p "33!33 10!.1
was observed along with the target, within the field of view
of the MIP. The optical fluxes of the star were calibrated with
respect to a photometric standard star in Landolt (1992), and
the near-infrared fluxes were taken from the 2MASS All-Sky
Catalog of Point Sources (Cutri et al. 2003). The diameters of
the photometric apertures were 2!.8 for the optical and 2!.4 for
the near-infrared. The flux of the host galaxy within the aperture
was not subtracted.

3. RESULTS

Figure 1 shows the optical and near-infrared light curves of
the NGC 4395 nucleus on 2004 May 1 (UTC). Galactic ex-
tinction was corrected for according to Schlegel et al. (1998).
Clear flux variations in the V, J, and H bands are found during
the monitoring period of 6 hr, and this is the first detection of
intraday variation in the near-infrared for normal Seyfert 1
galaxies. The amplitude of variations was 0.05–0.09 mag; how-
ever, the real amplitude for the NGC 4395 nucleus must be
larger because nonvariable fluxes, such as the host galaxy flux
and the narrow-line flux, were not subtracted from the data.
On the other hand, intraday variation is not clearly seen in the
K band.
Apparently, the intraday variations in the V, J, and H bands

are almost synchronized. In order to estimate a possible lag
between the optical and near-infrared intraday variations, we
applied a cross-correlation analysis. First, in order to increase
the number of data points, the J-band and H-band light curves
were combined according to the linear regressions of the J- and
H-band fluxes to the V-band flux obtained simultaneously during
the one-night monitoring observation. Then a cross-correlation
function (CCF) was computed based on the linear interpolation
method (Gaskell & Peterson 1987; White & Peterson 1994).
Since the number of V-band data points is larger and since their
photometric accuracy is better, the V-band light curve was in-
terpolated. The lag of the CCF centroid was adopted totcent
represent the lag between two light curves. The error of wastcent
estimated by amodel-independentMonte Carlo simulation called
the “flux randomization/random subset selection” (FR/RSS)
method (Peterson et al. 2004). The cross-correlation centroid
distribution (CCCD) wasmade based on the simulation of 10,000
realizations. Figure 2 shows the CCF and the CCCD between
theV-band light curve and the combined near-infrared light curve
on 2004 May 1 (UTC). The near-infrared lag time behind
V is estimated from the CCCD as days, or!0.006t p 0.005cent "0.011

minutes. The intraday variations in the near-infrared!8.67.2"15.8
(J, H) are almost synchronized with that in the optical within
an accuracy of ∼10 minutes. The short timescale of variation (a
few hours) and the synchronization to the optical variation (∼10
minutes) suggest that the intraday-variable component of flux in
the near-infrared originates in the central accretion disk. That is,
it is an extension of optical power-law continuum emission to
near-infrared wavelength.
Figure 3 shows the optical and near-infrared light curves of

the long-term monitoring observation of the NGC 4395 nu-
cleus. The optical and near-infrared fluxes are clearly variable
on timescales of days to months, and the apparent amplitude
of variation during the monitoring period reaches about a few
tenths to 1 mag. The optical flux variations in the B, V, and I
bands are synchronized with each other, while the near-infrared
flux variations, especially in the K band, are not completely
synchronized with those in the optical.
Figure 4 shows the flux-flux diagrams from the long-term

monitoring observation. The variations in the B band or the I
band relative to the V band are almost on straight lines, which
suggests that the spectral shape of variable components in the
optical region stays constant as reported for Seyfert galaxies

The	radius-luminosity	relation	for	the	dust	torus

• The	torus	RM	survey	 for	17	nearby	Seyferts (Koshida,	TM+	14)
– Dust	lag	:

The	data	of	whole	sample	were	analyzed	 systematically.
• The	accretion	disk	component	in	the	K-band	flux	was	subtracted	
prior	to	the	lag	analysis	to	estimate	the	dust	lag	correctly.
– It	was	estimated	by	extrapolating	the	simultaneously	obtained	V-
band	flux	assuming	the	power-law	continuum	SED.
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The	radius-luminosity	relation	for	the	dust	torus

• The	torus	RM	survey	 for	17	nearby	Seyferts (Koshida,	TM+	14)
– Dust	lag	:

The	data	of	whole	sample	were	analyzed	 systematically
• The	accretion	disk	component	in	the	K-band	flux	was	subtracted	
prior	to	the	lag	analysis.

• A	conventional	CCF+CCCD	method	and	Javelin	(Zu+	11)	were	
used	to	obtain	the	dust	lag:	They	showed	consistent	results.

• When	different	good	features	in	the	light	curves	of	a	target	were	
found	in	different	epochs,	dust	lag	was	obtained	respectively.
→	49	dust	lags	were	obtained	in	total:	
This	was	the	largest	homogeneous	data	collection	of	the	torus	RM.

– Luminosity	:	
The	host-galaxy	component	in	the	V-band	flux	was	carefully	
estimated	with	high	angular	resolution	images	obtained	by	the	HST,	
and	subtracted		(Sakata,	TM+	10;	see	Bentz+	09,13).
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The	radius-luminosity	relation	for	the	dust	torus

• The	torus	RM	survey	 for	17	nearby	Seyferts (Koshida,	TM+	14)

Torus RM
(MAGNUM only)

Hβ RM
(Bentz+09)
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– The	observed	dust	lag	
clearly	correlates	with						
the	optical	luminosity	 									
as	expected	:

– The	dust	lag	place	an	
upper	boundary	of	the	
broad	emission-line	 lags	
(presented	by	Suganuma,	
TM+06).



Torus	RM	for	cosmology

• Distance	based	on	the	torus	RM	(Yoshii,	TM+	14)
– The	dust	sublimation	model	at	the	innermost	dust	torus	was	built.

• Lν :	a	power-law	SED	with	αν =	-0.5±0.2	(e.g.,	Vanden Berk+01)
• Qν :	the	absorption	coefficient	of	graphite	(Draine &	Lee	84,93)	
with	the	grain	size	distribution	intermediate	between	the	
standard	MRN	and	that	for	radio-quiet	quasars	by	Gaskell+	04.

• Tsub :	Td =	1700±50	K	from	the	near-infrared	SED	of	the	time-
variable	flux	component	(Tomita	05;	Tomita,	TM+06)

– The	luminosity	distances	dL is	expressed	using	the	dust	lag	as	follows	:

or	equivalently,

πa2

∫
Qν

LAD
ν

4πr2
in

dν = 4πa2

∫
QνπBν(Tsub)dν

rin ∝ (LAD
ν )0.5 (1)

rin ∝ (Lopt)
0.5 (2)

rin = c∆t (3)

dL =

(
LAD

4πfAD

)0.5

∝ rin × (fAD)−0.5 (4)

dL ∝ ∆t × (fAD)−0.5 (5)

dL = (∆t/days)×100.2(mV −AV −kV −14.4) [Mpc] (6)

dL = 2.5 × (∆t/days) (fV /mJy)−0.5 [Mpc] (7)

1

πa2

∫
Qν

LAD
ν

4πr2
in

dν = 4πa2

∫
QνπBν(Tsub)dν

rin ∝ (LAD
ν )0.5 (1)

rin ∝ (Lopt)
0.5 (2)

rin = c∆t (3)

dL =

(
LAD

4πfAD

)0.5

∝ rin × (fAD)−0.5 (4)

dL ∝ ∆t × (fAD)−0.5 (5)

dL = (∆t/days)×100.2(mV −AV −kV −14.4) [Mpc] (6)

dL = 2.5 ×
(

∆t

days

)(
fV

mJy

)−0.5

[Mpc] (7)

1

(when	AV=0,	kV=0)



Torus	RM	for	cosmology	

• The	Hubble	diagram	(Yoshii,	TM+	14)
– The	luminosity	distances	of	17	Seyfert galaxies	at	z<0.04	were	

estimated	based	on	the	dust	sublimation	model	using	the	dust	lag	
(Koshida+14)	to	make	a	Hubble	diagram.
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The	best-fit	Hubble	 constant
based	on	the	torus-RM
distance:
H0=	73	± 3	(random)	km/s/Mpc

Consistent	with	
the	Cepheid	distance	scale	
(Freeman+	01)
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Uncertainties	in	the	torus	RM	distance

• Intrinsic	scatter	in	the	dust	lag-luminosity	 relation	

– Target	to	target	variation	
around	the	best-fit	dust	
lag-luminosity	 relation	:	
σlag ≈	0.13	dex
(Koshida,	TM+	14)

– Possible	origins:
• internal	extinction
• accretion	disk	SED
• delayed	response	of			
the	dust	lag	change

• dust	temperature
• torus	geometry
• mass	accretion	rate
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Time	variation	of	the	dust	lag

• The	dust	lag	becomes	 larger	when	 the	AGN	becomes	 brighter?

– If	the	inner	radius	of	the	
dust	torus	strictly	follows		

at	any	time,	
the	dust	lag	becomes	
larger	when	the	AGN	
becomes	brighter,	tracking	
on	the	trend	of	the	global	
dust	lag-luminosity	relation
→	would	not	lead	to
the	intrinsic	scatter	of	the	
relation.

πa2

∫
Qν

LAD
ν

4πr2
in

dν = 4πa2

∫
QνπBν(Tsub)dν

rin ∝ (LAD
ν )0.5 (1)

rin ∝ (Lopt)
0.5 (2)

rin = A(LAD
ν )0.5 (3)

rin = c∆t (4)

dL =

(
LAD

4πfAD

)0.5

∝ rin × (fAD)−0.5 (5)

dL ∝ ∆t × (fAD)−0.5 (6)

dL = (∆t/days)×100.2(mV −AV −kV −14.4) [Mpc] (7)

dL = 2.5 ×
(

∆t

days

)(
fV

mJy

)−0.5

[Mpc] (8)

dA =
c∆tobs/(1 + z)

θ
(9)

dA =
c∆t

θ
(10)

1

But	NOT



Time	variation	of	the	dust	lag

• Delayed	 response	 of	the	dust	lag	change
– The	inner	radius	of	the	dust	torus

did	NOT	respond	instantaneously
according	to	the	flux	change of
the	accretion	disk
• torus	RM	:
Koshida,	TM+09;	Oknyanskij+	14;	
Schnulle+13,	15

• Interferometry	 :
Pott+	10; Kishimoto+	11,	13.
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An	origin	of	uncertainty	in	the	torus	RM	distance

• Delayed	 response	 of	the	dust	lag	change
– It	will	lead	to	a	significant	scatter	for	the	dust	lag-luminosity	relation.	

(Koshida,	TM+	14;	Schnulle+	15)
The Astrophysical Journal, 788:159 (21pp), 2014 June 20 Koshida et al.
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Figure 8. Comparison of the dust lags ∆tK obtained by the CCF analysis
assuming αν = 0 and +1/3 for subtraction of the accretion-disk component in
the K-band flux. The dashed line represents the best-fit regression line.
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Figure 9. Comparison of the dust lags ∆tK obtained by using the CCF analysis
and JAVELIN (assuming αν = 0 for the subtraction of the accretion-disk
component in the K-band flux). The dashed line represents the best-fit regression
line.

a = −2.13 ± 0.04 for ∆tK (CCF) and a = −2.09 ± 0.04 for
∆tK (JAVELIN). Then, we adopt a = −2.11 ± 0.04 for the
parameter of the dust lag–luminosity correlation in Equation (4).
The parameter of a = −2.11 ± 0.04 was consistent with that
presented in a previous study (a = −2.15; Minezaki et al.
2004). In addition, regarding the scatter σ∆t between ∆tK (CCF)
and ∆tK (JAVELIN) as the systematic scatter associated with
the lag-analysis methods, σint =

√
σ 2

add − σ 2
∆t ≈ 0.13 dex can

be interpreted as intrinsic scatter in the dust lag–luminosity
correlation.
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Figure 10. Lag times between the V-band and K-band light curves plotted
against the V-band absolute magnitude. Open circles represent 49 measurements
of the lag times (obtained by the CCF analysis assuming αν = 0 for the
subtraction of the accretion-disk component in the K-band flux) and V-band
absolute magnitude, and the data points are connected with dotted lines for the
same target. Filled circles represent the weighted averaged data for 17 individual
target active galactic nuclei (AGNs). Solid and dashed lines represent the best-fit
regression lines for the data obtained by the CCF analysis assuming αν = 0
and αν = 1/3, respectively. The lag times were corrected for the time dilation
according to the object redshift.

4.3. Possible Origin of Intrinsic Scatter in the Dust
Lag–Luminosity Correlation

Although the central engine of the type 1 AGN is not
considered to be as heavily obscured by the dust torus as that
of the type 2 AGN, a small but different amount of extinction
could exist in type 1 AGNs to create a possible source of scatter
in the dust lag–luminosity correlation. Cackett et al. (2007)
estimated the intrinsic color excess of 14 AGNs by the flux
variation gradient (FVG) method (Winkler et al. 1992) and the
Balmer decrement method. The estimates obtained from both
methods were consistent; therefore, the difference between the
estimates by the two methods could be regarded as the sum of the
intrinsic uncertainties of the methods themselves. We estimated
the standard deviation of the uncertainty of the FVG method
as 0.041 mag. In fact, of the 14 target AGNs of Cackett et al.
(2007), 11 AGNs are in common with our targets. For these
targets, the standard deviation of color excess obtained by the
FVG method was estimated as σE(B−V ),FVG = 0.076 mag, and
the intrinsic standard deviation of color excess was estimated
as σE(B−V ) = 0.064 mag. Assuming AV /E(B − V ) = 3.1, this
value corresponds to the scatter of approximately 0.2 mag in
MV or 0.04 dex in log ∆tK , which is insufficient for explaining
the scatter of σint ≈ 0.13 dex in the correlation.

The difference in the spectral shape of the flux variation
of accretion-disk emission between targets, which would be
caused by a different amount of intrinsic extinction or by other
reasons, would contribute the scatter in the dust lag–luminosity
correlation. For example, the intrinsic standard deviation of
σαν

= 0.1, which could be caused by the intrinsic standard
deviation of color excess of σE(B−V ) = 0.054 mag, would
originate the scatter of approximately 0.01 dex in log ∆tK .
This result is also insufficient for explaining the scatter of
σint ≈ 0.13 dex in the correlation.

We then focused on the changes in dust torus size with the
flux variation as an additional possible source of scatter in the
dust lag–luminosity correlation. Koshida et al. (2009) found
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Table 2
Lag time and V-magnitude of NGC 4151 for Separate Monitoring Periods

Period MJD (days) ∆t (days) mV (mag)

1 51915.6–52064.3 58.4+1.1
−1.2 14.49+0.05

−0.06
2 52265.5–52643.6 71.1+13.5

−9.8 13.04+0.07
−0.07

3 52610.6–52967.6 60.6+1.5
−1.8 12.69+0.04

−0.04
4 53039.4–53356.5 65.1+2.9

−3.0 13.50+0.07
−0.08

5 53148.4–53490.3 50.4+6.9
−12.1 13.66+0.09

−0.10
6 53436.4–53578.3 40.6+1.5

−1.3 14.15+0.05
−0.06

7 53687.6–53864.4 33.1+2.3
−2.3 13.54+0.06

−0.06
8 53753.4–53921.3 38.5+1.3

−1.2 13.70+0.10
−0.10

number of more than 40 flux data pairs for the CCF analysis. The
middle date of each period is taken as an epoch that represents
each period. Following the procedure described in Section 3, the
Monte Carlo simulation was repeated 500 times for each period
to form the distribution of CC centroid lag from which ∆t was
obtained as the median and its error as ± 34.1 percentile from the
median. Similarly, we calculated the distribution of flux mean
from which fV and its error were obtained. The results for eight
separate periods are given in Table 2 as well as in Figure 3. We
here note that the K-band data of NGC 4151 were well sampled
and the observed K light curves were smooth enough. Therefore,
in order to avoid additional IR flux variation which consequently
overestimates the errors in ∆t , use of the SF for the interpolation
was turned off and the simple linear interpolation was adopted
for the K-band data in making pairs with the V-band data.

It is apparent that ∆t is not constant in time. For the most
extreme case, the difference of ∆t between the earlier periods
1 through 4 and the later periods 6 through 8 is larger than the
measurement error by many σ s. Since ∆t corresponds to a light-
travel distance to the surrounding dust from the AGN center, this
should be the first convincing evidence that the inner radius of
dust torus did change in an individual AGN (cf. Oknyanskij
et al. 1999; Minezaki et al. 2004).

6. DISCUSSION

A change of inner radius of the dust torus should occur
reflecting the variation of the incident UV/optical flux from
the central energy source. Some theoretical models suggest
the existence of a sublimation radius inside which dust grains
are sublimated (Barvainis 1987, 1992). The sublimation radius
expands when the UV/optical continuum becomes bright, then
it retreats when the continuum becomes faint. If dust grains were
sublimated or replenished immediately after the UV/optical flux
variation, like the model we assumed in Section 3, the expected
changes of ∆t and fV should trace the simple relation ∆t ∝ L0.5

which has the slope indicated by the thick line in Figure 3.
We see from this figure that the observed change of ∆t follows
the variation of fV in overall trend as expected. These results
indicate that the dust torus is not a distinct, separate physical
structure but is part of a continuous structure starting from the
BLR component out to the dust component with its inner dust
edge set by the sublimation radius that changes with the UV/
optical flux variation (Suganuma et al. 2006; Nenkova et al.
2008).

On the other hand, however, the observed time-changing track
does not exactly trace the simple relation ∆t ∝ L0.5. The lag
∆t at period 1 is well above that expected for MV , and does not
change so much with brightening of about 1 mag from period 1
to 3. Then, with subsequent fading from period 3 to 6, ∆t still
remains constant until period 4, and starts to rapidly decrease
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Figure 3. Time-changing track of NGC 4151 in the lag time vs. absolute
V-magnitude diagram, as shown by the dot-connecting thin line. The number
beside each dot refers to the serial number given to each monitoring period in
Table 2. The thick line is the scaling relation ∆t ∝ L0.5 expected from dust
reverberation. We used H0 = 70 km s−1 Mpc−1 for the estimation of MV .

thereafter. These deviant behaviors suggest that the inner dust
torus did not reach an equilibrium state immediately after the
UV/optical flux variation.

In the case of period 1, the light curves in Figure 1 indicate
that there was a brighter period before period 1. The expanded
inner radius of the dust torus at the brighter period could still
remain larger than the radius that would be expected at period 1.
In this context, the behavior of almost constant ∆t followed by
its rapid decrease in the fading period places a constraint such
that the timescale of dust replenishment in the central region
of an AGN should be as long as the elapsed time of about one
year from period 4 through 6. A promising mechanism of such
replenishment is re-formation of dust grains rather than their
infall from the outer region. This is understood by considering
that the decrease of ∆t from period 4 to 6 is 24.5 d or a light-
travel distance of 6.35×1011 km in the interval of 309 d between
the middle dates of these periods. If such a decrease of ∆t would
occur with redistribution of dust grains supplied from the outer
region of the dust torus, the infall velocity would be 2.4 × 104

km s−1 or 7.9% of the light velocity. This seems highly unlikely,
when we compare this infall velocity with a few ×103 km s−1 for
the velocity dispersion of BLR clouds which exist just near the
inner dust torus. Consequently, we conclude that re-formation
of dust grains did occur in the central region where they had
been sublimated.

After the dust re-formation period, ∆t turned almost constant
again from period 6 through 8. This indicates that the dust
sublimation radius became larger than the actual inner radius of
the dust torus and dust sublimation would start. The length
of the period of constant ∆t suggests that the timescale of
dust destruction could be longer than about one year. Exact
measurement of this timescale might have been possible if the
light curves had been obtained well after period 8.

The formulation for improving the accuracy of lag and lumi-
nosity measurements was applied to the light curves for eight
separate periods containing single features. This formulation,
when applied to the light curves for the whole monitoring pe-
riod containing several features, gives an almost average of their
respective ∆t estimates derived from single features, and is still
useful in discussing an overall lag–luminosity relationship for a
sample of many AGNs with a wide range of luminosity.

V-band	absolute	magnitude
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Possible	solution	to	reduce	uncertainties	in	the	
torus	RM	distance

• Temperature	 variation	of	the	dust	emission	in	near-infrared
– Schnulle+	15	measured	Td for	NGC	4151	in	2010-2014.

• Td <	1500	K,	which	is	lower	than	the	dust	sublimation	temperature.	
→	The	hot	dust	located	beyond	the	sublimation	radius.

• Td changed	in	time	time:	 It	closely	tracked	
the	accretion	 disk	flux	 variation	 in	short	timescales.

Schnulle+	15

K. Schnülle et al.: Dust reverberation in NGC 4151

Fig. 5. Evolution of the parameter T0,1 (for one chain and the popula-
tion mean) of the 1BB model, for one exemplary run. Also shown are
the evolution of the pooled within chain variance W (Eq. (A.4)), maxi-
mum variance estimate V̂ (see Eq. (A.1)) and the resulting convergence
parameter, i.e., the PSRF R̂ (Eq. (A.1)). Convergence was diagnosed at
iteration step n = 13 599, where R̂ < 1.1 was reached for all parameters.

observed SED changes from epochs 3 to 5, and we can see a hot
dust bump emerging, with the peak of the blackbody emission
shifted to lower wavelengths (λ ≈ 1.9 µm), thus indicating our
detected temperature increase. Though degeneracies between
the blackbody constant and the blackbody temperature are non-
negligible (in the single-epoch fits, where the temperature can
evolve freely, the correlation coefficient is as high as ≈−0.75),
visual inspection of the data and the systematic changes in the
NIR color, correlating with the delayed AD brightness, under-
line the actual temperature increase. The hot dust peak is shifted
to much longer wavelengths (λ ≈ 2.5 µm) in epoch 9, and until
epoch 10, we again observe rising temperatures.

In Fig. 10, we show the marginalized posterior probability
distributions for the parameters C2, T0, τ, and α. As can be seen,
C2 and T0 are strongly anti-correlated. However, any increase
or decrease in C2, hence decrease or increase in T0, will only
shift the resulting temperature curve in the vertical direction,
owing to our approach Eq. (4). The significance of the tempera-
ture variations justifying this approach has already been shown
with our single-epoch fits (Fig. 7) and can also be seen from the
SEDs shown in Fig. 6. The reverberation delay τ does not seem
to show significant correlations with any other parameter, while

Fig. 6. Our data and the 1BB model fit for the epochs 3,5,9, and 10.
Overplotted is the AD model, the 1BB model, and the sum of both com-
ponents. From the data, we observe a clear rise in the blackbody flux,
and a clear shift of the blackbody emission peak to shorter wavelengths
until epoch 5. This emerging bump is confirmed by the blackbody tem-
perature maximum in epoch 5 of our single-epoch fit (see Fig. 7).

α is slightly anti-correlated resp. correlated with C2 resp. T0.
Interestingly, we observe a multimodal pdf of the reverberation
lag τ. This is on the one hand caused by slightly different re-
verberation delays in 2010 and 2013–2014 (see Sect. 5.3), but
mainly by a strong bimodality in τ in the 2012–2014 part of the
data set (epochs 7–29, see Fig. 11). Because that second period
dominates the fit due to a higher amount of data points and lower
photometric errors, the bimodal pdf is also visible in the fit of the
complete data set. This bimodality is discussed in more detail in
Sect. 5.3.

4.2. Further structure function models and the time-variable
power-law index

As described in Sect. 3.2, we tested for the robustness of all our
performed multiepoch, multiwavelength fits using three different
structure function models. It turned out that the results are highly
stable under the exchange of the structure function model or its
particular parameters. In Table 5, the results are only listed for
the power-law model, while Table 6 shows the influence of the
structure function on a subset of our results.

We also tested the influence of the AD power-law slope α
on our results. As an alternative approach to keeping α fixed
over the whole time and flux range, we allowed for a varying α.
Since the continuum emission from the AD is found to get harder
as the AD brightens (see e.g. Trèvese et al. 2001 and references
therein), we performed an alternative 1BB fit allowing for a vary-
ing power-law slope of the form αvar(t) = α + α1 · Lz(t)/⟨Lz(t)⟩.
We obtained best fit values α = 1.56±0.07 and α1 = 0.10±0.07,
while all other parameters stayed nearly the same (Table 5). At
this point, we note that unfortunately the power-law slope is only
well-determined in those epochs where optical measurements
were also available (epochs 7–9). Thus, our applied approach
of fitting a varying α to our data might be insufficient to de-
termine the true variability range of the AD power-law slope.

A57, page 9 of 18

A&A 578, A57 (2015)

Fig. 7. Hot dust temperature evolution derived from the single-epoch decomposition. The hot-dust temperature changes follow the relative AD
z-band flux changes with a delay of roughly 30 days.

Fig. 8. Results of our 1BB model fit. Plotted are the K,H, J,Y, z, and 5100 Å data (green) over time. The bigger dots with errors bars in the
5100 Å panel mark the data points that coincide with our NIR epochs. The red line represents the blackbody contribution for each band, blue the
AD contribution, and the black line is the sum of both. Epochs 1 and 2 are not included in the evaluation of the fit (as t < τ).

Therefore, we alternatively used published empirical relations
between α and the AD luminosity. According to Trèvese et al.
(2001), who analyzed multiepoch data of a sample of quasars,
there is a relation ∆α = a+b∆(logFν) between the change of the
spectral index and the logarithmic optical continuum flux change
of the AD, with a = (−8.49 ± 5.50) × 10−2 and b = 2.55 ± 0.75.

Specifically for NGC 4151, Fanti et al. (1984) report the relation
α = b · logFν with b ≈ 4. Making use of the inferred α val-
ues in epochs 7–9 and the flux differences of the z band signal
with respect to the z flux in these three epochs, we applied the
cited two models for deriving an alternative, more representative
evolution of α over the whole time and flux range. Thus, instead

A57, page 10 of 18
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Possible	solution	to	reduce	uncertainties	in	the	
torus	RM	distance

• Temperature	 variation	of	the	dust	emission	in	near-infrared
– The	dust	lags	were	 larger	 than	the	global	dust	lag-luminosity	 relation	 for	

NGC	4151	in	2000-2008	→Td might	be	lower	 than	the	ensemble	 value.
– If	the	model	parameters	for	an	individual	 target	can	be	determined	

observationally	 (the	SED	shape	of									,	Td,	a,	etc.	),	the	uncertainties	
in	the	torus-RM	distance	will	be	reduced	(Yoshii,	TM+	14).
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Figure 8. Comparison of the dust lags ∆tK obtained by the CCF analysis
assuming αν = 0 and +1/3 for subtraction of the accretion-disk component in
the K-band flux. The dashed line represents the best-fit regression line.
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Figure 9. Comparison of the dust lags ∆tK obtained by using the CCF analysis
and JAVELIN (assuming αν = 0 for the subtraction of the accretion-disk
component in the K-band flux). The dashed line represents the best-fit regression
line.

a = −2.13 ± 0.04 for ∆tK (CCF) and a = −2.09 ± 0.04 for
∆tK (JAVELIN). Then, we adopt a = −2.11 ± 0.04 for the
parameter of the dust lag–luminosity correlation in Equation (4).
The parameter of a = −2.11 ± 0.04 was consistent with that
presented in a previous study (a = −2.15; Minezaki et al.
2004). In addition, regarding the scatter σ∆t between ∆tK (CCF)
and ∆tK (JAVELIN) as the systematic scatter associated with
the lag-analysis methods, σint =

√
σ 2

add − σ 2
∆t ≈ 0.13 dex can

be interpreted as intrinsic scatter in the dust lag–luminosity
correlation.
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Figure 10. Lag times between the V-band and K-band light curves plotted
against the V-band absolute magnitude. Open circles represent 49 measurements
of the lag times (obtained by the CCF analysis assuming αν = 0 for the
subtraction of the accretion-disk component in the K-band flux) and V-band
absolute magnitude, and the data points are connected with dotted lines for the
same target. Filled circles represent the weighted averaged data for 17 individual
target active galactic nuclei (AGNs). Solid and dashed lines represent the best-fit
regression lines for the data obtained by the CCF analysis assuming αν = 0
and αν = 1/3, respectively. The lag times were corrected for the time dilation
according to the object redshift.

4.3. Possible Origin of Intrinsic Scatter in the Dust
Lag–Luminosity Correlation

Although the central engine of the type 1 AGN is not
considered to be as heavily obscured by the dust torus as that
of the type 2 AGN, a small but different amount of extinction
could exist in type 1 AGNs to create a possible source of scatter
in the dust lag–luminosity correlation. Cackett et al. (2007)
estimated the intrinsic color excess of 14 AGNs by the flux
variation gradient (FVG) method (Winkler et al. 1992) and the
Balmer decrement method. The estimates obtained from both
methods were consistent; therefore, the difference between the
estimates by the two methods could be regarded as the sum of the
intrinsic uncertainties of the methods themselves. We estimated
the standard deviation of the uncertainty of the FVG method
as 0.041 mag. In fact, of the 14 target AGNs of Cackett et al.
(2007), 11 AGNs are in common with our targets. For these
targets, the standard deviation of color excess obtained by the
FVG method was estimated as σE(B−V ),FVG = 0.076 mag, and
the intrinsic standard deviation of color excess was estimated
as σE(B−V ) = 0.064 mag. Assuming AV /E(B − V ) = 3.1, this
value corresponds to the scatter of approximately 0.2 mag in
MV or 0.04 dex in log ∆tK , which is insufficient for explaining
the scatter of σint ≈ 0.13 dex in the correlation.

The difference in the spectral shape of the flux variation
of accretion-disk emission between targets, which would be
caused by a different amount of intrinsic extinction or by other
reasons, would contribute the scatter in the dust lag–luminosity
correlation. For example, the intrinsic standard deviation of
σαν

= 0.1, which could be caused by the intrinsic standard
deviation of color excess of σE(B−V ) = 0.054 mag, would
originate the scatter of approximately 0.01 dex in log ∆tK .
This result is also insufficient for explaining the scatter of
σint ≈ 0.13 dex in the correlation.

We then focused on the changes in dust torus size with the
flux variation as an additional possible source of scatter in the
dust lag–luminosity correlation. Koshida et al. (2009) found
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→	 The	torus	RM	distance	becomes	smaller	 for	lower	Td



• Observations	of	higher-redshift	 targets
– The	emission	 in	shorter	wavelengths	would	be	more	contributed	by	

higher	temperature	of	dust,	closer	to	the	accretion	disk,	which	
would	lead	to	the	inter-band	time	lags
in	the	dust	torus	emission.

– For	the	target	at	higher	redshift,
• The	dust	lag	should	be	corrected
for	the	inter-band	time	lags
according	to	the	target	redshift.

• The	accretion	disk	emission	
contributes	larger	for	shorter
wavelengths,	and	it	also	should	be	
subtracted	properly.

Extension	to	higher	redshifts
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Extension	to	higher	redshifts

• Inter-band	 time	lag	in	the	dust	torus	emission		
– According	to	the	dust	sublimation	radius	by	Barvainis 87,

• 𝛥t	(J)	/	𝛥t	(K)	=	0.2 and	𝛥t	(H)	/	𝛥t	(K)	=	0.45,	if	T∝ 𝜆%&

– Fortunately,	the	inter-band	dust	lag	would	be	not	so	large	based	on	
the	multi-band	torus	RM.	
(Tomita,	TM+	06;	Pozo-Nunez+	14,	15;
Oknyanskij+	15;	Schnulle+	15).

– But	some	AGNs	show	relatively	 large
inter-band	dust	lag	(Oknyanskij+	15	
and	references	therein)

– Further	study	is	needed.

A&A 561, L8 (2014)
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Fig. 1. Left: B- and R-band light curves obtained in 2013 January–May. The R light curve is vertically shifted for clarity. The straight lines indicate
the long-term brightness trends. The dotted lines show the detrended light curves. Middle: J- and K-band light curves obtained in 2013 April–May.
The K light curve is vertically shifted for clarity. The dotted light curves depict the state before host galaxy subtraction. Right: B- and K-band light
curves (blue and red) after host galaxy subtraction. The K-band variation pattern (red), when shifted back by ∼72 days (black), largely corresponds
to the B-band variation pattern in February 2013; see text for details.

night and filter. A 7.′′5 diameter aperture was used to extract the
photometry and to create flux-normalized light curves relative
to 17 non variable stars located in the same images, within 30′
around the AGN, and of similar brightness as the AGN. Absolute
calibration was performed using standard reference stars from
Landolt (2009) observed on the same nights as the AGN. We
also corrected for atmospheric (Patat et al. 2011) and Galactic
foreground extinction (Schlafly & Finkbeiner 2011).

After observing the pronounced optical variations in
February 2013, we performed the NIR J and Ks (hereafter de-
noted as K) observations between April 10 and May 13 in
2013 using the 0.8 m Infrared Imaging System (IRIS) telescope
(Hodapp et al. 2010) at the Universitätssternwarte Bochum.
Images were obtained and reduced in the standard manner.
Photometry was extracted using a 7.′′0 diameter aperture, slightly
smaller than for the optical light curves, because the seeing in
the NIR images is slightly better and smaller pixel sizes were
used. Light curves were calculated relative to six non variable
stars located in the same field that have a similar brightness as
the AGN. The photometric calibration was achieved using four
high-quality flag (AAA) 2MASS stars in the same field as the
AGN. Absolute fluxes were corrected for Galactic foreground
extinction (Schlafly & Finkbeiner 2011).

3. Results and discussion

3.1. Optical and infrared light curves

The light curves of WPVS48 are shown in Fig 1. A summary
of the photometric results and the fluxes in all bands is listed
in Table 1. The light curves are published at the CDS. The two
optical and the two NIR light curves show a similar variabil-
ity behavior. The optical light curves exhibit a long-term trend
that we corrected for, following Welsh (1999) and Denney et al.
(2010), to avoid a potential bias in the cross-correlation analysis.
The NIR light curves are too short for detrending.

Using the flux variation gradient (FVG) method
(Choloniewski 1981; Winkler et al. 1992; Glass 2004; Sakata
et al. 2010), we determined the host galaxy contribution to the
light curves (Fig. 2). In brief, it was observationally established
that the optical and NIR flux ratios (B/R and J/K) of the variable
component remain constant with time, allowing us to separate
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Fig. 2. Flux variation gradient diagrams of WPVS48 in the optical (left)
and NIR (right). The data are represented by the black dots. The solid
blue lines represent the bisector fit, yielding the range of the AGN
slopes. The dashed red lines indicate the range of host slopes deter-
mined in the optical by Sakata et al. (2010) and the NIR by Suganuma
et al. (2006). The intersection between the host galaxy and AGN slope
(red area) gives the host galaxy flux in the respective bands.

the AGN flux through the use of a well-defined range of host
galaxy colors (Glass 2004; Sakata et al. 2010). More details on
the FVG method are given in Pozo Nuñez et al. (2012). As noted
by Glass (2004), the K-band light curve may be contaminated
by slower-varying longer-wavelength (L band) emission, and
we address this effect in Sect. 3.2. Power-law extrapolation of
the AGN B and R fluxes (presumably from the AD) to longer
wavelengths shows that the contribution of the AD to the J
and K fluxes is negligible (<10%).

We correlated both the B- and K-band light curves and the
B- and J-band light curves using the discrete correlation func-
tion (DCF, Edelson & Krolik 1988). The DCF centroid yields
a time delay τ = 65.8 days of B/J and τ = 72.1 days of
B/K (Fig. 3). The uncertainties of τ were calculated using the
flux randomization and random subset-selection method (FR
and RSS, Peterson et al. 2004). The median of this procedure
yields τcent = 66.5+3.8

−4.1 days and τcent = 73.5+4.4
−5.2 days for B/J

and B/K, respectively. Correcting for the time delation factor,
we obtain a rest frame time-delay τrest = 64.1 ± 3.81 days and
τrest = 70.8 ± 4.63 days for B/J and B/K, respectively.

When the K light curve is shifted back by 72 days (black
curve in Fig. 1, right), the variation features (the steep decline,
the valley, and the subsequent peak) are roughly consistent with
the B features. However, the K decline precedes the B decline,

L8, page 2 of 4

Pozo-Nunez+	14	WPVS48
𝛥t	(B-K)=71 days,	𝛥t	(B-J)=64	days		



Extension	to	higher	redshifts

• Estimation	of	the	host	galaxy	flux		
– The	host-galaxy	flux	should	be	subtracted	for	the	torus-RM	distance.

• Spectral	 variability	 of	the	optical	 continuum	emission
– Sakata,	TM+	10	presented	 that	the	multi-epoch	 flux	in	any	2	different	

bands	 showed	 a	very	 tight	linear	
correlation	 (the	data	come	 from
the	MAGNUM	monitor).

– They	also	estimated	the	host	galaxy
flux	using	the	HST	images,	and
found	that	the	host-galaxy	flux
located	on the	fainter	extension
of	the	straight	line.
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Figure 20. B-band flux to V-band flux diagrams for target AGNs of NGC 3227, NGC 3516, NGC 4051, NGC 4151, NGC 4593, and NGC 5548. Open circles represent
the data, from which the HOST+NL component is not subtracted, and stellate symbol represents the HOST+NL component. Thick line represents the best-fit linear
regression. Bottom panel shows the residual plot of the data from the best-fit regression line. The residual here is expressed as a ratio relative to the mean observed
flux for which the HOST+NL component has been subtracted.

6. EFFECTS OF DUST TORUS EMISSION

While a straight line provides a good fit to almost all (B,V )
and (V, I ) plots, we see noticeable scatter around the line for
many of the (V, I ) plots. This was also pointed out by Winkler
(1997), who suspected the existence of some additional variable
component that could contaminate the I-band flux and cause
scatter in the (V, I ) plots.

Thermal emission from dust torus is thought to be the most
promising candidate for an additional variable component that
could contaminate the optical flux at longer wavelengths. This

emission in the I band could then disturb the linear relationship
in the (V, I ) plots because it shows a time-delayed response to
emission in the same band from the accretion disk (Minezaki
et al. 2004; Suganuma et al. 2006). We here estimate the flux
contribution of dust torus in the I band, using simultaneous VIJ
light curves obtained by the MAGNUM telescope.

First, we assume that the flux in each band is decomposed into
accretion disk, HOST+NL, and dust torus, while the emission
from dust torus in the V band is ignored. That is because the
sublimation temperature of dust is about 1800 K and does not
exceed 2000 K (Salpeter 1977; Lodders & Fegley 1999), and

the	host	galaxy

as	an	example
Sakata,	TM+	10



• Estimation	of	the	host	galaxy	flux	from	the	monitoring	data	
– The	intersection	of	the	regression	line	fitted	to	the	flux	data	and			

the	line	represents	the	host	galaxy	color	in	the	flux-flux	diagram	
indicates	the	host	galaxy	fluxes	(Choloniewski+	 81;	Winkler+	 92;	
Winkler	97;	Sakata,	TM+	10;	Pozo-Nunez+	14,	15).
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dust with grains typically a third of the size of those in the 
Galaxy. 

We do not necessarily believe that the extinction curve of 
IC 4329A is representative of Seyfert galaxies in general. In 
contrast to other objects, much of the obscuring material is 
likely to be in the dust lane, at a considerable distance from 
the nucleus. When calculating the intrinsic luminosity in the 
next section, the extinction derived from the AV=RE 
(B-V) formula with 7? = 3.1 was therefore used. For IC 
4329A, and perhaps in other cases too, R = 2.5 would have 
been more appropriate. 

Figure 6. The relationship between Av (or tv) and A-1 for 
IC4329A. 

6 SEPARATION OF NUCLEAR FLUX AND 
UNDERLYING GALAXY COMPONENTS 
The colours of the underlying galaxies were estimated from 
fluxes measured through different apertures within short 
time intervals of each other ( < 4 days). For each set of pairs 
of apertures (15 and 20 arcsec, 15 and 30 arcsec, 20 and 30 
arcsec) the fluxes in the annuli were averaged for each filter 
and the colours derived. Average galaxy colours were then 
determined, weighting the values for each annulus by the 
number of measurements of that annulus. The results are 
listed in Table 5. Note that possible radial colour gradients 
have been ignored. In some cases, the fluxes outside the 
nuclear region were too small to yield a meaningful result. 
For these, the colours of the underlying galaxy were taken to 
be (U- B)g = 0.3,(B- F)g = 0.8. 

Assuming that the colours of the variable component are 
also those of the nucleus as a whole, the fluxes through a 
particular aperture were plotted in a U, F diagram, together 
with a line representing the fluxes from a component having 
the same colours as the underlying galaxy. The intersection 
of this line with the fit to the data points represents the flux 
through a particular aperture when the nuclear flux contribu- 
tion is zero, i.e. it shows the flux contribution of the under- 
lying galaxy in this aperture. Fig. 7 shows the application of 
the method to NGC 3783 for 20- and 30-arcsec apertures. 

The method does not work if the colours of the nuclear 
and galaxy components are similar, as then the lines are 
almost parallel and their intersection becomes very sensitive 
to errors in their slopes and positions. This is why the U, V 
diagram was chosen for this analysis. The nuclear and galaxy 
U- V colours are usually clearly distinguishable, unless the 
nucleus is heavily reddened. 

The true nuclear flux at any given moment may be found 
by subtracting the constant underlying galaxy component, 

0 5 10 15 20 25 30 35 40 45 50 , 
V-flux (mJy) 

Figure 7. The 17- versus F-flux diagram of NGC 3783. 
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Extension	to	higher	redshifts
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Fig. 12. Flux variation gradient diagrams for 2011 (left), 2013 (middle) and 2014 (right) campaigns. The solid lines delineate the bisector regression
model yielding the range of the AGN slope. The dashed lines indicate the range of host slopes determined by Sakata et al. (2010) for 11 nearby
AGN. The intersection between the host galaxy and AGN slope (red area) gives the host galaxy flux at the time of the campaign in both bands.

r fluxes corresponding to campaign 2011 and for the B and R
fluxes corresponding to campaign 2013/2014 obtained during
the same nights and through a 7.′′5 aperture. All the fluxes has
been corrected for Galactic foreground extinction.

The bisector linear regression method yields a linear gradient
of ΓBRs = 1.18 ± 0.06, ΓBR = 1.22 ± 0.03 and ΓBR = 1.10 ± 0.05
for campaigns in 2011, 2013, and 2014, respectively. The results
are consistent, within the uncertainties, with the gradients ob-
tained for other Seyfert 1 galaxies by Winkler et al. (1992) and
Sakata et al. (2010). The AGN fluxes at the time of the monitor-
ing can be determined by subtracting the host galaxy fluxes from
the total fluxes. The host galaxy subtracted average AGN fluxes
and the host galaxy flux contribution of PGC 50427 are listed
in Table 2. Also listed in Table 2 are the interpolated rest frame
5100 Å fluxes and the monochromatic AGN luminosity λLλ(AGN)

at 5100 Å obtained at the distance of 102 Mpc. The rest frame
flux at 5100 Å was interpolated from the host-subtracted AGN
fluxes in both bands, assuming for the interpolation that the AGN
spectral energy distribution (SED) is a power law (Fν ∝ να) with
a spectral index α = log( f xAGN/ f yAGN)/ log(νx/νy), where νx
and νy are the effective frequencies in the X and Y bands, re-
spectively. The error was determined by interpolation between
the ranges of the AGN fluxes ±σ in both filters, respectively.

The position of PGC 50427 on the BLR size-luminosity dia-
gram is shown in Fig. 11. The values of other galaxies are taken
from Bentz et al. (2013) and from previous photometric rever-
beration mapping campaigns (Haas et al. 2011; Pozo Nuñez et al.
2012, 2013). For this figure we converted the measured Hα size
into the size of the Hβ BLR using the weighted mean ratio for the
time lag τ(Hα):τ(Hβ):1.54:1.00, obtained by Bentz et al. (2010)
from the Lick AGN Monitoring Program of 11 low-luminosity
AGN.

3.4. Infrared light curves and dust-torus size

Figure 13 depicts the optical and near-infrared normalized light
curves of the nucleus of PGC 50427 obtained during the 2013
campaign. The light curves are published at the CDS. To decon-
volve the host galaxy and the nuclear flux contributions, we used
the FVG method in the same way as described in Pozo Nuñez
et al. (2014a). The SED of the variable component remain con-
stant with time, and in consequence the slopes obtained from
the optical and NIR flux ratios (B/R and J/K) allow us to sep-
arate the AGN flux through the use of a well-defined range of
host galaxy colors (Glass 2004; Sakata et al. 2010). Figure 14
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Fig. 13. Optical and NIR host galaxy subtracted light curves obtained
between May and August 2013.

shows the J flux plotted against the K flux for each night.
The bisector linear regresion method yields a linear gradient
of ΓJK = 0.38 ± 0.05 which correspond to a nuclear color
J − K = 1.97 ± 0.07, and is consistent with the FVG colors
of Seyfert galaxies (J − K ∼ 2.3) measured by Glass (2004).
Figure 15 shows the distribution of J − K colors of Seyfert
galaxies previously studied by Glass (2004) and the value for
PGC 50427 obtained in this work. The color of PGC 50427 cor-
respond to a blackbody temperature of 1850 K, which is in
agreement with the sublimation temperature of hot pure graphite
grains (Mor & Netzer 2012), and supports the previous conclu-
sions that IR emission observed from Seyfert galaxies is domi-
nated by thermal radiation from the hot dust close to the central
AD (Suganuma et al. 2006).

The optical B and R-bands, which are mostly dominated by
the AGN continuum4, show a similar varibility behavior. The

4 The R-band also contains a small contribution from the strong Hα
emission line.
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Summary

• Sublimation	 of	dust	:	a	key	for	the	torus-RM	distance.
• Results	 from	the	MAGNUM	 project

– The	best	dust	lag-luminosity	 relation	to	date
– H0=73	km/s/Mpc based	on	the	torus-RM	distance

• Future	progress	in	the	torus-RM	cosmology
– Refinement	of	the	torus	RM	distance

• The	delayed	response	of	the	dust-lag	change	to	the	flux	variation	
of	the	accretion	disk	is	a	significant	source	of	intrinsic	scatter of	
the	dust	lag-luminosity	 relation.

• Measuring	Td and	other	observational	parameter	may	help.
• (Calibration	of	the	torus-RM	distance:	coming	soon)

– Extension	to	higher	redshift
• Inter-band	time	lag	in	the	torus	emission	 should	be	corrected.
• Estimation	of	the	host-galaxy	flux	from	the	monitoring	data.


