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of quasar 3C 273 by lunar eclipse method with an unreachable at the time in radio
astronomy angular resolution (Hazard et al. 1963).

2 Astrotomographic methods and their classification

Astrotomography methods, in spite of their variety, can be conditionally divided into
two large groups with respect to the astronomical object under research.

Some astrotomographic methods use the rotation of the astronomical object under
research to obtain information about its structure: eclipse mapping (Cameron et al.
2004; Baptista 2004), Stokes imaging (Potter et al. 1998, 2004), Doppler tomography
(Agafonov et al. 2009; Richards et al. 2012) and Roche tomography (Cameron et al.
2004; Watson, Dhillon 2004).

Table 1. Methods that use the rotation of an astronomical object.

Method Physical event
on which the
method is based

Astronomical
objects under
study

Input data
(what is ob-
served)

Final result (data
processing result)

Eclipse mapp-
ing (Cameron
et al. 2004;
Baptista 2004)

An eclipse of a
rotating white
dwarf accretion
disk by a red-
dwarf compan-
ion

Cataclysmic
Variables
(CVs)

Optical or IR
eclipse light
curves of an
accretion disk

The structure,
spectrum and
time evolution of
an accretion disc

Stokes imag-
ing (Potter et
al. 1998, 2004)

Linearly and
circularly polar-
ized cyclotron
emission

White dwarf
accreting
matter and
magnetic field
in polars

Four Stokes
parameter
light curves
as a function
of orbital
phase

2D image of white
dwarf cyclotron
emission areas in
magnetic latitude
and longitude
coordinates

Doppler tomo-
graphy (Aga-
fonov et al.
2009; Richards
et al. 2012)

Non-relativistic
Doppler shift in
spectral lines

Gas flows in
close binary
star systems
of different
types

Spectral line
profiles cov-
ering one
or more full
orbital cycles

Image in the
3D velocity vec-
tor components
space

Roche tomo-
graphy (Cam-
eron et al.
2004; Watson,
Dhillon, 2004)

Secondary star
line emission at
different orbital
phases

A Roche lobe-
filling sec-
ondary star in
CVs

Spectral line
profiles and
intensities
at different
orbital phases

Line intensity
distribution on
the surface of the
Roche-lobe-filling
star in CVs

Qualitative
Solar Rotati-
onal Tomogr-
aphy (QSRT)
(Morgan et al.
2009)

Scattering of
photosphere
light by corona
free electrons

The solar
corona

2D corona-
graph images
at different
phases of
solar rotation

The 3D distribu-
tion of the elec-
tron density in
the solar corona
in relative values
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Table 1 summarizes the information on the main tomographic methods that use
the rotation of the astronomical object under study to change the angle of observation.

Rotation periods of astronomical objects in many cases are too large and it is
impossible to change an angle of observation due to the object rotation. So, other
methods do not relate to the object rotation. Among these methods, for example, we
can name the echo (or reverberation) mapping of active galactic nuclei (Bochkarev,
Antokhin 1982; Antokhin, Bochkarev 1983; Blandford, McKee 1982; Peterson, Horne
2004), the gravitational lensing (microlensing) technique (Kuijken 2003; Hoekstra
2013; Cropper et al. 2013), the interstellar scintillation method (Wolszczan, Cordes
1987; Smirnova et al. 1996, 2014), and the Faraday tomography method (Brentjens,
de Bruyn 2005; Macquart et al. 2012). A characteristic feature of these methods
is the presence of an auxiliary intermediate body or a propagation medium of elec-
tromagnetic waves, which are actually a part of a ground-space telescope. Table 2
summarizes the information on the main tomographic methods that do not use the
rotation of astronomical objects.

Table 2. Methods that do not use the rotation of an astronomical object.

Method Physical
event on
which the
method is
based

Astronomical
objects under
study

Input data
(What is
observed)

Final result
(data process-
ing result)

Echo-mapping
(Bochkarev,
Antokhin 1982;
Antokhin,
Bochkarev 1983;
Blandford, Mc-
Kee 1982; Peter-
son, Horne 2004)

Reemission
of variable io-
nizing conti-
nuum radiat-
ion of a cen-
tral source in
spectral lines
by a broad
line regions
(BLR) clouds

Quasars,
Seyfert I
galaxies

Continuum
ionizing
radiation of a
central source
and delayed
emission from
an ambient
BLR in lines
from far UV
to near IR

Diagrams in
continuum
intensity–line
intensity,
lag–ray
velocity co-
ordinates.
Kinematics
and structure
of BLR, cen-
tral black hole
mass

Gravitational
lensing (micro-
lensing) tech-
nique (Kuijken
2003; Hoekstra
2013; Cropper et
al. 2013)

Gravitational
lensing

Extragalactic
objects, stars,
exoplanets

Lensed im-
age of an
astronomical
object

Distribution
of gravitating
matter over
lens and/or
its mass

Interstellar scin-
tillation method
(Wolszczan,
Cordes 1987;
Smirnova et al.
1996, 2014)

Radio wave
propagation
effects in a
randomly
non-uniform
interstellar
medium

Pulsars,
compact
extragalactic
radio sources

Scintillations
of the radio
emission
intensity

Estimation
of the radio
source angul-
ar size. Spa-
tial structure
of pulsar ra-
dio emission
sources
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GENERAL INVERSE PROBLEM AND IMAGE RECONSTRUCTION

The inverse problem:

?

General Inverse Problem and Image Reconstruction

• Given a set of measured output signal

• Given a known system response function

• Given the statistical description of the data

what should be the input signal that gave rise to the output
data?

NPRE 435, Principles of Imaging with Ionizing Radiation, Fall 2017
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RM-‘DAYLIGHT’

Variability: a defining and ubiquitous  
AGN feature 

 (Courtesy of Liuyi Pei) 

•  Valuable for probing AGN physical properties:!

   - reverberation-mapping ! size estimates of various components (e.g., BLR)!

4 

 4 

analysis9. The discrepancy is likely due to the difficulty in measuring long lags in the 
brightest quasars, and could partially be due to intrinsic source variability (see 
Methods). 
 

 
 
Figure 1: Main observational and modelling results. (a) Observed GRAVITY 3C 273 Pa α 
line profile (black points) and differential phases averaged over three baselines (blue points) 
showing the S-shape typical for a velocity gradient. The error bars represent 1 sigma 
uncertainties. A thick disk model (pink lines, see also panels c and d) of the broad line emitting 
region provides an excellent joint fit to the data. (b) Observed centroid positions at several 
wavelength channels (symbol size proportional to signal-to-noise) show a clear spatial 
separation between red- and blue-shifted emission: a velocity gradient at a position angle nearly 
perpendicular to that of the radio jet (solid black line). The centroid track of the model is shown 
as the dashed line. (c) Schematic representation of the model parameters. (d) Velocity map of 
the best fitting model, a thick disk geometry viewed nearly face-on. Disorder in the velocity 
map reduces the observed photo-center shifts (b) compared to the angular size (d) of the broad 
Pa α emitting region. 
 
Our inferred BLR radius is also a factor ~3 smaller than the continuum dust radius 

Sturm+18

9

different fields. Only a relatively small number of quasars
have photometric data covering the full length of the sur-
vey. In quite general terms, it is clear that features in the
SF on timescales comparable to the length of the survey
should be treated with some caution because of limited
sampling at these timescales, even for individual objects
(e.g. Emmanoulopoulos et al. 2010).

4.4. Construction and testing of PSDs

Power spectrum analysis presents a powerful
alternative to structure function analysis. In this
section we describe the analysis of the data using this
independent method. While the SF2 analysis was used
on the ensemble of objects, the PSD analysis can be
only used on individual light-curves. We will be using
the code presented in Kelly et al. (2014) that estimates
the PSD of a light curve by modelling it as a continuous
auto-regressive moving average (CARMA) process.
This method is suitable for use even when using data
with non-uniform time sampling with large gaps, as in
(i)PTF. The tool includes an adaptive MCMC sampler,
maximum likelihood estimators and the basic tools
for representing the final results of the estimate. We
refer the reader to Kelly et al. (2014) for a detailed
explanation of the procedure and the code. Previous
examples of the AGN variability studied using this
algorithm can be found in Edelson et al. (2014) and
Simm et al. (2016).

For setting up the algorithm we use the standard
procedure described in Kelly et al. (2014) and further
elaborated in Simm et al. (2016). We let the algorithm
freely choose the order of the CARMA(P,Q) process
on the grid of values P=1,2,3 and Q=0,1,2. It was not
found to be necessary to include higher order processes
as the light curves were adequately modelled in the
vast majority of cases. After choosing the optimal
CARMA(P,Q) process we then run the sampler for
75,000 iterations. We show examples of the results in
Figure 6.

Following testing of this algorithm, we restricted
the analysis to well-sampled, extended light-curves.
Specifically, we include only light curves with more
than 60 data points and more than 300 days separation
between the first and last observations. Light-curves
with lower quality tend to perform poorly and often
produce results which are of little value due to the
large inferred errors on the estimates. Imposing these
conditions reduces our sample ten-fold to ∼ 2,200
quasars.

We performed extensive simulations to see how
well we are able to infer the parameters of the light
curves with this particular method in this particular
data-set. In order to do so we simulate light curves
with the same cadence and observational errors as in
the real data-set. We use the algorithm from Timmer &
Koenig (1995) to generate light curves with the PSDs
which are described with single power-law slope of
α = 1.75, 2, 2.25, 2.5, 2.75, 3. We then try to recover the
slope by fitting a power law to the PSD estimated with
the CARMA procedure. In order to eliminate red-noise
leak effects (see e.g. Emmanoulopoulos et al. 2010)

Fig. 6.— Four representative light curves (left) and the resulting
PSD spectra (right) obtained using the code presented in Kelly
et al. (2014). In the latter, the solid lines show the maximum-
likelihood estimate, while the shaded regions shows the 95% con-
fidence interval. The dashed lines show the approximate level of
noise in the photometric measurements. All of the right hand pan-
els have the same scaling to ease comparison. The upper two panels
show examples of quasars that are well modelled with with power-
law PSD with slope of α ∼ 2, while the lower two panels shows two
quasars with a steeper PSD, α ∼ 3.

we generate ten times longer light curves than needed
and then select a random segment having the desired
length. To match the observed ensemble behaviour of
our sample (see Section 5) we normalize the variability
by increasing or decreasing the simulated variability so
that the SF2 for the whole sample of simulated AGNs
at 100 days is equal to 0.01 mag2.

When fitting the PSD we only fit the values
which are above the estimated level of measurement
noise in the data. Following Kelly et al. (2014) and
Simm et al. (2016), the measurement noise is set to
2 med(δt) · med(σ2) where med (δt) is the median
cadence and med(σ2) is the median of the measured
noise variance. We tested also the results when using
the means of the cadence and variance instead of the
medians, but find that choosing medians reproduces
better the input values in the simulation.

We show the results of these simulations in Figure
7. The error bars represent the 25 and 75 percentiles
of the distribution of the recovered parameters from
the population and not the inferred errors for a single
object. Although the spread is large the basic trend

Caplar+16

Variability: a defining and ubiquitous  
AGN feature 

 (Zhu & Xue 2016) 

•  Valuable for probing AGN physical properties:!

   - PSD properties (e.g., break freq.) correlated to BH properties (e.g., Mbh, Mdot)!

 (McHardy et al. 2005) 
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DETECTION PROBLEM
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The noise coloration introduces weighting terms into the expression of the CR bounds which have
the same behavior as for a white noise but with additive interference terms.

5 DETECTION STAGE
The originality of the DAT concept is based on the constraint that the emitted signal has to be hidden
in ambient noise. In order to control the stealthiness of the emitted acoustic signal, a detection
stage is added in parallel with the estimation stage described below, as we can see in Fig. 1. In
fact, a solution consists in modeling a non wanted interceptor as a detection stage and evaluates its
performances. The goal is to quantify the performances of signal interception by the knowledge of
the detection probability.
The detection problem is equivalent to decide whether a signal is present in noise, or if only noise

is present. We model the detection problem as one of choosing between H0 which is termed the
noise-only hypothesis, and H1 which is the signal-present hypothesis, or symbolically,

Ω
H0 : m(t) = "(t)
H1 : m(t) = s(t) + "(t).

When the noise "(t) is Gaussian and the signal s(t) has a known form, the appropriate processing
includes a matched filter or its correlator equivalent. In absence of much knowledge concerning
the signal, it seems appropriate to use an energy detector to determine the presence of a signal in
the noise [14]. Moreover, this detector requires not much a priori informations and is based on the
energy measures of the received signal over a specific time interval. For all of these reasons, we have
decided to implement the energy detector as a reference in the detection stage.
The decision algorithm of the energy detector is described in Fig. 3. The received signal m(t)

is prefiltered by a bandpass filter which limits the noise bandwidth. A square law device gives the
instantaneous energy x2(t) of the bandpass signal x(t). Then, a lowpass filter eliminates the high
frequency terms, higher thanB/2, due to the square law device. Finally, a finite time integrator gives
an energy value ∏, over the interval [0;Ti], which is compared to a predetermined threshold ∏T : if
the energy value is higher than the threshold ∏T , then the signal-present hypothesisH1 is validated,
else it is the noise-only hypothesis H0. According to [14], the decision statistic is shown to have a
noncentral chi-square distribution. The probability of false alarm Pfa, for a given threshold ∏T , is
given by,

Pfa = Pr (∏ > ∏T | H0) = Pr
°
¬2

BTi
(0) > ∏T

¢
, (10)

and for the same threshold ∏T , the probability of detection Pd is defined by,

Pd = Pr (∏ > ∏T | H1) = Pr
°
¬2

BTi
(∏) > ∏T

¢
, (11)

where the symbol ¬2
BTi

(∏) indicates a noncentral chi-square variable with BTi degrees of freedom
and a noncentral parameter ∏. Therefore, for a given probability of false alarm, it is possible to
evaluate the detection threshold ∏T thanks to (10) and to deduce the corresponding probability of
detection value.
In the case of colored noise, we use a pre-whitening approach [5]. The received signal is passed

through a linear time-invariant filter, such that the noise at the output of the filter is white.
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3 WORKING HYPOTHESES
Assumptions on the propagation
We assume that the propagated signal s(t,p) is constituted by a sum of attenuated and delayed

versions of original emitted signal e(t). Consequently, the underwater acoustic propagation channel
may be represented by a linear filter whose finite IR h(t, p) is sparse and equal to a sum of P delayed
and attenuated impulses,

h(t,p) =
PX

p=1

Æp ±(t° øp), (1)

where ±(·) is the delta function and for the pth ray, Æp and øp represent, the attenuation and the
time delay. p = [Æø ]T is a vector of the unknown IR parameters constituted by the vector of
attenuationsÆ = [Æ1 · · · ÆP ]T and the vector of time delays ø = [ø1 · · · øP ]T . The parameter vector
p to be estimated, contains all the information about propagation in the channel and is used in an
inversion stage to recover physical properties of the channel. Thus, the received signalm(t,p) may
be modeled as a filter output, by a convolution (represented by the symbol §) between the channel
IR describing the multipath propagation (1) and the emitted signal with additive random noise "(t) :

m(t, p) = h(t,p) § e(t) + "(t) =
PX

p=1

Æn e(t° øp) + "(t) = s(t,p) + "(t). (2)

Assumptions on the emitter
Estimation performances depend on the emitted signal waveform. As shown in [3, 6], a condition

for obtaining good results for OAT systems is to use signals with a large duration bandwidth product.
But in the OAT system, because of the transducer distortions, the emitter can modify significantly
the signal shape especially in the case of large band signals. In this paper, we consider only a linear
spectral distortion. A simple emitter can be simulated by a frequency resonator (or as a sum of
frequency resonators) with the following transfer function,

G(∫) =
a

a + i2º(∫ + ∫r)
+

a

a + i2º(∫ ° ∫r)
, (3)

where ∫r is the resonance frequency of the transducer and a is a constant. This assumption is
satisfactory in a first approximation, as we can see on Fig. 2, where the spectral response of a real
transducer [7] and a simulation of the frequency resonator are depicted.
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Fig. 2: Comparaison between the spectral gain of the real transducer and the frequency resonator
model (with ∫r=667 Hz et a=253.5 estimated by the least square fitting method).

Therefore, the signal is distorted by the emitter. We assume in this paper that the signal which is
emitted in the underwater channel by the transducer is a filtered version of the original signal thanks
to the transfer function given in (3).

Assumptions on the radiated noise of ships
Among the different acoustic opportunity sources, ships constitute useful outstanding acoustic

sources of noise. The power of noise radiated is relatively important and their machinery generates
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2 S. Vaughan et al.

Over the years there have been many reports of periodic or
quasi-periodic variations from AGN, spanning the range of AGN
types, from radio to gamma-rays, and on timescales from minutes
to years. However, this field has a chequered history. Many reports
of periodic variations are based on very few observed cycles of the
claimed period, and a failure to properly account for the random
(red noise) variations which can produce intervals of seemingly pe-
riodic behaviour. See Press (1978) for a general discussion of this
point, and Vaughan & Uttley (2006) for some specific examples
of periodicity claims drawn just from X-ray observations of nearby
AGN1. Further observations of the same targets usually fail to show
the strictly repeating, coherent oscillations expected from a truly
periodic process. As we enter the era of massive time-domain sur-
veys capable of studying 105 � 107 targets, it is becoming more im-
portant to carefully assess detection procedures in order to under-
stand and control the number of false detections. In this paper we
re-examine the case of PG 1302�102, and we consider the broader
problem of how di↵erent stochastic models can make it di�cult to
distinguish periodic modulation among light curves selected from
large time-domain surveys.

2 THE LIGHT CURVE OF PG 1302�102

Figure 1 (top panel) shows the eight years of CRTS photometric
data for PG 1302�102 fitted with a sinusoidal model. The data
comprise 290 V-band magnitude estimates with a mean of ⇡ 15.0
mag. The data were taken with two very similar telescopes (CSS
and MLS; these provided 234 and 56 photometric points, respec-
tively). The sampling pattern is irregular, comprising nine ‘seasons’
each spanning 4�5 months with gaps of 6�8 months. Within each
season there are ⇠ 7 nights of data, each containing four closely
spaced (�t ⇠ few minutes) photometric measurements. The error
bars provided by the CRTS pipeline processing are in this case
overestimated by a factor of ⇡ 4 � 5. This e↵ect can be seen by
examining the short timescale variations in the data: the rms varia-
tion of the magnitude estimates within groups of nearby data (each
group spanning < 20 days, where intrinsic variability is expected
to be weak, and only including groups with > 5 points) is a factor
⇡ 4 smaller than the error bars2.

The data clearly show significant variations, with an rms ⇠ 0.1
mag. We fitted the data (using weighted least squares) with a model
comprising a sinusoid plus a constant o↵set:

V(t) = A1 cos(2⇡ f0t) + A2 sin(2⇡ f0t) +C. (1)

(This is equivalent to a model A sin(2⇡ f0t + �) + C with amplitude
given by A2 = A2

1 + A2
2 and phase tan � = A1/A2.) The best-fitting

amplitude is (A2
1 + A2

2)1/2 = 0.125 mag and the best-fitting (ob-
server frame) period is t0 = 1/ f0 = 4.65± 0.06 yr, slightly di↵erent
from the 5.16 ± 0.24 yr found by G15a. For fitting their sinusoidal
model G15a included additional archival data – notably LINEAR
data (Sesar et al. 2011) – extending the observational baseline. The
overall fit statistic is �2 = 85.7 for 287 degrees of freedom, again
indicating that the error bars are too large. Comparing this model
to a constant gives ��2 = 741.1.

1 Arguably the best candidate for quasi-periodic AGN light curve was seen
in RE J1034 � 396 (Gierlinski et al. 2008), which showed ⇠ 16 ‘cycles’ in
a single, continuous X-ray observation.
2 We have examined CRTS data for other AGN of similar magnitude and
find that the photometric error bars are often considerably larger than the
short-term scatter in the data.
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Figure 1. Panel (a) shows the ⇡ 8 years of V-band Catalina Real-time Tran-
sient Survey (CRTS) data for PG 1302�102. Panels (b) and (c) show exam-
ple simulations of red noise with the same sampling pattern as the CRTS
data (black points) plus additional data to simulate three seasons of LIN-
EAR data (blue points). Panels (b) and (c) were generated by random pro-
cesses with no periodicity present (a bending power law power spectrum,
and a damped random walk, respectively). In each case, the continuous,
error-free simulation is shown as a pink curve and the sampled data are
shown as circles. The red curve shows the best-fitting sinusoid. Examples
(b) and (c) were randomly selected from the 100 best candidates in runs of
100, 000 simulations of each process.

3 BAYESIAN MODEL COMPARISON

It is also possible to fit the data using a stochastic model. However,
is not meaningful to simply compare the �2 values for these fits.
When fitting stochastic models to individual time series, the �2 fit
statistic loses its simple meaning as a diagnostic of the ‘goodness of
fit’. (This is because the variance of the process is itself a parameter
to be fitted; the standard �2 statistic only makes sense as a likeli-
hood proxy when the variance is fixed. In fact, �2 ! 0 is possible
for any su�ciently flexible stochastic process. See also Kozłowski
2016).

In order to compare a periodic model to a stochastic model, we
have performed a Bayesian model comparison between the sinu-
soidal model and a simple stochastic process, the damped random
walk model. We first computed the posterior densities for the pa-
rameters of each model using Markov Chain Monte Carlo (MCMC)
method. We used a method based on the ensemble sampler pro-
posed by Goodman & Weare (2010) with > 105 draws based on

MNRAS 000, 1–8 (2016)

Vaughan +16

The community has been claiming multiple periods from various data 

 (e.g., Rani+09; Graham +15;  Liu+15…), spanning the full EM  spectrum, and with signal periods  

spanning ksec to years.  

However, no physically-consistent picture based on these periods has emerged
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DETECTION PROBLEM

red noise +5*sin(2pit/1880)
white noise 5*+sin(2pit/1880)

red noise +0.1*sin(2pit/1880)
white noise 0.1*+sin(2pit/

1880)
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NOISE PROCESSING

Correlation and Deconvolution



• time series projection in  2D period (frequency) 
domain

• time series projection in  Hilbert transform 
phase space 

14 2. Dynamical systems and time series

Attractor Reconstruction

Delay embeddingProjection

Time�series

Diffeomorphism

Figure 2.1: The methodology of attractor reconstruction via delay embeddings. The
true attractor is projected into a time series by some measurement function, from
which an image of the attractor can be formed by delay reconstruction, up to some
diffeomorphism.

possible to trace changes in the dynamical state of the disease in one subject over the
course of time.

These two distinct examples show the wide applicability of the concept of Wass-
erstein distances in nonlinear time series analysis. For completeness, we also include
Section 2.7 where we discuss a further generalization of the Wasserstein distances
that addresses a particularly interesting issue in nonlinear time series analysis, and
that contains new ideas for future theoretical work.

2.2 Wasserstein distances

A dynamical system is implicitly given by the information contained in repeated
measurements, and delay vector reconstruction allows to represent its trajectories in
a Euclidean space (Packard et al., 1980; Takens, 1981; Stark, 2000). Given a time series

x = (x1, . . . , xN ) (2.4)

of N measurements of a single observable X , a dynamical system is reconstructed
by mapping each consecutive block

x[i] = (xi, xi+q, . . . , xi+(k−1)q) (2.5)

of k values, sampled at discrete time intervals q, into a single point x[i] in a Euclidean
reconstruction space Ω = Rk. The intuitive idea is that the information contained in

Directly observing the phase space/attractor 
requires access to all dynamical variables. But:
• Often, only one dynamical variable is available.
• The dimension of phase space is unknown. 
Can we obtain from one time series a set
that preserves important properties of the attractor?
 → Yes, but it’s a bit of work.
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(?stochastic)

Hybrid method

? or intrinsic 
dominant 
nonlinear-shift/
catastrophic
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LC(t) = Dynamical(t) x Acceleration(t) x Radiation(t) x Observation(t) [Product]

diagonal peak

cross peak

time series projection in  2D period 
(frequency) domain

Kovačević at al 2018

Measure dynamic of 
interactions 
between oscillations 
in the light curves



HYBRID METHOD: 3 STEPS

The next step is to calculate the correlation coefficients of the envelopes of the wavelet coefficients of each light curve at each wavelet scale 
using the Spearman rank correlation coefficient. The Spearman coefficient measures statistical dependence between two variables without a 
normality assumption for the underlying population (i.e. it is a non-parametric measure).

1 STEP

2 STEP

       OUGP=Ornstein–Uhlenbeck Gaussian  Process

OUGP(raw LC1)=OUGP1 
OUGP(raw LC2)=OUGP2

0 STEP:
raw data 
preprocessing

SpearmanCorrCoeff(env(OUGP1),env(OUGP2)



OSCILLATION(SIGNAL) PATTERNS IN AGN LIGHT CURVES

HYBRID METHOD-HIGHLIGHTS

Using hybrid method we show a novelty  in the oscillatory 
patterns  of  the all surveys combined light  curves  of 
5 well known type 1 AGN: 

i) periodic variations in3C 390.3, NGC 4151, NGC 5548, E1821+643 

ii) differences in dynamical regimes:  
  - binary black hole candidates: 
    NGC 5548  chaotic regime  
    E1821+643 stable regime 

  -double-peaked Balmer line objects: 
   3C 390.3 oscillatory pattern rapidly fluctuate in 2D correlation space 
   Arp 102B no oscillations (or weakly coupled oscillatory systems) 

iii) confirmation of physical background of  detected oscillations: 
     our coupled oscillatory models describe oscillatory behavior in the  light curves 

-even 3C 390.3 and Arp 102B are categorized as double-peaked  Balmer line objects, 
 they have different dynamics.

8 A. B. Kovačević et al.

Periods Fcnt
100 1075 2050 3025 4000

P
e
ri
o
d
s
F
H
α

100 

1075

2050

3025

4000

3C 390.3

C
o
rr

e
la

ti
o
n
 c

o
e
ff
ic

ie
n
t

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Periods Fcnt
100 1075 2050 3025 4000

P
e
ri
o
d
s
F
H
β

100 

1075

2050

3025

4000

3C 390.3

C
o
rr

e
la

ti
o
n
 c

o
e
ff
ic

ie
n
t

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Periods Fcnt
100 1075 2050 3025 4000

P
er
io
d
s
F
L
y
α

100 

1075

2050

3025

4000

3C 390.3

C
o
rr

e
la

ti
o
n
 c

o
e
ff
ic

ie
n
t

-0.5

0

0.5

1

Periods Fcnt
100 1075 2050 3025 4000

P
e
ri
o
d
s
F
C
IV

100 

1075

2050

3025

4000

3C 390.3

C
o
rr

e
la

ti
o
n
 c

o
e
ff
ic

ie
n
t

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Figure 5. 2D correlation maps of all periodicities within the range 100 � 4000 days found in the light curves of 3C 390.3. In panels the horizontal axes are
periods in the continuum at 5100 Å and 1370 Å, respectively. Since correlation coefficients are symmetrical, the upper triangle of each plot is a reflection
of the corresponding lower triangle, however, it is presented for better visualization. The areas of high correlation are marked in red. Note the prominent
blue clusters of negative correlation. Spurious non-physical signals (such as the dark region at about (1800, 3100) days, in the right bottom panel) appear as
uncorrelated (not reflected across the diagonal), because they are uncoupled from real physical processes. Absence of off diagonal correlation clusters indicates
that oscillations are caused by physical processes within 3C 390.3.

have quite an effect on the topology of phase curves. The associ-
ated multisinusoidal fit is estimate as in the earlier case. The three
sinusoid model is undoubtedly superior to one sinusoid model as
is evident both, from the correlations between fitted and observed
values and from the �

2 parameter (see Table 3 and Fig. (11)) .

NGC 5548. 2D correlation map of the continuum and H� line
shows segregation of correlation coefficients into single elongated
cluster (see Fig. 8). The cluster is smeared between periods of 11.75
and 14.23 yr. There are no off-diagonal clusters indicating syn-
chronous coupling of period of about 13 yr (approximate center
of the cluster) in those light curves. Peterson et al. (2002, see their
Table 8) reported significant changes in the H� lag during their 8
yr monitoring program. We tested variability of the time lags be-
tween the continuum and H� emission line by means of windowed
Z-transformed discrete CCF (Alexander 2013, ZDCF). Both time
series were splitted into 20 non-overlapping time segments (of dif-
ferent lengths (Ti)) centered on ti, i = 1, ...20. Each segment en-
compass either convex or concave parts of the light curve. The re-
sults of the ZDCF correlation analysis are summarized in Table 4.
In Table 4, the time window used for ZDCF is given in column

winMJD . Mean, median sampling and total points in the contin-
uum and H� line segments are given in P̄cont, ePcont, N1 and P̄line,
e
Pline, N2, respectively. ⌧ML is basically the time lag correspond-
ing to the peak of ZDCF rmax nearest to zero lag, and it also has
the largest maximum likelihood parameter ML.

In Fig. 9. we show ⌧ML as a function of the centers of non-
overlapping windows presented in Table 4. Even the size of set of
time lags may be small, we fit a sinusoid (see Fig. 9), which as-
sumes the periodicity of ⇠ 4600 days. This function is intended to
guide the eye along the data points, not to state that time lags be-
have necessarily periodic. The fitted curve does not pass through all
the points, but we note that about the half of the points are on each
side of the curve. It may be worthwhile to mention that there are
reasons to expect periodicity in the time lag evolution curve, since
BLR size varies with the mean optical luminosity (Lu et al. 2016).
By contrast, the estimated sinusoidal fit to the observed light curve
(Table 3) is of poor quality, because data are highly volatile, with
frequent peaks and troughs, which are often quite sharp (see Fig.
11).

E1821+643. Using the data for all light curves, our method

MNRAS 000, 1–17 ()



CHALLENGES  PG 1302-102 
Figure 1 The parameter space of SMBH binary pairs. The expected orbital periods for

SMBH close binary pairs at the specified separations as a function of total black-hole
mass. The solid upper line for each separation indicates a z = 5 track and the solid lower
line a z = 0.05 track whilst the two internal dotted lines show z = 1.0 (lower) and z = 2.0
(upper) tracks respectively. The hatched region indicates the range over which CRTS has
temporal coverage of 1.5 cycles or more of a periodic signal. The pink shaded region
shows the region of detection for the best CRTS candidate given the range of virial black-
hole masses reported in the literature. Also shown (solid black star) is the location of the
best known SMBH binary candidate, OJ 2876.
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Figure 2 The composite light curve for PG 1302-102 over a period of 7,338 days (⇠ 20
years). The light curve combines data from two CRTS telescopes (CSS and MLS) with
historical data from the LINEAR and ASAS surveys, and the literature (see Methods for
details). The error bars represent one standard deviation errors on the photometry values.
The dashed line indicates a sinusoid with period 1,884 days and amplitude 0.14 mag.
The uncertainty in the measured period is 88 days. Note that this does not reflect the
expected shape of the periodic waveform which will depend on the physical properties of
the system. MJD, modified Julian day.
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Graham et al. 2015

Did ASAS-SN kill PG1302-102? 3
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MJD−50000
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CRTS
ASAS−SN −0.17 mag

binned LINEAR −0.09 mag
binned CRTS
binned ASAS−SN −0.17 mag

Figure 1. The combined light curve of PG1302-102 from LINEAR (pink), CRTS (black) and ASAS-SN (blue). LINEAR
and ASAS-SN have been offset to match CRTS (see text). Adopting the best-fit period and its uncertainties from G15,
sinusoids with periods of P = 1884 days (cyan dashed line) and P = 1884 ± 88 days (cyan dotted lines) have been fitted to the
LINEAR+CRTS light curve and extrapolated to guide the eye. Additionally, we have superimposed a best-fit sinusoid of the
period P= 2012 days (black dashed line), the best-fit period of the LINEAR+CRTS+ASASSN light curve that we determined
under the DRW+periodic model. The binned light curve is also shown (LINEAR: green; CRTS: orange; ASAS-SN: magenta).

Liu+ al 2018

Kovačević, Popović, Simić, Ilić 2019

4 Kovačević et al.

mass of a less massive component m1, and more massive component m2, i.e. m1 < m2 and

q = m1

m2
) which orbit the barycenter of the system, in the plane inclined at an angle θ with respect

to the observer. Accretion disks around each black holes are coplanar with the orbital plane.

Both accretion disks are classical geometrically thin optically thick relativistic disk proposed by

Shakura & Sunyaev (1973), which are thermalized due to the friction of rotating matter and radiate

continuum emission in the UV, optical and IR band. The disk effective temperature (Teff) decreases

with the radius R, and is given with the following expression adopted from Lasota (2016):

Teff [K] = 2 · 105
!

108

mi

"1/4!
Rin

R

"
3

4

#

1−

$

Rin

R

%

(1)

where mi,i=1,2 is black hole mass and Rin is inner radius.

There are several empirical definitions of the radius of an accretion disk (Krolik & Hawley 2002),

and some more for slim accretion disks (Abramowicz et al. 2010). In our work the inner radius is

defined as Rin ∝ 10Rg, where Rg is the half of the Shwarzschild radius, because it emphasizes the

inner most place from which the UV/optical/IR luminosity originates. Moreover, we also consider

that the inner radius corresponds to the innermost stable circular orbit (ISCO).

To estimate the outer radius Rout in units of light days, we adopt the relation given by Vicente et al.

(2014), which is coming from the microlensing observations of quasars:

Ri
out[ld] =

1

2
· r0(

mi[M⊙]

109
)2/3. (2)

where r0 = 4.5(±0.7
1.6), and mass mi is given in solar masses. The outer radius of the accretion disks

around black holes in a compact binary system on a circular orbit, could be tidally truncated (see

Paczynski & Rudak 1980; Papaloizou & Pringle 1977; Roedig et al. 2014). We also consider this

scenario, setting the outer radius of the disk of the more massive component to Rout−lc ∼

0.27q−0.3a and of the less massive component to Rout−sc ∼ 0.27q0.3a, where a is a separation

of components, q = m1

m2
is the mass ratio of components, and m1 ≤ m2. The ratio of outer radii

inferred from Eq. 2 (Rout−lc

Rout−sc
∼ q0.67) is almost the same as in the case of tidally truncated binary

system considered above (Rout−lc

Rout−sc
∼ q0.6). Thus, Eq. 2 can be adopted for calculating the disk

dimensions.

8 Kovačević et al.

to the following variation expression in time:

T pert
eff (R, t) = Teff(R) + Teff(R) · δT (t), (4)

δT (t) = Pint · exp

!

−
(t− tpert)2

P 2
dur

"

(5)

where Teff(R) is the unperturbed disk temperature profile. Note that a multiplication in the time

domain is equivalent to a convolution in the frequency domain. The Gaussian kernel is the physical

equivalent of the mathematical point. It is not strictly local, like the mathematical point, but semi-

local. Over its lifetime, the outburst produces a coherent temperature perturbation sampled by

a window function δT (t). Our numerical tests confirmed that the Gaussian-like perturbation of

temperature results in the Gaussian-like shape of curve luminosity. Perturbation is applied on the

disk temperature profile of the massive component and than superposed with an emission from the

less massive BH. As we can see in Eq. 5 the perturbation increases temperature at instant tpert, for

amount Pint and time Pdur.

Parameters of perturbation are found when comparing modeled and observed data, using

condition of minimization of statistical parameters which define the goodness of fit. Here we

intentionally modelled Gaussian-like perturbation using three free parameters (instead of two) in

order to allow more flexibility in the fitting procedure.

In Figure 2, as examples two hypothetical perturbations are present: first, that occurs 1800 days

after the beginning of the monitoring, with the intensity in maximum of Pint = 3.5% of the

total disk emission, and duration of 1000 days (upper left panel (a)); the influence on the massive

component light curve (middle left panel (c)) and the SMBHB light curve (bottom left panel

(e)) are also presented. Also, we explore a more realistic perturbation at around 5000 days after

the first observation, lasting for 400 days and with smaller intensity Pint = 2.5%. Its shape and the

effects are given in Figure 2 (right panels (b) and (d)). As can be seen from the bottom panels,

a perturbation in the disk of one of the SMBHB component can significantly deform the periodical

shape of a SMBHB light curve (compare (b) panel in Figure 1 with the bottom panels (e) and (f) in

Figure 2).
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Figure 4. Observed (orange points) and modeled light curve (blue points). Dashed black line represents

the modeled curve without white noise. Time is given on x-axis in days, whereas the flux ( note that the

observed light curve is previously expressed in magnitudes) in relative units is given on y-axis.

lnL = −
1

2
rTK−1r −

1

2
ln|K|−

N

2
ln2π (7)

where r is the residual vector between the mean flux predicted in a model and the observed flux

at each observation time ti. Here K = σ2
ijδij , δij = 1, i = j and δij = 0, i ̸= j, is the diagonal

covariance matrix where σ
2

ij is the variance. The fact that K is diagonal is the result of our earlier

evidence that the the data are uncorrelated. The variances are obtained as second derivatives of

the likelihood function with respect to the model parameters fitted to the data (i.e. as diagonal

elements of the Fisher information matrix). Note that due to different modeling approach, Liu et al.

(2018) applied their method only to the binned light curve, which consisted of 19 and 35 barricentric

points for LINEAR+CRTS and LINEAR+CRTS+ASASSN data set respectively, assuming that

these barycentric points are correlated as damped random walk. The same assumption of correlation

between data points was used in D’ Orazio et al. (2015) but the data set consisted of about 250
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Figure 5. 2D correlation map of all oscillatory patterns within the total observing time range 100− 5500

days, for preprocessed observed light curve (top) and modeled light curve (bottom). Both axes represent

periods (in days) in the curve. Diagonal correlation clusters means that oscillations are caused by physical

processes within PG1302-102. Values of correlation coefficients are given on colorbar. The clusters of high

correlation are marked in red with significance p < 0.00001. Dashed line marks detected period.
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Figure 6. Best fitting of sinusoid model to the detrended (mean value is subtracted) observed light curve.

Photometric magnitudes are represented by error bars whereas model with dashed, red line. The best fitting

parameters are given in Table 2.

the repetition of the perturbation, but we can provide some general statistical estimates following

the prescription given in Schnittman (2005). If we assume that the characteristic lifetime of the

perturbation is about 400 days, as it is the duration of the Gaussian-like perturbation inferred from

our model, then the number of such events which could be expected with the life time between 400

and 450 days over the next 2000 days is about 1.7. Based on this pure statistical view, there is a

chance to detect a similar event within next few years.

In our analysis we considered one time event, because the data did not show any similar feature up

to now. The recurrence of perturbations is well analyzed by the magnetohydrodynamic simulations

directly producing the hot spots in the accretion flow and implying that these phenomena could be
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LINE FORMATION-PROJECTION
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Figure 1: In this example, the object f is a constant function on a circle with radius 2.
Projections are taken from an angle ✓. The lines along which is integrated are shown in red.
Two lines with di↵erent ⇢ are plotted. The integration along such a red line results in a certain
value as shown in purple and yellow. These are the arrows in the object and in the blue graph.
Combining the values of integration for di↵erent ⇢ at the same angle ✓, a projection under angle
✓ is obtained as shown in blue.

under angle ✓ + ⇡ is exactly mirrored around ⇢ = 0. This follows from the definition of the
lines along which is integrated.

L(✓ + ⇡, ⇢) = {(x, y) 2 R2 : x cos(✓ + ⇡) + y sin(✓ + ⇡) = ⇢} (4)

= {(x, y) 2 R2 : �x cos(✓)� y sin(✓) = ⇢} (5)

= {(x, y) 2 R2 : x cos(✓) + y sin(✓) = �⇢} (6)

= L(✓,�⇢) (7)

This property makes it su�cient in practice to only obtain projections under angles ✓ 2 [0, ⇡).
An example of a sinogram can be seen in figure 2.

In this case, the lines along which is integrated for a projection are parallel lines. That is why
this type of projection is called a parallel projection. An example of another type of projection
is the fan beam projection, where all lines are coming from a specific source (this is used in
CT-imaging). However this will not be relevant for this thesis so only parallel projections are
focussed on.

2.2 Fourier Slice Theorem

In the previous chapter the Radon transform was defined. In this chapter a method is discussed
that is an inversion of this transform. As the name of the chapter contains the word Fourier,
it is only logical to introduce the following notation.

Definition 2.2.1. Let f be an object, the Fourier transform f̂ of f is defined as

f̂(u, v) =

Z 1

�1

Z 1

�1
f(x, y)e�2⇡i(xu+yv)

dxdy. (8)

This is a convention, there are also other ways to define the Fourier transform of an object.
A nice property of functions in the Schwartz space, is that the Fourier transform maps again
to the Schwartz space. Therefore the following theorem holds [7, p. 182]
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is at 7.4 kpc (Deane et al. 2015). In this case, the third SMBH
is very far away from the gravitational influence of the tight pair
because the gravitational sphere of influence of a black hole with
masses of 106M� (Sagitarius A) is about 3 to 5 pc (Alexander
2011) and 109M� is about 100 pc (Deane et al. 2015). In this
case, the reference plane is the orbital plane of one SMBH in the
binary system and the frame of origin is set to the barycenter of
the binary.

2.2. Kinematics of the disc-like BLR model

Now we derive the velocity of a cloud in the barycentric frame
BXYZ (see Fig. 2). Here we list the formulas only for a cloud in
a disc-like BLR of the more massive SMBH, and the derivation
for less massive SMBH is similar. For the purpose of derivation,
we rearrange Eq. 7 so that the vector of the relative position of a
cloud [%]B] in barycentric frame is given as

[%]B = rc � rb, (9)

where rb and rc are barycentric positions of the SMBH and the
cloud, respectively.

Simply from the transport theorem, we have that the barycen-
tric velocity of a cloud is given by

[%̇]B = %̇• + !•/B ⇥ %•, (10)

where %̇• is the velocity vector of the cloud relative to the SMBH
in the comoving frame of the SMBH (see Appendix C), and!•/B
is equivalent to the angular velocity vector of the SMBH at each
instant, which can be calculated from the known SMBH orbital
angular momentum:

!•/B =
rb ⇥ ṙb

rb · rb
. (11)

We note that !•/B can also be calculated using the barycentric
orbital elements of the SMBH (see Eq.C.4). We can rephrase
Eq. 11 in our set-up:

V = V• + !•/B ⇥ %•, (12)

where V• = %̇•. The relative state vectors (%• and V•) of the
cloud are given by Eqs. C.25 and C.26, respectively.

Having in mind Eq. 9, the time delay ⌧ of each cloud is ob-
tained as

⌧ =
|[%]B| + nobs · [%]B

c
, (13)

where |[%]B| is the norm of the relative position vector of a cloud
in the barycentric frame and nobs = (0,� sin i0,� cos i0) is the
barycentric vector of the observer’s line of sight defined by the
angle i0. The relative barycentric position of the cloud can be ob-
tained by transforming its relative position in the local comoving
frame given by Eq. C.27.

The velocity of the cloud (see Eq. 12) projected onto the di-
rection nobs is

Vz = V · nobs. (14)

Expansions of equations for the projections of % and velocity Vz
are given in Appendix C.

2.3. Simple and composite transfer function

In the simple linear theory, the broad emission-line radial veloc-
ity Vz (given by Eq. 14) and time-dependent response L(Vz, t) is
a convolution of prior time-delayed continuum variations C(t�⌧)
with a transfer function  (Vz, ⌧) such that (Blandford & McKee
1982)

L(Vz, ⌧) =
Z +1

�1
C(t � ⌧) (Vz, ⌧)d⌧. (15)

The transfer function is a projection of 6D (three spatial and
three kinematical) phase space distribution into 2D phase space
(defined by the radial velocity Vz and the time lag ⌧). The con-
tribution of a particular cloud in a single BLR to the overall re-
sponse depends on three parameters: its distance from the contin-
uum source (setting the time delay of its response), its radial ve-
locity (i.e. the velocity at which its response is observed), and the
emissivity (the parameter describing the e�ciency of the cloud
in reprocessing the continuum into line photons in steady state).
Based on the above discussion, we can predict the response of
an emission line to continuum variations for any physical de-
scription of the BLR and probe the modelled transfer functions
by comparing them to those that are inferred from observations.
We aim here to predict these observational reverberation signa-
tures for an elliptical disc model of the BLR of an SMBBH on
elliptical orbits.

Thus the transfer function for a single elliptical disc can be
written as follows:

 (v, ⌧) =
Z
✏(%)�(v � Vnobs)�(ct � (|%| � % · nobs))d% dV, (16)

where ✏%)) is the (assumed isotropic) responding volume emis-
sivity of the emission region as a function of position, and
%,V are the barycentric state vectors of a cloud, but for clar-
ity, the subscript B is omitted. We adopted the emissivity law
✏(%) = ✏0%�q (see Eracleous et al. 1995, and references therein)
for calculating the 2DTF, where % is the polar form of the trajec-
tory of the cloud determined for a given time span starting from
the solution of the Kepler equation. Because the trajectory is an
ellipse, it implies that emissivity varies both with radial distance
and the given true or eccentric anomaly and pericenter position
of the cloud. The parameter q can take di↵erent values (see e.g.
Eracleous et al. 1995; Popović et al. 2004; Afanasiev et al.
2019). Here we used q =2.5 (Eracleous et al. 1995), which is
expected in the case of moderate elongated annuli (e <⇠ 0.55).

Because the orbital plane of a cloud is defined by inclination
(i) and longitude of the ascending node (⌦), the transfer function
of the elliptical disc can be given as follows:

 (v, ⌧) = ✏0
Z Rout

Rin

%�qd%
Z 2⇡

0
d⌦
Z imax

�imin

sin idi
Z 2⇡

0
�(X1)�(X2)dE,

(17)

where X1 = v � Vz, X2 = ct � c⌧, and E is the eccentric anomaly
of the cloud on its orbital plane. Limits of integration imin, imax
indicate the range of the orbit inclination of the cloud in a disc-
like BLR, so that ⇥ = |imax � imin|.

Based on prescription from Paper I, the composite trans-
fer function for an SMBBH system is obtained by calculating
 1(v, ⌧) and  2(v, ⌧) for each BLR and coupling them as fol-
lows:
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locity (i.e. the velocity at which its response is observed), and the
emissivity (the parameter describing the e�ciency of the cloud
in reprocessing the continuum into line photons in steady state).
Based on the above discussion, we can predict the response of
an emission line to continuum variations for any physical de-
scription of the BLR and probe the modelled transfer functions
by comparing them to those that are inferred from observations.
We aim here to predict these observational reverberation signa-
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sivity of the emission region as a function of position, and
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ity, the subscript B is omitted. We adopted the emissivity law
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for calculating the 2DTF, where % is the polar form of the trajec-
tory of the cloud determined for a given time span starting from
the solution of the Kepler equation. Because the trajectory is an
ellipse, it implies that emissivity varies both with radial distance
and the given true or eccentric anomaly and pericenter position
of the cloud. The parameter q can take di↵erent values (see e.g.
Eracleous et al. 1995; Popović et al. 2004; Afanasiev et al.
2019). Here we used q =2.5 (Eracleous et al. 1995), which is
expected in the case of moderate elongated annuli (e <⇠ 0.55).
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where X1 = v � Vz, X2 = ct � c⌧, and E is the eccentric anomaly
of the cloud on its orbital plane. Limits of integration imin, imax
indicate the range of the orbit inclination of the cloud in a disc-
like BLR, so that ⇥ = |imax � imin|.

Based on prescription from Paper I, the composite trans-
fer function for an SMBBH system is obtained by calculating
 1(v, ⌧) and  2(v, ⌧) for each BLR and coupling them as fol-
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instant, which can be calculated from the known SMBH orbital
angular momentum:

!•/B =
rb ⇥ ṙb
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We note that !•/B can also be calculated using the barycentric
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Eq. 11 in our set-up:
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rection nobs is
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locity (i.e. the velocity at which its response is observed), and the
emissivity (the parameter describing the e�ciency of the cloud
in reprocessing the continuum into line photons in steady state).
Based on the above discussion, we can predict the response of
an emission line to continuum variations for any physical de-
scription of the BLR and probe the modelled transfer functions
by comparing them to those that are inferred from observations.
We aim here to predict these observational reverberation signa-
tures for an elliptical disc model of the BLR of an SMBBH on
elliptical orbits.

Thus the transfer function for a single elliptical disc can be
written as follows:

 (v, ⌧) =
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where ✏%)) is the (assumed isotropic) responding volume emis-
sivity of the emission region as a function of position, and
%,V are the barycentric state vectors of a cloud, but for clar-
ity, the subscript B is omitted. We adopted the emissivity law
✏(%) = ✏0%�q (see Eracleous et al. 1995, and references therein)
for calculating the 2DTF, where % is the polar form of the trajec-
tory of the cloud determined for a given time span starting from
the solution of the Kepler equation. Because the trajectory is an
ellipse, it implies that emissivity varies both with radial distance
and the given true or eccentric anomaly and pericenter position
of the cloud. The parameter q can take di↵erent values (see e.g.
Eracleous et al. 1995; Popović et al. 2004; Afanasiev et al.
2019). Here we used q =2.5 (Eracleous et al. 1995), which is
expected in the case of moderate elongated annuli (e <⇠ 0.55).

Because the orbital plane of a cloud is defined by inclination
(i) and longitude of the ascending node (⌦), the transfer function
of the elliptical disc can be given as follows:
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where X1 = v � Vz, X2 = ct � c⌧, and E is the eccentric anomaly
of the cloud on its orbital plane. Limits of integration imin, imax
indicate the range of the orbit inclination of the cloud in a disc-
like BLR, so that ⇥ = |imax � imin|.

Based on prescription from Paper I, the composite trans-
fer function for an SMBBH system is obtained by calculating
 1(v, ⌧) and  2(v, ⌧) for each BLR and coupling them as fol-
lows:
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Eracleous et al. 1995; Popović et al. 2004; Afanasiev et al.
2019). Here we used q =2.5 (Eracleous et al. 1995), which is
expected in the case of moderate elongated annuli (e <⇠ 0.55).

Because the orbital plane of a cloud is defined by inclination
(i) and longitude of the ascending node (⌦), the transfer function
of the elliptical disc can be given as follows:

 (v, ⌧) = ✏0
Z Rout

Rin

%�qd%
Z 2⇡

0
d⌦
Z imax

�imin

sin idi
Z 2⇡

0
�(X1)�(X2)dE,

(17)

where X1 = v � Vz, X2 = ct � c⌧, and E is the eccentric anomaly
of the cloud on its orbital plane. Limits of integration imin, imax
indicate the range of the orbit inclination of the cloud in a disc-
like BLR, so that ⇥ = |imax � imin|.

Based on prescription from Paper I, the composite trans-
fer function for an SMBBH system is obtained by calculating
 1(v, ⌧) and  2(v, ⌧) for each BLR and coupling them as fol-
lows:

Article number, page 6 of 21
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Fig. 2: Motion of a cloud in an elliptical disc-like BLR around an SMBH in the barycentric coordinate frame. The blue arrow
denotes the direction of the SMBH motion around the barycenter of the SMBBH system.

 (v, ⌧)coupled =
 1(v, ⌧)
1 + �0

+
 2(v, ⌧)
1 + ��1

0
, (18)

where �0 is the coupling factor that is obtained by normalisation
of the continuum variation of one of the SMBHs with the con-
tinuum of the other SMBH. Here we used the constant �0 ⇠ 1
as the simplest case when the binary black holes have the same
properties as the continuum variations.

3. Results and discussion: Reverberation

signatures of elliptical BLR model

The aim of this study is the di↵erentiation of elliptical disc-like
BLR models on the basis of 2DTF maps, therefore we calcu-
lated these maps for various adopted orbital configurations of the
clouds and binary components. The time -averaged line profiles
are also calculated and compared to those observed and inferred
from disc-wind models.

For the initial conditions, we considered an SMBH binary
with the same parameters as given in Paper I. The masses of the
components are M1 = 1 ⇥ 108M� and M2 = 0.5 ⇥ 108M�. We
let the pericenters of the cloud orbits be uniformly distributed
for the BLR around the primary (Rin,Rout)c1 = (7, 15) ld and
secondary component (Rin,Rout)c2 = (4, 10) ld (see Eq. 8). We

generated 100 cloud orbits with a resolution of 1000 points each
within the range of the given inner and outer boundaries of the
disc-like BLRs. The inclination range for the cloud trajectories
in the two disc-like BLR are⇥ = 5�. This assumption is in agree-
ment with the hypothesis that a near-coplanar accretion disc and
BLR could be expected because in gas-rich mergers, the evolu-
tion of the SMBBHs is due to interaction with the surrounding
gas, so that the accretion onto the black holes align their spins
with the angular momentum of the binary (Bogdanović et al.
2007). Our elliptical BLR models and binary geometry should
be reduced to circular models when the eccentricity and the or-
bital orientation parameters are set to zero. Thus, the parameters
presented in Paper I were used as a consistency check for our
model. In this set-up, each mini-disc is illuminated by the con-
tinuum source at its own centre and not by the continuum source
in the other disc.

In particular we considered models (i) with non-randomised
orbital elements of clouds and (ii) with randomised eccentric-
ities and/or an orbital orientation of the clouds. Specifically,
for type (ii) simulations, we assumed that at the beginning, the
clouds have random eccentricities and/or angles of orbital orien-
tation. While eccentricities (and/or angles of orbital orientation)
of clouds were chosen at random, their semimajor axes and in-
clinations were kept at their values as in the non- randomised
case, thus ensuring non-intersecting orbital planes. In addition,
clouds are considered to be dimensionless points whose motion

Article number, page 7 of 21

Simple 2DTF Blandford and McKee+82

A. B. Kovačević et al.: Reverberation mapping of close binaries of supermassive black holes in active galactic nuclei.III

Fig. 2: Motion of a cloud in an elliptical disc-like BLR around an SMBH in the barycentric coordinate frame. The blue arrow
denotes the direction of the SMBH motion around the barycenter of the SMBBH system.
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where �0 is the coupling factor that is obtained by normalisation
of the continuum variation of one of the SMBHs with the con-
tinuum of the other SMBH. Here we used the constant �0 ⇠ 1
as the simplest case when the binary black holes have the same
properties as the continuum variations.

3. Results and discussion: Reverberation

signatures of elliptical BLR model

The aim of this study is the di↵erentiation of elliptical disc-like
BLR models on the basis of 2DTF maps, therefore we calcu-
lated these maps for various adopted orbital configurations of the
clouds and binary components. The time -averaged line profiles
are also calculated and compared to those observed and inferred
from disc-wind models.

For the initial conditions, we considered an SMBH binary
with the same parameters as given in Paper I. The masses of the
components are M1 = 1 ⇥ 108M� and M2 = 0.5 ⇥ 108M�. We
let the pericenters of the cloud orbits be uniformly distributed
for the BLR around the primary (Rin,Rout)c1 = (7, 15) ld and
secondary component (Rin,Rout)c2 = (4, 10) ld (see Eq. 8). We

generated 100 cloud orbits with a resolution of 1000 points each
within the range of the given inner and outer boundaries of the
disc-like BLRs. The inclination range for the cloud trajectories
in the two disc-like BLR are⇥ = 5�. This assumption is in agree-
ment with the hypothesis that a near-coplanar accretion disc and
BLR could be expected because in gas-rich mergers, the evolu-
tion of the SMBBHs is due to interaction with the surrounding
gas, so that the accretion onto the black holes align their spins
with the angular momentum of the binary (Bogdanović et al.
2007). Our elliptical BLR models and binary geometry should
be reduced to circular models when the eccentricity and the or-
bital orientation parameters are set to zero. Thus, the parameters
presented in Paper I were used as a consistency check for our
model. In this set-up, each mini-disc is illuminated by the con-
tinuum source at its own centre and not by the continuum source
in the other disc.

In particular we considered models (i) with non-randomised
orbital elements of clouds and (ii) with randomised eccentric-
ities and/or an orbital orientation of the clouds. Specifically,
for type (ii) simulations, we assumed that at the beginning, the
clouds have random eccentricities and/or angles of orbital orien-
tation. While eccentricities (and/or angles of orbital orientation)
of clouds were chosen at random, their semimajor axes and in-
clinations were kept at their values as in the non- randomised
case, thus ensuring non-intersecting orbital planes. In addition,
clouds are considered to be dimensionless points whose motion
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is at 7.4 kpc (Deane et al. 2015). In this case, the third SMBH
is very far away from the gravitational influence of the tight pair
because the gravitational sphere of influence of a black hole with
masses of 106M� (Sagitarius A) is about 3 to 5 pc (Alexander
2011) and 109M� is about 100 pc (Deane et al. 2015). In this
case, the reference plane is the orbital plane of one SMBH in the
binary system and the frame of origin is set to the barycenter of
the binary.

2.2. Kinematics of the disc-like BLR model

Now we derive the velocity of a cloud in the barycentric frame
BXYZ (see Fig. 2). Here we list the formulas only for a cloud in
a disc-like BLR of the more massive SMBH, and the derivation
for less massive SMBH is similar. For the purpose of derivation,
we rearrange Eq. 7 so that the vector of the relative position of a
cloud [%]B] in barycentric frame is given as

[%]B = rc � rb, (9)

where rb and rc are barycentric positions of the SMBH and the
cloud, respectively.

Simply from the transport theorem, we have that the barycen-
tric velocity of a cloud is given by

[%̇]B = %̇• + !•/B ⇥ %•, (10)

where %̇• is the velocity vector of the cloud relative to the SMBH
in the comoving frame of the SMBH (see Appendix C), and!•/B
is equivalent to the angular velocity vector of the SMBH at each
instant, which can be calculated from the known SMBH orbital
angular momentum:

!•/B =
rb ⇥ ṙb

rb · rb
. (11)

We note that !•/B can also be calculated using the barycentric
orbital elements of the SMBH (see Eq.C.4). We can rephrase
Eq. 11 in our set-up:

V = V• + !•/B ⇥ %•, (12)

where V• = %̇•. The relative state vectors (%• and V•) of the
cloud are given by Eqs. C.25 and C.26, respectively.

Having in mind Eq. 9, the time delay ⌧ of each cloud is ob-
tained as

⌧ =
|[%]B| + nobs · [%]B

c
, (13)

where |[%]B| is the norm of the relative position vector of a cloud
in the barycentric frame and nobs = (0,� sin i0,� cos i0) is the
barycentric vector of the observer’s line of sight defined by the
angle i0. The relative barycentric position of the cloud can be ob-
tained by transforming its relative position in the local comoving
frame given by Eq. C.27.

The velocity of the cloud (see Eq. 12) projected onto the di-
rection nobs is

Vz = V · nobs. (14)

Expansions of equations for the projections of % and velocity Vz
are given in Appendix C.

2.3. Simple and composite transfer function

In the simple linear theory, the broad emission-line radial veloc-
ity Vz (given by Eq. 14) and time-dependent response L(Vz, t) is
a convolution of prior time-delayed continuum variations C(t�⌧)
with a transfer function  (Vz, ⌧) such that (Blandford & McKee
1982)

L(Vz, ⌧) =
Z +1

�1
C(t � ⌧) (Vz, ⌧)d⌧. (15)

The transfer function is a projection of 6D (three spatial and
three kinematical) phase space distribution into 2D phase space
(defined by the radial velocity Vz and the time lag ⌧). The con-
tribution of a particular cloud in a single BLR to the overall re-
sponse depends on three parameters: its distance from the contin-
uum source (setting the time delay of its response), its radial ve-
locity (i.e. the velocity at which its response is observed), and the
emissivity (the parameter describing the e�ciency of the cloud
in reprocessing the continuum into line photons in steady state).
Based on the above discussion, we can predict the response of
an emission line to continuum variations for any physical de-
scription of the BLR and probe the modelled transfer functions
by comparing them to those that are inferred from observations.
We aim here to predict these observational reverberation signa-
tures for an elliptical disc model of the BLR of an SMBBH on
elliptical orbits.

Thus the transfer function for a single elliptical disc can be
written as follows:

 (v, ⌧) =
Z
✏(%)�(v � Vnobs)�(ct � (|%| � % · nobs))d% dV, (16)

where ✏%)) is the (assumed isotropic) responding volume emis-
sivity of the emission region as a function of position, and
%,V are the barycentric state vectors of a cloud, but for clar-
ity, the subscript B is omitted. We adopted the emissivity law
✏(%) = ✏0%�q (see Eracleous et al. 1995, and references therein)
for calculating the 2DTF, where % is the polar form of the trajec-
tory of the cloud determined for a given time span starting from
the solution of the Kepler equation. Because the trajectory is an
ellipse, it implies that emissivity varies both with radial distance
and the given true or eccentric anomaly and pericenter position
of the cloud. The parameter q can take di↵erent values (see e.g.
Eracleous et al. 1995; Popović et al. 2004; Afanasiev et al.
2019). Here we used q =2.5 (Eracleous et al. 1995), which is
expected in the case of moderate elongated annuli (e <⇠ 0.55).

Because the orbital plane of a cloud is defined by inclination
(i) and longitude of the ascending node (⌦), the transfer function
of the elliptical disc can be given as follows:

 (v, ⌧) = ✏0
Z Rout

Rin

%�qd%
Z 2⇡

0
d⌦
Z imax

�imin

sin idi
Z 2⇡

0
�(X1)�(X2)dE,

(17)

where X1 = v � Vz, X2 = ct � c⌧, and E is the eccentric anomaly
of the cloud on its orbital plane. Limits of integration imin, imax
indicate the range of the orbit inclination of the cloud in a disc-
like BLR, so that ⇥ = |imax � imin|.

Based on prescription from Paper I, the composite trans-
fer function for an SMBBH system is obtained by calculating
 1(v, ⌧) and  2(v, ⌧) for each BLR and coupling them as fol-
lows:
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is at 7.4 kpc (Deane et al. 2015). In this case, the third SMBH
is very far away from the gravitational influence of the tight pair
because the gravitational sphere of influence of a black hole with
masses of 106M� (Sagitarius A) is about 3 to 5 pc (Alexander
2011) and 109M� is about 100 pc (Deane et al. 2015). In this
case, the reference plane is the orbital plane of one SMBH in the
binary system and the frame of origin is set to the barycenter of
the binary.

2.2. Kinematics of the disc-like BLR model

Now we derive the velocity of a cloud in the barycentric frame
BXYZ (see Fig. 2). Here we list the formulas only for a cloud in
a disc-like BLR of the more massive SMBH, and the derivation
for less massive SMBH is similar. For the purpose of derivation,
we rearrange Eq. 7 so that the vector of the relative position of a
cloud [%]B] in barycentric frame is given as

[%]B = rc � rb, (9)

where rb and rc are barycentric positions of the SMBH and the
cloud, respectively.

Simply from the transport theorem, we have that the barycen-
tric velocity of a cloud is given by

[%̇]B = %̇• + !•/B ⇥ %•, (10)

where %̇• is the velocity vector of the cloud relative to the SMBH
in the comoving frame of the SMBH (see Appendix C), and!•/B
is equivalent to the angular velocity vector of the SMBH at each
instant, which can be calculated from the known SMBH orbital
angular momentum:

!•/B =
rb ⇥ ṙb

rb · rb
. (11)

We note that !•/B can also be calculated using the barycentric
orbital elements of the SMBH (see Eq.C.4). We can rephrase
Eq. 11 in our set-up:

V = V• + !•/B ⇥ %•, (12)

where V• = %̇•. The relative state vectors (%• and V•) of the
cloud are given by Eqs. C.25 and C.26, respectively.

Having in mind Eq. 9, the time delay ⌧ of each cloud is ob-
tained as

⌧ =
|[%]B| + nobs · [%]B

c
, (13)

where |[%]B| is the norm of the relative position vector of a cloud
in the barycentric frame and nobs = (0,� sin i0,� cos i0) is the
barycentric vector of the observer’s line of sight defined by the
angle i0. The relative barycentric position of the cloud can be ob-
tained by transforming its relative position in the local comoving
frame given by Eq. C.27.

The velocity of the cloud (see Eq. 12) projected onto the di-
rection nobs is

Vz = V · nobs. (14)

Expansions of equations for the projections of % and velocity Vz
are given in Appendix C.

2.3. Simple and composite transfer function

In the simple linear theory, the broad emission-line radial veloc-
ity Vz (given by Eq. 14) and time-dependent response L(Vz, t) is
a convolution of prior time-delayed continuum variations C(t�⌧)
with a transfer function  (Vz, ⌧) such that (Blandford & McKee
1982)

L(Vz, ⌧) =
Z +1

�1
C(t � ⌧) (Vz, ⌧)d⌧. (15)

The transfer function is a projection of 6D (three spatial and
three kinematical) phase space distribution into 2D phase space
(defined by the radial velocity Vz and the time lag ⌧). The con-
tribution of a particular cloud in a single BLR to the overall re-
sponse depends on three parameters: its distance from the contin-
uum source (setting the time delay of its response), its radial ve-
locity (i.e. the velocity at which its response is observed), and the
emissivity (the parameter describing the e�ciency of the cloud
in reprocessing the continuum into line photons in steady state).
Based on the above discussion, we can predict the response of
an emission line to continuum variations for any physical de-
scription of the BLR and probe the modelled transfer functions
by comparing them to those that are inferred from observations.
We aim here to predict these observational reverberation signa-
tures for an elliptical disc model of the BLR of an SMBBH on
elliptical orbits.

Thus the transfer function for a single elliptical disc can be
written as follows:

 (v, ⌧) =
Z
✏(%)�(v � Vnobs)�(ct � (|%| � % · nobs))d% dV, (16)

where ✏%)) is the (assumed isotropic) responding volume emis-
sivity of the emission region as a function of position, and
%,V are the barycentric state vectors of a cloud, but for clar-
ity, the subscript B is omitted. We adopted the emissivity law
✏(%) = ✏0%�q (see Eracleous et al. 1995, and references therein)
for calculating the 2DTF, where % is the polar form of the trajec-
tory of the cloud determined for a given time span starting from
the solution of the Kepler equation. Because the trajectory is an
ellipse, it implies that emissivity varies both with radial distance
and the given true or eccentric anomaly and pericenter position
of the cloud. The parameter q can take di↵erent values (see e.g.
Eracleous et al. 1995; Popović et al. 2004; Afanasiev et al.
2019). Here we used q =2.5 (Eracleous et al. 1995), which is
expected in the case of moderate elongated annuli (e <⇠ 0.55).

Because the orbital plane of a cloud is defined by inclination
(i) and longitude of the ascending node (⌦), the transfer function
of the elliptical disc can be given as follows:

 (v, ⌧) = ✏0
Z Rout
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(17)

where X1 = v � Vz, X2 = ct � c⌧, and E is the eccentric anomaly
of the cloud on its orbital plane. Limits of integration imin, imax
indicate the range of the orbit inclination of the cloud in a disc-
like BLR, so that ⇥ = |imax � imin|.

Based on prescription from Paper I, the composite trans-
fer function for an SMBBH system is obtained by calculating
 1(v, ⌧) and  2(v, ⌧) for each BLR and coupling them as fol-
lows:
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is at 7.4 kpc (Deane et al. 2015). In this case, the third SMBH
is very far away from the gravitational influence of the tight pair
because the gravitational sphere of influence of a black hole with
masses of 106M� (Sagitarius A) is about 3 to 5 pc (Alexander
2011) and 109M� is about 100 pc (Deane et al. 2015). In this
case, the reference plane is the orbital plane of one SMBH in the
binary system and the frame of origin is set to the barycenter of
the binary.

2.2. Kinematics of the disc-like BLR model

Now we derive the velocity of a cloud in the barycentric frame
BXYZ (see Fig. 2). Here we list the formulas only for a cloud in
a disc-like BLR of the more massive SMBH, and the derivation
for less massive SMBH is similar. For the purpose of derivation,
we rearrange Eq. 7 so that the vector of the relative position of a
cloud [%]B] in barycentric frame is given as

[%]B = rc � rb, (9)

where rb and rc are barycentric positions of the SMBH and the
cloud, respectively.

Simply from the transport theorem, we have that the barycen-
tric velocity of a cloud is given by

[%̇]B = %̇• + !•/B ⇥ %•, (10)

where %̇• is the velocity vector of the cloud relative to the SMBH
in the comoving frame of the SMBH (see Appendix C), and!•/B
is equivalent to the angular velocity vector of the SMBH at each
instant, which can be calculated from the known SMBH orbital
angular momentum:

!•/B =
rb ⇥ ṙb

rb · rb
. (11)

We note that !•/B can also be calculated using the barycentric
orbital elements of the SMBH (see Eq.C.4). We can rephrase
Eq. 11 in our set-up:

V = V• + !•/B ⇥ %•, (12)

where V• = %̇•. The relative state vectors (%• and V•) of the
cloud are given by Eqs. C.25 and C.26, respectively.

Having in mind Eq. 9, the time delay ⌧ of each cloud is ob-
tained as

⌧ =
|[%]B| + nobs · [%]B

c
, (13)

where |[%]B| is the norm of the relative position vector of a cloud
in the barycentric frame and nobs = (0,� sin i0,� cos i0) is the
barycentric vector of the observer’s line of sight defined by the
angle i0. The relative barycentric position of the cloud can be ob-
tained by transforming its relative position in the local comoving
frame given by Eq. C.27.

The velocity of the cloud (see Eq. 12) projected onto the di-
rection nobs is

Vz = V · nobs. (14)

Expansions of equations for the projections of % and velocity Vz
are given in Appendix C.

2.3. Simple and composite transfer function

In the simple linear theory, the broad emission-line radial veloc-
ity Vz (given by Eq. 14) and time-dependent response L(Vz, t) is
a convolution of prior time-delayed continuum variations C(t�⌧)
with a transfer function  (Vz, ⌧) such that (Blandford & McKee
1982)

L(Vz, ⌧) =
Z +1

�1
C(t � ⌧) (Vz, ⌧)d⌧. (15)

The transfer function is a projection of 6D (three spatial and
three kinematical) phase space distribution into 2D phase space
(defined by the radial velocity Vz and the time lag ⌧). The con-
tribution of a particular cloud in a single BLR to the overall re-
sponse depends on three parameters: its distance from the contin-
uum source (setting the time delay of its response), its radial ve-
locity (i.e. the velocity at which its response is observed), and the
emissivity (the parameter describing the e�ciency of the cloud
in reprocessing the continuum into line photons in steady state).
Based on the above discussion, we can predict the response of
an emission line to continuum variations for any physical de-
scription of the BLR and probe the modelled transfer functions
by comparing them to those that are inferred from observations.
We aim here to predict these observational reverberation signa-
tures for an elliptical disc model of the BLR of an SMBBH on
elliptical orbits.

Thus the transfer function for a single elliptical disc can be
written as follows:

 (v, ⌧) =
Z
✏(%)�(v � Vnobs)�(ct � (|%| � % · nobs))d% dV, (16)

where ✏%)) is the (assumed isotropic) responding volume emis-
sivity of the emission region as a function of position, and
%,V are the barycentric state vectors of a cloud, but for clar-
ity, the subscript B is omitted. We adopted the emissivity law
✏(%) = ✏0%�q (see Eracleous et al. 1995, and references therein)
for calculating the 2DTF, where % is the polar form of the trajec-
tory of the cloud determined for a given time span starting from
the solution of the Kepler equation. Because the trajectory is an
ellipse, it implies that emissivity varies both with radial distance
and the given true or eccentric anomaly and pericenter position
of the cloud. The parameter q can take di↵erent values (see e.g.
Eracleous et al. 1995; Popović et al. 2004; Afanasiev et al.
2019). Here we used q =2.5 (Eracleous et al. 1995), which is
expected in the case of moderate elongated annuli (e <⇠ 0.55).

Because the orbital plane of a cloud is defined by inclination
(i) and longitude of the ascending node (⌦), the transfer function
of the elliptical disc can be given as follows:

 (v, ⌧) = ✏0
Z Rout
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where X1 = v � Vz, X2 = ct � c⌧, and E is the eccentric anomaly
of the cloud on its orbital plane. Limits of integration imin, imax
indicate the range of the orbit inclination of the cloud in a disc-
like BLR, so that ⇥ = |imax � imin|.

Based on prescription from Paper I, the composite trans-
fer function for an SMBBH system is obtained by calculating
 1(v, ⌧) and  2(v, ⌧) for each BLR and coupling them as fol-
lows:
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is at 7.4 kpc (Deane et al. 2015). In this case, the third SMBH
is very far away from the gravitational influence of the tight pair
because the gravitational sphere of influence of a black hole with
masses of 106M� (Sagitarius A) is about 3 to 5 pc (Alexander
2011) and 109M� is about 100 pc (Deane et al. 2015). In this
case, the reference plane is the orbital plane of one SMBH in the
binary system and the frame of origin is set to the barycenter of
the binary.

2.2. Kinematics of the disc-like BLR model

Now we derive the velocity of a cloud in the barycentric frame
BXYZ (see Fig. 2). Here we list the formulas only for a cloud in
a disc-like BLR of the more massive SMBH, and the derivation
for less massive SMBH is similar. For the purpose of derivation,
we rearrange Eq. 7 so that the vector of the relative position of a
cloud [%]B] in barycentric frame is given as

[%]B = rc � rb, (9)

where rb and rc are barycentric positions of the SMBH and the
cloud, respectively.

Simply from the transport theorem, we have that the barycen-
tric velocity of a cloud is given by

[%̇]B = %̇• + !•/B ⇥ %•, (10)

where %̇• is the velocity vector of the cloud relative to the SMBH
in the comoving frame of the SMBH (see Appendix C), and!•/B
is equivalent to the angular velocity vector of the SMBH at each
instant, which can be calculated from the known SMBH orbital
angular momentum:

!•/B =
rb ⇥ ṙb

rb · rb
. (11)

We note that !•/B can also be calculated using the barycentric
orbital elements of the SMBH (see Eq.C.4). We can rephrase
Eq. 11 in our set-up:

V = V• + !•/B ⇥ %•, (12)

where V• = %̇•. The relative state vectors (%• and V•) of the
cloud are given by Eqs. C.25 and C.26, respectively.

Having in mind Eq. 9, the time delay ⌧ of each cloud is ob-
tained as

⌧ =
|[%]B| + nobs · [%]B

c
, (13)

where |[%]B| is the norm of the relative position vector of a cloud
in the barycentric frame and nobs = (0,� sin i0,� cos i0) is the
barycentric vector of the observer’s line of sight defined by the
angle i0. The relative barycentric position of the cloud can be ob-
tained by transforming its relative position in the local comoving
frame given by Eq. C.27.

The velocity of the cloud (see Eq. 12) projected onto the di-
rection nobs is

Vz = V · nobs. (14)

Expansions of equations for the projections of % and velocity Vz
are given in Appendix C.

2.3. Simple and composite transfer function

In the simple linear theory, the broad emission-line radial veloc-
ity Vz (given by Eq. 14) and time-dependent response L(Vz, t) is
a convolution of prior time-delayed continuum variations C(t�⌧)
with a transfer function  (Vz, ⌧) such that (Blandford & McKee
1982)

L(Vz, ⌧) =
Z +1
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C(t � ⌧) (Vz, ⌧)d⌧. (15)

The transfer function is a projection of 6D (three spatial and
three kinematical) phase space distribution into 2D phase space
(defined by the radial velocity Vz and the time lag ⌧). The con-
tribution of a particular cloud in a single BLR to the overall re-
sponse depends on three parameters: its distance from the contin-
uum source (setting the time delay of its response), its radial ve-
locity (i.e. the velocity at which its response is observed), and the
emissivity (the parameter describing the e�ciency of the cloud
in reprocessing the continuum into line photons in steady state).
Based on the above discussion, we can predict the response of
an emission line to continuum variations for any physical de-
scription of the BLR and probe the modelled transfer functions
by comparing them to those that are inferred from observations.
We aim here to predict these observational reverberation signa-
tures for an elliptical disc model of the BLR of an SMBBH on
elliptical orbits.

Thus the transfer function for a single elliptical disc can be
written as follows:

 (v, ⌧) =
Z
✏(%)�(v � Vnobs)�(ct � (|%| � % · nobs))d% dV, (16)

where ✏%)) is the (assumed isotropic) responding volume emis-
sivity of the emission region as a function of position, and
%,V are the barycentric state vectors of a cloud, but for clar-
ity, the subscript B is omitted. We adopted the emissivity law
✏(%) = ✏0%�q (see Eracleous et al. 1995, and references therein)
for calculating the 2DTF, where % is the polar form of the trajec-
tory of the cloud determined for a given time span starting from
the solution of the Kepler equation. Because the trajectory is an
ellipse, it implies that emissivity varies both with radial distance
and the given true or eccentric anomaly and pericenter position
of the cloud. The parameter q can take di↵erent values (see e.g.
Eracleous et al. 1995; Popović et al. 2004; Afanasiev et al.
2019). Here we used q =2.5 (Eracleous et al. 1995), which is
expected in the case of moderate elongated annuli (e <⇠ 0.55).

Because the orbital plane of a cloud is defined by inclination
(i) and longitude of the ascending node (⌦), the transfer function
of the elliptical disc can be given as follows:

 (v, ⌧) = ✏0
Z Rout

Rin

%�qd%
Z 2⇡

0
d⌦
Z imax

�imin

sin idi
Z 2⇡

0
�(X1)�(X2)dE,

(17)

where X1 = v � Vz, X2 = ct � c⌧, and E is the eccentric anomaly
of the cloud on its orbital plane. Limits of integration imin, imax
indicate the range of the orbit inclination of the cloud in a disc-
like BLR, so that ⇥ = |imax � imin|.

Based on prescription from Paper I, the composite trans-
fer function for an SMBBH system is obtained by calculating
 1(v, ⌧) and  2(v, ⌧) for each BLR and coupling them as fol-
lows:

Article number, page 6 of 21

Wang+18,Sonsheng+19, Kovacevic, Wang, Popovic +19

A&A proofs: manuscript no. aa36398-19

is at 7.4 kpc (Deane et al. 2015). In this case, the third SMBH
is very far away from the gravitational influence of the tight pair
because the gravitational sphere of influence of a black hole with
masses of 106M� (Sagitarius A) is about 3 to 5 pc (Alexander
2011) and 109M� is about 100 pc (Deane et al. 2015). In this
case, the reference plane is the orbital plane of one SMBH in the
binary system and the frame of origin is set to the barycenter of
the binary.

2.2. Kinematics of the disc-like BLR model

Now we derive the velocity of a cloud in the barycentric frame
BXYZ (see Fig. 2). Here we list the formulas only for a cloud in
a disc-like BLR of the more massive SMBH, and the derivation
for less massive SMBH is similar. For the purpose of derivation,
we rearrange Eq. 7 so that the vector of the relative position of a
cloud [%]B] in barycentric frame is given as

[%]B = rc � rb, (9)

where rb and rc are barycentric positions of the SMBH and the
cloud, respectively.

Simply from the transport theorem, we have that the barycen-
tric velocity of a cloud is given by

[%̇]B = %̇• + !•/B ⇥ %•, (10)

where %̇• is the velocity vector of the cloud relative to the SMBH
in the comoving frame of the SMBH (see Appendix C), and!•/B
is equivalent to the angular velocity vector of the SMBH at each
instant, which can be calculated from the known SMBH orbital
angular momentum:

!•/B =
rb ⇥ ṙb

rb · rb
. (11)

We note that !•/B can also be calculated using the barycentric
orbital elements of the SMBH (see Eq.C.4). We can rephrase
Eq. 11 in our set-up:

V = V• + !•/B ⇥ %•, (12)

where V• = %̇•. The relative state vectors (%• and V•) of the
cloud are given by Eqs. C.25 and C.26, respectively.

Having in mind Eq. 9, the time delay ⌧ of each cloud is ob-
tained as

⌧ =
|[%]B| + nobs · [%]B

c
, (13)

where |[%]B| is the norm of the relative position vector of a cloud
in the barycentric frame and nobs = (0,� sin i0,� cos i0) is the
barycentric vector of the observer’s line of sight defined by the
angle i0. The relative barycentric position of the cloud can be ob-
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frame given by Eq. C.27.

The velocity of the cloud (see Eq. 12) projected onto the di-
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Vz = V · nobs. (14)

Expansions of equations for the projections of % and velocity Vz
are given in Appendix C.

2.3. Simple and composite transfer function
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ity Vz (given by Eq. 14) and time-dependent response L(Vz, t) is
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1982)

L(Vz, ⌧) =
Z +1

�1
C(t � ⌧) (Vz, ⌧)d⌧. (15)
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We aim here to predict these observational reverberation signa-
tures for an elliptical disc model of the BLR of an SMBBH on
elliptical orbits.

Thus the transfer function for a single elliptical disc can be
written as follows:

 (v, ⌧) =
Z
✏(%)�(v � Vnobs)�(ct � (|%| � % · nobs))d% dV, (16)

where ✏%)) is the (assumed isotropic) responding volume emis-
sivity of the emission region as a function of position, and
%,V are the barycentric state vectors of a cloud, but for clar-
ity, the subscript B is omitted. We adopted the emissivity law
✏(%) = ✏0%�q (see Eracleous et al. 1995, and references therein)
for calculating the 2DTF, where % is the polar form of the trajec-
tory of the cloud determined for a given time span starting from
the solution of the Kepler equation. Because the trajectory is an
ellipse, it implies that emissivity varies both with radial distance
and the given true or eccentric anomaly and pericenter position
of the cloud. The parameter q can take di↵erent values (see e.g.
Eracleous et al. 1995; Popović et al. 2004; Afanasiev et al.
2019). Here we used q =2.5 (Eracleous et al. 1995), which is
expected in the case of moderate elongated annuli (e <⇠ 0.55).

Because the orbital plane of a cloud is defined by inclination
(i) and longitude of the ascending node (⌦), the transfer function
of the elliptical disc can be given as follows:

 (v, ⌧) = ✏0
Z Rout

Rin

%�qd%
Z 2⇡

0
d⌦
Z imax

�imin
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0
�(X1)�(X2)dE,

(17)

where X1 = v � Vz, X2 = ct � c⌧, and E is the eccentric anomaly
of the cloud on its orbital plane. Limits of integration imin, imax
indicate the range of the orbit inclination of the cloud in a disc-
like BLR, so that ⇥ = |imax � imin|.

Based on prescription from Paper I, the composite trans-
fer function for an SMBBH system is obtained by calculating
 1(v, ⌧) and  2(v, ⌧) for each BLR and coupling them as fol-
lows:
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ONE OF SIMPLE REALIZATION OF SMBBH ELLIPTICAL SYSTEM
A. B. Kovačević et al.: Reverberation mapping of close binaries of supermassive black holes in active galactic nuclei.III

(a) (b)

Fig. 1: (a) Orbit of body M described with the standard astrometric set of orbital elements (a, e, i,!,⌦], f ), where POM = f is
the true anomaly and L is the angular momentum vector of the motion of the body. The inertial OXYZ coordinate system can be
chosen arbitrarily (see the detailed explanation in Appendix A .) (b) A realisation of the coplanar elliptical SMBBH system at the
half orbital period calculated from our binary system model. M1 and M2 are the locations of the SMBHs in a binary system. Blue
ellipses are the inner and outer boundaries of disc-like BLRs. The reference plane (BXY) is the plane of the relative orbit of M2 with
respect to M1, and the origin of the coordinate system is the barycenter (B) of the system.

and Lai 2016) have clearly demonstrated that individual mini
discs form around each SMBH over many binary orbital peri-
ods. Eracleous et al. (1995) suggested that the tidal e↵ects of
the secondary black hole on a disc around the primary could be
analogous to the e↵ects of the secondary star in a cataclysmic
variable on the accretion disc around a white dwarf. In these
studies it is generally found that for higher mass ratios (>0.25),
the disc is unstable to tidal perturbations. The same instability
in SMBBH could cause the disc to elongate in response to the
tidal field of the secondary. Hayasaki et al. (2008) performed
high-resolution smoothed particle hydrodynamics (SPH ) simu-
lations of equal-mass SMBBH of moderate orbital eccentricity
(0.5) surrounded by a circumbinary disc. Their study showed
that periodic mass transfer causes the mini discs to become ec-
centric because the gas particles from the circumbinary disc orig-
inally have elliptical orbits around the black holes. This enables
accretion directly onto the black holes during the binary orbit.
Finally, the discs are tidally deformed by the time-varying bi-
nary potential owing to the orbital eccentricity. The apocenters
of the discs face each other while SMBHs sit in pericenter and
apocenter of their orbital configuration. Only in the beginning of
accretion is the gas added to the outer parts of discs (see their
Fig. 2). Recently, Bowen et al. (2017, 2018) reported the first
simulations of mini-disc dynamics for a binary consisting of an
equal-mass pair of non-spinning SMBHs when their mutual sep-
aration is small enough, causing the mini discs to stretch toward
the L1 point of a binary system.

For notation simplicity, from now on we drop the iterative
indexes i and j. To provide a more comprehensive practical il-
lustration of our SMBBH geometrical model set-up, we applied

it to the coplanar case of binary SMBHs whose elliptical disc-
like BLRs are aligned with the binary common orbital plane.
Each disc-like BLR is defined by the inner and outer radius, and
an SMBH is located in its focus. The material in the discs rotates
around the SMBH on the elliptical orbits with Keplerian rotation
velocity (see Figure 1(b)). The SMBH masses are M1 = 108M�
and M2 = 0.5 ⇥ 108M�. Their orbital eccentricities are 0.5 and
the semimajor axis of the relative orbit is not larger than 30 ld.
The inner and outer edges for the smaller and larger BLR are (4,
10) and (7, 15) ld, respectively. The eccentricities of the cloud
orbits are 0.5.

In addition to a coplanar SMBBH, we also consider a non-
coplanar case, when the SMBH orbits are mutually inclined.
Such cases are well known in the multiple star population (see
e.g. Scheafer et al. 2016). In hierarchical formation scenar-
ios, if binary SMBH do not coalesce before the merger with
a third galaxy, the formation of a triple SMBH system is pos-
sible. Most of such systems could be long-lived (⇠ 109 year)
(see Amaro-Seoane et al. 2010, and references therein). How-
ever, we assumed a simple scenario, where mutually inclined
SMBH orbits arise due to perturbation during a close encounter
with some unseen massive object (such as an SMBH). This per-
turber has a much longer orbital period than the two compo-
nents in a subparsec binary. The third object would be more dis-
tant and far away from the gravitational sphere of influence of
SMBHs. Thus, we can omit a long-period perturber from consid-
eration. This seems not an unrealistic assumption because there
is an observed triple system of supermassive black holes, SDSS
J150243.09+111557.3, at redshift z = 0.39, in which the clos-
est pair is separated by ⇠ 140 pc and the third active nucleus
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SIGNLE BLACK HOLE: 2DTF +LINE SHAPES
A. B. Kovačević et al.: Reverberation mapping of close binaries of supermassive black holes in active galactic nuclei.III

(a) (b) (c)

(d) (e) (f)

(g) (h)

Fig. 3: 2DTF maps obtained for di↵erent geometries of a single disc-like BLR. The panels show signatures of (a) circular BLR as
obtained using the parameters from Paper I (see text). Compare this with Fig. 2 in Paper I. (b) An elliptical BLR with clouds orbital
parameters e = 0.5,⌦ = 100�, and ! = 110�. (c) The same orbital configurations of the clouds as given in (b), but with ⌦ = 0�;
(d) the same orbital parameters as given in (b), but with ! = 0�; (e) the same as panel (b), but the angles of the orbital orientation
of clouds are random; (f) all three orbital parameters are random; (g) the orbital eccentricities of the clouds are random, but the
orientation is the same as in panel (b); (h) the orbital eccentricities of the clouds are random, but ⌦ = 10� and ! = 10�. We did not
consider the stability of the elliptical orbits in the randomised motion.

might cover only some portion of the full range of the period of
the clouds and the binary motion. For these reasons, we analysed
the case when clouds are observed for just 10% of their orbits,
see Figure 6. For example, the cloud takes about ten years to
complete one orbit around the SMBH, but the monitoring cam-
paign lasts just one year. Thus, orbital arcs of about one year in
both BLRs would be covered by observations. The orbital arc
starts at kTci j/10 and ends at (k + 1)Tci j/10 for k 2 {0, 4, 9}, de-
fined by the orbital period Tci j of the cloud.

The insets present the orbital configuration of an SMBH
system at the instances of the right edge of the orbital arcs of
the cloud ((k + 1)Tci j/10). The first row of panels show maps
for elliptical SMBH orbits e = 0.5, while the orbital plane of
the more massive SMBH is inclined by 30�, but both disc-like
BLRs are circular. The remaining panels show maps for an el-
liptical SMBH with elliptical disc-like BLRs, but the third row
contains the e↵ects of random eccentricities of cloud trajecto-
ries in both discs (stability of elliptical orbits is not considered).
When the orbital portion of each BLR cloud is observed for only

one year, the orbit has a di↵erent structure. More compact struc-
tures are obtained in an orbital range of the clouds of (0,Tci j/10),
and stripe-like structures are observed for (4Tci j/10,Tci j/2) and
(9Tci j/10,Tci j). The circular (Figure 6 (a)) and elliptic (Figure 6
(d),(g)) compact structures di↵er among themselves. The circu-
lar case (Figure 6 (b), (c)) is similar to the simulated 49-day-long
monitoring of the single circular BLR case in Horne et al. (2004,
see their Fig. 3 (b)). The randomisation of the eccentricity of the
cloud trajectories deforms the stripe-like structures strikingly.

All 2DTFs presented here are strongly asymmetric with re-
spect to the zero value of the radial velocity. In general, this
means that either the blue or the red wing responds most rapidly.

3.3. Time-averaged spectral lines

Figures 7-10 display a series of velocity profiles obtained by
integrating  (v, ⌧) over the time delay (Blandford & McKee
1982),
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(d) (e) (f)

(g) (h)

Fig. 7: Spectrum corresponding to theoretical 2DTF maps obtained for di↵erent geometries of a single BLR in Fig. 3.

asymmetric: the right wings are stronger because both SMBHs
contribute to the system.

The e↵ects of randomisation of eccentricities and/or orien-
tation angles of the cloud orbit on the emission line shapes are
shown in Fig. 9 (we did not consider the stability of the ellip-
tical orbits). They were obtained from 2DTF maps presented in
Fig. 5. The first row (Fig. 9(a–c)) shows emission lines obtained
for the coplanar elliptical SMBBH system and cloud orbits with
random eccentricities and higher values of ! (than in the case of
Fig.8(g–i)). The contribution of both SMBHs is clearly visible
in the middle and final portion of orbital phase. Increasing the
inclination of the elliptical orbit of the more massive SMBH and
decreasing the angle of pericenter of the cloud orbits that have
random eccentricities blurs the contribution of the emission of
the less massive SMBH (see Fig. 9(d–f)). However, in the same
non-coplanar settings of the SMBBH system, if we randomise
the orientations of the clouds in both BLRs, but fix the eccentric-
ities of the clouds of the more massive SMBH to a higher value
(0.5) than the value of the less massive SMBH (0.1), the contri-
bution of the less massive component is almost diminished and
only a hint of its presence is visible as an asymmetry in the line
profiles. On the other hand, a randomisation of the eccentricities
and orientations of the clouds in both BLRs of the non-coplanar
case terminates the contribution of the smaller SMBH around the
middle (see Fig. 9(k)) and end of orbital phase (see Fig. 9(l)). A

weak impression of the companion is visible at the beginning of
the orbital period (see Fig. 9(j)).

The most interesting feature in Fig. 8(a), (c), (d), (f) and Fig.
9(b–f) is an intermediate peak. This has been observed in the
spectral lines of a few objects: 3C 390.3 by Popović et al. (2011,
see their Fig.1), Popović et al. (2014, see their Fig. 3), NGC
4151 (Shapovalova et al. 2008, see their Fig. 6), and E1821+643
(Shapovalova et al. 2016, see their Fig. 15). Additionally, the
features shown in Fig. 9 (e-f) and (h-i) are detected in the spec-
tra of NGC 5548 (Peterson 1987, see their Fig. 3). Features in
panels (k-l) are detected in the spectra of the spectral line in Mrk
668 (Liu et al. 2016, see their Fig. 1 lower spectrum).

Likewise, broad-line features such as shown in Fig. 8 (j) and
Fig. 9 (a) are detected in BLR disc-wind models. The lines that
form in the vicinity of the disc-wind base look broad and sym-
metric (see Yong at al. 2016). As already mentioned, disc-wind
models and binary black holes can produce similar spectral line
shapes, and a more thorough analysis is needed.

Next, we considered that only one year of the orbital period
of the clouds of the non-coplanar elliptical binary SMBH sys-
tem are observed in di↵erent SMBH orbital phases. As we show
in Fig 10, the emission line shapes vary remarkably. When the
clouds are on circular trajectories in both BLRs, the right peak is
more prominent at the beginning (see Fig. 10(a)) and middle of
the orbital phase (see Fig. 9(b)). However, elliptical BLRs will
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Fig. 4.— Appearance of individual emission-line profiles in C-NW and C-3DW-100 models. Central panel: Following Fig. 3, gray color
represents the profile distribution for ⌧

0

= 0, while the pink overlay marks the ⌧

0

= 100 case. Markers “a” and “b” trace the location
of profiles calculated for the same SBHB configurations with zero and high optical depth, respectively. Surrounding panels illustrate the
appearance of profiles associated with markers in the central panel. In all cases, higher optical depth in the disk wind gives rise to more
symmetric profiles with a smaller number of peaks. Flux is shown in arbitrary units against wavelength marked on the bottom x-axis. Pink
vertical line at 4860.09Å marks the rest wavelength of the H� emission line. For all profiles, total flux (black line) is a sum of components
contributed by the primary (red), secondary (blue), and circumbinary disk (green).

TABLE 2
Physical Parameters of Profiles Shown in Figure 4

Profile a q e R

in1

R

in2

i � ✓

1

�

1

✓

2

�

2

F

max

�,b

/F

max

�,a

1 5000 0.818182 0.0 1000 1000 105 0 60 60 105 235 0.0011
2 5000 0.818182 0.0 500 1000 105 0 105 185 105 0 0.0013
3 5000 0.818182 0.0 1000 1000 105 0 60 0 135 235 0.0017
4 5000 0.666667 0.0 500 500 55 0 165 60 30 235 0.0029
5 5000 0.100000 0.0 500 1000 5 0 105 0 105 235 0.0014
6 5000 1.000000 0.0 1000 1000 105 0 135 0 165 60 0.0018

Note. — Fmax
�,b /Fmax

�,a – the ratio between the maximum value of the flux for the attenuated profile in panel b
(C-3DW-100 model), and the corresponding profile in panel a (C-NW model), before they were normalized to 1.

peaks.
The surrounding panels in Figure 4 illustrate the ap-

pearance of individual profile pairs. Each composite pro-
file (represented by the black line) is a sum of components
contributed by the primary (red), secondary (blue), and
circumbinary disk (green). Furthermore, Table 2 lists
the relevant physical parameters used in the calculation
of profiles in Figure 4. It can be seen that the increase
in optical depth transforms the double-peaked profile in

panel 1a to a single-peaked profile in panel 1b, mainly
because the dominant component contributed by the pri-
mary mini-disk becomes single-peaked. A complex pro-
file in panel 4a, which includes comparable contributions
from the primary and secondary mini-disks, is reduced to
a smoother single-peaked profile in panel 4b. Similarly,
a triple-peaked profile in panel 6a, in which the emission
from the secondary mini-disk dominates, is reduced to
an asymmetric, double-peaked profile in panel 6b. We

Nguyen+15, DW Model

L4 S. Bianchi et al.

Figure 2. Comparison of the available ground-based optical spectra of
NGC 3147 with the HST STIS G750L spectrum analysed here. The starlight
in the 0.1 arcsec HST spectrum is almost completely eliminated, revealing
the AGN continuum, which is a factor of 12 smaller than the host light in
the 1 arcsec Keck spectrum, and 40–50 smaller than the 2 arcsec Palomar
and OSN spectra.

Figure 3. Predicted disc line profiles with the same total flux and disc
parameters as NGC 3147, but with different inclination angles. Even broader
profiles are expected to be observed in higher inclination low-luminosity
AGN. The expected profiles for different inner radii are shown in the inset.

by van den Bosch et al. (2015) in the M–σ ∗ relation for ellipticals
(Gültekin et al. 2009), we get a BH mass log MBH/M⊙ = 8.49 ± 0.11
for NGC 3147 (the reported dispersion of the relation is 0.31 dex).
Adopting the most recent X-ray bolometric corrections (e.g. Duras
et al., in prep), a bolometric luminosity of 4.0 ± 1.2 × 1042 erg
s−1 can be derived from the average 2–10 keV X-ray luminosity
(3.3 ± 1.0 × 1041 erg s−1; Bianchi et al. 2008; Matt et al. 2012;
Bianchi et al. 2017). Therefore, the Eddington ratio of NGC 3147
is Lbol/LEdd = 1.0 ± 0.4 × 10−4. This accretion rate is much lower
than the minimum value required by Nicastro (2002) to launch the
BLR wind (1–4 × 10−3, slightly depending on the BH mass and the
accretion properties), and of the same order of the critical accretion
rate below which dust effectively suppresses BLR emission, but
only if low metallicity is allowed (Baskin & Laor 2018).

The luminosity of the broad H α line in the HST spectrum
(log LbHα/erg s−1 = 40.11) is consistent with the predicted values
of 40.5 ± 0.5 and 40.6 ± 0.5 from the LX versus LbHα and L[O III]

versus LbHα relations in type 1 AGN (Stern & Laor 2012a,b), given
the above reported X-ray luminosity and the (extinction corrected)
[O III] luminosity of 1.6 × 1040 erg s−1(Bianchi et al. 2008). NGC
3147 appears like a standard type 1 AGN at the very low end of
luminosity ranges.

From the measured broad H α luminosity, we can also predict
the BLR radius (as mapped by H α) in this source. By combining
the LbHα versus L5100 and the RBLR versus L5100 relations reported
in Greene & Ho (2005), we get RBLR = 2.8 ± 0.2 × 1015 cm (the
uncertainty being dominated by the uncertainties in the parameters
of the relations). For the BH mass reported above, this translates
into RBLR = 62+18

−14 rg (the uncertainty being dominated by the
uncertainty on the BH mass). This is in very good agreement with
the rin = 77 ± 15 rg found with the disc line profile fit.

The disc line profile fit yields the emitting radii in units of rg,
independently of the luminosity and the BH mass. We can therefore
do the opposite reasoning, and estimate the BH mass in NGC 3147
on the basis of the inner radius and the luminosity of the H α line.
By re-arranging and re-normalizing the above-mentioned formulae,
we get

log
MBH

M⊙
= (10.22 ± 0.05) + (0.553 ± 0.017) log L40

bHα − log
rin

rg
(1)

where L40
bHα is the Hα luminosity in units of 1040 erg s−1. Inserting

the values measured in our HST spectrum, we have log MBH/M⊙ =
8.40 ± 0.05, in agreement with the 8.49 ± 0.11 obtained via the
stellar velocity dispersion.

H α disc line profiles have been previously observed in a
handful of objects (e.g. Eracleous & Halpern 1994, 2003; Strateva
et al. 2003; Tran 2010; Storchi-Bergmann et al. 2017), but with
significantly larger inner radii at least in the range 102 − 103 rg, the
smallest being 98 rg in SDSS J0942 + 0900 (Wang et al. 2005).
The larger inner radii are indeed expected, since these objects have
generally larger accretion rates than NGC 3147 and the results are
commonly interpreted as a torus like structure, possibly associated
with a geometrically thick low accretion rate configuration. Here,
we find that the BLR forms a thin disc, extending down well
below 100 rg. Standard BLR photoionization models require column
densities NH > 1023 cm−2. The disc gas mass within RBLR is
then πR2

BLRmpNH > 2 × 10−3M⊙, which is >3 times the accretion
required per year to sustain the observed Lbol. Therefore, this
compact thin disc is likely the inner part of the reservoir of gas
which feeds the AGN, i.e. the accretion disc. The presence of a
thin accretion disc at L/LEdd ∼ 10−4 is likely to change our current
view of the accretion flow, being in contradiction with the standard
paradigm, that at low accretion rates, the accretion configuration
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Fig. 4: 2DTF maps obtained for di↵erent geometries of a binary system with disc-like BLRs. The insets present the orbital phase of
the binary system corresponding to the map. The direction of motion of the binary SMBH is anticlockwise. Panels (a)–(c) show a
coplanar circular case obtained using the parameters from Paper I (see their Fig. 2(a)); panels (d)-(f) show the same as panels (a)-(c),
but the inclination of the smaller SMBH orbit is 30�; panels (g)-(i) show a coplanar elliptical binary system with e=0.5, ⌦1 = ⌦2 =
0�, !1 = 0, and !2 = 180�, and orbital parameters of the clouds of ec1 = ec2 = 0.5,⌦c1 = ⌦c2 = 100�,!c1 = 0�, and !c2 = 180�;
and panels (j)-(l) show the same orbital parameters for the binary system as in panels (g)-(i) , but the orbital parameters of the clouds
are ec1 = ec2 = 0.5,⌦c1 = ⌦c2 = 100�, and !c1 = 110�,!c2 = 290�.

 (v) =
Z ⌧max

0
 (v, ⌧)d⌧, (19)

where (v, ⌧) � 0 for ⌧max 2 (0,1). It is a tim- averaged line pro-
file that is the convolution of  (v, ⌧) with a time-averaged con-

tinuum light curve because we do not have measured continuum
variations (see Eq. 15). Thus, the line profiles viewed here are
time-averaged representatives of the emission line shapes that
are expected for our models presented in Figures 3–6.

The 1D projections of 2DTF of single BLR models (see Fig
3) are shown in Fig. 7. The width and appearance of the spec-
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Fig. 8: Spectrum corresponding to theoretical 2DTF maps obtained for di↵erent geometries of the binary disc-like BLRs given in
Fig. 4.

produce a prominent left peak only in the middle and at the end
of the orbital phase motion (see Fig. 10(e), (f)). On the other
hand, randomisation of the eccentricities in both BLRs broadens
the emission lines (see Fig. 10(g)-(i), but we did not consider the
stability of elliptical orbits). The features in panel (a) are simi-
lar to the spectra of PKS 1346-112 (Eracleous & Halpern 2003,
see their Fig. 1), and the H� emission line on SDSS J022014.57-
072859.1 (Eracleous et al. 2012). The feature in panel (b) is also
similar to artificial spectra in (Horne et al. 2004, see their Fig.
3(b)). The line shape in panel (c) looks like the H� emission line
on SDSS J074007.28+410903.6 (Eracleous et al. 2012). The
shape shown in panel (f) resembles the line features in Mrk 668
(Liu et al. 2016, see their Fig. 1 lower spectrum). The spectral

line in panel (e) is a mirror image of the H↵ line observed on
SDSS J020011.53-093126.2 (Eracleous et al. 2012).

4. Conclusions

Here, by extending previous analysis in Paper I and II, we have
presented a 3D geometrical model that self-consistently predicts
the 2DTF signatures of an SMBBH system consisting of two
binary SMBHs on elliptical orbits with elliptical disc-like BLRs.
We considered a full set of orbital parameters of bot SMBHs
in the system and clouds in both BLRs because our first goal
was to understand the typical signatures of the BLR features in
2DTFs. We identified a number of characteristic features that
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 5: Same as Fig. 4. Panels (a)-(c) show a coplanar elliptical binary system with e = 0.5, ⌦1 = ⌦2 = 0�, !1 = 0,!2 = 180�,
clouds orbits in both BLRs have random eccentricities and ⌦c1 = ⌦c2 = 100�,!c1 = 110�,!c2 = 290�; panels (d)-(f) show that the
plane of the more massive SMBH orbit is inclined by 30�, clouds in both disc-like BLR have an orientation !c1 = 50�,!c2 = 230�,
and the remaining orbital parameters are the same as in panels (a)–(c) and (g)–(i), except that the orbital eccentricities of the clouds
are ec1 = 0.5 and ec2 = 0.1 and their orientations are randomised, all other orbital parameters are the same as in panels (a)–(c); in
panels (j)–(l), the binary orbital configuration is the same as for panels (d)–(f), but the orbital parameters of the clouds are random
in both BLRs. (The stability of elliptical orbits is not considered).

tral line is sensitive to the orientation of the cloud orbits. For
fixed eccentricities and large ⌦, increasing ! clearly broadens
and blurs the typical double-peaked line profile of a Keplerian
thin disc until one dominant horn is formed while the other peak
is weakened. Simultaneously increasing either ⌦ or ! and re-
ducing to zero the other orientation angle leads to double-peak

profiles. Randomisation of eccentricities and/or orientation of
clouds does not a↵ect the appearance of the spectra significantly
(stability of elliptical orbits is not considered).

The most interesting feature for these spectral line shapes is
the asymmetrical double peak (with one peak more prominent
than other). The features in Fig. 7 (c), (g) are detected in the
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Fig. 9: Spectrum corresponding to theoretical 2DTF maps obtained for di↵erent geometries of the binary disc-like BLRs given in
Fig. 5.

might help in assessing the SMBBH system and in evaluating its
parameters. Our main findings are listed below.

1. Simple and composite 2DTFs of elliptical disc-like BLRs
have a deformed bell shape. The slope gradients and wing
asymmetry of the deformed bells are predominantly con-
trolled by the orbital orientation of the clouds. In particu-
lar, the 2DTF could serve as an advanced diagnostic tool to
distinguish the BLR models on the basis of quantitative mea-
surements.

2. Both simple and composite 2DTF exhibit further di↵eren-
tiation between randomly oriented or randomly elongated
clouds trajectories and those where the orbital eccentricity
or orientation of the cloud is fixed. The randomisation of

the orbital parameters of the clouds tends to produce fila-
ments in bells, which appeared to be more asymmetric and
chaotic when the orbital orientation is random. As we dis-
cussed in section 3.0, in our model of randomised motion
we did not consider cloud collisions, which should be taken
into account, and we postpone this consideration to a future
study. An inclined SMBH orbit deforms the 2DTF bell size
corresponding to its BLR.

3. In particular, we found a simple 2DTF (inferred from a single
SMBH model) that we calculated for small angles of orien-
tation and random eccentricities of the clouds orbits, similar
to that observed in Mrk 50. We did not consider the stability
of elliptical orbits during randomised motion.
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Fig. 1. Month-averaged profiles of the Hα and Hβ broad emission lines
in the period 1995–2007. The abscissa (OX) shows radial velocities
with respect to the narrow component of the Hα or Hβ line. The or-
dinate (OY) shows the line flux in units of 10−16 erg cm−2 s−1 Å−1.

the stratification of the disk, i.e. the different dimensions of the
disk region that emits Hα or Hβ. It is interesting that the cen-
tral peak seems to stay at similar position in both lines, as we
show in Fig. 4 (panel top), where the points nicely follow the
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Fig. 4. Hα vs. Hβ peak velocity for the central (top), blue (middle) and
red (down) peak. The dashed line represents the expected function for
an equal peak position in both lines, while solid line represents the best
fit of the measured data.

linear bijection function (represented as dashed line). This could
indicate that the central peak is connected with some kind of
perturbation in a disk or an additional region that in the same
way affects the Hβ and Hα line profiles. The so-called central
peak was slightly shifted to the blue side (or close to the zero
shift) in 1996–1997 (see Fig. 1), but after that this peak has been
redshifted (between 1500 and 2500 km s−1).

In order to compare the variability of the blue peak posi-
tion during a longer period, we present in Fig. 5 our measure-
ments for the blue peak position and measurements obtained by
Veilleux & Zheng (1991), Gaskell (1996) and Eracleous et al.
(1997). The estimates of the blue-peak position in the Hα line
is more uncertain than in Hβ, owing to the substraction of the
atmosphere B-band (Paper I), while Hβ is more uncertain in the
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Fig. 5. The averaged and rms profiles of the broad Hα (left) and Hβ
(right) lines for the first period.

Fig. 6. The averaged and rms profiles of the broad Hα (left) and Hβ
(right) lines for the second period.

Hβ ratio remained nearly constant (≈0.3), while the Hα ratio
decreased very slightly (Fig. 4, middle). On the other hand, the
F(red)/F(core) ratio of both lines showed approximaly the same
rapid changes in the monitoring period.

3.3. Mean and root-mean-square spectra

The comparison between the averaged and the root-mean-square
(rms) spectra allows the line profile variability be investigated.
We first inspected the Hα and Hβ profiles for different peri-
ods, using spectra with a resolution of 8 Å. With a criteria
based on the similarity of line profiles, we found three char-
acteristic profiles during the period 1996−2006. In the first pe-
riod (1996−1999, JD = (2 450 094.466−2 451 515.583), where
the lines were very intense, a red asymmetry and a shoulder in
the blue wing were present. In the second period (2000−2001,
JD = 2 451 552.607 − 2 452 238.000), the broad lines were
weaker and the shoulder in the blue wing is smaller and a shoul-
der in the red part is present. From 2002 to 2006 (third period,
JD = 2 452 299.374−2 453 846.403), the lines showed a blue
asymmetry, and a shoulder in the red part was dominant in the
line profiles (peak at λ ≈ 4915 Å or at ≈2000 km s−1 relative to
the narrow component, see Figs. 5−7, top).

Averaged and rms profiles of Hβ and Hα for each of these
three periods and for the whole monitoring period (1996−2006)
were calculated after removing the continuum. They are shown
in Figs. 5−8.

We measured the Full Width at Half Maximum (FWHM)
in the rms and averaged broad line profiles, and we defined
the asymmetry A as the ratio of the red/blue Half Width at
Half Maximum (HWHM), i.e. A = HWHMred/HWHMblue. The

Fig. 7. The averaged and rms profiles of the broad Hα (left) and Hβ
(right) lines for the third period.

Fig. 8. The averaged and rms profiles of the broad Hα (left) and Hβ
(right) lines for the whole monitoring period.

measured values for the broad Hβ and Hα lines and their rms are
given in Table 12.

As can be seen in Fig. 5 (bottom), the blue component was
highly variable in the first period, the rms profile of Hα and
in a lesser extent of Hβ, showing two peaks or shoulders at
∼−4000 km s−1 and ∼−2000 km s−1. In the red part of the rms
profile of Hα, a weak bump at +2000 km s−1 and a shoulder
at +3500 km s−1 was also detected, while only weak shoulders
were seen at the same places in the rms profile of Hβ. On the
other hand, the line and their rms profiles show a blue asym-
metry (A < 1, see Table 12). In the second period (see Fig. 6,
bottom), the feature at ∼−4000 km s−1 in the blue part of the
rms profile of both lines disappeared, and only a shoulder at
∼−2000 km s−1 was present. The averaged Hα profile has a blue
asymmetry, but the Hβ one is almost symmetric. In the red part
of the rms profile of both lines, the shoulder seen in the first pe-
riod at ∼3500 km s−1 was still present. This feature, but shifted
at 2500 km s−1, was dominant in the third period (Fig. 7), not
only in the rms profiles of Hα and Hβ, but also in their averaged
profiles. Both lines show a red asymmetry in this period, but it
is interesting to note that the Hα rms profile shows a significant
blue asymmetry (A ≈ 0.82), while the Hβ rms profile has a sig-
nificant red asymmetry (A ≈ 1.17). Averaged and rms profiles
are given in Fig. 8 for the whole monitoring period from 1996 to
2006. As can be seen, two shoulders dominate the rms profiles:
a blue one at ∼−2000 km s−1 and a red one at ∼1500 km s−1.
Also, the variation in the blue part is more significant than in the
red one, because the line intensities during the whole monitor-
ing period are dominated by the first period, when the variation
in the blue part was the most significant and at the same time
the lines were the most intense. Table 12 shows also that for
the whole monitoring period, the rms profiles of both lines have
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Fig. 5. The averaged and rms profiles of the broad Hα (left) and Hβ
(right) lines for the first period.

Fig. 6. The averaged and rms profiles of the broad Hα (left) and Hβ
(right) lines for the second period.

Hβ ratio remained nearly constant (≈0.3), while the Hα ratio
decreased very slightly (Fig. 4, middle). On the other hand, the
F(red)/F(core) ratio of both lines showed approximaly the same
rapid changes in the monitoring period.

3.3. Mean and root-mean-square spectra

The comparison between the averaged and the root-mean-square
(rms) spectra allows the line profile variability be investigated.
We first inspected the Hα and Hβ profiles for different peri-
ods, using spectra with a resolution of 8 Å. With a criteria
based on the similarity of line profiles, we found three char-
acteristic profiles during the period 1996−2006. In the first pe-
riod (1996−1999, JD = (2 450 094.466−2 451 515.583), where
the lines were very intense, a red asymmetry and a shoulder in
the blue wing were present. In the second period (2000−2001,
JD = 2 451 552.607 − 2 452 238.000), the broad lines were
weaker and the shoulder in the blue wing is smaller and a shoul-
der in the red part is present. From 2002 to 2006 (third period,
JD = 2 452 299.374−2 453 846.403), the lines showed a blue
asymmetry, and a shoulder in the red part was dominant in the
line profiles (peak at λ ≈ 4915 Å or at ≈2000 km s−1 relative to
the narrow component, see Figs. 5−7, top).

Averaged and rms profiles of Hβ and Hα for each of these
three periods and for the whole monitoring period (1996−2006)
were calculated after removing the continuum. They are shown
in Figs. 5−8.

We measured the Full Width at Half Maximum (FWHM)
in the rms and averaged broad line profiles, and we defined
the asymmetry A as the ratio of the red/blue Half Width at
Half Maximum (HWHM), i.e. A = HWHMred/HWHMblue. The

Fig. 7. The averaged and rms profiles of the broad Hα (left) and Hβ
(right) lines for the third period.

Fig. 8. The averaged and rms profiles of the broad Hα (left) and Hβ
(right) lines for the whole monitoring period.

measured values for the broad Hβ and Hα lines and their rms are
given in Table 12.

As can be seen in Fig. 5 (bottom), the blue component was
highly variable in the first period, the rms profile of Hα and
in a lesser extent of Hβ, showing two peaks or shoulders at
∼−4000 km s−1 and ∼−2000 km s−1. In the red part of the rms
profile of Hα, a weak bump at +2000 km s−1 and a shoulder
at +3500 km s−1 was also detected, while only weak shoulders
were seen at the same places in the rms profile of Hβ. On the
other hand, the line and their rms profiles show a blue asym-
metry (A < 1, see Table 12). In the second period (see Fig. 6,
bottom), the feature at ∼−4000 km s−1 in the blue part of the
rms profile of both lines disappeared, and only a shoulder at
∼−2000 km s−1 was present. The averaged Hα profile has a blue
asymmetry, but the Hβ one is almost symmetric. In the red part
of the rms profile of both lines, the shoulder seen in the first pe-
riod at ∼3500 km s−1 was still present. This feature, but shifted
at 2500 km s−1, was dominant in the third period (Fig. 7), not
only in the rms profiles of Hα and Hβ, but also in their averaged
profiles. Both lines show a red asymmetry in this period, but it
is interesting to note that the Hα rms profile shows a significant
blue asymmetry (A ≈ 0.82), while the Hβ rms profile has a sig-
nificant red asymmetry (A ≈ 1.17). Averaged and rms profiles
are given in Fig. 8 for the whole monitoring period from 1996 to
2006. As can be seen, two shoulders dominate the rms profiles:
a blue one at ∼−2000 km s−1 and a red one at ∼1500 km s−1.
Also, the variation in the blue part is more significant than in the
red one, because the line intensities during the whole monitor-
ing period are dominated by the first period, when the variation
in the blue part was the most significant and at the same time
the lines were the most intense. Table 12 shows also that for
the whole monitoring period, the rms profiles of both lines have
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series: (1) a “generalized” Lomb-Scargle periodogram (GLS;
Lomb 1976; Scargle 1982), (2) a multiterm periodogram
routine (MP; Vanderplas et al. 2012; Ivezić et al. 2014), and (3)
a Bayesian generalized Lomb-Scargle periodogram (BGLS;
Mortier et al. 2015). GLS treats the problem of the mean
overestimation by adding a constant offset term to the model.
MP treats the problem as if the data have a hidden variability
that is more complex than single sinusoidal. BGLS includes
both weights and a constant offset in the data.

Figure 14 compares the GLS of our time series. The light
curves of the continua at 4200 and 5100Å and the Hβ and Hγ
lines have a strong peak corresponding to the period of about
4500 days and is the only statistically significant peak.
Periodograms of both Hβ and Hγ lines show another two
peaks around 1300 days and 780 days (w Î 0.003, 0.005[ ]),
but they are below the 1% and 5% significance levels. The peak
of about 780 days (∼2 years) can be a consequence of
observation conditions. The MP and BGLS techniques give a
peak that is also about 4500 days for both the continuum and
both line light curves. The periodograms of the fluxes of the
photometric curves show three prominent and statistically
significant peaks around 4000, 1850, and 1200 days
(Figure 14).

Comparing the obtained periods with the observed peaks in
the light curve, one can see that the 4000 (photometric) and
4500 (spectroscopic) day periods represent only one cycle
period, and it is hard to conclude that we found good evidence
for periodic behavior with the approximately 4000-day period.
However, the 1200-day period that is associated with the four
flare-like events in the photometric light curve represents
evidence for a periodic variability in the photometric light
curve, as well as in the spectroscopic light curves (1300 days;
even it has a small significance level). The period of 1850 days
found in the photometric light curve is not present in the
spectroscopic light curves. With the current analysis of the
variability in the continuum and line fluxes, we cannot find
any physical phenomena associated with this period.

The mean sampling period of the continuum and light curves
is about 50 days, so it is possible that any shorter period is
hidden in the poor data sampling since MP and BGLS could
not retrieve them with larger significance.

3.2.5. Line Profile Variation

Using the continuum and narrow line subtracted spectra, we
constructed the mean and rms line profiles of the broad Hβ and
Hγ components (see Figure 15), which shows that the broad
lines have negligible changes in their profiles; that is, during a
long period of 24 years, the Hγ and Hβ line profiles have a
strong red asymmetry, and the peaks of both lines are
redshifted about 1000 km s−1. We measured the FWHM of
Hβ of 5610 km s−1, which is larger than the FWHM of Hγ
(5060 km s−1), while the FWHM of the rms profile of Hγ
(4740 km s−1) is only slightly higher than the Hβ one
(4520 km s−1). In Figure 16 we compare the mean and rms
profiles of the Hγ and Hβ lines. The residuals of the narrow
line subtractions have been artificially corrected in the rms
profiles for better comparison. As can be seen in Figure 16, the
rms profile of Hβ shows smaller changes in the blue wing and
in the red part of the line, while the rms of Hγ shows smaller
variability in the far red wing. We compare the mean Hγ and
Hβ profiles (upper panel) and their rms (bottom panel) in
Figure 17. It is interesting that the rms profiles seem to be the

same, while the mean Hβ has a more extensive red wing than
does the mean Hγ. It seems that there is an additional emission
in the far wing of the mean Hβ, which is clearly seen when the
two mean profiles are subtracted (Figure 17, upper panel). We
fitted a simple Gaussian through the difference of the mean
spectra, which is shifted to 7090 km s−1 with an FWHM of
5810 km s−1. We measured that the ratio of the red to the blue
part of FWHM is 3.8 for the mean Hβ and 3.1 for the mean Hγ,
which is confirmed by the observed difference in the
asymmetry of the mean profiles.

4. DISCUSSION

We have presented and analyzed the photometric and
spectral data for QSO E1821+643 obtained from long-term
monitoring (2003–2014 for photometry; 1990–2014 for
spectroscopy). Here we discuss the results obtained.

4.1. Variation in the Continuum and Broad Lines

The results of the multiwavelength monitoring of E1821
+643 in the X-ray, UV, and optical ranges, simultaneously
observed for 37 days, were reported in Ulrich et al. (1992).
They found that there are no short-term changes in the UV and
optical spectra, while in the X-ray there exists a variability on
the short-term scale. This result has been confirmed by Kolman
et al. (1993); they also found possible changes on the larger
timescale in the UV/optical spectra. Here, we explore the

Figure 15. Mean and rms spectra of the broad Hβ (upper) and Hγ lines
(bottom).

14

The Astrophysical Journal Supplement Series, 222:25 (18pp), 2016 February Shapovalova et al.

Shapovalova+16, E1821+643



OSCILLATION(SIGNAL) PATTERNS IN AGN LIGHT CURVES

SMBBH:2DTF+LINE SHAPES
A&A proofs: manuscript no. aa36398-19

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 6: Same as Fig. 4, but 10% of the clouds orbits are visible. From left to right, the columns show orbital segments (kTci j/10, (k+
1)Tci j/10) for k 2 {0, 4, 9} defined by the orbital period Tci j of the clouds. From the top down, panels (a)-(c) show an elliptical binary
system in which the orbital plane of the more massive SMBH is inclined by 30�, e = 0.5,⌦1 = ⌦2 = 0�, !1 = 0, and !2 = 180�,
and both discs are circular; panels (d)-(f) show the same orbital configuration of the binary system as panels (a)-(c), but their disc-
like BLRs parameters are ec1 = ec2 = 0.5,⌦c1 = ⌦c2 = 100�,!c1 = 110�, and !c2 = 290�; and panels (g)–(i) show the same
configuration of the binary system as panels (a)–(c), and the orbital configurations of the BLR clouds are the same as in panels
(d)–(f), except that their eccentricities are random. The stability of the elliptical orbits in randomised motion is not considered.

spectra of PKS 1739+184 (PKS 1739+18C) observed by Lewis
et al. (2010, see their Fig. 8). The feature from Fig. 7 (b) is de-
tected in spectra of Pictor A that was also observed by Lewis et
al. (2010, see their Fig. 19 right column of panels). Interestingly,
Eracleous et al. (2012, see their Fig. 2) found a similar shape
of H↵ and H� emission lines on SDSS J001224.02-102226.2 in
their systematic search for close SMBBHs and rapidly recoiling
black holes. Moreover, the features shown in Fig. 7 (h) are very
similar in appearance to the emission-line profiles of the disc-
wind model present by Nguyen (2019, compare to their Fig. 4
panel (5a)), the Hubble space telescope observations of the H↵
line of NGC 3147 (Bianchi et al. 2019, see their Fig. 2), and
the H� emission line on SDSS J021259.60-003029.5 (Eracleous
et al. 2012, see their Fig. 2). A similar feature is observed in
the changing look NGC 3516 (De Rosa et al. 2018, see their
Fig. 4). This example underlines that caution must be taken in
interpreting disc-wind models that are solely inferred from spec-

tral line shapes in the absence of detailed kinematic and 2DTF
modelling.

Next, we present 1D dynamical models of emission lines
obtained from 2DTF of the binary SMBH presented in Fig. 4.
The plots in Fig. 8 reveal the primary e↵ect of the phase of the
SMBBH system: a prominent increase in flux at the line center.
Profiles in the initial and the last phase of the coplanar circular
binary system (see Fig 8(a) and (c)) are broader than those ob-
tained from its non-coplanar version (see Fig 8(d) and (f)). Their
orientation also depends on the phase. In the middle of the or-
bital period, the only di↵erence is at the top of profile. In the
case of the elliptical binary system, the emission line shapes de-
pend on the orbital phase of the binary, but a small orientation
angle of pericenter of the cloud orbits ! almost flattens the top
of emission lines (see Fig. 8(g)–(i)). Conversely, higher values
of ! tend to broaden the line shape in the initial orbital phase
(Fig. 8(j)), and prominent core with double peaks in the middle
((Fig. 8(k)) and final orbital phase (Fig. 8(l)). The wings are also
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 10: Spectrum corresponding to theoretical 2DTF maps obtained for di↵erent geometries of portions of cloud orbits in the binary
system given in Fig. 6.

4. An overall degeneracy of the 2DTF maps is observed for
the hypothetical case when the cloud orbit is observed for
only one year. The presence of two discs is clear when the
observations cover the first tenth of the orbital periods of
the clouds. This means that the length of monitoring cam-
paigns must be long enough to sample the full range of time
lags, which can help to constrain the parameters of dynami-
cal models.

5. The simulations show that an intermediate peak in the broad-
line profiles such as that observed in NGC 4151, NGC 5548,
and 3C 390.3 can indeed be reproduced by our elliptical bi-
nary model.

6. We found a remarkable coincidence between the line distor-
tions produced for the disc-wind and elliptical BLR mod-
els. A good distinction between these BLR models would
require long-term and quality-cadenced spectrophotometric
monitoring.
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OSCILLATION(SIGNAL) PATTERNS IN AGN LIGHT CURVES

EXAMPLES FROM LITERATURE

coarse bins. Within these large error bars there are no
blueshifts among double-peaked emitters.

Our findings regarding the properties of the line profiles
of the entire set of radio-loud AGNs are by no means new

results. The widths and shifts we measure are in agreement
with the results of more systematic and detailed studies such
as those of Boroson & Green (1992), Brotherton (1996),
Corbin (1995, 1997b), Sulentic et al. (1995a), and Marziani

Fig. 1.—H! spectra of the 13 newly observed broad-lined objects. A list of these objects and the journal of observations are given in Table 1.

TABLE 2

Narrow-Line EWs, Starlight Fractions, and Broad H!Widths and Shifts

BroadH! Profile Properties

Observed EW
(Å)

Width
(km s!1) D"/"

Object
[O i]

("20%)
[S ii]

("25%)

Starlight
Fraction
("0.2)

FWZI
("3000)

FWHM
("200)

FWZI
("0.005)

FWHM
("0.0005)

MC 0041+11 ................ 11.9 4.9 0.28 8500 4200 0.0003 !0.0016
4C 31.06........................ 5.4 23.3 0.11 18000 9000 0.0049 0.0001
3C 111........................... 7.7 6.3 0.04 18400 4800 0.0037 0.0010
Pictor A ........................ 55.7 30.7 0.14 29000 18400 0.0001 !0.0011
CBS 74.......................... 7.7 14.4 0.17 22100 9200 0.0014 0.0035
PKS 0921!23................ 5.3 6.2 0.65 21900 8300 0.0015 !0.0002
PKS 1346!11................ 4.2 5.2 0.00 11500 2300 !0.0009 0.0003
CSO 643........................ 10.1 26.6 0.28 21000 9000 0.0009 !0.0022
PKS 1451!37................ 2.6 4.9 0.00 15400 3800 0.0044 0.0003
PKS 1514!00................ 10.8 15.1 0.76 8300 4300 0.0022 0.0001
PKS 2247+14 ............... 0.0 4.4 0.00 8400 3500 0.0027 0.0013
PKS 2305+18 ............... 14.6 15.8 0.56 8800 4400 0.0006 0.0013
PKS 2328+167.............. 0.0 6.3 0.37 8800 3200 0.0017 0.0003

Note.—The uncertainty in the values of each column is given under the column heading.
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Fig. 3.—Observed velocity-delay maps recovered from simulated data with characteristics similar to continuous IUE monitoring; specifically,W (v, t) T pl dur

days, days, continuum and emission-line flux uncertainties of 3% and 7%, respectively, spectral resolution of ∼8 Å, and continuum variations49 Dt p 0.2
normalized to an amplitude of 12% on timescales of 10 days. The two cases shown, as in Fig. 1, are (a) a spherical distribution of line-emitting clouds in circular
Keplerian orbits of random inclination, illuminated by an anisotropic continuum source (Wanders et al. 1995; Goad & Wanders 1996), and (b) a flat Keplerian
disk of clouds. Projections and , with Monte Carlo error bars, are shown below and to the right, respectively, of each gray-scale map.W (v) W (t) W (v, t)l l l

to that which Kaspi & Netzer (1999) employed in their attempt
to fit the observed behavior of NGC 5548 during the 1989
monitoring campaign by the International AGN Watch (Clavel
et al. 1991; Peterson et al. 1991). The gas density is uniform
inside a given cloud and differs from cloud to cloud, decreasing
outward as

!sR
n p n , (9)1 ( )R1

where we adopt for the density exponent, ands p 1 n p1

cm!3 for the density at the fiducial radius11.4 15.410 R p 101

light day. Note that R varies from tocm p 1 a/(1 " e)
, and the density of a given cloud varies accordinglya/(1 ! e)

as the cloud traverses its elliptical orbit. The column density
is similarly given by

!2s/3R
N p N , (10)1 ( )R1

with cm!2, and the corresponding ionization pa-24N p 101

rameter is

s!2Q R
U { p U , (11)1 ( )24pcR n R1

where for the adopted mean ionizing photon rate0.2U ≈ 101

photons s!1. For , we have54Q̄ p 10 3 ! R/R ! 50 10.92 ≥1

, , and !log n ≥ 9.40 23.68 ≥ log N ≥ 22.67 0.28 ≥ log U ≥
. This model roughly reproduces the emission-line ratios!1.80

observed in NGC 5548.
Individual clouds have a projected area 2 2s/3A ∝ (N/n) ∝ R

and therefore cover a solid angle 2 (2s/3)!2Q p A/R ∝ R ∝
as viewed from the nucleus. We normalize the cloud!4/3R

population by summing over all clouds to obtain a total solid
angle , and set the total covering fraction to! Q p 4pf f pii

. This simply scales the model line fluxes to roughly re-0.3
produce those observed in NGC 5548 (Kaspi & Netzer 1999).

Our assumed thin-disk geometry is probably inconsistent
with so large a covering fraction as , unless anisotropicf p 0.3
emission or scattering of the ionizing radiation increases its
probability of crossing the disk plane. Obscuration of one cloud
by another is also ignored. We largely overlook these issues
here, because our main purpose is not to produce the most
realistic BLR model, but rather to check the ability of Kronos
to recover rich structure in the velocity-delay map of a com-
plicated BLR.

3.3. Reprocessing by the Photoionized Gas Clouds

We employ the photoionization model ION (Kaspi & Netzer
1999 and references therein) to compute inward and outward
emission-line fluxes and as functions! "F (n, N, U) F (n, N, U)l l

of density n, column density N, and ionization parameter U.
For intermediate viewing angles, we interpolate linearly in

:cos v

" ! " !F " F F ! Fl l l lF(v) p " cos v. (12)l ( ) ( )2 2

To save computer time, we precompute the inward and outward
fluxes for each line on a three-dimensional grid spanning 7.5 ≤

, , and ! at in-log n ≤ 13 19 ≤ log N ≤ 23.4 3.5 ≤ log U ≤ 0.25
tervals , , and , re-D log n p 0.5 D log N p 0.4 D log U p 0.25
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Figure 2. Mg ii, Hβ, and Hα spectra of our target objects. For each object, we show a three-panel figure with the profiles of all three lines on a common velocity
scale. The original SDSS spectra are plotted in black, while the post-SDSS spectra are color-coded as follows: KPNO 4 m spectra are in red, Palomar 5 m spectra are
in blue, MDM 2.4 m spectra are in green, and HET spectra are in orange. For the purpose of this illustration, some spectra were binned to increase the S/N per bin.
The vertical scale was adjusted specifically for the original SDSS spectra. Post-SDSS spectra have been scaled and shifted so that the profiles of the broad lines match
those of the SDSS spectra as closely as possible; see Equation (6) and Section 5.2 of the text. As a result of this scaling, there is an apparent difference in the strengths
of the narrow lines, if the flux of the broad line has varied between epochs.

(An extended, color version of this figure is available in the online journal.)
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Figure 2. Mg ii, Hβ, and Hα spectra of our target objects. For each object, we show a three-panel figure with the profiles of all three lines on a common velocity
scale. The original SDSS spectra are plotted in black, while the post-SDSS spectra are color-coded as follows: KPNO 4 m spectra are in red, Palomar 5 m spectra are
in blue, MDM 2.4 m spectra are in green, and HET spectra are in orange. For the purpose of this illustration, some spectra were binned to increase the S/N per bin.
The vertical scale was adjusted specifically for the original SDSS spectra. Post-SDSS spectra have been scaled and shifted so that the profiles of the broad lines match
those of the SDSS spectra as closely as possible; see Equation (6) and Section 5.2 of the text. As a result of this scaling, there is an apparent difference in the strengths
of the narrow lines, if the flux of the broad line has varied between epochs.

(An extended, color version of this figure is available in the online journal.)
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