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Our	long-term	campaign
• PIs:	Alla	Shapovalova	(Russia)

Vahram	Chavushyan (Mexico)
• 6m	+	1m	telescopes	- SAO	RAS	(Russia)
• 2.1m telescope	- Guillermo	Haro Observatory	(Mexico)
• 2.1m telescope	- Observatorio	Astronómico	

Nacional,		San	Pedro Martir	(Mexico)
• 3.5m	+	2.2m	telescopes	– Calar	Alto	Observatory	(Spain)	– archival	data	of	

W.Kollatschny

Mapping	central	regions	of	AGN,	Guilin,	2019

(1941	– 2019)

*long=decades



Importance	of	AGN	spectral	monitoring
• inner	regions	difficult	to	resolve	with	current	optical	telescopes	

(except	w/GRAVITY,	Sturm+2018)
è spectroscopy	still	important	tool

• but,	we	can	resolve	it	in	time-domain
and	with	spectro-polarymetry:	
get	the	BLR	size,	kinematics,	the	BH	mass

• we	can	search	for	periodicities	or	quasi-periodicities	in	AGNs,	
to	identify	supermassive	binaries	
è synergy	with	gravitational

wave	astronomy

Mapping	central	regions	of	AGN,	Guilin,	2019

EHT	Collaboration,	2019



What	is	a	Broad	Line	Region?
à clumpy,	photoionized	by	the	continuum	

coming	from	the	accretion	disk		
àprobably	disk-like,	following	Keplerian	motion
àmore	similar	to	stellar	atmospheres	than	to	

the	photoionized	nebulae

• physics	and	geometry	not	known,	e.g.
àwhat	is	the	BLR	temperature	and	density?	(e.g.Ilic+2012)	
à is	it	virialized	to	the	supermassive	black	hole?	

(e.g.	Popovic+2019)
àdo	we	have	outflows,	inflows?	(e.g.	Wang+2017)
àwhat	is	the	inclination?	(e.g.	Afanasiev+2019)	

JURIK PETER / SHUTTERSTOCK

BLR gas:	
Te ~	104 K					

Ne ~	108-1014 cm-3

Mapping	central	regions	of	AGN,	Guilin,	2019



Our	sample:	different	type	1	AGNs
• Seyfert	1s:	 Main	papers:
NGC	5548	– 9	yrs (Shapovalova+	2004,	Ilić	2007,	Popović+	2008)
NGC	4151	– 11 yrs (Shapovalova+	2008,	2010a,	Ilić+	2010)
NGC	7469	– 20	yrs (Shapovalova+	2017)
NGC	3516	– 21	yrs (Shapovalova+2019)

•Narrow	Line	Seyfert	1:	
Ark	564	– 11	yrs (Shapovalova+	2011,	Shapovalova+	2012)

•Double	Peaked	Line	AGNs	(DPLs):	
3C	390.3	– 13	yrs (Shapovalova+	2001,	2010b,	Popović+	2011)	
Arp	102B	– 12	yrs (Shapovalova+2013,	Popović+	2014)

• High	luminosity	quasar:	
E1821+643	– 25	yrs (Shapovalova+2016, Kovačević+2017)

...and many	other	papers	based	on	these	data	sets:	Jovanović+	2010,	Bon+	2012,	Kovačević+	2014,
Ilić+2015,	Kovačević+	2015, Rakić+	2017,	Ilić+2017, Bon+	2016, Kovačević+2018 ...

Mapping	central	regions	of	AGN,	Guilin,	2019



Summary	of	the	results
• determined	BLR	size	and	SMBH	mass	

in	8	different	type	1	AGN
• your	BLR	is	more	likely	complex	

• some	highlights	of	long-term
monitoring:
– different	oscillations	in	light	curves	of

NGC	4151,	NGC	5548	
(Andjelka Kovačević’s talk)

– different	dynamics	in	2	double-peaked	
line	AGN:	3C390.3,	Arp102b

– discovered	(confirmed)	a	
changing-look	AGN:	NGC	3516

Mapping	central	regions	of	AGN,	Guilin,	2019
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NGC	4151
• best	known	Seyfert	1
• data	from	11	years
• strange	behavior	of	the	BLR:

• lines	saturate	for	high	continuum
• contribution	of	the	non-ionizing	

continuum	from	the	BLR

Shapovalova	et	al.	2008,	
Shapovalova	et	al.	2010a
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Arp	102B
• prototype	of	double-peaked	broad	emission	

lines	(Hα	and	Hβ)
• 12	years	of	data
• week	correlation	between	the	line	

and	continuum	flux

Halpern	&
Filippenko 1991

Mapping	central	regions	of	AGN,	Guilin,	2019 Shapovalova	et	al.	2013



• large	distance	between	the	peaks	(~	11,000	km	s−1)	indicates	a	
fast	rotating	disk,	that	is	probably	close	to	the	black	hole

Popović,	Shapovalova,	Ilić,	et	al.	2014

Arp	102B:	is	there	an	accretion	disk	
seen	in	broad	lines?

Mapping	central	regions	of	AGN,	Guilin,	2019

Right – bump	in	Hα profile	at	~-2000km/s	
(an	outflow?)	during	higher	activity	state

Left - the	mean	normalized	Hα profile	
fitted	with	the	disk	model



Arp	102B:	is	there	an	accretion	disk	
seen	in	broad	lines?

• double-peaked	line:	disk	models	
gives	size	of	~500Rg,	but	there	is	no	
big	change	in	the	line	profile

• a	stable	disk?

Mapping	central	regions	of	AGN,	Guilin,	2019
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• disk	models	suggest	the	
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Popović,	Shapovalova,	Ilić,	et	al.	2014



3c390.3
• double-peaked	broad	line

(Eracleous	&	Halpern	1994)	

• 13	years	of	data
• stratified	BLR	(Ha ~ 120	l.d.	Hβ ~ 95	l.d.)
• strongly	variable	line	profilesÞmany	

different	complex	BLR	models	suggested:	
binary, disc	precession,	disk	perturbation,	etc.

Shapovalova	et	al.	2010
Mapping	central	regions	of	AGN,	Guilin,	2019



3c390.3	– Hβ line

• blue	and	red	wings	of Hβ
↔	segments	-4	and +4

• Period	I (black) and II (red):	different	
response	of line	wings	to	the	
continuum variations

Mapping	central	regions	of	
AGN,	Guilin,	2019

Popović,	Shapovalova,	Ilić,
et	al.	 2011,	A&A,	528,130

blue	wing	vs	cnt. red	wing	vs	cnt.



3c390.3	– models
• part	of	the	disc	that	is	emitting	

lines	is	shifting	along	the	radius

¢ models vs.	observations

¢ Period	I:	the	change	can	be	
explained	with	the	change	of	the	
line-emitting	disk	radius	

¢ Period	II	(when	burst	starts):	line-
emitting	disc	radius	is	fixed	

Popović,	Shapovalova,	Ilić,	et	al.	2011

flux	segments +4	and +3
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Disk	model of Chen	et	al.	(1989)
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• new	method	to	detect	oscillatory	patterns	in	long-term	light	
curves	(talk	of	A.	Kovačević)	

Kovačević	et	al.	2018,	2019

3c390.3 Arp102B

• Both	are	double-peaked	line	emitters
• The	underlying	topology	of	their	oscillations	mechanisms	is	different,	

suggesting	different	physical	backgrounds



NGC	3516

Mapping	central	regions	of	AGN,	Guilin,	2019

• 22	years	of	data
• extreme	variability:	

disappearance	of	broad	lines	
in	2014

• large	gap	in	light	curves	à used	
data	until	2007

• applied	Gaussian	processes	
to	get	simulated	light	curves

• time-delays:	
15-17	days	for	both	Hα	and	Hβ

8 A. I. Shapovalova et al.

Figure 5. Light curves for the spectral lines and continuum fluxes, compared with the photometry flux in the V filter, F(V,λ5500 Å) shown in the top panel.
Observations with different telescopes are denoted with different symbols given in the second panel from the top. Also, observations reported by De Rosa et al.
(2018) are included. The continuum flux is in units of 10–15 erg cm–2 s–1 Å−1 and the line flux in units of 10−13erg cm−2s−1.

Álvarez et al. (2013). Both methods produced almost the same
time-lags for both Hα and Hβ lines.

Finally, we generated two artificial light curves with the duration
of 4920 d, starting from the power spectral density function, with
the 30-d cadence and 15-d time-lag between them, and then added
the red noise and applied the ZDCF method. The ZDCF was able
to detect the 15-d time-lag with small uncertainty in both cases,
with and without red noise. If we randomly extract 70 points from
the artificial light curves with red noise, and apply the ZDCF,
the obtained time-lag is again the same, that is, τzdcf = 12.0+3.1

−27.1
(rzdcf = 0.96+0.01

−0.01). Therefore, we conclude that the sampling rate is

influencing the uncertainty more than the estimated time-lags. We
show that all methods and tests give similar results for the time-
lags, and later we use the time-lag obtained from the ZDCF method
applied on the GP modelled light curves to calculate the mass of
the SMBH.

We note that in the case of long-term light curves, the ‘red noise
problem’ could affect the estimated time-lags in such a way that in
addition to the variations on the reverberation time-scale, there are
longer-term variations that bias the estimated lag to larger values,
as noted by Peterson et al. (2002) for NGC 5548, which is a binary
black hole candidate (Bon et al. 2016; Li et al. 2016). In some

MNRAS 00, 1 (2019)
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Figure 4. Observed spectra in the minimum and maximum of activity
during the monitored period (epoch of observations denoted in the upper-
left corner).

(such as slit motion). Therefore, we repeated long-slit observations
with the 6-m telescope of the SAO RAS on 2017 Feburary 1 (Fig. 2).
We find that after subtracting the host galaxy contribution, there is
a very weak Hβ broad component, which cannot be seen in the
composite spectra from our monitoring campaign.

The light curves of the broad-line and corresponding continuum
fluxes are shown in Fig. 5, from which it can be seen that the active
phase was more or less present in the whole monitored period,
except for several recent years. In Fig. 5, we also plot the observed
fluxes of Hβ and continuum at λ5100 Å reported in De Rosa et al.
(2018), which cover only a small part of the period uncovered by our
monitoring campaign. As can be seen in Fig. 5, the observations of
De Rosa et al. (2018) fit our photometric and spectral observations
very well.

In general, the line flux variation is expected to be well correlated
with the continuum flux variation, but in some well-known AGNs
this is not the case: for example, NGC 4151 (see Shapovalova et al.
2008) and Arp 102B (see Shapovalova et al. 2013). In addition, as
noted above, NGC 3516 contains a low-luminosity AGN, and it is
interesting to explore the response of the line flux to the continuum
flux variability. To test this, in Fig. 6 we plot the flux of Hβ (left
panel) and Hα (right panel) as a function of the continuum flux at
5100 and 6330 Å, respectively. Fig. 6 shows that there are good
correlations between the line and corresponding continuum (r =
0.81 for Hβ, and r = 0.79 for Hα), although there is a large scatter
especially in the case of the weak broad-line flux. This is expected
as in the low-activity phase the weakness of broad emission lines
is due to the lack of an ionizing continuum from the nucleus (Kim,
Yoon & Evans 2018).

However, a better correlation is obtained between the broad Hα

and Hβ lines (r = 0.95) and between the blue and red continuum
(r = 0.90), as shown in Fig. 7. This is expected, and it confirms
that the relative flux calibration of the blue and red spectra obtained
from different telescopes was done correctly.

3.2.1 Variability of the emission lines and the optical continuum

As can be seen in Figs 1 and 5, there is a large variability in
the spectra during the monitored period. To explore the rate of
variability, we calculate the variation amplitude using the method

given by O’Brien et al. (1998) and present it in Table 6. The changes
in the continuum were around two times (2.7 times for λ5100 Å
and 2 times for λ6330 Å), which is usual for Sy 1 galaxies (see
Shapovalova et al. 2017). However, the line flux changed for more
than 10 times (Table 6), which is expected in AGNs that change
their type, as, for example, in Fairall 9 in which broad-line fluxes
changed by more than an order of magnitude and it also changed
its type from Sy 1 to Sy 1.9 (Kollatschny & Fricke 1985).

Additionally, there is a big change in the line profiles. We show the
mean and rms profiles of the broad Hα and Hβ lines in Fig. 8, from
which it can be seen that the mean profile of Hα and Hβ lines show
structures in the blue and red wing, like shoulders, which could
indicate a complex BLR (see Popović et al. 2002). We construct
the mean and rms profiles for both lines using only spectra with
resolution of 8 Å and we find that the full width at half-maximum
(FWHM) of the mean Hα is 3560 km s−1 (the FWHM of the Hα

rms profile is 4110 km s−1), whereas the mean Hβ seems to be
broader with a FWHM of 5120 km s−1 (the FWHM of the Hβ rms
profile is 4360 ± 80 km s−1). For the FWHM of the Hβ rms profile,
which is later used for the black hole mass estimation, we estimated
the uncertainty by making several measurements for different levels
of the underlying continuum, taking the resulting average for the
FHWM and the uncertainty to be 1σ . Both mean profiles and their
rms show a red asymmetry, which might be caused by the inflow or
gravitation redshift (see Jonić et al. 2016), although other effects can
also be present. For example, it could imply outflow if the inward-
facing side of the BLR clouds are brighter than the outward face,
as suggested by photoionization modelling. Both rms profiles have
the same shape (see Fig. 8, right panel), which indicates similar
kinematics of both regions.

3.3 Time-lag and periodicity analysis

The time-lags between light curves in the Hα and Hβ lines and
the corresponding continuum bands are determined from the z-
transformed discrete correlation function (ZDCF) analysis – fol-
lowing the technique detailed in Alexander (1997), Popović et al.
(2014) and Shapovalova et al. (2016, 2017). Note that the light
curves are sampled at the same time, as noted in Edelson & Krolik
(1988)

Our long-term observations cover 22 yr, but because there is a
large gap after 2007, in this analysis we have used only the part of the
light curve up to year 2007 (MJD 54500). In addition, we modelled
Gaussian process (GP) simulated light curves, which are shown in
Fig. 9, in order to obtain the time-lags for light curves with increased
sampling rates. The ZDCF analysis applied to both observed and
GP simulated light curves, and their ZDCFs are presented in Fig. 10.
Time-lags with the corresponding ZDCFs are given in Table 7. We
find the time-lag of the observed Hα and continuum τzdcf = 0.0+2.0

−2.0
d and the cross-correlation coefficient of rzdcf = 0.69+0.07

−0.08. Their
GP counterparts exhibit a larger time-lag of τzdcf = 15.0+5.0

−0.0 d and
similarly larger values of rzdcf = 0.81+0.01

−0.01. In the case of Hβ and its
continuum, the time-lag for observed light curves is τzdcf = 9.7+20.3

−8.7
d, for which rzdcf = 0.79+0.05

−0.05 is slightly larger than in the case of
observed Hα (Fig. 10). Their GP counterparts show the largest time-
lag τzdcf = 17.0+5.0

−0.0 d and rzdcf = 0.85+0.01
−0.01. Results based on the GP

light-curve analysis suggest that the time-lag of Hβ could be larger
than Hα with the upper limit of about 20 d.

In addition, the time-lags were also calculated with the modi-
fied versions of the interpolated cross-correlation function (ICCF;
Gaskell & Sparke 1986), as well as the discrete cross-correlation
function (DCCF; Edelson & Krolik 1988), as explained in Patiño-

MNRAS 00, 1 (2019)
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NGC	3516

Mapping	central	regions	of	AGN,	Guilin,	2019

• 22	years	of	data
• extreme	variability:	

disappearance	of	broad	lines	
in	2014

• large	gap	in	light	curves	à used	
data	until	2007

• applied	Gaussian	processes	
to	get	simulated	light	curves

• time-delays:	
15-17	days	for	both	Hα	and	Hβ

10 A. I. Shapovalova et al.

Figure 8. Mean and rms profiles of Hα (left) and Hβ (middle) for spectra with higher spectral resolution (∼8 Å). The right panel shows a comparison of the
normalized Hβ and Hα rms profiles.

Figure 9. GP model fit (solid line) to the observed light curves (points with
error bars), which are denoted in each plot. The continuum flux is in units
of 10–15 erg cm–2 s–1 Å−1 and the line flux in units of 10−13erg cm−2s−1.

monitoring campaign that lasted for 22 yr (from 1996 to 2018). We
find that the intensity in the broad lines as well as in the continuum
flux was changing at a rate between two times in the continuum flux,
and more than ten times in the broad-line flux. NGC 3516 changed
the type of activity during the monitoring campaign, having a typical
Sy 1 spectrum in the first period of the campaign and then, from
2014, changing to the spectrum that is without broad lines, similar
to the spectrum of Sy 2 galaxies. This is clearly visible in Fig. 12
where we plot the year-average spectra corrected for the host galaxy
and continuum. We note that, as can be seen in Fig. 4, the Hβ narrow
line also disappeared in the composite spectrum in 2014. It seems
that the stellar absorption of Hβ in the low-state phase is so strong
that the narrow emission was absorbed, which is clear from the
host-galaxy corrected spectrum in which the narrow Hβ is slightly
appearing in 2014 (Fig. 12). Such a low state was also observed

Figure 10. Cross-correlation functions (ZDCF) for Hα (top) and Hβ

(bottom). The error bars show the ZDCF for observed and GP modelled
curves. The vertical lines mark the obtained time-lag for the observed (dash-
dotted) and GP modelled light curve (solid).

MNRAS 00, 1 (2019)

Shapovalova et	al.	2019



NGC	3516:	changing-look	AGN

Mapping	central	regions	of	AGN,	Guilin,	2019

• extreme	variability:	
– appearance	or	disappearance	of	broad	

lines	within	few	years

• confirmed:	changing-look	AGN
• what	is	the	cause?

– variable	accretion	rate
– variable	obscuration
– tidal	disruption	event	
– hot	topic	e.g.	LAMOST	has	found	

21	new	CL	AGN	(Yang	et	al.	2018)

• why	are	important?
– perfect	cases	to	study	the	connection	

btw.	AGN	and	its	host	galaxy
– important	to	understand	AGN	

evolution

Shapovalova et	al.	2019



6m	BTA	observation	w/SCORPIO	in	2017

Mapping	central	regions	of	AGN,	Guilin,	2019

Shapovalova et	al.	2019

• in	2017:	the	object	is	still	in	low	state,	
but	broad	component	starts	to	appear

• subtracted	the	off-slit	spectrum	of	the	
host-galaxy

• Hα	and	Hβ	profiles	are	
the	same

• blueshift	and	red	asymmetry



what	NGC	3516	is	doing	today?

Mapping	central	regions	of	AGN,	Guilin,	2019
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Maunakea	Spectroscopic	Explorer
• key	science	case:	reverberation	mapping	

campaign	(~100	visits	over	5yrs)	of	
~5000	quasars	up	to	z~3
àNIR	band	to	cover	Hβ up	to	z~2.5
à robust	estimates	of	time	lags	for	the	largest	sample	

of	quasars
àSarah	Gallagher’s talk

• identify	new	changing	look	AGN	
– synergy	with	other	missions

• high-resolution	spectroscopy
à velocity	resolved	reverberation	mapping
à spectroscopically	resolve	the	binary	SMBH	

11.5m,	MOS	survey

Mapping	central	regions	of	AGN,	Guilin,	2019

(see	White	paper:	
Shen	et	al.	2019)

review	paper,	Popović 2012



Summary
• did	the	long-term	monitoring	campaign	

of	different	sub-types	of	type	1	AGN
– all	light	curves	are	online	and	available

• determined	BLR	size	and	SMBH	mass	
• BLR	is	a	complex	region
• long-term changes	in	the	light	curves

– hidden	periodicities
– changing-look	phenomenon

• long-term	monitoring	is	important
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Vidojevica	Observatory,	Serbia

• Milutin	Milankovic	Telescope
• brand	new
• D=1.4m,	F=11.2
• photometry
• plans:	spectroscopy,	

polarimetry

• vidojevica.aob.rs

Mapping	central	regions	of	AGN,	Guilin,	2019


