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SER-SAG Team

• Proposal Lead: Luka Popović (AOB)
• Core Team: Anđelka Kovačević (MatF), Maša Lakičević (AOB), Dragana 

Ilić (MatF)
• Other members: 

Saša Simić (FSUK), Marko Stalevski (AOB), Oliver Vince (AOB), Edi Bon (AOB), 
Djordje Savić (AOB), Jelena Kovačević-Dojčinović (AOB), Nataša Bon (AOB), 
Nemanja Rakić (PhD Student, MatF), Isidora Jankov (PhD student, MatF), Sladjana
Mandić-Marčeta (PhD student, AOB), Iva Čvorović Hajdinjak (PhD Student, MatF) 

• Currently Serbian science facing huge challenges: 
• complete change in financing: ins1tu1onal + limited projects
• advices from the region most welcomed



Research: AGN & microlensing 
• Long experience of AGN research and microlensing
• Time-domain: special focus on AGN variability

• Peridicity (oscilation in light curves; time-delays in light curves)

• Monitoring-campaigns (spectroscopy & photometry)

SMBH, EHT Collaboration, 2019
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AGN variability hot topics 

• AGN core difficult to resolve with current optical telescopes 
(except w/interferometry, e.g. GRAVITY Sturm+2018, EHT Collaboration, 2019)
à we can resolve it in time-domain

• study AGN accretion disk and BLR through reverberation mapping: 
à one of the priorities of LSST AGN SC 
(e.g. Brandt et al. 2018)

• detect oscillation in AGN light curves, searching for periodicities
à important for detection of close binary SMBHs, and possible GW sources
(for a recent review see De Rosa et al. 2020)
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Andjelka Kovačević
Chasing the loudest gravitational waves sources: the LSST perspective 

Andjelka Kovačević, Dragana Ilić, Luka Č. Popović et al (Serbian AGN Team - SAGNT, Univ. of Belgrade)
PERIODIC EM EMISSION FROM CLOSE BINARY SMBH (subpc, CB-SMBH)-WHY PHOTONS MATTERS 

Massive black hole binary mergers within sub-pc scale gas discs 3

Figure 1. Logarithmic maps of the disc column density (in units of Ma−2
0 ) at different times during the simulation. The panel at t = 0

shows the smooth initial conditions. Until t ≈ 350Ω−1
0 , material piles up at R ≈ 3a0 as a result of the torques shown in Fig. 3, forming

a dense ring. The ring breaks due to its self-gravity (see Fig. 4), spreading the gas approximately over the original radial range. A spiral
pattern develops, and the disc stays in that state until at least t ≈ 1200Ω−1

0 , when the simulation ends.

abatic index of the gas. The disc stability to self-gravity is
measured by the Toomre parameter Q = Ωcs/(πGΣ), which
translates to Q ≈ (H/R)(M/Md) for a disc in hydrostatic
equilibrium. In our case, the thickness of the disc ensures
that the disc is not initially unstable to self-gravity, as the
Toomre parameter is ≈ 2. Only after cooling has affected
the gas, will the disc get thinner and become unstable.

To calculate the evolution of the system we use the
smoothed particle hydrodynamics (SPH; e.g., Monaghan,
1992) code Gadget-2 (Springel, 2005). The code solves for
the adiabatic hydrodynamics and gravitational forces of the

system, and includes a term for artificial viscosity, necessary
to treat shocks.

On top of the basic hydrodynamics set-up we add cool-
ing. This is implemented by defining a cooling time and
setting the radiative cooling term for each gas particle to be
(du/dt)cooling = −u/tcool. The cooling time is set to be pro-
portional to the orbital time of the gas around the central
binary, tcool = β/Ω, with β a constant and Ω =

p

GM/R3.
This prescription is commonly used in the literature (e.g.,
Gammie, 2001; Rice et al., 2005; Nayakshin et al., 2007;
Alexander et al., 2008), since the condition for disc frag-
mentation corresponds to a constant β. As we will discuss

c⃝ 2008 RAS, MNRAS 000, 1–11

Cuadra +08
• hydrodynamical simulations of the dynamics of a gaseous accretion disk around binary 

SMBH: gas accretion rate into cavity via streams is not reduced by the binary “propeller” 
Farris +14,+15, D’Orazio +16, Haiman +17          

      merging SMBHs remain as bright as a typical quasar, nearly  to their merger Haiman+17 

 

OBSERVATIONAL STRATEGY TO CATCH VARIABLE SIGNAL WITH WIDE FIELD INSTRUMENTS~LSST 

• without robust theoretical predictions- is to continuously 
monitor the source area                                                          
-Requirements for such monitoring Kocsis +18:                                                          
i) LSST large FOV(10deg2 ) ~LISA uncertainty                                                             
ii) fast camera: assuming S/N ~ √t, a sensitivity of  25−27 
mag can be reached in ∼ 1min ∼ 1hr integrations with LSST.  

LSST–class instrument, repeatedly integrating over the LISA 
area, can detect a variability ~ 10% LEdd and follows the 
period of the binary’s orbit.                

10

TABLE 1
WIDE FIELD ELECTROMAGNETIC INSTRUMENTS

Name FOV
`

deg2
´

bands mag. limit (exp) start date reference

High Energy Transient Explorer-2 0.9, 1.6 srad soft, hard X-ray, γ 8× 10−9 erg
cm2s 2000 space.mit.edu/HETE

Galaxy Evolution Explorer 1.2 Near, Far UV 21-22 (1 hr) 2003 www.galex.caltech.edu
Palomar–Quest 3.6× 4.6 U,B,R, I,r, i,z 17.5-21.0 (140sec) 2003 Baltay et al. (2007)
XBoötes Survey 9.3 X-ray (1–8)× 10−15 erg

cm2s 2005 www.noao.edu/noao/noaodeep
/XBootesPublic

SkyMapper 2.3× 2.4 u,v,g,r, i,z 20.6-21.9 (110sec) 2007 www.mso.anu.edu.au/skymapper
South Pole Submillimeter Telescope 1 sub-mm (350–850)µm 1 mJy (18-27 hr) 2007 cfa-www.harvard.edu/∼aas/tenmeter
Low Frequency Array 20 radio (10–240)MHz (0.03–2)mJy (1 hr) 2007 www.lofar.org
Pan-STARRS-1 2.5× 2.5 g,r, i,z 24 (1 min, 5σ) 2008 pan-starrs.ifa.hawaii.edu
Gamma-ray Large Area Space Tel. 2srad γ 6× 10−9 1

cm2s (1yr) 2008 glast.gsfc.nasa.gov
Dark Energy Survey 2.2× 2.2 g,r, i,z 24 (100 min,5σ) 2009 www.darkenergysurvey.org
Kepler 105 430–890nm 24 (150 min,5σ) 2009 kepler.nasa.gov
Large Synoptic Survey Telescope 10 u,g,r, i,z,Y 27 (1 hr, 5σ) 2014 www.lsst.org
Joint Dark Energy Mission 15 6 optical + 3 NIR 27 (1 hr) 2016 universe.nasa.gov/program

/probes/jdem.html
Wide Field Imager 1 350–1800 nm 24 (110 min) 2017 sci.esa.int/science-e/www/object

/index.cfm?fobjectid=39692
Energetic X-ray Imaging Survey Tel. 154 x 65 X-ray 2× 10−14 erg

cm2s 2020 exist.gsfc.nasa.gov
Square Kilometer Array 1 radio (20–200)GHz 1 µJy (1 hr) 2020 www.skatelescope.org

NOTE. — The table shows EM instruments, existing, being built, or planned, that have a several square–degree field of view and may be suitable for
a LISA counterpart search. The 3rd column shows the observational wavelength bands, and the 4th column shows the sensitivity that can be reached in
these bands in the indicated integration time at the quoted S/N (derived from information at the websites listed for each instrument in the 6th column, when
possible).

Scaling from the sensitivities shown in Table 1, assuming
S/N ∝

√
t, we see that a sensitivity of ∼ 25− 27 mag can be

reached in ∼ 1min to ∼ 1hr integrations with Pan–STARRS
and with LSST. We conclude that an LSST–class instrument,
repeatedly integrating over the LISA area, would be able to de-
tect a variability that corresponds to ∼ 10% of the Eddington
luminosity and follows the period of the binary’s orbit.
Figures 1 and 4 show that the eccentricity of the LISA error

box may be significant during the last day or for high–mass
SMBHs with M ∼> 2× 10

7M⊙, with the more uncertain (ma-
jor) axis longer by up to a factor of several than the better
determined (minor) axis. This may impact the plausible du-
ration of any triggered monitoring. If the telescope is rapid
enough, then one requires only that the minor axis fits within
the FOV (assuming that the FOV is spherical), since it will
be possible to tile the rest of the LISA ellipse by a few ex-
tra pointed observations, displaced along the major axis. On
the other hand, if the required integration time is comparable
to the expected orbital period, then performing such a tiling
would mean shallow observations that may miss the variabil-
ity. In this case, the monitoring campaign can start only after
the major axis has shrunk below the linear size of the FOV.
Figures 6 and 7 display advance warning time contours for

typical (50%) and best case (10%) events, adopting the LSST
FOV as a reference. Advance warning time contours are log-
arithmically spaced, with solid contours every decade and the
shaded region highlights the (M,z) region where at least 10–
day advance notice will be available. The top panel of Fig-
ure 6 shows that 10 day advance warning to cover the full er-
ror ellipsoid with a single LSST pointing is possible for a large
range of masses and source redshifts, up to M ∼ 3× 107M⊙

and z∼ 1.7. The bottom panel shows that the (M,z) region in
which this same 10 day warning is limited to the minor axis
of the error ellipsoid reaches to somewhat higher redshifts.
Figure 7 shows how far the advance warning concept can be
stretched, by focusing on the 10% best cases of random ori-
entation events. The top panel shows that a 10 day warning to
cover the full error ellipsoid with a single LSST-type pointing

is possible up to z ∼ 3 for masses around M ∼ 106M⊙. The
bottom panel shows that the (M,z) region in which the same
10 day warning is restricted to just the minor axis of the er-
ror ellipsoid reaches out to comparable redshifts, for a similar
range of masses.
As explained above, a unique variable EM signal could

be produced in the last stages of the merger. Figures 6
and Figure 7 show that requiring a warning of just one day
would extend considerably the range of masses and redshifts
for which a single LSST-type pointing is sufficient, out to
z ∼> 5 for the best events. However, as we mentioned above,
Lang & Hughes (2007) find that in the last day, parameter
correlations can degrade the errors by a factor of 2–3, but this
degradation is more than offset by the factor of several im-
provement in the errors caused by spin precession (for high
spin). Therefore, our localization errors for the last day are
overly optimistic, by a factor of 2-3, for low spin mergers,
but are conservative for high–spin mergers. Also, the issue of
eccentricity turns out to be most important in this regime (i.e.
for localizing the best events∼ 1day prior to ISCO, especially
for high spins, see § 2.2.3). In this case, requiring the FOV to
cover only the minor axis would allow going out to z∼ 8.
It should be possible to significantly improve on the above

magnitude requirements, if the signal is indeed close to peri-
odic at tGW. This is because the above calculation requires the
flux variations to be detectable for any individual source in the
LSST FOV. A lower–amplitude variable signal would be lost
in the noise for any individual source (i.e. it will be consistent
with photometric noise). Fitting to a sinusoid–like template
would require much less sensitivity. Even in the absence of
a precise template for the EM emission, one could use the
GW waveform itself (or variations of it). Cross–correlating
the EM flux with the peaks and troughs of the GW waveform
should allow one to recover such below–the–threshold vari-
ability, effectively decreasing the smallest detectable variabil-
ity amplitude by a factor of∼

√

Ncycles, where Ncycles ≈ 103,2,1
is the number of orbital cycles for the binary during the last

LSST

Kocsis +18

andjelka@matf.bg.ac.rs

time-lag τ = size R
R= c τ



AGN long-term (decades) monitoring campaign

our RM campaign features: 
- long (10+ years) uniform dataset 
- different sub-types of type 1 AGN of 

different variability and opTcal spectra behavior 

- spectral campaign à some problems in light curves
such as e.g. gaps, nonuniform cadence, etc.

- applied machine learning, i.e. Gaussian processes 
to model light curves à extract Tme lags

Gaussian PROcesses for TIme-Delays Estimates in AGN
GPro-TIDE

o a complementary tool for time-delays measurements
o utilizes generalized Gaussian processes to model 

the observed light curves used for extraction 
of time-delays (e.g. Kovačević et al. 2015, 2018)
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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)

GP modeled light curves of a 
changing look AGN: NGC 3516

e.g. Shapovalova et al. 2016, 2017, 2019
Ilic et al. 2020



In-kind contribuCons of SER-SAG

• Software for analysis of variability of celestial sources
• Feedback: medium 
• Non-directable software contribution

• Optical follow-up of bright LSST transients 
• Feedback: medium 
• Join via AEON

• Access to data on long-term variability of AGN 
• Feedback: low 
• Discouraged from including 



In-kind telescope 
time

• Astronomical Sta1on Vidojevica, Southern Serbia
• Average seeing ~1.5”

• 1.4m telescope
• possibility of fast response (telescope moving 

speed is 4-6 degree/sec)
• Photometer: 

• Andor iKon-L, pixel scale 0.244 arcsec/pixel, Field of 
view 8.3x8.3 arcmin

• Filters: BVRI broad bands (+L very broad filter) + 
Halpha, SII, red conYnuum narrow bands

• 6-year long experience in the Gaia-FUN-TO
• In process of joining AEON




