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Trenutna istraživanja i planovi naše grupe

• analiza profila emisionih linija sa ciljem određivanja BLR osobina
• praćenje kratkoročnih i dugoročnih promena u liniji i kon>numu sa ciljem merenja

dimenzija BLR, kao i detekciji periodičnih promena (dvojne crne rupe)

• učešće u Large Synop>c Survey Telescope – LSST (in-kind contribu-on)
à ispi-vanje oscilacija krivih sjaja
à ispi-vanje varijabilnos- i kašnjenja
àdodatna spektroskopska posmatranja iz naše kampanje
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Ak#vna 
Galak#čka 
Jezgra 
(AGJ)=kvazari

*važno: centar i dalje 
teško može direktno da 
se posmatra!
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AKTIVNA GALAKTIČKA JEZGRA (AGJ)

• posmatrane karakteris6ke AGJ :
– kompaktna veličina
– ogroman sjaj: do 1015 puta luminoznost Sunca

– zrače na svim talasnim dužinama
– intenzivne široke i uske emisione linije

– promenjivost fluksa (~1 dan!)
– najjači radio-izvori

– polarizovano zračenje
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Jedinstveni model AGJ

• supermasivna crna rupa

• od milion do 10 milijardi Msun

• akrecioni disk

• emisioni regioni koji emituju
široke i uske emisione linije

• “torus” prašine

• mlazevi rela8vis8čkih
elektrona



Značaj AGJ/kvazara
• Formiranje i evolucija galaksija

– ak#vnost u galaksijama – verovatno prisutna u svakoj galaksiji u nekoj fazi evolucije

– sve (velike)galaksije imaju u svom jezgru supermasivnu crnu rupu
• kako nastaju? kako rastu? u,caj na okolnu galaksiju?

• “mul>messenger” astronomija: gravitacioni talasi
– potraga za dvojnim supermasivnim crnim rupama

• teško ih je naći na malim skalama (e.g. Popović+12, Komossa+03, Ge+12, Benitez+18)
• važnost spektroskopije (Bon+12,16, Liu+16) i analize periodičnos, u 

fotometrijskim krivama sjaja (Graham+09,17, Kovačević+2019)

• osnovni cilj astronomije à nove metode za merenje
rastojanja koristeći kvazare

– npr. koristeći UV i op#čke široke emisione linije (e.g. Watson+11, Marziani+20)
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M87, EHT Collaboration, 2019



Šta možemo da posmatramo?

• spektar na svim
talasnim dužinama

• sve tehnike
– fotometrija
– spektroskopija
– polarimetrija
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Collinson et al. 2016



OpDčka spektroskopija AGJ
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SDSS mean quasar
Vanden Berk+ 01
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Hβ kriva sjaja

Shapovalova+ 2008

Široke emisione linije (širina i preko 10,000 km/s)
- Različi# stepeni jonizacije
- Kompleksni profili
- Moćan alat za dijagnos#ku fizičkih i kinema#čkih uslova

Sve se menja!
- fluks kon#nuuma i u linijama
- profili linija
- ponekad ekstremna promenjivost



Emisioni gas u AGJ
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• !p 1 AGJ – sa širokim emisionim linijama
à širokolinijska oblast (Broad Line Region - BLR)

• kako znamo da postoji BLR? NE ZNAMO!
à imaging: VLT- GRAVITY - 10 μas

(GRAVITY Collabora?on 18, 20, 21), budući ELTs

à spektroskopija i dalje jako važna

• BLR fizika i geometrija i dalje nisu u potpunos>
istražene
à koja je temperatura gasa i gus#ne? (Ilić+12) 
à da li je BLR gravitaciono vezana za crnu rupu? (Popović+2019)
à kakva su kretanja gasa, rotacija ili izbacivanje? (e.g. Wang+17)
à koji je nagib ovog regiona prema posmatraču? (e.g. Afanasiev+18) 

BLR gas: Te ~ 104 K     
Ne ~ 108-1014 cm-3

SDSS mean quasar
Vanden Berk+ 01

@Claudio Ricci



ReverberaDon Mapping (RM)
• there is a 0me-delay btwn. con>nuum and line flux 

• only for ~100s AGN: direct measure of RBLR

• once we have the radius à can get SMBH mass from 
single epoch observa;on (e.g. Dibai 1977, Kaspi+ 2000, 
Peterson+ 2004, Bentz+2009)

• empirical Radius-Luminosity (R-L) rela?on

NGC 4151
light curves

time-lags from CCF

Li
ne
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nE

nu
um

Modified JD

Shapovalova+ 2008

Lyutyi & Cherepashchuk, 1972; 
Blandford & McKee, 1982; 
Gaskell & Sparke, 1986 

MBH = f
RBLRFWHM

2

G
Bentz+ 2009

time-delay τ = size RR
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Photometric RM = PhotoRM
• employs a broad band to measure AGN con?nuum 

varia?ons and a suitable narrow band to trace the 
echo of an emission line in the BLR (Haas et al. 2011)

• PhotoRM:
– efficiently measuring hundreds of BLR sizes and host-

subtracted AGN 
– suitable for upcoming large surveys like the LSST

• line emission hidden in the broadband light curve 
• ?me lag from cross (CCF) and auto-correla?on 

func?ons (ACF) 

(Chelouche & Daniel 2012, Edri et al. 2012) 
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JANKOV et al. 3

F I G U R E 1 Composite quasar spectrum (Vanden Berk et al. 2001) plotted against the LSST broadband filters response curves at two
different redshifts. Left: Composite quasar spectrum with redshift of NGC 4395, z = 0.001. The H! and H" emission lines are covered by the r
and g bands, respectively. The pure continuum emission can be sampled via i band. Right: Composite quasar spectrum at redshift z = 1.5.
Balmer lines are no longer visible in the spectral range covered by the LSST filters, while Mg II, C III, and C IV emission lines become
available for photoRM at this redshift

band, which is a fair approximation since the continuum
contributes 75–95% of the total flux in the filters, while the
remaining flux comes from the broad emission lines (Edri
et al. 2012). The time-lag is estimated using the obtained
line-continuum CCF. The z-transformed discrete correla-
tion function (ZDCF) by Alexander (1997) was used for
CCF calculation, since it can deal with light curves having
distribution of points as considered LSST OpSim cadence
and artificial cadence.

In order to test our implementation of the photoRM
method, we perform several experiments with a set of 19
artificially generated pairs of light curves of the continuum
and line emission with different time-lags ranging from
a few days to several months. The light curves were gen-
erated as described in Kovačević et al. (2021b), and are
further entangled using the prescription in Chelouche &
Daniel (2012). The procedure involves the entanglement
of the generated continuum and emission-line light curves
(eq. 4, Chelouche & Daniel 2012) in order to simulate a
kind of light curve we get from the broadband photometric
filters.

We shortly describe how the artificial light curves are
simulated, for more details see Kovačević et al. (2021b).
The continuum light curves were generated using the
damped random walk (DRW) model (Kelly et al. 2009),
with the characteristic amplitude # and timescale %̃
inferred from the SMBH mass and/or AGN luminosity.
The DRW model parameters, # and %̃, are calculated from
the first principles: assuming a priori theoretical distribu-
tions of AGN luminosity, SMBH mass, and BLR radius
as given in Kovačević et al. (2021b). The simulated light
curves have idealized cadence of 1 day over the inter-
val of 5,000 days (13.7 years). The chosen interval satisfies

F I G U R E 2 An example of the simulated light curves in an
arbitrary broadband filter (ID = 13, see Table 1) sampled using
different observing strategies. From top to bottom: ideal observing
strategy (1-day cadence), hypothetical variable cadence, cadence
from OpSim run agnddf_v1.5_10yrs, and cadence from OpSim run
baseline_samefilt_v1.5_10yrs. All observing strategies have the same
length of 10 years

the condition that the length of the light curve used for
time-lag estimation must be at least 10 times larger than its
characteristic timescale %̃ (Kozłowski 2017). From there,
the emission line light curves were obtained using the
linear approximation:

f l(t) =
(

f c ∗ &
)
(t) (2)

Z=1.5

Z=0.0

Jankov et al. 2022



AGN variability hot topics 
AGN structure can be resolved in 0me-domain

1. map accre8on disk and BLR through reverbera!on mapping: 
à map the BLR and measure SMBH mass (see review Popović 20)
à among priori?es of LSST AGN Science Collabora?on (e.g. Brandt+18)

2. detect oscilla8on in AGN light curves, searching 
for periodici!es
à detec?on of close binary SMBHs, possible GW sources 
(for a  review see Popović 12,  and recent works Kovačević+ 19, 20)

3. long-term trends in AGN op8cal variability
à extreme cases of variability, e.g. changing-look AGN (MacLeod+16)
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Getting ready for
Legacy Survey of Space and Time

• Vera C. Rubin Observatory aims to 
conduct the 10-year Legacy Survey of 
Space and Time (LSST)

• 500 petabyte set of images and data 
products 

• Time domain astronomy is coming
• Planned start in 2023, 8m telescope, Chile
• Big data, movie of the sky
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 A catalog of 20 billion stars and 20 billion galaxies with   
exquisite photometry, astrometry and image quality!

   More information at 
www.lsst.org

and arXiv:0805.2366

LSST in one sentence:                     
An optical/near-IR survey of half the sky 
in ugrizy bands to r~27.5 based on 
~1000 visits over a 10-year period:

  LSST: a digital color movie of the Universe...   

3.6x10-31 erg/s/cm2/Hz
36 nJy

From Zeljko Ivezic slides
Rubin Observatory Director
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Basic idea behind LSST: a uniform sky survey
• 90% of time will be spent on a uniform survey: every 3-4 nights, 

the whole observable sky will be scanned twice per night  

• after 10 years, half of the sky will be imaged about 1000 times (in 
6 bandpasses, ugrizy): a digital color movie of the sky

• ~100 PB of data: about a billion 16 Mpix images, enabling 
measurements for 40 billion objects!  

Left: a 10-year simulation of LSST survey: 
the number of visits in the r band (Aitoff 
projection of eq. coordinates) 

LSST in one sentence:                     
An optical/near-IR survey of half the 
sky in ugrizy bands to r~27.5 (36 
nJy) based on 825 visits over  a 10-
year period: deep wide fast.

From Zeljko Ivezic slides
Rubin Observatory Director
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SDSS vs. LSST comparison: LSST=d(SDSS)/dt, LSST=SuperSDSS

SDSS

Deep Lens Survey (r~26)

3x3 arcmin, gri

SDSS, seeing 1.5 arcsec

20x20 arcsec; lensed SDSS quasar                  
(SDSS J1332+0347, Morokuma et al. 2007)

20x20 arcsec

Subaru, seeing 0.8 arcsec

3 arcmin 
is 1/10 
of the full 
Moon’s 

diameter

(almost) 
like LSST 

depth (but 
tiny area)

From Zeljko Ivezic slides
Rubin Observatory Director
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SDSS
gri

3.5’x3.5’
r~22.5

 X

From Zeljko Ivezic slides
Rubin Observatory Director
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HSC
gri

3.5’x3.5’
r~27

Like LSST, 
but tiny 
area: LSST 
will deliver 
5 million 
such 
images

 X

From Zeljko Ivezic slides
Rubin Observatory Director
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The field-of-view comparison: Gemini vs. LSST

From Zeljko Ivezic slides
Rubin Observatory Director
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Optical Design for LSST

Three-mirror design (Paul-Baker system)  
 enables large field of view with excellent image quality: 

delivered image quality is dominated by atmospheric seeing
From Zeljko Ivezic slides
Rubin Observatory Director
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From Zeljko Ivezic slides
Rubin Observatory Director

‹#›FNAL, APRIL 29, 2019 
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From Zeljko Ivezic slides
Rubin Observatory Director

LSST camera

The largest astronomical camera: 2800 kg, 3.2 Gpix
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From Zeljko Ivezic slides
Rubin Observatory Director

LSST Science Themes
• Dark matter, dark energy, cosmology      

(spatial distribution of galaxies, gravitational 
lensing,  supernovae, quasars) 

• Time domain                                    
(cosmic explosions, variable stars) 

• The Solar System structure  (asteroids)  

• The Milky Way structure  (stars)  

LSST Science Book: arXiv:0912.0201  
Summarizes LSST hardware, software, and observing 
plans, science enabled by LSST, and educational and 
outreach opportunities
      245 authors, 15 chapters, 600 pages
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Extragalactic astronomy: quasars
• About 10 million quasars 

will be discovered using 
variability, colors, and the 
lack of proper motions 
Really??  SDSS: yes! 

• The sample will include 
Mi=-23 objects even at 
redshifts beyond 3

• Quasar variability studies 
will be based on millions 
of light curves with 1000 
observations over 10 yrs  

Top: absolute magnitude vs. 
redshift diagram for quasars

Mi

redshift

SDSS

LSST

LSST will detect ~10,000 quasars with 6<z<7.5!

-23

Today: ~31 quasars with 6<z<7.5 Reionization studies! From Zeljko Ivezic slides
Rubin Observatory Director

2 Assef et al.

Figure 1. Histogram of the number of quasars expected to be detected by each of the OpSim runs in the coadded 10-yr
observations of LSST. The left panel shows the numbers expected in the WFD alone, while the right panel shows those expected
in the WFD plus all the non-DDF mini surveys (i.e., GP, NES and SCP).

Figure 2. Histogram of the number of quasars expected to be detected by each of the OpSim runs in the coadded 10-yr
observations of LSST. The left panel shows the numbers expected in the WFD alone, while the right panel shows those expected
in the WFD plus all the non-DDF mini surveys (i.e., GP, NES and SCP).

10.2 of the LSST science book. This is primarily due to changes in the QLF parametrization considered here with
respect to that of Hopkins et al. (2007), which was considered for the LSST Science Book.
In general, the main di↵erence between the numbers expected in each OpSim run is due to the WFD area covered,

likely implying that most of them, if not all, reach depths beyond the knee of the QLF in the majority of the redshift
range. In fact, as shown in Figure 2, we find that in the WFD alone the average number density of quasars expected
changes only by ⇠5% between all the OpSim runs, between 610 and 630 quasars/deg2. If we also consider the mini
surveys, the averages are lower while the spread is larger (between 540 and 620 quasars/deg2), but this is to be
expected given that these mini surveys will be considerably shallower. Considering that all OpSim runs return similar
number densities in the WFD, we should be able to probe similar quasar populations at the faint end with any of
them, suggesting there is not a strong driver to avoid any particular one because of that. Given this small range in
average number densities, however, it can be advantageous to cover larger areas in order to find the rarest objects,
such as high redshift and extremely luminous quasars.

4. ANSWERS TO QUESTIONS

Q1: Are there any science drivers that would strongly argue for, or against, increasing the WFD footprint from 18,000 sq.

deg. to 20,000 sq.deg.? Note that the resulting number of visits per pointing would drop by about 10%. If available, please

mention specific simulated cadences, and specific metrics, that support your answer.

Our analysis shows that WFD footprint size is the most important parameter for determining the total num-
ber of quasars expected in i-band. Hence, larger footprints are preferable in order to find rare quasars as
the number density is little a↵ected by di↵erences in i-band depth between OpSim runs. In particular we
find that the OpSim runs wfd depth scale0.70 noddf v1.5 10yrs, wfd depth scale0.65 noddf v1.5 10yrs and
footprint big wfdv1.5 10yrs all return more than 13 million expected quasars. We note, however, that this prefer-
ence is not strong and OpSim constraints explored in other cadence notes by the AGN SC may be more important.

Quasar Counts in 10-years
in the main + mini surveys
(Assef et al. 2021)
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Summary
• Rapid tour of LSST                                                                                                        

- multi-color time-resolved faint sky map                                                                                                                          
- 20 billion stars and 20 billion galaxies                                                          

Time-domain data enables and motivates new methods:
- better sample of periodic variables by combining bands
- seeing invisible by combining data and theory
- sample selection competitive with spectroscopy

• Data analysis challenges ahead of us                                                                
- large data sets                                                                         
- complex analysis                                                                         
- aiming for small systematics                                                                           

There is a lot of work to be done to turn LSST Data Release 
data products into papers! 

From Zeljko Ivezic slides
Rubin Observatory Director



LSST is on the way! First light in 2023!
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LSST: how to get involved
• hFps://www.lsst.org/par6cipate
• AFend Project&Community Workshop (PCW)
• Join different science collabora6on, e.g. AGN

• Follow ac6vi6es of LSST Corpora6on
– e.g. Enabling science call for proposals

• Par6cipate in Data Challenges
– E.g. AGN Data Challenge in summer 2021

hNps://github.com/RichardsGroup/AGN_DataChallenge

Seminar Katedre za astronomiju, Mart 2022              30

https://www.lsst.org/participate


LSST Science CollaboraDons
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Vera C. Rubin Observatory Project and Community Workshop 2020 | August 10 - 14, 2020 #rubin2020

● Dark Energy Science Collaboration

● Transients and Variable Stars Science Collaboration

● Strong Lensing Science Collaboration

● Active Galactic Nuclei Science Collaboration

● Galaxies Science Collaboration

● Stars, Milky Way, and Local Volume Science Collaboration

● Solar System Science Collaboration

● Informatics and Statistics Science Collaboration

Rubin LSST Science Collaborations: Find our more!

SCs coordinator: federica bianco fbianco@udel.edu             @fedhere

Contact us

Speaker: Federica



Serbian ParDcipaDon in LSST

LSST Project and Community Workshop
Tucson,  AZ August 14-19, 2016Seminar Katedre za astronomiju, Mart 2022              32

• We got involved fairly-early - interest in 2009/2010
• Signed MOA's for 4 PI in 2013 (France + Serbia first to join)

• standard contribu>on (20k$/year – increase from 2017) + in-kind
• PI: Darko Jevremović: DESC and Transients and Varaible stars

PI: Luka Popović: Ac>ve galac>c nuclei
+ Junior associates

• Background: stellar atmospheres, 
stellar flares, use of HPC in astronomy 
+ VO and astroinforma>cs; AGN and 
gravita>onal lenses

• Development of AlertSim (as in-kind)



AlertSim Demo
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From Nov 2016  AlertSim is included in 
the LSST Simula#on codebase

Basic idea is to provide brokers 
(Antares etc.) heads up playground

Mainly for stellar science

Contacts: darko@aob.rs



InternaDonal in-kind
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• New Call for proposal, September 2020
– In-kind Proposal Handbook at hNp://ls.st/RDO-031

• Full proposal to make specific in-kind contribu5ons of labor, 
compu5ng resources, equipment, telescope 5me or synergis5c 
datasets, to the Rubin Observatory or the Rubin Observatory LSST 
science program, in return for the same LSST data rights and 
access as enjoyed by US and Chilean scien5sts. 

• Review, feedback, update, approval, approvals: July 2021
– In-kind Program Manual at hNp://ls.st/RDO-041



SER-SAG in-kind LSST contribuDon
• Serbian AGN Team in LSST à SER-SAG

– members of AGN and TVS Science Collabora;on  

• Ins?tu?ons: Astronomical Observatory, Department of Astronomy
• Proposal Lead: Luka Č. Popović

Project Manager: Dragana Ilić
Contribu?on Leads: Anđelka Kovačević, Maša Lakićević

• two in-kind efforts:
1. Directable so?ware development for analysis of 
variability of celes;al sources (Lead: A. Kovačević)
2. OpAcal follow-up of bright LSST transients with 
AS Vidojevica, join via AEON (Lead: M. Lakićević)

There was a call 
for in-kind 
proposals in 
september 2020

35

Vidojevica 
1.4m
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Dec 2020



LSST operaDon strategies

• Main survey – Wide Fast Deep 
(WFD)
– currently in decision: cadence 

op>miza>on

• Mini surveys – e.g. Deep Drilling 
Fields (overlap with other 
missions, e.g. Euclid)

• Micro Surveys
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LSST call for cadence notes

• community is asked to comment the 
LSST Opera>on Simula>on (OpSim, 
Jones et al.)

• Important to test different proposed 
cadence (e.g. rolling cadences) for all 
proposed science cases

– E.g.  For our case to test if with the proposed 
cadence we could extrat accurate #me-lag or 
periodicity from light curves
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• Directable Sooware in-kind contribu>on
– Contribu>on Lead: Anđelka Kovačević
– Members: Viktor Radović, Mladen Nikolić

• Tasks and ac)vi)es
– developed metric for AGN RM ?me lag measurement
– pipeline for periodicity detec?on (under-construc?on)
– Project “Deep Learning Engines”

2D Cadence metrics for Ame-lags and periodicity 
detecAon in AGN light curves 

• probe the accuracy of #me-lag/periodicity es#mates
• AGN structure func#on metrics
• based on real AGN light curves & simulated data (e.g. LSST OpSim)
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In-kind software contribution
A&A proofs: manuscript no. output

Fig. 4. 3D plot of fitted multi-linear regression model (blue plane) for empirical proxies for uncertainties in time lags (left) and in periodicities
(right). Filled circles denotes data given in Table 1. Left C1 = 0.34 ± 0.20,C2 = �3.75 ± 1.38; Right C1 = �0.64 ± 0.13,C2 = 0.018 ± 0.0068.

Fig. 5. The same as Figure 4 but for artificial set of light curves with OpSim cadences. Filled circles denote data given in Table 2. Left:
C1 = �1.09 ± 0.29,C2 = �0.49 ± 0.12; Right: C1 = �0.0008 ± 0.0001,C2 = �1.089 ± 0.5.

campaign (see left panel in Figure 6). Thus the oscillation detec-
tion with the accuracy of 20% could be expected even for larger
cadences of around 100 days.

Some phenomena could a↵ect in a positive or a negative way
the detection of underlying signal. For example, we analyzed pe-
riodicities for PG 1302 -102 (Kovačević et al. 2019) and Mrk 231
(Kovačević et al. 2020) which were observed photometrically by
Catalina Real-time Transient Survey (CRTS) and All-Sky Auto-
mated Survey for Supernovae (ASAS-SN).

Analyzing Mrk 231 photometric curve, we found that finer
data sampling of ASAS-SN survey is more suitable for period-
icity detection (Kovačević et al. 2020).

Sudden changes in the target light curves can occur as it was
the case of PG 1302-102 when unexpected hump appeared re-
cently. This object has been considered as one of the best tar-
gets for the next generation of gravitational wave surveys. This
demonstrates the importance of information contained in certain
light curve segments. We emphasize that input models based
on OpSim cadences di↵ers from the real RM monitoring by
not included factors such as flares, real physical processes,
observation uncertainties, jets, etc.

3.3. Estimate of probability density function of detected
CB-SMBH by LSST

To further expand on this topic of possible periodicity detection,
one can ask the question how many close binary SMBH systems
could be detected by LSST. The angular scale of nearby binary
SMBHs at separation 0.01 pc is of the order of 10µas.

LSST can detect orbital motion of brighter component in
the binary if their mutual separation is above of anticipated
LSST astrometric precision (10µas), and if the orbital period
is shorter than twice of the survey lifetime. The minimum bi-
nary separation a and the binary mass M give the minimum bi-
nary SMBH orbital period for which LSST could detect orbital
motion:

Pmin =
2⇡a3/2

minp
GM

, (10)

where is assumed that

amin = ✓/d � 10µas, (11)

Article number, page 8 of 15

Kovacevic, Ilic, Popovic, MNRAS, 2021



In-kind soZware contribuDon
• A. Kovacevic, R. Viktor: developed metric to assess 

LSST obs. strategies for AGN con;nuum-
con;nuum ;me lags es;mates

• relies on Nyquist sampling criterion à atlas of 
LSST sky regions good for con;nuum ;me-lags
– the best strategies in DDFs with the best sampling 

(≲ 5 days)
– even with inferior sampling quality, ?me lags 

could be determined with accuracy of ∼ 10%. 
• LSST con;nuum RM can apply deep learning 

techniques to improve the ;me-lag measurement 

(Kovacevic et al., 2022, ready for submission to ApJS special issue 
dedicated to LSST opera#on strategies)

Seminar Katedre za astronomiju, Mart 2022              39
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As the expected size of the AD in the UV/optical is on the order of . 10 light days where Nyquist criterion273

becomes important, we modify our metric12 as follows:274

log �⌧ / ⌧obs
(1 + z)�tc

. (7)275

Note that the fraction term on the right hand side of Equation 7 represents a sampling rate. There are di↵erent276

opinions in the literature when it comes to the sampling rate (�tc) for irregularly sampled data. Some authors (e.g.,277

Horne & Baliunas 1986; Press et al. 1992) associate Nyquist frequency with 1/2htsami, where htsami is the sample rate278

”averaged”, or with 1/(2s), where s is the smallest time sampling in the sample (Roberts et al. 1987; Scargle 1982).279

For irregular sampling, Eyer & Bartholdi (1999) defined that the Nyquist frequency is fNy = 1/(2p) > 1/(2s) where280

p is a greatest common divisor (gcd) for all ti � t1 of time of observation ti. Since gcd calculation is very time281

consuming we will use the definition based on the smallest cadence in the sample (Roberts et al. 1987; Scargle282

1982).283

It is critical that the light curves are su�ciently well sampled for RM. Recalling Nyquist’s Theorem, the sampling
rate of the time lag measurement must be

⌧obs
(1 + z)�tc

> 2.2

in order for the time lag to be evaluated (Haas et al. 2011). As a result, our metric evaluates whether the sampling284

rate for required time lag measurement is greater than the Nyquist threshold13.285

3.2. Recovering time lags286

For simulated quintets of AGN light curves in the LSST ugriz bands (Section 2.2), we estimate the time delay287

relative to u-band and compare it to the input value. We chose the u band as the reference band since its has the288

shortest wavelength. Moreover, as the cadence of u-band observations is a critical issue in the LSST observing strategy289

optimization (Brandt et al. 2018), we aim to probe if u-band in DDF can be used to evaluate AD time lags.290

In addition to the standard cross correlation methodologies for determining time lags (Gaskell & Sparke 1986;291

Gaskell & Peterson 1987; Alexander 1997), other methods have been developed as those built on the assumption292

of a DRW process (e.g., Zu et al. 2016), and shifting techniques (Tewes et al. 2013), to deal with complex light293

curves (Chan et al. 2020). For example, Kovačević et al. (2021a,b) adapted the functionality of the widely used z-294

transformed discrete correlation function technique (Alexander 1997) to take into account general Gaussian processes295

in the modeling of thelight curves. We employed our shifting method to estimate time delays from the mock data,296

which is inspired by the PyCS toolbox developed by Tewes et al. (2013). One of PyCS implementation is optimized297

to find the best set of time delays that minimizes the variability of the di↵erence between Gaussian-process regressions298

on the light curves. This is motivated by the standard problem that there is a di↵erent number of light curve299

data points. An alternative objective function is needed to measure the similarity between the curves. As multiband300

light curves are mainly deformed due to the assymmetric transfer function, our basic idea of the optimizer is to shift301

the data iteratively in time and magnitude with respect to a reference band, and apply the Partial Curve Mapping302

14 (PCM Jekel et al. 2019) method to determine the similarity between curves and estimate a time delay through303

minimization of the PCM.304

For measuring time lag ⌧ between two noisy light curves f1(t), f2(t) we fit the relation f1(t) = a ·f2(t�⌧) where a is a305

scaling coe�cient. Denoting the LSST light curves as X = {xj(ti)|i = 1, .., N, j 2 (u, g, r, i, z)}, the scaling coe�cients306

and the lags as ak and ⌧k, k 2 g, r, i, z, respectively, and finally the variances of the noise as vk, we can fit quartet of307

multiband light curves x = xg, xr, xi, xz with one predictor time series in the shortest wavelength xu.308

Considering the time lags that will be probed we use the following uniform priors (in days): ⌧ug =309

Uniform(0, 1), ⌧ur = Uniform(1, 2), ⌧ui = Uniform(2, 3), ⌧uz = Uniform(3, 4). We chose priors with sim-310

plicity in mind. These should only be considered as suggestions, and can be easily changed. They311

reflect range of expected values of di↵erence between mean time delays of transfer function in di↵erent312

bands. Prior on expected time lags are non informative, and their ranges do not overlap. Our emphasis is on the fact313

12 The other terms could be kept less than an arbitrary constant, e.g., assuming limits of Fvar ⇠ 0.4 and � ⇠ 0.005mag.
13 Due to data loss to weather or technical di�culties in reality, practical sampling might require a sti↵er criterion, known as the engineer’s

Nyquist (see e.g., Srinivasan et al. 1998):
⌧obs

(1 + z)�tc
> 2.5.

14 https://github.com/cjekel/similarity measures

incorporated in LSST
Metrics Analysis Framework
(MAF)

The LSST era of supermassive black holes accretion-disk reverberation mapping 13

Figure 4. A zoomed-in plots of metric values (indicated in colorbars) in DDFs for di↵erent cadence strategies (given in subplot
titles) for r,g,i bands. Upper row: COSMOS; Middle row: first and second subplot ECDFS, third subplot EDFS a; Bottom row:
EDFS a.

To create simulated light curves, we first produce the observation schedule and depth of each epoch using the LSST437

OpSim (Delgado & Reuter 2016). In each DDF we created a suite of quintets of multiband light curves by convolution438

of AD transfer function with DRW driving light curve (see Section 2.2).439

Example of quintets for each DDF is given in Figure 6. The warping of light curves in di↵erent bands, due to transfer440

function skewness, is evident. For example, warping can be seen in ELAISS1 DDF around MJD 61000 during one441

Kovacevic et al., 2022, in prep.



• Development of the periodicty-search 
pipeline for TVS and AGN SC 

• jointly w/Rachel Street (co-chair of TVS SC)

• nonparametric and parametric light curve 
modelling
– different time-domain period-detection 

algorithms
– machine learning of light curves
– estimates of significance of potential periods
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In-kind so3ware contribu4on



DLEs: Deep Learning Engines
• Developing deep learning engines (DLEs) for 

non-parametric modeling and extrac>ng of 
informa>on from AGN light-curves

• PIs: Andjelka Kovacevic, Dragana Ilic 
• Co-Is: Luka C. Popovic, Paula Sánchez Sáez, 

Robert NikuNa

• support for student research for 10 months in 
2021-2022

hNps://github.com/LSST-sersag/dle
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DLE subtask 1 (DLE1): Light Curve nonparametric 
modeling (Conditional Neural Process)  

DLE subtask 2 (DLE2): photometric 
reverbera?on mapping (PhotoRM)

New tools for PhotoRM based on the formalism by 
Chelouche & Daniel (2012)

Learned LC will enable us to improve #me-lag 
determina#on as a goal of PhotoRM.

Two main projects
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Non-parametric modeling of AGN light curves

• used Conditional Neural Process (Garnelo et al. 2018) for nonparametric modeling 
of AGN light curves 

• tested on a sample of ~150 AGNs light curves from ASAS-SN (Holoien et al. 2017) 
with different structures (strong gradients, gaps, etc.) – difficult to model
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truth targets under the predicted distribution and can be
interpreted as the degree to which an event supports a
statistical model.2

In the first phase of our research, we have used tar-
get points for which we know the measured values of flux
(to determine how accurate the predictions are by compar-
ing them with real values). In the second phase, we have
used equidistant target points to make predictions, which
allowed us to generate a more suitable model for further
analysis. The aim of our training is to minimize the loss
function (Garnelo et al. 2018):

(") = −Ef∼P
[
EN

[
log Q"

(
{yi}n−1

i= 0 |ON , {xi}n−1
i= 0

)]]
.

As the loss function decreases, the log-likelihood of
the target points becomes higher, that is, predicted distri-
bution becomes a better fit of a statistical model to our
data sample. In practice, we use Adam optimizer (Kingma
& Ba 2017), an algorithm for first-order gradient-based
optimization of stochastic objective functions, since it
is computationally efficient, has little memory require-
ments, and is well suited for problems that are large in
terms of data. The method is also appropriate for non-
stationary objectives and problems with very noisy and
sparse gradients (Kingma & Ba 2017). This approach
allows method to rely only on the empirical data rather
than imposing assumption of an analytic prior (Garnelo
et al. 2018).

CNP method can make good predictions with hand-
ful of data. We demonstrated it on artificial sparse sample
generated by GP (Figure 4). The ground truth GP curve is
shown as a black dotted line and the context points from
this curve that are fed into the model as black dots. The
model’s predicted mean and variance are shown as solid
green line and light green shaded area, respectively, after
100,000 iterations. The next steps for future research of this
functionality on real AGN light curve data are described in
Section 5.

Another goal of our work is to make our code adapt-
able for processing vast amount of data (AGNs and light
curves of other sources), expected to be harnessed by LSST
surveys. For this purposes, we made initial paralleliza-
tion attempts of our code and tests on high-performance
computing facility. The simulations were run on the
SUPERAST, an HPE ProLiant DL380 Gen10 2x Xeon
4210-S 64GB SFF server located at the Department of

2A simplified explanation is that the error between the prediction
output and the specified target value is measured using loss functions. A
loss function indicates how close the algorithm model is to achieving
the desired result. The term loss refers to the penalty that the model
receives when it fails to produce the expected results. If the deviation of
the model is high, the loss value will be also very high and vice versa.

F I G U R E 4 Conditional Neural Processes modeling of
Gaussian Process-generated data using 100,000 iterations. The light
green area is the one sigma confidence interval. Black dots are
context points. Black dotted line is the ground truth curve

F I G U R E 5 Conditional Neural Processes modeling of 3C 382
light curve using 300,000 iterations. The light green area is the one
sigma confidence interval. The width of confidence intervals
depends on number of context points (see Garnelo et al. 2018, and
their fig. 2). The larger number of context points produce narrower
confidence bands

Astronomy, Faculty of Mathematics, University of Bel-
grade (described by Kovačević et al. 2021). There are two
computational nodes in SUPERAST. Each node has 40
cores, 128 GB RAM, 2 TB memory on SSD, and 3 DP
GFLOPS (DoublePrecision Giga Floating Point Operations
Per Second). The first results shown in Section 5, set the
path for future work.

4 RESULTS

Here we give several representative results of AGN light
curve modeling after 300,000 iterations that show how
the CNP performs with various features of input data sets
(Figures 5–9). Some light curves are very difficult to model
and each curve has a different structure. In Figures 4–8,
dark blue dots denote actual observed values of flux (our
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F I G U R E 6 The same as in Figure 4, but for Fairall 9

F I G U R E 7 The same as in Figure 4, but for 2MASX
J11454045-1827149

F I G U R E 8 The same as in Figure 4, but for Mrk 509

F I G U R E 9 The same as in Figure 4, but for NGC 7469

T A B L E 1 Basic parameters for Conditional Neural
Processes (CNP) modeling performance for a selected
sub-sample of representative cases

Object n L (days) T (s) Loss

3C 382 225 1,253 1,735 0.004859

Fairall 9 246 1,318 1,898 0.007852

Fairall 9a 246 1,318 1,898 0.008732

Mrk 509 259 1,319 1,857 0.001648

NGC 7469 264 2,136 1,809 0.008796

MASX
J11454045-1827149

376 2,138 1,917 0.177469

Note: The columns are: object name, number of observations in the light
curve (n), observation time-baseline (L), CNP algorithm execution time
(T) for 300,000 iterations, and the best values for loss function obtained
during 300,000 iterations for objects: 3C 382, Fairall 9, Mrk 509, NGC
7469, and 2MASX J11454045-1827149. All objects have been processed
without observational errors, with the exception of Fairall 9, where given
values present results with and without measurement errors included in
processing.
aObject’s light curve modeled with measurement errors included in
processing.

context points), whereas light green dots represents pre-
dicted values, at target points. The light green shaded
band represents the confidence interval, which shrinks
after each iterations step. We now further discuss each
individual case. Their basic CNP parameters are listed in
Table 1.

The first two cases, which are presented in Figures 4
and 5 are dominated by significant gradients in light
curves. Figure 5 shows the modeled light curve for 3C
382, a nearby (z = 0.058) broad-line radio galaxy (BLRG)
hosting a super-massive black hole of 1.0 ± 0.3 × 109M⊙
(obtained from reverberation mapping Fausnaugh
et al. 2017). The observation baseline is 1,253 days

see for details Čvorović-Hajdinjak et al. 2022

3C382 Fairwell 9



upgrade for large number of LCs
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• Condi?onal Neural Processes trained on ~39,000 light curves for ~30h on 2,560 CUDA cores
• ZTF quasar light curves from Sánchez-Sáez, P., et al. (2021)

Train

Test

by Andrić Mitrović et al. 2022



Photometric reverbera4on mapping

• the line emission hidden in the broadband light curve 
• formalizm developed by Chelouche & Daniel (2012) 
• 8me lag from cross (CCF) and auto-correla8on func8ons (ACF) 

• Used ar8ficial light curves based on DRW (Kovačević et al. 2021) with different cadences
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JANKOV et al. 3

F I G U R E 1 Composite quasar spectrum (Vanden Berk et al. 2001) plotted against the LSST broadband filters response curves at two
different redshifts. Left: Composite quasar spectrum with redshift of NGC 4395, z = 0.001. The H! and H" emission lines are covered by the r
and g bands, respectively. The pure continuum emission can be sampled via i band. Right: Composite quasar spectrum at redshift z = 1.5.
Balmer lines are no longer visible in the spectral range covered by the LSST filters, while Mg II, C III, and C IV emission lines become
available for photoRM at this redshift

band, which is a fair approximation since the continuum
contributes 75–95% of the total flux in the filters, while the
remaining flux comes from the broad emission lines (Edri
et al. 2012). The time-lag is estimated using the obtained
line-continuum CCF. The z-transformed discrete correla-
tion function (ZDCF) by Alexander (1997) was used for
CCF calculation, since it can deal with light curves having
distribution of points as considered LSST OpSim cadence
and artificial cadence.

In order to test our implementation of the photoRM
method, we perform several experiments with a set of 19
artificially generated pairs of light curves of the continuum
and line emission with different time-lags ranging from
a few days to several months. The light curves were gen-
erated as described in Kovačević et al. (2021b), and are
further entangled using the prescription in Chelouche &
Daniel (2012). The procedure involves the entanglement
of the generated continuum and emission-line light curves
(eq. 4, Chelouche & Daniel 2012) in order to simulate a
kind of light curve we get from the broadband photometric
filters.

We shortly describe how the artificial light curves are
simulated, for more details see Kovačević et al. (2021b).
The continuum light curves were generated using the
damped random walk (DRW) model (Kelly et al. 2009),
with the characteristic amplitude # and timescale %̃
inferred from the SMBH mass and/or AGN luminosity.
The DRW model parameters, # and %̃, are calculated from
the first principles: assuming a priori theoretical distribu-
tions of AGN luminosity, SMBH mass, and BLR radius
as given in Kovačević et al. (2021b). The simulated light
curves have idealized cadence of 1 day over the inter-
val of 5,000 days (13.7 years). The chosen interval satisfies

F I G U R E 2 An example of the simulated light curves in an
arbitrary broadband filter (ID = 13, see Table 1) sampled using
different observing strategies. From top to bottom: ideal observing
strategy (1-day cadence), hypothetical variable cadence, cadence
from OpSim run agnddf_v1.5_10yrs, and cadence from OpSim run
baseline_samefilt_v1.5_10yrs. All observing strategies have the same
length of 10 years

the condition that the length of the light curve used for
time-lag estimation must be at least 10 times larger than its
characteristic timescale %̃ (Kozłowski 2017). From there,
the emission line light curves were obtained using the
linear approximation:

f l(t) =
(

f c ∗ &
)
(t) (2)
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continuum flux variation from 19 simulated pairs of
broadband light curves. Each set of light curves has
four time-lag estimations, each corresponding to differ-
ent observing strategy (Table 1). To obtain time-lags, we
developed a Python code, which implements the previ-
ously described procedure for the line-continuum CCF
calculation, but also for locating the first prominent
peak in the obtained CCF, which corresponds to the
actual time-lag. The time-lag errors were calculated using
the asymmetric error propagation method described in
Laursen et al. (2019). The example analysis of one of the
simulated light curves using different observing strate-
gies is shown in Figure 4. In many cases, especially for
light curves with smaller and fewer gaps (i.e., in ideal
and variable strategies), we have found that the predic-
tion accuracy is improved if the CCF is fitted using the
locally weighted scatterplot smoothing2 (LOWESS, Cleve-
land & Devlin 1988), a form of nonparametric regression.
Although CCFs in our analysis do not have large scat-
ter, this method is still useful for smoothing sharp drops
and peaks, which sometimes appear in CCF-ACF differ-
ence. We observed that the prediction accuracy drops for
! < 20, because the peaks tend to be defined by a sin-
gle outlying point, therefore, we did not use the fitting
method in those cases. As demonstrated in Figure 4, very
accurate prediction can be obtained using this method,
although prediction accuracy goes down as the number of
points contained in the light curve decreases (e.g., com-
paring ideal and variable cadence where number of points
drops by a factor of ∼4) but also depends on the choice
of the observing cadence. For example, OpSim “agnddf”
and “baseline” observing strategies have similar number
of points (∼200), as well as the mean cadence (16.8 and
17.9 days, respectively), but vary in time-lag retrieval accu-
racy. This most likely occurs due to less prominent features
in light curves sampled using the “baseline” cadence (see
bottom panel in Figure 2), making it difficult to account for
peaks and valleys needed in order to detect the time-lag in
CCF-ACF difference.

The time-lag detection efficiency is shown in Figure 5,
indicating the percentage of time-lag estimations belong-
ing to different time-lag ranges and observing strategies,
with relative errors below 10% (left panel) and 30% (right
panel). As expected, continuous light curves tend to give
the best predictions for 10% error margin, with high-
est detection efficiency for ! > 40 days and with total
mean squared error (MSE) of 3.9. The hypothetical vari-
able cadence has comparable time-lag detection efficiency
and MSEvar of only 10.9. Of two OpSim realization, the

2 Code by Alexandre Gramfort: https://gist.github.com/agramfort/
850437.

F I G U R E 4 CCF (dashed), ACF (solid), and their difference
(lower panels) for simulated AGN light curves with different
cadences (Table 1, Object ID = 13). Top: Ideal 1-day cadence;
Middle: the hypothetical variable cadence; and bottom: the
“agnddf” LSST OpSim cadence. Second-order spline interpolation
and the LOWESS fit (blue solid line) are used together to obtain the
difference between the CCF and ACF. True value of the time-lag is
!true = 36.9 days, and estimated ones are indicated on each panel in
the bottom right

Z=1.5
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peaks and valleys needed in order to detect the time-lag in
CCF-ACF difference.
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with relative errors below 10% (left panel) and 30% (right
panel). As expected, continuous light curves tend to give
the best predictions for 10% error margin, with high-
est detection efficiency for ! > 40 days and with total
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True lag 
36.9 days

ideal (1-day) with gaps LSST-like



AGN Data Challenge 2021
• Aims: developing the data driven machine learning methods for studying AGN with the LSST
• dataset mimic the future LSST data release catalogs as much as possible (column names and follow 

that listed in the LSST Data Products documents (LSE-163)
• Dataset info:

– ∼440,000 objects
– drawn from two main survey fields, 

an extended Stripe 82 area and the XMM-LSS region
– stars, quasars/AGNs and galaxies
– tabular data (flux, astrometry, etc.), images and light curves

• all contributions treated the main problem of AGN selection 
• methods: simple statistics, supervised SVM, RF and XGB, deep convolutional artificial neural networks
• very high baseline classifying accuracy (>98%) - when adequate light curve features added in model
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htps://github.com/RichardsGroup/AGN_DataChallenge



AGN Data Challenge 2021
• Our contribu>on: Djordje Savic et al.

• Classifier: Ar?ficial Neural Network
• also tested: random forest, support vector machine, XGBoost

• Reached >98% accuracy

• Blind sample tests 94-96%
• Total number test objects: ~15,000
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0=star
1=gal
2=agn



TVS Kickstarter Grant

• 2021: Preparing for Astrophysics with LSST for 3 Rubin Science Collabora>ons:
Transients and Variable Stars (TVS)
Stars, Milky Way and Local Volume (SMWLV)
Solar System Science Collabora?on (SSSC)

• PI: S. Simic (Uni.Kragujevac) “Regional Storage Support for LSST Related Science”
– partnerships: i) Faculty of Sciences, University of Kragujevac; ii) Astronomical Observatory Belgrade; iii) Faculty of 

Mathema#cs, University of Belgrade; iv) Department of Physics, University of Rijeka; v) Ruđer Bošković Ins#tute, 
Zagreb, and vi) Hvar Observatory of the University of Zagreb’s Faculty of Geodesy  
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In-kind telescope 4me 
(Lead: M.Lakicevic)

• Astronomical Sta?on Vidojevica, 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 conTnuum narrow bands

• 6-year long experience in the Gaia-FUN-TO
• In process of joining AEON
• Members: J. Kovacevic-Dojcinovic, S.Marceta-

Mandic, O.Vince
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possible upgrade 
to spectropgraph?
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3 observational modes: 
MAGIC : Monitoring  of Active Galaxies by Investigation of their Cores 

CCD  
Andor iKon-L 
936 (BEX2-DD) 

Slides from Roman Uklein
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MAGIC : 

Weight of the device 
(without CCD and 
turntable) - 23 kg, 
dimensions 
410x420x270mm. 
The turntable is 14 
kg, CCD is 7 kg. 

8 

Slides from Roman Uklein



Upgrade for 1.4m Milankovic
• to the universal (mul)-mode) focal reducer of 

high efficiency
• Op>cal scheme of 1.4m Milankovic telescope, 

with the UPDATED mul>-mode instrument (red 
box) installed on its leo port

• 3 main observing modes:
– Photometer (large field of view, beter transparency of 

the instrument, 2 filter wheels with 18 posi?ons (14 
posi?ons are available for filters)

– Long-slit spectrograph (high-efficiency long-slit, grism)
– Polarimeter (Wollaston prism)
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Summary
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• LSST, will be the largest 10-year long movie of the sky! 
Operation starts April 2023

à Opens the new parameter space for AGN research
à Photo Reverberation mapping

à Search for period signals and possible supermassive BH binaries

à SER-SAG: ongoing efforts in developing tools and techniques 
for future large and time-domain surveys
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Erasmus Mundus Master

• Erasmus Mundus Joint Master Degree (EMJMD) program in 
Astrophysics and Space Science 

• Master in Astrophysics and Space Science (MASS)
• 2 year master studies, 120
• Partner Universi;es:

– University of Rome Tor Vergata, Rome Italy
– University of Belgrade, Belgrade, Serbia
– University of Bremen, Bremen, Germany
– University of Côte d’Azur, Nice, France 

• Just approved for 6 years: 2021-2027
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