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A B S T R A C T 

We present our follow-up observations with GRANDMA of transient sources revealed by the Zwicky Transient Facility (ZTF). 
Over a period of six months, all ZTF alerts were examined in real time by a dedicated science module implemented in the 
Fink broker, which will be used in filtering of transients disco v ered by the Vera C. Rubin Observatory. In this article, we 
present three selection methods to identify kilonova candidates. Out of more than 35 million alerts, a hundred sources have 
passed our selection criteria. Six were then followed-up by GRANDMA (by both professional and amateur astronomers). The 
majority were finally classified either as asteroids or as supernovae events. We mobilized 37 telescopes, bringing together a 
large sample of images, taken under various conditions and quality. To complement the orphan kilonova candidates, we included 

three additional supernovae alerts to conduct further observations during summer 2021. We demonstrate the importance of the 
amateur astronomer community that contributed images for scientific analyses of new sources disco v ered in a magnitude range 
r 

′ = 17 − 19 mag. We based our rapid kilonova classification on the decay rate of the optical source that should exceed 0.3 

mag d 

−1 . GRANDMA’s follow-up determined the fading rate within 1.5 ± 1.2 d post-disco v ery, without waiting for further 
observations from ZTF. No confirmed kilonovae were disco v ered during our observing campaign. This work will be continued 

in the coming months in the view of preparing for kilonova searches in the next gra vitational-wa ve observing run O4. 

Key w ords: gravitational w aves – methods: data analysis – neutron star mergers. 
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 I N T RO D U C T I O N  

he landmark detection of GW170817 by LIGO and Virgo (Abbott 
t al. 2017a ), GRB 170817A by Fermi-GBM (Goldstein et al. 
017 ) and INTEGRAL (Savchenko et al. 2017 ), and the subsequent
ccompanying host of electromagnetic signatures (Abbott et al. 
017b ) solidified the long predicted connection of binary neutron 
tar mergers (BNS) to short gamma-ray bursts (sGRBs; e.g. Alexan- 
er et al. 2017 ; Haggard et al. 2017 ; Hallinan et al. 2017 ), and
ptical/infrared transients called kilonovae (KNe; e.g. Arcavi et al. 
 E-mail: damien.turpin@cea.fr 

C  

2

2022 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
017 ; Andreoni et al. 2017 ; Hu et al. 2017 ). Signatures of KNe
lso exist in some sGRBs (e.g. Berger, Fong & Chornock 2013 ;
anvir et al. 2013 ), and efforts to obtain a full characterization
f their emission remain a major priority in Astrophysics. In 
articular, KN emission is uniquely suited to better constrain the 
eutron star equation of state (EoS; e.g. Bauswein et al. 2017 ;
argalit & Metzger 2017 ; Coughlin et al. 2018 ; Coughlin et al.

019 ; Coughlin et al. 2020c ), the Hubble constant (e.g. Abbott et al.
017a ; Hotokezaka et al. 2019 ; Coughlin et al. 2020a , b ; Dietrich
t al. 2020 ) and the abundancies of r -process nucleosynthesis (e.g.
hornock et al. 2017 ; Coulter et al. 2017 ; Cowperthwaite et al.
017 ). 
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To address outstanding questions related to KNe, e.g. answering
hether or not diverse processes take place in their ejecta and the

ources of different emission components, a large sample of sources
re necessary (Andreoni et al. 2021, 2022 ). Ho we ver, obtaining such
 large data set is a difficult task for several reasons. Firstly, KNe are
are ( < 1 per cent of the core collapse supernova rate), fast (rapidly
ading � 0.5 mag per day in the optical), and faint transients ( M
 −16 at peak), e.g. see Andreoni et al. ( 2022 ). Secondly, the typical

rotocol for identifying and studying KNe remains, for the most
art, rapid follow-up of gra vitational-wa ve (GW) and high-energy
amma-ray burst (GRB) triggers (e.g. Andreoni et al. 2021 , 2022 ).
o far, the only GW detection that led to the disco v ery of a KN
ounterpart was the BNS merger GW170817, and even with near-
erm impro v ements to GW monitoring networks only a few tens
f triggers are anticipated throughout the upcoming decade (see
ndreoni et al. 2019 ). 
Current and future wide-field optical and near-infrared surv e ys

ave been recently employed as tools for disco v ering KNe (Andreoni
t al. 2019 , 2021 , 2022 ). The fundamental idea is to capitalize on real-
ime surv e y data for serendipitous transient disco v ery, as opposed to
triggered’ observations that use timing and/or localization informa-
ion from other wavelengths or messengers (Andreoni et al. 2021 ).
ctive facilities applicable for serendipitous fast-transient disco v ery

nclude the Panoramic Survey Telescope and Rapid Response System
Pan-STARRS; Morgan et al. 2012 ), Asteroid Terrestrial-impact Last
lert System (ATLAS; Tonry et al. 2018 ), the Dark Energy Camera

DECam; Flaugher et al. 2015 ), the Zwicky Transient Facility (ZTF;
ellm et al. 2019 ; Graham et al. 2019 ; Masci et al. 2019 ; Dekany
t al. 2020 ; Ho et al. 2022 ), and the Gra vitational-Wa ve Optical
ransient Observer (GOTO; Gompertz et al. 2020 ), while future

nstrumentation include BlackGEM (Bloemen et al. 2015 ) and the
era C. Rubin Observatory’s Le gac y Surv e y of Space and Time

LSST; Ivezi ́c et al. 2019 ). 
The ZTF has been a particular focal point for serendipitous KN

isco v eries as its volumetric surv e y speed is sensitive to objects that
re faint and fast-fading out to almost 200 Mpc (Andreoni et al.
021 ), and its alert stream design follows closely that envisioned for
he LSST (Patterson et al. 2019 ). The ZTF was built upon the existing
alomar 48 arcsec telescope after being equipped with a custom-built
ide-field camera (e.g. Bellm et al. 2019 ), and its observing system

cans large areas of the sk y sev eral times each night in multiple
ands ( g 

′ 
r 

′ 
i 
′ 
), with optical transients identified in near-real time using

eference image subtraction (Dekany et al. 2020 ). 
A first initiative (Andreoni et al. 2021 ) was developed as the ZTF

Ealtime Search and Triggering (ZTFReST) to identify KNe in ZTF
ata, and autonomously rank candidates in the ZTF alert stream based
n their photometric evolution and fitting to KN models. Though
TFReST pro v ed to be ef fecti ve at serendipitously discovering
xtragalactic fast transients in the initial system-test trials carried
ut by Andreoni et al. ( 2021 ), no KNe were identified. Such results,
n addition to outcomes from simulation studies of Vera C. Rubin
bserv atory observ ations (e.g. Andreoni et al. 2022 ), have raised

he necessity of exploring alternate strategies for synoptic survey
echniques and alert characterizations that are optimized to study
he transient universe (e.g. see Andreoni et al. 2019 ; Almualla et al.
020 ). 
In this article, we propose a method to explore the detection and

arly characterization of potential KN candidates from the public data
eleased by ZTF in real time. We use FINK 

1 (M ̈oller et al. 2020 ), a
NRAS 515, 6007–6022 (2022) 
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2  

a  

T  
ommunity broker for the upcoming LSST, which currently analyses
he public alert stream from the ZTF surv e y. We hav e built three
pecific selection algorithms (known as ‘filters’) to select the most
romising KN candidates from the global alert streams. The KN
lters are based on temporal light curve and colour evolution, and
ill be explained in detail in Section 3.2 . 
We demonstrate the ability of the GRANDMA (Antier et al. 2020a ,

 ) w orld-wide netw ork of telescopes to respond quickly to ZTF-Fink
lerts and provide complementary observations to ZTF data at very
arly times. From the actual cadence of ZTF, we expect a collection
f consecutive points, taken with the same filter, to have ∼2.5 d
adence. Ho we ver, works such as Coughlin et al. ( 2020d ), Almualla
t al. ( 2021 ) demonstrate that there is added value in obtaining a more
efined sampling resolution for the light curve of the transient due to
he f ast-f ading nature of KNe. Early-time observations are especially
mportant in bluer bands such a B or g 

′ 
, in which the KN is expected

o fade even more quickly – becoming undetectable within on the
rder of one or two days. In addition, incorporating different filter
ombinations can help in distinguishing KNe from other candidate
ransients through their expected colour evolution (Margutti et al.
018 ; Cowperthwaite et al. 2019 ; Coughlin et al. 2020d ). 
The main challenge is not only to coordinate responses to alerts

ithin 48 h globally, but also to build a real-time data reduction
ipeline that is able to digest heterogeneous data from a diverse set
f telescopes in order to produce refined data in between consecutive
TF observations. Although this general problem of calibration,
xplored for example in Perley et al. ( 2019 ), Brennan & Fraser
 2022 ), is not new, it is crucial for the progress of transient and GW
cience. The larger objective is therefore to efficiently characterize
ll of the candidate transients through the use of optimal filter choices
nd multiple early-time observations, in order to rapidly rule out (or
onfirm) the nature of the transient as a KN. 

We organized an observational campaign from 2021 May 21 to
021 September 21, named ‘ReadyforO4’ (R O4), to in vite members
f GRANDMA (both professional and amateur astronomers) to
ollow-up KN candidates from ZTF-Fink in order to enable the early
haracterization of the detected transients. The paper is organized as
ollows: Section 2 introduces the GRANDMA consortium, and its
itizen science program, Kilonova-catcher. Section 3 provides details
n the KN filters used in this work, provided by FINK in collaboration
ith GRANDMA. Section 4 presents the GRANDMA observations
f the RO4 campaign, general data reduction, accuracy of real-time
coring, and the results for non-confirmation of KNe. We finish by
resenting our conclusions in Section 5 . 

 G R A N D M A  A N D  K I L O N OVA  C AT C H E R  

he GRANDMA (Global Rapid Advanced Network Devoted to
ultimessenger Addicts) consortium is a world-wide network of

0 telescopes from 23 observatories, 42 institutions, and groups
rom 18 countries (e.g. see Antier et al. 2020a , b ). These facilities
ake available large amounts of observing time that can be allocated

or photometric and/or spectroscopic follow-up of transients. The
etwork has access to wide field-of-view telescopes ([FoV] > 1 deg 2 )
ocated on three continents, and remote and robotic telescopes with
arro wer fields-of-vie w as reported in Table 1 . 
New telescopes have joined the network since the third LIGO-

irgo observational run O3 (which was described in Antier et al.
020a , b ). In particular, the collaboration with Thailand has provided
n opportunity to access both the Southern and Northern sky by
hai Robotic Telescopes (TRTs) located at Springbrook Observatory

https://fink-broker.org
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Table 1. List of telescopes of the GRANDMA consortium and their photometric performance when using their standard setup. In blue are mentioned the ones 
that were engaged in observations for this work. 

Telescope Location Aperture FOV Filters 3 σ limit Max. Night slot 
Name (m) (deg) (AB mag) (UTC) 

TRT-SBO Sierra Remote Obs. 0.70 0.17 × 0.17 UBVR C I C 19.0 in 60s (Clear) 00h-10h 
TAR O T/TCH La Silla Obs. 0.25 1.85 × 1.85 Clear, g 

′ 
r 
′ 
i 
′ 

18.0 in 60s (Clear) 00h-10h 
TRT-SRO Springbrook Research Obs. 0.70 0.17 × 0.17 UBVR C I C 19.0 in 60s (Clear) 10h-16h 
CFHT/WIRCAM CFH Obs. 3.6 0.35 × 0.35 JHK S 22.0 in 200s ( J ) 10h-16h 
FRAM-Auger Pierre Auger Obs. 0.30 1.0 × 1.0 BVR C I C , Clear 17.0 in 120s ( R C ) 00h-10h 
CFHT/MEGACAM CFH Obs. 3.6 1.0 × 1.0 g 

′ 
r 
′ 
i 
′ 
z 

′ 
23.0 in 200s ( r 

′ 
) 10h-16h 

Thai National Tel. Thai National Obs. 2.40 0.13 × 0.13 Clear, u 
′ 
g 

′ 
r 
′ 
i 
′ 
z 

′ 
22.3 in 3s ( g 

′ 
) 11h-23h 

Zadko Gingin Obs. 1.00 0.17 × 0.12 Clear, g 
′ 
r 
′ 
i 
′ 
I C 20.5 in 40s (Clear) 12h-22h 

TNT Xinglong Obs. 0.80 0.19 × 0.19 BVg 
′ 
r 
′ 
i 
′ 

19.0 in 300s ( R C ) 12h-22h 
Xinglong-2.16 Xinglong Obs. 2.16 0.15 × 0.15 BVRI 21.0 in 100s ( R C ) 12h-22h 
GMG-2.4 Lijiang Obs. 2.4 0.17 × 0.17 BVRI 22.0 in 100s ( R C ) 12h-22h 
BJP/ALi-50 ALi Obs. 0.5 0.38 × 0.38 Clear , g 

′ 
r 
′ 

20.8 in 20s (Clear) 14h-00h 
UBAI/NT-60 Maidanak Obs. 0.60 0.21 × 0.21 BVR C I C 18.0 in 180s ( R C ) 14h-00h 
UBAI/ST-60 Maidanak Obs. 0.60 0.23 × 0.23 BVR C I C 18.0 in 180s ( R C ) 14h-00h 
TAR O T/TRE La Reunion 0.18 4.2 × 4.2 Clear 16.0 in 60s (Clear) 15h-01h 
Les Makes/T60 La Reunion. 0.60 0.3 × 0.3 Clear 19.0 in 180s (Clear) 15h-01h 
Terskol/Zeiss-600 Terskol Obs 0.6 0.18x0.18 Clear, BVR C I C 21.5 in 120s ( R C ) 16h-02h 
Abastumani/T70 Abastumani Obs. 0.70 0.5 × 0.5 BVR C I C 18.2 in 60s ( R C ) 17h-03h 
ShAO/T60 Shamakhy Obs. 0.60 0.28 × 0.28 BVR C I C 19.0 in 300s ( R C ) 17h-03h 
Lisn yk y/AZT-8 K yi v Obs. 0.70 0.38 × 0.38 UBVR C I C 20.0 in 300s( R C ) 17h-03h 
Lisn yk y/Schmidt K yi v Obs. 0.36 0.20 × 0.14 Clear, UBVR C I C 19.5 in 300s( R C ) 17h-03h 
TAR O T/TCA Calern Obs. 0.25 1.85 × 1.85 Clear, g 

′ 
r 
′ 
i 
′ 

18.0 in 60s (Clear) 20h-06h 
FRAM-CTA ORM 0.25 0.43 × 0.43 Clear, BVR C z 

′ 
, 16.5 in 120s ( R C ) 20h-06h 

IRIS OHP 0.50 0.4 × 0.4 Clear, u 
′ 
g 

′ 
r 
′ 
i 
′ 
z 

′ 
18.5 in 60s ( r 

′ 
) 20h-06h 

T120 OHP 1.20 0.3 × 0.3 BVR C I C 20.0 in 60s ( R ) 20h-06h 
Pic du Midi/T1M Pic du Midi 1.05 0.13 × 0.13 u 

′ 
g 

′ 
r 
′ 
i 
′ 
z 

′ 
19.5 in 60s ( r 

′ 
) 20h-06h 

2.2m CAHA/CAFOS Calar Alto Obs. 2.20 0 . 27 / © u 
′ 
g 

′ 
r 
′ 
i 
′ 
z 

′ 
23.7 in 100s ( r 

′ 
) 20h-06h 

3.5m CAHA/ �2000 Calar Alto Obs. 3.50 0.257 × 0.257 JHK S 20 in 90s ( J ) 20h-06h 
10.4m GTC/OSIRIS ORM. 10.40 0.13 × 0.13 u 

′ 
g 

′ 
r 
′ 
i 
′ 
z 

′ 
24 in 30s ( r 

′ 
) 20h-06h 

10.4m GTC/EMIR ORM. 10.40 0.111 × 0.111 YJHK S 24 in 120s ( Y ) 20h-06h 
VIRT Etelman Obs. 0.50 0.27 × 0.27 UBVR C I C , Clear 19.0 in 120s (Clear) 22h-04h 
Perkin-Elmer Tel. Pico dos Dias Obs 1.6 0.083 × 0.083 UBVR C I C 21 in 360s(Clear) 18h-01h 
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TRT-SBO) in Australia and Sierra Remote Observatory (TRT-SRO) 
n USA. 

The 50 cm Ali telescope of the Beijing Planetarium, Beijing 
cademy of Science and Technology, performs both astronomy 

esearch and public outreach functions. It is located in the Ngari 
egion of Tibet. It is a 20 arcsec reflecting telescope equipped with
 22 . 5 mm × 22 . 5 mm CMOS camera. The 5 σ magnitude limits are
xpected to be g 

′ 
> 20 mag in single images. 

A 38 cm Schmidt-Cassegrain (with f/11 equipped with an ST-8 
CD sensor) was used at the Lisn yk y Observatory granted by the
ain Astronomical Observatory of National Academy of Sciences 

f Ukraine. 
The ICAMER (International Centre for Astronomical, Medical 

nd Ecological Research) Observatory of the National Academy of 
cience of Ukraine provided observations with the 60 cm Zeiss at 

he Terskol Observatory located in the North Caucasus. 
In addition, the 1 m telescope in Pic du Midi is being renovated by

he Institut de Recherche en Astrophysique et Plan ́etologie (IRAP) 
nd will participate in the GRANDMA consortium, as well as the 
.6 m Perkin-Elmer telescope located at Pico dos Dias Observatory 
n Brazil. All characteristics of the new partners can be found in
able 1 . 
Within 24 h, the GRANDMA network is able to access more than
72 per cent of the sky (up to more than 80 per cent) to a limiting
agnitude of ∼18 mag AB. Due to a less dense distribution of West-
rn Hemisphere observatories, the sky coverage is reduced to 49–
0 per cent during the night in the Americas. GRANDMA has access
o four spectroscopic instruments with sensitivity down to ≈22 mag 
s shown in Table 2 . In particular, the High-Energy Transients and
heir Hosts (HETH) group at the Instituto de Astrof ́ısica de Andaluc ́ıa
as access to two telescopes via competitive proposals for orphan 
Ne. At the Centro Astron ́omico Hispano en Andaluc ́ıa (CAHA),
lmeria, Spain, we obtained observing time (PI: Kann) at the 2.2 m

elescope (equipped with the Calar Alto Faint Object Spectrograph 
CAFOS] and the Bonn University Simultaneous CAmera [BUSCA] 
ptical imagers) and the 3.5 m telescope (with the �2000 infrared
mager). Two nights of �2000 time were granted. At the 10.4 m Gran
elescopio Canarias (GTC), we obtained observing time (PI: Kann) 
ith three instruments: the optical imager and spectrograph OSIRIS 

Optical System for Imaging and low-Intermediate-Resolution In- 
egrated Spectroscopy, 8 h), the infrared imager and spectrograph 
MIR (Espectr ̀ografo Multiobjeto Infra-Rojo, 5 h), and finally the 

ntegral-field-unit spectrograph MEGARA (Multi-Espectr ́ografo en 
TC de Alta Resoluci ́on para Astronom ́ıa, 2 h) to obtain late-time
D spectroscopy of KN host galaxies. As this is competitive time,
e were more conserv ati ve with triggering; in particular the GTC
roposal was focused on obtaining data from confirmed KNe only. 
herefore no observations were obtained during this campaign. Fi- 
MNRAS 515, 6007–6022 (2022) 
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M

Table 2. List of telescopes of the GRANDMA consortium with spectroscopic capabilities. 

Telescope/Instrument Location Wavelength range Spectral resolution λ/ �λ Limiting mag 

2.2m CAHA/CAFOS Calar Alto Obs. 3200-7000/6300-11000 400 20 in 1h 
ShAO/T2m Shamakhy Obs. 3800–8000 2000 17 in 1h 
Terskol-2m/MMCS Terskol Obs. 3800–9000 1200 17 in 1h 
Xinglong-2.16/BFOSC Xinglong Obs. 3600–9600 1000 18 in 1h 
GMG-2.4/YFOSC Lijiang Obs. 3400–9100 2000 19 in 1h 
10.4m GTC/OSIRIS ORM 3630–7500 1018 22.5 in 1h 
10.4m GTC/EMIR ORM 890–13 310 987 20.5 in 1h 

Figure 1. Locations of the 77 telescopes involved in the GRANDMA citizen science program Kilonova-Catcher . In blue are the telescopes used in this study, 
in red, the rest of the network. 
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ally, GRANDMA obtained 6 h time allocated by WIRCAM (Wide-
eld InfraRed Camera mounted on the Canada–France–Hawaii
elescope) in 2021A and 2021B that were not used due to the lack of
onfirmed KNe. 

In 2019, GRANDMA initiated the creation of an innov ati ve
itizen science program called Kilonova-Catcher , hereafter KNC
Antier et al. 2020a ). It aims at incorporating amateur astronomers
nto the search for and follow-up of fast transients such as GRBs
nd KNe. The GRANDMA consortium has already demonstrated
ts ability to forward the alerts of the O3 observing run to
he amateur astronomers and to provide customized observation
lans to each KNC astronomer; in return, they transfer images to
he GRANDMA server to be analysed afterwards. This process
reates a continuous chain of observations at very early times
fter the alerts, before passing the responsibilities to the larger
perture telescopes of the professional community. KNC uses a
edicated portal 2 to organize its activities, while the GRANDMA
onsortium is in charge of the data analysis of the images (see
ection 4 ). In Fig. 1 , we show the locations of the KNC telescope
etwork. 
NRAS 515, 6007–6022 (2022) 
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 M E T H O D :  S E A R C H I N G  F O R  K I L O N OVA E  

SI NG  T H E  F I N K B RO K E R  

.1 FINK o v er view 

INK (M ̈oller et al. 2020 ) is a community broker designed to enable
cience with large time-domain alert streams such as the one from the
urrent ZTF surv e y or the upcoming LSST. Driven by its scientific
ommunity, FINK probes a large number of topics in the transient sky,
rom Solar system science to galactic, and extragalactic science. 

FINK currently analyses the public alert data stream from the
TF surv e y. Each night, alerts are collected in real-time after their
rocessing by ZTF. FINK received 35 387 098 alerts between 2021
pril 1 and September 30 (160 observing nights). Alerts carry out
asic measurements for the trigger (position, magnitude, time), but
lso the detections that occurred up to 30 d before the alerts at the
ame location in the sky, allowing us to reconstruct at least a partial
ight curve of the potential candidate. All incoming alerts are stored
n disc, but only alerts with sufficient quality are then processed.
t the time of the campaign, there were three quality cuts in FINK

o assess the quality of alerts and reject artefacts and known bogus
lerts (M ̈oller et al. 2020 ): (1) the RealBogus score assigned by
he ZTF alert distribution pipeline (Duev et al. 2019 ) must have a
alue abo v e 0.55, (2) there should be no prior-tagged bad pixels
n a 5 × 5 pixel stamp around the transient, and (3) the difference

art/stac2054_f1.eps
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Figure 2. FINK classification labels for the 12 556 539 ZTF alerts that passed 
the quality cuts in the period 2021 April 1 to September 30. About half of the 
alerts got no classification (Unknown label), i.e. FINK was not able to conclude 
on the nature of the alert given the alert information available. The remaining 
half is dominated by objects with a counterpart in the SIMBAD data base 
(match within 1 . ′′ 5 radius), and alerts associated with a known object from the 
Minor Planet Center data base (moving objects from the Solar System). Other 
alerts are associated with supernova events, Solar System Object candidates, 
microlensing candidate events, or have an ambiguous classification (more 
than one label at a time). Concerning KN candidates, we report here the 
candidates from the three filters (see the text below). 
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etween the aperture magnitude and the PSF-fit magnitude must be 
ower than 0.1 mag (in absolute value). These cuts discarded about 
0 per cent of the incoming alerts. 
The remaining 30 per cent of alerts (12 556 539 alerts) are then 

rocessed by the FINK science modules. Science modules are pro- 
ided by the community of users to add value to alerts, as detailed
elow. We note that the state of the broker constantly evolves over
ime (additions, or corrections), and we report results using fink- 
roker version 1.1, fink-science version 0.4, and fink- 
ilters version 0.2. There are several types of added values: 

abels from the cross-match with external catalogues or survey feeds, 
lassification scores provided by a machine learning analysis, or 
imply tags based on the alert content. These added values are 
hen combined to provide a unique classification for each alert. 
ig. 2 shows the alert classification during the KNC observational 
ampaign. 3 About half of the alerts got classified, i.e. FINK can 
xtract information about the potential nature of the object. Most 
f the classified alerts are catalogued in the SIMBAD data base or
orrespond to objects identified in the Minor Planet Center. 4 

.2 Kilono v a candidate selection 

ur main goal is to identify the most probable KN candidates among
ll incoming alerts. There are two competing factors: criteria that 
re too broad would yield too many candidates to follow up, given
he huge number of incoming alerts; on the other hand, complex 
election criteria would be meaningless given the lack of actual KN 

bservations to constrain the parameter space. 
 The definition of the classification is made by the members of FINK and 
t evolv es o v er time as our knowledge impro v es. See https://github.com/ast 
olabsoftware/ fink-filters/blob/ master/f ink f ilters/classif ication.py for more 
nformation. 
 https:// www.minorplanetcenter.net/ 

e
 

b

5

In order to optimize our search for KNe, we designed three
election filters targeting different likely aspects of a KN. They act
t the end of the FINK processing to reduce the incoming data stream
nd to select the most probable KN candidates. In the period of 2021
pril 1 to September 30 we obtained: 

(i) Machine learning-based filter (KN-LC): 107 alert candidates 
(ii) Near-by Galaxy Catalogues-based filter (KN-Mangro v e): 68 

lert candidates 
(iii) Rate-based filter (KN-Slope): 127 alert candidates 

We note that only five alert candidates were selected by more
han one filter, showing that the filters are triggered by different
arameters of the incoming alerts. Hence, alerts selected by more 
han one filter are particularly noteworthy. All filters are open-source 
nd can be found at ht tps://github.com/ast rolabsoftware/fink-filters . 
 detailed description and analysis of the filter outputs can be found

n the accompanying notebook. 5 

.2.1 Machine learning-based filter (KN-LC) 

his filter mainly uses information from the light curve. During 
he classification step, the FINK classifier extracts features from 

he light curves in the g 
′ 

and r 
′ 

photometric bands (see Biswas
t al., in preparation) and infer the probability of an alert being
 KN. The light curves are deconstructed as a linear combination
f principal components, and additional features are also extracted 
uch as the maximum of the flux, residuals, and the number of
easurements. Because we have better accuracy with more principal 

omponents, choosing the number of principal components is a 
ompromise between the efficacy of the classifier and the amount 
f time that is needed to classify alerts and identify candidates (the
ore components, the more measurements we need, see Biswas et al.,

n preparation for more details). 
In the early days of the campaign, we were using only the

rst principal component. Ho we ver, it was shown quickly that one
omponent was not sufficient to produce a reliable score on the
lert data, and we had many false-positives (e.g. many candidates 
ere ob vious superno vae). So we introduced the second principal

omponent in the set of features for the classification, and the results
ith real data impro v ed without introducing further delays in practice
iven the cadence of the ZTF survey (that is without the need to add
ore measurements). In addition, the average number of candidates 

er month was reduced, from about 28 candidates per month to about
0 per month. The change of the model in the classifier happened on
021 June 17. In FINK , data and model are versioned, and the new
odel corresponds to the version 0.4.5. 
This filter uses the five following criteria: 

(i) The score from the KN classifier must be abo v e 0.5 (binary
andom forest classifier). 

(ii) Point-like object: the star/galaxy extractor score provided by 
TF must be abo v e 0.4 (Tachibana & Miller 2018 ). 
(iii) Non-artefact: the deep real/bogus score provided by ZTF 

Duev et al. 2019 ) must be abo v e 0.5. 
(iv) Object not referenced in the SIMBAD data base (except from 

xtragalactic origin). 
(v) Young detection: less than 20 d. This threshold is quite loose

ut it is sufficient to filter long-trend or well-known objects. 
MNRAS 515, 6007–6022 (2022) 
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Figure 3. ZTF object light curve of one kilonova candidate from the 
KN-LC filter. Circles with error bars show valid alerts (detections) that 
pass the FINK quality cuts. Downward-pointing open triangles represent 5 σ
magnitude limits in template-subtracted difference images based on point- 
spread-function (PSF) fit photometry contained in the history of valid alerts. 
The right-most vertical line shows the KN trigger by FINK , and data used 
to classify the alerts are shown in between dashed vertical lines (30-d 
history data are attached with the alert). The alert leading to the KN trigger, 
ZTF21abqfzcp, was emitted on 2021 August 3 08:51:48 UTC. On the next re- 
observing night (five days after), new photometric data from alerts fa v oured a 
supernova candidate classification, ruling out the nature of the transient being 
a KN. 
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Figure 4. Histogram of the luminosity distance of galaxies associated with 
alerts selected by the KN-Mangro v e filter. F or the campaign, we only 
considered the galaxies from the Mangro v e catalogue in a 230 Mpc range, 
corresponding to the observation range of current GW detectors. In practice, 
we have no candidates further than 170 Mpc. Alerts and galaxies are matched 
within a radius of 10 kpc. The threshold has been set such as to a v oid a large 
number of spurious associations in the observation plane, while allowing 
co v erage around the galaxy. Note that the allowed angular distance between 
alerts and galaxies increases when the luminosity distance decreases, hence 
leading to more frequent spurious associations at small luminosity distances. 
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7 See for example ht tps://fink-port al.org/ZTF21abdwdwo that was selected 
by the KN-Mangro v e filter and associated with the bright LEDA 1740743 
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Over the campaign, this filter selected 107 alert candidates out of
2 556 539. This corresponds to 70 unique objects on the sky (the
ame astrophysical objects can emit several alerts over time). Fig. 3
hows the light curve of such a candidate. All objects are labelled in
he FINK data base and can be easily accessed via the Science Portal. 6 

With time, FINK collects more alert data, and has a clearer view on
he nature of each object. At the end of the campaign, we found that

ost objects that emitted at least one alert tagged as KN candidates
ere deemed to be supernova candidates; however, some remained

s KN candidates. 
We also performed a cross-match with the data from the Transient

ame Server. Considering only the candidates from the first model
before 2021 June), most of the candidates turned out to be Type
a supernovae (41/71). However, after the model used to classify
lerts changed, 29/36 of the candidates had no counterpart in the
ransient Name Server (i.e. there was no follow-up), the others being

dentified as cataclysmic variables (6/36) or Type IIb supernovae
1/36). 

.2.2 Near-by galaxy catalogues (KN-Mangrove) 

ith the previous filter, KN-LC, we concluded that a minimum of
wo days from the first detection by ZTF is necessary to get a reliable
core from the classifier and to identify candidates. According to KN
odels, two days after the compact binary merger, the signal will be

ading or even too faint to be observed. So we developed a second
lter to address younger detections. This filter uses the following
riteria: 

(i) Point-like object: the star/galaxy extractor score must be above
.4. 
(ii) Non-artefact: the deep real/bogus score must be abo v e 0.5. 
(iii) Object not referenced in the SIMBAD data base (except from

xtragalactic origin). 
(iv) Young detection: less than 6 h. 
NRAS 515, 6007–6022 (2022) 
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(v) Galaxy association: the alert should be within 10 kpc of a
alaxy from the Mangro v e catalogue. The 10 kpc is empirical (see
iscussion in Berger 2014 ) – we also tested dif ferent v alues. Abo v e
0 kpc, we have a very large rate of contaminants. Below 10 kpc, we
ould potentially miss valid transients. 
(vi) Absolute magnitude: the absolute magnitude of the alert

hould be −16 ± 1 mag (in both g 
′ 
and r 

′ 
bands). 

(vii) Non-Solar System Object: the alert must be at least 5 arcsec
way from any known Solar System objects referenced in the Minor
lanet Center data base at the time of emission. 

With the KN-Mangro v e filter, an alert will be considered as a
andidate if one can identify a suitable host and the resulting absolute
agnitude is compatible with KN models. To identify possible hosts,
e used the MANGROVE catalogue (Ducoin et al. 2020 ), containing

bout 800 000 nearby galaxies. For the campaign, we only considered
alaxies within 230 Mpc, as it corresponds to the current observation
ange of GW detectors. Fig. 4 shows the distribution of luminosity
istances of galaxies associated with alerts selected by the KN-
angro v e filter. 
In practice, the galaxy association method is not perfect, and can

ead to misassociation of an event that is in the foreground or the
ackground of a galaxy. 7 But this is inevitable, as the luminosity
istance between the Earth and the source generating the alert is
sually unknown. 
According to Kasliwal et al. ( 2020 ), we expect a KN event to

ave a peak absolute magnitude at g 
′ ∼ −16 mag. This threshold is

iven in g 
′ 
-band, but in this work it was implemented for g 

′ 
and R 

′ 

ands without distinction. This hypothesis is due to the lack of early
bservations and strong consistency with AT2017gfo (Abbott et al.
017b ). As we often do not know the source distance, we compute
he absolute magnitude from an alert as if it were in the matched
alaxy. 
alaxy in Mangro v e. After visual inspection, it turns out that the alert more 
ikely originated from a fainter galaxy located further away, and not present 
n Mangro v e. 
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Figure 5. Histogram of the peak apparent magnitude for the candidates that 
pass the three filters: KN-LC (top, blue, see 3.2.1 ), KN-Mangro v e (middle, 
orange, see 3.2.2 ), KN-Slope (bottom, green, see 3.2.3 ). In the case of the 
KN-LC and KN-Slope filters, the distributions have an excess of candidates 
at the two ends (faintest and brightest objects), while the peak apparent 
magnitude distribution in the case of KN-Mangro v e is rather uniform across 
the magnitude range. The faintest peak apparent magnitude is around 20 mag 
for all filters. 
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68 alert candidates were selected by this filter out of 12 556 539
rocessed alerts from 2021 April 1 to 30 September 30. This corre-
ponds to 59 unique objects on the sky. At the end of the campaign
e checked, using more data, the evolution of the classification of

hose objects. We found that most objects remained KN candidates 
ccording to the KN-Mangro v e classifier, while a small fraction 
ere subsequently identified as potential supernova candidates or 
olar System Object candidates. This was confirmed when checking 
gainst Transient Name Server data, where we found 51/68 alerts 
ithout a counterpart (i.e. no follow-up result was reported), 7/68 

onfirmed as supernova type Ia, 4/68 as supernova type II, 3/68 as
upernova type IIp, 1/68 as supernova type IIb, 1/68 as supernova 
ype Ib, and 1/68 as supernova type Ic. 

.2.3 Slope-based filter (KN-Slope) 

n addition to the two pre vious filters, we de veloped a third filter
ased on the work of Andreoni et al. ( 2021 ). The main criterion
sed for extracting KN candidates corresponds to the slope of the 
ormalized light curve (mag d −1 ). Given the expected light curves of
Ne, we chose a threshold of 0.3 mag d −1 , which corresponds to a

 ast-f ading object. This filter was not adopted during the campaign
s it did not provide satisfying results. Ho we ver for reference we
eprocessed the campaign data and we present its performance here. 
his filter will be used in the subsequent campaigns along with the

wo other filters. In total, this filter implements eight criteria: 

(i) Fast fade: The apparent magnitude decay rate of the alert must
e abo v e 0.3 mag d −1 in the last photometric band with two sequential
easurements. 
(ii) Point-like object: The star/galaxy extractor score of the alert 
ust be abo v e 0.4. 
(iii) Non-artefact: The deep real/bogus score of the alert must be 

bo v e 0.9. 
(iv) Object not referenced in the SIMBAD data base (except from 

xtragalactic origin). 
(v) Object not referenced in the Sloan Digital Sk y Surv e y (SDSS)

s a star or quasi-stellar object. 
(vi) Young detection: The alert emission date must be less than 

4 d. In practice the delay between the first detection and the trigger
y FINK is a maximum two days (two consecutive measurements by 
TF). 
(vii) Non-Solar System Object: The alert must be at least 10 arcsec 

way from any known Solar System objects referenced in the Minor
lanet Center data base at the time of emission. 
(viii) Away from the galactic plane: The alert must have an 

bsolute galactic latitude abo v e 10 deg. 

127 alert candidates were selected by this filter out of 12 556 539
rocessed alerts from 2021 April 1 to September 30. This corresponds
o 108 unique objects on the sky. At the end of the campaign, most
f the objects had produced more alerts after the initial KN trigger,
nd were mostly falling under the class of supernova candidates 
ccording to the FINK filters. When cross-matching with data on the 
ransient Name Server, 117/127 have no counterparts, 6/127 are 
rom cataclysmic variables, 3/127 are from supernovae type Ia, and 
/127 is from supernova type IIn. 

.3 Accuracy , efficiency , and added value 

he main purpose of the classifier is to identify the most probable
ast transient candidates in the sample, with a particular focus on 
Ne. Ho we ver, to determine the nature of transients of interest, it
enerally requires follow-up photometry abo v e and beyond what is
rovided by a survey with return time-scales of ∼1 night or more.
or this reason, measurements of the number of transients passing 

he selection filters are required to understand the nature of objects
hat will pass those filters. In particular, empirical measurements of 
he rate of transients passing particular filters are useful for assessing
he contamination rate and therefore the follow-up photometry (and 
otentially spectroscopy) required to characterize the sample. 
To e v aluate the contaminant rate, we re-analysed the ZTF alert

tream data taken between 2019 No v ember and 2021 September
538 observing nights), corresponding to 38 372 852 (12 149 579)
rocessed alerts (unique objects). Using this data, 197 (132) alert 
andidates have passed the KN-LC filter, 227 (208) candidates 
assed the KN-Mangro v e filter, and 285 (247) candidates passed
he decay rate filter (KN-Slope). According to Transient Name 
erver classification data, for the KN-LC and KN-Mangro v e filters,

he most common contaminant transients were supernovae near 
eak, 8 and for the decay rate filter, the most common transients
ere fading cataclysmic variables near the Galactic plane. Given 

he ZTF co v erage, this corresponds to a magnitude-limited rate of
bout 0.5 candidates per night per filter down to a magnitude of
0.5. Fig. 5 shows the histogram of the peak apparent magnitude
or the candidates that pass the filters. While the KN-LC and KN-
lope distributions seem bi-modal (due to, for example, the excess 
f cataclysmic variables in the KN-Slope filter), the results from the
N-Mangro v e filter are more spread across the magnitude range. Our

nalysis provides important information to understand the underlying 
opulation of contaminants (assuming there are no KNe) and also 
or future surv e ys as Vera Rubin LSST. 

 G R A N D M A / K I L O N OVA - C AT C H E R  RO 4  

e organized the ‘ready for O4 campaign-I’ to (i) demonstrate the
otential of amateur astronomy in the search of GW counterparts, 
ii) introduce the GRANDMA consortium into the search for KNe, 
nd (iii) establish the caveats for performing joint photometry with 
MNRAS 515, 6007–6022 (2022) 
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Figure 6. Filters used in the images taken during this observational campaign 
and when a source is detected. Abo v e are mentioned the fainter upper limits 
reached during the campaign (see section 4.1 ). 

d  

2  

F  

i  

t  

t  

p  

(  

2  

c  

p  

w  

t  

r  

t  

m  

c  

a  

o
 

G  

fi  

t

4

I  

b  

p  

M

 

f  

i  

a  

s  

f  

c  

(  

2  

9

1

2  

a

 

(  

p  

m  

p  

v
 

f  

o  

c  

t
 

V  

v  

J  

s  

f  

i  

a
 

u  

d  

p  

(  

t  

s  

a
 

i  

v  

d  

w  

p  

f  

m  

(  

m  

t
 

i
 

p

 

a  

p  

a  

fl  

t  

o  

t  

N  

s  

d  

a  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/6007/6649824 by C
N

R
S user on 13 April 2023
ifferent apertures and filters. From 2021 May 21 to 2021 September
1, we followed six alerts sent by our KN broker implemented in
INK (see Section 3 ) focusing on alerts sent on Friday. The aim was to
nvite amateurs to observe the transient during the next 72 h (so that
he amateurs would have the weekend for performing observations),
o verify how many would respond and with which latency. If no alert
assed our thresholds, we pro vided the observ ers recent superno vae
three in our campaign) to be observed for practice purposes. In
021 July, we invited all GRANDMA teams to observe kilonova
andidates as well in order to have a larger set of images to test our
hotometric pipeline on heterogeneous data. Several online tutorials
ere organized allowing us to enroll a large number of amateurs with

heir respecti ve observ atories. A preliminary requirement file was
eleased to indicate to the observers how to provide useful data for
he campaign. In particular, we were first targeting a ‘classification
ode’ requiring the use of several photometric bands to either

onfirm the event detection or reject it as a false alarm, and secondly
 ‘monitoring mode’ by following up the multiband flux evolution
f the transient source. 
In total, we achieved participation by 26 amateurs and 11 distinct

RANDMA telescopes (see Table 2 ). We received images taken with
lters in professional and amateur filter systems, and also images

aken without filters (see Fig. 6 ). 

.1 Data reduction 

n order to uniformly process the diverse set of images acquired
y various telescopes, we developed two dedicated photometric
ipelines: STDPIPE 9 (will be referenced henceforth as ‘STD’) and
UPHOTEN 

10 (Duverne et al. 2022 ) (will be referenced as ‘MU’). 
STDPipe – STDPIPE (Karpov 2021 ) is a set of Python routines

or astrometry , photometry , and transient detection related tasks,
ntended for quick and easy implementation of custom pipelines,
s well as for interactive data analysis. It is designed to operate on
tandard Python objects: NUMPY arrays for images, ASTROPY Tables
or catalogues and object lists, etc., and conveniently wraps external
odes that do not have their own Python interfaces (SExtractor
Bertin & Arnouts 1996 ), SCAMP (Bertin 2006 ), PSFEx (Bertin
011a ), HOTPANTS (Becker 2015 ), Astrometry.Net (Lang et al.
NRAS 515, 6007–6022 (2022) 

 STDPIPE is available at https:// gitlab.in2p3.fr/ icare/ stdpipe 
0 MUPHOTEN is available at https:// gitlab.in2p3.fr/ icare/ MUPHOTEN 
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010 ), etc). It supports the following steps of processing and
nalysing the images: 

(i) object detection and photometry using either SExtractor
Bertin & Arnouts 1996 ) or SEP (Barbary 2016 ) codes. Simple PSF
hotometry may be performed by the SExtractor backend using a PSF
odel estimated by the PSFEX (Bertin 2011b ) software, or aperture

hotometry based on photutils (Bradley et al. 2021 ) may be run using
arious kinds of background estimation, either global or local. 

(ii) astrometric calibration using Astrometry.net (Lang et al. 2010 )
or blind World Coordinate System (WCS) solving in either remote
r locally installed variants, and using SCAMP (Bertin 2006 ) or
ustom Astropy-based code for astrometric refinement by matching
he lists of objects detected in image with catalogue entries 

(iii) photometric calibration using any catalogue available in
izier as a reference with approximate on-the-fly passband con-
ersion for some of them (in order to derive the magnitudes in the
ohnson-Cousins system based on the ones in Pan-STARRS or Gaia
ystems). A sophisticated photometric matching routine is available
or fitting the zero-point and photometric system of the frame taking
nto account a spatial polynomial of arbitrary order, a colour term,
s well as an optional additive flux term. 

(iv) image subtraction with the HOTPANTS (Becker 2015 ) code
sing either locally available templates or images automatically
ownloaded from the network. The code allows downloading tem-
lates either from the P an-STARRS archiv e of stacked images
Waters et al. 2020 ), or from any imaging survey accessible through
he HiPS2FITS (Boch et al. 2020 ) service. When running the image
ubtraction code, a custom noise model may be supplied in order to
ccount for the poorly known gain and bias levels of the image. 

(v) transient detection and photometry on difference images taking
nto account the proper noise model of the difference image and
arious artefact masks in order to decrease the number of false
etections. The transients may be filtered based on coincidences
ith either locally available or remote catalogues, as well as with
ositions of known Solar System objects. Also, optionally a routine
or sub-pixel adjustment of the transient cutout and template images
ay be performed in order to detect cases of slight positional shifts

causing ‘dipoles’ in difference images) either due to o v erall image
isalignment, or object proper motion due to a large difference in

he template epoch. 
(vi) insertion of simulated stars with realistic PSFs into the images

n order to assess the performance of transient detection. 
(vii) the code also includes various convenience utilities and

lotting routines for quick visualization of the results of every step. 

The actual image processing pipeline for this w ork w as organized
s follows. As STDPIPE is intended for higher level analysis of pre-
rocessed frames, we required all images to be pre-processed by
n instrument-specific code to perform bias, dark subtraction, and
at-fielding in advance. Then we remo v ed the cosmic rays using

he astroscrappy (McCully & Tewes 2019 ) code implementing the
riginal LACosmic (Dokkum (van) 2001 ) algorithm, and detected
he objects on the image using SExtractor (Bertin & Arnouts 1996 ).
ext, we performed aperture photometry with local background

ubtraction using a photometric aperture with radius equal to the me-
ian image full-width at half-maximum (FWHM), and a background
nnulus between radii of 5 and 7 FWHM units. Then, the astrometric
olution was derived using the Astrometry.net (Lang et al. 2010 )
olver applied to the list of detected objects. Then, we downloaded
he list of stars from the Pan-STARRS DR1 catalogue from Vizier
o serve as both an astrometric and photometric reference catalogue,
nd augmented it with Johnson-Cousins B , V , R C , and I C magnitudes

art/stac2054_f6.eps
https://gitlab.in2p3.fr/icare/stdpipe
https://gitlab.in2p3.fr/icare/MUPHOTEN


GRANDMA observations of ZTF/ Fink transients 6015 

u
W
2  

c
J
P
fi
s
v  

s
s
i  

(  

a
H
w
u
s  

t
J
t  

l
i  

fl  

t  

i
 

p
a  

s
fi
f  

t  

d
g
o  

d
f

b
b
P  

a  

S  

(
o
i
d
a

s
F
t  

a

t
f

m

l
p  

6  

S  

t

t
o  

s  

p

r
t  

c

b  

i  

t  

i  

T  

r
f  

t  

t  

o  

c
t  

m

4

W
p
b
f  

m  

c  

a  

c
n  

o
o  

u

i  

s
t  

c  

i
b
e  

d  

l  

c
m  

b

4

I  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/6007/6649824 by C
N

R
S user on 13 April 2023
sing approximate conversions derived by Kostov & Bonev ( 2018 ). 
e refined the image astrometric solution using the SCAMP (Bertin 

006 ) code, via lists of detected objects and catalogue stars. Then we
onstructed the photometric solution for the image using the closest 
ohnson–Cousins filter as a reference and B − V (or corresponding 
an-STARRS filter and g ps 1 − r ps 1 for the telescopes using Sloan-like 
lter sets) as a colour used for deriving an instrumental photometric 
ystem (colour term). For the zero-point, we used either a constant 
alue for all stars if the field of view (FOV) and number of stars were
mall, or a second-order spatial polynomial if there were enough 
tars in the frame. Then we downloaded the Pan-STARRS co-added 
mages co v ering the observ ed field of view in the closest filters
either g ps 1 , r ps 1 or i ps 1 ), mosaicked them and used the result as
 template which was then subtracted from the image using the 
OTPANTS (Becker 2015 ) code. On the resulting difference image, 
e performed forced aperture photometry at the transient position 
sing the same settings as used for deriving the original photometry, 
o that the zero-point model was still valid, and thus derived the
ransient photometry in a system linked to a standard one (either 
ohnson-Cousins or Pan-STARRS) by a colour term value specific for 
his frame. In a similar manner, we determined an ef fecti ve detection
imit at the transient position by converting the background noise 
nside the aperture multiplied by 5 (so that it corresponds to 5 σ ) to
ux and then to the magnitude. When the object is not detectable in

he image, this value was adopted as an upper (detection) limit for
ts magnitude. 

In order to convert the results of this analysis to a standard
hotometric system one needs to know the colour of the transient 
t the moment of observations. It may be done either by combining
everal simultaneous or quasi-simultaneous observations in different 
lters (and thus with different colour terms) and then regressing 
or the colour from them, or using some external information. For
he sake of the current analysis of transients detected by ZTF, we
ecided to use the colour estimate acquired from consecutive ZTF 

 and r band measurements, smoothly interpolated to the moment 
f observations and then converted to either B − V or g ps 1 − r ps 1 ,
epending on the photometric system used for the calibration of the 
rame. 

Muphoten – MUPHOTEN (Duverne et al. 2022 ) is a Python- 
ased software dedicated to photometry of transients followed up 
y heterogeneous telescopes. It uses public Python libraries such as 
hotutils (Bradley et al. 2021 ), Astroquery (Ginsburg et al. 2019 ),
nd also uses external C codes: SExtractor (Bertin & Arnouts 1996 ),
camp (Bertin 2006 ), Swarp (Bertin et al. 2002 ), and HOTPANTS
Becker 2015 ). The pipeline works on pre-processed images (dark 
r bias subtracted, flat-fielded) and for which an astrometric solution 
s known. For this campaign the astrometric calibration was done 
irectly on the Astrometry.net website (Lang et al. 2010 ). The 
nalysis process works as follows: 

(i) subtraction of a Pan-STARRS template constructed with a mo- 
aic of the observed FOV downloaded from the catalogue archives. 
or non-Sloan filters (e.g. Johnson-Cousins or unfiltered images), 

he closest band of the Pan-STARRS system was used: g ps 1 for B , V
nd clear images, r ps 1 for R C images, and i ps 1 for I C . 

(ii) background estimation in a mesh of 150 × 150 pixels, using 
he same estimator as SExtractor. The background is then subtracted 
rom the image. 

(iii) source detection using a 2 σ threshold abo v e the background. 
(iv) aperture photometry on the detected sources. 
(v) cross-match with Pan-STARRS catalogue to fit the instru- 
ental magnitude versus Pan-STARRS magnitude relation with a 
inear fit. For images acquired using filters of the Johnson–Cousins 
hotometric system, we used the second-order equations 1, 2, 4, and
 of table 2 from Kostov & Bonev ( 2018 ) to transform the Pan-
TARRS system to the observed filter. For clear images, we added

he flux from the g ps 1 and r ps 1 Pan-STARRS bands. 
(vi) detection of the transient in the residual image between 

he observed and the template images, adopting a 3 σ thresh- 
ld. A positive detection of a transient was considered if a
ource was identified at less than five pixels from the transient
osition. 
(vii) e v aluation of the transient instrumental magnitude in the 

esidual image between the observed and the template image from 

he P an-STARRS surv e y and usage of the previous fit to obtain the
alibrated measurement of the transient. 

MUPHOTEN uses two methods to filter out poor-quality images. One 
y comparing the calibrated magnitude of a star in the field of view to
ts magnitude in the catalogue used for the photometric calibration. If
hey are incompatible, the image is rejected. The second veto consists
n computing the seeing of the image with PSFex (Bertin 2011a ).
hen for a given band of a given telescope + filter configuration,

eject the images for which the seeing deviates by more than 3 σ
rom the median seeing of the data set. For the images passing
he vetoes with no detected transient, we set an upper limit on
he magnitude. It is estimated by dividing the number of detected
bjects in the image by the number of objects in the reference
atalogue in magnitude bins. When the result drops below 0.5, 
he centre of the corresponding bin is considered to be the limiting

agnitude. 

.2 Consistency of the analysis 

e processed the images using both the STDPIPE and MUPHOTEN 

ipelines, thus acquiring two independent sets of measurements 
ased on different photometric models – one with a colour term 

or the former, and without it for the latter. While the former is
ore accurate in theory, it requires knowledge of a true transient

olour at the time of measurement in order to convert the result to
 standard photometric system. As described abo v e, we rely on the
olour information extracted from ZTF light curves (which is not 
ecessarily complete and dense enough in time) to do it. On the
ther hand, MUPHOTEN calibration basically assumes that the colour 
f the transient is the same as the average colour of calibration stars
sed in the analysis. 
Thus, the principal difference between the two pipelines we used 

s in how the colour of the object is handled, which may introduce a
ystematic colour-dependent bias to the photometric results. In order 
o assess this error, as well as other possible sources of bias, we
ompare the results of the two different methods in Fig. 7 for all the
mages where the transient is detected. The magnitudes estimated 
y STDPIPE and MUPHOTEN are typically well consistent within the 
rror bars (see upper panel of Fig. 7 ), with the most significant
ifferences being due to the images acquired in B filter or in white
ight (see lower panel of Fig. 7 ), i.e. when the impact of atmospheric
onditions or the instrumental photometric system is expected to be 
aximal. Thus, we may conclude that there is no significant bias

etween the pipelines we used. 

.3 Rapid linear fit and offline classification 

n this section, we will describe the linear fit and modelling to
onstrain the nature of the optical transients. Here, we call ‘detection’
MNRAS 515, 6007–6022 (2022) 
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Figure 7. Comparison of the transient magnitudes estimated by two different 
pipelines. Upper panel – distribution of normalized differences, which is 
mostly consistent with the estimated error bars of individual measurements. 
Lower panel – absolute differences for individual photometric filters used. 
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he first public photometric detection of ZTF (defined as T 0 ). Images
re grouped with 0.1 d precision. A group contains at least one image.

Linear fit method – Our goal was to identify transients undergoing
apid decrease or increase in brightness. We applied a linear regres-
ion procedure using a maximum-likelihood estimation approach to
stimate the slopes between two different time bins, t i = T 0 + n i 
, where n i = 0.1 × i , and i is the index of a given time bin (see
ppendix A ). The slopes of the best fit, a r ( t = n ), are then computed
sing data taken with r or R filters in a given time bin. We actually
omputed three slopes: 

(i) a STD, r ( t = n ), the temporal slope of the transient light curve
etween the first detection by ZTF at T 0 and the time at which
RANDMA detected it by using STDPIPE . 
(ii) a MU, r ( t = n ), the temporal slope of the transient light curve

etween the first detection by ZTF at T 0 and the time at which
RANDMA detected it by using MUPHOTEN . 
(iii) a ZTF, r ( t = n ), the temporal slope of the transient light curve

etween the first detection by ZTF at T 0 and the next detections by
TF. 

Offline source modelling - We constrained the nature of rapidly
volving optical transients using four light curve models a posteriori.
or each of these models, we e v aluate its degree of correlation with

he observational data. We will use a KN model taken from Kasen
t al. ( 2017 ) (Ka2017), a GRB afterglow (T rPi2018, T roja et al.
018 ), the nugent-hyper model which creates supernovae light curve
nugent-hyper; Le v an et al. 2005 ) and a shock cooling supernova
ight-curve model (Piro2021; Piro, Haynie & Yao 2021 ). The ideal
odel is one that has a regression consistent with the light-curve

oints as assessed by the Bayes factor of the model. 
NRAS 515, 6007–6022 (2022) 
.4 Results 

n the following section, we summarize our observations and analyse
he results produced by both STDPIPE and MUPHOTEN to extract
nformation about the nature of the transients (see Fig. 8 ). We use

UPHOTEN for e v aluating the upper limit of the image when no
ource has been detected by both pipelines independently. If the two
ipelines provided inconsistent results for an image that had not
een previously rejected, we excluded it from further analysis. Some
RANDMA teams performed their own measurements, but in order

o keep a consistent analysis, they are not presented in this article.
ll our results are presented in table B2. 

.4.1 KN-Mangrove alert candidates 

TF21abdwdw o w as observ ed by elev en amateur telescopes with a
otal of 42 images taken from 0.7 to 9 d after the public detection
2021 June 4 04:27:26 UTC) (see Table B1). The associated alert
as sent by FINK without any further delay. All images resulted

n non-detections with a median upper limit of 17.9 ± 0.8 mag in
he r 

′ 
and R -band filters. An unfiltered image taken by the T40-

77DAU telescope 0.8 d post-detection yielded a 20.7 mag limit.
-CAT obtained the deepest upper limit ( ∼21 mag in B - and G -band)
.7 d post-detection (2021 June 7 21:41:04). At a much later date,
he VIRT telescope confirmed the previous non-detections on 2021
ugust 3, 60 d post-detection with an upper detection limit of R =
7.5 mag. Our refined analysis showed there was a misassociation
f the new source and the possible galaxy (see Section 3.2.2 ). In
ummary, GRANDMA follow-up classified the new source as a Solar
ystem Object 0.8 d after ZTF disco v ery. 
ZTF21abfmbix (later renamed SN 2021pkz, associated with the

alaxy 2MASS-12551554 + 0253477 at 38 Mpc) was observed by
3 different amateur telescopes and FRAM-Auger with a total of
9 images taken between 0.7 and 50.8 d after T 0 (2021 June 11
5:14:49). The associated alert was sent by FINK with a 1.5 h delay.
wo days before, ZTF did not detect any source brighter than g ′ >
0.5. A positive detection was found in 24 of the 29 images, using
oth the STDPIPE and MUPHOTEN pipelines. These images were taken
n six different filters and also with no filter from 0.7 to 29.7 d
ost-detection. The next public ZTF measurement ( g 

′ = 17.1 mag,
 

′ = 16.9 mag) was delivered two days after the first detection. We
ote that 17 of 25 photometric measurements (68 per cent) delivered
rom STDPIPE and MUPHOTEN are consistent within 0.1 σ . We also
ote a maximum deviation of 0.6 mag in the L band and for images
aken with no filter, when comparing the results of both pipelines.
ccording to the results obtained with both pipelines, the data clearly

how a transient in rising phase in the r 
′ 

band. We e v aluated the
lopes of the luminosity rate (see Section 4.3 ) as: a STD, r ( t = 0.7) =
0.7 ± 0.2 mag d −1 and a MU, r ( t = 0.7) = −0.9 ± 0.2 mag/day.

t is clear that the source is brightening. We also found agreement
etween the slope of the luminosity rate using the different pipelines
or t = 1 . 7 ( −0.5 ± 0.1 and −0.7 ± 0.1 mag d −1 for STD and

U, respectively), and the value obtained from the public data at
 = 2 . 0 d ( a ZTF, r = −0.5 ± 0.1 mag d −1 ). This example shows the
enefit of advanced measurements ( + 16 h first estimation, and 40 h
onfirmation) during the rising phase of the transient, and this will be
seful for any decision on spectroscopy observations before night-
ime in the Americas. This depends on our capacity to promptly
nalyse the data as soon as it is acquired. A two-day long rise in
he r 

′ 
band is atypical for standard KNe at 38 Mpc and could only

e related to very particular ejecta configurations during an NS-BH
ollision (Bulla 2019 ). Also, we note an independent spectroscopic

art/stac2054_f7.eps
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Figure 8. Overview of the GRANDMA observations of the six ZTF-Finkalerts followed up by professional and amateurs astronomers. The ZTF-Finkalerts came 
from two selection filters of the initial ZTF flux measurements named ‘KN-LC’ and ‘KN-Mangro v e’ (see Section 3 ). Displayed in orange are the time-stamps for 
the first alert provided by FINK Gold vertical bars represent the time-stamps of the release of ZTF public data, and green vertical bars represent the GRANDMA 

data analysed by STDPIPE and MUPHOTEN . The circles present our fading slope estimation using r 
′ 
/ R filters (see Section 4.3 ); in gold using only ZTF public 

data, and in green using ZTF + GRANDMA data. Horizontal red bars show the period when the alert is considered as of no further interest for KN searches. 
SSO corresponds to Solar System Object, CV to cataclysmic variable, and SN to supernova given by our post-observation analysis months after (see fig. 4.4.4). 
We see the potential of the amateur community to distinguish astrophysical events into three categories: moving objects, fast transients (KNe, GRBs) and slow 

transients (supernovae, CVs). 
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easurement by the ZTF Spectral Energy Distribution Machine 
SEDM) on T 0 + 0.1 d, classifying the source as a supernova Ia
NIascore ( 2021 ). 
ZTF21abultbr was observed by three amateur telescopes and by 

he Abastumani-T70, providing a total of eight images from 0.6 to 
.5 d after T 0 (2021 August 21 02:44:39.100 UTC). The associated 
lert was sent by FINK with a 10 min latency with respect to the public
etection. The source was presumably associated with UGC04104, 
ocated at 89 Mpc. Three of the eight images, taken with two different
elescopes, led to a positive detection of the object using the STDPIPE

nd MUPHOTEN pipelines. These images were taken with in R and G
ands, and also with unfiltered observations. The next public ZTF 

easurement ( r 
′ = 18.7 mag) was delivered three days after the

rst detection of the source. We note the consistency of photometric 
easurements between STDPIPE and MUPHOTEN , except for images 

aken with no filter. At t = 6.0 d, the luminosity rate (see Section 4.3 )
xhibits the following slopes: a STD, r ( t = 0.6) = −0.3 ± 0.4 mag d −1 

nd a MU, r ( t = 0.6) = −0.0 ± 0.4 mag d −1 . The value obtained from
he public data at t = 3.0 d ( a ZTF ,r ′ ( t = 3 . 0) = −0 . 0 ± 0 . 1 mag d −1 ).
hese measurements were insufficient to conclude the nature of the 

ransient and how it evolved from 0.6 to 3.0 d. The monitoring of the
ource by ZTF was interrupted between t = 3 . 0 to t = 21 . 0 d. The
ource was independently classified as a supernova II after 21 d by
he ZTF SEDM Chu, Dahiwale & Fremling ( 2021 ). 

ZTF21abxkven was observed simultaneously by the Abastu- 
ami/T70, TRT-SRO, Lisn yk y/Schmidt-Casse grain, and FRAM- 
TA telescopes, as well as nine different amateur telescopes with 
 total of 17 images taken between 0.5 and 11.7 d after T 0 
2021 September 3 08:28:07). It was presumably associated with 
GC12816 located at 80 Mpc based on the KN-Mangro v e filter. The

ssociated alert was sent by FINK without any further delay. With no
ore alert data sent for this location on the sky, FINK classified this

ransient independently as a Solar System object (M ̈oller et al. 2020 ).
ll images resulted in non-detections with a median upper limit of
0.6 mag in unfiltered images within the first day of observation. A
lear image (no filter) was taken at 0.7 d after T 0 by T-STSOPHIE,
ith a 20.6 mag upper limit. In summary, the GRANDMA 

ollow-up ruled out any possible existing KN within 80 Mpc at
 0 + 0.7 d. 
ZTF21abxlpdl was observed simultaneously by the Abastu- 

ami/T70, FRAM-CTA, and TRT-SRO telescopes, as well as seven 
mateur telescopes. A total of 15 images were taken from 0.5 to 13.9 d
fter the first public detection (2021 September 3 08:59:15). The alert
as sent the same day as ZTF21abxkven, so the participation was

imited for both targets. The transient was presumably associated 
ith NGC 105, located at 79 Mpc based on our KN-Mangro v e filter.
he associated alert was sent by FINK without any further delay. All

mages resulted in non-detections with a median upper limit of 20.0
n unfiltered observations (see some examples in Table B1). A clear
mage w as tak en 1.7 d after the alert using the T40-A77DAU, with an
pper limit estimated at > 20.7 mag. In summary, the GRANDMA
ollow-up ruled out any KN within 80 Mpc at T 0 + 1.7 d with
uminosity decay rate > 1 mag d −1 in the r 

′ 
band. Some scenarios

nvolving both BNS and NSBH collisions can produce steeper decay 
ates > 1 mag d −1 in the r 

′ 
band, although these cases are extremely

are (see Bulla 2019 ). 
MNRAS 515, 6007–6022 (2022) 
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Figure 9. ZTF21ablssud light curves with ZTF as well as the GRANDMA observations from 17 different telescopes. The data were mostly taken by amateur 
astronomers before t = T 0 + 10 d, and by professionals for t > T 0 + 10 d. STDPIPE and MUPHOTEN measurements are in agreements for V , R C , and I C bands. In 
the L filter as well as in unfiltered images, MUPHOTEN adds flux from g 

′ 
- and r 

′ 
-band Pan-STARRS images while STDPipe treats them as R C -band images. We 

show that the GRANDMA measurements are consistent with the ZTF ones, allowing for filling in the light-curve gaps. However the use of non-standard filters 
by some amateur astronomers (especially the B band of the T-CAT instrument) can lead to discrepancies between measurements up to 0.5 mag. 
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.4.2 KN-LC alert candidates 

TF21ablssud was observed simultaneously by the TRT-SRO,
isn yk y/Schmidt-Casse grain, T ibet-50, and UB AI-NT60 telescopes,
s well as 17 different amateur telescopes, leading to a total of 141
mages taken between 2.6 and 26.7 d after T 0 (2021 July 16 21:11:45).
he associated alert from the KN-LC filter was sent by FINK two days
fter the disco v ery with a probability of 53 per cent classification (see
ection 3.2.1 ). Other classifications were delivered by FINK Early SN
5 per cent), Supernova SN Ia versus non-IA SN (73 per cent) and
N Ia and Core-Collapse versus non-SN (39 per cent). Observations
tarted 0.6 d after the FINK alert. A total of 66 images taken with eight
ifferent filters (and additional unfiltered images) from 17 telescopes
 xhibited a positiv e detection of the object using both the STDPIPE and
UPHOTEN pipelines. The next public ZTF measurement post- FINK

lert ( r 
′ = 17.2 mag in the r 

′ 
band) was delivered five days after the

rst detection. For t = 3 . 7 d, we derived the slope of the luminosity
ecay rate (Section 4.3 ) as 0.15 ± 0.1 mag/day for both STDPIPE

nd MUPHOTEN . The slopes obtained from the ZTF public data are
 ZTF, r = 0.15 ± 0.1 mag d −1 at t = 2 . 0 d and t = 5 . 0 d. We ruled out
he association with a standard KN resulting from the coalescence
f two binary neutron stars. No spectra have been reported in the
iterature. FINK scored the transient as Supernova (79 per cent) after
0 d of observations by ZTF. GRANDMA accumulated an important
ollection of data for t < 10 d compared to the available data in
he literature (see Fig. 9 ). Based on the colour evolution and the
ocation of the source close to the galactic plane, we proposed
hat the source corresponds to a cataclysmic v ariable e vent. In
NRAS 515, 6007–6022 (2022) 

2  
ddition, the light-curve fitting of ZTF data ruled out the nature
f the source as a KN, GRB afterglow, or supernova event (see 
ection 4.4.4 ). 

.4.3 Training alert candidates 

ere, we briefly describe our observations on ‘training alerts’
istributed by FINK . The alerts are produced via different channels:
upernova and KN candidates. They were only scheduled for Fridays
nd were proposed for observing on a best-effort basis by the FINK

eam for practice. 
ZTF21abfaohe/SN 2021pfs and ZTF21abbzjeq/ SN 2021mwb

ere classified as supernovae (see TNS for external reference
nd Section 4.4.4 ). ZTF21abotose/SN 2021ugl is a supernova IIb.
he three sources distributed via FINK were selected to test the
ata reduction capabilities of GRANDMA. Photometric results are
eported in Appendix B. 

ZTF21abyplur was only observed by the Tibet-50 with four
mages beginning 9.5 d after the first public detection reported on
021 September 7 09:12:26. The associated alert was sent by FINK

ithout any further delay but the amateur astronomers were not
otified because it was outside of our Friday e x ercise. The alert-host
ssociation (PGC1115282) is within 10 arcsec, almost at the limit
f a positive association; it might have been incorrectly associated
ith the galaxy. FINK classified this object independently as a Solar
ystem object, probably attached to Solar System object number
2327 (M ̈oller et al. 2020 ). The images taken by the Tibet-50 could

art/stac2054_f9.eps
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Table 3. Results of the simulations of transients with rapid evolution, in order to validate or reject the concordance 
of each transient using ZTF data with the four models: KNe (Ka2017), supernova (nugent-hyper), GRB afterglows 
(TrPi2018), and shock cooling (Piro2021). Note that the Bayes factors are e v aluated logarithmically. 

Transients Ka2017 TrPi2018 nugent-hyper Piro2021 light curve 

ZTF21abfmbix −12.38 −15.95 −9.18 −10.1 Supernova Ia 
ZTF21absvlrr −9.78 −16.73 −9.91 −11.07 Supernova Ia 
ZTF21abultbr −2.73 -9.14 −5.24 −4.76 Supernova II 
ZTF21ablssud −6.32 −11.58 −9.83 −9.41 Cataclysmic Variable 
ZTF21abfaohe −12.3 −10.98 −7.47 8.67 Supernova Ia 
ZTF21abbzjeq −8.22 −11.41 −7.49 −8.47 Supernova Ia 
ZTF21acceboj −16.52 −19.44 −14.52 −15.6 Supernova IIb 
ZTF21abotose −6.37 −10.62 −7.41 −7.49 Shock Cooling - Supernova IIp 
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ot rule out the case of a fast transient with an upper limit of g 
′ 
>

8.3 mag, at t = T 0 + 9 . 5 d. 
ZTF21absvlrr was observed by six amateur telescopes and the 

erskol/Zeiss-600, TR T-SBO, TR T-SRO, and Abastumani-T70 tele- 
copes, leading to a total of 24 images taken from 1 to 59 d after
 0 (2021 August 12 09:52:43). The associated alert from the KN- 
angro v e filter was sent by FINK with a 2.3 h delay, but distributed

o GRANDMA as a practical e x ercise about 0.9 d afterwards. The
ource was presumably associated with ESO540-025 located at 89 
pc. A total of 19 images taken with seven telescopes confirmed a

ositive detection of the source using both STDPIPE and MUPHOTEN 

ipelines. These images were taken in B , V , r 
′ 
, R , as well as

nfiltered. The next public ZTF measurement ( g ′ = 17.6 mag, r ′ =
7.7 mag) was delivered two days after the first detection. We note
he consistency of photometric measurements between STDPIPE and 

UPHOTEN , except for images taken with no filter. According to the
esults obtained with both pipelines, the data clearly shows a transient 
n the rising phase in the r ′ band, based on the slopes of the light
urves at t = 1 . 0 d ( −0.1 ± 0.2 mag d −1 for both STD and MU), and
t t = 1 . 7 d ( −0.5 ± 0.1 and −0.7 ± 0.1 mag d −1 for STD and MU,
espectively). At t = 2 . 0 d, the slope obtained from the ZTF public
ata is a ZTF, r = −0.5 ± 0.1 mag d −1 . In addition, we also observed
 two-day long rise of the source in B ( −0.7 ± 0.2 and −0.8 ± 0.2
ag d −1 for STD and MU, respectively, at t = 2 . 0 d) and in the g ′ -

and ( a ZTF; g ( t = 2.0) = −0.6 ± 0.1 mag d −1 ). The source, at an early
tage, did not behave in a manner similar to AT2017gfo. We note an
ndependent spectroscopic measurement by the ZTF SEDM on T 0 + 

 d, classifying the source as a supernova IaRidley et al. ( 2021 ). 
ZTF21acceboj/SN 2021yyg was only observed by Tibet-50 and 

erskol-600 telescopes with a total of 11 images taken after 1.4 d from
he first public detection reported on 2021 September 14 11:04:25. 
he associated alert from the KN-Mangro v e filter was sent by FINK

ithout any further delay but the amateur astronomers were not 
otified since it was out of our Friday triggering schedule. From
inear regression fitting (see Section 4.3 ) we obtained a STD, r ( t =
.4) = −0.3 ± 0.1 mag d −1 , and a MU, r ( t = 1.4) = −0.4 ± 0.1
ag d −1 . Using public data we measured a ZTF, r ( t = 2.0) = −0.3 ± 0.1
ag d −1 . The source clearly exhibits a two-day rise in the r 

′ 
band

hat ruled out ZTF21acceboj as a KN stemming from the coalescence 
f two binary neutron stars. The Global SN Project (with LCO)
lassified the source as a supernova IIp one day after than the first
ublic detection Burke et al. ( 2021 ). 

.4.4 Constraining the nature of transients with offline results 

he objective of the ‘ReadyforO4’ campaign was to gather informa- 
ion on the nature of transient events and their evolution. Events were
 c
ollowed during weekends, but not monitored o v er sev eral weeks.
ence our GRANDMA sample co v ered essentially two epochs: 
hen the alert was received by our amateur astronomers, and when

he professional telescopes joined the campaign in July. In this sense,
e trained our team on the ZTF data available to confirm the nature of

he sources we followed up with GRANDMA using models described 
n Section 4.3 . The ZTF data are used to validate the models by
enerating the logarithm of the Bayes factor, the level of correlation
f the model fit with the data, and increase our knowledge of the
hysical processes following the observation. 
In Table 3 , we present the results obtained for each transient

learly identified as a non-moving object through the analysis of 
he light curve from ZTF data. While the best-fitting light-curve 

odels varied, including some preferring a kilonova origin at early 
imes, the relative parity between the Bayes factors mostly indicated 
nsufficient information, especially at early times, to differentiate 
etween models. This moti v ates GRANDMA’s goals of augmenting 
arly time photometry to better differentiate and prioritize ob- 
ects. We identified ZTF21abfmbix, ZTF21absvlrr, ZTF21abultbr, 
TF21abfaohe, ZTF21abfmbix, ZTF21abbzjeq, and ZTF21acceboj 
s typical supernova candidates. ZTF21abotose is both consistent 
ith shock cooling and GRB afterglow models at early times. 
o we ver, the increase of its brightness at later times is in good

greement with the shock cooling scenario only. ZTF21ablssud 
s well-fit by a GRB model, ho we ver, due to its galactic latitude
 � = 5.7 deg) and similarity to many other examples of cataclysmic
ariables in the literature, it is likely a cataclysmic variable. 

 C O N C L U S I O N S  

n this paper we describe GRANDMA’s ‘ReadyforO4’ campaign 
o search for serendipitous KNe using ZTF public data filtered by
INK and followed-up with GRANDMA facilities. Eight objects 
n total were observed, using 26 amateur telescopes and eleven 
rofessional telescopes (34 of which provided data analysed in this 
ork). Through FINK and follow-up, no KNe were identified, instead 
e classified four of these objects as asteroids, while the remaining
ere classified as cataclysmic variables and supernovae. In addition 

o demonstrating a number of challenges for observing transient 
ources with a variety of telescopes of different apertures, filters, and
onfigurations, we achieved a number of successes. 

(i) Reaction time – We obtained the first images from the amateur 
ommunity less than 16 h after the FINK alert. This delay is due to
he fact that most of our amateur community is located in Europe
especially in France). In the future we hope to connect with other
mateurs across the world, although language barriers remain a 
hallenge. 
MNRAS 515, 6007–6022 (2022) 
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(ii) Data acquisition and filters – The GRANDMA facilities
re mostly equipped with red filters, which are excellent for the
haracterization of KNe events. Our campaign showed that amateur
stronomers reached a depth of 21 mag with a variety of filter
onfigurations. These astronomers will be an asset during O4, for
hich we might expect AT2017gfo-type KN events peaking at ∼21
ag for events located at the observational horizon of the GW

nterferometers (Petrov et al. 2022 ). Ho we ver, the use of filter sets
Johnson-Cousins, L -, w- and o -filters) different from those of the
DSS, which was our reference catalogue for this analysis, remains
roblematic for the characterization of the sources. For this reason,
e found that the use of two standard data reduction pipelines

 STDPIPE and MUPHOTEN ) is a way to standardize results (as compared
o allowing the individual telescope teams to reduce their own data).

e observed a difference in magnitude of less than 0.2 mag for
ohnson-Cousins and SDSS filters. Based on this experience, we
 ould lik e to moti v ate our community to use only SDSS filters to
ave a homogeneous set of data. We also noted that images taken
ith no filter are particularly useful for guiding the observers for

heir data acquisition. We finally experienced miscommunication on
roducts distributed to GRANDMA, as some observers provided pre-
tacked images while others were submitted as individual images.
his greatly reduced our ability to analyse the images at low latency,
nd so correcting this will be a focus for future campaigns. 

(iii) Quality of the data sample – Among the eight transients, a
otal of 450 images were taken by GRANDMA partners. Ho we ver,
e detected a source and were able to perform astrometry and
hotometry on only 180 images (40 per cent). To impro v e this
fficiency, we need amateur astronomers to gain expertise in their
ata acquisition and validation before distribution to the network.
 or e xample, some data had artifacts and ‘star’ tracks, blur, or galaxy
aturation that could easily be identified with more experience.
nother challenge was the dispersion of format and k eyw ords

mployed in the files, which slowed down our analysis. This will
e partially solved in future runs with a set of required k eyw ords,
ncluding the time of the start of the observation, the name of the
elescope, the filter used and the filter system. 

(iv) Classification – We demonstrated the potential of the amateur
ommunity to distinguish astrophysical events into three categories:
oving objects, fast transients (KNe, GRBs), and slow transients

supernovae, CVs). We based our rapid fast transient classification
n the decay rate of the optical sources, which should reach a
aximum of at least 0.3 mag d −1 for KNe. The images posted by

he professional and amateurs observers within the first 2 d after the
INK alert helped to categorize the candidates, which were discovered
t an average magnitude of r 

′ 
18.1 ± 1.0 mag. This classification

mpro v ed on the timing relative to routine observations by ZTF
uring the American night. In addition, we also developed rapid and
ophisticated modelling tools that can be applied to GRANDMA data
uring the O4 observing run. If we are able to run data reduction
n near real-time, we would be able to filter the most probable
andidates a few hours before the second night of observation
n the Americas after a GW alerts. This will allow us to trigger
pectroscopic observations with higher confidence during the O4
bserving run, mitigating the use of valuable resources on non-viable
andidates. 

Overall, we consider the first ‘ReadyforO4’ campaign to be a
uccess which can be built upon to allow the amateur community
o partake in cutting-edge astrophysical science once the fourth
bserving run of the LIGO-Virgo-KAGRA detectors begins in late
022/early 2023. 
NRAS 515, 6007–6022 (2022) 
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