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15Instituto de Astrof́ısica de Andalućıa (IAA-CSIC), Glorieta de la Astronomı́a s/n, 18008
Granada, Spain

16Ulugh Beg Astronomical Institute, Uzbekistan Academy of Sciences, Astronomy str. 33,
Tashkent 100052, Uzbekistan

17Department of Physics & Astronomy, Louisiana State University, Baton Rouge, LA 70803,
USA

18Institute for Gravitational and Subatomic Physics (GRASP), Utrecht University,
Princetonplein 1, 3584 CC, Utrecht, The Netherlands

19Nikhef, Science Park 105, 1098 XG, Amsterdam, The Netherlands
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37504-364, Brazil
23Ecole Normale Superieure, CNRS-PSL, Research University, 45, rue d’Ulm 75230 Paris

Cedex 5 France
24Centre for Cosmology, Particle Physics and Phenomenology - CP3, Universite Catholique de

Louvain, B-1348 Louvain-la-Neuve, Belgium
25Institute for Physics and Astronomy, University of Potsdam, D-14476 Potsdam, Germany

26Max Planck Institute for Gravitational Physics (Albert Einstein Institute), Am Mühlenberg
1, D-14476 Potsdam, Germany

27OHP, Observatoire de Haute-Provence, CNRS, Aix Marseille University, Institut Pythéas, St
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ABSTRACT

GRANDMA is a world-wide collaboration with the primary scientific goal of studying gravitational-wave sources,
discovering their electromagnetic counterparts and characterizing their emission. GRANDMA involves as-
tronomers, astrophysicists, gravitational-wave physicists, and theorists. GRANDMA is now a truly global
network of telescopes, with (so far) 30 telescopes in both hemispheres. It incorporates a citizen science pro-
gramme (Kilonova-Catcher) which constitutes an opportunity to spread the interest in time-domain astronomy.
The telescope network is an heterogeneous set of already-existing observing facilities that operate coordinated
as a single observatory. Within the network there are wide-field imagers that can observe large areas of the sky
to search for optical counterparts, narrow-field instruments that do targeted searches within a predefined list of
host-galaxy candidates, and larger telescopes that are devoted to characterization and follow-up of the identified
counterparts. Here we present an overview of GRANDMA after the third observing run of the LIGO/VIRGO
gravitational-wave observatories in 2019 − 2020 and its ongoing preparation for the forthcoming fourth observa-
tional campaign (O4). Additionally, we review the potential of GRANDMA for the discovery and follow-up of
other types of astronomical transients.

Keywords: Stars: neutron – Gravitational waves

1. INTRODUCTION

Observational techniques in astronomy have greatly evolved since the invention of the telescope, but they have,
almost exclusively, involved the study of light. In the last few years, the increased efficiency of gravitational-
wave and neutrino observatories are allowing us to use new windows to study the Universe. On some very
few occasions we have been able to simultaneously detect individual astronomical sources with several of these
messengers (photons, gravitational waves, neutrinos), leading to what we now call multi-messenger astronomy.
Multi-messenger detections are still very rare but provide a wealth of information that can be used to unravel
many of the outstanding problems of astrophysics, and are of extreme interest to modern science. To increase
our chances of obtaining further multi-messenger data sets, observational astronomers are putting all their efforts
into searching for electromagnetic counterparts to gravitational-wave- and neutrino-emitting sources.

Although the sensitivity of neutrino and gravitational-wave observatories are allowing us to routinely detect
sources up to cosmological distances, determining a precise localization of the emitting source can be a challenge.
This is especially complicated in the case of gravitational waves, where localization can be as rough as tens,
or even hundreds of square degrees. The search for the electromagnetic counterparts to these events is further
complicated by the fact that they evolve rapidly. In the case of the kilonova emission associated with neutron-star
mergers, the peak of the optical emission is reached hours after the GW event and decays rapidly until their
light is no longer detectable, by even the largest telescopes, a few days later.

Electromagnetic follow-up observations require the use of well-designed observation techniques. There are
two main approaches to this problem: (1) Attempt to image the full uncertainty area of the GW detection as
soon and as deep as possible. (2) Use the distance information extracted from the gravitational-wave detection
to select candidate galaxies from a catalog and limit the observations to these galaxies. The second approach
was successfully used during the O2 observing run of LIGO and VIRGO in 2017 to detect the counterpart
of GW170817,1 both as a short gammma-ray burst (GRB) at high energies, GRB 170817A,2 and a kilonova
at optical and NIR wavelengths, AT 2017gfo.3 However, this technique is only efficient for nearby events, at
distances lower than ∼ 100 Mpc. At further distances the galaxy catalogs with accurate redshifts begin to be
incomplete, and the spatial volume to be covered increases, leading to a steep increment of the number of galaxies
that need to be observed and thus making the method less efficient. In O4, where the detection threshold for
neutron-star mergers will be close to 200 Mpc, we will have to rely mostly on the first method, covering the full
error area of the GW detection with wide-field telescopes.

Instead of investing in developing new dedicated instrumentation, capable of producing the required obser-
vations, the GRANDMA (Global Rapid Advanced Network Devoted to the Multi-messenger Addicts) relies on
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existing telescopes (professional and amateur) around the world that are coordinated to work as a single facility
to respond to multi-messenger alerts. A common scheduler designs the observations so that each telescope can
contribute to the data collection for each event. Common analysis tools, together with a centralized database
to store the data ensure an homogeneous analysis. Finally, our optical observations together with possible
gamma-ray public data can be combined in a single multi-physics framework (NMMA) to better understand the
astrophysical scenario. In this paper, we will focus on the developments of tools within GRANDMA to prepare
for the fourth observing run of gravitational-wave detectors.

2. THE TELESCOPE NETWORK

The GRANDMA collaboration is a continuously evolving world-wide network that currently includes 30 tele-
scopes within 23 observatories. The scientific team is formed by researchers from 42 institutions, in 18 countries.
It was operating during the O3 gravitational-wave observation run of LIGO/VIRGO, when it performed extensive
follow-up work of the gravitational-wave alerts.4,5

Together, the different GRANDMA facilities provide large amounts of observing time that can be allocated for
photometric and/or spectroscopic follow-up of transients. The network has access to wide field-of-view telescopes
(FoV > 1 deg2) located on three continents, and remote and robotic telescopes with narrower fields-of-view.

Figure 1. World map showing the current distribution of GRANDMA observing facilities, not including the Kilonova-
Catcher amateur telescopes.

Within GRANDMA, a citizen science programme called Kilonova-Catcher (KNC) integrates amateur as-
tronomers spread all over the world that contribute with their observations to the scientific goals of the project.
The amateur community is highly motivated and has shown to be capable of meeting the challenge of obtain-
ing data with a quick reaction time and generating high-quality data sets. An increasing number of telescope
setups belonging to amateur astronomers or amateur organizations are equipped with digital cameras able to
produce deep and reliable observations. KNC has a dedicated portal∗ to organize these activities and currently
includes around 60 amateur telescopes spread across the globe. After a quality check, their images are treated
by GRANDMA in the similar way as images from professional telescopes.

3. INFRASTRUCTURE, METHODS AND TOOLS

The infrastructure for observations with a heterogeneous network requires: i) a central system that coordinates
and collects the observations at the network ; ii) management of online processing for the detection per telescope
frame and the classification of the electromagnetic (EM) counterpart candidates with rapid diagnostics to enable

∗Kilonova Catcher is available at http://kilonovacatcher.in2p3.fr/

http://kilonovacatcher.in2p3.fr/


further decisions for pursuing or interrupting the ongoing observations. The data stored in the infrastructure
feeds both, i) and ii), analyses.

During the O3 observing run, we were using ICARE as our central system. In O4, we are developing a
completely new system, SkyPortal†.6 SkyPortal will distribute GW follow-up observations, process the
GW alert information, and also receive the current status of the various observatories in terms of availability
and weather forecast. SkyPortal presents a public interface for sharing follow-up observations and associated
products and trigger new observations on potential GW counterpart candidates.

3.1 Alert ingestion and Fink

SkyPortal can process alerts associated with gravitational-wave and γ-ray burst events. The alerts are received
using PyGCN‡. Within GRANDMA, we have also developed the ability to ingest optical alerts from the Zwicky
Transient Facility (ZTF), processed by the Fink Broker.7 This is the SkyPortal Fink Client§. The advantage
is to associate serendipitous kilonovae observed by ZTF and GW events. Alerts from the SkyPortal Fink
Client contain a unique object identifier, which is used to create a new candidate and a new source, if they
do not already exist in the database. If the source already exists, only the new photometric points are added
to the existing data set. The Fink Broker annotates alerts with additional information, such as the result of
machine-learning models to classify alerts as kilonovae or supernovae, etc. Combining this with the original data
from the ZTF alert, using the Fink -filters package, Fink ’s classifications are processed and added in SkyPortal.
As more and more data is gathered on a source, the classification provided by Fink evolves, and therefore the
classification of a source is updated when a new alert is added.

3.2 Observational strategies

A centralized system receives the gravitational-wave alerts (or other alerts) and processes an automated joint
observation plan using various strategies for efficient scheduling. The first strategy for observations uses wide
field-of-view telescopes that blindly scan the search area. The second strategy uses galaxy-targeted follow-up
using galaxy catalogs, such as MANGROVE.8 For both strategies, we use the gwemopt open-source software
package for maximizing the probability for joint detection of KN, GRB and GW emission, and combining tiling
and time-allocation schemes.9,10 The software takes into account the characteristics of each telescope (i.e., field-
of-view and image-depth capabilities), visibility of the target, etc. A shortcoming of the current observation
scheduling paradigm is the lack of feedback into the schedule from ongoing observations, which means that it
may schedule tiles that were already observed rather than prioritizing unobserved tiles. That is why in our
new approach for O4, we recover images and their associated products taken by optical surveys such as ATLAS
and ZTF, as well as integrating the previous or on-going GRANDMA observations prior to observations. This
scheduling software has been developed within SkyPortal.

3.3 Images

In the past, GRANDMA operations during a campaign have taken advantage of tools such as Slack for com-
munication within the team, and on ownCloud to store data from observations. Nowadays, both the image
storage and chat are encapsulated within ICARE, the specific version for GRANDMA of SkyPortal. We
extract from the data cutout images containing interesting sources, and photometric measurements. We also
record the list of observations that have been performed, and group the different optical transients found in a
time window (e.g., from the GW event to 10 days) and in a localization area (e.g., the GW sky localization area)
to find associations.

†SkyPortal is available at https://github.com/skyportal/skyportal
‡PyGCN
§The SkyPortal Fink Client is available at https://github.com/skyportal-contrib/skyportal-fink-client

https://gitlab.in2p3.fr/icare/icare
https://github.com/mcoughlin/gwemopt
https://github.com/skyportal/skyportal
https://github.com/skyportal-contrib/skyportal-fink-client


3.4 Optical Data analysis

To uniformly process the diverse set of images acquired by various telescopes, we have developed two dedicated
data analysis tools: MUphoten¶11,12 and STDPipe‖.12,13 They follow slightly different approaches, with the
former being a ready-to-use set of scripts pre-configured for processing the data from selected instruments, while
the latter is a library of both low- and high-level routines for quick creation of custom pipelines for the data
from arbitrary telescopes and varying complexity of the analysis (e.g., taking into account spatial dependence
of photometric zero points or color terms, using custom noise models, advanced filtering of detected transient
candidates, etc.). We foresee them being used by both telescope teams lacking their in-house pipelines for
quick-look data analysis, and for the final centralized data processing.

Both pipelines expect the data to be pre-processed by an instrument-specific code to perform bias, dark
subtraction, and flat-fielding in advance. This step is done on the telescope side prior to uploading the frames
to the GRANDMA centralized data storage. Upon uploading there, the images are processed (manually for
now, but a dedicated web-based tool for semi-automatic processing of the images and inspecting the results is
planned) by one or both pipelines, and processing results are optionally injected into the database to be used to
plan the follow-up observations.

IMAGE TEMPLATE CONVOLVED DIFF MASK
J095039.70+130922.2 at 2022-05-15 12:16:01.000 : mag = 20.33 ± 0.08

Figure 2. Example of a transient object (GRB 220514A in this case) as detected and visualized by the STDPipe pipeline.
The panels show aligned cutouts from the original image, the Pan-STARRS template, the template convolved to match
the point-spread function (PSF) of the original image, the difference image, and the mask, all centered on the transient
position.

3.5 Rapid Classification

We have also developed online ranking scores to determine the nature of detected transients, and to engage further
adequate follow-up. All our scores are running in SkyPortal and imported via Fink. The data collected from
various telescopes are stored in the central system and used to generate a set of light curves for each transient.
We perform linear fits in magnitude versus time/space when light curves have multiple detections over at least a
0.5 day baseline in a given band. To be as simple as possible, the fits are not weighted and no χ-squared metric
is evaluated. We place a hard constraint on fading of at least 0.3 mag day−1 in any one of g′-, r′- or i′-bands, as
shown to be appropriate for a wide range of kilonova models.14,15

3.6 Human supervision

During a campaign, GRANDMA needs to contact telescope teams to keep track of what happens and make
sure that all the observations run smoothly. For instance, we need to ensure that the observations have been
triggered, annotate the transients, adjust their classification and, if needed, request further observations. A team
of follow-up advocates (team members assuming duties of supervision during operations) coordinate so that there
is always at least one person on duty to supervise the operations of the network. To do this, periods of 24 hours
are divided in several shifts of the same duration. Each week has a designated shift coordinator, managing groups
of follow-up advocates, one for each daily shift. A group of follow-up advocates will be attributed the same shift

¶MUphoten is available at https://gitlab.in2p3.fr/icare/MUPHOTEN
‖STDPipe is available at https://github.com/karpov-sv/stdpipe

https://gitlab.in2p3.fr/icare/MUPHOTEN
https://github.com/karpov-sv/stdpipe


every day for a week, after which the weekly coordinator and shifters will rotate with another team. A page
dedicated to the follow-up advocates has been added to SkyPortal, to manage them directly from the platform
using a calendar. SkyPortal contains a notification framework, accessible to any of its users, that allows them
to receive notifications based on certain criteria, using a variety of channels of communication (email, Slack,
and/or SMS). During a campaign, shifters would activate notifications for new events of the notice types that
GRANDMA is interested in to ensure that a new event is not missed by any of them.

3.7 Interpreting multi-messenger observations and light-curve predictions

We are currently extending our Bayesian inference nuclear-physics and multi-messenger astrophysics framework,
NMMA.16 This framework allows to jointly analyze GW, kilonova, and GRB afterglow observations17 and even
to combine this with nuclear-physics experiments.18 In preparation for O4 and beyond, we further extend the
framework and its ingredients to reduce uncertainties in the GW models, the kilonova models, and the description
of the GRB afterglow.

In addition to the possibility to interpret multi-messenger events, the framework can also be used to pre-
dict possible electromagnetic counterparts based on low-latency GW information. In particular, based on our
knowledge of the equation-of-state of neutron stars, we can make estimates of the masses to predict through
phenomenological relations, derived from numerical-relativity simulations, the amount of ejected material and
the mass of the possible debris disk formed during the merger process. This information about the material can
be related to the expected EM emission.19

4. O4 PREPARATION CAMPAIGNS

In the almost three years between the O3 and the O4 run, the GRANDMA collaboration has been preparing for
O4, by updating the scheduling and analysis tools, incorporating new partners, and planning future instrumen-
tation. To test the operations the team has executed two preparation campaigns, with the goal of training and
ensure that the observatories, teams and tools are ready for smooth operations during O4. The first campaign
was aimed at the follow-up of transient reported by the ZTF survey. The second at the rapid follow-up of GRBs.
The results of these campaigns are presented in separate papers.12 In this section we discuss some details of the
campaigns and the lessons learned from them.

4.1 Observations of ZTF/FINK transients during Summer 2021

During a period of six months, between 1 April to 30 September 2021, the GRANDMA network of telescopes
produced coordinated observations of transients detected by the Zwicky Transient Facility (ZTF). This work
showed the response capability of GRANDMA not only through the use of professional observatories but also
amateur ones. In total, 37 observatories were used during this campaign, including both professional (11) and
amateur (26) facilities.

Let’s recall that Fink7 is a community broker designed to filter large time-domain alert streams, such as the
current one from the ZTF survey and in the future from the Vera Rubin Observatory. During our campaign,
35 million sources were processed by the broker. Fink deals with a large number of topics in the transient sky
at all scales, from the Solar System to extragalactic sources. In our case our aim was to attempt observations
of kilonova-like events. To this end we use different filters that delivered different numbers of alerts during the
campaign:

• Machine learning filter (KN-LC): Delivered 107 candidates.

• Nearby Galaxy catalogues-based filter (KN-Mangrove): Delivered 68 candidates.

More details on the triggering criteria can be found in the paper that describes the campaign.12 Only a
handful of candidates were selected by more than one filter. The campaign followed six events for which a total
of 180 photometric data points were obtained. The data were uploaded within the first two days and allowed us
to determine the decay slopes and complement the sampling of the routine observations obtained by ZTF. The
targets were finally classified as Solar System objects, cataclysmic variables, or supernovae. Figure 3 summarises



the early response of the GRANDMA observations. The campaign showed that, if we respond rapidly and
run the reduction pipeline in near real-time, we will be able to filter the most probable candidates before the
second observing night. The campaign also demonstrated the ability of amateur astronomers to reach, several
times, > 20.5 mag as image depth, one advantage for the O4 campaign being to be able to search with amateur
telescopes for kilonovae located at ∼ 180 Mpc.

Figure 3. Overview of the observations of six ZTF alerts distributed to the GRANDMA network after being filtered by
the Fink broker. The figure, adapted from ref.12 displays the times between the distribution of the first alerts and the
GRANDMA observations, and how the fading rate of the sources could be calculated, in most cases before the second
ZTF visit.

4.2 Gamma-ray burst follow-up during Spring 2022

The second O4 preparation campaign was aimed at training the team to perform rapid observations. To this
end, we decided to follow-up GRB alerts, for which satellites such as the Neil Gehrels Swift Observatory generate
alerts within dozens of seconds after the event. These sources can be bright during the first minutes after the
explosion but decay very rapidly, being excellent targets for training to obtain rapid observations.

The campaign lasted for nine weeks between 20 March and 15 May 2022, a period in which there were eleven
GRB alerts. GRANDMA followed eight of these events, those that were observable during night time from the
GRANDMA partner observatories. Since this was a training campaign aimed at operations and not at discovery,
we did not impose any further filtering of the targets. This meant that a number of the events were found behind
strong Galactic extinction and were unlikely to have a detectable counterpart. However, among these eights,
we imaged the afterglow of three GRBs within minutes up to hours. All details can be found in our dedicated
publication.20

5. EXPECTATIONS FOR O4 AND BEYOND

The latest training campaigns have shown that the GRANDMA team is prepared to produce rapid and consistent
follow-up observations of astronomical transients. The GRANDMA team is currently working on the development
of new and improved capabilities with SkyPortal to make observations as user-friendly, and as automatized
as possible. Updated versions of MUphoten and STDpipe are being tested with the existing data of all the
GRANDMA facilities to ensure that rapid and efficient photometry can be produced in near real-time during
the O4 run. We are continuously making an effort so that the GRANDMA network continues to expand, both
with professional and with amateur telescopes. We are aiming at increasing the uniformity of the photometric
observations through the purchase and use of standardized sets of filters at those observatories that did not have
them. We will also expand our capabilities to query optical surveys and include more available data sets in our



database and to complement our target of opportunity observations. To further improve our multi-messenger
Bayesian inference framework, we have to extend the incorporated GW, kilonova, and GRB afterglow models to
reduce the presence of systematic biases and to allow an accurate interpretation of future detections.

In the months before the start of the O4 run, we expect to have further training campaigns in parallel to
further developments of the multi-physics framework NMMA so that the GRANDMA team will arrive at O4
ready for the discovery of electromagnetic counterparts of gravitational-wave sources.

With the eyes set on O5 we are aiming at the addition of dedicated wide-field telescopes of the 0.8 m class
and fields-of-view of two square degrees at sites that will improve the overall coverage of GRANDMA, both in
terms of longitudinal coverage, field-of-view, and image depth.
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Chabert, B., Chen, J. C., Christensen, N., Coleiro, A., Cordier, B., Corre, D., Coughlin, M. W., Coward, D.,
Crisp, H., Delattre, C., Dietrich, T., Ducoin, J. G., Duverne, P. A., Marchal-Duval, G., Gendre, B., Eymar,
L., Fock-Hang, P., Han, X., Hello, P., Howell, E. J., Inasaridze, R., Ismailov, N., Kann, D. A., Kapanadze,
G., Klotz, A., Kochiashvili, N., Lachaud, C., Leroy, N., Le Van Su, A., Lin, W. L., Li, W. X., Lognone,
P., Marron, R., Mo, J., Moore, J., Natsvlishvili, R., Noysena, K., Perrigault, S., Peyrot, A., Samadov, D.,
Sadibekova, T., Simon, A., Stachie, C., Teng, J. P., Thierry, P., Thöne, C. C., Tillayev, Y., Turpin, D., de
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