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RESUMEN

GRANDMA es un proyecto internacional que coordina las observaciones de telescopio de fuentes transitorias con
grandes incertidumbres de localizacion. Dichas fuentes incluyen eventos de ondas gravitacionales, explosiones
de rayos gamma y neutrinos. GRANDMA actualmente coordina 25 telescopios (70 cientificos), con el objetivo
de optimizar las imagenes. La estrategia es maximizar la probabilidad de identificar una contraparte optica
de una fuente transitoria. Este articulo describe la motivacién del proyecto, la estructura organizacional, la
metodologia y los resultados iniciales.

ABSTRACT

GRANDMA is an international project that coordinates telescope observations of transient sources with large
localization uncertainties. Such sources include gravitational wave events, gamma-ray bursts and neutrino
events. GRANDMA currently coordinates 25 telescopes (70 scientists), with the aim of optimizing the imaging
strategy to maximize the probability of identifying an optical counterpart of a transient source. This paper

describes the motivation for the project, organizational structure, methodology and initial results.

Key Words: gravitational waves — telescopes
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1. INTRODUCTION

Astrophysics is usually considered as the science
of the extremes. We, astronomers, are studying the
most massive clusters of matters, the strongest fields,
the hottest places, the coldest areas, the content of
the emptiest volumes. We perform all of that by
doing observations, which are usually impossible to
reproduce in laboratories. Among the classification
of observations, there is a key discrepancy: tran-
sient astronomy versus secular astronomy. While the
latter one allows for repeated observations and can
accommodate a few misses, the former is far more
challenging and needs a complete new approach of
the astronomical observation practices. Firstly, the
transient phenomena are usually visible in the sky
for only less than a second up to days, before van-
ishing into the darkness of the Universe. Each missed
observation is a hole in the data flow, and possibly
the reason why an event cannot be understood or
a discovery not made. Gathering most of the data
from any transient event is a top priority goal of any
collaboration or astronomer working in this research
domain.

If one is focusing on gravitational wave events
only, the situation is even more complicated, as the
position of the sources is poorly known. The lo-
calization of the first gravitational wave (GW) ob-
servation of a coalescing binary of neutron stars
(BNS), GW170817, by the Advanced LIGO (Aasi et
al. 2015) and Advanced Virgo (aLIGO/Virgo; Ac-
ernese et al. 2015) detectors, which was to within
28 deg? (Abbott et al. 2017c), was very misleading
in that sense. It was the prompt joint observations
by Fermi-GBM and INTEGRAL of the short GRB
170817A (Abbott et al. 2017b; Goldstein et al. 2017;
Savchenko et al. 2017) which allowed such a precise
position and the following observations. In most of
the cases, gravitational wave events, currently de-
tected by the LIGO-Virgo Collaboration, have typi-
cal error boxes that cover hundreds of square degrees
in the sky. For the telescopes having a field of view
smaller than 1 deg?, the follow-up of such poorly
localized events is a very complex task. In a gen-
eral manner, the transient astronomy has to make
use of coordinated and smart observational strate-
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gies combining both fast and wide-field angle auto-
mated facilities with more sensitive narrow-field of
view facilities in order to obtain the best scientific
data set. This, however can lead to very valuable
and ground-breaking observations (see e.g. Abbott
et al. 2017a; Andreoni et al. 2017; Hallinan et al.
2017; Kasliwal et al. 2017; Troja et al. 2017; Just et
al. 2015; Kasliwal et al. 2019b).

In order to solve these technical issues, we ini-
tiated the Global Rapid Advanced Network De-
voted to the Multi-messenger Addicts (GRANDMA;
Antier et al. 2020) in late 2018. The purpose of
this article is to present the collaboration, its or-
ganization, and the results obtained so far. The pa-
per is organized accordingly, with these three top-
ics presented in Sections 2, 3, and 4 respectively. A
small conclusion presents the improvements we iden-
tified and what we are trying to address in the next
months.

2. GRANDMA CONSORTIUM
2.1. A network of telescope

The GRANDMA consortium is a world-wide net-
work of 25 telescopes with both photometric and
spectroscopic facilities (see Figure 1), with a large
amount of time allocated for observing transient
alerts as a telescope network (see Table 1). It in-
cludes 17 observatories, 26 institutions and groups
from nine countries. Most of the allocated time avail-
able to GRANDMA is proprietary, i.e. warranted re-
curring time. Because of that, the collaboration can
cover thousands of square degrees within 24 hours.

Many telescopes of our network were built in the
1960’s and 1970’s, and at that time the largest tele-
scopes at an observatory generally still had a hu-
man sized mirror: it was very common to have one-
meter (or smaller) class instruments at each obser-
vatory, with several observatories in each country.
These “small” aperture telescopes are used for de-
tection of mildly bright (~20-22mag) objects. De-
spite their age, they are still operating, either man-
ually or robotically. The GRANDMA network also
has access to four wide-field telescopes (field of view
[FoV] > 1deg?) located on three continents, with the
TAROT network (Klotz et al. 2008; Noysena et al.
2019) and the OAJ-T80 telescope.

The two groups of telescopes are used to rapidly
find counterpart candidates, either tiling the local-
ization area of the GW alerts, or targeting host-
galaxy candidates. Small field of view telescopes are
also used to confirm an association and to perform
dedicated follow-up observations, either photometri-
cally or spectroscopically. We indeed have access to
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Fig. 1. The wold-wide network of the GRANDMA collaboration.

spectrometers. In the case of a confident detection
of an electromagnetic counterpart to a GW event,
GRANDMA has access to four 2m-class telescopes
in three different time zones with spectroscopic ca-
pabilities, and has been granted several observation
hours on larger instruments such as the CFHT or the
GTC for the duration of the Third Acquisition Run
of the LIGO-Virgo Collaboration (hereafter O3 run).
Because of our very conservative approach on obser-
vation requests, and contrary to most teams will-
ing to participate to O3, we managed to keep a fair
amount of available time for a last minute interesting
event. In 24 hours and for a typical night, thanks to
an extensive distribution on Earth the GRANDMA
network is able to access more than 72% of sky to a
limiting magnitude of 18 mag.

2.2. GRANDMA infrastructure: ICARFE in a
nutshell

To support the GRANDMA operations and make
the collaboration competitive in multi-messenger
time-domain astronomy, we developed ICARE (“In-
terface and Communication for Addicts of the
Rapid follow-up in multi-messenger Era”), an e-
infrastructure composed by a set of tools and an in-
terface to help coordinating telescope observations,
easing the data reduction and analysis, and allow-
ing some automated communication with the tran-
sient community. ICARE is also a heritage from
previous work done (e.g TAROT, Bourez-Laas et al.
2008, GROWTH and Pan-STARRS, Kasliwal et al.

2019a) and can be adapted to any future missions
(as the SVOM mission; Wei et al. 2016). ICARE
has been continuously improved during the third ob-
servational campaign organized by LVC and can be
now extensively used by any consortium and group
intending to monitor facilities for rapid follow-up of
multi-messenger alerts.

The central system is responsible for ingesting
the transient alerts coming from various platforms,
such as GCN notices. The system can also receive
the current status of the various observatories in
terms of availability and weather forecast. Cross-
matching with pre-established programs of the vari-
ous teams (in terms of acceptable Target of Oppor-
tunity rate, and allocation time), ICARE distributes
a dedicated observation plan to all the telescopes
within the network via a broker delivering standard-
ized VO events. At the same time scale, the infor-
mation from the alert and the pre-programmed ob-
servations are stored into the database. This infor-
mation can be visualized on a dedicated web portal.
The data analysis is at the charge of the different
telescope teams but a generic pipeline is under de-
velopment to harmonize the processes (this is outside
the scope of this paper). Sub-images containing in-
teresting sources and photometric measurements are
reported in the database as well as the list of observa-
tions that have been performed. In case of the detec-
tion of interesting transients (kilonova, electromag-
netic counterparts of neutrino sources, ...), the sci-
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Telescope Location Aperture FOV 3 — o limit
Name (m) (deg) (AB mag)
FRAM/Auger Pierre Auger Obs. 0.30 1.0 x 1.0 18.0 in 60s (R¢)
TAROT/TCH La Silla Obs. 0.25 1.85 x 1.85 18.0 in 60s (Clear)
VIRT Etelman Obs. 0.50 0.27 x 0.27 19.0 in 120s (Clear)
CFHT/WIRCAM CFH Obs. 3.6 0.35 x 0.35 92.0 in 200s (J)
CFHT/MEGACAM CFH Obs. 3.6 1.0 x 1.0 23.0 in 200s (' )
Zadko Gingin Obs. 1.00 0.17 x 0.12 20.5 in 40s (Clear)
TNT Xinglong Obs. 0.80 0.19 % 0.19 19.0 in 300s (Rc)
Xinglong-2.16 Xinglong Obs. 2.16 0.15 x 0.15 21.0 in 100s (R¢)
GMG-24 Lijiang Obs. 2.4 0.17 x 0.17 22.0 in 100s (R¢)
UBAI/NT-60 Maidanak Obs. 0.60 0.18 x 0.18 18.0 in 180s (R¢)
UBAI/ST-60 Maidanak Obs. 0.60 0.11 x 0.11 18.0 in 180s (R¢)
TAROT/TRE La Reunion 0.18 4.2 x 4.2 16.0 in 60s (Clear)
Les Makes/T60 La Reunion. 0.60 0.3 x0.3 19.0 in 180s (R¢)
Abastumani/T70 Abastumani Obs. 0.70 0.5x0.5 18.2 in 60s (R¢)
Abastumani/T48 Abastumani Obs. 0.48 0.33 x 0.33 15.0 in 60s (R¢)
ShAO/T60 Shamakhy Obs. 0.60 0.28 x 0.28 19.0 in 300s (Re)
Lisnyky /AZT-8 Kyiv Obs. 0.70 0.38 x 0.38 20.0 in 300s (R¢)
TAROT/TCA Calern Obs. 0.25 1.85 x 1.85 18.0 in 60s (Clear)
IRIS OHP 0.5 0.4 x 0.4 18.5 in 60s (1)
T120 OHP 1.20 0.3 % 0.3 20.0 in 60s (R)
OAJ/T80 Javalambre Obs. 0.80 14x14 21.0 in 180s (1')
OSN/T150 Sierra Nevada Obs. 1.50 0.30 x 0.22 21.5 in 180s (R¢)
CAHA/2.2m Calar Alto Obs. 2.20 0.27° 23.7 in 100s (1/)
FRAM/CTA La Palma Obs. 0.25 0.5 x 0.5 17.0 in 90s (R¢)

entists on duty can send a command to specific tele-
scopes to ask for further observations of the source
via the web portal.

2.2.1. Communications

We have decided to rely on the recommendations
of the International Virtual Observatory Alliance
(IVOA, https://wiki.ivoa.net/), and to use their pro-
tocols for communications. In particular, we have se-
lected the VO protocol?®, as it implies standardized,
machine-readable messages containing observational
properties of an astrophysical source. This goes to-
wards a better standardization of the communica-
tions at the professional level between observatories,
one of the core missions of the IVOA, and is followed
by a growing number of major actors in the transient

28https://wiki.ivoa.net/twiki/bin/view/IV0OA/
VOEventTwoPointZero

fields (e.g. LIGO-Virgo, FRB community; Petroff et
al. 2017).

The VO standard defines the structure of the
XML packet, but leaves free the choice of additional
keywords inside the message (the data model, us-
ing the IVOA terminology). For ICARE, we created
a new data model including a few mandatory extra
keywords to fulfill our needs, and we are sending all
our messages using it. None are expected to be ac-
knowledged, but it is assumed that these messages
are listened, parsed, and processed in real time.

Because of the heterogeneity of the telescope in-
frastructures, we have decided to rely on the most
flexible possible technology, the http protocol, using
web pages. An automated instrument will be able
to simulate a ‘post’ request with a list of specified
keywords, while an human user will use the interface
provided by the web pages. ICARE requests the fol-
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lowing information: the status of the observatory,
the accepted and refused requests, the observations
done, and in case of local processing, any transient
detected. It is to the choice of the user to decide
the frequency of reports, however a good coordina-
tion implies a frequent update of each part of the
information.

2.2.2. Classes of users

One of the main purpose of the web interface is
to operate the telescopes from the various pages of
the interface. In order to prevent multiple users from
sending conflicting requests, we defined three classes
of users of the interface.

e The general users. These are standard users,
who can follow the operations and read the in-
formation, but cannot operate the telescopes.
If they want to send data or results, they need
to use the dedicated pages, and can only create
new information, neither alter or delete it.

e The supervisor. This is a super-user, who has all
the rights of a general user, and can also operate
the telescopes. ICARE assumes there are shifts
among users, and that only one supervisor at
a time exists. There is however a possibility
to request an upgrade of status from the web
interface in case of emergency. The supervisor
can alter information if needed considering the
last results obtained. Within the collaboration,
the supervisors are called Follow-up Advocates

(FA).

e The administrators. There are a set of admin-
istrator pages aimed at handling the content of
the database (such as the list of co-Is, the in-
struments involved), and fixing some issues into
the database without the need to physically log
into the server. Technically, they have the max-
imal power on the interface, as they can remove
some information if needed.

2.2.3. Web interface and human monitoring

ICARE offers a graphical user interface to al-
low for human supervision at any time. Techni-
cally, the interface is built with web 2.0 technologies,
mainly PHP7, HTML5/CSS3 and jQuery. In prac-
tice, we used HTML5 for providing the general lay-
out, CSS for the web pages visual style and appear-
ance, JavaScript (mainly through jQuery) functions
to make dynamic web pages, and PHP7 to commu-
nicate with the database. Besides the main page,
which provides some public elements about the col-
laboration, each page is protected by a login scheme

to prevent unauthorized access. Once the user is
recognized, the full web interface is accessible with-
out further limitation. ICARE is accessible from
any web browser and has been tested under Fire-
fox, Chrome and Edge. It can also be accessed via
smartphones and tablets.

The interface is organized by tabs, reflecting the
various steps of a standard follow-up campaign: the
observation of the whole error box with various in-
struments; the detections and reporting of candi-
dates; the study of a dedicated counterpart; and
the reporting tools (such as a GCN parser). Several
plug-ins ease the visualization of the information.

The interface reacts to the class of the user, en-
abling or disabling functions and pages accordingly.
The system is highly reactive, but there are ways,
if needed, to overcome this by becoming FA on de-
mand.

3. OBSERVATION STRATEGY
3.1. Observation strategy for GW alerts

As explained earlier, the GRANDMA observa-
tion strategy uses different approaches depending
on the FoV of the telescopes. The core of the
observation plans relies on gwemopt (Coughlin et
al. 2018), an open-source software designed to op-
timize the scheduling of target-of-opportunity ob-
servations using either synoptic or galaxy-targeted
based searches. Briefly, for synoptic survey instru-
ments, it divides the skymap into a grid of “tiles”
the size and shape of the FoV of each telescope.
For each tile, the available segments for observa-
tion are computed, including accounting for their
rising and setting, in addition to their distance from
the moon. Observations are scheduled by comput-
ing a weight based on the three-dimensional prob-
ability distribution from the GW alert (Singer et
al. 2016). For narrow-FoV telescopes with nearby
alerts (< 300 Mpc), galaxy-targeted observations are
performed, where one galaxy at a time is imaged
within the three-dimensional probability distribution
as suggested by Nissanke et al. (2013); Gehrels et
al. (2016). Each observation is processed by the re-
duction pipelines to find transient candidates. Each
team of the GRANDMA consortium can use their
own detection pipeline; a subset have low-latency
reduction processes (the TAROT network as an ex-
ample, Noysena et al. 2019). Each telescope team
is supposed to report calibrated magnitudes of the
counterpart candidates into the database using the
dedicated webpages. Each of these candidates is
then evaluated and if needed other observations can
be requested, as follow-up, to classify the object.
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3.2. Organization of the follow-up procedure

Various organizations are possible for the Follow-
up Advocates (FAs): they can go on an event by
event basis, or on a time to time basis. We chose
the second option, and our FAs are shifters, work-
ing for one week inside a team of 4. In case of an
alert during their shift, the first responsibility of the
FA is to check that the observation plan has been
computed, sent to the network of observatories and
has been well-received by them. The FA has then
to follow all notices (GCNs) related to the alerts
currently in hand. If an optical transient is found
during the campaign (by GRANDMA or by others)
and the first observations can be consistent with a
kilonova or GRB afterglow signal, the FA may ask
to follow it up by dedicated telescopes of the net-
work. This may require the interruption of current
observations for some telescopes and the modifica-
tion of the observation plan. Lastly, the FA is in
charge of reporting everything that happened dur-
ing their shift, either internally through a system of
logbooks, or toward the whole community using an
automatic writing tool generating the GCNs related
to GRANDMA observations and possible discover-
ies.

4. GRANDMA ELECTROMAGNETIC
FOLLOW-UP CAMPAIGN OF O3 RUN A

The third aLIGO/Virgo observing run (0O3)
started in April 2019, and is still ongoing at the
time of writing, after a one-month pause in Octo-
ber 2019. The GRANDMA collaboration followed
up 27/33 alerts during the first six months of the O3
campaign based on LIGO-Virgo low latency results
(see the LIGO-Virgo user guide 2° for more informa-
tion).

From April to September 2019, the delay between
the GW trigger time and the first observation by
the TAROT network decreased from more of twelve
hours to 15 — 30 minutes. The most rapid follow-
up was for S190515ak with a delay of 16 minutes.
The coverage of GRANDMA also improved during
the same interval, going from 100 deg? to 300 deg?
covered to 540 deg? in 68 hours thanks to a more
efficient coordination of the telescopes.

Despite all our efforts, no significant counter-
parts were found by the GRANDMA consortium for
any alert (in agreement with observations by other
groups). We can however explain that with two sim-
ple arguments. We first note that none of our follow-
ups have led to a complete coverage of any error box.
This can be explained by the fact that Sun and Moon

2%https:/ /emfollow.docs.ligo.org/userguide/

constraints do not allow us to perform full coverage
(see the example of S190924h). In addition, the lu-
minosity distances of the alerts sent by LIGO-Virgo
are mostly above 150 Mpc (the closest binary neu-
tron star candidate was estimated to lie at 156 + 41
Mpc), where the galaxy catalog we are using to per-
form galactic tiling is no longer complete.

5. DISCUSSION: FUTURE IMPROVEMENTS

There has been a significant effort to optimize
single-telescope observations (for example Gehrels
et al. 2016; Coughlin et al. 2018; Rana et al. 2017;
Ghosh et al. 2016) for large target-of-opportunity sky
areas in the context of time-domain astronomy. We
have experienced that the situation is far more com-
plex in case of a network of telescopes. Several parts
can be strongly improved.

Firstly, the differences in sensitivity and FoV po-
tentially lead to significantly different search strate-
gies. We are working toward a globalized detection
pipeline, and a precise cross calibrations of the in-
struments to reduce these effects. On a more dis-
tant scale, a future milestone is the integration of an
automatic evaluation of the nature of optical tran-
sients with spectroscopic tools and results of rapid
evaluation of photometric light-curves with machine
learning (Muthukrishra et al. 2019).

Secondly, a network doing both synoptic and
galaxy-targeted observations implies the necessity to
decide if covering overlapping parts of the sky is ap-
propriate or not. A centralized scheduler supervising
all the telescopes will ideally be the best option to
solve this issue. But this is at the cost of having
to significantly modify the robotic system used by
the telescopes. It is also very important to have the
larger completeness of the catalog we are using, and
one solution to increase the current one would be to
use the MANGROVE catalog (Ducoin et al. 2020)

A last axis of development is the extension of
the interface to other triggering instruments, such
as the Fermi-GBM, as well as the extension of the
web portal for neutrino alerts.

Another work can consist of combining indepen-
dent detections from GRANDMA or other optical
surveys and gamma-ray surveys with the alerts and
evaluate compatibility of time delays, localization
and light curve profiles.

6. CONCLUSION

We have presented the GRANDMA consortium.
It consists of a global network of 25 telescopes with
both photometric and spectroscopic facilities, lo-
cated in 17 different observatories, and aims to face
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the challenges of time-domain astronomy. Our main
scientific goal is currently the detection of gravita-
tional wave counterparts inside very large error boxes
as presented in Coughlin et al. (2019). The net-
work and the large availability of the telescopes allow
for a 24-hour coverage, which helps to rapidly scan
the GW sky localization area to ~ 18th magnitude.
The tools have been set up for monitoring the full
network, including the joint agreement between the
teams, the web interface, the uniform distribution of
the observation plan, and the 24 hr follow-up advo-
cates on duty to revise observation plans in case of
interesting candidates and updated sky localization
areas.
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