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Objective

The hands-on section shows how Virtual Observatory tools and 
standards can support multimessenger astronomy, with a focus on 
gravitational-wave sky localizations.

 We then propose a prototype extension of the MOC (Multi Order 
Coverage map ) standard, called Semantic MOC, together with simple 
preliminary examples that illustrate its potential in the context of GenAI.



The prompt used to generate this image is shown on the slide 

VO and EM-followUP



IVOA: Interventional Virtual Observatory Alliance

The Virtual Observatory (VO) aims to make astronomical datasets and resources interoperable. 
The IVOA defines the technical standards that enable this vision, fosters the exchange of ideas and 

technologies, and promotes the VO worldwide.

FAIR Principles Pioneers



Working with gw sky localizations (2d) 

  Motivations

Generally, GW sky localizations are irregularly 
shaped and the Multi Order Coverage (MOC) 
IVOA standard  offers:

1) fast mapping of localization areas even 
if there are separated regions;

2) dedicated queries from the entire IVOA 
collections into that (GW) MOC;

3) accurate comparisons between any 
sky region encoding in a MOC: 
          a) Neutrinos, GRBs localizations,
          b) EM transients field researches,
          c)  references images,

4) reactive planning to coordinate 
electromagnetic followup.

In a MOC map you can add time information 
performing spatial and temporal operations, 
simultaneously (Pierre Fernique et al, 2020).
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MOC: Multi Order Coverage map



Using MOC to Encode GW Sky maps (2d)

CUSUM 
Cumulative 
probability

MOC
Region 

encoding
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SORT 
Rank pixels 

by 
probability

Credible regions may be described as polygons enclosing a selected probability 

level, with vertices in right ascension and declination and special terminators 

for disjoint regions. 

MOC provides a more compact representation, using a flat list of integers 

(FITS serialisation) and encoding the HEALPix resolution through the MOC 

order.order parameter.

Multi Order Coverage data structure to plan multi-messenger observations, Greco et al., A&C 2022

https://www.sciencedirect.com/science/article/pii/S2213133722000026


Aladin Desktop: Download/Run Instructions
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Aladin Desktop is a Java application. 
To run it, you must first have the Java 
Virtual Machine (JVM) installed. More 
details are in Aladin’s download page.

Download the Aladin.jar from the Aladin 
download page. 
Execute it from a terminal by typing:

$ java -jar -Xmx3g Aladin.jar

The flag -Xmx<amount of memory> specifies 
the maximum memory allocation pool for a 
JVM. Here 3GB of memory is allocated.

https://www.java.com/en/
https://www.java.com/en/
https://aladin.cds.unistra.fr/java/nph-aladin.pl?frame=downloading


Command bar

ALADIN MAIN WINDOW

ALADIN
STACKData 

Discovery 
tree



Practical Examples
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Aladin and Multi-messenger 

applications



https://gcn.nasa.gov/circulars?query=S250818k 
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Candidate event reported 
from the ZTF team 
AT2025ulz

LVK trigger S250818k

https://gcn.nasa.gov/circulars?query=S250818k
https://www.wis-tns.org/object/2025ulz
https://gracedb.ligo.org/superevents/S250818k/


https://gracedb.ligo.org/api/superevents/S250818k/files/bayestar.multiorder.fits,1 
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https://gracedb.ligo.org/api/superevents/S250818k/files/bayestar.multiorder.fits,1
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Paste the link in “Command” box and press ENTER

The sky map is loaded into 
the Aladin stack and shown 
in the main window.



14

Coverage -> Generate a spatial MOC based on ->
The current probability skymap

In the ‘Probability threshold’ box, enter 
the probability level you want to plot.

Creating GW 
Credible Areas



If you leave the mouse cursor on the plane MOC 0.9 
bayestar.multiorder, at the top of the Aladin stack 

you can visualise the size of the area, both in square 
degrees and as a percentage of the whole sky.
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Right-click on the plane MOC 0.9 
bayestar.multiorder to open the ‘Properties’ 
window and change some graphical settings.
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Adding also 50% cr
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Aladin Script Commands: 
https://aladin.cds.unistra.fr/java/AladinScriptManual.gml#draw 
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Draw the position of  AT2025ulz:
draw rgb(255 ,255, 255) tag(15:51:54.201 +30:54:08.67,"AT2025ulz",100,30,circle,22)

https://aladin.cds.unistra.fr/java/AladinScriptManual.gml#draw
https://www.wis-tns.org/object/2025ulz
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Comparison with Bilby skymaps: 
https://gracedb.ligo.org/api/superevents/S250818k/files/Bilby.offline0.multiorder.fits 
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https://gracedb.ligo.org/api/superevents/S250818k/files/Bilby.offline0.multiorder.fits
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Finding reference images
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GWsky: https://virgo.pg.infn.it/maps/
25



At a given Time range we obtain the corresponding Spatial coverage.
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        Spatial and Temporal MOC: ST-MOC



Aladin Desktop

IGWN - Public Alerts User Guide
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● https://emfollow.docs.ligo.org/userguide/in
dex.html

● https://indico.in2p3.fr/event/25225/session
s/15780/attachments/69008/98807/MMA-
Aladin-vr2_compressed.pdf 

● Video Tutorial

https://emfollow.docs.ligo.org/userguide/index.html
https://emfollow.docs.ligo.org/userguide/index.html
https://docs.google.com/file/d/1UtPplwLMZ8TfahQY2d1RAxJ2I13lIPYU/preview


https://lsst.fink-portal.org/gw



Tutorials from Multi Order Coverage data structure to plan multi-messenger observations - Greco et al., 2022

https://virgo.pg.infn.it/multimedia/tuto_A_C_mid.mp4

Ready to run the tutorial in Colab!

https://www.sciencedirect.com/science/article/pii/S2213133722000026
https://virgo.pg.infn.it/multimedia/tuto_A_C_mid.mp4
https://colab.research.google.com/drive/11k_O7vQXZ8_xH8Mx4UneWcyT_WCPESYH?usp=sharing


https://virgo.pg.infn.it/gladenet/catalogs/ 
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GLadenet: Working with gw sky localizations (3d) 

For Compact Binary Coalescence  
events, 3D sky localization maps are 
released (Singer et al. 2016).  

Next in September(?)

https://virgo.pg.infn.it/gladenet/catalogs/


      Toward Agentic Alert

A prototype standard 
to enable GenAI



From MOC Sky Maps to AI-Enhanced Analysis

● IVOA MOC standards  provides an efficient way to describe complex 
sky regions.

● IVOA MOC is especially suited to GW sky localizations.
● IVOA MOC supports data discovery and sky-map operations.

                      The next step is to bring AI into this framework.

● The goal is to extend the data structure without losing existing uses.
● New layers can be added gradually: RAG, semantic search, agents, 

and vision models.



● https://www.sciencedirect.com/science/article/pii/S2213133725000873
● https://arxiv.org/abs/2510.12213
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After showing how MOCs can 
support EM follow-up activities, 
we now ask a broader question: 
how can they be adapted for 
GenAI?

ENABLING BASIC:
● SEMANTIC SEARCH
● RETRIEVAL-AUGMENTED 

GENERATION
● AGENTIC WORKFLOW
● VISION MODEL ANALYSIS



Textual MOCs

Where, When and What

Prototype extension of the MOC standard: beyond spatial and temporal 
components, a textual What dimension to explicitly describe the content of 
a given sky region.

In the JSON serialization of MOCs, an 
additional key has been introduced 
that allows to add  textual content.
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   Textual MOC applications: EDU Game
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An interactive game using Textual MOCs within Aladin Lite helps users 
locate the Large Magellanic Cloud (LMC). The magenta-colored MOC 
marks the position of the LMC, and informational popups provide 
feedback as the user interacts with the map. Auditory cues enhance the 
user experience by signaling correct or incorrect selections.

Building Basic AstroGame: Finding Galaxy and discovery objects

https://ggreco77.github.io/TextualMOC/AladinGame/aladin_game_d2/
https://ggreco77.github.io/TextualMOC/AladinGame/aladin_game_d1/


Textual MOC applications: Encapsulating GCN Circ.
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This use case shows how to display the 90% 
credible region of a gravitational-wave sky 
localization alongside LVK alerts via the 
General Coordinates Network (GCN). GCN 
Circulars are accessed in text or JSON 
format. 

Building on the method by Greco et al. 
(2022b), we enhance sky maps with Textual 
MOCs, linking each sky region with its related 
GCN Circular(s).

Other astronomical platforms can be utilized for the creation of Textual MOCs, such as the General Coordinates Network 
(GCN)10, the Transient Name Server (TNS) (Gal-Yam, 2021), the Astrophysical Multimessenger Observatory Network (AMON) 
(Ayala Solares et al., 2020) and follow-up pointings in the Gravitational Wave Treasure Map (Wyatt et al., 2020).



Textual MOC enriched by MOCserver

37
 MOCserver enables textual MOCs enriched with high-quality metadata curated by archival experts.



Propose a new scientific use case where 

a textual MOC would be useful

develop it!

https://www.acme-astro.eu/centres-of-expertise/

You can open a ticket if you would like to continue 

the discussion offline



What else is needed to make textual MOCs 
usable with generative AI models?



Semantic MOC 

FROM WHAT IT IS TO WHAT IT MEANS  
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Textual MOCs are converted into semantic 
embeddings, which are compact numerical 
representations that encapsulate the meaning 
of the text within a multidimensional 
geometric space.

The “embedding “field contains the numerical vector representation of the text, generated through a 
chosen text vectorization technique, encoding the semantic meaning in a compact form suitable for 
computational analysis. The “model” entry specifies the embedding model used to generate the vector 
representation.

Ready for GenAI workflow to query space and semantic simultaneously!



https://platform.openai.com/tokenizer 

https://platform.openai.com/tokenizer


https://projector.tensorflow.org/



https://poloclub.github.io/transformer-explainer/ 

https://poloclub.github.io/transformer-explainer/
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                         Retrieval Augmented Generation (RAG)

A vector database is a specialized database designed to store and search data represented as 
vectors—numerical representations of objects like text, images, or audio. It allows fast and efficient 
similarity searches,

PROMPT

Docs 
Store

Response      LLM

-------
-------
-------

---

Retrieved MOC with higher similarity 

Advantages of RAG

● Current Data: Keeps LLMs updated with 

ongoing, up-to-date relevant information.

● Higher Accuracy: Reduces errors and 

hallucinations with reliable data sources.

● Increased Trust: Citing sources fosters 

transparency and user confidence.

Chunk 
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 Retrieve spatial, semantic, and visual data in a unified operation.

The  key “image” links to an 
astronomical image. In this 
scenario, the hips2fits server is 
used to retrieve astronomical 
images via direct URL parsing



https://alasky.cds.unistra.fr/hips-image-services/hips2fits 

https://alasky.cds.unistra.fr/hips-image-services/hips2fits


Textual MOC in the GenAI Ecosystem

Exploring integration opportunities 

and potential impact









Towards AI (Skymap) Agentic Applications

Semantic MOCs provide a Structured Data Formats, making them well-suited for developing multi 
agent-based applications. These can be integrated into various multi-messenger activities enabling 

the evaluation of coincident events and the autonomous generation of alerts.

Main 
Agent

Agent 1
GRB

Agent 3
Neutrino

TOOL A TOOL B TOOL C TOOL D

Agent 2
GW

Tools based on mocpy for making MOC Operations
51



Textual MOC and LangGraph/LangChain
Positioning Textual MOC as a core element of an agent state

Textual MOC represents the agent state, unifying 
spatial coverage, text, metadata, and annotations in 
a single structured object.

Spatial nodes and edges can be built with the 
MOC/VO ecosystem, using tools such as mocpy, 
astropy, and astroquery for coverage, coordinates, 
and region-based operations.

The textual layer can be handled by LLMs and 
enriched with curated IVOA metadata and 
vocabularies.

In this way, a shared state can orchestrate both 
spatial and textual agent behaviors, enabling hybrid 
retrieval and RAG workflows that combine 
embeddings with spatial filtering and contextual 
reasoning.



Building an agent and agent tools

Textual MOC and LangGraph/LangChain
Positioning Textual MOC as a core element of an agent state



Im
pr

ovin
g

System Prompt under testing



Initial Viewer Setup: The agent’s state updates will be displayed here interactively.



Just a Raw Prompt for Testing the Agent…







DIFF

Human-in-the-loop 
for validating agent 

updates



Human-in-the-loop 
for validating agent 

updates



Tool provided by mocpy

No HITL - Measure only the MOC area using mocpy methods. 



Union text and area 



Union text and area 



Measuring the area in deg2





TUTORIALS and hands-on section

These notebook explores 
embedding-based semantic search,
Retrieval-Augmented Generation (RAG), 
vision model analysis, and agentic 
workflows applied to Multi-Order Coverage 
maps enriched with textual and semantic 
content.

https://github.com/ggreco77/TextualMOC/blob/main/tuto1_TextualMOC/tuto1_TextualMOC.ipynb
https://github.com/ggreco77/TextualMOC/blob/main/tuto2_SemanticMOC/tuto2_SemanticMOC_public_v2.ipynb
https://github.com/ggreco77/TextualMOC/blob/main/FirstAgent/FirstAgent.ipynb


Ideas for Gen AI architecture
Dual-Store Architecture with Deterministic UUID

SEMANTIC MOC
JSON  →  MOC spatial + text + metadata

MOCSET
Spatial Index

HEALPix Multi-Order Coverage

Query by sky position (RA, Dec)

FITS binary storage

Key:  moc_id (int)

WEAVIATE
Vector Store

Semantic search (embeddings)

Text, multimedia, image metadata

Near-text vector query

Key:  UUID5 (moc_id)

moc_id → UUID5

Semantic MOC  ·  Dual-store architecture  ·  Idempotent sync via deterministic UUID



Key Challenges of Multi-Messenger Astronomy 

High Alert Volume: Massive number of GW triggers 
during inspiral and mergers requires scalable 
computing and real-time event management.

Dynamic Databases: Efficiently track and update a 
large number of transient candidates for prompt 
dissemination to the astronomy community.

Automated Prioritization: Events should be ranked 
automatically based on parameter estimation 
accuracy and scientific relevance.

EM Alert Listening Capability: ET should be able to 
receive and process alerts from electromagnetic , 
neutrino and high-energy gamma-ray  
observatories to identify spatial-temporal 
coincidences.

Signal Overlapping: Superimposed signals require 
innovative detection methods and integrated 
spatial-temporal analysis strategies.

Managing Large Custom Catalogs: Handling 
dedicated, massive catalogs to support  
counterpart searches.

68

Interoperability & FAIR Principles: Success 
depends on open standards enabling data 
sharing across diverse infrastructures.

Global Coordination & Standardization: 
Collaboration between observatories is 
essential to define protocols and support 
cross-domain integration.

��

To make all this happen!



The prompt used to generate this image is shown on the slide 

Astrophysical Context:
a short introduction



The 2nd generation GW detector network
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How Interferometers Work and The Virgo Horizon
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http://www.youtube.com/watch?v=6raomYII9P4
http://www.youtube.com/watch?v=8_hLys-dpaw


Observation of Gravitational Waves from a Binary Black Hole Merger
B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) Phys. Rev. Lett. 116, 061102 – Published 11 
February 2016
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GW150914: the birth of the GW astronomy

This is the first 
direct detection 
of gravitational 
waves and the 
first observation 
of a binary black 
hole merger.



GW170817: The birth of multimessenger astronomy with GW!
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The Factory of Heavy Elements

http://www.youtube.com/watch?v=e7LcmWiclOs
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EM follow-ups of GW170817

Multi-messenger Observations of a Binary Neutron Star Merger; B. P. Abbott et al 2017 ApJL 848 L12



This animation is based on a series of spectra of the kilonova in 

NGC 4993 observed by the X-shooter instrument on ESO's Very 

Large Telescope in Chile. They cover a period of 12 days after the 

initial explosion on 17 August 2017. The kilonova is very blue 

initially but then brightens in the red and fades.
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http://www.youtube.com/watch?v=EuAwNRtW26E


Gravitational-Wave Transient Catalogue-4.0

The catalog reveals an even 
broader diversity of 
gravitational-wave sources: the 
most massive black hole binary 
ever detected,  the most 
asymmetric black hole binary 
observed so far, a system in 
which both black holes have 
exceptionally high spins, and two 
black hole–neutron star binaries.

https://www.ego-gw.it/blog/2026/03/05/a-kaleidoscope-of-cosmic-collisions-the-new-catalogue-of-gravitational-signals-from-ligo-virgo-and-kagra/


Einstein telescope and Cosmic Explorer - Artistic Impressions
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3th interferometer generations



ET Design Sensitivity

ET will improve the sensitivity by an order of magnitude with 
respect to the design sensitivity of Advanced Virgo and 
Advanced LIGO and extend the observation band towards 
lower frequencies.
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● Primordial black holes
● Dark matter
●  Effect on GW emission around compact 

objects.
●  Exotic objects.
●  Cosmology
●  High precision tests of General 

Relativity
● Physics near BH horizon.
●  Stochastic background
●  Black holes origin and evolution.
● Multimessenger: nucleosynthesis, 

physics of jets, role of neutrinos
●

A few tens of alerts per hour 

Pre-merger alerts



Prompt for getting image similar to the cover page

Ultra-detailed scientific digital illustration of astronomical observatories under a star-filled night sky.

Foreground: a mountain ridge with multiple observatory domes and radio telescope dishes in silhouette, softly illuminated by 
twilight on the horizon, realistic perspective, no people.

Sky: deep space filled with dense stars, nebulae, and a prominent spiral galaxy on the right, realistic astrophotography style, dark 
blue and purple tones.

Across the sky: multiple floating translucent mosaics made of small square tiles resembling hierarchical sky coverage maps, 
arranged in irregular disconnected patches at different scales and resolutions, softly glowing in cyan, violet, teal, and gold.

Center: a luminous spherical network of interconnected nodes and lines representing an artificial intelligence system, glowing 
gently like a constellation.

Around the central sphere: several circular icons symbolizing different types of information (search, communication, database, 
documents, images, knowledge), each connected to the central network with thin glowing lines, forming a balanced radial 
composition.

Atmosphere: elegant, calm, scientific, cinematic lighting, high contrast, ultra-clean composition, no text, no UI elements, no 
robots, no hands.

Wide panoramic format, suitable for a keynote presentation background.



Thanks!
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