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Time Domain Multi-messenger Astronomy
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Abbott et al. 2017 X-shooter spectra in the kilonova in NGC 4993 over 12 days.   

Image credit: ESO/Pian et al./Smartt & ePESSTO.  

GW170817 



Time Domain Astronomy Challenges/Needs 
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To characterise and classify sources…

• Multi-wavelength / messenger approach is (sometimes) needed
• Follow-up observations and reaction time for that can be crucial 
• Visualisation & navigation thought the data 
• Coordination & transmission of information 

The VO (IVOA) should match user’s needs
So, what is available through the VO? 



The VO and the IVOA
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• Astronomical datasets, tools, services should work seamlessly together

What is the VO?

• An organisation that debates and agrees the technical standards that are needed to make the VO possible
• A focal point for VO aspirations, a framework for discussing and sharing VO ideas and technology
• Promoting and publicising the VO

What is the IVOA?



The VO and the IVOA
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• 6 Working Groups, 7 Interest Groups
➡ There is a Time Domain Interest Group
➡ Chair & Vice-chair: A. Nebot & D. Morris

➡ Completely open to participation 

Who is the IVOA?

http://ivoa.net/

• 2 interoperability meetings per year
➡ Next IVOA meeting in Groningen 11-13 Oct. 

following ADASS 6-10 oct.
https://www.adass2019.nl/ivoa/ivoa-participants/

➡ Register to email lists for discussion of topics 
➡ Asking me directly can work too ada.nebot@asto.unistra.fr

How to  join the IVOA?



The VO and the IVOA
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• VO is integrated in many 
Astronomy data centres and 
archives 
• Often behind the scenes…  

Who is the VO?



The VO and the IVOA
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• Research astronomers  
• Data Centres and Archives  
• Software developers  
• Educators  

• …

Who is the VO for?

• In a seamless way for the user:
• Data discovery & access 
• Visualisation & analysis
• Through Services & tools

Idea of the VO?

• Research astronomers — Time Domain Astronomers



Time Domain Astronomy Challenges/Needs 
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To characterise and classify sources…

• Multi-wavelength / messenger approach is (sometimes) needed
• Follow-up observations and reaction time for that can be crucial 
• Visualisation & navigation thought the data 
• Coordination & transmission of information 

The VO (IVOA) should match user’s needs
So, what is available through the VO? 



 9

• Multi-wavelength/messenger
• Combining data from missions covering different wavelength ranges 
➡ Source identification 
➡ Cross-matching techniques 

To characterise and classify sources…

• Multi-wavelength/messenger approach is (sometimes) needed
• Follow-up observations and reaction time for that can be crucial 
• Visualisation & navigation thought the data
• Coordination & transmission of information

Time Domain Astronomy Challenges/Needs 



Minimum information about objects
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➡ Which objects around this area are already known and have a classification?
➡ Give me a minimum information about this object / list of objects (e.g. it’s a Galaxy at redshift z)



Cross-matching — A key point 
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• CDS dev. F. X. Pineau et al. 
• Positional cross-correlation of sources in 2 tables (VizieR tables, simbad, user uploaded lists) 
• Result in different formats (VOTable, CSV or ASCII)
• Programatic access too (http API)
• New developments for a multi-catalogue cross-match
• Available through TOPCAT and stilts too



Cross-matching 
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Table 1 Table 2 Computation 
 time

Result 
generation

Result 
size Total time 

SDSS DR9  
469M rows

2MASS 
470M rows 3 min 7 min 19 GB 10 min

2MASS
470M

GAIA-DR1
1.1 billion 16 min 65 min 193 GB 81 min

Tycho-2
2M

SIMBAD
8M 6 sec 25 sec 1 GB 35 sec

List of
40k positions

SIMBAD
8M 1 second 4 seconds 10 MB 5 sec

Positional cross-match performance, radius 5” 
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To characterise and classify sources…

• Multi-wavelength/messenger approach is (sometimes) needed
• Follow-up observations & reaction time for that can be crucial 
• Visualisation & navigation thought the data
• Coordination & transmission of information

Time Domain Astronomy Challenges/Needs 

• Follow-up observations 
➡ Transmission of events: VOEvent, IVOA Standard 

➡ VOEvent Standard for Fast Radio Bursts FRBs, Petroff et al. 2017 
➡ Damien Dornic yesterday mentioned: VOEvent Standard for Neutrino ! :) 
➡ VOEvent Standard for other science / mission specific field? 

➡ Planning observations: visibility, available telescope time 2 IVOA Standards in process 



Planning observations: visibility services
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Different services have different inputs / outputs
Facilitate the work by having same inputs / outputs

!14

 

Object Visibility Simple Access Protocol
Aitor Ibarra, Richard Saxton, Jesús Salgado et al. 2019
http://www.ivoa.net/documents/ObjVisSAP/index.html



Planning observations: coordination of observations
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Observation Locator Table Access Protocol, Aitor Ibarra, Jesús Salgado et al. 2019

http://www.ivoa.net/documents/ObsLocTAP/20190227/index.html

What object has been (or will be) observed when and in which 
wavelength?
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• Visualisation & navigation 
➡ sequences of images, spectra, photometry, positions, … and all interoperable 
➡ tools

To characterise and classify sources…

• Multi-wavelength/messenger approach is (sometimes) needed
• Follow-up observations & reaction time for that can be crucial 
• Visualisation & navigation thought the data
• Coordination & transmission of information 

Time Domain Astronomy Challenges/Needs 



Visualisation of the sky
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Visualisation of the sky in Aladin
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➡ https://emfollow.docs.ligo.org/userguide/tutorial/aladin.html

• GW localisation in the sky in Aladin using MOC IVOA standard
• Background image can be DSS, 2MASS, WISE, XMM, Fermi,…
• We can overlay catalogues of interest, query Simbad, … by region



Visualisation of the sky in AladinLite
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Visualisation of the sky in AladinLite

 20

Tutorial on usage of VO tools for EM follow-up of GWs



Visualisation of the sky in AladinLite
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Visualisation of sky coverages
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• Coverage maps based on MOC IVOA standard are created from positions
➡ We know where but we don’t know when! 
➡ Need to add the time dimension

SPACE COVERAGE



ST-MOC: Connecting space and time coverages
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➡ https://wiki.ivoa.net/twiki/bin/view/IVOA/IvoaVOEvent#Time_Series_Data

• The STMOC = Space Time MultiOrder Coverage
• Merge together both dimensions in a unique MOC in order to have simultaneously space 

and time coverage

2 years of CDS&Co R&D
driven by the IVOA Time 
Domain Interest Group

SPACE

TIME



ST-MOC: Connecting space and time coverages
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SPACE

TIME



ST-MOC: Connecting space and time coverages
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Does it remind you of 
anything in particular? 

• Possibility of extremely fast 
➡ computations (generate from catalog, images, regions)

The only thing you need is a list of positions and times, spatial and temporal resolution)
➡ operations (unions, intersections,…)

E.g. Have these two telescopes observed the same sky region within this interval of time? 



ST-MOC: Connecting space and time coverages
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• Example use: 
• What is the 2MASS mission coverage in space & time ?  
• Are there common observations in space and time for XMM and Chandra missions ? 
• Which observations are available for this Gravitational Wavelength probability area detected at 

this epoch ? 
• What are the LSST alerts in this sky region and in this interval of time? 
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• IVOA Note with technical details (Durand, Fernique, Nebot et al 2018)
• Precomputed for 150 catalogues in VizieR (and more to come!)

http://alasky.u-strasbg.fr/footprints/STMOC/
• Precompute for solar system body ephemerides
• Available in MOCPy 
• Jupyter Notebook showing examples

ST-MOC: Find where and when

➡ Where can I find more info ? @ IVOA 
https://wiki.ivoa.net/twiki/bin/view/IVOA/IvoaVOEvent#Time_Series_Data 

What n
ext? T

ry it!
!



Visualisation of data: search, find and retrieve
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KEY POINT: IVOA Standardisation of time annotation

TIMESYS element in VOTables (Demleitner, M., Nebot, A., Bonnarel, et al. 2018)

Time Scale: UTC, TT, TAI, TCB,… 
Format: JD, MJD, ISO, truncated ISO,…
Offset: e.g. JD-XXX  (e.g. Gaia…)
Reference position: Topocentre, Geocentre, Barycentre,… (light-travel correction) 
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• Coordination & transmission
➡ collect what was/will observed, when, in which wavelength, …
➡ alerts, emails, webpages, references,…
➡ A multi-messenger platform ? 

To characterise and classify sources…

• Multi-wavelength/messenger approach is (sometimes) needed
• Follow-up observations & reaction time for that can be crucial 
• Visualisation & navigation
• Coordination & transmission of information

Time Domain Astronomy Challenges/Needs 



Summary
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• To enable access, discovery and interoperability the VO is based on standards 
• The Time Domain standards needed for time domain multi-messenger astronomy are:
➡ Existing (e.g. VOEvent, TAP, VOTable, MOC, HiPS…)
➡ or under development:
‣ Definition of the minimum metadata for time (TIMESYS in VOTables)
‣ Space + time coverage (STMOC)
‣ Visibility & Observation locator (ObjVisSAP & ObsLocTAP) 


