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Time Domain Astronomy
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The study of variability of astronomical objects over different time-scales

• A hot topic but a new field? 



Time Domain Astronomy

The study of variability of astronomical objects over different time-scales

• The Great Debate of 1920 on the Scale of the Universe (Curtis, Shapley)
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• Observations of Cepheids showed the Universe 
is composed of many galaxies like our own. 

The first standard candles

period-luminosity relation 

Leavitt law

Pickering 1912

➡Thanks to Leavitt law and the discovery of Cepheids in Andromeda



Time Domain Astronomy

The study of variability of astronomical objects over different time-scales

• The Great Debate of 1998 on the Nature of the Universe (Peebles, Turner)
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• Observations of SNe Ia first direct evidence of 
the cosmic acceleration

Standard candles

luminosity — decay time relation 

Riess et al. 1998; Perlmutter et al. 1999



Time Domain Astronomy

The study of variability of astronomical objects over different time-scales

• What type of variable phenomena? 
• Periodic: binary orbits of stars/extrasolar planets, stellar rotation, stellar pulsation…
• Transient: supernovae, gamma-ray bursts, novae, X-ray bursts, transits, gravitational 

microlensing, flares, tidal disruption events…
• Stochastic: accretion in CVs, X-ray binaries,…  
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Time Domain Astronomy

The study of variability of astronomical objects over different time-scales

• What time-scales are we talking about?  
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Pietka, Fender, & Keane 2015



Time Domain Astronomy

 EXTraS Collaboration, De Luca, A. et al. 2016

The study of variability of astronomical objects over different time-scales

• What time-scales are we talking about?  



Time Domain Astronomy

Kasliwal 2011

The study of variability of astronomical objects over different time-scales

• What time-scales are we talking about?  



Time Domain Astronomy

The study of variability of astronomical objects over different time-scales

• What time-scales are we talking about?  
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Pietka, Fender, & Keane 2015  EXTraS Collaboration, De Luca, A. et al. 2016 Kasliwal 2011

➡ Characterisation and classification of sources on the basis of their variability
➡ Multi-wavelength approach is (sometimes) needed 



Time Domain Astronomy

The study of variability of astronomical objects over different time-scales

• What time-scales are we talking about?  

 10

➡ Multi-messenger approach is (sometimes) needed

LIGO and Virgo make first detection of gravitational waves produced by 
colliding neutron stars

Discovery marks first cosmic event observed in both gravitational waves 
and light.

For the first time, scientists have directly detected gravitational waves — 
ripples in space-time — in addition to light from the spectacular collision of two 
neutron stars.

The discovery was made using the U.S.-based Laser Interferometer 
Gravitational-Wave Observatory (LIGO); the Europe-based Virgo 
detector; and some 70 ground- and space-based observatories.

GW170817 



Time Domain 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 
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The study of variability of astronomical objects over different time-scales

• Characterisation & classification of sources on the basis of their variability 
• Multi-wavelength / messenger approach is (sometimes) needed
• Follow-up observations and reaction time for that can be crucial 
• Visualisation & navigation thought the data 
• Analysis of variance of phenomena 
• Coordination is crucial - transmission of information 



Time Domain Astronomy Challenges
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TD Astronomy Challenges? 

TD Astronomy DATA Challenges

TD Astronomy Virtual Observatory DATA Challenges

➡ Cross-matching 
techniques 

➡ Source 
identification 

➡ Planning 
observations

➡ Transmission 
of information 

➡ period search 
methods

➡ visualise
➡ coordinate

➡ Classical 
classification

➡ AI, ML, DL 
techniques



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
➡ Completely open to participation

Who is the IVOA?

http://ivoa.net/

• 2 interoperability meetings per year
➡ Next meeting in Paris 
➡ Register to email lists for discussion of topics

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…  
• Huge benefits from shared software components
• VO enables many scientific capabilities, just not 

possible otherwise
➡All sky astronomy

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



Does the VO meet Time Domain Astronomers needs?
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TD Astronomy Challenges? 

TD Astronomy DATA Challenges

TD Astronomy Virtual Observatory DATA Challenges

What is available through the VO?

➡ Cross-matching 
techniques 

➡ Source 
identification 

➡ Planning 
observations

➡ Transmission 
of information 

➡ period search 
methods

➡ visualise
➡ coordinate

➡ Classical 
classification

➡ AI, ML, DL 
techniques



Time Domain Astronomy Challenges 
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The study of variability of astronomical objects over different time-scales

• Characterisation & classification of sources on the basis of their variability 
• Multi-wavelength / messenger approach is (sometimes) needed
• Follow-up observations and reaction time for that can be crucial 
• Visualisation & navigation thought the data 
• Analysis of variance of phenomena 
• Coordination is crucial - transmission of information 



Time Domain Astronomy Challenges
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• Characterisation & classification 
• Big Data 
• Heterogenous Data
➡ Classical techniques
➡ AI, ML, DL techniques 
➡ BoF on Monday & Session 7 & 8 on Tuesday
➡ IVOA Knowledge Discovery Interest Group (K.L. Polsterer & M. Graham) 

The study of variability of astronomical objects over different time-scales

• Characterisation & classification of sources on the basis of their variability 
• Multi-wavelength/messenger approach is (sometimes) needed
• Follow-up observations and reaction time for that can be crucial 
• Visualisation & navigation thought the data
• Analysis of variance of phenomena
• Coordination & transmission of information 



Time Domain Astronomy Challenges
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• Multi-wavelength/messenger
• Combining data in a coherent way from different missions covering different wavelengths 

• Big Data 
• Heterogenous Data
➡ Source identification 
➡ Cross-matching techniques 

The study of variability of astronomical objects over different time-scales

• Characterisation and classification of sources on the basis of their variability 
• Multi-wavelength/messenger approach is (sometimes) needed
• Follow-up observations and reaction time for that can be crucial 
• Visualisation & navigation thought the data
• Analysis of variance of phenomena
• Coordination & transmission of information



Minimum information about objects
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Collect and combine data
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Different methods to access data on different astronomical archives 

homogenize — e.g. cone-search



Cross-matching 
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➡ 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



Cross-matching 
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Performance, radius 5”

Add the time as a possible information to cross-matches?

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



Time Domain Astronomy Challenges
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• Follow-up observations & reaction time 
• Coordination of observations

• Where & when?
• Multi-national collaborations
➡ Planning observations
➡ Transmission of events 

The study of variability of astronomical objects over different time-scales

• Characterisation and classification of sources on the basis of their variability 
• Multi-wavelength/messenger approach is (sometimes) needed
• Follow-up observations & reaction time for that can be crucial 
• Visualisation & navigation thought the data
• Analysis of variance of phenomena
• Coordination & transmission of information



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

!27



Planning observations: coordination of observations
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What object has been (or will be) observed when 
and in which wavelength?

!28



Time Domain Astronomy Challenges
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• Visualisation & navigation 
➡ sequences of images, spectra, photometry, positions, … and all interoperable 
➡ tools

The study of variability of astronomical objects over different time-scales

• Characterisation and classification of sources on the basis of their variability 
• Multi-wavelength/messenger approach is (sometimes) needed
• Follow-up observations & reaction time for that can be crucial 
• Visualisation & navigation thought the data
• Analysis of variance of phenomena
• Coordination & transmission of information 



Time Domain Astronomy Challenges
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• Analysis of variance
➡ period search methods
➡ phase folding, binning, fitting… 

The study of variability of astronomical objects over different time-scales

• Characterisation and classification of sources on the basis of their variability 
• Multi-wavelength/messenger approach is (sometimes) needed
• Follow-up observations & reaction time for that can be crucial 
• Visualisation & navigation
• Analysis of variance of phenomena
• Coordination & transmission of information



Visualisation of the object/area of interest (Desktop / web)
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Aladin Lite implementations
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ESASky ESO Archive Science Portal

GW170814 interactive skymap



Hierarchical visualisation of images and catalogues
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Something similar for time and treat light-curves in a lite way?
 Hierarchical approach to light-curves?

➡ HiPS — Hierarchical approach to data 
➡ The more we zoom the more detail we get 



Visualisation of photometric data: photometric viewer
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Implement something similar for time —A time (series) viewer
Need to annotate time properly 



Time Series visualisation tools
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Time Series visualisation tool - Firefly
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➡ Measurements as 
a function of time

➡ Simultaneously 
visualize single-
epoch images, 

➡ Find the period of 
variability.

➡ Works for data 
coming from 
WISE/NEOWISE 
and PTF

For other datasets (e.g. user’s follow-up observations)



Time Series view (Aladin)
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➡ For all catalogues 
available through 
Aladin + users

➡ Measurements as a 
function of time

➡ Simultaneously 
visualize the 
catalogue positions 
in the sky

➡ Background image 
can be any available 
through Aladin + 
users



Time Series view (Aladin)
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➡ Coverage of a 
survey in space: 
MOC

➡ Coverage of a 
survey in time: 
TMOC 

➡ Simple operations 
such as union, 
intersections,…

Combining both spatial and temporal coverages



Time Domain Astronomy Challenges
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• Coordination & transmission
➡ collect what was observed, when, in which wavelength
➡ alerts, emails, webpages, references,…

The study of variability of astronomical objects over different time-scales

• Characterisation and classification of sources on the basis of their variability 
• Multi-wavelength/messenger approach is (sometimes) needed
• Follow-up observations & reaction time for that can be crucial 
• Visualisation & navigation
• Analysis of variance of phenomena
• Coordination & transmission of information

➡ Communication and sharing in time domain multi-messenger astronomy is needed
➡ If this is a must then lets get together and do it together as a community
➡ This is exactly the vision of the VO (my point of view)



What are the Time Domain challenges in the VO
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!40

➡ Display measurements as a function of time
➡ Simultaneously visualize single-epoch images 
➡ Combine it with other data (description of time)
➡ Find the period of variability
➡ Combine spatial and temporal coverages
➡ Coordination and transmission of information

➡ The principle of the VO and the IVOA is to help the user to share information 
➡ Using standards is very helpful and it works (all astronomers use it even if they 

don’t know it!)
➡ It is not one tool to govern them all 
➡ We work in international collaborations and everyone can join



Useful links

 41

• IVOA: http://ivoa.net/
• Time Domain Interest Group: 

http://wiki.ivoa.net/twiki/bin/view/IVOA/IvoaVOEvent
• List of available VO applications and VO-compliant Tools & Services for astronomers: 

http://ivoa.net/astronomers/applications.html 
• IRSA Time Series viewer 

https://irsa.ipac.caltech.edu/irsaviewer/timeseries
• More tutorials on VO services & tools: 

http://www.euro-vo.org/?q=science/scientific-tutorials


