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1. Introduction

LOFAR, the LOw Frequency ARrdyis a next generation “software” radio telescope, cur-
rently under construction in the Netherlands and acrosseur When it comes online in late
2009, it will provide an unprecedented view of the low fregeye radio sky, combining a large
field of view with high sensitivity. The Transients Key Prcij¢6] (TKP) will exploit this unique
new capability to perform large-scale monitoring of the &hkytransient phenomena—the so-called
“Radio Sky Monitor” [7] (RSM). When operating, the RSM is @qbed to detect several new tran-
sient events per day. Each one of these events will requesponse of some sort. At a minimum,
they must be identified, classified, filed in the TKP’s lightae database, and targeted for fur-
ther monitoring. In many cases, however, the event will trferither investigation; perhaps the
source will merit closer investigation with LOFAR itselft perhaps a notification will be sent to
the wider astronomical community requesting multi-wamgté follow-up of the most interesting
or significant events.

Of course, LOFAR is not just a wide-field monitoring instrumheThe TKP also anticipates
responding to RSM detections as well as alerts from othédlitfas, perhaps reconfiguring the
LOFAR system to best observe the event, or even saving thertsrof LOFAR’s Transient Buffer
Boards (TBBs), which will buffer all data received by eachtloé thousands of antennae which
constitute the array—but only for a few seconds. Hence gaintical as well as scientific reasons,
timely response to triggers is essential.

The huge volume of data to be searched for transients, tlemtalty large number of events,
the multitudinous decisions which must be taken for eachteamd the necessity that they should
be taken rapidly, all mean that it is impractical for astnoos to manually process and respond to
the incoming data. Therefore, the TKP team have been dewgl@psoftware processing pipeline
so that LOFAR itself can respond to new transients autonsiyq2].

Of course, LOFAR is by no means the only facility which idées and distributes notifica-
tions of transient events. Indeed, the number and sopdtisticof such facilities is increasing—as
well, of course, as the number of events they produce. Everemand more sophisticated radio-
wavelength machines than LOFAR are already on the drawiagdhevhile, at other wavelengths,
facilities such as Pan-STARR®@nd the LSSY (Large Synoptic Survey Telescope) promise an
ever-increasing deluge of transients, reaching thouspedday within the next decade.

Not only would it be wasteful for each of these next-generatitransient machines” to de-
velop their own means of sending alerts of new events, it daldo be overwhelmingly complex
for systems receiving and processing such an inhomogereass of input data. It is therefore
vital that the astronomical community as a whole adopts comstandards for the representation
and transmission of transient notifications.

This document will give a brief overview of some of the int@rsystems developed by LO-
FAR'’s TKP for detecting and reacting to transients. It wikh describe some of the standards and
systems which the TKP plans to adopt in sending and recealegs.

Ihttp://ww. astron. nl/radi o- observat ory/ ast rononer s/ | of ar- ast r ononer s
2http://pan-starrs.ifa. hawaii.edu/
Shttp://ww. | sst.org/
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2. The LOFAR Transients Pipeline

The LOFAR Transients Pipeline is designed to monitor a léngetion of the sky for low fre-
guency radio transients; the aim is both to detect new ewamtgo build up a long-term lightcurve
database of known transients.

An overview of the various stages in the LOFAR Transientekp is shown in Figure 1.
Image cubes—a set of simultaneous images at multiple freyupands—will be generated by
LOFAR’s Standard Imaging Pipeline at logarithmically-sed intervals (1, 2, 5, ... 10000 sec-
onds), and are fed directly to the Transients Pipeline. Alfeized source finding system is run
on each plane of the image cube, and the results fed to soredhtiatabase systéniThe database
compares the new results with a catalogue of the area clyrnemder investigation; it identifies
new sources, and, if some known sources have not been dktaotenges for a maximum flux at
their position to be calculated.

The lightcurve database produced in this way is one of theom@jtput products of the
pipeline. It is gradually migrated to a long-term storagstegmn designed for data mining, and
will be made available to the community at large. Howeveuadly important is the response sys-
tem. This is designed to automatically respond both to @sded the pipeline’s databasad to
external triggers, evaluating them, classifying them,, @rappropriate, arranging for a response to
be made.

A number of possible responses might be appropriate, demgod the nature of the source
and its behaviour; some possibilities were discussed itidet. Further, the understanding both
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Figure 1: An overview of the LOFAR Transients Pipeline.

4A  comparison of the performance of MySQL ht(tp://ww. nmysql.com) and MonetDB
(http://wwhttp:// monet db. cwi . nl /)in the pipeline environment is currently underway.
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of events and appropriate responses is expected to impritkieexperience. Therefore, rather
than hard-coded behaviour, a dynamic, plugin-based systenibeen developed. Plugins will be
written by astronomers in Python; they will provide suppiart recognising and responding to
events, including a custom-developed machine-learnistesy[3].

3. External event notifications

Since LOFAR will be managed by a centralised control systiems, relatively easy for the
Transients Pipeline to arrange for internal responses tal@éed out. However, communicating
with other facilities provides a more significant challeng®though existing high-speed notifi-
cation systems exist, they tend to be limited in their scang.(the Gamma Ray Burst Coor-
dinates Network [1]) and/or require significant human éfforprocess (e.g. The Astronomer’s
Telegram [9]); they are therefore unsuitable for the gdrmugpose, automatic system required by
LOFAR. Therefore, a standardised, machine readable wagsziribing transient events is required.
Such a systemiyOEventis currently under development by the International \at@bservatory
Alliance’s® VOEvent Working Group”’.

3.1 VOEvent

VOEvent [11] is an XML [2] schema [5] for describing transieelestial eventsXML pro-
vides a language suitable for the representation and ghafistructured data; thechemadefines
how that language should be used in the context of repregeatiransient event. The VOEvent
standard is designed to make it possible to represent allelegant information that a receiver
might need to decide on an appropriate response to an eltlatygh transmission of a VOEvent
packet might imply that appropriate follow-up is requestieds, of course, up to the receivers to
decide what is important to them and configure their systgrpsopriately.

It is beyond the scope of this document to provide a detaitedkzlown of the contents and
capabilities of a VOEvent packet. Briefly, however, the nseare available to specifywho is
making the reportwhatthey observedhowthey observed itwhereandwhenit was observed—
both whereabouts on the sky, and where the observatory wagetb—andvhy they regard it as
interesting. The packet can alsite other VOEvents to retract, supersede or follow-up on them.
All of this information is designed to be processed by maesirbut the sender is encouraged to
also provide human-readable analogues of the data.

Devising a machine-readable way of referring to a diverageaf events is challenging. The
VOEvent system therefore makes useéJoiified Content Descriptorer UCDs. These are defined
by another IVOA recommendation [4], and provide a conttbNecabulary for describing astro-
nomical data quantities; therefore, the quantity undesutdision can be unambiguously understood
by the receiving computer. Extensive use is made of othetfAlVé&ommendations within VO-
Event, notably for specifying positions and times accaydmaccepted standards [8].

Shttp:// ww. ivoa. net/

http: // ww. voevent . or g/

"Note that the LOFAR project hopes to make extensive use af@fvent system, but has not, so far, been directly
involved in its development.
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3.2 VOEvent transport

A VOEvent XML document provides all the necessary inforimatio perform informed follow-
up observations to a transient event. However, it is alsesgary to communicate that information
to other facilities before they can act upon it. There is mylei standard for VOEvent transport;
indeed, the user is encouraged to adopt whatever systemomoatniently fits their needs. For
example, a VOEvent document could be delivered by e-malbyatirect network connection, or
by making it available on a web page. Further, projects camsesexisting specialist transport
systems but in place with existing partners.

However, systems are being put in place to help. A simple odwansport mechanism is
under discussion by the VOEvent Working Gr8ug\ number of sites are now exchanging VO-
Event packets in real-time over a “global VOEvent backbdpesed on this system. It is currently
possible, with a relatively short piece of code, to connedhts backbone and observe real-time
public VOEvent traffic.

Development is also taking place on other transport meshani Notably, the VOEventNet
Projec? provides XMPP [10] streams of VOEvents from various sounregs website.

3.3 VOEvent brokers

Section 3.2 described how it is possible to receive VOEweintly from partner facilities or
by connecting to a global backbone. Once an event has beeimadchowever, it is still necessary
to process it to decide if it requires action. A raw backbooenection makes this task complex: a
large number of events of inhomogeneous types will be redeiand each one requires parsing by
the end user.

To make the task of digesting VOEvents more tractameker systems of varying degrees of
complexity and sophistication can mediate between theused-and the backbone. A broker may
monitor the backbone, searching and sorting incoming evietd more digestible streams based
on user defined criteria; they might also provide customigsdications, e.g. by e-mail, of specific
event types.

SkyAlert'® [13] is a sophisticated broker currently under development addition to the
capabilities described above, it provides facilities fonatating each event with content provided
by other databases and directly by users, so that a compiebatossier may be built up to help
drive informed follow-up.

3.4 LOFAR inputs

VOEvents will be the primary method of sending trigger imfation to LOFAR. Where pos-
sible, facilities which have triggering arrangements vi@FAR will deliver information by VO-
Event. In addition, the LOFAR system will monitor public V@é&nt traffic, injecting it into the
standard processing pipeline as described in Section 2jlithen be evaluated for response in
parallel with LOFAR'’s own detections.

8More detail atht t p: / / www. est ar. or g. uk/ wi ki /i ndex. php/ ESTAR Event _Br oker .
Shtt p: // www. voevent net . or g/
Ont t p: / / www. skyal ert. or g/
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4. Conclusions

The next generation of large-scale survey instrumentsegllire sophisticated, inter-operable
software systems to obtain the best scientific results. Tdrnmg and development of these sys-
tems is well underway at facilities like LOFAR, which are atlng the common standards laid
down by the IVOA. Those standards continue to evolve: the® riever been a better time for
the e-VLBI community to become involved in the developmeirthe infrastructure to support the
future of transient astronomy.
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