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Abstract

We describe the development of a Spectral Energy Distribution (SED) matching tech-
nigue using the current technology available through the Virtual Observatory. We outline
the making of a detailed work ow technique that can take observational data of djects
from various astronomical data archives and matches them to models generated tbugh
various model codes available. The result of running this work ow will produce outputs
that include best t models to the data along with tabular data representing the best t
model and the closest match, a standard error analysis on various physical pameters
such as stellar mass and nally a set of image cutouts of the object. The technique
will utilise various VO tools for data discovery, data access and data processg within
AstroGrid, the UK's Virtual Observatory initiative.

1. Introduction can query a database for astronomical objects
through various selection criteria?. The second
was to provide the applications to analyse the
selected data and produce useful scientic re-
sults.

Thus, this project was designed to exploit the
emerging VO technology to create a science ap-
plication that can produce useful publishable re-
sults from the large area survey data to create
large samples of objects. For example, through
our technique we can determine the star forma-
tion history (SFH), star formation rates (SFR),
ages and stellar masses of a large sample of high
redshift galaxies based on model ts to observed
galaxy photometry. So, using the data to cre-
ate large samples of galaxies at various epochs
along with the parameters above, astronomers
can study galaxy formation and evolution prob-
lems while minimising the time spent obtaining

ata.

We complete the introduction with a review
of AstroGrid and some of its capabilities. The
sections that follow describe rst outline of the
science and results we expect from this tech-
nique. Finally, we look at our technique from a
1The International Virtual Observatory Alliance software perspective describing the use of vari-

(IVOA) comprises of various projects around the world ous AstroGrid tools.
that work together to produce software that is interoper-
able with each other. See http://www.ivoa.net for more 2Queries are executed through the Astronomical
information on each member and what services they pro- Data Query Language (ADQL) a query language based
vide. on SQL92.

Astronomers today face signi cant technologi-
cal challenges when handling the large data sets
that are available from multi-wavelength sur-
veys of the night sky (York et al. 2000). For
example, the Sloan Digital Sky Survey (SDSS)
is producing terabytes of data every few nights.
It now becomes impractical for each astronomer
to have a copy of the data sets. This causes two
problems, rst the transportation of large (ter-
abyte) data sets to the individual astronomers
becomes impractical when considering the sheer
number of people wanting the data. Secondly,
even with these large data sets astronomers
would spend more time reducing them rather
than doing analysis on the data to produce use-
ful scienti ¢ results.

The Virtual Observatory (VO) was created to
deal with these problems with two main aims.
The rst was to enable astronomers access to
large sets of astronomical data which are stored
in VO databases around the world. This is now
a well established service in many VO projects
around the world? where, for example, the user




1.1. AstroGrid an automated technique (described in detail be-

g ) ) low) to study these samples of objects is very
A_sétroGrld IS the, UKs VO Erorjlect dﬁSlgneddto useful especially now that VO tools are in a po-
aid astronomers in research through easy data g, 1 support with scienti ¢ analysis. Fig.

access whilst also providing tools and applica- 1 shows the technique as a work ow with two

tions for research. AstroGrid (AG) is now at main parts. The right side describes the obser-

a Ztage lyvhgre It r']s fu”_3|’| gevelglpmg Its ht_OOIS vational data processing and the left side deals
and applications that will be able to achieve it model data.

useful scientic results. It is currently the
only VO project to utilise a work ow system.
The work ow we wish to implement is complex
and requires access to a variety of applications Once data has been discovered and obtained
within AG. AG developers know that a service through AstroGrid we need to process the data
that allows access to more than one applica- to extract ux measurements of objects in that
tion through one interface can be very power- eld from the multi-wavelength data. There are
ful for the user and as such have developed afour steps to this process which starts from raw
Python scripting service. The user can write imaging data to a nal catalogue of objects with
their own script using the templates available to, photometric redshifts.

for example, access data, write data to their own

MySpace and run applications such as Source 1. Create catalogues of objects for each cho-

2.1. Source Extraction

Extractor taking input data retrieved through
another service. Section 4 describes this in more
detail.

2. Science Outline

The motivation for this 'Spectral Energy Dis-
tribution (SED) Service' is a result of the re-
cent, e.g. the last ten years, studies of high
redshift galaxies (e.g. Stanway et al. 2004,
Bunker et al. 2004 and Eyles et al. 2005) discov-
ered with the method pioneered by Steidel et al.
(1995) used to identify galaxies abovez* > 2.
The 'SED Service', simply put, is a matching
technique that takes observational ux measure-
ments of objects in di erent wave bands and
matches them to model spectral energy distri-
butions (SED) created from model codes. This
process allows the user to derive physical pa-
rameters such as SFH's, stellar masses and ages
from the models which can be used for analy-
sis of the sample of objects in that given eld.
The technique is designed to take advantage of
the multi-wavelength data now available for as-
tronomers that can extend from x-rays to ra-
dio wavelength. We will only utilise the UV
to IR wavelengths of the spectrum as these are

4. Use photometric

sen wave band from imaging data using
the Source Extractor (SExtractor) photom-
etry package (Bertin and Arnouts 1996).
This creates ux measurements of all ob-
jects within that eld where we de ne the
area around the object for the ux mea-
surement through circular apertures utilis-
ing the resolution of the data set.

. Invoke the cross matching tool (STILTS?)

to match objects from the dierent wave
band catalogues to create one complete cat-
alogue of objects.

. Create a sample of objects using object

colours to choose a subset. Colours are
plots of dierences in the measured ux
of objects from di erent wavelength bands.
The procedure for this is not trivial and
would require the users input at this stage
to correctly identify objects at the chosen
redshift.

redshift makers, e.g.
Hyperz(4), Bpz(3), ANNz(7) and ImpZ(1),
to create one nal complete catalogue of
objects with photometric redshifts.

the most useful when applying this type of tech- 2.2. Comparison with models

nigue, mainly restricted by the range in wave-

length from the models. The technique is fast
becoming a useful way to study large samples
of objects at these high redshifts. So, creating

Shttp://www.astrogrid.org
4The letter 'z’ represents redshift. Redshift is a mea-

The information obtained from object photom-
etry is greatly increased by matching the obser-
vational spectral energy distributions (SED) to
that of synthetically constructed galaxy spec-
tra. As an example, we show the use of the
Bruzual and Charlot models of 2003 (Bruzual

surement made by astronomers to determine how long
the light from an object has taken to reach us.

Shttp://www.star.bris.ac.uk/ mbt/stilts/
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Figure 1: SED work ow representing the step by step procedure for matchin g model to observed SED's
which we have called the 'SED Service'. The right side of the gure shows the object selection through
various catalogues while on the left we construct the matching before returning our best t model, cutouts
of each object and a tabulated favoured physical model parameters.
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Figure 2: The best t GALAXEV model (left) for our example object with an expon entially decaying
SFH with the chosen e-folding timescale tau = 200 Myr and with an age of 800 Myr . Con dence levels
(right) for the stellar mass of our object for the various models shown. T he contours show the 68% (solid
line), 90% (dashed line), and 99% (dotted line) con dence of the chi-squared tting.



& Charlot, 2003). Although, other models are

Desktop
also available which include PEGASE (Fioc & ,
Volmerange 1997) and Starburst99 (Leitherer et Workhench 1

al. 1999). Fig. 2 (left) shows a SED match to
one of the object in the GOODS eld. The

tting utilises the 2 minimisation technique to AG Cambridge
nd a best t model to the data. However, to L JES H
correctly quantify our results we need to also Tl Manager
look at error analysis as described in the next

section. AG Cambridge/JBO/RAL

1 SExtractor
2.3. Science Results T CEC™CEAServer
The scienti c outcomes for such a technique will
give estimates on various physical parameters AG Cambridee/JBO/RAL
including star formation rates (SFR), star for- S e CEC=>CEA Proxy H—
mation histories (SFH), stellar masses, ages and —
galaxy colours. To quantify the errors on these Data Centre
results a standard error analysis can also done Ll SIAP Service

based around a 2 minimisation, Fig. 2 (right).
This shows the con dence region for the stellar

masses from the best t model for this partic- AG Leicester
ular galaxy. As well as plots of this sort tab- Resistry Wl
ulated data is also output through this process — Filestore

and cutout images of each object. VO tools and

applications have already been put to good use Figure 3: The components that are engaged for the
by Padovani et al. (2004) who use VO software SExtractor application. A similar process is invoked
to discover optically faint obscured quasars. when running other applications.

3. Technique Description databases for imaging, catalogue and spectral
data for a given region of sky. The user inputs
a speci c target in the sky or name of a well
known object with a region they wish to explore.
Astroscope then goes to various VO databases
asking for information relating to the query sent
by the user. When it has searched through all
targets for data it displays it in an interactive
form which allows user to save the data obtained
from the search to their own MySpace area in
AstroGrid.

In this section, we describe the technique from
the viewpoint of the usage of AstroGrid tools.
The rst part of the technique is resource dis-
covery using the Astroscope tool. This is simply
the available resources for a particular region of
sky. The next stage is access to the required
resources which is provided by the Data Set
Access (DSA) module. This works along side
the Common Execution Architecture’ (CEA)
module(11) which uses the data to run various
applications speci ed by the user. Finally, af-
ter some data processing using various astron-3.2. Data Access and Retrieval
omy applications built into AstroGrid the data
is matched to a large grid of models where a ?
minimisation process is used to t the data.

Accessing data products through AstroGrid in-

volves two software components: DSA (data set
access) and CEA (common execution architec-
) ture) modules. These modules as well as most
3.1. Resource Discovery AstroGrid components are based around web

The initial step in the process is the localisation S€rvices using the SOAP protocol (Guy Rixon
of relevant input data sets. Use will be made 2005)- SOAP is a web services protocol for ex-

of Astroscope, a relatively new tool within As- change of structured information in a decentral-
troGrid which allows the user to query various 12€d distributed environment and in AG SOAP

is used in conjunction with WSDL® (Web Ser-

S http://www.stsci.edu/science/goods/
7 http://www.ivoa.net/Documents/Notes/CEA- 8http://www.w3.org/TR/soap/
/CEADesignlVOANote-20050513.html 9http://www.w3.org/TR/wsdl




Figure 4: The GUI output for Ya t currently showing the best t model to the input observational data.
The user can also view the other models by selecting one in the Modés section.

=== from astrogrid import Registry, SiapSearch

=== reg = Reqistry()

=== [tems = reg searchSiap('SDSSDR4AY # Perform the search

=== print [i{'id] for r in items] #We have several items now
['vorffsdss jhulservices/SIAPDRA-images',

ivorfisdss jhufservices/SIAPDRA-CutOut]

=== 5dss = items[0]['id] #We want the first one
=== 5iap = SiapSearch(sdss)

=== yotable = siap.execute(180.0, 2.0, 1.0} # Execute the query
=== yotable, thread = siap execute(180.0, 2.0,0.1,1  # Something different. We save the .
saveAs=#sdss1/sdss vot'| saveDatasets="#sdss1)  #images to MySpace.

=== print thread.isAlive() #The process returns a pointer to the thread
True #which 15 saving the images so you can poll
=== print thread.isAlive() #1he status

False

Figure 5: An example SIAP call using the Python scripting service from AG. S howing how to start the
call by rst importing libraries from AG to nally saving the retri eved data and checking the status.



vices Description Language) contracts which is
a network service formatted in XML.
The underlying features that make up the

application which talks to the data centre, the
le store (i.e. MySpace) and the CEA server
running the application. The invocation of the

DSA module are these web service features. InSExtractor application can be seen diagram-

astronomy, most data comes in three forms: Im-
age, Spectral and Tabular data, as shown above.
Depending on the data required a query is sent
using either the SIAP® (Simple Image Access
Protocol), SSAP! (Simple Spectral Access Pro-
tocol) or a ADQL *? query. For example, the
rst step in the 'SED Service' will have the user
input a region of sky that he wishes to look at

matically through g. 3. Other applications in
our technique, such as the photometric redshift
makers, will be executed in a similar manner.
The 'SED Service' is clearly set into 2 sec-
tions: Observational data processing and Model
data processing. We have covered aspects of the
data processing for the rst section of our tech-
nigue. We have not yet described how we intend

and if he chooses images the query is convertedto use the model data in our technique. This is

into a SIAP query that returns pointers to the
data, and the same for spectral data and tabu-
lar information (catalogues). Imaging data can
be very large ¢ 100MB) and so it is not stored
in the users MySpace but a tabular data writ-
ten in XML is saved which describes the image
data.

3.3. Data Processing

Applications in AG are executed by the Job Ex-
ecution System (JES) from initialisation to com-
pletion. It is also capable of providing error re-
ports should any application fail at any stage.
The user will submit a query through the work-
bench (AG's Ul) which goes through the ACR
(AstroGrid Runtime Client). The ACR is a soft-

ware library that allows desktop applications to

described in section 3.4.

3.4. Fitting Tool - Yat

A recent development has been Ya t2 a tting
tool developed as part of VOTech DS4* within
AG. The tool is still in its beta phase but quickly
progressing to usage and implementation into
AG. The tting tool currently has only a basic
set of features. It uses a simple 2 technique
that returns the best t with the 2 value for
each model and a scaling factor that was used
for normalising the model to the data. In its
current form the the service is invoked through
the command line in 3 steps. Firstly, the pro-
gram prepares the observational data. Inputs at
this stage are the data with vertical y-axis errors
and another table which describes the horizon-

call remote services, such as SExtractor, as if tal x-axis and its associated errors. Next, it pre-

they where local objects. As an example, we
describe the process using the SExtractor ap-
plication as represented as a rst step in the
'SED Service' work ow (g. 1). The ACR then
talks to the JES, the AG work ow engine, since
in this instance the ACR does not talk directly
to the CEA but through the JES. The JES then
talks to the CEA server which invokes the SEx-
tractor application but via the CEC (Common
Execution Connecter). The CEC is a WSDL
contract for accepting jobs from, e.g. the JES,
and allowing clients to track and retrieve re-
sults. The JES is also responsible for read-
ing the name of the SIAP application from the
work ow document sent by the user which in-
vokes the SIAP service to retrieve the results.
All Data handling carried through this work-
ow is managed through the File Manager web

10 http://www.ivoa.net/Documents/WD/SIA/sia-
20040524.html

1 http://www.aoc.nrao.edu/
v091.pdf

12 hitp://www.ivoa.net/Documents/WD/ADQL-
/ADQL-20050624.pdf

dtody/ssa/ssa-

pares the model data which currently supports
only a number of select model formats. One
of these being the Bruzual and Charlot mod-
els mentioned in Section 2.2. Finally, it cre-
ates an output GUI which can be used to view
the results (optional) as can be seen in g. 4.
The output also writes the results to a VOTable
which is a format specic to the VO based in
XML. The output returns along with the ux
measurements for each object the best t model,
age, goodness of t statistic and the scaling con-
stant used to t the model. The output is also
dependent on the type of model that is input.
In this case the models are from the Galaxev
library of models which have an age associated
with each model.

Further developements will include an add-on
feature for calculating the necessary cosmology
which is needed for post processing so that anal-
ysis can be carried out providing the user with

13 http://www.star.bris.ac.uk/ mbtiya t/
14 http://wiki.eurovotech.org/twiki/bin/view/VOTec-
h/UserTools



useful scienti ¢ results. For example, to calcu- knowledge of the formation and evolution of
late the con dence ellipses, g. 2 (right), the galaxies and also to a greater understanding of
above cosmology add-on would be needed. universe. We also show how this 'SED Service'
can be implemented as a work ow system using
AG tools and services, especially, the Python
scripting service which allows access to CEA ap-
So far we have described the SED Service fromplications. Design of the service is now complete
a scienti ¢ and a technology usage stand point. and the technical implementation is now taking
However, we have not yet looked at how we will place for early use, late summer 2007.

be implementing this technique. AstroGrid has
recently added a new feature to its list of ser-
vices where by applications and services can be
accessed and run using a Python scripting ser- PP acknowledges support of a PPARC/STFC
vice. The service is ideal for those that use eScience studentship.

scripts on a regular basis and those that nd
it more usable in this way. The Python script,
properly written, can invoke various CEA appli-
cations such as Source Extractor and the model [1] Babbedge, T.S.R. et al.,, 2004, MNRAS,
generating application, Galaxev. An example 353, 654

of a simple SIAP query using a Python script is i

shown in g. 5. This script cuts out the need (2] Bertin E., Arnouts S., 1996, AASS, 117,
to know any of the XML-RPC *® calls which are 393

know hidden inside a module that is imported [3] Benitez, N., 1999, ASPC, 191, 31B

from Python. The script rst shows the im-

port call to AG libraries before querying the [4] Bolzonella M., Miralles J.M., Pell R., 2000,
registry for 'SDSSDR4' data. This returns 2 ser- AA, 363, 476

vices available for imaging data where we then
pick the rst item in the list to search using the
SiapSearch routine. The next step is to exe-
cute the query and returns the results in either [6] Bunker A.J. et al. 2004, MNRAS, 355, 374
of two ways. The rst execute query will out-

put results to a screen and the second will write  [7] Collister, A.A., Lahav, O., 2004, PASP,
the contents to your MySpace. Finally, calls are 116, 345

available to check the status of your query. This

type of execution provides the user with much [8]

more exibility and ease of use when using AG. [9] Fioc M., Volmerange B.R., 1997, AA, 326
950

4. Implementation
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