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Abstra
tThis thesis is about the properties of the opti
al 
ounterparts of the sour
es dete
ted by the VLAFIRST (Faint Images of the Radio Sky at Twenty 
entimeters) radio survey.The National Radio Astronomy Observatory (NRAO), USA, is undertaking a dedi
ated e�ortto produ
e a deep high-resolution survey of 25% of the 
elestial sphere at 1400 MHz. The FaintImages of the Radio Sky at Twenty 
entimeters (FIRST) survey 
urrently being 
arried out bythe Very Large Array (VLA) teles
ope is providing astronomers with high quality data with highsensitivity (1 mJy), good resolution (1 ar
 se
ond) and large sky 
overage (over 6000 square degreesalready, eventually 10000 square degrees). The FIRST survey represents a 50-fold improvement insensitivity, resolution and positional a

ura
y over previous large area radio surveys. The �rst halfof the survey has been 
ompleted and the data have been publi
ly released. The FIRST 
atalogalready lists over 560,000 radio sour
es with �ux densities greater than 1mJy at 20 
m. The surfa
edensity of radio sour
es is roughly 90 per square degree.In this thesis we have adopted three distin
t strategies for obtaining the opti
al 
ounterpartsof FIRST sour
es: (1) by 
ross 
orrelation of the FIRST sour
e 
atalog with 
atalogs of a
tivegalaxies and quasars, (2) by 
ross 
orrelation of the FIRST 
atalog with an opti
al 
atalog from a
omplete photographi
 survey (DPOSS) and (3) by obtaining deep CCD images of a small portionof the FIRST survey area.We begin the thesis by presenting an overview of major radio and opti
al surveys, fo
usingon the new surveys that are 
urrently underway. We also list the various 
lasses of obje
ts thatform the opti
al 
ounterparts of extragala
ti
 radio sour
es and summarize the uni�ed orientationbased s
heme for understanding their phenomenology.We then present an extensive analysis of radio emission from distant quasars and relativelynearby a
tive galaxies, where the radio information was obtained from the FIRST survey. Wereport on new radio dete
tions of 69 quasars and 206 a
tive galaxies. We present several statisti
al
orrelations between the radio and opti
al properties of these obje
ts and examine the impli
ationsof these to quasar evolution. In parti
ular, we examine the bimodal distribution of radio luminosityin quasars. Our work with the FIRST survey allows us to measure the distribution of radio toopti
al �ux ratios over a wide range from a single large but inhomogeneous sample.Our se
ond approa
h involves mat
hing FIRST sour
e positions with an unbiased, 
ompleteopti
al sour
e 
atalog 
onstru
ted from 3 plates from the DPOSS survey. We have obtained opti
al
ounterparts for over 2100 radio sour
es. As before, we examine the 
orrelations between opti
aland radio properties. We 
onstru
t a 
andidate list of over 250 quasars using sele
tion 
riteria basedon radio �ux and opti
al 
olors.The third approa
h is to obtain deep CCD images of a small area of the sky to allow opti
alidenti�
ation, photometry and morphologi
al 
lassi�
ation of opti
al 
ounterparts of a statisti
allysigni�
ant number of FIRST sour
es. We have obtained data on 9 deep �elds using a wide �eld CCDimager on the 2.5 m Dupont teles
ope at the Las Campanas Observatory in Chile. We have obtainedphotometri
 and morphologi
al information on about 40 faint identi�
ations, some of whi
h are asfaint as mv = 24.We have also developed a sophisti
ated two dimensional bulge disk de
omposition software.This software 
alled �tgal and our 
ross identi�
ation 
ode have been des
ribed in the Appendix.We end the thesis with a summary of the new results reported, and dis
uss the new lines ofinvestigation that have been suggested by the present work.This thesis is largely based on work reported in the following publi
ations.� Y. Wadadekar, B. Robbason & A. Kembhavi, Two-dimensional Galaxy Image De
omposi-1



tion, AJ, 117, 1219 (1999)� Y. Wadadekar & A. Kembhavi, A Study of Quasar Radio Emission from the VLA FIRSTSurvey, AJ, 118, 1435 (1999)� A. Kembhavi, & Y. Wadadekar & R. Misra, The appearan
e of AGN host galaxies at moder-ate redshifts, Pro
eedings X Ren
ontres de Blois �The Birth of Galaxies", eds. B. Guiderdoniet al., Editions Frontiere (in press)� A. Kembhavi, R. Misra & Y. Wadadekar, The appearan
e of AGN host galaxies at moderateredshifts, ApJ, (submitted)� Y. Wadadekar & A. Kembhavi, A Study of Radio Emission from AGN using the VLA FIRSTSurvey, AJ, (to be submitted)� Y. Wadadekar, A. Kembhavi & P. M
Carthy, Faint radio sour
es from the VLA FIRSTsurvey I. Opti
al identi�
ations, AJ, (to be submitted)My other publi
ations are:� H. Khosroshahi, Y. Wadadekar & A. Kembhavi, Correlations among global photometri
properties of disk galaxies, ApJ, 533, 162 (2000)� H. Khosroshahi, Y. Wadadekar, A. Kembhavi & B. Mobasher, An infrared photometri
plane for ellipti
als and early type disk galaxies, ApJ, 531, L103 (2000)
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Chapter 1Large Area Radio SurveysMost studies of astronomi
al obje
ts have their origins in surveys of one sort or another. Ourunderstanding of radio galaxies and radio quasars in parti
ular is deeply rooted in well-de�nedsamples drawn from large radio surveys. Radio surveys are also strongly motivated by their utilityin identifying 
lasses of obje
ts at other wavelengths, whi
h 
an be used for studies going beyondradio sour
e physi
s per se. In these multi-wavelength studies, opti
al identi�
ation of radio sour
esis parti
ularly important sin
e it is still true for the most part that an obje
t is not understood untilit has been identi�ed and studied in the opti
al region. Atomi
 spe
tros
opy at opti
al and othernearby wavelengths provides a tremendous boost in diagnosing the physi
al 
onditions in thesedistant obje
ts. Consequently, sin
e the early days of radio astronomy, perspi
uous astronomershave laun
hed opti
al observation programs to �nd what opti
al sour
es might be identi�ed withradio sour
es and to study their properties.1.1 Advantages of radio surveysRadio surveys 
an be used to generate large samples for followup observations in opti
al and otherwavelength bands. Su
h radio sele
ted samples of (extragala
ti
) sour
es have several advantages.1. At moderate to high gala
ti
 latitudes, 
onfusion by gala
ti
 stars and absorption by gala
ti
dust are both negligible.2. Neutral gas and dust surrounding the radio sour
e itself 
annot obs
ure it, and ionized gas(whi
h is frequently found in starbursts) is transparent at radio frequen
ies � > 3 GHz. Infa
t, the most 
ompa
t nu
lear starbursts are transparent only at radio and far infrared (FIR)wavelengths (Condon Anderson & Helou 1991), and thus it is only at these wavelengths thata reliable measurement of their luminosity 
an be made.3. Radio sour
es have smooth, nearly power-law spe
tra without any sharp redshift 
uto�s. Thisis quite unlike the strong Lyman limit at 912 Å whi
h results in a redshift 
uto� for dete
tionof high redshift obje
ts in the visible regions of the spe
trum. The most luminous radio sour
es
ould easily be dete
ted in sensitive radio surveys (su
h as FIRST) even if they were movedto redshifts z > 10.Unfortunately, 
osmologi
al e�e
ts are not just a perturbation on the distan
e distribution of radiosour
es, they are the dominating fa
tor. The median redshift of radio sour
e samples is z � 0:8, withlittle dependen
e on limiting �ux density (Condon 1989). Be
ause of the rather high median redshift,only a few radio sour
es are 
lose enough to be bright opti
ally, making opti
al identi�
ations,for redshift and other measurements, extremely di�
ult. The situation 
an be remedied only by
arrying out deep radio surveys that will in
rease the absolute number of radio sour
es available forstudy, to be followed by deep opti
al surveys that will in
rease the fra
tion of radio sour
es withdete
table opti
al 
ounterparts. Fortunately, both types of surveys are now be
oming available -the NVSS and FIRST surveys in the radio and the Sloan Digital Sky Survey (SDSS) in the opti
al.We will begin this thesis with a summary of deep, large area, sky surveys in the radio andopti
al bands. 3



1.2 A brief history of radio surveysThe 3C survey of the 1960's was the �rst high quality survey for radio sour
es. This survey dis
overednearly 500 sour
es to a �ux level of 9 Jy at a frequen
y of 178 MHz. A later revision with morea

urately 
alibrated �uxes 
alled the 3 CR 
atalogue in
ludes all 328 sour
es brighter than 9 Jyand situated north of de
lination �05Æ. An extensive e�ort to identify the opti
al 
ounterparts of3CR sour
es was 
arried out over a period of three de
ades; as a result virtually all sour
es in thesurvey have been opti
ally identi�ed (Djorgovski et al. 1988 and referen
es therein).Several deeper surveys followed the 3CR. The 4C survey 
overed nearly all the northern skyto a �ux limit of 2 Jy at 178 MHz. A 
omparable survey 
overing the southern sky was performed atthe Parkes radio teles
ope in Australia. Other surveys 
ompleted in the early 1970's in
lude thoseat the Molonglo (Australia) and Bologna (Italy) radio observatories.As high frequen
y re
eiver te
hnology 
ontinued to improve, higher frequen
ies 
ould beexplored with ex
ellent angular resolution made possible by radio interferometry. The overall im-provement in sensitivity resulted in a great in
rease in the number of sour
es per unit solid angleof sky, making deep surveys over the whole sky 
umbersome. Consequently the next generation ofsurveys tended to divide themselves into relatively shallow all sky surveys and deep pen
il-beamsurveys that 
overed only a small �eld of view.Complete high frequen
y sky 
overage has been provided by a pair of surveys, one in thenorth and one in the south. The entire northern sky was surveyed at 1.4 and 5 GHz by the NRAOat Green Bank down to a limiting �ux of 0.8 Jy at 5 GHz while the Parkes Radio teles
ope 
atalogedsouthern sky sour
es to 0.7 Jy at 2.7 GHz. The brightest sour
es from these surveys are listed in the2 Jansky 
atalog by Wall & Pea
o
k (1985) whi
h 
ontains all sour
es brighter than 2 Jy at 2.7 GHzover 9.8 steradian (78%) of the sky. Virtually all of these sour
es now have opti
al identi�
ations.There have been many pen
il beam surveys as well. Typi
ally, as their sensitivity grows, theirsky 
overage shrinks. For example, the 5C survey is a series of observations with pen
il beams, ea
h� 10 square degrees in size, within whi
h sour
es are found at 408 MHz down to 10 mJy and at 1.4GHz down to 2 mJy. In another su
h survey, Windhorst et al. (1985), also working at 1.4 GHz,
overed only 3 square degrees but identi�ed sour
es as faint as 0.3 mJy. The Phoenix Deep Survey(Hopkins et al. 1998) rea
hed a 5 � sensitivity of 0.3 mJy but 
overed a larger area - a 
ir
ularregion about 2 degrees in diameter. At higher frequen
ies, surveys have gone deeper still over evensmaller areas: as faint as 15 �Jy at both 5 GHz (Fomalont et al. 1991) and 8.4 GHz (Windhorstet al. 1993). The former survey 
overed a region 16 ar
min in diameter, the latter two �elds ea
h 7ar
min on a side.With further improvements in radio teles
ope te
hnology, 
ontemporary surveys 
an do better- they 
an 
ombine high sensitivity with large sky 
overage. We now summarize four of the mostimportant large area, deep radio surveys of our time - WENSS, NVSS, SUMSS and FIRST.1.3 WENSSThe Westerbork Northern Sky Survey (WENSS) is a low-frequen
y radio survey, designed to 
overthe whole sky north of 30Æ de
lination at a wavelength of 92 
m (325 MHz) to a 5� limiting �uxdensity of approximately 18 mJy. Additionally, about a quarter of this region, 
on
entrated at highgala
ti
 latitudes, has been 
overed at a wavelength of 49 
m (609 MHz), to a 5� limiting �uxdensity of approximately 15 mJy. The survey was 
arried out with the Westerbork Synthesis RadioTeles
ope (WSRT) in the Netherlands. The data produ
ts from WENSS are �ux density maps andsour
e lists for all four Stokes parameters (I, Q, U, V). Maps have been produ
ed at a resolution(FWHM of the restoring beam) of 54 � 54 ar
se
 at 92 
m and 28 � 28 ar
se
 at 49 
m. Theastrometri
 a

ura
y for strong sour
es is 1.5 ar
se
 at both 92 
m and 49 
m.WENSS is parti
ularly useful sin
e radio spe
tral information on an unpre
edented numberof sour
es over a substantial fra
tion of the sky has be
ome available. WENSS will provide spe
tralinformation, both internally (from �uxes at 325 and 609 MHz), and by 
omparison with radiosurveys at other frequen
ies su
h as NVSS and FIRST (1400 MHz). Thus WENSS will permitthe study of very large numbers of sour
es with extreme radio spe
tra. These in
lude ultra steepspe
trum (USS) sour
es (e.g. high-redshift radio galaxies and 
luster halos), and �at spe
trum4



Parameter FIRST NVSS SUMSS WENSSFrequen
y (MHz) 1400 1400 843 325Sky 
overage (deg2) 10000 33700 8000 10100Resolution (ar
se
) 5 45 43 54Dete
tion limit (mJy) 1 2.5 5 18Sour
e density (deg�2) 90 60 37 21Table 1.1: Summary of re
ent large area radio surveys.sour
es (e.g. high-redshift quasars). For more details of this survey see Rengelink et al. (1997) orthe WENSS website at http://www.strw.leidenuniv.nl/wenss/1.4 NVSSThe NRAO VLA Sky Survey (NVSS) 
overed 82% of the sky north of -40Æ at 1.4 GHz (33700 squaredegrees), using the VLA in its D 
on�guration. NVSS is based on 217,446 snapshot observations ofpartially overlapping primary-beam areas, ea
h of whi
h was imaged separately. The small snapshotimages were weighted, 
orre
ted, and 
ombined to yield a set of 2326 large (4Æ� 4Æ) image 
ubeswhose three axes span the Stokes polarization parameters I, Q, and U. The NVSS, whi
h was
ompleted in 1999, was used to generate a 
atalog of almost 2 million dis
rete sour
es strongerthan 2.5 mJy. The images all have 45 ar
se
 FWHM resolution and nearly uniform sensitivity.The angular resolution used is mu
h larger than the median size of faint extragala
ti
 sour
es inorder to a
hieve the high surfa
e-brightness sensitivity needed for �ux-limited 
ompleteness andgood photometri
 a

ura
y. The large images have rms brightness �u
tuations of 0.45 mJy in totalintensity. The rms un
ertainties in right as
ension and de
lination vary from 1 ar
se
 for the 4�105sour
es stronger than 15 mJy to 7 ar
se
 at the survey limit of 2.5 mJy.For more details of this survey see Condon et al. (1998) and the NVSS website athttp://www.
v.nrao.edu/�j
ondon/nvss.html1.5 Sydney University Molonglo Sky Survey (SUMSS)The Molonglo Observatory Synthesis Teles
ope (MOST), operating at 843 MHz with a 5Æ� 5Æ�eld of view is being used for a radio imaging survey of the sky south of de
lination �30Æ. Thissurvey (the Sydney University Molonglo Sky Survey, or SUMSS) produ
es images with a resolutionof 43 � 43 ar
se
 and an rms noise level of 1 mJy per beam (Bo
k, Large & Sadler 1999). TheSUMSS is therefore similar in sensitivity and resolution to the NVSS des
ribed above. The surveyis progressing at a rate of about 1000 square degrees per year, yielding individual and statisti
aldata for thousands of weak radio sour
es.SUMSS 
overs some areas of the southern sky not 
overed by the NVSS, at a 
omparableresolution and sensitivity. It will provide valuable radio spe
tral index information in the regionsof overlap, sin
e the frequen
y at whi
h the survey is being 
arried out is di�erent from the NVSSfrequen
y.1.6 Faint Images of the Radio Sky at Twenty-
m (FIRST)FIRST - Faint Images of the Radio Sky at Twenty-
m - is an ongoing proje
t designed to produ
ethe radio equivalent of the Palomar Observatory Sky Survey over 10,000 square degrees (� steradian)around the North Gala
ti
 Cap. Using the NRAO Very Large Array (VLA) in its B-
on�guration, 3-minute snapshots 
overing a hexagonal grid using 2 � 7 3-MHz frequen
y 
hannels 
entered at 1365and 1435 MHz are obtained. The data are edited, self-
alibrated, mapped, and CLEANed using anautomated pipeline based largely on routines in the Astronomi
al Image Pro
essing System (AIPS)software. Maps of the individual pointings (the grid images) are weighted and summed to yield a5



Figure 1.1: FIRST survey northern sky 
overage as of July 2000

Figure 1.2: FIRST survey southern sky 
overage as of July 2000
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set of �nal 
o-added images with 1550 � 1150 pixels ea
h. The CLEAN beam size is 5.4 ar
se
FWHM, and the peak-to-peak sensitivity variations over ea
h image are �8%. The median rmsfor the 
oadded images is 140 �Jy. The �nal intensity maps have 1.8 ar
se
 pixels, a typi
al rmsof 0.15 mJy, and a resolution of 5 ar
se
. At the 1 mJy sour
e dete
tion threshold, there are �90sour
es per square degree, �35% of whi
h have resolved stru
ture on s
ales from 2-30 ar
se
 (Cresset al. 1996). The astrometri
 referen
e frame of the maps is a

urate to 0.05 ar
se
, and individualsour
es have 90% 
on�den
e error 
ir
les of radius < 0.5 ar
se
 at the 3 mJy level and 1 ar
se
 atthe survey threshold of 1 mJy.As of July 2000, images and 
atalog data for about 8000 square degrees of sky have beenmade publi
 by the FIRST team. In Figure 1.1 and Figure 1.2 we show the portions of the sky (inequatorial 
oordinates) that have been 
overed by these data.1.6.1 The FIRST sour
e 
atalogDeriving a 
atalog of dis
rete sour
es from astronomi
al images is not a new problem, and a numberof well-do
umented 
omputer programs already exist for this purpose (e.g. DAOPHOT, SExtra
tor).However, most of these programs were developed spe
i�
ally for extra
ting point sour
es fromopti
al images and are generally not well suited for use with high-resolution radio images, in whi
ha signi�
ant fra
tion of the sour
es are 
learly extended. To over
ome this limitation the FIRSTteam developed an AIPS-based routine for sour
e extra
tion whi
h is 
alled HAPPY.HAPPY starts by sear
hing an image for pixels with �ux that ex
eeds a user-provided thresh-old. It then de�nes the minimum-size re
tangle around ea
h 
ontiguous set of threshold-ex
eedingpixels. The resulting re
tangles, or islands, are padded with a border 3 pixels wide. If this bordertou
hes another island, any border-strip pixels ex
eeding the threshold are ignored in the subsequent�t. The pixels in ea
h island are sear
hed for lo
al maxima, whi
h are used as initial estimates fora two-dimensional Gaussian �tting algorithm. The individual islands are analyzed in order of de-
reasing brightness. As the 
omponents in ea
h island are �tted, the results of the �tting algorithmmust pass several a

eptan
e 
riteria. If any of these 
riteria are not met, the island is re-�tted withone fewer 
omponent. Islands are also reje
ted if they interse
t the edge of the image; su
h areasof sky are always 
overed more 
ompletely in the adja
ent image. The results of a su

essful �t aresubtra
ted from the original image before the next island is �tted.The end produ
t of HAPPY is a list of ellipti
al Gaussian 
omponents. For ea
h 
omponent,HAPPY provides a right as
ension and de
lination, peak and integrated �ux densities, major andminor axes, and the position angle of the major axis measured east from north. In addition, anerror estimate is 
al
ulated for ea
h parameter.Dupli
ate entries in the 
atalog are deleted using 
ertain 
riteria to identify them. How-ever the 
atalog still 
ontains a small number of spurious sour
es that are sidelobes of imperfe
tlyCLEANed, nearby, bright sour
es. A ma
hine-learning method was adopted to identify and �agas many of the spurious sour
es as possible. Several hundred �elds 
ontaining bright sour
es wereexamined by eye and 
atalog sour
es that appeared to be sidelobes were marked. The 
omplete listof sour
es in these �elds, marked and unmarked were used as a training set for an oblique de
ision-tree program. The de
ision-tree program then attempted to identify a series of tests based on linear
ombinations of the parameters that would partition the training set obje
ts into sidelobes andnon-sidelobes. After a reliable, reasonably simple de
ision tree had been developed, it was appliedto all the sour
es in the 
atalog in order to determine whi
h obje
ts might be sidelobes. For sour
esidenti�ed as possible sidelobes a sidelobe warning �ag is in
luded in the 
atalog. Although thisautomated 
lassi�
ation of sidelobes is fairly robust, examination of the images by eye is ne
essaryto unambiguously determine whether any parti
ular �agged sour
e is a sidelobe or not.The methodology for generating the radio sour
e 
atalog summarized above and the reliabilityand a

ura
y of the extra
ted 
atalog parameters are dis
ussed in detail by White et al. (1997).The FIRST sour
e 
atalog is sorted by right as
ension; a few sample lines are shown inTable 1.2 for illustration regarding its form and 
ontent. We provide below brief explanatory notesabout ea
h 
olumn of the 
atalog. For more details, refer to the 
atalog do
umentation at theFIRST Homepage from where this information has been taken:� RA, De
 are the position (J2000) of the sour
e. The a

ura
y of the position depends on the7



brightness and size of the sour
e and the noise in the map. Point sour
es at the dete
tion limitof the 
atalog have positions a

urate to better than 1 ar
se
 at 90% 
on�den
e; 2 mJy pointsour
es in typi
ally noisy regions have positions good to 0.5 ar
se
. An empiri
al expressionfor the positional a

ura
y isun
(90% 
onfiden
e) = Size (1/SNR + 1/20) ar
se
where Size is either the major or minor axis �tted FWHM (fMaj or fMin) as given in the
atalog and SNR is the peak �ux density signal-to-noise ratio:SNR = (Fpeak-0.25) / RmsThe best possible positional un
ertainty is limited to about 0.1 ar
se
 by the requirement to �tsour
e positions in maps with 1.8 ar
se
 pixels and by various random 
alibration un
ertainties.Systemati
 errors in the positions are smaller than 0.05 ar
se
.� W is a warning �ag indi
ating that the sour
e may be a sidelobe of a nearby bright sour
e. Inthe July 1999 version of the 
atalog, 19,696 sour
es (3.6%) are �agged as possible sidelobes. Avisual analysis of the northern 
atalog indi
ates that <10% of the obje
ts �agged as sidelobesare real sour
es and that <1% of the un�agged sour
es in the 
atalog are sidelobes.� Fpeak and Fint are the peak and integrated �ux densities measured in mJy. They are derivedby �tting an ellipti
al Gaussian model to the sour
e using HAPPY. To 
orre
t for the CLEANbias e�e
t, 0.25 mJy has been added to the peak �ux density and the integrated �ux densityhas been multiplied by (1+0.25/Fpeak). The un
ertainty in Fpeak is given by the rms noiseat the sour
e position, while the un
ertainty in Fint 
an be 
onsiderably greater dependingon the sour
e size and morphology. For bright sour
es the a

ura
ies of Fpeak and Fint arelimited to about 5% due to systemati
 e�e
ts. Note that for sour
es that are not well-des
ribedby an ellipti
al Gaussian model, Fint is not an a

urate measure of the integrated �ux density.� Rms is a lo
al noise estimate at the sour
e position measured in mJy. Rms is 
omputed by
ombining the measured noise from all grid pointing images 
ontributing to this 
oaddedmap position. Note that the signi�
an
e of dete
tion for a sour
e is (Fpeak-0.25)/Rms, notFpeak/Rms, be
ause of the CLEAN bias 
orre
tion to the peak �ux density. The 
atalogin
ludes only sour
es brighter than 5 Rms.� Maj, Min, and PA give the major and minor axes (FWHM in ar
se
) and position angle (degreeseast of north) derived from the ellipti
al Gaussian model for the sour
e. Maj and Min havebeen de
onvolved to remove blurring by the ellipti
al Gaussian point-spread fun
tion. (The�tted parameters before de
onvolution are given in the fMaj, fMin, and fPA 
olumns.) In thenorth the beam is 
ir
ular with 5.4 ar
se
 FWHM; in the south it is ellipti
al, 6.4�5.4 ar
se
FWHM, with the major axis running north-south. Noise 
an 
ause the �tted values of themajor and minor axes (before de
onvolution) to be smaller than the beam. The 
orrespondingde
onvolved size is given as zero in those 
ases. The un
ertainties in the de
onvolved sizesdepend on both the brightness and the sizes. Obje
ts at the 
atalog �ux density limit haveun
ertainties of about 2 ar
se
 in their sizes (so faint obje
ts with Maj < 2 ar
se
 are 
onsistentwith point sour
es). A simple empiri
al estimate of the un
ertainty isSigma(Size) = 10 ar
se
 (1/SNR + 1/75)where SNR is the signal-to-noise ratio de�ned above.� fMaj, fMin, and fPA give the major and minor axes (FWHM in ar
se
) and position angle(degrees east of north) derived from the ellipti
al Gaussian model for the sour
e. These arethe �tted sizes measured dire
tly from the image; the ellipti
al point-spread fun
tion has notbeen de
onvolved.The work reported in this thesis fo
uses on statisti
al properties of large numbers of radiosour
es, without regard to the details of their radio morphology. For su
h work, it is 
onvenientto use a 
atalog rather than the original imaging data. The FIRST 
atalog has been used as thesour
e of radio data throughout this thesis. 8



Table 1.2: The FIRST sour
e 
atalog. This 
atalog is available in its entirety in the ele
troni
 formfrom the FIRST Homepage (http://sundog.sts
i.edu/ ). A portion is shown here to illustrate itsform and 
ontent.RA De
 (2000) W Fpeak Fint Rms Maj Min PA fMaj fMin fPA06 50 44.043 +31 10 00.09 1.16 0.64 0.147 0.00 0.00 42.0 4.50 3.59 42.006 51 02.181 +31 11 13.33 1.58 2.66 0.139 4.99 3.94 91.6 7.35 6.69 91.606 51 03.826 +31 13 03.32 W 1.02 1.42 0.137 7.63 0.00 2.4 9.35 4.34 2.406 51 06.134 +31 19 02.00 7.29 9.64 0.145 4.09 1.82 131.3 6.77 5.70 31.306 51 10.784 +31 11 28.80 72.36 100.79 0.141 4.18 2.49 9.8 6.83 5.95 9.8
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Chapter 2Large Area Opti
al Surveys2.1 Palomar Observatory Sky Survey and the ESO-SERC SurveyLarge teles
opes make large surveys ne
essary to identify obje
ts for them to study. The pioneeringall sky photographi
 survey was the Palomar Observatory Sky Survey. This survey, partially fundedby the National Geographi
 So
iety, was 
arried out at Mt. Palomar using a dedi
ated 48-in
hS
hmidt teles
ope between 1950 and 1958. A mosai
 of almost 1000 �elds 
overed the entire northernsky down to -33Æ de
lination in two �lters. Although the survey was originally 
on
eived simply as atool for �nding interesting stars, nebulae and galaxies for further study with large opti
al teles
opes,it has turned out to be of immense value in the identi�
ation of obje
ts found at other wavelengths,�rst radio sour
es and more re
ently X-ray, ultraviolet and infrared sour
es. The data have alsobeen invaluable in their own right, for example in studies of the large s
ale stru
ture of the Universe.The su

ess of this northern survey led the builders of the large southern teles
opes in the 1970'sto ere
t 
ompanion S
hmidt teles
opes, the UK 1.2 m S
hmidt teles
ope alongside the 3.9 m AngloAustralian teles
ope in Australia and the ESO 1.0 m S
hmidt beside the 3.6 m teles
ope in Chile.These two southern S
hmidts extended the survey work to the southern sky - the ESO-SERC surveywas 
arried out between 1974 and 1990. Given the advan
es in photographi
 emulsions and teles
opete
hnologies over the intervening twenty years, the ESO-SERC survey rea
hed about 1.5 magnitudesfainter than its northern 
ounterpart, without any in
rease in teles
ope time requirements.The 6:5Æ � 6:5Æ photographi
 plates from both the northern and southern surveys were sub-sequently digitized using a modi�ed PDS mi
ro-densitometer to a s
ale of about 1.7 ar
se
ond perpixel. The entire survey is available as a set of 102 CDROMs.There were two serious limitations to these early surveys: (1) the 
oarse 1.7 ar
se
ond pixelsize of the digitized s
ans led to some loss of information and more seriously (2) a

urate photometri

alibration was la
king. These issues were addressed by the next generation of digitized photographi
surveys, the most important of whi
h is the Digitized Palomar Observatory Sky Survey, the DPOSS.2.2 Digitized Palomar Observatory Sky Survey (DPOSS)DPOSS is an ongoing, next generation digitized survey of the northern sky, based on the POSS-II photographi
 sky atlas. POSS-II 
overs the entire sky north of de
lination Æ = �3Æ in the 3photographi
 JFN bands, whi
h have been 
alibrated using CCD data to Gunn gri. It rea
hes anequivalent limiting magnitude of Blim � 22 using 894 overlapping �elds (6:5Æ square ea
h with 5Æspa
ings). A modi�ed PDS s
anner is 
urrently being used to digitize the photographi
 plates and avery extensive CCD 
alibration program ensures photometri
 uniformity of � 5�10% in magnitudezero-points. The digitized images are pro
essed using a spe
ially developed software 
alled SKICAT(Weir et al. 1995), whi
h in
orporates some standard astronomi
al image pro
essing pa
kages, a
ommer
ial Sybase database management system, as well as a number of arti�
ial intelligen
e andma
hine learning modules to measure over 60 parameters per obje
t on ea
h plate, a subset of whi
his used for obje
t 
lassi�
ations.The end produ
t of the survey will be the Palomar-Norris Sky Catalog, anti
ipated to 
ontain50 million galaxies and 2 billion stars. For further details of this survey see Djorgovski et al. (1997)and the DPOSS website at http://astro.
alte
h.edu/�rrg/s
ien
e/dposs_publi
.html.10



Even a sophisti
ated photographi
 survey su
h as DPOSS has limitations, most of them
aused by the de�
ien
ies of photographi
 plates. In the last de
ade, a solid state ele
troni
 dete
tor
alled the Charge Couple Devi
e (CCD) has be
ome universally available. Fully digital 
amerasbased on CCD dete
tors 
an over
ome many of the de�
ien
ies of photographi
 plates, and so re
entsurveys use them extensively. By far the largest of these third millennium CCD surveys is the SloanDigital Sky Survey (SDSS).2.3 Sloan Digital Sky Survey (SDSS)SDSS is an ongoing, digital, photometri
 and spe
tros
opi
 survey of the northern sky using adedi
ated 2.5 m teles
ope at Apa
he Point, New Mexi
o, USA. It will 
over a large fra
tion ofthe sky - 10,000 deg2 around the north Gala
ti
 
ap and will be 
omplete within pre
isely de�nedsele
tion 
riteria. The survey also in
ludes mu
h deeper imaging of an area 
overing 225 deg2 inthe southern Gala
ti
 hemisphere.The photometri
 map of the sky 
onstru
ted from the SDSS will measure a

urate �uxdensities of obje
ts almost simultaneously in �ve bands (u0 , g0 , r0 , i0 , and z0 ) with e�e
tivewavelengths of 3540 Å, 4760 Å, 6280 Å, 7690 Å, and 9250 Å respe
tively. It will 
omplete tolimiting (5:1 signal-to-noise) point sour
e magnitudes of 22.3, 23.3, 23.1, 22.3, and 20.8 respe
tivelyin these bands around the North Gala
ti
 
ap. The large sky 
overage of about � steradian willresult in photometri
 measurements to the above dete
tion limits for about 5 � 107 galaxies anda somewhat larger number of stars. The morphologi
al and 
olor information from the imageswill allow robust star-galaxy-quasar separation yielding a photometri
 sample of about 106 quasar
andidates. Astrometri
 positions will be produ
ed whi
h will be a

urate to �50 milliar
se
ondsfor sour
es brighter than �20.5 magnitude, aiding unambiguous 
ross identi�
ation with sour
esfrom surveys at other wavelengths (su
h as the FIRST survey). Medium resolution spe
tra willbe obtained for the 106 galaxies brighter than about r0 �18.1, approximately 105 quasars brighterthan g0 �19.7, and 
arefully sele
ted samples of stars. The deeper southern survey will go about2.0 magnitudes fainter in all bands, and, in addition to being a bridge between the main northernsurvey and mu
h deeper pen
il-beam surveys possible with very large teles
opes, will 
ontain mu
hinformation about faint variable sour
es, supernovae, and proper motions.The SDSS is also expe
ted to make a substantial 
ontribution to all deep surveys by 
har-a
terizing the nearby Universe in a detailed and quantitative manner. Without this information,whi
h does not exist in any satisfa
torily a

urate and 
omplete form at present, one 
annot sta-tisti
ally 
ompare the Universe observed at high redshifts and early epo
hs by the deep surveys, tothe Universe today.The primary photometri
 data produ
ts will be merged 5-band 
atalogs of image parameters(position, �ux, size, pro�le); atlas images (
ut-out pixel maps around ea
h dete
ted obje
t) anda link to its spe
trum, if available. The primary spe
tros
opi
 data produ
ts will in
lude a one-dimensional �ux-
alibrated spe
trum, a derived redshift (separately for emission lines and absorptionlines), a emission and absorption line list, a link to photometri
 and astrometri
 data and informationdetailing why the obje
t was sele
ted as a spe
tros
opi
 target.The data will be made available to the astronomi
al 
ommunity as soon as pro
essing and
alibration is 
omplete. The data will be distributed on various data storage formats, and will alsobe a

essible on the Internet. More details about this survey, in
luding re
ent s
ien
e results fromthe 
ommissioning data are available at the SDSS website at http://www.sdss.org/.
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Chapter 3Opti
al 
ounterparts of radio sour
es3.1 What kind of obje
ts are they?The opti
al 
ounterparts of faint radio sour
es make up a veritable zoo of astronomi
al obje
ts. Inthis 
hapter we will list the possible astronomi
al sour
es that may host a radio sour
e, and brie�ydes
ribe the uni�
ation s
heme for these sour
es. We will also look at the lo
al number densitiesand typi
al luminosities of ea
h 
lass of radio sour
e.The following 
lasses of astronomi
al obje
ts have been identi�ed as the opti
al 
ounterpartsof radio sour
es in the literature. Although they are arranged roughly in in
reasing order of meanradio luminosity, there is often 
onsiderable overlap in the range of radio luminosities spanned byadja
ent 
lasses. A more detailed dis
ussion of most of these 
lasses 
an be found in Kembhavi &Narlikar (1999).1. Radio stars: These have a typi
al radio luminosity of 1016 erg se
�1Hz�1. They in
ludeAlgol-type systems, RS CVn binaries, massive O-star binaries, and even some of the X-raybinary systems. Stellar radio emission is known to be variable in nature. At the 1 mJy �uxlimit these obje
ts 
an be (and have been) dete
ted only out to a few hundred parse
s. Lessthan 0.1% of FIRST sour
es are expe
ted to be radio stars (Helfand et al. 1999).2. Low ionization nu
lear emission line regions (LINERS): are lo
ated in the nu
learregion of galaxies. They are 
hara
terized by relatively strong lines of low ionization spe
ies(O-I, S-II et
.).3. Nu
lear HII regions: Many gala
ti
 nu
lei show narrow lines (Balmer, [OIII℄), 
hara
teristi
of H-II regions ionized by hot stars. This phenomenon is the low intensity version of starbursts;the radio emission is 
onsequently weak and 
an only be dete
ted at very low redshifts witha survey su
h as FIRST.4. Starburst galaxies: These are galaxies in whi
h star formation takes pla
e at a rate far higherthan the average during a gala
ti
 lifetime. The phenomenon may be identi�ed through opti
al
olors and spe
tra (young stars) and through a large IR output. Star formation a
tivity isknown to be triggered by mergers of galaxies. Their radio emission originates in H-II regionssurrounding massive short lived stars in the starburst, and in 
osmi
 rays a

elerated in thesupernova remnants of these stars. This population of radio sour
es powered by stars is knownto obey a remarkably tight 
orrelation between radio and far infrared �ux (Condon, Anderson& Helou 1991 and referen
es therein).5. Seyfert 1 galaxies: The nu
lei of these galaxies have very wide hydrogen lines with broadwings. Seyfert nu
lei are typi
ally found in early type spiral galaxies. The di�eren
e betweenSeyferts and quasars mentioned in the literature often re�e
t more the method of dis
overythan a well de�ned 
lassi�
ation. At low redshifts, where the host galaxy is usually visible,the obje
t is 
lassi�ed as a Seyfert; at higher redshifts the same obje
t may be 
lassi�ed as aquasar (e.g. Kembhavi, Misra & Wadadekar 2000).6. Seyfert 2 galaxies: Whereas the Sy 1 nu
lei have broad wings in the permitted emissionlines in their spe
tra and narrow forbidden lines, the Sy 2 nu
lei tend to have equally narrow12



permitted and forbidden lines. The pre
ise 
lassi�
ation of Sy 1, Sy 2 and several intermediate
lasses is dis
ussed by Osterbro
k (1981). Seyfert 2 nu
lei are also hosted predominantly byearly type disk galaxies. Radio emission from Seyfert nu
lei is dis
ussed in Chapter 5.7. Radio quiet quasars: These obje
ts opti
ally resemble the radio loud quasars, but theirradio luminosity is mu
h lower. A few obje
ts in the 
lass do not have any dete
table radioemission even at the 1 �Jy level.8. Radio galaxies: These tend to be asso
iated with luminous ellipti
al galaxies. They showstrong 
osmologi
al evolution, their number per unit of 
omoving volume being mu
h largerat z = 2 than lo
ally at z = 0. Frequently, elaborate stru
tures like 
ores, jets, hotspots andradio lobes are seen. For a detailed dis
ussion of the radio properties of these obje
ts seeKembhavi & Narlikar (1999).9. Radio loud quasars: The radio 
hara
teristi
s of these obje
ts are similar to those of theradio galaxies, but the opti
al image is dominated by a bluish, unresolved, luminous nu
leuswith strong broad emission lines in its opti
al spe
trum. Radio emission from quasars dete
tedby the FIRST survey is dis
ussed in Chapter 4.10. BL La
 obje
ts: These resemble the �at spe
trum radio loud quasars, ex
ept that the opti
alemission lines are absent or are very weak. They tend to be highly variable at radio, opti
aland X-ray wavelengths with strong and variable opti
al polarization. The variability times
aleat opti
al and X-ray wavelengths 
an be less than a day. All known BL La
s are strong radiosour
es. The radio variability times
ale is 
onsiderably longer than a day.11. Opti
ally violent variables (OVV): are a sub
lass of (mainly) radio loud quasars withopti
al 
hara
teristi
s similar to the BL La
s, ex
ept that broad emission lines are presentthough they are weaker than those found in quasars. BL La
 and OVV type radio sour
es arevery similar ex
ept with regard to the strength of their emission lines. They are often groupedtogether into a single 
lass 
alled blazars.3.2 Uni�
ation models for extragala
ti
 radio sour
esAll the extragala
ti
 sour
es of radio emission listed in the previous se
tion (ex
ept starbursts)
an be understood in the 
ontext of an orientation based uni�ed s
heme illustrated s
hemati
ally inFigure 3.1. An absorbing torus (shaded 
ir
les) with a radius of a few parse
 surrounds the radiatingnu
leus. Within the torus are fast moving 
louds of the Broad Line Region and outside it are theslower 
louds of the Narrow Line Region. In the upper half of the �gure we represent situationswhere relativisti
 jets are generated in the nu
leus; the lower half represents a
tive gala
ti
 nu
leiwhere su
h jets are absent. Looking nearly into the jet the rapid variability of OVV's and BL La
swould be seen due to relativisti
 Doppler boosting; when the broad line 
louds would be absent orthe boosting very strong, no broad emission lines would be visible. At a larger angle from the jet aradio quasar would result. When the 
entral sour
e is obs
ured, but some of the broad line 
loudsare still in view, the appearan
e is that of a radio galaxy with broad lines and at still larger anglesa radio galaxy with only narrow lines would remain.When, as in the lower half of the �gure, no jet (or only a very weak one) is present radioquiet quasars and Sy 1 would result if the nu
leus is in view and Seyfert 2 if the nu
leus is not. Eventhough a 
ollimated jet is missing, a fast jet from the nu
leus 
ould be expe
ted. It is possible thatsu
h a wind ablates the torus or a broad line 
loud and the Broad Absorption Line (BAL) quasarsresult. This �gure shows how mu
h of the 
omplex phenomenology of AGN may be produ
ed in asimple model. Although the model does explain most of the 
urrent data, there are are 
ounterexamples to almost everything. This is be
ause the real situation is likely to be more 
omplex withvariability of the nu
leus and intrinsi
 di�eren
es in the distribution of the gas 
louds also playinga role. For a more extensive dis
ussion of the uni�
ation s
heme outlined above see the reviewarti
les by Antonu

i (1993) and Urry & Padovani (1995).13



Figure 3.1: S
hemati
 representation of the uni�ed model for AGN. OVV: opti
ally violent variables,RQ: radio quasars, RG: radio galaxies, Sy1,Sy2: Seyfert 1,2, BAL: Broad Absorption Line quasars,QQ: radio quiet quasars. Figure reprodu
ed from Blandford, Netzer & Woljter (1990).3.3 How many sour
es 
an FIRST expe
t to see?The fra
tion of sour
es in ea
h of the above 
lasses that 
an be dete
ted in the radio is a fun
tionof many properties of the sour
es like their lo
al radio luminosity fun
tion and its evolution and thesour
e radio spe
tral index. The dete
ted fra
tion also depends upon the frequen
y, beam size and�ux limit of the survey.3.3.1 How many radio sour
es are there?Table 3.1 lists the lo
al number densities of di�erent 
lasses of obje
ts in the lo
al universe alongwith their radio luminosities. It 
an be seen from the table that the most luminous radio sour
esare extremely rare. Obje
t Number Typi
al radio luminosityGp
�3 erg se
�1Hz�1Field galaxies 106 1027Radio galaxies 3� 103 1030Seyfert 1 4� 104 1030Seyfert 2 1� 105 1030Radio quiet quasars 100 1032Radio loud quasars 3 1034Table 3.1: Lo
al spa
e densities and typi
al radio luminosities of some extragala
ti
 radio sour
es.The densities below 100 Gp
�3 are parti
ularly un
ertain be
ause of in
ompleteness and 
osmolog-i
al evolution.
14



Figure 3.2: Radio �ux as a fun
tion of redshift, for di�erent 
lasses of sour
es. The solid linerepresents radio loud quasars, the dashed line the radio quiet quasars and the dotted line theSeyfert galaxies. Typi
al radio luminosities for these obje
ts are used, as listed in Table 3.1. Notethat both axes have been plotted on a logarithmi
 s
ale.3.3.2 How far 
an FIRST see?A �ux limited radio survey su
h as FIRST, 
an dete
t di�erent 
lasses of obje
ts out to a redshiftthat is a fun
tion of their radio spe
tral index, their radio luminosity and the values 
hosen forthe 
osmologi
al parameters. In Figure 3.2 we show su
h a plot of the variation of radio �ux withredshift, for a given radio luminosity. The values of the 
osmologi
al parameters used here areHubble's 
onstant H0 = 50 km se
�1Mp
�1 and de
eleration parameter q0 = 0:5; h100 denotes thevalue of Hubble's 
onstant expressed in units of 100 km se
�1Mp
�1. The horizontal line is pla
edat 1 mJy and represents the FIRST survey limit. From the �gure it is apparent that Seyfert galaxies
an be dete
ted out to a redshift of �0.1, radio quiet quasars 
an be spotted to a redshift of �1,while radio loud quasars 
an be seen to redshifts way beyond those 
urrently observed.3.3.3 Limitations on morphologi
al 
lassi�
ationThe 
lassi�
ation of the galaxies hosting the radio sour
es may also 
hange as a fun
tion of theredshift. There are two reasons why this may happen. Firstly, the angular size of the galaxy maybe
ome so small so as to make it indistinguishable from the point spread fun
tion (PSF). Se
ondly,the light from a bright a
tive nu
leus may swamp out the rest of the galaxy. Su
h a
tive galaxiesmay then get 
lassi�ed as quasars. A detailed dis
ussion of the impli
ations of these possibilities isprovided in Chapter 7.In Figure 3.3 we show the variation of angular size with redshift for di�erent 
lasses of radiosour
es. We 
hoose a typi
al physi
al extent for the radio emission, 100 kp
 for radio galaxies, 15kp
 for starbursts and 3 kp
 for nu
lear emission from a
tive galaxies. From the �gure it is apparentthat with a �1 ar
se
 resolution su
h as FIRST, both radio galaxies and starbursts will be re
ordedas either extended or resolved radio sour
es over the redshift range of interest.3.3.4 Di�erential sour
e 
ounts: the mysterious blue galaxy populationIn Figure 3.4 we present the log N -log S 
urve for radio sour
es observed at 20 
m Condon (1984).This 
urve represents the number of sour
es within a �ux range. At �ux densities � 3 mJy theradio population is dominated by a
tive gala
ti
 nu
lei in
luding radio galaxies, BL La
 obje
ts andradio loud quasars. Below 3 mJy however, the log N -log S 
urve �attens 
onsiderably, indi
atingthe presen
e of a new population. Several authors (e.g. Windhorst et al. 1985) have identi�ed thisnew 
omponent with moderate redshift star forming galaxies.15



Figure 3.3: Angular size as a fun
tion of redshift for di�erent 
lasses of sour
es. The solid line linerepresents the size of radio emission from a radio galaxy, the dashed line emission from a starburstgalaxy and the dotted line size represents size of nu
lear emission from an AGN. Note that bothaxes have been plotted on a logarithmi
 s
ale.The model 
urves at low �ux levels have been 
onstru
ted from small data samples and
ould be subje
t to revision as more identi�
ations of low �ux radio sour
es be
ome available. InChapter 8 of this thesis, I present new photometri
 and morphologi
al information on faint FIRSTsour
es.3.3.5 Whi
h of these sour
es 
an (should) we study using FIRST?FIRST is a uniform high sensitivity, large area, high resolution survey with a

urate astrometri
positions. As 
ompared to the NVSS survey, FIRST has better sensitivity, resolution and astrometri
a

ura
y. The high resolution makes it ideally suited for studying radio emission from 
ompa
t radiosour
es, su
h as radio stars, quasars, a
tive gala
ti
 nu
lei (AGN) and distant galaxies. For thesame reason, it is not well suited for studies of sour
es with extended radio stru
ture su
h as radiogalaxies, protogalaxies, non-nu
lear emission from quasars and so on. The u,v -plane 
overage of thesurvey is also not very good. It is therefore not appropriate to use it for detailed studies of radiomorphology.The parti
ular strength of the survey is its uniform sensitivity, over a large area of the sky.It 
an therefore be used to 
onstru
t and study 
omplete radio �ux limited samples. Su
h 
ompletesamples 
an be used for robust statisti
al studies of 
orrelations between properties of sour
es inthe radio and at other wavelengths. All through this thesis, I have 
arefully 
hosen proje
ts thatexploit the strengths of the FIRST survey, without being unduly restri
ted by its de�
ien
ies.3.4 Te
hniques for obtaining opti
al identi�
ationsGiven a very large and 
omplex radio survey su
h as FIRST, four separate, 
omplementary strategies
an be employed to obtain the maximum number of opti
al identi�
ations possible.1. The simplest approa
h involves 
omparing positions of sour
es from the FIRST 
atalog withsour
e positions from 
atalogs of other obje
ts su
h as quasars and AGN (Wadadekar &Kembhavi 1999).2. A more involved approa
h is to use opti
al 
atalogs 
onstru
ted from digitized, large areaphotographi
 surveys su
h as the Palomar Observatory Sky Survey (POSS I) (Helfand et al.1998a) and DPOSS (Chapter 6). Approximately 20 per
ent of FIRST sour
es have opti
al
ounterparts at the limiting magnitude of the red Palomar POSS I plates (E = 20:0). A16



Figure 3.4: Left panel: The di�erential sour
e 
ount S5=2n(S) would be 
onstant in a stati
 Eu-
lidean universe. These observed sour
e 
ounts at � = 1:4 GHz 
an be modeled as the sum of
ontributions by evolving true AGN (dotted 
urve) and star forming galaxies dashed 
urve). Figurereprodu
ed from Be
ker, White & Helfand (1995). Right Panel: Number 
ounts of the AGN andstar forming galaxy population as a fun
tion of radio �ux.preliminary identi�
ation of FIRST survey radio sour
es on the se
ond Palomar ObservatorySky Survey (POSS-II) resulted in opti
al dete
tion of � 21 per
ent of the sour
es (Djorgovskiet al. 1998a).3. A third approa
h is to use data from deep surveys (typi
ally to mv � 24) 
overing a mu
hsmaller area, typi
ally a few square degrees (Helfand et al. 1998b, Yadigaroglu et al. 1998).4. A fourth approa
h is to use deep data from a new survey su
h as the SDSS. At the m(v) � 24limit of SDSS, � 50 per
ent of the opti
al 
ounterparts to FIRST sour
es should be dete
ted.In this thesis, I report on proje
ts that employ the �rst three strategies of obtaining opti
al identi�-
ations. The fourth approa
h will only be feasible after the SDSS survey data are released in 2005.In the next two 
hapters we present studies of quasars and AGN using the �rst te
hnique des
ribedabove.
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Chapter 4Radio Emission from QuasarsThis 
hapter is mainly based on Wadadekar & Kembhavi (1999). Using a re
ent (1998) version of the VLA FIRSTsurvey radio 
atalog, we have sear
hed for radio emission from 1704 quasars taken from the most re
ent (1993) versionof the Hewitt and Burbidge quasar 
atalog. These quasars lie in the �5000 square degrees of sky already 
overedby the VLA FIRST survey. Our work has resulted in positive dete
tion of radio emission from 389 quasars of whi
h69 quasars have been dete
ted for the �rst time at radio wavelengths. We �nd no eviden
e of 
orrelation betweenopti
al and radio luminosities for opti
ally sele
ted quasars. We �nd indi
ations of a bimodal distribution of radioluminosity, even at a low �ux limit of 1mJy. We show that radio luminosity is a good dis
riminant between radioloud and radio quiet quasar populations, and that it may be inappropriate to make su
h a division on the basis ofthe radio to opti
al luminosity ratio. We dis
uss the dependen
e of the radio loud fra
tion on opti
al luminosity andredshift.4.1 Introdu
tionIt has been well known for some time that only about 10% of quasars are radio loud, with radioluminosity 
omparable to opti
al luminosity. This is surprising, be
ause over a very wide wavelengthrange from �100 �m through X-ray wavelengths, the properties of radio loud and radio quiet quasarsare very similar. The presen
e or absen
e of a radio 
omponent may be a pointer to di�erent physi
alpro
esses o

urring in the two types of quasar, but it is not yet 
lear as to what these pro
esses are.The relationship between quasar radio and opti
al emission was initially studied using radiosele
ted obje
ts, whi
h generally had high radio luminosities be
ause the early radio surveys hadrelatively high limiting radio �uxes. Sandage (1965) showed that not all quasars are powerful radioemitters, and that a substantial population of radio quiet quasars exists, undete
table at high radio�ux levels. Sin
e then, in addition to radio surveys, radio follow up observations of large surveys
ondu
ted in the opti
al have been used to study the radio properties of quasars (eg. Sramek &Weedman 1980; Condon et al. 1981; Marshall 1987; Kellerman et al. 1989; Miller, Pea
o
k & Mead1990). Su
h targeted radio observations, of quasars sele
ted by other means, typi
ally go deeperthan the large radio surveys, as a result of whi
h the median radio luminosity of these samples islower. Taken together, these two survey methods have dete
ted quasars with a range of more than6 orders of magnitude in radio luminosity, but the populations dete
ted by the two methods 
omefrom di�erent regions of the overall radio luminosity distribution.The radio emission from quasars 
an be used to divide them into two 
lasses: a radio loudpopulation where the ratio R of radio to opti
al emission is greater than some limiting value Rlim, anda radio quiet population with R < Rlim. Su
h a separation is 
ommonly employed in the literaturedealing with the radio properties of quasars, with Rlim = 1 or Rlim = 10 (eg. Kellerman et al. 1989;Visnovsky et al. 1992; Sto
ke et al. 1992; Kellerman et al. 1994). Alternately, the separationbetween radio loud and radio quiet quasars, may be de�ned by their radio luminosity. Su
h a
riterion has been advo
ated by Miller, Pea
o
k & Mead (1990), who noti
ed that for a sample ofopti
ally sele
ted quasars, whi
h spanned a wide range of opti
al luminosity but a narrow range ofredshift, there was no 
orrelation between their opti
al and radio luminosity. This implied that thedistribution of R was opti
al luminosity dependent, thus making it unsuitable as the dis
riminantbetween radio loud and radio quiet populations. Miller et al. found that the distribution of radioluminosity was highly bimodal, and from an examination of the luminosities of radio dete
tions andupper limits a

epted a 5GHz limiting radio luminosity of 1025WHz�1 str�1 (following them we useH0 = 50 km se
�1Mp
�1, q0 = 0:5, quasar radio spe
tral index �r = 0:5 and opti
al spe
tral index18



�op = 0:5 throughout this 
hapter) as the dividing line between radio loud and radio quiet quasars.The gap in the radio luminosity fun
tion of the two populations is pronoun
ed, with very few obje
tso

upying the region between quasars that are radio loud and those that are radio quiet. A fa
tto be noted here is that the dete
tion te
hnique used to �nd quasars from these two populationsis di�erent. An overwhelming majority of radio loud quasars have been �rst dete
ted in the radioand then 
on�rmed using opti
al spe
tros
opy, while radio quiet quasars have been dete
ted usingopti
al, X-ray or other te
hniques. An important question in su
h a situation is: are radio quietand radio loud quasars indeed two physi
ally di�erent populations, or is the distin
tion merely anartifa
t 
aused by sele
tion biases in the dete
tion te
hniques? Previous e�orts at answering thisquestion have been plagued by the small size of the datasets and their in
ompleteness. Most radioobservations of opti
ally sele
ted quasars have la
ked the sensitivity to dete
t their radio emission.There have been a few high sensitivity radio surveys (eg. Hooper et al. 1996, Kukula et al. 1998)but the size of their samples is quite small. The FIRST survey allows us to address this questionmeaningfully, by 
ombining a large sky 
overage with a low �ux limit.FIRST allows us to address the issue of quasar bimodal radio luminosity distribution in twodi�erent but 
omplementary ways. Firstly, opti
al identi�
ations of FIRST sour
es using largeopti
al surveys su
h as the Palomar Observatory Sky Survey (POSS) provide a large database ofquasar 
andidates, whose true nature 
an then be veri�ed spe
tros
opi
ally. Su
h e�orts (eg. Gregget al. 1996; Be
ker et al. 1997; White et al. 2000) are 
urrently underway. Se
ondly, the largearea 
overed by the FIRST survey allows us to look for radio emission from a signi�
ant fra
tion ofalready known quasars and 
orrelate their radio properties with other observables. In the presentwork, we have used this approa
h to determine the radio properties of quasars from the 
atalog ofHewitt & Burbidge (1993, hereafter HB93).Su
h an approa
h has also been taken, though with a di�erent radio survey and quasar
atalog, by Bis
hof & Be
ker (1997, hereafter BB97) who 
ompared positions of radio sour
es fromthe NVSS radio survey, with the positions of 4079 quasars from the Veron 
atalog (Veron-Cetty& Veron 1991). They dete
ted radio emission from 799 quasars, of whi
h 168 were new radiodete
tions. The FIRST survey has better sensitivity and resolution than the NVSS, but 
overs asmaller area. There is a small area of overlap between NVSS and FIRST. FIRST has a smallerbeam size than NVSS, and so it is expe
ted to have better sensitivity to point sour
es.We use radio data from the FIRST survey to look for radio emission from the 1704 quasarsfrom HB93 (� 23% of the quasars listed therein) whi
h lie in the area 
overed by the survey. This setof quasars is not statisti
ally 
omplete in any sense. Wherever appropriate, we distinguish betweenradio sele
ted quasars and those sele
ted by other means.4.2 Radio/opti
al 
omparisonsWe 
ompare the positions of quasars in HB93 to the positions of radio sour
es in the FIRST radiosour
e 
atalog (February 4, 1998 version available at http://sundog.sts
i.edu/ ), and 
al
ulate theangular separation between ea
h quasar and ea
h FIRST sour
e. About 4% of sour
es in the FIRST
atalog have been tagged as possible sidelobes of bright sour
es. Of these, <10% are real sour
esand 
onsiderably less than 1% of the un�agged sour
es in the 
atalog are sidelobes (White et al.1997). We have ex
luded these �agged sidelobe sour
es from our 
ross 
orrelation. We are thenleft with a total of 421,447 un�agged sour
es in the northern and southern strips, 
overing a totalarea of about 4760 square degrees. Of these, 368,853 sour
es lie in the northern strip while 52,594sour
es are in the southern strip. On an average, there are 88.54 FIRST sour
es per square degreeof sky.Our quasar sample 
onsists of 1704 quasars from HB93 that lie in the area 
overed by FIRST.We have ex
luded the BL La
s listed in the 
atalog from the present work. In HB93, the authorsuse a simple sele
tion 
riterion for quasars. Any obje
t that is starlike (with or without fuzz) andhas redshift z � 0:1 is 
alled a quasar and is in
luded in the 
atalog. The positions listed in the
atalog are for the opti
al obje
t, most of whi
h are taken from the identi�
ation paper or from thepaper 
ontaining the redshift measurement. If a quasar is very 
lose to a bright galaxy, and thequasar 
oordinates are not available in the literature, the galaxy 
oordinates have been listed byHB93 for the quasar position. 19



Figure 4.1: The approximate boundaries in gala
ti
 
oordinates of the areas 
overed by the FIRSTsurvey are indi
ated by bold points. The northern and southern strips are separately shown. Thedots indi
ate quasars from the Hewitt and Burbidge (1993) 
atalog.
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Figure 4.2: A histogram of the angular separation between the Hewitt and Burbidge (1993) quasarsand the 
orresponding FIRST sour
e. The straight line is the number of 
han
e mat
hes expe
ted,in annuli of radius shown on the X-axis having a width of 5 ar
se
, if the FIRST sour
es wererandomly distributed in the sky.In Figure 4.1 we show the distribution of the HB93 quasars on the sky in gala
ti
 
oordinates.The apparent 
lustering of known quasars is due to the limited solid angle 
overed by deep quasarsurveys (most of them opti
al) that have un
overed the largest number of quasars. The approximatearea for whi
h FIRST survey data has been released is also marked in the �gure. FIRST has
urrently 
overed an area of 4150 square degrees around the North Gala
ti
 Cap in addition to twonarrow strips totaling about 610 square degrees near the South Gala
ti
 Cap. The southern striphas a pe
uliar shape and the box shown here is a very approximate representation. Detailed sky
overage maps are available at the FIRST homepage.In order to �nd 
oin
iden
es between HB93 and FIRST sour
es, we begin with a sear
h 
ir
leof radius 300 ar
se
 
entered on ea
h HB93 quasar, and look for FIRST radio sour
es within this
ir
le. When there is more than one FIRST sour
e in the sear
h 
ir
le, we tentatively a

ept allsu
h sour
es as mat
hes. In Figure 4.2 we show a histogram of the angular separation between theHB93 quasars and the FIRST sour
es found in the sear
h 
ir
les.The angular auto 
orrelation fun
tion for FIRST has shown that 35% of sour
es have resolvedstru
ture on s
ales from 2-30 ar
se
 (Cress et al. 1996). Sin
e our aim in this work is to only lookfor radio emission from the 
ompa
t (�at spe
trum) 
omponent of quasars, we have 
onsidered onlyquasars whi
h 
ontain at least one FIRST sour
e within 10 ar
se
 of them. This would make usmiss out on some quasars whi
h may have elaborate extended radio stru
ture, but a 
ore emissionlower than the FIRST �ux limit. To see whi
h of the radio sour
es found 
an be a

epted astrue identi�
ations, we estimate the quasar-FIRST sour
e 
han
e 
oin
iden
e rate for a randomdistribution of FIRST survey sour
es. For a random distribution, the 
han
e 
oin
iden
e rate isdire
tly proportional to the area of sky 
overed by the sear
h 
ir
le around ea
h quasar, i.e. thethe square of the sear
h radius. The straight line in Figure 4.2 is the expe
ted number of 
han
e
oin
iden
es between quasars and FIRST sour
es, in annuli of radius shown on the abs
issa andwidth 5 ar
se
 around the quasars. It is seen from the �gure that the expe
ted number of 
han
e
oin
iden
es 
losely mat
hes the number of a
tual 
oin
iden
es beyond about 40 ar
se
, indi
atingthat most FIRST sour
es found more than 40 ar
se
 away from a quasar are 
han
e 
oin
iden
es.On the other hand, mat
hes within 10 ar
se
 are mostly real (less than 1% 
han
e identi�
ationprobability).We therefore 
hoose a sear
h 
ir
le of radius 10 ar
se
 and 
ount all mat
hes found withinthis radius as true mat
hes. All subsequent dis
ussion about the radio properties of quasars in this21



Number of HB93 quasars in FIRST area: 1704Number of quasars with radio dete
tions: 389Number of radio sele
ted quasars: 263Number of non-radio sele
ted quasars: 126Number of non-dete
tions: 1315Per
entage of quasars with dete
ted radio emission: � 22%Per
entage of non-radio sele
ted quasars with dete
ted radio emission: � 7%Table 4.1: Summary of quasar radio dete
tions
hapter only uses mat
hes obtained with this sear
h radius.The positions of quasars listed in HB93 have astrometri
 errors of a few ar
se
onds ormore in some 
ases. In su
h 
ases, there will be missed mat
hes when the positional er-ror pla
es a HB93 quasar outside the 10 ar
se
 sear
h radius around the FIRST radio sour
ewith whi
h it is a
tually asso
iated. Some of these missed quasars 
an be re
overed byusing the a

urate positions of star like obje
ts from the USNO-A2.0 
atalog (available athttp://www.nofs.navy.mil/proje
ts/pmm/a2.html), whi
h is an all sky astrometri
 and photometri

atalog of over 500 million starlike obje
ts. For this purpose we 
onsidered FIRST radio sour
eswhi
h had a HB93 quasar in an annulus of inner radius 10 ar
se
 and outer radius 20 ar
se
 aroundit. We 
ross 
orrelated the positions of su
h radio sour
es with starlike sour
es from the USNO-A2.0
atalog. The sear
h radius used for this purpose was of 3 ar
se
, whi
h is three times the RMSun
ertainty in the �rst survey positions (the positions in USNO-A2.0 are known to better than thisa

ura
y). When an USNO-A2.0 obje
t is found in this 
ir
le we 
ompare its blue magnitude withthe blue magnitude of the 
orresponding HB93 quasar. When the di�eren
e Æm was less than onemagnitude, we 
onsidered the USNO-A2.0 obje
t and the HB93 quasar to be the same obje
t. Wehave a total of 158 FIRST sour
es with a HB93 quasar within the 10-20 ar
se
 annulus around it.Out of these 158 sour
es, 16 had a USNO-A2.0 sour
e within a 3 ar
se
 
ir
le around it, and of these8 had blue magnitudes whi
h passed our 
riterion. We a

epted the 
orresponding 8 HB93 quasarsas valid mat
hes with FIRST survey sour
es, and added these to our list of 381 radio dete
tionsmentioned above.We �nd that positions of radio sele
ted quasars mat
h the FIRST sour
e positions betterthan the non-radio sele
ted quasars. This is be
ause the radio positions have been more a

uratelydetermined than opti
al positions. A

urate astrometry on opti
ally sele
ted quasars is often notavailable and quasar positions are 
omputed approximately using �nding 
harts. The mean astro-metri
 error, in non-radio sele
ted quasar surveys, is typi
ally a few ar
se
onds. In high resolutionradio sele
ted surveys, the astrometri
 error is often less than an ar
se
ond. About 12% of quasarsdete
ted have more than one (usually two) FIRST sour
es within the sear
h 
ir
le of 10 ar
se
 radius.In su
h 
ases, we have used all the FIRST sour
es asso
iated with the quasar in our analysis. This isbe
ause generally the 
ombined error in quasar and FIRST sour
e positions is too large to allow usto reliably determine whi
h of the two radio sour
es a
tually 
orresponds to the quasar 
ore. Thereare �1320 non dete
tions, amongst the HB93 quasars 
overed by FIRST, and we assign an upperlimit of 1mJy to their radio �ux at 1.4 GHz. Table 4.1 provides a summary of our radio dete
tionsand non-dete
tions. The radio and opti
al properties of the quasars with FIRST dete
tions (whi
hin
ludes all the new dete
tions in the radio) are summarized in Table 4.2. Dete
tions in the radioreported after the quasar 
atalog was published (mostly in BB97) are mentioned in the last 
olumn.Those quasars whi
h do not have the letter R in the sele
tion te
hnique 
ode and do not have are
ent radio dete
tion mentioned in the last 
olumn may be 
onsidered to be the new dete
tions.There are 69 su
h quasars in Table 4.2. The last eight entries are the additional list of mat
hesobtained using a 
orrelation with the USNO-A2.0 
atalog. These 8 mat
hes were obtained usingan indire
t 
omparison te
hnique, and have not been used in the statisti
al 
orrelations reported insubsequent se
tions.
22



IAU Sele
tion mpg Fpeak z Separation Alternative Re
ent radioDesignation Te
hnique (mJy) (ar
se
) designation dete
tion0002-018 O 18.70 62.26 1.71 1.20003-003 R 19.35 3111.27 1.03 0.6 3CR 20004+006 O 17.80 1.55 0.32 1.30009-018 O 18.4 1.61 1.07 2.2 UM 2120012-002 O 17 1.45 1.55 5.0 UM 2210012-004 O 18.6 12.67 1.70 0.70013-005 R 20.8 1050.26 1.57 1.6 PKS0013-005 O 18.6 1.72 0.31 0.5 A0019+003 O 18.4 8.31 0.69 0.40020-020 O 18.2 1.17 0.76 0.7Table 4.2: FIRST dete
tions of quasars. This table is presented in its entirety in the ele
troni
edition of the Astronomi
al Journal. A portion is shown here to illustrate its form and 
ontent.Sele
tion Te
hnique O:Obje
tive Prism, R: Radio, C: UV-Ex
ess, X: X-Ray, U: Sele
tion te
hniquenot mentioned.4.2.1 1343+266: not a gravitationally lensed quasar?This is a 
lose pair of quasars with identi
al redshift, similar spe
tra and separated by only �10ar
se
. Detailed spe
tros
opi
 observations have shown qualitative (eg. presen
e of 
ertain lines) aswell as quantitative (eg. ratio of line strengths) di�eren
es between the two quasars, strengtheningthe 
laim that this is not a gravitationally lensed pair, but a physi
ally asso
iated pair of quasars,possibly residing in a 
luster of galaxies at z = 2:03 (Crampton et al. 1988; Crotts et al. 1994).The opti
al luminosities are 
omparable, with 1343+266B having a luminosity higher by about 5%than 1343+266A. We �nd radio emission from only one of the quasars: 1343+266B has a �ux of8:9mJy. The separation between the gravitationally lensed quasar and the FIRST sour
e is 2.18ar
se
ond, whi
h is 
onsistent with an error of �1 ar
se
 ea
h in the quasar opti
al position andthe FIRST radio position. There is no radio emission asso
iated with 1343+266A at the FIRST�ux limit of 1mJy, be
ause the FIRST sour
e asso
iated with 1343+266B is 7.4 ar
se
 away, toofar to be asso
iated with 1343+266A, 
onsidering the highly a

urate astrometry done for this wellstudied pair of quasars. There is no other FIRST sour
e asso
iated with 1343+266A. This impliesthat the radio luminosity of 1343+266B is at least 8.9 times higher than that of 1343+266A, insharp 
ontrast to only 5% di�eren
e in their opti
al luminosity. Su
h radio asymmetry is strongeviden
e that the pair is not gravitationally lensed.4.3 Radio and opti
al properties4.3.1 Bivariate luminosity fun
tionsThe number of quasars with opti
al luminosity in the range (Lop; Lop + dLop), radio luminos-ity in the range (Lr; Lr + dLr) and redshift in the range (z; z + dz) is in general given by�(Lop; Lr; z) dLop dLr dv(z), where the luminosity fun
tion �(Lop; Lr; z) is the 
omoving numberdensity of quasars for unit ranges of the respe
tive luminosities, and dv(z) is a 
omoving volumeelement at z. If the radio and opti
al luminosities are independently distributed, it is possible toseparate the luminosity fun
tion as�(Lop; Lr; z) dLop dLr dv(z) = �op(Lop; z) dLopdv(z)�r(Lr) dLr: (4.3.1)There will be no 
orrelation between the opti
al and radio luminosities of the quasars des
ribed byEquation 4.3.1.Another form of the bivariate luminosity fun
tion extensively 
onsidered in the literature hasbeen �(Lop; Lr; z) dLop dLr dv(z) = �op(Lop; z) dLopdv(z)�R(R) dR; (4.3.2)23



Figure 4.3: Absolute magnitude MB of quasars in our sample as a fun
tion of redshift. Non-radiosele
ted (mostly opti
al) quasars with FIRST dete
tion are indi
ated by open 
ir
les, solid trianglesindi
ate radio sele
ted quasars. The upper limits are represented by dots.where R = LrLop = FrFop (1 + z)�r��op (4.3.3)and Fop and Fr are the opti
al and radio �ux densities at some �du
ial points in the spe
trum,whi
h we will take to be at 2500 Å and 5GHz respe
tively. Sin
e we take �op = �r = 0:5, the ratioof the luminosities is simply equal to the ratio of the �uxes. It is assumed here that the distributionof R is independent of the other variables. This form of the luminosity fun
tion was �rst introdu
edby S
hmidt (1970) to des
ribe the bivariate luminosity distribution of 3CR radio quasars. For agiven opti
al luminosity Lop, it follows from Equation 4.3.3 that the radio luminosity ranges fromRminLop to RmaxLop for R in the range Rmin < R < Rmax, and the mean radio luminosity is givenby hLri = hRiLop; hRi = Z RmaxRmin R�R(R) dR; (4.3.4)with the fun
tion �R(R) being normalized to unity. The luminosity fun
tion in Equation 4.3.2therefore implies that the mean radio luminosity in
reases with the opti
al luminosity.In the following se
tions we will see whether the data from the FIRST survey is 
onsistentwith either of the two forms of luminosity fun
tion. In our dis
ussion, we will use the followingnomen
lature to refer to di�erent 
lasses of quasars:� RSQ: Radio sele
ted quasars,� OSQD: non-radio (mostly opti
al) sele
ted quasars dete
ted by FIRST,� OSQU: non-radio sele
ted quasars with radio upper limits.The OSQD and OSQU in
lude a few X-ray sele
ted quasars, but their numbers are too small towarrant separate treatment. All radio sele
ted quasars lying in the area 
overed by FIRST haveradio emission higher than the FIRST limit of 1 mJy.We have shown in Figure 4.3 the variation of absolute magnitude with redshift for all thequasars in our sample. In this �gure, triangles represent RSQ while the OSQD are represented byopen 
ir
les and the OSQU by dots. The opti
al luminosity of the sample ranges over � 4 orders ofmagnitude, and the redshift goes upto � 3:6. All three kinds of quasar are distributed over mu
hof these wide ranges. 24



Figure 4.4: Radio luminosity as a fun
tion of redshift. The lo
us of dots indi
ates the 1 mJy upperlimits. The horizontal dotted line is the dividing radio luminosity between radio loud and radioquiet obje
ts used by MPM90. The solid horizontal line is the dividing luminosity that we have
hosen. The region of redshift spa
e explored by MPM90 is between the two verti
al dashed lines.4.3.2 Distribution of radio luminosityThe radio-sele
ted quasars (RSQ) in our sample have all been dis
overed in radio surveys with�ux limits mu
h higher than the 1mJy limit of the FIRST survey. For a given redshift, thesequasars will have mu
h higher radio luminosity than most of the non-radio sele
ted 
omponent ofour population. The radio luminosity distribution of the RSQ is 
onsequently not representativeof the distribution for the overall quasar population. We shall therefore omit the RSQ from thefollowing 
onsiderations, ex
ept where they are needed in some spe
i�
 
ontext.We have shown in Figure 4.4 a plot of the 5GHz radio luminosity against redshift for non-radio sele
ted quasars. The OSQD are shown as un�lled 
ir
les, while the OSQU are shown as dots,and form the almost 
ontinuous lower envelope whi
h indi
ates the radio luminosity 
orrespondingto a radio �ux of 1mJy over the redshift range. In Figure 4.5 is shown a plot of the 5GHz radioluminosity against the absolute blue magnitude for the non-radio sele
ted quasars. In this �guretoo, radio dete
tions are shown as open 
ir
les, and the radio upper limits as dots. There appearsto be a 
orrelation between the logarithm of the radio luminosity and absolute magnitude, in spiteof the large s
atter in radio luminosity for a given absolute magnitude. The linear 
orrelation
oe�
ient for the 135 radio dete
tions alone is 0:22, whi
h is signi�
ant at the > 99:9 per
ent
on�den
e level. However, it is seen from Figure 4.3 and Figure 4.4 that mean radio as well asopti
al luminosity in
rease with redshift, whi
h is due to the existen
e of a limiting radio �ux andapparent magnitude in the surveys in whi
h quasars are dis
overed. A situation 
an arise in whi
han observed 
orrelation between radio luminosity and absolute magnitude is mainly due to thedependen
e of ea
h luminosity on the redshift z. It is is important to see if the 
orrelation remainssigni�
ant when su
h an e�e
t of the redshift on the observed 
orrelation is taken into a

ount.This 
an be done by evaluating a partial linear 
orrelation 
oe�
ient as follows (Havil
ek & Crain1988; Kembhavi & Narlikar 1999).Let rLr;M , rLr;z and rM;z be the 
orrelation 
oe�
ients between the pairs logLr and M ,logLr and z, and M and z respe
tively. The partial linear 
orrelation 
oe�
ient is then de�ned byrLr;M ;z = r2Lr;M � rLr;zrM;zq1� r2Lr;zq1� r2M;z (4.3.5)The partial 
orrelation 
orrelation 
oe�
ient has the same statisti
al distribution as the25



Figure 4.5: Radio luminosity as a fun
tion of absolute magnitude. The �lled squares are radiodete
tions of quasars studied in MPM90. The other symbols are as in Figure 4.4. The dottedhorizontal line is the MPM90 dividing luminosity between radio loud and radio quiet quasars, inour units. The solid horizontal line is the dividing luminosity that we have 
hosen.ordinary 
orrelation 
oe�
ient and therefore the same tests of signi�
an
e 
an be applied to it.A statisti
ally signi�
ant value for it means that the luminosities are 
orrelated at that level ofsigni�
an
e even after a

ounting for their individual dependen
e on the redshift.For our sample of 135 radio dete
tions, the partial linear 
orrelation 
oe�
ient is 0.09, whi
his signi�
ant only at the 72 per
ent 
on�den
e level. The observed 
orrelation between the radioluminosity and absolute magnitude thus appears to be largely indu
ed by the e�e
t of the largerange in redshift over whi
h the sample is observed. The la
k of 
orrelation found here is 
onsistentwith the results of Miller, Pea
o
k and Mead (1990, hereafter MPM90) and Hooper et al. (1995).MPM90 have observed a sample of opti
ally sele
ted quasars, with redshift in the range1:8 < z < 2:5, with the VLA to a limiting sensitivity of � 1mJy at 5GHz. They dete
ted ninequasars out of a sample of 44; these obje
ts are shown in Figure 4.5 as �lled squares. The radioupper limits of MPM90 o

upy the same range as our upper limits shown in the �gure, and are notseparately indi
ated. MPM90 have 
ommented at length on the luminosity gap found between theirradio dete
tions and upper limits. They 
on
luded that the gap was indi
ative of a bimodality inthe distribution of radio luminosity, whi
h divides quasars into a radio loud population, with radioluminosity > 1025WHz�1 str�1, and a radio quiet population with luminosity < 1024WHz�1 str�1.The radio loud quasars were taken to be highly luminous representatives of the population of radiogalaxies, and the radio quiet population was taken to be like Seyfert galaxies. The 
onspi
uous gapbetween radio dete
tions and upper limits is absent in our data. It is seen in Figure 4.5 that theregion � 1032 <� Lr(5GHz) <� 1033 erg se
�1Hz�1 (whi
h 
orresponds to the gap found by MPM90for our units and 
onstants) is o

upied by many quasars. Only seven of these are in the redshiftrange of the MPM90 sample, whi
h probably explains why they did not �nd any quasars in the gap:our sample is about 30 times larger, and even then we �nd only a small number in the range. Thisdoes not however imply that there are no quasars with radio luminosity in the intermediate range.It is plausible that there are subtle sele
tion biases that prevent us from dete
ting su
h obje
ts inopti
al quasar surveys. Preliminary results from the FIRST Bright Quasar Survey (Be
ker et al.2000) seem to indi
ate that a bimodal distribution does not exist.In Figure 4.6 we show the distribution of the log of radio luminosity for the RSQ, the OSQDand the OSQU. The mean value for ea
h distribution is indi
ated by an arrow. The radio luminosityof the OSQD has a mean value of 1032:24 erg se
�1Hz�1, whi
h is approximately 1.5 orders ofmagnitude fainter than the mean luminosity of the RSQ, be
ause the latter were sele
ted in high26



Figure 4.6: Distribution of radio luminosity for the three kinds of quasars. The arrow indi
ates themean value.�ux limit surveys. The RSQ have a median radio �ux of� 400mJy, while there are only three OSQDwith radio �ux � 100mJy. The radio luminosity upper limits of the OSQU are well mixed with thefainter half of the luminosity distribution of the OSQD. The rather sharp 
uto� in the luminosityupper limit distribution of the OSQU is due to the �attening in the 1mJy luminosity envelopein Figure 4.4 at high redshifts. The upper limits peak at a luminosity whi
h is approximatelyhalf a de
ade lower than the peak in the luminosity distribution of the OSQD. The mean valuefor the OSQU is 1031:55 erg se
�1Hz�1. A Kolmogorov-Smirnov test on the distribution of radioluminosity of the OSQD and OSQU shows that these are drawn from di�erent distributions witha signi�
an
e of 99:9 per
ent. This is 
onsistent with a bimodal distribution amongst the radiodete
tions and upper limits. If the radio luminosity distribution is indeed bimodal, the presentradio upper limits, when observed to a limiting �ux signi�
antly less than 1mJy, would be foundto have radio luminosities 
onsiderably lesser than the present set of dete
tions.4.3.3 Distribution of radio-to-opti
al luminosity ratio RThe ratio R is de�ned using rest frame mono
hromati
 radio and opti
al luminosities at some�du
ial rest frame wavelengths. In the following we will 
hoose these to be at 5GHz and 2500 Å inthe radio and opti
al 
ase respe
tively. With our 
hoi
e of spe
tral indi
es �r = �op = 0:5, logR isgiven in terms of observed �ux densities at observed wavelengths at 5GHz and 2500 Å bylogR = logFr(5GHz)� logFop(2500): (4.3.6)Figure 4.7 shows the variation of R with redshift. There is 
onsiderable overlap for R <� 3between the radio dete
tions and upper limits, but there are only dete
tions at the highest valuesof R. There is only one upper limit with R > 3. At ea
h redshift, there is a maximum to theR upper limits, and this in
reases slowly with redshift, so that an envelope is seen. For an upperlimit to be found above the envelope, it would be ne
essary to have quasars at fainter opti
almagnitudes than are presently to be found in the HB 
atalogue. In the 
ase of the dete
tions, themaximum value Rmax(z) = Lr;max(z)=Lop;min(z) de
reases with redshift. This o

urs be
ause thein
rease in Lr;max(z) with redshift is slower than the in
rease in Lop;min(z) with redshift, as 
anbe seen from Figure 4.3 and Figure 4.4. Similarly, the minimum value of R for the dete
tions,Rmin(z) = Lr;min(z)=Lop;max(z), in
reases with redshift, be
ause Lop;max(z) in
reases slower thanLr;min(z).Figure 4.8 shows a histogram of logR for radio dete
tions (solid line) and radio upper limits(dashed line). For 
omparison, the distribution of R for the radio sele
ted quasars is shown as adotted line. An important question here is whether the distribution of R is bimodal. The numberof radio dete
tions is not large enough to provide information about the distribution of R overits wide range. However, as mentioned above, there is 
onsiderable overlap in the distributions of27



Figure 4.7: R as a fun
tion of redshift. Symbols are as in Figure 4.3.

Figure 4.8: Distribution of R for quasars with radio dete
tions (solid line), 
ompared to that forupper limits (dashed line). Radio sele
ted quasars are shown with a dotted line, for 
omparison.
28



the dete
tions and upper limits in the region 0 � R � 3. The question then is: 
an statisti
alte
hniques from the �eld of survival analysis (see e.g. Feigelson and Nelson 1985) be used todetermine the underlying distribution for a mixed sample of dete
tions and upper limits? If thisjoint distribution, and the overall distribution of dete
tions have distin
t maxima, then one 
ouldsay that the distribution of R amongst all quasars is bimodal. The appropriate te
hnique to derivethe joint distribution would be the Kaplan-Meier estimator in
luded as part of the ASURV pa
kage(LaValley, Isobe & Feigelson, 1992). One of the requirements of this estimator is that the probabilitythat an obje
t is 
ensored (i.e. it has an upper limit), is independent of the value of the 
ensoredvariable. If su
h random 
ensoring applies to our sample, then the shape of the observed distributionof R for the dete
tions and upper limits should be the same, in the region of overlap 0 � R � 3.A Kolmogorov-Smirnov test shows that the two distributions may be 
onsidered to be drawn fromthe same population at only �20 per
ent level of signi�
an
e. Due to the low level of signi�
an
eit is not possible to use the Kaplan-Meier estimator, or another similar to it, to obtain a jointdistribution. A radio survey with a lower limiting �ux than FIRST would be needed to 
onvertthe upper limits to dete
tions and to 
onstrain the distribution of R at its lower end. Additionalquasars with higher R values 
an be found by in
reasing the area 
overed by the FIRST survey.We have mentioned in subse
tion 4.3.1 that the separation of the bivariate luminosity fun
tionas in Equation 4.3.2 is most useful if R is independent of the opti
al luminosity. Moreover, su
h aseparation implies that the mean radio luminosity must in
rease with the opti
al luminosity. Su
ha 
orrelation between the luminosities is not seen in Figure 4.5, and as dis
ussed in subse
tion 4.3.2,Lr appears to be distributed independently of Lop (i.e. absolute magnitude). This requires that thedistribution of R depends on Lop and separation as in Equation 4.3.2 is not possible. Separation ofthe bivariate fun
tion as in Equation 4.3.1 therefore appears to be the preferred alternative.4.4 Radio-loud Fra
tionAs mentioned in the introdu
tion, the boundary between radio loud and radio quiet quasars 
an bede�ned either (1) in terms of a 
hara
teristi
 value of the radio to opti
al luminosity ratio R, sayR = 1, or (2) in terms of a 
hara
teristi
 radio luminosity. These two 
riteria are related to thetwo ways in whi
h the bivariate luminosity fun
tion 
an be split up between the opti
al and radioparts as dis
ussed in subse
tion 4.3.1. We have found no 
orrelation between the radio and opti
alluminosities, whi
h implies that a separation involving R, as in Equation 4.3.2 is not 
onsistent withthe data. The distribution of R therefore must be luminosity dependent, and using a single valueof R for separation between radio loud and quiet populations is not appropriate. In this situation,we prefer to adopt the 
riterion for radio loudness whi
h uses radio luminosity as the dis
riminantas in MPM90.The dividing radio luminosity 
hosen by MPM90, in our units, is 1033:1 erg se
�1Hz�1. This
hoi
e was made on the basis of a 
lear separation between radio dete
tions and upper limitsobserved by them, whi
h we do not �nd, as explained in subse
tion 4.3.2. We have shown theMPM90 division with a dashed line in Figure 4.5. It is seen that there is a region below this linewith a number of FIRST survey radio dete
tions, but no upper limits. It is therefore possible forus to redu
e the dividing luminosity to a level of 1032:5 erg se
�1Hz�1, whi
h is indi
ated by a solidline in the �gure. We de�ne as radio loud all quasars with Lr(5GHz) > 1032:5 erg se
�1Hz�1, andas radio quiet all quasars below this limit, even though they may have dete
table radio emission.The radio loud obje
ts tend to have bright absolute magnitudes, while a dominating fra
tion of theradio quite dete
tions have MB > �25. The faintest of the latter obje
ts 
ould perhaps be a
tivegalaxies like Seyferts, whi
h in the lo
al neighborhood are known to have lower radio luminositiesthan radio galaxies. The radio loud quasars 
an be 
onsidered to be luminous 
ounterparts of theradio galaxies, as in the uni�
ation model (Barthel 1989). If the radio loud and quiet 
lasses indeedrepresent su
h a physi
al division, then the host galaxies of the former would perhaps be ellipti
al,as is the 
ase with radio galaxies, while the hosts of the quiet obje
ts would be disk galaxies likethe Seyferts. Deep opti
al and near-IR imaging of di�erent types of quasars would help in settlingthis issue.We have plotted in Figure 4.9 the variation of radio loud fra
tion of all quasars as a fun
tion29



Figure 4.9: Radio loud fra
tion as a fun
tion of absolute magnitude. The error bar shown is thestandard deviation for a random binomial distribution in the radio dete
tion fra
tion.of absolute magnitude. The fra
tion here is taken to be the ratio of the number of radio loud quasarsto the number of all non-radio sele
ted quasars in one absolute magnitude wide bin. Ea
h point inFigure 4.9 is plotted at the 
entre of the absolute magnitude bin that it represents. The error barshown is the �1� deviation about the dete
ted fra
tion for a random binomial distribution in theradio loud fra
tion. We �nd that the radio loud fra
tion is independent of the absolute magnitudeforMB >� �25, while it in
reases at brighter absolute magnitudes. The reason for this is the in
reasein radio luminosity towards brighter absolute magnitudes seen in Figure 4.5, whi
h arises due to theexisten
e of opti
al and radio �ux limits and the 
onsequent redshift dependen
e of the observedluminosities. An expli
it dependen
e of the radio loud fra
tion on absolute magnitude would implya real 
orrelation between the radio and opti
al luminosities, whi
h is not 
onsistent with the dataas we argued in subse
tion 4.3.2.In Figure 4.10 we have shown the radio loud fra
tion as a fun
tion of redshift. Ea
h pointin the �gure represents quasars in a bin of width 0.1 in redshift. The error bars are 
omputed asin Figure 4.9. In 
ontrast with Hooper et al. (1996), we do not �nd a 
lear peak in the radio loudfra
tion between a redshift of 0.5 and 1. We �nd that that the radio loud fra
tion remains nearly
onstant upto a redshift of z ' 2:2. There is an indi
ation of in
rease in the radio loud fra
tion athigher redshift, but the number of obje
ts here is rather small, as is apparent from the size of theerror bars. A very sharp redu
tion in the radio loud fra
tion for z < 0:5 was found by BB97. Su
ha redu
tion is seen only when radio sele
ted and non-radio sele
ted quasars are 
onsidered together,and is also apparent in our data if the two kinds of obje
ts are mixed. We have 
hosen not to dothat, to keep our results free from biases introdu
ed by the radio sele
ted obje
ts, as explained insubse
tion 4.3.2.The large 1� error bars, on the plots presented in this se
tion, are 
aused by the relativelyfew non-radio sele
ted quasar dete
tions. Due to these error bars it is not possible to distinguishunambiguously between alternatives regarding the dependen
e of radio loud fra
tion on other ob-servable properties. More data would be required to 
on�rm or refute our preliminary 
on
lusionsregarding the evolution of radio loud fra
tion with absolute magnitude and redshift.4.5 SummaryThe main results of the work des
ribed in this 
hapter are:� We have reported radio dete
tions of 69 previously undete
ted quasars.30



Figure 4.10: Radio loud fra
tion of quasars as a fun
tion of redshift. The error bars are obtainedas in Figure 4.9.� We have found additional eviden
e that the 
lose pair of quasars 1343+266A and 1343+266Bare not gravitationally lensed.� We have found no 
orrelation between radio luminosity and opti
al luminosity for the non-radio sele
ted quasars. Our data is 
onsistent with a bimodal distribution in radio luminosity.The distribution of the ratio of radio to opti
al luminosity is also bimodal, but this may havelittle relevan
e be
ause of the la
k of a 
lear 
orrelation between radio and opti
al luminosities.� The data indi
ate that radio loud fra
tion is not strongly dependent on absolute magnitude,whi
h is 
onsistent with the la
k of 
orrelation between radio and opti
al luminosities.� The data indi
ate that radio loud fra
tion does vary signi�
antly with redshift.The highly heterogeneous nature of the sample used here makes it inappropriate for studies inparameter ranges where it is seriously in
omplete e.g. at high redshift and high radio luminosities.Large surveys like the Digitized Palomar Observatory Sky Survey (DPOSS) and the Sloan DigitalSky Survey (SDSS) will remedy this situation, by providing a large number of quasar 
andidatesfor spe
tros
opi
 follow up.It is possible that the radio emission from radio loud and radio quiet quasars may be poweredby entirely di�erent physi
al me
hanisms. In re
ent years, there have been suggestions that radioemission in radio quiet quasars originates in a nu
lear starburst rather than a

retion onto a 
entralengine (Terlevi
h et al. 1992). A logi
al step in testing this idea is to look for di�eren
es in the radioand opti
al morphology of the quasar environment for the two quasar populations (eg. Kellerman1994). This will require a systemati
 study of radio morphology of quasar environments obtainedfrom a deep, high resolution survey with good 
overage of the u,v-plane.It is also of great interest to see how the results reported in this 
hapter apply to the lowredshift, low luminosity 
ounterparts of quasars - the a
tive gala
ti
 nu
lei. We pro
eed to do thatin the next 
hapter.
31



Chapter 5Radio emission from AGNThis 
hapter is largely based on Wadadekar & Kembhavi (2000). Using the most re
ent (July 1999) version of theVLA FIRST survey radio 
atalog, we have sear
hed for radio emission from 1219 AGN taken from the most re
ent(2000) version of the Veron-Cetty and Veron AGN 
atalog. These AGN lie in the �6000 square degrees of sky already
overed by the VLA FIRST survey. Our work has resulted in positive dete
tion of nu
lear radio emission from 521AGN of whi
h 206 AGN have been dete
ted for the �rst time at radio wavelengths.5.1 Introdu
tionIn the simpli�ed hypothesis for uni�
ation of AGN, there are basi
ally just two types of AGN- the radio quiet and the radio loud. For ea
h type there is a range of intrinsi
 radio luminosity.However, at a given intrinsi
 luminosity, all other properties of AGN from spe
tros
opi
 
lassi�
ationto VLBI 
omponent speeds 
an be as
ribed to orientation e�e
ts. Su
h a strong hypothesis is ruledout by many observations. The true situation may be somewhere in between this and the oppositepossibility that orientation does not a�e
t 
lassi�
ation at all.A straightforward test of the uni�
ation hypothesis is to see if a property that is not ori-entation dependent has similar values for di�erent 
lasses of AGN. Assuming that the standarduni�
ation s
heme for AGN is valid (See Se
tion 3.2), radio and FIR luminosities of AGN are ex-pe
ted to be orientation independent, ex
ept over a small angle where Doppler boosting of radiojets o

urs. This is be
ause neutral gas and dust surrounding the radio sour
e itself 
annot obs
ureit, and even ionized gas (found in nu
lear starbursts) is transparent at radio frequen
ies � > 3GHz. In fa
t, the most 
ompa
t nu
lear starbursts are transparent only at radio and far infrared(FIR) wavelengths. At other wavelengths, absorption of the radiation by the intervening mattersurrounding the nu
leus is signi�
ant and it is very di�
ult to measure the intrinsi
 luminosity. Theuni�
ation s
heme 
an thus be e�e
tively tested by radio observations of di�erent kinds of AGN.Radio observations of several samples of AGN (spe
i�
ally Seyfert galaxies) have been madein re
ent years. The aim of these studies was to use statisti
al properties of radio sour
es in thesegalaxies to draw 
on
lusions about their physi
al 
hara
ter, and to test the uni�
ation s
heme. DeBruyn & Wilson (1976,1978) surveyed a sample of 43 Markarian Seyferts and found that Seyfert2 galaxies have a higher radio luminosity than Seyfert 1 galaxies. Ulvestad & Wilson (1984) usedhigh resolution data from the VLA on a radio �ux limited sample of 79 Markarian Seyferts and adistan
e limited sample of 25 Seyfert galaxies. They found that Seyfert 2 galaxies are systemati
allymore luminous than Seyfert 1 galaxies and that a weak 
orrelation exists between sizes and powersof nu
lear radio sour
es in Seyferts. On average, Seyfert 2 radio sour
es are larger than thoseof type 1 Seyferts. However, in a subsequent study, Ulvestad & Wilson (1989) found that theirsample of Seyfert 2's 
ould have been a biased one. Their analysis of a distan
e limited sample of 27Seyfert galaxies that was free of these biases showed that the earlier 
on
lusions was not statisti
allysigni�
ant. This new result supported the �nding of Edelson (1987) that there was no signi�
antdi�eren
e between the radio luminosities of the Seyfert 2 and Seyfert 1 galaxies in his magnitudelimited sample of 42 Seyferts.All the above studies of radio emission in AGN have been plagued by small sample sizes, andsome of them also by sele
tion biases that were only dis
overed many years later. In this work weuse FIRST survey data to look for radio emission from over 1600 AGN, lying in the 
urrent FIRST32



survey area. Our sample is over an order of magnitude larger than samples in previous studies.However, it is a motley 
olle
tion of a
tive galaxies rather than a well de�ned, 
omplete sample.The large sample size, however, makes it possible for us to re
ognize useful statisti
al trends in thedata. Radio emission in the low luminosity AGN su
h as Seyfert galaxies 
an be 
aused by twodistin
t physi
al me
hanisms: (i) Non-thermal syn
hrotron emission from the disk is powered bythermal pro
esses in H-II regions surrounding massive short lived stars and by 
osmi
 rays a

eler-ated in the supernova remnants of these stars. Su
h radio emission shows a tight 
orrelation withthe far infrared (FIR) emission (Condon, Anderson, & Helou 1991). These star forming regions maybe distributed anywhere within the disk in
luding the nu
lear region. The FIR emission is thoughtto be mostly thermal emission from nu
lear dust that is heated by the opti
al-ultraviolet 
ontinuumsour
e, rather than non-thermal syn
hrotron emission (Roy et al. 1998). (ii) Nu
lear radio emissionin Seyfert galaxies 
an also be powered by a 
entral engine, as in the 
ase of radio galaxies and ofquasars. This non-thermal nu
lear emission originates from a 
ompa
t, high brightness temperature
ore, and from the surrounding �100 parse
 s
ale stru
tures that are low power analogues of thejets in powerful radio galaxies. The nu
lear jets are intimately asso
iated with narrow-line region
louds (Evans et al. 1991). The 
louds are ex
ited by non-thermal a

retion related pro
esses andthe radio knots are not expe
ted to display the radio-FIR 
orrelation.The existen
e of two me
hanisms for the radio emission gives rise to two possibilities: (i)Seyfert galaxies that la
k a 
ompa
t radio 
ore should display a good radio-FIR 
orrelation while(ii) Seyferts with strong radio 
ores should have an ex
ess of radio emission and should not followthe radio-FIR 
orrelation. In the extreme 
ase for AGN with strong 
ore radio emission su
h asin radio loud quasars, no radio-FIR 
orrelation should be seen. This is indeed the 
ase (Sopp &Alexander 1991).Our AGN sample is drawn from the most re
ent (9th) edition of the Veron-Cetty and Veron(2000) 
atalog (hereafter VV00), whi
h is a 
omplete survey of the literature and lists all quasarsand a
tive nu
lei known to the authors of the 
atalog prior to Mar
h 1, 2000. They de�ne a quasaras a starlike obje
t, or obje
t with a starlike nu
leus, brighter than absolute magnitude MB = �23(using H0 = 50 km se
�1Mp
�1, q0 = 0, and opti
al spe
tral index �op = 0:3). Obje
ts fainterthan this limit appear in Table 3 of the 
atalog, whi
h we have used in our work. Some of theobje
ts listed in this table would move to Table 1 (whi
h lists quasars) and vi
e versa for a di�erent
hoi
e of 
osmologi
al parameters. Variability and the size of the diaphragm used for the apparentmagnitude measurement may have a similar e�e
t, as the 
ontribution of the underlying host galaxymay be signi�
ant for the faint quasars. Su
h a 
riterion has the additional short
oming that athigher redshifts the AGN luminosity fun
tion is arti�
ially trun
ated. However, these 
aveats insample identi�
ation are o�set by the large size of the sample - 4428 a
tive galaxies are listed inTable 3 of the 
atalog, of whi
h 1614 lie in the area 
urrently 
overed by the FIRST survey.5.2 Radio/opti
al 
omparisonsWe 
ompare the positions of AGN listed in VV00 to the positions of radio sour
es in the FIRST radiosour
e 
atalog (July 21, 1999 version publi
ly available at http://sundog.sts
i.edu/ ), and 
al
ulatethe angular separation between ea
h AGN and ea
h FIRST sour
e. Note that we use here a versionof the 
atalog that is more re
ent and 
ontains about 20% more sour
es than the version used in thework reported in the Chapter 4. As mentioned in Se
tion 4.2, 4% of sour
es in the FIRST 
ataloghave been tagged as possible sidelobes of bright sour
es. Of these, <10% are real sour
es and
onsiderably less than 1% of the un�agged sour
es in the 
atalog are sidelobes. We have ex
ludedsu
h �agged sidelobe sour
es from our 
ross 
orrelation. We are then left with a total of 530,011un�agged sour
es in the northern and southern strips, 
overing a total area of about 6060 squaredegrees. On an average, there are 87.46 un�agged FIRST sour
es per square degree of sky.In order to �nd 
oin
iden
es between VV00 and FIRST sour
es, we adopt the same te
hniqueas used in the previous 
hapter. We begin with a sear
h 
ir
le of radius of 300 ar
se
 
entered onea
h VV00 AGN, and look for FIRST radio sour
es within this 
ir
le. When there is more than oneFIRST sour
e in the sear
h 
ir
le, we tentatively a

ept all su
h sour
es as mat
hes. In Figure 4.2we show a histogram of the angular separation between the VV00 quasars and the FIRST sour
es33



Figure 5.1: A histogram of the angular separation between the AGN and the 
orresponding FIRSTsour
e. The straight line is the number of 
han
e mat
hes expe
ted, in annuli of radius shown onthe X-axis having a width of 5 ar
se
, if the FIRST sour
es were randomly distributed in the sky.Number of VV00 AGN in FIRST area: 1614Number of AGN with radio dete
tions: 521Number of non-dete
tions: 1093Per
entage of AGN with radio emissiondete
ted by FIRST: 32%Table 5.1: Summary of radio dete
tionsfound in the sear
h 
ir
les.To see whi
h of the radio sour
es found 
an be a

epted as true identi�
ations, we estimatethe AGN-FIRST sour
e 
han
e 
oin
iden
e rate for a random distribution of FIRST survey sour
esusing a te
hnique identi
al to the one dis
ussed in Se
tion 4.2. The straight line in Figure 5.1is the expe
ted number of 
han
e 
oin
iden
es between quasars and FIRST sour
es, in annuli ofradius shown on the abs
issa and width 5 ar
se
 around the quasars. It is seen from the �gure thatthe expe
ted number of 
han
e 
oin
iden
es 
losely mat
hes the number of a
tual 
oin
iden
es forradius � 40 ar
se
, indi
ating that most FIRST sour
es found more than 40 ar
se
 away from theAGN are 
han
e 
oin
iden
es. On the other hand, mat
hes within 3 ar
se
 are almost all real (lessthan 0.05% 
han
e identi�
ation probability).The high resolution and ex
ellent astrometri
 a

ura
y of the FIRST survey makes it wellsuited for studies of 
ompa
t radio sour
es. Nu
lear regions of AGN are known to have 
ompa
tradio sour
es, and these are the fo
us of the present study. For our 
hoi
e of 
osmologi
al parameters(H0 = 50 km se
�1Mp
�1 and q0 = 0:5), for an overwhelming majority of AGN in our sample, anangular size of 3 ar
se
 
orresponds to a spatial s
ale of <3 kp
, and we are essentially studyingradio emission from a region less than 3 kp
 away from the 
enter of the galaxy. We, therefore,miss out those AGN whi
h may have signi�
ant radio emission 
oming from the extended radiolobes, but no a
tive nu
lear emission. Although su
h a s
enario is quite likely in a sample of radiogalaxies, it is not very likely to o

ur for the Seyfert galaxies in our sample whi
h are known topossess relatively strong radio 
ores with most of the radio emission 
oming from the nu
lear region(e.g. Ulvestad & Wilson 1989). We would however miss the radio sour
es lo
ated in starformingregions more than 3 ar
se
 from the 
enter of the galaxy.We use a sear
h 
ir
le of radius 3 ar
se
 and 
ount all mat
hes found within this radius astrue mat
hes. All subsequent dis
ussion about the radio properties of the AGN only uses mat
hesobtained with this sear
h radius. 34



Class Number in area 
overed Number dete
tedby FIRST by FIRSTSeyfert 1 264 89Intermediate type Seyferts 212 117Seyfert 2 170 96Seyfert 3 (LINERS) 39 29Un
on�rmed Seyfertsa 111 97H-II regions 54 26Unlistedb 764 67Table 5.2: Number of radio dete
tions of various 
lasses of AGN at the 1 mJy �ux limit of theFIRST survey. aMost of these identi�
ations are from White et al. (2000) and will require furtherspe
tros
opi
 observations to 
on�rm their status. bThese sour
es do not have a 
lass listed in theVV00 
atalog.We have 521 AGN with a FIRST sour
e lo
ated less than 3 ar
se
 away from the 
entreof the AGN. Only 1 AGN (NGC 1068) has two FIRST sour
es within three ar
se
 of its nu
leus.There are 1093 non dete
tions, amongst the VV00 AGN 
overed by FIRST, and we assign an upperlimit of 1mJy to their radio �ux at 1.4 GHz. Table 5.1 provides a summary of our radio dete
tions.Table 5.2 lists the number of dete
tions for the various types of AGN listed in VV00.The radio and opti
al properties of the AGN with dete
tions are summarized in Table 5.3.The 
olumns are follows:Column 1: The most 
ommon name for the obje
t as listed in VV00. The 206 radio dete
tionswith a � pre
eding their designation have not been previously dete
ted as a radio sour
e and thiswork presents the �rst radio dete
tion of the obje
ts. The la
k of previous radio dete
tion is eitherbe
ause the obje
t had not been observed or be
ause its �ux was lower than the sensitivity limitrea
hed by previous radio observations of that obje
t. There was therefore no uniform upper limitto the �ux density of these previously undete
ted obje
ts.Column 2: Obje
t 
lass as listed in VV00Column 3: The redshift as published in the literature. A � in front of the redshift meansthat it has been estimated from a low dispersion slitless spe
trum and is of lesser a

ura
y.Column 4: The photoele
tri
 or photographi
 V magnitude. We have 
onverted the variousmagnitudes listed in VV00 to V magnitudes using B � V = 0:4, V �R = 0:17 and V � I = 0:7Columns 5,6: Coordinates for the radio sour
e from the FIRST sour
e 
atalog.Columns 7,8: Peak and integrated radio �ux densities for the radio sour
e.Column 9: Angular separation between AGN and FIRST sour
e.Table 5.3: FIRST dete
tions of AGN. The 
omplete table is available in ele
-troni
 form with us. A portion is shown here for guidan
e regarding its formand 
ontent. The various 
olumns listed are des
ribed in the text.Designation Category z V R.A. De
. Fpeak Fint Sep.(J2000) (J2000) (mJy) (mJy) (ar
se
)MS 00071-0231 S1 0.087 16.33 00:09:39.59 -02:14:36.5 1.82 1.87 1.49�UM 213 H2 0.041 16. 00:12:17.81 -00:06:09.4 1.15 1.43 1.50Q 0019+0022A 0.314 18.6 00:21:41.04 +00:38:41.3 1.72 1.38 0.60�MARK 549 S1 0.039 15.55 00:21:53.80 -01:36:36.6 2.84 3.03 0.61�UM 246 S2 0.060 16.0 00:29:44.89 +00:10:11.1 3.75 4.26 0.24�UM 254 H2 0.044 17. 00:31:34.34 -02:09:18.5 2.32 3.35 0.76IRAS 00321-0018 S2 0.043 14.4 00:34:43.50 -00:02:26.9 55.18 56.68 1.11�MARK 955 S2 0.035 14.09 00:37:35.83 +00:16:50.6 5.95 7.06 0.60�MS 00390-0145 S1 0.110 17.86 00:41:36.79 -01:29:12.6 1.27 0.80 0.40MS 00533-1035 0.308 19.4 00:55:50.70 -10:19:06.2 2.07 3.03 1.85
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Figure 5.2: Radio luminosity as a fun
tion of redshift. The various symbols used 
orrespond to thevarious kinds of AGN, as explained in the text. The lower lo
us of dots indi
ates the 1 mJy upperlimits.5.3 Distribution of radio luminosityWe have shown in Figure 5.2 a plot of the 5GHz radio luminosity against redshift for the AGN. Thenon-dete
tions are shown as dots, and form the almost 
ontinuous lower envelope whi
h indi
ates theradio luminosity 
orresponding to a radio �ux of 1mJy over the redshift range shown. The trianglesindi
ate Seyfert 1 galaxies, the open 
ir
les indi
ate Seyfert 2 galaxies, the asterisks indi
ate Seyfert3 (LINER) galaxies, 
rosses indi
ate H-II regions, while the �lled squares indi
ate those sour
esfor whi
h a 
ategory is not listed in the VV00 
atalog. The same symbols are used in subsequent�gures.Seyfert 1 and Seyfert 2 galaxies span the entire redshift range shown in the �gure. However,H-II regions and LINERS are predominantly seen at low redshifts. This is be
ause the low averageradio luminosity of these obje
ts makes them dete
table above the FIRST �ux limit only at lowredshifts. Another trend seen is that many of the highest redshift AGN do not have a 
lassi�
ationin VV00 (these are indi
ated by �lled squares). Many of these obje
ts are in reality moderateredshift quasars, whi
h have been in
luded in Table 3 of VV00, only be
ause they have absolutemagnitude MB > �23.In Figure 5.4 is shown a plot of the 5GHz radio luminosity against the absolute magnitudefor the radio dete
tions. In this �gure, there is a 
lear 
orrelation between the logarithm of theradio luminosity and absolute magnitude. The linear 
orrelation 
oe�
ient for the radio dete
tionsis �0:54, whi
h is signi�
ant at the > 99:9% 
on�den
e level.However, it is seen from Figure 5.3 and Figure 5.2 that mean radio and opti
al luminosity bothin
rease with redshift, whi
h is due to the existen
e of a limiting radio �ux and apparent magnitudein the surveys in whi
h quasars are dis
overed. It is possible that the observed 
orrelation betweenradio and opti
al luminosities is mainly due to the separate dependen
e of ea
h luminosity on theredshift z. It is important to see if the 
orrelation remains signi�
ant when su
h an e�e
t of theredshift on the observed 
orrelation is taken into a

ount. This is done by evaluating a partial linear
orrelation 
oe�
ient as des
ribed in subse
tion 4.3.2.For our sample of 521 radio dete
tions, the partial linear 
orrelation 
oe�
ient is just 0:003,whi
h is signi�
ant only at the 66% 
on�den
e level. The observed 
orrelation between the radioluminosity and absolute magnitude is thus entirely indu
ed by the e�e
t of the range in redshiftover whi
h the sample is observed. Within the redshift range whi
h we have explored, radio andopti
al luminosities of AGN are not 
orrelated with ea
h other. This la
k of 
orrelation betweenradio and opti
al luminosities is also re�e
ted in the large s
atter and la
k of 
orrelation in a plot ofradio versus opti
al �ux (Figure 5.5). Edelson (1987) has reported a highly signi�
ant 
orrelation36



Figure 5.3: Absolute magnitude of the AGN in our sample as a fun
tion of redshift. The symbolsare as in Figure 5.2.

Figure 5.4: Radio luminosity as a fun
tion of absolute magnitude. The symbols are as in Figure 5.2.
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Figure 5.5: Radio �ux as a fun
tion of apparent magnitude. The symbols are as in Figure 5.2.Seyfert 1 Seyfert 2Mean radio sour
e size (kp
) 2.07�1:97 2.67�2:24Mean log radio luminosity ( erg se
�1Hz�1) 30.27�0:96 29.64�1:46Table 5.4: Mean radio sour
e size and mean radio luminosity for Seyfert 1 and Seyfert 2 galaxies.between the radio and opti
al luminosities of Seyfert galaxies. However, the 
on
lusions in thatpaper are erroneous be
ause the author failed to take into a

ount the e�e
t of the redshift, as wehave done here. Our 
on
lusions are not a�e
ted when we 
onsider the radio-opti
al 
orrelationseparately for Seyfert 1 and Seyfert 2 galaxies. The la
k of 
orrelation is not altogether unexpe
ted,be
ause the radio emission very likely originates entirely in a non-thermal nu
lear sour
e while theopti
al emission has signi�
ant 
ontribution from stars in the disk of the underlying galaxy.5.4 Radio luminosities of Seyfert galaxiesWe looked for di�eren
es in radio sour
e luminosity and size for the Seyfert 1 and Seyfert 2 galaxies.We have used the Seyfert 
lassi�
ations listed in the VV00 
atalog, without attempting to verifythem independently. To avoid 
onfusion from borderline 
lassi�
ations, we used only those galaxieswith a reliable 
lassi�
ation of Seyfert 1 or Seyfert 2, reje
ting the intermediate types (Seyfert 1.2,1.5, 1.8 et
.). We have FIRST dete
tions for 89 out of the 264 Seyfert 1 and 96 out of the 170Seyfert 2 galaxies in our sample. The dete
tion rate is thus about 34% for the Seyfert 1 and 56% forthe Seyfert 2 at the 1 mJy level. This is broadly 
onsistent with the �ndings of other resear
herssu
h as Roy et al. (1994) who also �nd that the Seyfert 2 have a higher radio dete
tion rate (46%)than the Seyfert 1 (26%).We list in Table 5.4 the mean radio sour
e size and mean radio luminosity (with their respe
-tive standard deviations) for the two types of galaxies in our sample. The mean radio luminosity ofboth types of Seyferts is two orders of magnitude lower than even the opti
ally sele
ted quasars (seeFigure 4.6), most of whi
h fall in the 
ategory of radio quiet quasars. Though the radio emissionfrom Seyferts is weak, it is still two orders of magnitude higher than the typi
al emission fromnormal galaxies (Wunderli
h, Klein & Wielebinski 1987). A Kolmogorov-Smirnov test shows thatthe null hypothesis that the radio luminosity distributions of Seyfert 1 and Seyfert 2 are drawn fromthe same populations is disproved only at the 97% signi�
an
e level.The table indi
ates that the mean radio luminosity of the Seyfert 1 is greater than that of38



Figure 5.6: Redshift distribution of the dete
tions for the Seyfert 1 (top panel) and the Seyfert 2(bottom panel) galaxies.the Seyfert 2. This rather surprising result whi
h is 
ontrary to the �ndings of previous work, maybe understood by examining the redshift distribution of our Seyfert dete
tions shown in Figure 5.6.The �gure shows that our sample is slightly biased in redshift - the Seyfert 2 have a slightly lowermean redshift 
ompared to the Seyfert 1 galaxies. Their �ux distribution on the other hand, isalmost identi
al. This implies that the mean luminosity of the Seyfert 1 in our sample would behigher, whi
h indeed it is. However the standard deviation of the radio luminosity is higher thanthe di�eren
e in mean luminosities and therefore a strong statisti
al 
on
lusion 
annot be drawnfrom our data.The standard deviations for the radio sour
e size are rather large be
ause several sour
es areunresolved in the FIRST survey and are listed with a de
onvolved sour
e size of 0.00 ar
se
 in theFIRST 
atalog. The table shows that the di�eren
e in radio sour
e size between the two Seyferttypes is not signi�
ant.The similarity between radio luminosity and radio sour
e sizes for the two 
lasses of Seyfertsis 
onsistent with the expe
tation from the orientation based uni�
ation s
heme.5.4.1 Normalized radio luminositiesEdelson (1987) found no signi�
ant di�eren
e between the radio luminosities of Seyfert 1 and Seyfert2 galaxies in his sample. Nevertheless, when Edelson normalized his radio luminosities to the totalopti
al luminosity, he did �nd that Seyfert 2 galaxies are on the average twi
e as luminous as Seyfert1 galaxies, at the 99% 
on�den
e level. We used the radio to opti
al luminosity ratio R as de�nedin subse
tion 4.3.3 as a measure of normalized radio luminosities for the the two types of Seyferts.For Seyfert 1 galaxies the mean value of logR is �0:02�2:69, while for Seyfert 2 galaxies, the meanvalue of logR is 0:00 � 2:13. In fa
t, we �nd that the mean normalized radio luminosity of the39



Seyfert 1 is nearly identi
al to that of the Seyfert 2. A Kolmogorov-Smirnov test disproves the nullhypothesis that the distributions of R are the same only at the 97% signi�
an
e level.5.5 SummaryThe results of the work reported in this 
hapter are:� We have dete
ted nu
lear radio emissions from 521 AGN of whi
h 206 were previously unde-te
ted in the radio. We have dete
ted nu
lear emission from � 32% of the known AGN at a�ux limit of 1 mJy.� We do not �nd a statisti
ally signi�
ant 
orrelation between radio luminosity of the AGN andthe opti
al luminosity of the underlying host galaxy. The apparent 
orrelation seen is 
ausedentirely by the e�e
ts of redshift.� We �nd no signi�
ant statisti
al di�eren
e in the distribution of radio luminosity, the radiosour
e size and the radio to opti
al luminosity ratio of Seyfert 1 and Seyfert 2 galaxies,
ontrary to some previous studies. Our �ndings are 
onsistent with the expe
tation fromstandard Seyfert uni�
ation models.An important short
oming of the opti
al sour
e samples used in the previous two 
hapters is thatthey are not 
omplete samples in any sense, but are merely 
ompilations of di�erent samples, ea
hwith its own known and unknown biases. Pra
ti
ally, this implies that a luminosity fun
tion forthese sour
es 
annot be 
onstru
ted from the present data. In order to make that possible, datafrom a 
omplete sample of opti
al sour
es must be 
ombined with the 
omplete sample of radiosour
es from FIRST. The DPOSS survey provides su
h an opti
al survey. Preliminary results ofour work to 
orrelate FIRST with DPOSS form the subje
t of the next 
hapter.
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Chapter 6Opti
al Identi�
ation of FIRST sour
eswith DPOSSThe se
ond strategy for obtaining the opti
al identi�
ations of FIRST sour
es is to use an unbiased opti
al surveyfor obtaining opti
al 
ounterparts. In this 
hapter, we provide some results from a 
orrelation of FIRST sour
eswith an opti
al 
atalog 
onstru
ted from the DPOSS survey. We have identi�ed over 200 faint quasar 
andidates forspe
tros
opi
 followup. A 
andidate list for high z quasars has also been 
onstru
ted.6.1 Introdu
tionThe Palomar Digitized Sky Survey (DPOSS), whi
h we brie�y des
ribed in Se
tion 2.2 is a digitizedversion of the POSS-II photographi
 sky atlas. It is based on the s
ans of the original plates, doneat the Spa
e Teles
ope S
ien
e Institute, USA.The goal of this survey is to provide a modern, uniform digitized data set 
overing the entirenorthern sky in 3 survey bands (photographi
 JFN , 
alibrated using CCD observations to Gunngri), with a high photometri
 and obje
t-
lassi�
ation a

ura
y to enable a wide range of s
ienti�
follow-up studies.While any digitized survey su
h as DPOSS, that uses s
anned photographi
 plates, is inferiorin quality to the fully digital sky surveys su
h as the SDSS, the SDSS data will not be generallyavailable over the entire northern sky until 2005. In the meantime, DPOSS 
an provide to theastronomi
al 
ommunity data of adequate quality for many s
ienti�
 studies envisioned for theSDSS. DPOSS has the additional advantage that it will also 
over the lower Gala
ti
 latitudes,where SDSS data will not exist. DPOSS 
an therefore be used to study those gala
ti
 sour
es aswell whi
h predominate at lower gala
ti
 latitudes.The POSS-II 
overs the entire northern sky (Æ > �3Æ) with 894 overlapping �elds (6:5Æ squareea
h with 5Æ spa
ings), and, unlike the older POSS-I, it has no gaps in 
overage. Approximatelyhalf of the survey area has been 
overed at least twi
e in ea
h band, due to plate overlaps. Platesare taken in three bands: blue-green, IIIa-J + GG395, �eff � 480 nm; red, IIIa-F + RG610,�eff � 650 nm; and very near-IR, IV-N + RG9, �eff � 850 nm. Typi
al limiting magnitudesrea
hed are BJ � 22:5, RF � 20:8, and IN � 19:5, i.e., � 1 � 1:5 magnitudes deeper than thePOSS-I. The image quality is improved relative to the POSS-I, and is 
omparable to the southernphotographi
 sky surveys. Preliminary astrometri
 solutions are good to a r.m.s. of� 0:5 ar
se
, andmore detailed solutions are expe
ted to rea
h a r.m.s. of � 0:3 ar
se
. An arti�
ial neural networkbased star/galaxy 
lassi�
ation is a

urate to 90% or better down to � 1 magnitude brighter thanthe dete
tion limit.DPOSS data are superior to the widely available DSS s
ans made from POSS-I for thefollowing reasons:1. the original plates, rather than se
ond 
opies, are s
anned.2. the plates have a �ner grain, better image quality, and rea
h � 1 magnitude deeper thanPOSS-I.3. the s
ans have an improved dynami
al range and �ner pixels, viz., 1.0 ar
se
 instead of 1.73ar
se
 used in the DSS s
ans. 41



Field name R.A. range De
. rangef441 12:04:21.26 - 12:32:31.19 +26:45:04.9 - 32:46:49.3f443 12:50:25.59 - 13:18:14.18 +26:47:15.2 - 32:45:24.2f445 13:35:14.88 - 14:05:14.88 +26:36:03.4 - 32:57:28.5Table 6.1: Coordinates of the high gala
ti
 latitude DPOSS �elds 
hosen for 
ross 
orrelation withFIRST.4. extensive CCD 
alibration data on the DPOSS is being obtained using the Palomar 60-in
hteles
ope with some additional data on the equatorial �elds being obtained at CTIO and ESO.The data are 
alibrated to the Gunn gri system to make 
omparisons with the SDSS easier.The digitized plates 
onstitute about 4 terabytes of data. To make this vast data set usable bythe astronomi
al 
ommunity, the �nal data produ
t of the survey will be released as the Palomar-Norris Sky Catalog (PNSC), whi
h will 
ontain 
ataloged data on all obje
ts down to the survey limit(equivalent to Blim � 22), with 
lassi�
ations and their statisti
ally estimated a

ura
y availabledown to � 1 magnitude above the dete
tion threshold. The 
atalog will be 
onfusion limited atlow Gala
ti
 latitudes, where the surfa
e density of sour
es ex
eeds � 20 million per plate; most ofthese obje
ts are gala
ti
 stars. The 
atalog is estimated to 
ontain > 50 million galaxies, and > 2billion stars, in
luding � 105 quasars. The expe
ted median redshift for the galaxies is z � 0:2.There are several motivations for obtaining opti
al identi�
ations of sour
es dete
ted in theFIRST survey using a large area sky survey su
h as DPOSS. The identi�
ations will in
lude manykinds of astrophysi
ally interesting obje
ts - ultraluminous IR galaxies, distant and/or pe
uliarquasars and many kinds of a
tive galaxies. It is also possible that the identi�
ations will 
ontainrare, or even previously unknown types of obje
ts, as de�ned by 
lustering in the parameter spa
e,e.g., obje
ts with unusual 
olors and/or morphologi
al stru
ture. Statisti
al studies of even rareobje
ts will be
ome possible, be
ause the 
orrelation of the entire FIRST survey with DPOSS willprovide a mat
hed dataset of over 105 sour
es.6.2 CCD 
alibration of DPOSS sour
esAn average of two CCD �elds per plate are being obtained by the DPOSS team for 
alibrationpurposes, in the three Gunn gri bands. A photometri
 transformation equation is derived forea
h plate, that allows the 
onversion of photographi
 JFN magnitudes to the standard Gunn grimagnitudes. The Gunn photometri
 system was 
hosen as the standard to fa
ilitate 
omparison ofDPOSS photometry with that from the SDSS whi
h also uses this system.Ea
h DPOSS sour
e is marked on a plot of photographi
 magnitude versus the 
orresponding
alibrated magnitude in the Gunn system. A best-�t 
urve is obtained for these data points. It hasbeen found that for stars, a spline �t gives a

urate transformations, while for extended sour
es,even a linear transformation is su�
iently a

urate. In this work, we have used the appropriatephotometri
 transformations for our DPOSS plates (A. Mahabal, private 
ommuni
ation) to 
onvertthe photographi
 magnitudes to the Gunn system.6.3 DPOSS-FIRST 
ross 
orrelationIn the present work, 
arried out in 
ollaboration with A. Mahabal, we have used the DPOSS sour
e
atalog to identify over two thousand opti
al 
ounterparts of FIRST radio sour
es. We 
hose threeadja
ent but non overlapping �elds at the North Gala
ti
 Pole for the 
ross-
orrelation. Choosing�elds at high gala
ti
 latitude minimizes 
ontamination by gala
ti
 stars. The 
oordinates of the�elds we used are listed in Table 6.1.
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6.3.1 The DPOSS sour
e 
atalogCatalogs of DPOSS sour
es 
onstru
ted from F band data were used for the 
orrelation, sin
e this�lter gives the highest S=N ratio for most obje
ts (A. Mahabal, private 
ommuni
ation). Someof the obje
ts dete
ted in the F band are not dete
ted in the J and/or N bands. The 
atalogswe used were 
onstru
ted from the s
anned plates using the SKICAT software (Weir et al. 1995).The DPOSS sour
e 
atalog for ea
h plate (whi
h 
overs approximately 40 square degrees) typi
ally
ontains 150,000 sour
es brighter than a magnitude limit of 21. This 
orresponds to nearly 4,000sour
es per square degree. In the area of sky o

upied by ea
h plate, there are �3300 FIRSTsour
es.6.3.2 Mat
hing the 
atalogsWe used the July 1999 version of the FIRST 
atalog as in Chapter 5. We mat
hed the positionsbetween sour
es in DPOSS and FIRST using the te
hnique des
ribed in Chapter 4. We adopted asear
h radius of 3 ar
se
. A small value of the sear
h radius was motivated by two fa
tors.1. The ex
ellent astrometri
 a

ura
y of DPOSS (the 90% error 
ir
le is about 0.5 ar
se
 inradius) 
ombined with the good a

ura
y of the FIRST survey, made reliable mat
hes possibleeven with su
h a small sear
h radius.2. Sin
e the sour
e density of DPOSS is as high as 4000 per square degree, even a small sear
hradius like 3 ar
se
 gives us a 
han
e 
oin
iden
e rate of 1%. With a larger sear
h radius theerror rate would be una

eptably high.With this sear
h radius we found an average of �700 mat
hes per plate. The three plates togethergave us a mat
hed list of 2132 sour
es. In Table 6.3.2 we provide a sample partial page of the opti
aland radio data for the mat
hes. The full table (with additional 
olumns) is available in ele
troni
form with us. Table 6.2: DPOSS FIRST mat
hes, sample partial page. The positions of theDPOSS and the 
orresponding FIRST sour
es is given. Opti
al 
olors (whereavailable) and radio �uxes are also listed.R.A. De
. R.A. De
. r g � r r � i Fpeak Fint(DPOSS) (DPOSS) (FIRST) (FIRST) (mJy) (mJy)12:04:52.78 +31:38:07.8 12:04:52.72 +31:38:08.0 21.774 0.995 : : : 1.40 1.7212:04:52.88 +29:30:03.3 12:04:52.76 +29:30:04.2 19.079 1.009 -1.251 62.83 69.7512:04:55.96 +30:09:49.4 12:04:55.92 +30:09:49.4 22.306 2.093 0.232 1.11 1.2912:04:56.83 +31:28:59.5 12:04:56.76 +31:28:59.6 17.262 0.947 -1.222 1.41 1.6412:04:59.44 +31:47:55.8 12:04:59.35 +31:47:56.4 20.543 1.749 -0.985 1.96 2.2912:05:04.90 +30:41:04.7 12:05:04.81 +30:41:05.5 19.471 0.554 : : : 195.85 201.3812:05:05.96 +32:12:57.4 12:05:05.73 +32:12:58.0 20.648 -0.161 : : : 2.71 3.1612:05:10.83 +31:13:41.8 12:05:10.78 +31:13:43.4 20.578 2.232 -2.246 1.08 0.7912:05:12.19 +28:48:13.2 12:05:12.13 +28:48:14.8 19.859 1.759 -1.576 2.43 1.8212:05:18.72 +30:03:00.0 12:05:18.62 +30:03:01.3 19.036 1.548 -1.573 1.40 1.2212:05:22.86 +30:21:08.0 12:05:22.77 +30:21:08.2 18.744 1.472 -1.665 2.89 4.7212:05:24.26 +29:08:22.2 12:05:24.27 +29:08:22.9 20.212 -0.547 : : : 1.48 1.0312:05:24.47 +29:22:21.3 12:05:24.27 +29:22:21.1 20.444 1.012 -0.662 2.44 2.3512:05:26.22 +32:13:13.6 12:05:26.09 +32:13:14.3 20.282 0.944 -0.526 1.50 1.5512:05:31.84 +29:01:48.0 12:05:31.79 +29:01:49.5 21.021 1.049 : : : 1.51 1.46About 21% of the 10050 radio sour
es lying in the area 
overed by us thus have opti
alidenti�
ations. But taking the other view, only 2132 (0.65%) out of the 326546 DPOSS sour
eslying in the region of sky we 
overed have radio 
ounterparts brighter than 1 mJy. This greatdis
repan
y 
an be understood by examining the median redshift of the radio and opti
al sour
es.As mentioned above, the DPOSS sour
es have a median redshift of z �0.2 while the FIRST sour
eshave a median redshift of z �0.8. Our mat
hes are dominated by two kinds of sour
es: (i) Nearbygalaxies (and a few stars) whi
h are so 
lose that even their weak radio emission is dete
table atthe FIRST �ux limit and (ii) distant galaxies and quasars whi
h have a radio luminosity that ishigh enough for them to be dete
table at moderate to high redshifts. Most opti
al sour
es in theDPOSS 
atalog do not fall into either of the two 
ategories above. Thus only a very small fra
tionof opti
ally dete
ted obje
ts in the sky have radio 
ounterparts brighter than 1 mJy.43



Figure 6.1: Opti
al 
ounterparts of some FIRST sour
es from DPOSS. Ea
h 
utout is 64 � 64ar
se
, 
onstru
ted from the F band data that gives the highest S=N for most obje
ts. The opti
al
ounterpart is at the 
enter of ea
h panel. The 
enter of the radio sour
e is lo
ated less than 3ar
se
 away from the opti
al sour
e.6.3.3 Morphology of the identi�
ationsIn Figure 6.1 we show a few typi
al 
utouts of the identi�
ations in the F band. For most ofthe identi�
ations the S=N ratio is too poor for a reliable estimation of opti
al morphology of thesour
e to be made as in Chapter 8. In a few 
ases, where the opti
al 
ounterparts are very bright,images are photographi
ally saturated. Be
ause of these limitations, a systemati
 study of opti
almorphology with DPOSS is not very useful, espe
ially 
onsidering the wide availability of deep CCDimaging data, su
h as the ESO Imaging Survey (Nonino et al. 1999).6.4 Finding new quasarsOne of the most important and yet straightforward appli
ations of a high resolution radio surveyis to use the a

urate radio sour
e positions to identify quasar 
andidates, whose nature 
an be
on�rmed with spe
tros
opy. The earliest quasars were identi�ed in this way. But later, te
hniqueswere developed that allowed the identi�
ation of quasar 
andidates using opti
al observations alone,without re
ourse to radio data. Quasars were found to have spe
tral 
hara
teristi
s so di�erent frommost stars and galaxies that broad band opti
al surveys using only three e�e
tive wavelengths 
oulddi�erentiate most quasars from other obje
ts with reasonable reliability. Despite the existen
e ofmany other te
hniques for identifying quasars, the great majority of quasars known today has beenidenti�ed from opti
ally sele
ted 
andidates, and it it is probable that this will remain true overthe near future. Nevertheless, the older radio sele
tion te
hnique has some advantages over opti
alte
hniques: 44



1. The sele
tion e�
ien
y is very high, mainly be
ause dete
table radio emission from stars israre. Only about one in 104 of 12th magnitude stars has radio emission dete
table by theFIRST survey. This small fra
tion be
omes even smaller at fainter apparent magnitudes(Helfand et al. 1999).2. The radio sele
tion te
hnique 
an dis
over 
lasses of quasars that are rare or unknown in othersurveys be
ause of biases against them e.g. (i) The radio loud BAL quasars, the �rst exampleof whi
h was dis
overed using the FIRST survey (Be
ker et al. 1997). The spe
tra of theseobje
ts are remarkable; the emission lines are almost 
ompletely masked by absorption, andthe 
olors of these obje
ts are quite red. Su
h obje
ts would be very unlikely to be re
ognizedin any opti
ally sele
ted survey whi
h fo
uses on blue stellar obje
ts. (ii) A population ofradio-quiet Type 2 quasars have been identi�ed using radio sele
ted 
andidates (Djorgovskiet al. 2000). Type 2 quasars have a

retion disks aligned edge on to the line of sight. Inthese obje
ts, the 
entral bla
k hole and a

retion disk are obs
ured by hot gas and dust,making them nearly invisible at opti
al wavelengths. However, radio emission from the quasar
an penetrate the obs
uring dust. Their dis
overy lends 
ru
ial support to AGN uni�
ations
hemes and these sour
es may also prove to be the sour
e of the di�use X-ray ba
kground.This makes a radio sele
ted survey using FIRST a very attra
tive proposition. The FIRST BrightQuasar Survey (FBQS) is an ongoing e�ort in this dire
tion.6.4.1 FIRST Bright Quasar Survey (FBQS)The FBQS is 
urrently the largest radio sele
ted quasar survey that aims to de�ne a 
ompletesample of quasars. The 
andidates are sele
ted from positional 
oin
iden
es of FIRST sour
es withstellar obje
ts on the POSS-I plates. The survey is expe
ted to pi
k up all quasars that are brighterthan E = 17:8. It aims to de�ne a sample of quasars that bridges the gap between traditional radioloud and radio quiet obje
ts (Gregg et al. 1996; White et al. 2000). It has already identi�ed 467new quasars in addition to the 169 quasars already known over 2682 square degrees of the sky.The FBQS is limited to observing relatively bright quasar 
andidates be
ause it uses thedigitized POSS-I plates to identify quasar 
andidates. In order to dete
t quasars at fainter apparentmagnitudes, a deeper opti
al survey su
h as DPOSS needs to be used in 
andidate sele
tion. In ourwork we identify su
h faint quasar 
andidates.6.4.2 Low redshift quasar 
andidatesFor the last three de
ades, the opti
al hunt for low and moderate redshift quasars (z < 2:1) haspro
eeded by examining photographs/CCD images in sear
h of blue stellar obje
ts or ultravioletex
ess obje
ts as quasar 
andidates for spe
tros
opi
 followup. The main 
ontamination in su
hsurveys is from hot white dwarfs whi
h have 
olors that are similar to quasars. A number of theseshow up in surveys based only upon quasar 
olors, but the per
entage of 
ontaminating white dwarfsdrops rapidly with magnitude, ex
eeding 95% at 16 magnitude (S
hmidt & Green 1983) but beingunder 5% at 22 magnitude (Koo & Szalay 1984). The dete
tion statisti
s improve signi�
antly whena redder 
olor is also in
orporated, be
ause the quasar 
ontinuum spe
trum 
ontinues into the redwhereas hot star spe
tra drop rapidly at higher wavelengths.The quasar dete
tion statisti
s 
an be further improved by the use of an additional 
riterion(su
h as a dete
tion in a radio survey) for 
andidate sele
tion, as radio emission from white dwarfsat the �ux levels of the FIRST survey is not at all likely. The dete
tion rate is even higher ifthe 
andidates are also lo
ated at high gala
ti
 latitude where the number density of stars falls o�dramati
ally. In our work, we have deliberately 
hosen three �elds lo
ated very 
lose to the NorthGala
ti
 Pole, to minimize the 
ontamination of our identi�
ations by gala
ti
 stars.Surveys based only on 
olor have a serious bias as a fun
tion of redshift. This bias arisesbe
ause of strong emission lines a�e
ting 
olors and distorting them from what they would be fromthe 
ontinuum alone. The most serious e�e
ts 
ome from the Ly � line whi
h 
omes into the opti
albands at z � 2 (see Figure 6.2). At these redshifts, Ly � typi
ally has an equivalent width of severalhundred angstroms, 
omparable to that of the �lter bandpass, so the �ux from it 
an a
tually ex
eedthat from the 
ontinuum within a parti
ular �lter. At z � 2.1 the Ly � emission line 
reeps into45



Figure 6.2: Spe
trum of the quasar 3C 273 obtained using the Faint Obje
t Camera (FOC) of theHubble Spa
e Teles
ope. The Ly-� emission line at 1216 Å in the rest frame of the quasar is 
learlyseen.the B band, enhan
ing the B band �ux and reddening the U � B 
olor. Color surveys that use anegative value of U�B 
olor as the primary sele
tion 
riterion be
ome progressively more ine�
ientat sear
hing for quasars with z � 2:1 (Weedman 1980).In this work we designate as the low z quasar 
andidates, all sour
es with a stellar identi�
a-tion, a FIRST dete
tion and 
olor 
riteria not satisfying those for the high z 
andidates . Opti
alpositions, 
olors and integrated radio �ux for the 214 low z quasar 
andidates that we have identi�edis provided in Table 6.3.For very high redshifts (z > 4) a drasti
ally di�erent te
hnique for quasar 
andidate sele
tionis required. Table 6.3: Low redshift quasar 
andidates. The identi�
ation 
riteria used aredis
ussed in the text. The DPOSS position, Gunn r magnitude, 
olors (whereavailable) and the integrated radio �ux of the 
orresponding FIRST sour
e arelisted here.R.A. (J2000) De
. (J2000) r g � r r � i Int. Radio�ux (mJy)12:05:24.47 +29:22:21.3 20.184 0.660 0.851 2.3512:05:31.84 +29:01:48.0 20.759 0.776 : : : 1.4612:05:40.50 +30:21:53.8 20.620 : : : : : : 1.7412:05:51.10 +30:22:39.8 20.678 : : : 1.239 2.5912:06:19.75 +28:22:54.1 16.705 -0.053 -0.213 35.1612:06:48.54 +31:36:58.4 20.047 0.964 0.954 7.9812:07:28.05 +27:54:58.5 19.035 -0.893 0.266 611.2412:07:42.24 +28:29:44.8 21.066 -0.700 : : : 1.3912:07:47.92 +29:58:10.1 19.897 -0.762 0.539 11.5312:07:54.78 +28:02:59.4 21.815 : : : : : : 1.5312:08:04.36 +30:15:49.4 19.667 -0.050 -0.560 31.5812:08:10.33 +30:00:11.6 20.766 : : : : : : 3.3612:08:41.28 +29:14:11.6 19.303 0.701 -0.811 2.9712:08:49.01 +28:04:52.5 19.358 0.913 -0.114 1.7312:08:52.84 +32:24:19.2 17.330 0.792 0.897 1.2012:08:54.59 +29:33:32.2 20.779 -0.118 1.208 3.0812:09:14.13 +30:06:04.7 21.417 : : : : : : 2.1712:09:22.97 +31:47:24.0 20.390 -0.800 0.632 1.9112:09:44.96 +32:27:22.6 19.466 -0.547 -0.764 70.0312:09:45.28 +32:16:59.8 17.267 -0.632 0.290 1.9512:09:47.73 +29:11:09.6 19.506 1.450 0.556 7.9812:10:15.99 +29:36:56.7 20.213 1.624 0.898 1.5412:10:37.65 +31:57:04.9 17.053 -0.734 0.297 22.0412:10:51.96 +30:31:25.7 20.734 0.071 : : : 1.6612:11:08.91 +31:36:31.8 21.121 -0.942 : : : 2.9912:11:34.78 +29:29:41.4 19.831 1.107 0.688 0.7012:11:57.92 +32:10:41.6 20.466 : : : : : : 0.9912:11:58.14 +28:41:52.1 19.113 -0.055 -0.342 1.1712:12:10.49 +29:33:01.6 20.653 -0.256 -0.339 1.3012:12:14.41 +31:01:21.1 18.996 -0.702 0.280 9.2012:12:31.36 +31:45:54.5 21.109 -0.775 : : : 11.8012:13:52.09 +28:12:55.4 19.177 0.175 -0.069 275.7812:13:59.06 +30:39:09.2 20.003 1.431 0.156 1.8312:14:42.37 +28:03:28.5 17.374 -0.087 0.373 2.9012:14:45.62 +31:31:03.4 19.748 1.294 0.362 3.4312:15:03.34 +27:58:32.5 20.009 1.177 0.300 0.9346



Low redshift quasar 
andidates (
ontinued)R.A. (J2000) De
. (J2000) r g � r r � i Int. Radio�ux (mJy)12:15:25.86 +28:25:22.0 18.340 1.589 0.390 0.9612:16:04.87 +29:04:20.2 20.330 -0.114 : : : 4.3612:16:34.37 +27:10:51.9 19.334 1.036 0.768 2.3412:16:53.41 +31:22:59.5 20.855 1.030 : : : 2.6112:17:21.47 +30:56:29.9 16.533 -0.532 0.219 8.6712:17:48.51 +27:40:08.4 19.370 -0.404 -0.106 6.2312:17:49.76 +31:34:10.5 19.346 -0.387 -0.475 13.7912:18:10.66 +28:58:04.2 19.757 -0.690 -0.067 8.9712:18:31.49 +31:43:40.8 21.173 -0.566 : : : 282.6712:18:41.52 +30:15:18.2 21.425 : : : : : : 3.8912:18:41.66 +32:17:11.9 20.177 0.666 : : : 3.1912:19:04.08 +29:03:10.6 21.303 0.819 1.052 0.8412:19:17.40 +28:59:07.1 20.357 0.190 1.449 0.8112:19:39.31 +27:51:51.8 19.556 -0.246 -1.084 15.2312:20:03.88 +27:17:21.6 19.775 -0.685 0.113 1.7312:20:04.42 +31:11:47.3 18.832 -0.270 -0.710 28.4112:20:15.55 +27:10:53.4 18.524 -0.651 -0.296 20.4812:20:18.82 +32:43:00.6 19.706 -0.711 0.128 52.8212:20:40.07 +30:51:45.6 19.491 1.044 0.325 1.8212:20:56.85 +27:49:20.0 20.266 0.757 -0.006 6.3812:21:12.49 +28:44:38.1 20.593 0.776 -0.009 4.9512:21:13.20 +30:35:02.6 21.193 : : : : : : 121.3812:21:25.24 +28:44:32.8 20.652 0.202 : : : 2.9512:21:30.99 +27:35:25.5 20.912 -0.877 : : : 1.4812:21:54.21 +30:51:45.7 19.303 0.034 0.568 295.3712:22:38.02 +28:50:52.7 21.002 -0.688 : : : 23.7112:22:43.25 +29:34:40.7 18.631 -0.353 0.262 100.1912:23:10.96 +28:47:29.2 19.230 -0.130 -0.425 77.5712:23:12.92 +29:04:58.5 18.504 -0.499 0.019 1.2712:23:13.41 +29:08:23.6 17.985 -0.427 -0.024 0.8212:23:23.11 +32:16:08.7 19.757 -0.803 -0.799 3.2612:23:44.67 +31:56:36.1 20.067 -0.523 0.067 3.0512:23:54.50 +31:12:05.9 21.664 : : : : : : 6.5212:24:52.62 +32:16:58.0 20.740 -0.781 : : : 15.7112:25:16.98 +31:45:34.3 18.491 -0.546 0.476 7.5912:25:20.56 +29:24:19.5 18.558 -0.042 0.088 1.9312:26:02.03 +28:53:32.7 21.021 0.649 1.238 0.9012:26:14.93 +29:33:49.9 20.369 1.744 0.933 2.1812:26:37.19 +30:24:53.9 19.816 0.678 0.888 20.3112:27:12.84 +30:19:45.5 20.906 : : : : : : 2.1912:27:17.49 +28:08:23.7 19.202 -0.699 -0.048 9.1212:27:43.87 +27:41:26.4 19.018 0.060 -0.118 1.3512:27:58.24 +30:31:00.8 18.871 -0.670 -0.088 2.1912:28:14.00 +29:30:50.9 19.259 1.540 0.222 2.8412:28:24.97 +31:28:36.5 15.860 -0.873 0.101 323.7812:28:29.87 +29:43:11.6 19.658 0.705 0.604 4.4712:29:12.50 +31:14:44.8 20.129 -0.943 0.780 2.5212:29:53.11 +30:25:57.4 19.372 -0.852 0.532 31.4812:29:53.27 +30:23:16.4 19.799 0.229 -0.927 23.9312:29:53.20 +31:23:30.3 20.220 -1.232 0.047 1.2912:30:01.03 +29:03:56.5 16.778 -0.426 -0.283 1.9912:30:10.41 +28:30:40.4 18.689 -0.144 0.189 1.8912:30:10.67 +28:28:53.4 21.259 : : : : : : 2.3412:30:47.33 +27:19:00.3 19.018 -0.624 -0.073 11.1112:30:51.81 +32:13:47.7 19.951 -0.647 : : : 5.1312:30:53.57 +30:23:27.0 21.065 0.262 : : : 1.4612:31:27.28 +27:05:29.5 18.000 0.559 1.108 1.4712:50:28.83 +32:37:07.2 19.592 1.366 0.667 1.5712:51:07.79 +29:18:58.4 18.230 -0.156 -0.141 3.2712:51:38.13 +28:35:48.9 21.717 0.431 0.958 11.9512:52:19.48 +31:00:38.9 21.147 -0.558 0.561 1.6312:52:25.01 +29:13:20.4 17.341 -0.619 -0.012 0.7612:53:06.44 +29:05:13.1 17.830 -0.324 -0.088 61.7812:53:07.73 +28:57:21.7 19.754 -0.004 -0.146 31.3612:53:17.63 +31:05:50.3 16.810 -0.156 -0.114 1.6012:53:25.78 +30:36:35.2 22.046 -1.239 : : : 453.5212:54:41.58 +29:51:28.3 20.413 -0.879 0.947 39.3012:54:49.81 +31:24:28.6 21.191 -0.049 : : : 1.7512:54:51.18 +31:36:29.7 20.704 -0.069 : : : 2.4612:55:42.62 +31:10:48.2 18.630 0.057 -0.321 6.9012:55:43.29 +29:45:14.7 21.814 -0.985 1.604 19.7412:55:52.27 +31:53:00.7 17.317 1.346 1.012 4.3512:56:02.08 +27:55:02.2 22.132 -2.232 : : : 1.0812:56:03.63 +29:50:08.6 19.512 -0.439 0.046 7.0012:56:10.07 +29:31:52.7 19.857 0.651 0.343 1.2247



Low redshift quasar 
andidates (
ontinued)R.A. (J2000) De
. (J2000) r g � r r � i Int. Radio�ux (mJy)12:56:16.78 +31:06:14.9 21.184 -0.824 : : : 0.8612:56:31.11 +27:01:07.7 20.127 -0.200 0.437 128.4712:56:39.90 +30:40:55.3 19.979 -0.466 0.642 17.8412:56:59.51 +30:14:38.7 19.226 -0.022 0.405 1.5012:57:46.40 +30:59:55.3 21.258 -0.326 : : : 38.0412:57:57.29 +32:29:28.3 18.084 -0.933 -0.306 594.6212:58:03.31 +31:21:07.6 20.020 0.168 0.544 1.6812:58:32.17 +29:09:02.0 19.058 0.414 -0.065 24.7312:58:40.86 +28:35:03.9 20.246 -0.054 : : : 1.7413:00:21.98 +27:09:33.1 19.572 -0.346 0.292 1.0113:00:23.46 +27:03:11.7 20.395 -0.156 0.088 16.3313:00:40.26 +28:00:11.3 20.180 1.014 0.099 8.4913:00:46.58 +30:29:10.1 21.325 -0.799 : : : 4.5513:01:00.95 +32:07:27.0 20.753 -0.159 0.586 0.7413:01:20.16 +28:21:35.9 18.648 -0.104 0.060 100.4713:01:56.56 +29:04:54.5 20.363 -1.116 0.281 97.3113:02:03.10 +26:58:07.5 17.644 -0.878 -0.076 7.3113:02:20.77 +27:09:40.0 20.362 -0.099 0.175 76.6713:02:35.19 +32:11:33.2 19.678 1.547 0.946 1.0213:03:00.36 +30:46:43.6 19.803 -0.618 -0.491 0.9413:04:09.60 +29:19:42.2 19.291 -0.084 0.046 72.1813:04:16.86 +30:53:01.6 22.001 : : : : : : 57.8713:04:31.78 +30:51:54.9 19.882 0.570 0.942 1.0013:04:33.49 +32:06:35.5 18.437 -0.168 -0.272 10.1513:04:34.67 +28:04:50.8 20.305 -0.105 1.016 2.2413:04:43.08 +27:54:30.0 20.449 0.797 1.304 3.0813:04:44.59 +27:53:59.6 22.012 : : : : : : 1.2013:05:10.20 +26:56:47.7 21.454 -1.040 : : : 1.6913:05:12.38 +29:27:56.6 20.901 : : : 0.357 1.8213:05:16.80 +29:07:41.5 19.253 -0.931 -0.050 1.0913:05:31.82 +29:16:20.5 20.822 -0.152 0.305 9.2313:05:40.51 +29:49:59.9 19.739 -0.300 1.026 8.1613:05:49.65 +29:43:45.3 20.680 0.028 0.344 1.1313:05:57.53 +32:05:37.0 21.715 -0.871 0.377 12.2913:06:00.53 +29:05:22.3 20.028 -0.094 -0.465 3.6913:06:06.20 +30:26:39.8 20.096 1.541 0.602 4.1613:07:29.29 +27:46:58.4 18.347 -0.412 -0.865 15.0713:07:33.25 +32:33:07.6 19.875 0.407 -0.745 6.1413:08:41.23 +30:57:27.2 20.305 0.302 0.181 18.0713:08:48.60 +28:19:42.0 19.818 0.383 0.786 3.2513:08:56.26 +30:05:10.4 22.375 : : : : : : 0.7413:08:56.83 +27:08:10.9 18.198 -0.454 -0.579 203.0013:08:59.92 +30:45:17.9 19.691 -0.097 0.221 2.1213:09:06.75 +31:57:59.2 19.942 0.675 -0.145 2.7513:09:27.14 +31:22:26.1 20.731 0.592 0.227 0.8413:09:33.34 +28:21:19.0 22.119 -0.422 1.656 0.9513:09:52.42 +27:42:39.8 18.375 -0.353 0.038 2.1313:10:05.80 +29:26:17.3 21.173 -1.090 : : : 76.3113:10:28.70 +32:20:42.8 18.247 0.125 -0.377 1506.3313:10:59.82 +31:13:19.5 21.169 0.611 0.383 44.5713:11:04.31 +27:38:32.7 21.911 -1.674 1.069 9.1813:11:30.19 +31:16:06.0 18.921 -0.577 -0.250 3.5213:11:38.11 +32:01:46.1 19.342 -0.599 0.054 20.8213:12:13.30 +28:48:00.2 19.424 -0.194 -0.192 9.0213:12:41.78 +28:41:29.9 21.417 -1.240 0.460 23.5313:12:48.79 +31:12:59.6 18.257 -0.593 -0.139 80.5113:13:08.33 +31:47:18.1 19.777 -0.526 0.334 2.3713:13:15.51 +31:18:23.2 21.927 : : : : : : 1.3813:13:44.20 +31:18:29.0 19.928 -1.252 0.085 1.8213:13:58.97 +27:19:06.4 21.172 0.515 0.502 1.2213:14:23.18 +29:10:00.8 18.467 -0.210 -0.040 7.2213:14:35.19 +30:18:02.2 18.479 -0.293 0.256 7.3013:15:13.49 +28:40:52.8 20.549 -1.188 0.102 70.8913:15:29.60 +27:20:53.2 22.135 -0.689 : : : 55.9113:15:48.51 +29:28:25.8 19.309 -0.230 -0.152 1.1013:16:18.68 +27:13:38.5 19.534 -0.598 -0.195 2.0413:16:37.47 +29:03:00.7 19.830 0.849 0.579 1.9013:16:49.27 +30:24:10.7 19.765 0.141 0.116 4.2413:16:54.63 +30:14:53.1 19.833 0.161 0.803 3.5013:35:59.04 +31:19:17.8 18.668 1.079 : : : 2.3213:36:15.15 +31:10:40.2 18.847 1.518 : : : 0.8613:38:09.78 +28:44:34.9 19.986 0.264 : : : 17.5013:38:58.21 +30:00:59.1 21.269 : : : 1.875 2.5213:39:06.26 +30:58:53.6 19.618 -0.240 -0.959 9.3013:40:35.51 +28:27:26.1 20.012 0.087 : : : 2.4148



Low redshift quasar 
andidates (
ontinued)R.A. (J2000) De
. (J2000) r g � r r � i Int. Radio�ux (mJy)13:40:50.76 +30:42:07.9 19.920 : : : -0.376 2.0113:41:03.80 +32:14:28.2 19.590 0.434 -0.130 42.1313:41:23.40 +27:49:55.1 19.004 -0.079 0.183 1.2113:41:37.90 +27:01:54.7 -95.774 -4.530 : : : 3.3413:42:08.46 +27:09:31.4 17.529 0.423 -0.758 245.8913:42:54.45 +28:28:05.2 18.057 -0.221 -0.563 68.4113:43:00.21 +28:44:06.6 17.225 -0.077 -0.069 246.6513:43:29.96 +32:07:59.3 20.766 -0.096 : : : 23.3313:43:58.32 +31:29:14.9 19.771 : : : 0.529 5.8213:44:00.20 +31:28:07.0 20.825 : : : 0.979 3.0613:44:12.08 +30:45:56.2 19.926 0.646 -1.246 1.5113:44:14.56 +28:52:34.6 20.374 -0.972 : : : 193.4813:45:04.03 +27:28:59.8 20.208 0.152 : : : 2.3213:45:20.42 +32:41:11.6 18.772 -0.300 0.410 14.6213:45:49.70 +26:43:17.2 20.339 : : : : : : 2.1713:46:43.06 +32:21:46.8 19.574 0.034 -1.006 3.5813:46:47.96 +26:51:18.9 19.975 1.438 : : : 29.5913:47:26.53 +32:34:14.8 19.810 1.550 0.630 4.0713:48:04.37 +28:40:24.3 18.390 -0.832 -0.144 78.0713:48:06.09 +30:09:59.9 18.680 -0.059 0.290 10.6413:48:09.04 +28:02:12.6 18.135 -0.638 -0.026 2.0213:48:17.01 +31:03:14.4 19.954 0.544 -0.706 6.5613:48:20.92 +30:20:05.0 17.406 -0.224 0.131 23.5313:48:32.31 +29:57:28.9 19.932 0.029 0.021 0.9713:49:31.51 +30:08:02.3 20.582 : : : : : : 2.5213:49:44.91 +32:15:27.8 19.197 0.718 -0.823 1.6013:49:47.00 +30:41:47.7 19.860 0.161 -0.642 5.3813:50:52.80 +30:34:53.2 18.890 -0.358 -0.531 325.6113:51:01.22 +30:42:26.4 18.890 -0.122 -1.194 3.5413:51:31.27 +30:25:02.3 20.986 0.099 : : : 57.2613:51:34.95 +32:39:03.9 20.462 1.235 : : : 2.1013:52:05.83 +29:09:51.9 19.580 0.435 : : : 1.0613:52:32.67 +32:39:12.8 20.181 0.163 0.392 2.9213:52:39.39 +28:30:13.8 20.645 : : : 1.208 1.1913:53:05.53 +29:37:08.1 20.171 -0.472 0.195 3.3513:53:08.38 +28:09:08.2 19.396 -0.408 0.109 16.2013:53:31.92 +28:53:12.1 20.271 -0.746 -0.115 3.8313:53:59.56 +27:52:50.9 19.131 1.762 0.682 20.5613:55:04.61 +31:32:13.2 19.436 0.350 -0.382 8.4313:55:29.97 +29:30:58.6 18.004 -0.217 0.590 1.5413:55:41.20 +30:24:11.7 18.532 0.257 -0.682 125.2413:56:27.88 +28:01:58.4 17.438 0.541 0.137 0.9413:57:02.89 +31:54:56.7 18.860 -0.348 0.282 18.3813:57:13.99 +31:03:40.9 19.192 -0.117 -0.166 22.6213:57:23.50 +29:32:04.6 20.154 0.954 -0.115 3.5513:58:07.30 +31:50:35.8 19.521 0.328 -1.084 1.5513:59:44.51 +28:14:11.4 19.939 -0.034 -0.392 1.8113:59:47.89 +27:08:29.5 18.881 0.256 -0.612 134.2414:00:30.52 +26:46:34.5 20.718 -0.899 : : : 60.0214:01:01.10 +29:00:10.9 18.399 0.923 0.341 0.8714:01:06.89 +31:10:15.3 21.116 -0.855 -0.192 3.4514:01:22.02 +27:39:09.3 20.164 -0.767 0.057 18.1214:01:27.22 +31:38:10.7 18.159 0.871 -0.263 2.2014:02:59.10 +28:23:15.8 21.115 -0.894 : : : 3.9414:03:07.55 +32:03:18.4 19.760 -0.817 -0.472 2.3014:04:10.81 +29:30:37.0 19.154 -0.333 -0.560 6.2114:04:14.63 +28:46:35.3 16.623 0.081 : : : 12.4314:04:47.45 +32:06:17.3 20.029 : : : : : : 8.476.4.3 High redshift quasar 
andidatesQuasars at z > 4 are valuable probes of the early universe, galaxy formation, and the physi
s andevolution of the intergala
ti
 medium at large redshifts. A systemati
 statisti
al study of a largesample of these quasars would help 
onstrain theoreti
al models. The 
ontinuum drop blueward ofthe Ly � emission line (see Figure 6.2) gives these obje
ts a distin
tive 
olor signature: extremelyred in (g� r), yet blue in (r� i), thus standing away from the stellar sequen
e on a 
olor-
olor plot.Traditionally, the major 
ontaminants in this type of work are red galaxies. However, a

urate star-galaxy 
lassi�
ation te
hniques used in the 
onstru
tion of the DPOSS 
atalog lead to a manageablenumber of 
olor-sele
ted 
andidates, and an e�
ient spe
tros
opi
 follow-up.49



Table 6.4: High redshift quasar 
andidates. The identi�
ation 
riteria used aredis
ussed in the text.R.A. (J2000) De
. (J2000) r g � r r � i Int. Radio�ux (mJy)12:10:42.21 +29:51:36.4 20.088 2.212 -0.318 1.5012:11:34.43 +32:26:14.1 19.244 0.995 -0.463 3.4913:10:59.45 +32:33:33.3 18.737 0.888 -0.512 245.9713:15:30.71 +28:11:19.1 19.372 0.803 -0.840 20.8013:37:24.83 +31:52:53.2 18.570 0.801 -1.005 83.3013:39:42.13 +29:41:26.8 19.722 1.917 0.203 4.5113:40:15.03 +28:56:36.9 19.247 1.191 -0.805 1.8413:40:48.79 +28:29:39.2 19.715 2.099 0.660 3.7813:41:15.34 +28:16:04.5 18.700 2.599 0.194 88.3613:42:47.65 +27:59:25.9 19.652 2.716 -0.921 2.1513:45:01.00 +28:29:55.8 20.446 1.487 -0.265 1.7113:46:43.78 +31:27:34.7 20.338 1.488 -0.324 1.3113:49:35.79 +29:52:40.5 19.204 3.065 0.184 1.8813:51:54.28 +29:53:24.8 18.040 1.192 -0.375 2.6813:55:59.96 +29:07:35.1 20.713 2.281 0.218 1.6914:03:49.92 +31:35:44.7 19.215 1.226 -1.510 0.72We follow the 
olor 
riteria derived by Stern et al. (2000, as 
ommuni
ated to us by A.Mahabal) to obtain the list of high z quasar 
andidates. They plotted 
alibrated r � i magnitudesversus g�r magnitudes, obtained the standard deviation � from the lo
us of stellar 
olor distribution,and 
hose obje
ts with a deviation greater than 5�. They found that at least one of the following
olor 
riteria needs to be satis�ed for a �stellar� sour
e to be 
onsidered as a high z quasar 
andidate.� (r � i) > 0:4 and (g � r) > 1:8� (r � i) < �0:6 and (g � r) > 0:8� �0:6 � (g � r) � 0:4 and (g � r) > (r � i) + 1:4We designate the 16 �stellar� sour
es with a FIRST identi�
ation and satisfying these 
olor 
riteriaas the high z quasar 
andidates in our sample. Table 6.4 lists 
oordinates, 
alibrated magnitudesand 
olors and integrated radio �ux for these 
andidates.In Figure 6.3 we plot r � i versus g � r 
olors for all the quasar 
andidates. The low zquasar 
andidates are shown as 
ir
les. The �lled 
ir
les are for sour
es with a FIRST 
ounterpartbrighter than 10 mJy while the open 
ir
les are for sour
es fainter than this limit. The high zquasar 
andidates with a radio 
ounterpart brighter than 10 mJy are shown as �lled stars whileun�lled stars show the high z 
andidates with a radio 
ounterpart fainter than 10 mJy.6.5 Future work - a proposed FIRST faint quasar surveyThis work is intended to be a pilot proje
t to test the te
hniques and 
omputer 
odes for a 
orrelationof the entire DPOSS sour
e 
atalog with the entire FIRST sour
e 
atalog. One of the major aims ofthis work is to generate large numbers of quasar 
andidates for spe
tros
opi
 follow-up. The quasar
andidate sample that we have presented here will form a 
omplete sample 
omplementary to theFBQS, exploring a region of parameter spa
e only sparsely sampled by that survey. In Figure 6.4,we show the distribution of the radio and opti
al �uxes of our quasar 
andidates as well as the FBQSquasars. It is apparent from the �gure that our 
omplete sample will ni
ely 
omplement the FBQS,with very little overlap. Parti
ularly, the high redshift quasar 
andidates (shown as stars), lie in aregion of parameter spa
e that has never previously been explored by any large quasar survey. Ourwork should dis
over quasars that have a radio �ux that is on average 3 times lower than that ofthe FBQS quasars and an apparent magnitude that is on average about 3 magnitudes fainter. Wewill therefore dete
t quasars with a higher radio to opti
al �ux ratio than those in the FBQS. InFigure 6.5 we 
ompare the radio to opti
al �ux ratio R� (as de�ned by Sto
ke et al. 1992), for theFBQS quasars and our quasar 
andidates. Our proposed quasar survey will in
rease the numberof known quasars in the interesting radio loud/radio quiet transition region (logR� = 1-3) by asigni�
ant fa
tor. 50



Figure 6.3: Color-
olor plot for the quasar 
andidates. The solid line divides the high z and low zquasar 
andidates. For an explanation of the various symbols used, see the text.

Figure 6.4: Integrated radio �ux versus apparent magnitude. The �lled squares indi
ate data pointsfrom the FBQS (White et al. 2000). The other symbols are as in Figure 6.3.
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Figure 6.5: Histogram of the radio to opti
al �ux ratio R� for the FBQS quasars and our quasar
andidates (
ross hat
hed).The results of our survey used in 
onjun
tion with the z > 4 survey of Stern et al. (2000) andthe FBQS, will allow us to determine the luminosity fun
tion of quasars over very large ranges ofredshift and radio and opti
al luminosity, aiding the study of the formation and evolution of quasars.Sin
e many of these obje
ts are very faint, su
h followup will require the use of large teles
opes. Ameaningful statisti
al analysis of the opti
al and radio properties of the sour
es identi�ed in thiswork will only be possible after redshift information is available for these sour
es.Although star galaxy 
lassi�
ation in the DPOSS 
atalog is very a

urate, distant galaxieswith an angular extent 
omparable to the full width at half maximum (FWHM) of the point spreadfun
tion (PSF) of the image will not be 
orre
tly identi�ed. The e�e
t will be parti
ularly severe in
ases where a strong opti
al nu
leus is present. We examine the extent of this e�e
t, as a fun
tionof the opti
al properties of the host galaxy in the next 
hapter.
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Chapter 7On the dete
tability of AGN at highredshiftsThis 
hapter is largely based on Kembhavi, Wadadekar & Misra (2000) and Kembhavi, Misra & Wadadekar (2000).Various 
lasses of AGN have been identi�ed as the opti
al 
ounterparts of FIRST sour
es in the last few
hapters. The next question is to determine to what redshift these opti
al 
ounterparts 
an be identi�ed and 
lassi�edreliably. In this 
hapter, we 
onsider the appearan
e of host galaxies of su
h AGN at opti
al wavelengths as a fun
tionof redshift, taking into a

ount the e�e
ts of 
osmologi
al expansion and the presen
e of a luminous nu
leus. Weobtain the maximum redshift to whi
h a host galaxy remains identi�able as an extended obje
t above the skyba
kground, as a fun
tion of galaxy type, other galaxy parameters, the a
tive nu
leus to host galaxy luminosity ratio,and observing 
onditions. We show that the most important parameters are the AGN and host galaxy luminosities,and the 
olors of the host galaxy. We 
ompare our model predi
tions with some results from the imaging of highredshift radio-loud and radio-quiet quasars.7.1 Introdu
tionIn an Eu
lidean non-expanding Universe, the surfa
e brightness of a galaxy, de�ned as the �uxre
eived from the galaxy per unit solid angle, is independent of the distan
e of the galaxy from theobserver. However, the angular size of a given isophote is inversely proportional to the distan
ebetween the galaxy and the observer, and at some distan
e the galaxy of a given size and luminositybe
omes indistinguishable from the point spread fun
tion (PSF). In 
ontrast to this simple behavior,in an expanding Universe the surfa
e brightness of a galaxy is a fun
tion of its redshift, be
ausethe expansion introdu
es an overall fa
tor of (1 + z)�4 in the surfa
e brightness, and the observedand emitted wavebands are di�erent. A galaxy lo
ated at a large enough redshift 
an therefore beundete
table above the noise in the sky ba
kground. When an a
tive gala
ti
 nu
leus (AGN) ispresent, it 
an out shine the galaxy to some angular distan
e from the 
enter, whi
h depends on theluminosity ratio of the the AGN and the host galaxy. As a result, if the AGN is highly luminousand the obje
t is at relatively large redshift, it is possible that the galaxy be
omes non-dete
tableagainst the PSF of the AGN, even though it 
ould have been observable as an extended obje
t atits redshift if the AGN were absent.The 
ontinuum and emission line properties of quasars are very similar to those of AGN, andit seems reasonable to expe
t that quasars too are nu
lei of galaxies. But whereas the hosts of theother types of AGN are 
learly visible even in short exposures, quasars show no eviden
e of extendedopti
al stru
ture in the dis
overy surveys. Sin
e a majority of quasars are found at redshifts mu
hhigher than the a
tive galaxies, their putative hosts are expe
ted to be signi�
antly dimmed be
auseof the e�e
ts mentioned above. Moreover, the high luminosity of the quasar tends to swamp the hostgalaxy, whi
h has a small angular size be
ause of the high redshift. Nevertheless, if a host galaxy ispresent, it should be possible to dete
t it through deep exposures with large teles
opes, parti
ularlyunder ex
ellent seeing 
onditions. Deep imaging at opti
al wavelengths of quasars at low redshift,z <� 0:6, has indeed revealed the presen
e of host galaxies (see Kristian 1973, Wy
ko�, Wehingerand Gehren 1981, Hut
hings et al. 1982, Hut
hings and Campbell 1983; see other referen
es inBah
all et al. 1997 to the early work). These pioneering photographi
 observations of low redshiftquasars have by now been supplemented by CCD observations (e.g. Hut
hings 1995, Hut
hings &Ne� 1987), in the near infra-red band (Dunlop et al. 1993) and with the Hubble Spa
e Teles
ope(e.g. Hut
hings & Morris 1995, Bah
all et al. 1997). These observations, espe
ially images from53



the HST, show that at low redshifts quasar hosts 
an be ellipti
al or spiral L� galaxies, often foundin intera
tion with other galaxies, or in environments of enhan
ed galaxy density.Even when a fuzzy stru
ture is found around a quasar, the morphology of the obje
t remainsun
lear at high redshift. Though the estimated luminosity and size of the obje
t are 
onsistent withthe fuzz being a bright galaxy (e.g. Lehnert et al. 1992, Aretxaga et al. 1995, Hut
hings 1995,Lowenthal et al. 1995). From the available data it appears that the hosts of radio quiet quasars havea luminosity 
omparable to, or somewhat less than, lo
al L� galaxies (i.e. galaxies withMB ' �21).The hosts of radio quasars are found to have mu
h higher luminosities, being several magnitudesbrighter than the most luminous galaxies in our neighborhood, but quite un
ertain k-
orre
tionsare involved in these estimates. We argue that even in the 
ases of marginal dete
tion of the host,it is possible to get 
lues about the underlying galaxy just by the virtue of it being dete
ted.The opti
al appearan
e of distant galaxies has been investigated in some detail by Prit
hetand Kline (1981). However, they did not take into a

ount the presen
e of an AGN, and exponentialwings in the PSF. In this 
hapter, we will examine in detail the appearan
e of di�erent galaxy-AGN
ombinations as a fun
tion of redshift. We will take into a

ount the luminosity and morphologi
alproperties of the galaxy, the luminosity and 
ontinuum spe
trum of the AGN, and the shape of thePSF. We will de�ne 
riteria for the dete
tion of an extended obje
t over the sky ba
kground andthe PSF, keeping in mind the pra
ti
e followed by observers, so that our results 
an be used in theinterpretation of a
tual observations.In Se
tion 7.2 we will dis
uss how the surfa
e brightness of a galaxy depends upon themorphology, k-
orre
tion and the PSF. In Se
tion 7.3 we will dis
uss how the limiting redshift fordete
ting a galaxy+AGN as an extended obje
t 
an be 
omputed. In Se
tion 7.4 we will dis
ussthe dependen
e of this limiting redshift on galaxy and quasar properties and in Se
tion 7.5 we willdis
uss some impli
ations of our �ndings.7.2 Surfa
e Brightness7.2.1 The Host GalaxyWe will assume in our simple model that a host galaxy has bulge and disk 
omponents, with theradial intensity distribution of the bulge being given by de Vau
ouleurs' r1=4 law, and that of thedisk by an exponential. Early type galaxies are dominated by the bulge 
omponent, while thedisk be
omes in
reasingly important towards the later types. The radial intensity distribution is
ompletely spe
i�ed by giving the 
entral intensity of the bulge Ib(0), the e�e
tive radius re withinwhi
h half the total bulge luminosity is 
ontained, the disk 
entral intensity Id(0) and the disk s
alelength rs. In general the three dimensional shape of the bulge is that of a triaxial ellipsoid, while thedisk is taken to be thin and 
ir
ular. In proje
tion onto the sky ea
h 
omponent produ
es ellipti
alisophotes, with the observed ellipti
ity of the disk depending only on the in
lination of the normalto the disk with the line of sight. The radial intensity distribution is given byI(r) = Ib(0)10�3:33(r=re)1=4 + Id(0)e�(r=rs); (7.2.1)where the radial distan
e r is taken to be along the major axis of the image. In what follows, we shall
onsider only spheri
al bulges, whi
h is a good approximation for our purposes, and disks whi
hare viewed fa
e-on. The isophotes of the image are therefore 
ir
ularly symmetri
, and 
onvolutionwith a 
ir
ularly symmetri
 Gaussian PSF redu
es to an integration in one dimension, as des
ribedin subse
tion 7.2.4. This simplifying assumption does not qualitatively a�e
t our results.Integration of the bulge and disk intensity distributions separately over all values of r leadsto the disk to bulge luminosity ratioDB = 5:93�102 �Id(0)Ib(0)��rsre�2 : (7.2.2)In terms of this ratio, the total absolute magnitude of the galaxy in some band is given byMG = �b(0) � 5 log re � 2:5 log�1 + DB�� 1:98; (7.2.3)54



where �b(0) is the bulge 
entral surfa
e brightness in magnitude, in the same wave length region asthe luminosity, and re is in kiloparse
. When the redshift of the galaxy is so large that the observedand emitted wavelength regions are signi�
antly di�erent, a 
orre
tion term has to be introdu
ed,so that absolute magnitudes are obtained in a �xed waveband, regardless of the redshift; this willbe done in subse
tion 7.2.3. Given the galaxy absolute magnitude MG, the D=B ratio and the twos
ale lengths re and rs, the intensity distribution is 
ompletely spe
i�ed.7.2.2 The A
tive Gala
ti
 Nu
leusBe
ause of their very small angular size, AGN are not resolved in opti
al and near-IR observations,and 
an be 
onsidered to be point sour
es. However, the PSF spreads out the light, so that the AGN
ontributes to more than one pixel. We will assume for simpli
ity that in the wavelength region ofinterest to us, the 
ontinuum spe
trum has a power-law form L(�) / ���, where � is a 
onstant.Emission lines whi
h may 
ontribute to the observed �lter bandpass 
an be taken into a

ount byapplying a 
orre
tion to the 
ontinuum magnitude (e.g. Kembhavi & Narlikar 1999). The apparentmagnitude m of an AGN at redshift z is related to its absolute magnitude M throughm = M + 5 log� 1q20 hq0z + (q0 � 1)(p1 + 2q0z � 1)i��2:5(1 � �) log(1 + z) + 42:39 � 5 log h100; (7.2.4)where q0 is the 
osmologi
al de
eleration parameter and Hubble's 
onstant is H0 =100h100 km se
�1Mp
�1. In Equation 7.2. 4, the apparent and absolute magnitude are both inthe wavelength range 
orresponding to the �lter bandpass in whi
h the AGN is observed.7.2.3 The k-Corre
tionWhen an obje
t is at a redshift z, the �ux from it observed in a wavelength range (�o1 ; �o2) isemitted in the rest frame of the obje
t in the band (�o1=(1 + z); �o2=(1 + z)). Consequently, twoidenti
al obje
ts lo
ated at di�erent redshifts would have di�erent regions of their spe
trum probedby observation in the same band, leading to apparent di�eren
es in their spe
tral properties. Toa

ount for this dis
repan
y, it is ne
essary to introdu
e a k-
orre
tion term, whi
h ensures thatthe observed and emitted spe
tral bands are the same regardless of the redshift. This k-
orre
tionterm is de�ned as (Ro

a-Volmerange & Guiderdoni 1988)k(z) = �2:5 log0� R10 L� �o(1+z)�R(�o)d�o(1 + z) R10 L(�o)R(�o)d�o1A ; (7.2.5)where L(�o) is the luminosity of the obje
t as a fun
tion of its wavelength, and R(�o) is theresponse fun
tion of the �lter being used. The k-
orre
tion depends on the �lter bandpass, thespe
trum of the sour
e and the redshift. For a quasar with a power-law spe
trum L(�) / ���, with� = 
onstant, the k-
orre
tion redu
es to k(z) = �2:5(1��) log(1+z), and is already in
orporatedin Equation 7.2.4.k-
orre
tions have been 
omputed by Ro

a-Volmerange & Guiderdoni (1988), using syn-theti
 spe
tra of galaxies over a wide spe
tral range. The 
orre
tions here are available in thestandard U,B,V,R,I bandpasses, as fun
tion of the galaxy types E/SO, Sa, Sb, S
, Sd and Im overthe redshift range 0.0 to 2.0. We shall also use the k-
orre
tions 
omputed by Poggianti (1997),using syntheti
 spe
tra, in the U,B,V,R,I as well as in the near infra-red J,H,K �lters, but only forgalaxy types E, Sa and S
. As an illustration, we have shown in Figure 7.1 the k-
orre
tions in theJohnson B �lter 
omputed by Ro

a-Volmerange & Guiderdoni (1988) and Poggianti (1997). Theformer data is extrapolated smoothly to z = 3:0 to enable us to make 
omparison with observationsof host galaxies at high redshifts. Also shown in the �gure are the 
osmologi
al (1 + z)�4 termwhi
h leads to dimming of the surfa
e brightness with redshift, and the k-
orre
tion for a power-lawspe
trum L(�) / ��0:5, whi
h is the 
ontinuum spe
trum often adopted for quasars. In the 
aseof ellipti
al galaxies, the k-
orre
tion term dominates the dimming term, but is less important inthe later types. We have shown in Figure 7.2 the 
orre
tions due to Poggianti in the K band. The55



Figure 7.1: k-
orre
tions obtained by Ro

a-Volmerange & Guiderdoni (1989, 
ontinuous lines),and Poggianti (1997, dashed lines). The galaxy type is shown against ea
h line. The dotted lineis the dimming in magnitudes 
orresponding to the (1 + z)�4 term. The line with the long dashesindi
ates the k-
orre
tion for a power-law spe
trum L(�) / ��0:5.
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Figure 7.2: k-
orre
tions obtained by Poggianti (1997, dashed lines) in the K-band. The galaxytype is shown against ea
h line. The dotted line is the dimming in magnitudes 
orresponding to the(1 + z)�4 term. The line with the long dashes indi
ates the k-
orre
tion for a power-law spe
trumL(�) / ��0:5
orre
tions are small and negative through most of the redshift range. The surfa
e brightness of agalaxy at redshift z, in magnitudes per square ar
se
ond �(r), 
an now be written as�(r) =MG + 2:5 log 24 r2e (1 + z)4�1 + DB � g(r)35+ k(z) + 31:63; (7.2.6)where the fun
tion g(r) is given byg(r) = 10�3:33(r=re)1=4 + 1:69�10�3 �DB��rers�2 e�(r=rs); (7.2.7)and the parameters are as spe
i�ed in subse
tion 7.2.1. In the above equations the s
ale lengths arein kp
 and the surfa
e brightness and absolute magnitude are taken to be in the same �lter band.7.2.4 The Point Spread Fun
tionThe point spread fun
tion (PSF) is often taken to be a 
ir
ularly symmetri
 Gaussian fun
tion intwo dimensions but, for more a

urate work, departures from this simple form have to be takeninto a

ount. A real PSF 
an be ellipti
al in shape, and more importantly in the present 
ontext,
an have non-Gaussian wings at some angular separation from the 
enter. This region of the PSF
arries only a small fra
tion of the total �ux from a point sour
e, but is important in determiningto what redshift an extended obje
t like a galaxy 
an be dete
ted. When the PSF falls o� veryrapidly as in the 
ase of a Gaussian, faint extensions of small angular size 
an be readily observed,while a �atter PSF 
an 
on
eal su
h extended stru
ture.57



Following S
hweizer (1979a, 1979b), we will 
onsider a 
ir
ularly symmetri
 PSF with aGaussian 
ore and exponential wings:P (r) = S1e�r2=2�2 ; 0 � r � 2�;= S2e��r; 2� � r � 12�; (7.2.8)= 0; 12� < r;where � and � are 
onstants. The full width at half maximum (FWHM) of the Gaussian 
ore, orseeing, is 2:355�. The 
onstants S1 and S2 are determined by requiring 
ontinuity at r = 2� andnormalizing the area under the PSF to unity:S1 = 12� h0:865�2 + 0:135��2(1 + 2��)i�1 ; (7.2.9)S2 = S1 exp [2(�� � 1)℄: (7.2.10)When the intensity distribution of a galaxy as given by Equation 7.2.1 is 
onvolved with a 
ir
ularlysymmetri
 PSF, the resulting surfa
e brightness distribution is given byI
(r) = Z 10 dr0 r0I(r0) Z 2�0 d�P �qr2 + r02 � 2rr0 
os�� : (7.2.11)For a PSF of the form above, the 
onvolved intensity 
an be obtained by numeri
al integration.When the PSF has a pure Gaussian form, there is a further simpli�
ation possible, with the resultI
(r) = e�r2=2�2�2 Z 10 dr0 r0e�r02=2�2I(r0)I0 �rr0�2 � ; (7.2.12)where I0 is the modi�ed Bessel fun
tion of order 0. In the 
ase of a point sour
e like an AGN,the intensity pro�le is simply given by the PSF times the total �ux from the obje
t, with the �uxobtained from the apparent magnitude in Equation 7.2.4.7.3 Limiting Redshift for Dete
tion of Host Galaxy7.3.1 Galaxy Without an AGNWe shall �rst 
onsider the 
ase of a galaxy whi
h does not host an AGN. When a galaxy is at aredshift z, the angular size � of some feature in the galaxy with linear size l is� = 6:87�10�2h100(1 + z)2n 1q20 �q0z + (q0 � 1)(p1 + 2q0z � 1)�o � l1 kp
� ar
se
: (7.3.1)For a galaxy to be dete
ted, it should have �ux su�
iently greater than the noise in the skyba
kground, under given observing 
onditions. Further, to be re
ognized as an extended obje
t, itshould have an angular size su�
iently larger than the PSF. If the latter 
ondition is not satis�ed,the galaxy will appear to be an unresolved obje
t.The brightness of the sky ba
kground depends on the 
onditions at the observing site andthe �lter being used in the observations. Given a ba
kground level, the magnitude of the faintestfeature whi
h 
an be dete
ted depends on the light 
olle
ting area of the mirror, the exposure timeand the imaging dete
tor being used. In deep observations, it is not unusual to dete
t featureswhi
h are as faint as one per
ent of the sky ba
kground. Su
h dete
tion does not require thatea
h pixel of the image have a su�
ient signal-to-noise to be observable to the limiting brightness.The 
ounts from pixels are averaged over isophotes, whi
h improves the signal-to-noise by a fa
tor� pN , where N is the number of pixels in a given isophote. The radial distribution of the isophotalintensity is 
ompared with a model fun
tional form, like the one in Equation 7.2.1, to determine theparameters. For very faint obje
ts, it may only be possible to say whether the obje
t is extendedby 
omparing the isophote averaged pro�le with the shape of the PSF. We shall use this te
hniquein subse
tion 7.3.2. 58



Figure 7.3: Left panel: The surfa
e brightness in the B �lter of an S
 galaxy, as a fun
tion ofangular distan
e from the 
enter. The brightness pro�les for a range of redshifts are shown as solidlines. The number against ea
h line indi
ates the redshift. The absolute magnitude of the galaxy isMB = �22. The morphologi
al parameters are re = 3kp
, rs = 6kp
, and D=B = 5. The FWHMof the PSF and the limiting magnitude rea
hed are shown as verti
al and horizontal dotted lines.The dashed line indi
ates the surfa
e brightness of the galaxy when it is at the limiting redshiftfor dete
tion as an extended obje
t; it passes through the interse
tion of the lines indi
ating theFWHM and the limiting magnitude. When the surfa
e brightness lies below the dashed line, thegalaxy appears to be a faint point sour
e, or is lost in the ba
kground noise. Right panel: Thelimiting surfa
e brightness of an ellipti
al galaxy with absolute magnitude MB = �22, re = 7kp
and D=B = 0.Let �lim be the limiting brightness, in magnitudes per square ar
se
ond, whi
h 
an be dete
tedin some observation. A feature at angular distan
e � in an obje
t at a redshift z is then dete
tableif �(�) < �lim. From the above dis
ussion, given a galaxy at a redshift z, we shall adopt�(� = FWHM; z) = �lim (7.3.2)as the 
ondition for a galaxy to be re
ognizable as extended. Sin
e the surfa
e brightness of agalaxy des
ribed by Equation 7.2.1 de
reases outwards, if this 
ondition is satis�ed, then the surfa
ebrightness of the galaxy will be fainter than �lim for all � >FWHM. If the 
ondition is satis�edfor some z, then the galaxy will appear to be a point sour
e for all redshifts z0 > z sin
e, fromEquation 7.2.6, the surfa
e brightness de
reases with in
reasing redshift for all reasonable galaxyspe
tral distributions. For a galaxy with given parameters, we de�ne a limiting redshift zlim atwhi
h the 
ondition in Equation 7.3.2 is satis�ed,�(� = FWHM; zlim) = �lim: (7.3.3)For z < zlim the galaxy will be re
ognizable as being extended, while for z > zlim, it will appearto be a point sour
e. zlim is a fun
tion of galaxy properties, �lim and the seeing 
onditions. Giventhe parameters of the galaxy, the FWHM and the limiting magnitude, it is possible to solve Equa-tion 7.3.3 numeri
ally to obtain zlim. The limiting redshift will 
hange somewhat if some multipleof the FWHM is used in Equation 7.3.3, but under the usual seeing 
onditions and CCD pixel s
ale,testing at FWHM provides just enough pixels to marginally dete
t extended stru
ture.We have shown in the two panels of Figure 7.3 the surfa
e brightness distribution of a diskgalaxy of type S
 and an ellipti
al galaxy respe
tively, observed in the B �lter. The parametersfor these galaxies are 
hosen from known ranges and the model intensity distribution is 
onvolvedwith a PSF with a Gaussian 
ore and exponential wings. The FWHM of the PSF is taken to be1:6 ar
se
, with the s
ale length of the exponential wings in Equation 7.2.9 being ��1 = 2:5 ar
se
;these values have been 
hosen to mat
h values whi
h o

ur in a
tual observing situations (e.g.Lehnert et al. 1992) dis
ussed below. We have taken the limiting surfa
e brightness for dete
tionto be 5 magnitudes fainter than the sky, whi
h is again similar to the limit rea
hed in pra
ti
e.59



The FWHM, and the limiting surfa
e brightness for dete
tion are indi
ated in Figure 7.3 by dottedlines. At low redshifts, ea
h galaxy appears as an extended obje
t well above the dete
tion threshold.When the galaxy is at the limiting redshift for dete
tion, whi
h is obtained by solving Equation 7.3.3numeri
ally, the surfa
e brightness rea
hes the dete
tion limit exa
tly at the FWHM, and the galaxy
annot be distinguished from a point sour
e. At the se
ond highest redshift shown in ea
h panel,the surfa
e brightness of the disk galaxy is just above the threshold for dete
tion 
lose to the 
entre,but falls below the threshold even for some angular separations from the 
entre � <FWHM. Thegalaxy therefore appears to be a faint point sour
e at that redshift. At the highest redshift in thetwo panels, the surfa
e brightness of the galaxy is below the dete
tion threshold for all values of �,and it is simply lost in the ba
kground noise.From Figure 7.3 it is seen that for the same absolute magnitude, the ellipti
al galaxy appearsas an extended sour
e only up to a limiting redshift of zlim = 0:75, while the limiting redshift fora disk galaxy is zlim = 1:66. The di�eren
e arises be
ause of the higher k-
orre
tion whi
h appliesto the ellipti
al in the B band (see Figure 7.1), rapidly making it fainter with in
reasing redshift.Ellipti
al galaxies 
an be observed as extended sour
es to mu
h higher redshift in the K band.Here the sky is mu
h brighter, but the galaxy is more luminous as well. For typi
al 
olors, we 
anassume that the galaxies in Figure 7.3 are about 5 magnitudes brighter in the K band than in theB band. For illustrative purposes, we will assume that the sky ba
kground in K is 13 magnitudesper square ar
se
ond, and that the limiting magnitude that one reasonably rea
hes is 9 magnitudesfainter than the sky. In this 
ase, the limiting redshift for the ellipti
al is zlim = 2:02, while for thespiral it is 2.30. Going from the B to the K band a�e
ts the appearan
e of ellipti
als mu
h morethan that of disk galaxies, be
ause of the severe k-
orre
tion that the former su�er from at shortwavelengths.For a given type of galaxy and �lter, the limiting redshift depends on the FWHM of thePSF, and the limiting magnitude, whi
h in turn depends on the teles
ope aperture and the totalexposure time. In the 
ase of the disk galaxy in Figure 7.3, if the FWHM of the PSF is redu
ed from1:6 ar
se
 to 0:6 ar
se
, and all other parameters are left un
hanged, the limiting redshift in the B�lter in
reases from zlim = 2:31 to 2.91. Here better seeing 
onditions allow the extended stru
tureto be probed to smaller angular size, thus in
reasing the range of redshift over whi
h the stru
ture
an be dete
ted. If instead of redu
ing the FWHM, we make the limiting surfa
e brightness whi
h
an be dete
ted fainter by one magnitude, the limiting redshift in
reases from zlim = 2:31 to 2.92.The limiting redshift also depends on the absolute magnitude of the galaxy, the s
ale lengths and thedisk-to-bulge luminosity ratio. In subse
tion 7.4.2 we shall systemati
ally examine the dependen
eof the limiting redshift on these parameters.7.3.2 Galaxy With AGNWhen an AGN is present, it has a surfa
e brightness pro�le with the same shape as the PSF.When the AGN is bright, its surfa
e brightness 
an signi�
antly ex
eed the surfa
e brightness ofthe host galaxy a few ar
se
onds from the 
entre. At low redshift, the galaxy 
an be dete
ted atlarge angular separations where the surfa
e brightness of the AGN has passed below the dete
tionthreshold. But at su�
iently high redshift, it is possible that the galaxy surfa
e brightness passesbelow the threshold at small angular separations where it 
annot be distinguished separately fromthe AGN. In su
h a 
ase, the host will remain undete
ted and the obje
t will appear to be unresolved.The e�e
t of an AGN is to add a point sour
e at r = 0 to the pro�le in Equation 7.2.1.When the size of the image and the signal-to-noise ratio are su�
iently large, it is possible todetermine the luminosity of su
h a sour
e by in
luding it as a parameter in a �tting pro
edurewhi
h simultaneously determines the parameters of the galaxy as well (Wadadekar, Robbason &Kembhavi 1999). But when the total angular extent of the image is small and it is faint, a �t isnot possible. In su
h a 
ir
umstan
e, one 
an try to determine whether the total AGN+host galaxypro�le is di�erent from that of a point sour
e with the same 
entral surfa
e brightness as the obje
tunder 
onsideration. Su
h a 
riterion has been used by Lehnert et al. (1992) to dete
t host galaxiesaround high redshift radio-loud quasars.In order to determine the limiting redshift to whi
h a host galaxy 
an be dete
ted in thepresen
e of a bright AGN, we shall formalize the above 
riterion as follows. We 
onsider thesurfa
e brightness of the total pro�le, and a point sour
e pro�le with the same 
entral surfa
e60



Figure 7.4: The total surfa
e brightness pro�les, at the redshifts indi
ated, of a S
 galaxy withparameters as in Figure 7.3 and an AGN with blue absolute magnitude MQ = �26. At ea
hredshift, the PSF with the same 
entral surfa
e brightness as the host galaxy+AGN 
ombinationis shown as a line with long dashes. The pro�les for the limiting redshift zlim;GQ = 1:4 are shown.The short dark verti
al line 
onne
ting the pro�les for the limiting redshift indi
ates �m = 0:5.The other features in the �gure are as in Figure 7.3.brightness, at the angular separation at whi
h the total pro�le 
rosses the dete
tion threshold. Ifthe ex
ess brightness of the total pro�le at that separation, over the point sour
e pro�le, ex
eedssome presele
ted value �m, then we say that the obje
t is extended; otherwise the obje
t is taken tobe indistinguishable from a point sour
e. It should be noted here that the di�eren
e in brightnessbetween the two pro�les in general in
reases outwards from the 
entre. So if a pro�le is brightenough to be distinguished from a point sour
e at some angular separation, it will appear extendedat all larger angular separations, provided it remains above the dete
tion threshold. Given an AGNand host galaxy 
ombination whi
h appears extended at low redshift, we 
an examine the pro�lesat in
reasing redshift to determine the limiting redshift zlim;GQ at whi
h our 
riterion is ful�lled.At all higher redshifts, the galaxy will pass below the dete
tion threshold before it 
an be separatedfrom the AGN.We have shown in Figure 7.4 the pro�le of the S
 galaxy in Figure 7.3, when it hosts an AGNwith absolute blue magnitude MQ = �26. To distinguish between an extended and starlike pro�le,we require �m = 0:5magnitude, whi
h agrees with the di�eren
e found when an obje
t is a

eptedto be extended in real observing situations, as in Lehnert et al. (1992). At the lowest redshift
onsidered, 0:8, the total pro�le is 
learly seen to be that of an extended obje
t, when 
omparedto the PSF. At the limiting redshift of zlim;GQ = 1:4, the di�eren
e in brightness between the twopro�les at the threshold for dete
tion is exa
tly 0:5magnitude, whi
h is the adopted 
riterion forde�ning zlim;GQ. At the higher redshift of 1.4, the total pro�le 
annot be distinguished from thePSF, and the host galaxy is not dete
ted. It should be noti
ed that the limiting redshift here issigni�
antly smaller than the limiting redshift of zlim;G = 2:18 whi
h applies in the absen
e of the61



AGN. If we set a less stringent 
riterion of �m = 0:3, the limiting redshift in
reases to zlim;GQ =1:66, while for the more stringent 
riterion of �m = 0:7, the limiting redshift de
reases to zlim;GQ =1:25. The redshift to whi
h the host galaxy 
an be dete
ted is very sensitive to the presen
e of thewings in the PSF. If instead of the Gaussian 
ore and exponential wings 
ombination that we haveadopted, we use a PSF whi
h has a pure Gaussian shape with the same FWHM, the limiting redshiftin
reases to zlim;GQ = 2:08 from 1.4. With a Gaussian PSF, the galaxy alone 
an be dete
ted asan extended obje
t to a redshift of zlim;G = 2:20, so that the presen
e of the AGN does not make asigni�
ant di�eren
e. This is be
ause with a purely Gaussian shape, the surfa
e brightness pro�leof the AGN be
omes rapidly faint at in
reasing angular separations from the 
entre.7.4 Dependen
e of Limiting Redshift on Galaxy and Quasar Prop-erties7.4.1 Parameter Ranges and CorrelationsWe have seen above how the limiting redshift to whi
h a galaxy 
an be seen 
an be obtained, giventhe galaxy type and luminosity, the parameters whi
h determine its global morphology, and theluminosity of the AGN. Sin
e a number of parameters go into building the model galaxy, we needto examine how sensitively the limiting redshift depends on the parameters, for the same observing
onditions like sky brightness and seeing. Our aim in the present se
tion will be to 
onsider theobserved distributions of the galaxy parameters, and to make random 
hoi
es from these spreads,taking into a

ount any known 
orrelations between the parameters. For a number of model galaxiesbuilt up in this fashion, we will obtain the limiting redshift, and see how it depends on the 
hoi
eof the parameters.The stru
ture of a de Vau
ouleurs' ellipti
al is determined given its 
entral surfa
e brightnessand e�e
tive radius re, or equivalently, its luminosity and re. The observed range of re, as obtainedby Kormendy (1982) is 2h�1100 kp
 to 15h�1100 kp
. Kormendy (1982, and referen
es therein), foundthat for ellipti
als there exists a linear 
orrelation between the logarithm of the e�e
tive radius andthe surfa
e brightness at the e�e
tive radius. This 
an be expressed as a dependen
e of the e�e
tiveradius in kiloparse
 on the ellipti
al galaxy absolute magnitude MG aslog re = � (MG + 19:52 � 3:28 log h100 + C) ; (7.4.1)where M is the absolute magnitude in the band under 
onsideration and C = MG(B) �MG withMG(B) the galaxy absolute magnitude in the B band. For a given absolute magnitude, there isa spread of about 0.1 in log re about this line. To make an ellipti
al galaxy with some absolutemagnitude, we 
an obtain its e�e
tive radius re, by making a random 
hoi
e from the spread aroundthe mean value obtained from Equation 7.4.1. The 
entral surfa
e brightness is then given by�G(0) =MG + 5 log re + 39:96: (7.4.2)In the 
ase of disk galaxies, bulge as well as disk parameters have to be spe
i�ed. Thebasi
 parameters are the bulge and disk 
entral surfa
e brightness �b(0) and �d(0) respe
tively,the e�e
tive radius re of the de Vau
ouleurs' bulge and the s
ale length rs of the exponential disk.These four parameters 
an be obtained given the total (bulge+disk) absolute magnitude MG of thegalaxy, the disk-to-bulge luminosity ratio D=B, �d(0) and rd. For di�erent disk galaxy types weuse the range of values given by Kent (1985), with his ratios in the r band 
onverted to the Bband using B = r + 1:3 for the bulge and B = r + 0:9 for the disk. For 
onverting bulge and diskluminosities between the other bands, we use the average 
olors B�V = 0:8, B�K = 3 for a disk,and B�V = 1:0, B�K = 4:4 for a bulge. Within the the spe
i�ed ranges for D=B, we assume thatthe distribution of D=B values is uniform. We will assume that the disk 
entral surfa
e brightness�d(0) is uniformly distributed in the range of 20.5 to 22.5 magnitudes per square ar
se
 in the blueband (Kent 1985).From MG and D=B the disk absolute magnitude Md 
an be obtained. The disk s
ale lengthis then given by log rs = 0:2 [�d(0) �Md � 38:57℄ : (7.4.3)62



The observed range of disk s
ale lengths is 1h�1100 kp
 to 7:5h�1100 kp
. If rs obtained from Equa-tion 7.4.3 ex
eeds 7:5h�1100 kp
, we repla
e it by a randomly 
hosen value within 10% of this maxi-mum. Su
h a disk will have an anomalously bright 
entral surfa
e brightness for its rs. We obtainthe bulge e�e
tive radius re by using Figure 5 of Kent (1985). We �rst 
onvert the �b(0)-log re lineshown in that �gure to the relation (in the B band)log re = �0:4(MB + 18:16 � 2:5 log h100); (7.4.4)and assume that for a �xed bulge absolute magnitude, log re is uniformly distributed between -0.5and a maximum given by this line. A model disk galaxy with a given total absolute magnitude 
anbe 
onstru
ted by 
hoosing values of D=B and �d(0) at random from their ranges, and obtainingrs from Equation 7.4.3 and re from Equation 7.4.4.For our purposes, the AGN is 
ompletely des
ribed by its absolute magnitude and power-law spe
tral index, whi
h we take to be uniformly distributed in the range 0.3 to 1.3. We haveused information available in the literature to spe
ify the ranges of various galaxy parametersand 
orrelations between them where these are known. Choosing somewhat di�erent ranges and
orrelations will not signi�
antly a�e
t our results.7.4.2 ResultsWe have shown in Figure 7.5 the limiting redshifts obtained for Sa galaxies with a range of absolutemagnitudes in the B �lter. Also shown is the lo
us of limiting redshifts for the 
ombination of Sagalaxies and an AGN with a B band absolute magnitude of -26. The various parameters used in thesimulation are listed in the 
aption to the �gure. For ea
h galaxy luminosity, a hundred 
hoi
es ofD=B, �d(0) and re and the quasar spe
tral index were made at random, following the pres
riptionsgiven in subse
tion 7.4.1. For ea
h 
hoi
e the limiting redshift zlim;G for just the galaxy and zlim;GQfor the galaxy and quasar 
ombination were obtained. The mean limiting redshifts obtained in the100 trials for ea
h galaxy luminosity, and the rms dispersion in the redshifts, are shown in Figure 7.5.The size of the error bars is rather small at faint galaxy luminosities, and grows to an rms valueof � 0:1 at galaxy absolute magnitude of about -23, whi
h 
orresponds to the brightest observedgalaxies. We have 
ontinued the 
urves to even brighter magnitudes, extrapolating the observedparameter distributions and 
orrelations to these values, sin
e some of the host galaxies dete
ted(e.g. Lehnert et al. 1992) appear to have extraordinarily high luminosities.In opti
al surveys for quasars it is usual to sele
t as 
andidates only those obje
ts whi
hdo not show an observable extension; but it is of interest to attempt to dete
t the galaxy throughobservations whi
h go deeper than the dis
overy survey. The question then is: to what limitingredshift one may expe
t to dete
t a host galaxy under given observing 
onditions, in the 
ase ofan obje
t for whi
h only the total absolute magnitude, made up of light from the quasar andthe putative host galaxy, is known? We have shown in Figure 7.6 the limiting redshifts for thedete
tion as a fun
tion of total absolute magnitude. We have 
onsidered Sa galaxies in the B band,with absolute magnitude MB = �22 and �19 respe
tively, whi
h host quasars with a range ofluminosities. The limiting redshift for a range of galaxy absolute magnitudes, when no AGN ispresent, is also shown for 
omparison. The error bars again indi
ate the rms dispersion in redshiftobtained in a hundred simulations with parameters 
hosen as in Figure 7.5. Even at its worst, the1� dispersion in redshift is only � 0:15. The limiting redshift is determined mainly by galaxy type,absolute magnitude and the �lter, and depends little on the other parameters.In Figure 7.7 we have shown the limiting redshifts a
hieved for di�erent 
ombinations ofquasar and galaxy luminosities, for Sa galaxies in the B (upper panel) and K (lower panel) bands.For ea
h 
ombination of galaxy and AGN luminosity, we have sele
ted a hundred parameter sets inthe manner des
ribed above. The limiting redshift shown is the mean of the hundred values obtained,as in Figure 7.6. We have omitted the error bars for 
larity. The total absolute magnitude of the
ombination is shown on the abs
issa. The abs
issa in the lower panel is shifted relative to the upperpanel to a

ount for the average 
olor of hB �Ki = 3 for Sa galaxies. With this arrangement, theB and K luminosities of an obje
t with B�K ' 3 would lie on a verti
al line running through thetwo panels. The dotted line shows the limiting redshift for galaxies with no AGN. The full lines arefor galaxy+AGN 
ombinations, with ea
h line 
orresponding to a single galaxy luminosity 
ombinedwith di�erent quasar luminosities. Ea
h su
h line ends in a point on the dotted galaxy line, with the63



Figure 7.5: Limiting redshifts for an Sa galaxy for a range of absolute magnitudes (dotted line),and for an Sa with an AGN of absolute magnitude -26 in the B �lter. The error bars at ea
habsolute magnitude indi
ate the range of limiting redshifts obtained by varying morphologi
al andother parameters as des
ribed in the text. We have used a sky brightness of 22:7mag ar
se
�2 in theB band and assumed that the faintest feature observable has a surfa
e brightness 5mag ar
se
�2fainter than the sky. The PSF is assumed to be 
ir
ularly symmetri
, with a Gaussian 
ore andexponential wings. We assume that the FWHM of the PSF is 1:6 ar
se
 and that the s
ale length ofthe exponential part is 2:5 ar
se
. When an AGN is present, we have adopted the 
riterion des
ribedin subse
tion 7.3.2 to distinguish between the pro�les of extended and point-sour
e like images.
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Figure 7.6: Limiting redshifts for Sa galaxies with B band absolute magnitudes -22 and -19 respe
-tively, and 
ontaining AGN with di�erent luminosities. The dotted line indi
ates limiting redshiftfor an Sa galaxy, not 
ontaining an AGN, for a range of galaxy absolute magnitudes. The range ofparameters, observing 
onditions and error bars are as in Figure 7.5. The large dots indi
ate thepoints at whi
h the luminosity of the galaxy-AGN 
ombination be
omes indistinguishable from thegalaxy luminosity.
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Figure 7.7: Limiting redshift for dete
tion as an extended sour
e against total absolute magnitudefor di�erent galaxy+AGN 
ombinations. Results are shown for Sa galaxies in the B (upper panel)and K (lower panel) bands. In ea
h panel the dotted line shows the limiting redshift for a galaxywithout an AGN. Ea
h full line ends on the dotted line, with the luminosity 
orresponding tothis point being the galaxy luminosity in the 
ombination. The 
urves in the upper right handpart of ea
h panel indi
ate the redshift at whi
h a galaxy+AGN 
ombination with a given totalabsolute magnitude would be
ome too faint to be dete
ted above the sky ba
kground, even as apoint sour
e. The �ve 
urves are for the ratios 0.0, 0.25, 0.50, 0.75 and 1.0, with the outermost
urve 
orresponding to the highest ratio. The signi�
an
e of the three regions marked I, II andII is des
ribed in the text. The star like points indi
ate quasars from the sample of Lehnert etal. (1992), while the small square in ea
h panel indi
ates the approximate position of radio-quietquasars with z ' 1 from Lowenthal et al. 1995 (see subse
tion 7.4.3 for a dis
ussion). The galaxyparameters and observing 
onditions are as in Figure 7.5.
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position of the point indi
ating the absolute magnitude of the galaxy for that line. For the galaxyand AGN models adopted in this 
hapter, an obje
t with a given total luminosity must lie belowthe appropriate full line for it to be re
ognized as an extended obje
t. Above su
h a line, the obje
twill appear to be unresolved, and will be 
lassi�ed as a quasar. For a given quasar luminosity, thelimiting redshift is the least for the highest AGN to host galaxy luminosity ratio. As this ratiode
reases, the limiting redshift in
reases, and rea
hes its maximum value when the AGN luminositybe
omes small 
ompared to the host galaxy luminosity. For a given total absolute magnitude, thelimiting redshift runs over a substantial range. For example, at total absolute magnitudeMB = �26,the limiting redshift ranges from � 0:1 to � 1:1 for galaxy absolute magnitudes ranging from -19to -24. The 
urves in the upper right hand part of ea
h panel indi
ate the redshift at whi
h agalaxy+AGN 
ombination with a given total absolute magnitude would be
ome too faint to bedete
ted above the sky ba
kground even as a point sour
e. Ea
h 
urve 
orresponds to a spe
i�
value of the ratio of the AGN luminosity to the host galaxy luminosity. The 
urves are for values0.0, 0.25, 0.50, 0.75 and 1.0 of this ratio. For a given total absolute magnitude, the maximumredshift for dete
tion in
reases with the ratio.Figure 7.7 is divided by the various 
urves into three broad regions I, II and III as indi
ated.An obje
t with total luminosity and redshift whi
h are su
h that it is pla
ed in region III, wouldnot be dete
ted at all. A galaxy in region II always appears unresolved, and 
ould be either anormal or an a
tive galaxy. It is straightforward to distinguish between the two types of obje
ts onthe basis of their spe
tra, provided of 
ourse that the obje
ts are bright enough for their spe
trato be obtained. In region I, whi
h is the region below the dotted line, whether an obje
t appearsto be extended or unresolved depends on the way its total luminosity is divided between the hostgalaxy and the AGN. A normal galaxy, i.e. one not 
ontaining an AGN, would always appear to beextended in this region. Any unresolved galaxy to be found here will therefore be an a
tive galaxy,while an extended obje
t may be a normal or an a
tive galaxy. So a survey for a
tive obje
ts, withthe 
riterion that they appear to be �starlike" (unresolved, but with emission lines or other featureswhi
h distinguish them from stars), should be limited to region II. Region I 
an be extended intoregion II by 
onsidering even brighter galaxies than shown, but su
h obje
ts may not exist.When an obje
t with known redshift appears to be unresolved in the dis
overy survey, Fig-ure 7.7 makes it possible to estimate the range of host galaxy luminosity for whi
h the obje
t wouldappear to be extended in a deeper survey with given observing 
onditions. The �gure also pro-vides the 
onditions under whi
h unresolved obje
ts 
ould be dete
ted above the ba
kground noise.Consider a volume limited survey in the K band whi
h extends to, say, z = 1:0. It is 
lear fromFigure 7.7 that, for an Sa host galaxy, su
h a survey will be 
omplete only for obje
ts brighterthan MK = �22, as fainter obje
ts would go undete
ted. The non-trivial fa
t here is that su
h astatement would not be possible for a survey in the B band, as here the dete
tion lines depend onthe AGN to host galaxy luminosity ratio, and the degree of 
ompleteness would not be uniform forall ratios. The level of 
ompleteness will also 
hange further with galaxy type.We have shown in Figure 7.8 the limiting redshifts for ellipti
al galaxies in the B and Kbands. Here the abs
issa in the lower panel is shifted through 4.5 magnitudes relative to the upperpanel to allow for the average B � K 
olor of ellipti
al galaxies. For a given total luminosity inthe B band, the limiting redshift in this 
ase is mu
h lower than for Sa galaxies. This is be
auseof the substantially larger k-
orre
tion whi
h has to be applied to ellipti
al galaxies. We see fromFigure 7.2 that k-
orre
tions for di�erent types of galaxies are very similar in the K band. As aresult the limiting redshift in this band depends very little on galaxy type. When a host galaxy issuspe
ted to be an ellipti
al, there is substantial advantage in observing it in the K band.We have shown in Figure 7.9 the limiting redshifts for spiral galaxies of type S
 in the B andK band. Be
ause of the redu
ed k-
orre
tion for these obje
ts relative to Sa galaxies, the limitingredshifts rea
hed are higher. We shall see below that galaxies of type S
 or later are more likely tobe the hosts of luminous quasars than galaxies of earlier types. To fa
ilitate 
omparison betweendi�erent galaxy types and bands, we have plotted in Figure 7.10 the limiting redshifts against totalabsolute magnitude for galaxies of di�erent types. The upper panel shows limiting redshifts for E,Sa, S
 and Im host galaxies with absolute magnitude MB = �22. The spread in redshift in goingfrom one type of galaxy to another is maximum at total absolute magnitudes approa
hing the hostgalaxy magnitude. The dotted lines show the limiting redshifts in the K band. Here we have 
hosen67



Figure 7.8: Limiting redshift for dete
tion as an extended sour
e against total absolute magnitudefor di�erent galaxy+AGN 
ombinations. The hosts are assumed to be ellipti
al galaxies. Variousfeatures here are as in Figure 7.7.
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Figure 7.9: Limiting redshift for dete
tion as an extended sour
e against total absolute magnitudefor di�erent galaxy+AGN 
ombinations. The hosts are assumed to be S
 galaxies. Various featureshere are as in Figure 7.7.
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Figure 7.10: Limiting redshifts against total absolute magnitude for galaxies of di�erent types. Wehave indi
ated absolute magnitudes in the B as well as the K band along a single axis in both panelsof the �gure. The full lines indi
ate limiting redshifts rea
hed in the B band and the dotted lines thelimiting redshifts in the K band. In the upper panel, the galaxies have MB = �22, with MK = �25for the spiral galaxies and MK = �26:5 for ellipti
al galaxies. In the lower panel, MB = �23, withMK = �26 for the spiral galaxies and MK = �27:5 for ellipti
al galaxies.a host galaxy magnitude of MK = �25 for the spirals and MK = �26:5 for the ellipti
als, to agreewith the the average B �K 
olors of these galaxies. It should be noted that for S
 galaxies goingfrom the B to the K band does not make a substantial di�eren
e to the limiting redshift rea
hed,but in the 
ase of E galaxies it is highly advantageous to observe in the K band. In the 
ase of S
and Im galaxies, the limiting redshift is spread over a signi�
ant range for the AGN to host galaxyluminosity ratios 
onsidered. The likelihood of dete
ting a host galaxy of these types, with a givenluminosity ratio, is signi�
antly improved for the lower luminosity AGN. The lower panel in the�gure displays limiting redshifts for host galaxy absolute magnitude MB = �23, to illustrate the
hange with in
reasing host galaxy luminosity.In Figures 7.11 and 7.12 we have shown limiting redshifts as a fun
tion of host galaxy absolutemagnitudes for Sa and E galaxies respe
tively. The 
onventions followed are as in Figure 7.7. Adiagram in this form is useful to determine the redshift up to whi
h a lo
ally observed Seyfert orradio galaxy, say, would remain visible as an extended sour
e.7.4.3 Comparison With ObservationsLehnert et al. (1992) have obtained deep images of a set of six radio-loud quasars with redshiftranging from 2.032 to 2.877. They used a 4m teles
ope to obtain images in the opti
al band, anda 3:5m teles
ope for images in the K band. The sky brightness level and parameters de�ning thePSF were similar to the values adopted by us (we in fa
t 
hose our values to mat
h approximatelythose of the Lehnert et al. observations for ease of 
omparison). The faintest features observable70



Figure 7.11: Limiting redshift for dete
tion as an extended sour
e as a fun
tion of host galaxyabsolute magnitude for di�erent AGN luminosities. The host galaxy is of type Sa. The full linesbelow the dotted line 
orrespond to AGN absolute magnitudes in the B (upper panel) band of -28,-27, -26, -25, -24, -23, -22, -21 and -20. For a given galaxy absolute magnitude, the lowest limitingredshift 
orresponds to the brightest AGN. In the K band (lower panel), the absolute magnitudesrange from -31 to -22, again with a di�eren
e of one magnitude between su

essive 
urves. Otherfeatures are as in Figure 7.7.

71



Figure 7.12: Limiting redshift for dete
tion as an extended sour
e as a fun
tion of host galaxyabsolute magnitude for di�erent AGN luminosities. The host galaxy is of type E and variousfeatures are as in Figure 7.11.
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were � 1% of the sky ba
kground, whi
h we have emulated by assuming that dis
ernible featuresin our models are up to 5 magnitudes fainter than the ba
kground.Lehnert et al. found that all six quasars were well resolved in the K band, while only fourquasars were resolved in the B band. The extended stru
tures had 4% to 40% of the total �uxfrom the obje
t, and angular sizes in the � 5 ar
se
 to � 10 ar
se
 range. The absolute magnitudein the V band was in the range �26 < MV < �24:2, whi
h makes them 
onsiderably brighterthan �rst-ranked giant 
luster ellipti
als, whi
h are the brightest galaxies in the lo
al universe, aswell as the most luminous galaxies in the Revised Shapley-Ames 
atalogue. The K band absolutemagnitudes of these galaxies are estimated to be in the range �28 <�MK < �30We have shown in Figure 7.7 four of the Lehnert et al. quasars, with the total absolutemagnitude in the B and K bands obtained from their data. We �nd from the �gure that if thehost galaxies of these quasars have the morphology and 
olors of Sa galaxies in our neighborhood,they should appear to be point sour
es in the B band, but extended in the K band, providing theK band host galaxy luminosities are brighter than MK = �28. Sin
e in the observations the hostgalaxies were also dete
ted in the B band, our results imply that either the host galaxy is not of theSa type, or it is unusually bright (MB <� �26). Given the un
ertainties in the estimated host galaxyluminosities in Lehnert et al. , the observed host galaxy luminosities 
ould very well be as high asthis. We have not shown the other two quasars from Lehnert et al. , sin
e their redshifts are outsidethe range of the �gure, and they would appear to be point sour
es. We see from Figure 7.8 that ifthe hosts of the four quasars were ellipti
al galaxies, they would appear extended in the K band,but not in the B band. As we pass along the sequen
e of spiral galaxies towards the later types, the
olors be
ome bluer, and the opti
al band k-
orre
tions are less severe (see Figure 7.1). It thereforebe
omes easier to dete
t the host galaxies. From Figure 7.9 we �nd that S
 host galaxies would beresolved for galaxy absolute magnitudes MB <� � 24 and MK <� � 28:5. Dete
tion of Im hosts ispossible to fainter absolute magnitudes, and Lehnert et al. in fa
t �nd from their broad-band datathat the host galaxies have 
olors whi
h resemble those of Im galaxies.Lowenthal et al. (1995) obtained deep opti
al and K band images of four radio-quiet quasarsat z ' 1 and six radio-quiet quasars at z ' 2:5. The absolute magnitude of the high redshift sampleis 
entered atMB ' �26, and that of the low redshift sample aroundMB ' �24:5. None of the highredshift obje
ts showed any extension, while only two of the low redshift obje
ts showed marginalextension in the K band. From Figure 7.7 it 
an be seen that the high redshift quasars from thissample would be unresolved in the B and K band if their hosts were Sa galaxies,as they would beat top of the redshift range 
overed. We have indi
ated the approximate position of the low redshiftobje
ts in the diagram by small squares. Be
ause these obje
ts are unresolved in the B band, we
an say, from the position of the square in the upper panel, that the host galaxy must be fainterthan MB � �23:5. From the position of the two marginally resolved low redshift obje
ts in thelower panel of Figure 7.7, it is possible to 
onstrain the B �K 
olor of their host galaxy.7.5 Dis
ussionHost galaxies of quasars at high redshift, z � 2, su�er from low surfa
e brightness, small angularextent and from �noise� due to a highly luminous AGN. Su
h hosts are therefore mu
h more di�
ultto dete
t than Seyfert or radio galaxies in our neighborhood. Even when a fuzzy stru
ture is foundin deep observations, the morphology of high redshift hosts remains un
lear. From available datait appears that the hosts of radio quiet quasars have a luminosity 
omparable to, or somewhat lessthan, lo
al L� galaxies. The hosts of radio quasars are found to have mu
h higher luminosities, beingsigni�
antly brighter than the most luminous galaxies in our neighborhood, but rather un
ertain k-
orre
tions are involved in these estimates. The high luminosities and 
olors imply a star formationrate of several hundred Solar masses per year in the radio quasar hosts. In this 
hapter, we haveshown that even with the meager knowledge that an extended image is just about dete
ted in oneband but not in another, it is possible to get 
lues about the nature of the host galaxy.It is known that that radio galaxies at low redshift have rather smooth ellipti
al morphologies(e.g. Mahabal, Kembhavi and M
Carthy, 1999). While at low redshift at least some radio-loudquasars are known to be asso
iated with ellipti
al galaxies, our results show that hosts at highredshift simply 
annot be normal ellipti
al galaxies. It 
an be seen from Figure 7.8 that even the73



brightest ellipti
als in our neighborhood would not be dete
table as extended obje
ts in the Bband beyond a redshift of � 0:7, and a galaxy even three magnitudes brighter would be unresolvedbeyond z ' 1. The limiting redshifts are higher in the K band, but even there the limit is atz ' 2. We have seen that an unresolved host 
annot be made to appear extended by 
hanging itsmorphologi
al parameters in any reasonable way. But the situation is quite di�erent if the galaxy
olors are altered. If we take a host with an ellipti
al morphology, and superpose on this the 
olorsof an Im galaxy, then the limiting redshift even in the B band 
an easily be in
reased to valuesbeyond the redshifts in the Lehnert et al. (1992) sample. Radio galaxies at high redshift are knownto have 
omplex morphologies and blue 
olors (e.g. van Breugel et al. 1998), indi
ating massivestar bursts, and these must later evolve to the giant ellipti
al galaxy hosts of relatively lo
al radiosour
es. If the hosts of distant radio quasars have 
olors similar to those of high redshift radiogalaxies, then it should be possible to dete
t them as well. It is interesting to note that if the hostswere luminous S
 or later type galaxies, they 
ould be dete
ted in the B and K bands to redshiftsz >� 2. In dis
overy surveys, an obje
t is 
lassi�ed as a quasar or an AGN, depending on whetherit appears to be unresolved, or a host galaxy 
an 
learly be seen. In most surveys, all obje
tswith total absolute magnitude fainter than some limit are put into the non-quasar 
lass, to avoid
ontaminating the quasar sample with obje
ts whi
h are just resolved. We have seen that whetheran obje
t appears to be resolved or not depends on the AGN to host galaxy luminosity ratio, theproperties of the host galaxy, the redshift and the observing 
onditions. The relative numbers ofobje
ts with unresolved and extended stru
tures will therefore depend, most importantly, on theredshift and the 
olors of the host galaxy. This 
an introdu
e a seeming redshift dependen
e in theluminosity fun
tion, whi
h 
an be 
onfused with evolution. Moreover, be
ause at higher redshifts itis di�
ult to dete
t a galaxy with normal 
olors, the hosts whi
h are a
tually dete
ted will be thosewith �abnormal� 
olors, even though normal hosts may very well be present. The extent of su
h abias towards asso
iating quasar a
tivity with abnormal galaxy types 
an be examined by imaginga 
omplete sample of quasars in more than one band, in
luding K, and �nding the proportion ofunresolved and extended obje
ts under the observing 
onditions.Our 
onsiderations in this work have been entirely based on terrestrial observing 
onditions.Observations of host galaxies with the Hubble spa
e teles
ope will in
rease the limiting redshift fordete
tion of host galaxies greatly, be
ause of the narrower PSF and the darker sky ba
kground.Spa
e teles
ope observations at low redshift have revealed a wealth of detail about the morphologyof quasar host galaxies (e.g. Bah
all et al. 1997). Deeper observations will be able to tell us aboutthe proportion of su
h normal stru
tures at high redshift.
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Chapter 8Opti
al morphology of low �ux radiosour
es: astrometry and photometryThis 
hapter presents the data for a study of the opti
al 
ounterparts of low radio �ux VLA FIRST survey sour
es.We present opti
al identi�
ations for �60 FIRST radio sour
es from the equatorial strip of the survey, most of whi
hhave a radio �ux < 10mJy. We des
ribe the observations and data redu
tion te
hniques and present 
alibratedphotometry for a signi�
ant fra
tion of the sour
es identi�ed as the opti
al 
ounterparts of FIRST survey sour
es.This 
hapter is largely based on Wadadekar, Kembhavi & M
Carthy (2000).8.1 Introdu
tionOver the last two de
ades 
onsiderable progress has been made in opti
al identi�
ations of radiosour
es. Opti
al work on bright sour
e samples su
h as the 3CR and 4C surveys has been extensiveand the opti
al 
ounterparts of almost all the sour
es have been dete
ted (e.g. Riley, Longair &Gunn 1980; Olsen 1970; more referen
es are listed in Djorgovski et al. 1988). At these bright �uxlevels, ellipti
al galaxies dominate the opti
al identi�
ations. For moderately bright sour
e samplessu
h as the Bologna survey, the identi�
ation per
entage drops to 80% (Allington-Smith et al. 1982)even at an opti
al magnitude of 23, showing that the redshift and/or radio luminosity distributiondi�ers already from that at the 3CR level.At still lower �ux densities (< 10mJy) the identi�
ation fra
tion de
reases qui
kly and themorphology and 
olor of the identi�
ations 
hange as well. This o

urs be
ause a new populationof radio galaxies makes its appearan
e at millijansky and submillijansky levels. This population,
omposed primarily of a
tively star forming galaxies out to z � 1, was �rst revealed by the 
hangingslope of the 1.4 GHz radio sour
e 
ount distribution (Windhorst et al. 1985) and has been 
on�rmedby subsequent spe
tros
opi
 and multi
olor studies (Thuan & Condon 1987; Benn et al. 1993;Windhorst et al. 1993; Hammer et al. 1995; Hopkins et al. 1998; Ri
hards et al 1998). Theirnumbers in
reasingly dominate the 
lassi
al radio sour
es (powered by a
tive gala
ti
 nu
lei) asthe �ux density limit falls below 1 mJy. The evolution of these galaxies, their morphologi
al type
omposition and the role of intera
tions and mergers in the population, are only partially understoodat the present time.In this 
hapter and the next, we take the third approa
h, as des
ribed in Se
tion 3.4, forobtaining opti
al 
ounterparts of FIRST sour
es. We present deep opti
al data with a limitingmagnitude mV � 24 for about one square degree of sky. Most of the radio sour
es for whi
h wehave opti
al 
ounterparts have �ux < 10mJy. Many of our identi�
ations are thus expe
ted to
orrespond to the star forming population of galaxies, although there will be some weak nu
learsour
es (AGN) too.In this 
hapter we des
ribe the observations, basi
 data redu
tion pro
edures, astrometry andphotometry. The next 
hapter presents a des
ription of the opti
al morphology of the identi�
ationsalong with �nding 
harts and the results of our attempts at bulge disk de
omposition of the brighteridenti�
ations.
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Night Date FWHM (ar
se
) Conditions1 1997 Nov 1 1.5 photometri
2 1997 Nov 2 1.8 mixed3 1997 Nov 3 1.8 most of the night 
louded out4 1997 Nov 4 1.8 mostly photometri
Table 8.1: Weather 
onditions8.2 Observations and redu
tions8.2.1 Sample de�nitionIn 1995/6 the FIRST survey 
overed a strip of about 600 square degrees around the South Gala
ti
Cap, whi
h is a

essible from the Southern hemisphere opti
al teles
opes and that is the region wehave used to obtain the observations reported here. Although the FIRST data were obtained withthe VLA before 1996, the version of the 
atalog we used was 
onstru
ted later by the FIRST team,using an improved pipeline s
ript that substantially redu
ed the sidelobe levels in a small fra
tionof the �elds.We 
hose 9 �elds for deep observations, 
overing a wide range in RA. This was done to allowus to observe ea
h �eld at the lowest possible airmass. For ea
h �eld, we took some short trialexposures. If there were extremely bright stars in the �eld, the pointing was 
hanged slightly toex
lude su
h stars. This was always possible as all our �elds were lo
ated at moderate to highgala
ti
 latitudes. No other sele
tion 
riterion (e.g. the 
lustering of FIRST sour
es) was appliedin the sele
tion of our data �elds.8.2.2 CCD Imaging ObservationsThe CCD imaging 
amera was lo
ated at the Cassegrain fo
us of the 2.5 m Du Pont Teles
ope atthe Las Campanas Observatory (LCO), Chile. A 2048 � 2048, thinned and UV �ooded TextronixCCD with 24 �m pixels was used in 
onjun
tion with a wide �eld reimaging 
amera whi
h givesa large e�e
tive �eld of view of 24'�24' and a pixel s
ale of 0�.776 pixel�1. The pixel s
ale wasdetermined from our astrometri
 measurements, based on available plate solutions for the digitizedPOSS survey. 5 � 5 in
h V and R �lters of the Johnson system were used. The dete
tor was alignedin the north-south dire
tion to within a degree. This was 
he
ked by making trailed exposures ofbright stars.The observations were made during an observing run in November 1997. The dates of theobserving run and a short summary of the prevailing weather 
onditions on ea
h night are listed inTable 8.1. A typi
al observation of one CCD �eld 
onsisted of several exposures of 600 s duration,with the teles
ope o�set by about 1 ar
min between two exposures. About 6000 se
onds of totalexposure was obtained in the V band and 3000 se
onds of exposure was obtained in the R bandfor ea
h �eld. This provided for a reasonably uniform signal to noise ratio in the ensemble dataset. Nine �elds were imaged in the V band; of these three �elds were also imaged in the R band.The remaining �elds 
ould not be imaged in the R band be
ause of poor weather 
onditions on thethird night. Coordinates of the 
enters of the observed �elds, the �lter(s) used and the exposuretime in ea
h �lter are listed in Table 8.2. A short 60 se
ond exposure was obtained for ea
h �eldfor astrometry purposes.For all nights we obtained photometri
 
alibration data by observing UBV RI standards fromLandolt (1992). Standard star �elds SA-92, SA-98 and SA-113 were observed ea
h night at a rangeof airmass.The latitude of the observatory (-29.5 degrees) is su
h that the observed area never passed
loser than about 30 degrees from the zenith. It was di�
ult to maintain an airmass of better than1.3 during our observing, but we tried to do so, whenever possible.
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Number �2000:0 Æ2000:0 Filter Exp. timehh:mm::ss dd:mm:ss (se
)1 21:20:00 -00:30:02 V 54002 23:30:02 -00:29:56 V,R 5400, 33003 01:59:20 -01:39:55 V 54004 03:03:05 -01:14:52 V,R 5400, 27005 22:01:12 -01:07:03 V 54006 00:00:49 -00:50:37 V 54007 01:51:04 -00:29:55 V 54008 02:59:45 -00:58:52 V,R 3000, 27009 01:02:42 -00:50:00 V 5400Table 8.2: Observed �elds8.2.3 Basi
 redu
tions of the CCD imagesWe used tasks from the IRAF1 image pro
essing system for basi
 redu
tions of the CCD images.The read-out noise for the CCD was 6.6 ele
trons per pixel and the gain was 2.0 e�=ADU (ADU:Analog-to-digital-unit).Ea
h exposure was �rst bias subtra
ted using a 16 
olumn wide overs
an region using the
olbias task in IRAF. A master sky �at for ea
h �lter was 
onstru
ted from several sky �ats usinga mode weighted averaging pro
ess. High and low pixels beyond the 3� level were reje
ted usingan averaged sigma 
lipping algorithm to avoid the e�e
t of bright stars that appeared in sometwilight �ats. Images �attened using this te
hnique were 
arefully examined. They were foundto be �at to 1% or better in both �lters. Ea
h obje
t frame was divided by the normalized �at�eld. There is one bad 
olumn on the CCD and a few hot and 
old pixels. We used an image
onstru
ted from two twilight �at �eld images of di�erent exposure levels to 
onstru
t a bad pixelmask image using the 

dmask task. Pixels in the bad pixel mask image were repla
ed with valuesof the nearest pixels not identi�ed as bad, using linear interpolation. Interpolation was performeda
ross the narrowest dimension spanning bad pixels, with interpolation along image lines if the twodimensions were equal. Multiple exposures of the same �eld were registered by a linear shift in ea
h
oordinate. The shift was 
omputed from the 
entroids of one to three stars in ea
h frame. Theindividual frames were then summed to produ
e the �nal image, whi
h typi
ally rea
hed a depthof V � 25 mag (3�) for dete
tion of an opti
al 
ounterpart. Ea
h summed �eld was normalized toan exposure time of one se
ond for 
onvenien
e in subsequent 
omputation of the photometri
 zeropoint transformations.8.2.4 AstrometryAs a �rst step in the astrometry, we 
ompiled a grid of astrometri
 stars for ea
h CCD �eld. Forevery �eld we extra
ted a 24' � 24' image from the digitized POSS. The pixel 
oordinates of the
entroid of 5-8 stars were measured on the POSS images. The 
entroid of ea
h star was determinedby �tting a two dimensional gaussian to the pro�le using the imexam task; saturated stars werenot used. The 1.7 ar
se
ond pixels of the digitized sky survey images result in a somewhat poorpositional a

ura
y. Yet the un
ertainty in the plate solution derived from 5 stars did not limitour ability to identify any of the sour
es. The POSS plate solutions were used to 
ompute theRA-De
 of ea
h astrometri
 star. Ea
h of these stars was then identi�ed on the CCD image andthe RA-De
 determined from the POSS plate solutions were used to 
ompute plate solutions forthe CCD images using the 

map task in the immat
h pa
kage in IRAF. The World CoordinateSystem (WCS) information was added to the FITS header of the image. The median RMS error inthe �t was 0.30 ar
se
 whi
h is less than half a pixel on the CCD image. We tested the a

ura
y ofthe astrometry using stars whi
h were not in
luded in the original grid. The mean error in positionwas 0.45 ar
se
. This means that the mean error in our astrometry is smaller than a pixel and1IRAF is distributed by the National Opti
al Astronomy Observatories, whi
h are operated by the Asso
iation ofUniversities for Resear
h in Astronomy, In
., under 
ooperative agreement with the National S
ien
e Foundation.77



will not 
ontribute signi�
antly towards in
orre
t opti
al 
ounterpart identi�
ation. We tested thereliability of the astrometry by re
omputing the plate solution after omitting a few astrometri
stars. The plate solutions were not signi�
antly a�e
ted by this pro
edure.8.2.5 Sour
e identi�
ation and photometryThe reimaging 
amera opti
s in our setup are su
h that vignetting e�e
ts are quite serious towardsthe edge of the CCD. About 45% per
ent of the total area on the 
hip is signi�
antly a�e
ted bythe vignetting. The vignetting e�e
ts are 
omplete at the edges but there is a small zone on theCCD where partial vignetting o

urs. In order to maintain a uniform 
ompleteness limit for oursour
e identi�
ation and photometry, we ex
luded the vignetted regions from further analysis.In order to ensure that 
riteria for identi�
ation were uniform and obje
tive within ea
h �eldand a
ross di�erent �elds, we used version 2.0.21 of the SExtra
tor pa
kage (Bertin & Arnouts1996) for automated sour
e identi�
ation and photometry. As SExtra
tor is primarily intended topro
ess large amounts of survey data, spe
ial attention has been paid to speed and robustness in theextra
tion of obje
ts in the image, regardless of their shape and size. In SExtra
tor the 
ompleteanalysis of the image is 
arried out in seven steps: estimation of the (lo
al) sky ba
kground, thresh-olding, deblending, �ltering of dete
tions, photometry, 
lassi�
ation and �nally 
atalog output. Wedid not use the image �ltering and obje
t 
lassi�
ation 
apabilities of SExtra
tor in this work. Auseful feature of this software is the robust deblending of overlapping extended obje
ts. This featureis parti
ularly useful for our data be
ause we have several identi�
ations whi
h are 
omposed ofoverlapping (intera
ting? merging?) extended sour
es whi
h are 
orre
tly deblended by SExtra
tor.We 
on�rmed that the deblending done by SExtra
tor was 
orre
t by a detailed visual examinationof three �elds. An opti
al sour
e was treated as an opti
al 
ounterpart of a FIRST sour
e if:1. at least 10 
onne
ted pixels ea
h had a 
ount above the lo
al ba
kground higher than 5� ofthe ba
kground AND2. the bary
entre of the opti
al sour
e was less than 6 ar
se
 away from the 
entre of the FIRSTsour
e.These 
riteria were arrived at iteratively after several SExtra
tor runs on a representative �eld, by
hanging input parameters to SExtra
tor, until the opti
al 
ounterparts dete
ted by SExtra
torsubstantially mat
hed the identi�
ations by visual inspe
tion.For about 10% of FIRST sour
es we found more than one (usually two) opti
al 
ounterpartswithin 6 ar
se
. In su
h situations, we 
hose the brighter opti
al sour
e as the opti
al 
ounterpart.The operational pro
edure used for obtaining the opti
al 
ounterpart was as follows. Asubse
tion of ea
h frame that 
ontained only the unvignetted region was 
onstru
ted. The radioposition in J2000 
oordinates was obtained from the most re
ent (July 29, 1999) version of theFIRST radio sour
e 
atalog (available at http://sundog.sts
i.edu/ ). Using the astrometri
 platesolution of the image subse
tion, ea
h FIRST position in sky 
oordinates was 
onverted to pixel
oordinates using the sky2xy program from the w
stools pa
kage (Mink 1998). O�-image sour
eswere dis
arded. The remaining pixel 
oordinates were written to the ASSOC_DATA �le used bythe SExtra
tor software. For ea
h �eld, the sour
es in the opti
al image were then dete
ted usingSExtra
tor and mat
hed with the ASSOC_DATA list of FIRST sour
es in the ASSOC_DATA �le.FK4 pre
ession formulae have not yet been implemented in SExtra
tor and astrometry ofopti
al identi�
ations performed by it is therefore slightly ina

urate. To get a

urate astrometri
positions we re
omputed the sky 
oordinates of the opti
al identi�
ation using pixel 
oordinatesfrom SExtra
tor and the xy2sky program from the w
stools pa
kage. The 
oordinates of the opti
alidenti�
ations have been listed in Table 8.3.Instrumental magnitudes were determined using the MAG_BEST algorithm in SExtra
tor.The following pro
edure is used by SExtra
tor to give the best estimate of the total magnitude of anobje
t. An adaptive aperture method based on Kron's �rst moment algorithm (Kron 1980) is usedunless a neighbor is suspe
ted to bias the magnitude by more than 0.1 magnitude. In these 
ases(whi
h are not un
ommon in deep �elds su
h as ours) the 
orre
ted isophotal magnitude based onformulae from Maddox, Efstathiou & Sutherland (1990) is used. Tests on simulated CCD images byBertin & Arnouts (1996) have shown that the MAG_BEST algorithm leads to a mean zero-point78



o�set of 0.06 magnitude for galaxies and 0.03 magnitudes for stars with less than 2% rms variation.These zero-point o�sets are 
onsiderably smaller than the error bars on the magnitudes of almostall of our identi�
ations.8.2.6 Photometri
 
alibration with standard starsThe sour
e photometry was tied to the UBV RI system de�ned by the stars in Landolt (1983) byobserving standard area �elds SA 92, SA 98 and SA113 from Landolt (1992).The standard �elds were observed 3-6 times ea
h night over the same range of airmass
orresponding to the �elds 
overed during that night. Typi
ally 10 standard stars in ea
h spe
ialarea �eld were used to derive an extin
tion 
oe�
ient for the night and a zero point transformationfor ea
h �eld. We have only applied a �rst order atmospheri
 extin
tion 
orre
tion to the magnitudeto get the values reported here. Gala
ti
 extin
tion 
orre
tions have not been applied. Calibratedphotometry (along with errors) for our identi�
ations is presented in Table 8.3.Table 8.3 lists ea
h FIRST sour
e for whi
h we found an opti
al 
ounterpart. The 
ontentsof the table are:Column 1: The IAU designation for the FIRST sour
e in the form Jhhmmss.s+ddmmss. The
oordinates are equinox J2000.0 and are trun
ated (not rounded).Columns 2, 3: Peak and integrated �ux density in mJy as listed in the FIRST sour
e 
atalog.Columns 4, 5: Right As
ension and De
lination of the opti
al identi�
ation for the equinoxJ2000.0Columns 6, 7, 8: Filter, magnitude in that �lter and error in magnitude measurement re-spe
tively.Column 9: Separation between the 
enters of the opti
al and radio sour
es in ar
se
.Column 10: The obje
t 
lass of the opti
al identi�
ation estimated visually from V bandCCD images. More morphologi
al information is provided in the next 
hapter:C: Galaxy in a ri
h environment.G: Galaxy in a sparse environment.F: Extended sour
e but too faint and/or small for morphologi
al 
lassi�
ation.S: Stellar sour
e (very likely a quasar) in a sparse gala
ti
 environment.SC: Stellar sour
e (very likely a quasar) in a ri
h gala
ti
 environment, possibly in a 
luster.Table 8.3: Opti
al 
ounterparts of FIRST survey sour
es. The parameterslisted in the various 
olumns are des
ribed in the text.FIRST Fpeak Fint �opti
al(2000) Æopti
al(2000) F. m �m Sep Morph.IAU Desn. (mJy) (mJy) (hh:mm:ss.ss) (dd:mm:ss.s) (ar
se
) 
lassJ000024.97-005050.6 13.40 13.55 00:00:24.978 -00:50:50.66 V 22.40 0.26 4.3 GJ000049.30-005042.9 14.28 16.25 00:00:49.309 -00:50:42.90 V 20.29 0.08 0.8 CJ000113.44-005935.2 3.58 3.76 00:01:13.448 -00:59:35.21 V 19.15 0.05 0.3 CJ000117.85-005611.6 2.63 3.33 00:01:17.852 -00:56:11.67 V 19.12 0.06 0.7 GJ000117.85-005611.6 2.63 3.33 00:01:17.852 -00:56:11.67 V 20.97 0.13 5.2 GJ010213.42-005153.3 1.07 2.75 01:02:13.424 -00:51:53.35 V 13.80 0.02 4.9 SJ010227.34-004836.6 1.04 2.28 01:02:27.341 -00:48:36.65 V 12.52 0.04 1.4 GJ010227.34-004836.6 1.04 2.28 01:02:27.341 -00:48:36.65 V 13.17 0.07 5.8 GJ010230.08-004343.6 2.32 4.11 01:02:30.081 -00:43:43.65 V 11.43 0.01 5.9 GJ010236.57-005007.6 2.56 6.10 01:02:36.579 -00:50:07.69 V 9.50 0.00 2.4 CJ010237.85-005012.6 5.47 17.41 01:02:37.856 -00:50:12.62 V 11.41 0.02 5.4 CJ010242.42-005032.9 7.19 11.82 01:02:42.429 -00:50:32.98 V 9.35 0.01 3.0 CJ010252.33-005359.0 2.09 1.27 01:02:52.335 -00:53:59.05 V 10.60 0.00 1.7 GJ010255.02-005202.1 4.04 4.02 01:02:55.027 -00:52:02.14 V 12.71 0.01 1.9 SJ015040.83-003802.5 4.18 4.00 01:50:40.832 -00:38:02.52 V 22.78 0.31 2.9 GJ015105.84-003426.0 1.76 4.15 01:51:05.846 -00:34:26.01 V 20.71 0.10 3.1 SJ015109.61-002119.2 1.91 3.53 01:51:09.613 -00:21:19.27 V 20.71 0.10 2.4 CJ015109.61-002119.2 1.91 3.53 01:51:09.613 -00:21:19.27 V 21.78 0.16 4.9 CJ015127.94-002217.3 1.23 0.65 01:51:27.940 -00:22:17.30 V 18.23 0.03 2.1 FJ015127.94-002217.3 1.23 0.65 01:51:27.940 -00:22:17.30 V 20.65 0.11 5.2 FJ015915.09-014553.2 1.31 1.56 01:59:15.096 -01:45:53.24 V 19.00 0.05 3.4 GJ015919.14-013311.9 1.42 1.82 01:59:19.147 -01:33:11.90 V 18.09 0.04 2.4 CJ015919.14-013311.9 1.42 1.82 01:59:19.147 -01:33:11.90 V 21.37 0.16 5.2 CJ015920.59-014625.7 11.37 11.41 01:59:20.594 -01:46:25.78 V 21.54 0.14 3.1 GJ015925.24-014553.7 1.10 1.58 01:59:25.241 -01:45:53.72 V 21.25 0.12 5.2 GJ015925.24-014553.7 1.10 1.58 01:59:25.241 -01:45:53.72 V 22.29 0.20 2.1 GJ015928.42-013914.2 1.43 0.99 01:59:28.426 -01:39:14.29 V 19.59 0.06 2.0 GJ015943.67-013321.2 2.61 3.57 01:59:43.671 -01:33:21.25 V 23.64 0.40 4.9 FJ025947.83-005041.0 1.46 1.21 02:59:47.834 -00:50:41.08 R 18.61 0.04 3.2 GJ025947.83-005041.0 1.46 1.21 02:59:47.834 -00:50:41.08 V 19.64 0.06 3.2 G79



Opti
al 
ounterparts of FIRST survey sour
es (
ontinued)FIRST Fpeak Fint �opti
al(2000) Æopti
al(2000) F. m �m Sep Morph.IAU Desn. (mJy) (mJy) (hh:mm:ss.ss) (dd:mm:ss.s) (ar
se
) 
lassJ025954.83-005401.2 2.80 3.24 02:59:54.835 -00:54:01.22 R 22.71 0.24 3.9 SJ030007.47-005200.2 1.05 1.51 03:00:07.474 -00:52:00.27 R 20.71 0.11 2.5 SJ030007.47-005200.2 1.05 1.51 03:00:07.474 -00:52:00.27 V 22.39 0.25 2.5 SJ030238.04-012116.4 3.57 4.16 03:02:38.048 -01:21:16.45 R 20.26 0.10 4.0 SCJ030238.04-012116.4 3.57 4.16 03:02:38.048 -01:21:16.45 V 22.45 0.31 4.0 SCJ030240.47-012055.3 1.43 2.00 03:02:40.475 -01:20:55.36 R 21.79 0.20 2.1 CJ030240.47-012055.3 1.43 2.00 03:02:40.475 -01:20:55.36 V 22.23 0.27 2.1 CJ030251.21-011425.5 4.22 4.40 03:02:51.215 -01:14:25.57 R 20.41 0.09 2.2 GJ030251.21-011425.5 4.22 4.40 03:02:51.215 -01:14:25.57 V 22.55 0.25 2.2 GJ030255.03-011448.6 1.19 0.80 03:02:55.030 -01:14:48.64 R 22.00 0.19 2.5 SJ030255.03-011448.6 1.19 0.80 03:02:55.030 -01:14:48.64 V 24.00 0.45 2.5 SJ030256.83-011722.5 2.71 3.48 03:02:56.837 -01:17:22.58 R 23.23 0.35 1.8 SJ030300.46-012223.2 1.10 3.58 03:03:00.466 -01:22:23.29 R 16.54 0.02 3.1 GJ030300.46-012223.2 1.10 3.58 03:03:00.466 -01:22:23.29 V 16.36 0.01 3.1 GJ030334.49-011406.0 3.24 3.14 03:03:34.498 -01:14:06.00 R 14.14 0.00 3.1 SJ030334.49-011406.0 3.24 3.14 03:03:34.498 -01:14:06.00 V 14.88 0.01 3.5 SJ030338.68-011432.5 1.12 1.47 03:03:38.684 -01:14:32.50 R 21.32 0.15 2.9 SJ030338.68-011432.5 1.12 1.47 03:03:38.684 -01:14:32.50 V 22.52 0.28 2.9 SJ211931.08-003051.8 1.92 1.63 21:19:31.087 -00:30:51.81 V 19.83 0.11 1.3 GJ212030.12-002555.9 23.83 24.51 21:20:30.128 -00:25:55.90 V 19.35 0.06 5.9 FJ220111.74-011510.2 45.79 48.27 22:01:11.748 -01:15:10.24 V 20.87 0.10 4.8 SCJ220113.53-011051.3 2.85 3.45 22:01:13.531 -01:10:51.39 V 22.88 0.26 0.6 SJ232933.10-003020.3 36.75 37.76 23:29:33.105 -00:30:20.35 R 23.21 0.36 3.3 SJ232956.02-002740.2 1.69 2.85 23:29:56.025 -00:27:40.24 R 20.63 0.10 2.0 GJ232956.02-002740.2 1.69 2.85 23:29:56.025 -00:27:40.24 V 21.08 0.12 2.0 GJ232959.30-003242.1 1.41 2.80 23:29:59.307 -00:32:42.12 R 23.09 0.30 5.7 SJ232959.30-003242.1 1.41 2.80 23:29:59.307 -00:32:42.12 V 23.54 0.37 5.7 SJ233001.27-002617.5 2.02 1.95 23:30:01.277 -00:26:17.55 R 21.36 0.13 1.5 SJ233001.27-002617.5 2.02 1.95 23:30:01.277 -00:26:17.55 V 22.51 0.22 1.5 SJ233002.37-003617.0 1.72 2.42 23:30:02.378 -00:36:17.06 R 18.62 0.04 1.2 GJ233002.37-003617.0 1.72 2.42 23:30:02.378 -00:36:17.06 V 18.83 0.04 1.2 GJ233002.97-002247.1 7.93 27.81 23:30:02.978 -00:22:47.11 R 21.61 0.15 4.5 GJ233002.97-002247.1 7.93 27.81 23:30:02.978 -00:22:47.11 V 24.10 0.45 4.5 GJ233034.92-002503.9 1.58 1.65 23:30:34.921 -00:25:03.98 R 19.34 0.06 0.9 CJ233034.92-002503.9 1.58 1.65 23:30:34.921 -00:25:03.98 V 19.94 0.07 0.9 C8.3 Finding 
harts for our opti
al identi�
ationsFigure 8.1 presents �nding 
harts for all sour
es identi�ed as the opti
al 
ounterparts of FIRSTsour
es using the 
riteria listed in subse
tion 8.2.5. Ea
h image here is a 128� 128 pixel subse
tionof a larger CCD frame with north at the top and east to the left. Ea
h image 
overs about 1.66ar
min on a side. The radio sour
e is pla
ed at the 
entral pixel in all 
ases. The 
entroid of theopti
al identi�
ation is marked by the two horizontal and verti
al ti
k marks. These 
harts were
onstru
ted from images in the V band.Notes about the morphology of ea
h identi�
ation and attempts at bulge disk de
ompositionare des
ribed in the following 
hapter.
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Figure 8.1: Finding 
harts for ea
h FIRST survey sour
e for whi
h we have an opti
al identi�
ation.Ea
h 
hart is a V band CCD image with north at the top and east to the left. The �eld of view is128 � 128 pixels (� 50 � 50 ar
se
). The IAU name is marked at the bottom of ea
h 
hart. Theradio sour
e is lo
ated at the 
enter of the 
hart. The bary
entre of the opti
al identi�
ation ismarked by the interse
tion of the four ti
k marks at the edge of the �eld.
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Chapter 9Opti
al imaging of low �ux radiosour
es: morphology and de
ompositionThis 
hapter presents morphologi
al des
riptions of the opti
al identi�
ations of FIRST radio sour
es presented inChapter 8. Some simple 
orrelations and our attempts at two dimensional bulge disk de
omposition of the extendedsour
es in our identi�
ation set are also des
ribed.9.1 Morphology of the identi�
ationsHere we give brief notes about the morphologies of the opti
al identi�
ations based on visual in-spe
tion of the images. Several sour
es were also dete
ted on the vignetted regions of the CCD.Sin
e their photometry is unreliable we have not listed them in Table 8.3. However, we present mor-phologi
al information about su
h sour
es in this se
tion. They may be identi�ed by their FIRSTdesignation whi
h is printed in itali
s.Sour
es listed in the NASA Extragala
ti
 database (NED), (ex
epting NVSS sour
es, ofwhi
h there are several) whi
h are 
oin
ident with our opti
al identi�
ations are noted:J000024.97-005050.6: Small galaxy with a 
lear double nu
leus. Radio emission does not
oin
ide with either nu
leus.J000027.87-010235.2 : Small galaxy with a fainter 
ompanion about 5 ar
se
 away.J000049.30-005042.9: Ellipti
al galaxy with possibly non-nu
lear radio emission. At leastthree other smaller galaxies within 10 ar
se
.J000113.44-005935.2: Disky galaxy with asymmetri
 isophotes (NED: Ultraluminous IRgalaxy: IRAS 23586-0116). Nu
lear radio emission. One faint galaxy within 10 ar
se
, abouthalf a dozen faint and one bright galaxy within 30 ar
se
.J000117.85-005611.6: Ellipti
al galaxy with nu
lear emission.J010213.42-005153.3: Stellar obje
t. Extended radio emission to one side.J010227.34-004836.6: Double nu
leus galaxy with another galaxy about 10 ar
se
 away.J010230.08-004343.6: Double nu
leus galaxy with another galaxy about 5 ar
se
 away. Radioemission is non-nu
lear.J010236.57-005007.6: A quintet of merging galaxies? Radio emission from the brightestmember.J010237.85-005012.6: Radio emission asso
iated with faintest member of the quintet inJ010236.57-005007.6J010242.42-005032.9: A four galaxy system with radio emission asso
iated with the brightestgalaxy.J010252.33-005359.0: Bright galaxy with nu
lear radio emission.J010255.02-005202.1: Stellar sour
e.J010318.51-005350.4 : Ellipti
al with two other galaxies about 10 ar
se
 away.J015040.83-003802.5: Close pair of galaxies. Radio emission from the fainter southern mem-ber of the pair.J015105.84-003426.0: Stellar sour
e.J015109.61-002119.2: Merging pair of faint galaxies. About ten faint galaxies within 30ar
se
. 88



J015127.94-002217.3: Radio emission from small (partially obs
ured?) galaxy very 
lose toa large ellipti
al.J015153.30-002850.2 : Stellar sour
e.J015835.38-014516.6 : Radio emission envelops a faint galaxy with irregular morphology.J015915.09-014553.2: Ellipti
al galaxy with distorted isophotes.J015919.14-013311.9: Two galaxies within 6 ar
se
. Both galaxies are probably ellipti
als. 5galaxies within 30 ar
se
.J015920.59-014625.7: Small galaxy with distorted isophotes.J015925.24-014553.7: Two galaxies merging. Radio emission in between the two galaxy
enters.J015928.42-013914.2: Galaxy with a asymmetri
 spiral arm like stru
ture. Another galaxyabout 7 ar
se
 away.J015943.67-013321.2: Faint galaxy.J015952.11-014931.5 : Ellipti
al with a 
ompanion about 10 ar
se
 away.J025947.83-005041.0: Ellipti
al galaxy with nu
lear emission from 
ore.J025954.83-005401.2 : Stellar sour
e.J030007.47-005200.2: Stellar sour
e.J030027.79-005608.8 : Faint galaxy 
oin
ident with radio sour
e, that just fails to meet our
riteria for an opti
al dete
tion. A stellar sour
e 5 ar
se
 away.J030028.88-010350.2 : Small galaxy.J030238.04-012116.4: Stellar sour
e in a ri
h galaxy environment.J030240.47-012055.3: Radio emission between two small 
ir
ular galaxies. 5 galaxies within30 ar
se
.J030251.21-011425.5: Small galaxy. Large bright ellipti
al 45 ar
se
 away.J030255.03-011448.6: Stellar obje
t.J030256.83-011722.5 : Stellar obje
t nearly obs
ured by a brighter galaxy.J030300.46-012223.2: Large galaxy with a double nu
leus. (NED: MRK 1403 - UV Ex
esssystem)J030334.49-011406.0: Bright saturated star. Only non extra-gala
ti
 sour
e amongst all ouridenti�
ations.J030338.68-011432.5: Radio emission between two stellar sour
es.J030349.15-010612.9 : Galaxy with distorted isophotes, radio emission from non-nu
lear re-gions. (NED: NGC 1194 a Seyfert 1 galaxy, also IR sour
e IRAS 03012-0117)J211931.08-003051.8: Ellipti
al galaxy.J211942.91-002042.6 : Small faint galaxy.J212030.12-002555.9: Small faint galaxy. A brighter ellipti
al 5 ar
se
 away.J220022.65-010856.8 : Stellar sour
e.J220111.74-011510.2: Stellar sour
e. About 10 faint galaxies within 30 ar
se
.J220113.53-011051.3: Stellar sour
e.J232921.39-003239.5 : Stellar sour
e.J232933.10-003020.3 : Faint stellar sour
e.J232956.02-002740.2: Galaxy with distorted isophotes.J232959.30-003242.1: Faint stellar sour
e.J233001.27-002617.5: Stellar sour
e.J233002.37-003617.0: Disky galaxy with 
lose (merged?) 
ompanion whi
h seems highlydistorted.J233002.97-002247.1: Small galaxy with distorted isophotes. Radio emission does not 
oin-
ide with the galaxy.J233030.94-002354.0 : Faint radio sour
e. does not 
oin
ide with galaxy.J233031.46-002354.0 : Faint radio sour
e. asso
iated with J233030.94-002354.0J233034.92-002503.9: Compli
ated (merging?) system of up to �ve galaxies. Di�
ult todetermine with whi
h one the radio sour
e is asso
iated.Many of the identi�
ations in ri
h environments (of whi
h there are several) are likely to be
lose asso
iations of galaxies in the 
ores of distant 
lusters.89



9.2 Some statisti
al 
orrelationsWe now investigate three basi
 statisti
al indi
ators: the identi�
ation rate as a fun
tion of radioand of opti
al �ux density, and the 
orrelation between opti
al and radio �uxes of the dete
tions.9.2.1 Identi�
ation rate as a fun
tion of radio �uxIn Figure 9.1 we plot the dete
tion fra
tion as a fun
tion of integrated and peak �ux densities at1.4 GHz in the upper and lower panels respe
tively. In any �ux bin the dete
tion fra
tion is simplythe ratio of FIRST sour
es with an opti
al identi�
ation, to the total number of FIRST sour
esin the �eld. Note that we only use the unvignetted regions of our CCD images to 
ompute boththese numbers. The error bar shown is the �1� deviation about the dete
ted fra
tion for a randombinomial distribution in the dete
tion fra
tion. The number of sour
es with integrated �ux densitylogFint > 1 is small and 
onsequently the errors are so large that the weak 
orrelation betweendete
tion fra
tion and logFint is not very reliable. However for logFint < 1 a 
lear trend is visible.For 0:3 < logFint < 1:0, the dete
tion fra
tion in
reases as �ux de
reases. For logFint < 0:3, thereseems to be a de
rease in dete
tion fra
tion. A similar trend 
an be seen in the lower panel ofFigure 9.1 where we the plot the peak radio �ux density Fpeak of the FIRST sour
e.It is likely that the turnaround in radio dete
tion fra
tion seen at logFint = 0:3, 
orrespondingto Fint � 2 mJy o

urs due to in
reasing dominan
e of the blue galaxy population below this �ux.The blue galaxy population probably has a lower dete
tion probability be
ause its radio emissionis very weak. Our hypothesis 
an be tested by studying the 
olors of galaxies as a fun
tion of radio�ux. The limited 
olor information available to us at the present time does not permit us to performa statisti
ally signi�
ant 
omparison.9.2.2 Identi�
ation rate as a fun
tion of opti
al �uxIn Figure 9.2 we plot the dete
tion fra
tion as a fun
tion of apparent V band magnitude. The binsize used is one magnitude. For ea
h bin, the dete
tion fra
tion is the ratio of the number of FIRSTsour
es with opti
al 
ounterparts to the total number of opti
al sour
es in the �eld as extra
ted bySExtra
tor. The error bars shown are 
omputed as in Figure 9.1. The sele
tion 
riteria used tosele
t the opti
al sour
es without the FIRST identi�
ations are the same as in subse
tion 8.2.5. Nosystemati
 trends in the dete
tion fra
tion are visible.9.2.3 Radio and opti
al �ux distributionsIn Figure 9.3 we plot the integrated radio �ux of the identi�
ations as a fun
tion of their total Vband magnitude. Note that both opti
al and radio �uxes have been plotted on a logarithmi
 s
ale.We have used di�erent symbols to indi
ate the morphologi
al 
lass of the identi�
ation. Filled starsindi
ate starlike sour
es in a sparse �eld while open stars are stellar sour
es in a ri
h environment.Galaxies in sparse environments are denoted by triangles while galaxies in ri
h environments arerepresented by �lled squares. Extended sour
es that are too small and/or too faint to be reliably
lassi�ed as galaxies are indi
ated by diamonds. The verti
al and horizontal lines divide the radio-opti
al �ux spa
e into 4 quadrants. Ea
h quadrant spans an equal range (in logarithmi
 spa
e) ofradio and opti
al �ux.As would be expe
ted, the highest density of sour
es is found in the bottom right quadrantof the diagram whi
h 
orresponds to the lowest radio and opti
al �uxes. As dis
ussed is subse
-tion 6.3.2, the sour
es in the top right quadrant will mostly 
orrespond to distant galaxies andquasars, while the sour
es in the bottom left quadrant will be dominated by nearby galaxies. Thelatter are dominated by sour
es in sparse environments, possibly an e�e
t of the low redshift and
onsequent large angular size of these sour
es.
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Figure 9.1: Dete
tion fra
tion as a fun
tion of integrated and peak radio �ux densities. The errorbar shown is the standard deviation for a random binomial distribution in the dete
tion fra
tion.
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Figure 9.2: Dete
tion fra
tion as a fun
tion of total V band magnitude. The errors were obtainedas in Figure 9.1.

Figure 9.3: Integrated radio �ux of the identi�
ations as a fun
tion of V band total magnitude.The Y-axis has been plotted on a logarithmi
 s
ale. See the text for an explanation of the varioussymbols used.
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9.3 Bulge disk de
omposition of bright identi�
ations9.3.1 Modeling galaxy light distributionsAs dis
ussed in Chapter 7, the luminosity pro�le of a typi
al spiral or S0 galaxy most often 
ontainstwo 
omponents, a spheroidal bulge and a 
ir
ular disk. If the galaxy possesses an a
tive nu
leus,then a high 
entral point intensity may also be present. The proje
ted bulge intensity pro�le isusually represented by an r1=4 law (de Vau
ouleurs 1948), where r is the distan
e along the majoraxis. In re
ent times, a generalized r1=n law is in
reasingly being used. The intensity pro�le ofthe disk 
omponent is usually represented by an exponential (Freeman 1970). These pro�les areentirely empiri
al, and have not been derived from a formal physi
al theory. However, numeri
alsimulations in simpli�ed situations su
h as those by van Albada (1982) have been able to re
reater1=4 pro�les for the bulge.The photometri
 de
omposition of galaxies into bulge and disk and the extra
tion of theparameters 
hara
terizing these 
omponents has been approa
hed in a number of ways. Earlyattempts at su
h de
omposition assumed that the disk would be the dominant 
omponent in theouter regions of galaxies and that the bulge would dominate the inner regions. Disk and bulgeparameters were extra
ted by Kormendy (1977) and Burstein (1979) by �tting for ea
h 
omponentseparately in the region in whi
h it was dominant. Kent (1985) �rst introdu
ed simultaneous �ttingof bulge and disk 
omponents to major and minor axis light pro�les of galaxies obtained by �ttingellipses to the isophotes of CCD images. One major advantage of Kent's method is its ability toextra
t galaxy parameters in a model independent way provided that the disk and the bulge havevery di�erent ellipti
ities. His method works well for edge on galaxies where the ellipti
ity of the diskis generally mu
h higher than the ellipti
ity of the bulge. S
hombert and Bothun (1987) employeda similar te
hnique for initial estimation of bulge and disk parameters of simulated galaxy pro�les,with standard laws des
ribing the bulge and the disk with simulated noise. These parameters werethen used as initial input to a �2 �tting pro
edure. Tests on simulated pro�les indi
ated goodre
overy of both bulge and disk parameters1. These te
hniques of �tting standard laws to a 1-Dintensity pro�les extra
ted from galaxy images were 
riti
ally examined by Knapen and van derKruit (1991). They found that even for the same galaxy di�erent authors derive disk s
ale lengthvalues with an average s
atter as high as 23%. Su
h large un
ertainty in the extra
ted stru
turalparameters is a hindran
e in the study of stru
ture, formation and evolution of the bulge and disk ofgalaxies. A

urate, reliable determination of parameters is a prerequisite for di�erentiating between
ompeting galaxy formation and evolution models. The 
onventional one dimensional te
hnique isalso limited be
ause it assumes 1-D image pro�les 
an be uniquely extra
ted from galaxy images.This is not possible if a strong but highly in
lined disk is present.Andredakis, Peletier and Bal
ells (1995, hen
eforth APB95) used a 2-D generalization ofKent's method to �t K-band luminosity pro�les of bulges of a sample of disk galaxies with morpho-logi
al types ranging from S0 to Sb
. They used azimuthally averaged pro�les from various radial
uts of the image of the galaxy. An important innovation in this paper was the use of a r1=n lawfor the bulge. A full two dimensional te
hnique whi
h uses the entire galaxy image rather thanone dimensional pro�les was proposed by Byun and Freeman (1995, hen
eforth BF95). A similarapproa
h was used by R. S. de Jong to extra
t parameters for a sample of 86 fa
e on dis
 dominatedgalaxies (de Jong 1996, hen
eforth DJ96). We have independently developed a 2-D de
ompositionte
hnique and 
ode 
alled �tgal, similar to the one employed in BF95. Extending that work, we�t for a 
entral point sour
e in addition to a bulge and disk. In addition, our method takes intoa

ount the e�e
ts of 
onvolution with the PSF and photon shot noise from the sky ba
kgroundand the galaxy. We also use the r1=n law for the bulge as in APB95. Details of the de
ompositionte
hnique, its implementation and testing are in
luded in Appendix A.9.3.2 Bulge disk de
omposition for our identi�
ationsOne of the initial aims of our development of the bulge-disk de
omposition 
ode �tgal was to employit to obtain galaxy parameters for galaxies identi�ed as the opti
al 
ounterparts of the FIRST survey.Our 
ode works well for galaxies brighter than about magnitude 16 in the V band. Unfortunately,1For a review of various 1-D de
omposition te
hniques see Simien (1989).93



Figure 9.4: Results of a bulge disk de
omposition of J010252.33-005359.0. For a des
ription of thevarious panels in the �gure see the 
aption to Figure A.1.most of our FIRST identi�
ations are fainter than this limit. Those that are brighter do not form alarge enough set for a statisti
ally signi�
ant study of their properties. We believe that reliable bulgedisk de
omposition for the faint identi�
ations is not possible by any 
urrently known te
hnique,in
luding our own.We present in Figure 9.4 the results of a �t to one of our brighter opti
al identi�
ations of theFIRST radio sour
e J010252.33-005359.0. Similar de
ompositions have been su

essfully performedon 7 other opti
al 
ounterparts. We present in Table 9.1, the results of the bulge disk de
ompositionof these 8 relatively bright identi�
ations. These parameters were obtained by �tting the image witha two 
omponent model 
onsisting of a bulge and a disk. We did not �t for a point sour
e.Strong radio sour
es have histori
ally been identi�ed with ellipti
al galaxies (Urry &Padovani, 1995). However weak radio sour
es, like the ones we are 
onsidering, may be asso
i-ated with either ellipti
al or spiral galaxies. Su
h a trend is indeed visible in our data. Six ofthe eight galaxies listed in the table have a D=B ratio 
onsistent with that of ellipti
al galaxies(0 < D=B < 0:3). However, two obje
ts J010252.33-005359.0 and J030300.46-012223.2 have a largeD=B ratio indi
ating that these radio sour
es are asso
iated with a disk galaxy. However, othermorphologi
al indi
ators of disky nature, su
h as spiral arms, are not visible in either of the twogalaxies. It should be noted that a large disk (indi
ated by a relatively high value of rs), of thekind seen in these obje
ts, is fundamentally di�erent from the small disks (rs < re) found in a smallfra
tion of radio galaxies by Mahabal (1998).The physi
al me
hanism for the weak radio emission may also be very di�erent. Starbursta
tivity may play a more signi�
ant role here than in the brighter radio galaxies where a

retiononto a super-massive bla
k hole seems to be be the favored me
hanism for the origin of the radioemission.Unfortunately the number of galaxies for whi
h we have been able to perform a su

essfulde
omposition is not large enough to make possible a statisti
al analysis of 
orrelations betweenextra
ted parameters, of the kind that we have 
arried out for a larger sample of ellipti
al and earlytype disk galaxies (Khosroshahi, Wadadekar & Kembhavi 2000, Khosroshahi et al. 2000).94



FIRST n D=B re rs eb ed Fintdesn. (pixels) (pixels) (mJy)J000113.44-005935.2 0.94 0.00 5.04 : : : 0.58 : : : 3.76J000117.85-005611.6 1.47 0.05 6.73 0.56 0.49 0.83 3.33J010252.33-005359.0 0.94 1.63 3.35 15.83 0.18 0.32 1.27J015105.84-003426.0 1.75 0.05 1.30 0.88 0.20 0.70 4.15J015127.94-002217.3 2.68 0.17 12.68 1.22 0.00 0.26 0.65J025947.83-005041.0 1.30 0.00 3.21 : : : 0.15 : : : 1.21J030300.46-012223.2 2.21 8.86 14.96 8.41 0.33 0.66 3.58J233002.37-003617.0 1.44 0.14 10.09 1.02 0.29 0.00 2.42Table 9.1: Results of bulge disk de
omposition for some of the brighter identi�
ations. The tablelists the bulge n parameter, the disk-to-bulge luminosity ratio D=B, the bulge e�e
tive radius re,the disk s
ale length rs, the bulge and disk ellipti
ities eb and ed and the integrated radio �ux Fint.
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Chapter 10Summary and future prospe
ts10.1 SummaryThis thesis is about the properties of the opti
al 
ounterparts of the sour
es dete
ted by the ongoing,VLA Faint Images of the Radio Sky at Twenty 
entimeters (FIRST) survey. We provide below abrief �exe
utive summary� of the original �ndings of this thesis.1. We have reported radio dete
tions of 69 previously undete
ted quasars. We have found addi-tional eviden
e that the 
lose pair of quasars 1343+266A and 1343+266B are not gravitation-ally lensed. We have found no 
orrelation between radio luminosity and opti
al luminosity forthe non-radio sele
ted quasars. Our data is 
onsistent with a bimodal distribution in radioluminosity. The distribution of the ratio of radio to opti
al luminosity is also bimodal, but thismay have little relevan
e be
ause of the la
k of a 
lear 
orrelation between radio and opti
alluminosities. The radio loud fra
tion does not seem to be strongly dependent on absolutemagnitude, whi
h is 
onsistent with the la
k of 
orrelation between radio and opti
al lumi-nosities. In 
ontrast to some earlier �ndings, the radio loud fra
tion does not vary signi�
antlywith redshift.2. We have reported dete
tions of nu
lear radio emissions from 206 AGN, previously undete
tedin the radio. We have dete
ted nu
lear emission from � 32% of the known AGN at a �uxlimit of 1 mJy. Our study nearly doubles the number of AGN with known radio emissionover 6000 degrees of sky. We �nd no 
orrelation between the nu
lear radio luminosity andthe opti
al luminosity of the galaxy that hosts the a
tive nu
leus. We �nd no signi�
antstatisti
al di�eren
e in either the radio luminosity or the radio sour
e size between Seyfert1 and Seyfert 2, 
ontrary to some previous studies. The radio dete
tion fra
tion too doesnot depend strongly on Seyfert type, whi
h is 
onsistent with the expe
tation from standardSeyfert uni�
ation models.3. We have used data from the DPOSS survey to identify opti
al 
ounterparts for over 2100 starsand galaxies and to generate a 
andidate list for 244 low redshift quasar 
andidates and 16high redshift quasar 
andidates.4. We have provided opti
al identi�
ations from deep observations for �40 faint FIRST sour
es,along with a

urate photometry and astrometry. Many FIRST sour
es are found in intera
tinggalaxies and/or galaxies in a ri
h gala
ti
 environment. These identi�
ations represent someof the faintest (and possibly very distant) opti
al 
ounterparts of radio sour
es ever re
orded.5. Taken together the various approa
hes and data sets in this thesis have provided opti
alidenti�
ations for over 2900 FIRST sour
es, spanning a wide variety of radio and opti
alproperties.6. We have developed a sophisti
ated two dimensional bulge disk de
omposition software. Thisde
omposition 
ode, whi
h we have made publi
ly available, 
an be used for analyzing thedata from other opti
al surveys su
h as the Sloan survey.96



7. We have determined to what redshift these opti
al 
ounterparts 
an be identi�ed and 
lassi�edreliably by 
onsidering the appearan
e of host galaxies of AGN at opti
al wavelengths as afun
tion of redshift. We have obtained the maximum redshift to whi
h a host galaxy remainsidenti�able as an extended obje
t above the sky ba
kground, as a fun
tion of galaxy type,other galaxy parameters, the a
tive nu
leus to host galaxy luminosity ratio, and observing
onditions.10.2 Where to go from here?I outline below some ongoing and future proje
ts that extend the work reported in this thesis.1. Correlations with other 
atalogs: The ROSAT all sky survey bright sour
e 
atalog hasre
ently been released (Voges et al. 1999). Combining data from this X-ray survey with ourearlier work on radio emission from quasars (Chapter 4), we 
an study 
orrelations betweenradio, opti
al and X-ray luminosities and their impli
ations to the physi
al me
hanisms anduni�
ation s
hemes for quasars.2. Quasar 
andidate followup: Two di�erent datasets in this sample have together produ
eda sample of nearly 300 quasar 
andidates. We propose to 
arry out follow up spe
tros
opi
observations using large teles
opes to 
on�rm their 
hara
ter. Additionally, using extremelydeep (K � 22) near infrared images from the NTT (R. Srianand , private 
ommuni
ation),we have obtained extremely faint near IR 
ounterparts for FIRST sour
es. These obje
ts arepotentially high redshift galaxies or quasars. We propose to obtain spe
tra of these sour
esusing the VLT.3. Quasar host galaxies: Identi�
ation of quasar host galaxies at high redshift, and a system-ati
 study of their radio and opti
al properties 
an provide valuable 
lues about the originand evolution of the quasar phenomenon. Using the formulation developed in Chapter 7 as aguideline we have 
onstru
ted a target sample of quasars for host galaxy identi�
ation. Wehave already initiated an observing program for opti
al and near infrared imaging of thesemoderate to high redshift quasars. The two dimensional bulge-disk de
omposition algorithmdes
ribed in Appendix A will prove useful in modeling the quasar light as a 
ombination ofbulge, disk and point sour
e.4. Sloan survey: Mu
h of the work 
ontained in this thesis 
an be 
arried over to the nextlevel with SDSS data. The �rst release of 
alibrated photometri
 and spe
tros
opi
 datais s
heduled for the summer of 2001. The 
omputer programs and te
hniques of analysisdeveloped in this thesis, parti
ularly the two dimensional bulge disk de
omposition te
hnique,
an be easily 
arried over to SDSS data. The results of this thesis 
an be reexamined withuniform opti
al data several times larger than the data available at the present time. The newdata will de
ide how the results reported in this thesis survive in the glare of new observationaleviden
e.5. Quasar radio morphology: A high sensitivity, high resolution, large area sky survey su
has FIRST 
an be a valuable tool for 
omparative statisti
al studies of the radio morphologyof radio-quiet and radio-loud quasars. A study like this would need to be 
arried out keepingin mind the poor uv -plane 
overage of the FIRST survey.10.3 Surveys: the future of astronomyWe stand at the threshold of a new millennium of data-ri
h astronomy. Several ongoing sky surveys(in
luding the few des
ribed in this thesis) spanning a wide range of wavelengths, from ground andspa
e based instruments, will generate data sets measured in terabytes (1 terabyte = 240 bytes,equivalent to textual information 
ontained in about 2 million PhD theses the size of the presentone). The surveys are 
reating 
atalogs of obje
ts numbering in millions, with up to a hundredmeasured parameters for ea
h obje
t. 97



This vast amount of new information about the universe presents us with a great s
ienti�
opportunity as well as a great te
hnologi
al 
hallenge (Djorgovski et al. 1998b). The opportunitiesare immense. In the new age, astronomers will be able to ta
kle some major outstanding problemswith unpre
edented a

ura
y, e.g., mapping of the large-s
ale stru
ture of the universe, evolutionof properties of di�erent 
lasses of obje
ts with redshift, mapping the stru
ture of our Galaxy, et
.whi
h have proved intra
table in past de
ades, be
ause of insu�
ient data. The unpre
edentedsize of the data sets will en
ourage sear
hes for extremely rare types of astronomi
al obje
ts, andmay very well lead to the surprising new dis
overies of previously unknown types of obje
ts, pos-sibly involving previously unknown astrophysi
al phenomena. Combining surveys done at di�erentwavelengths, from radio to X-rays and 
-rays, would provide a new pi
ture of our universe that
an 
larify (or 
onfuse?) mankind's understanding of the 
osmos. Multi-wavelength astronomy willbe
ome 
ommonpla
e - the restri
ting divide between astronomers working at di�erent wavelengthswill disappear.The full information 
ontent of the data will far ex
eed the 
apabilities of astronomers toexhaust it with a few studies. This will open up an entirely new �eld - that of data-mining of digitalsky surveys, using the data for ever newly 
on
eived proje
ts and exploring the vast unknown regionsof parameter spa
e spanned by the data (Djorgovski et al. 1998b). This will fundamentally a�e
tthe methodology of observational astronomy: astronomers will work in
reasingly with a 
omputer,rather than a teles
ope. A

ess to multi million dollar teles
ope fa
ilities will not be paramount;anyone, anywhere, with a fast network 
onne
tion, an a�ordable 
omputer and a smart idea wouldbe able to do high quality resear
h. This new way of doing s
ien
e will enable talented peopleanywhere to make their valuable 
ontributions to astronomy, while simultaneously pursuing other
areers. Su
h a s
enario will be parti
ularly advantageous to a developing 
ountry like India, whi
h
annot a�ord to divert s
ar
e resour
es toward professional astronomers and yet wants to get aheadin fundamental resear
h.This great new opportunity 
omes weighted with a 
ommensurately large te
hnologi
al 
hal-lenge: how to store, pro
ess and analyze these vast amounts of information, and to do it qui
klyand e�
iently? The data volumes will be several orders of magnitude larger than what astronomersare are used to dealing with today, and the old methods of storage and analysis will not be goodenough. Other issues that will need to be ta
kled in
lude how to optimally store and a

ess su
h
omplex data, how to 
ombine sky surveys done at di�erent wavelengths, how to visualize them, tosear
h through them, et
. These te
hni
al problems, whi
h are 
ommon to all data-intensive �elds,require a development of the next generation in 
omputing software and hardware. If generalizedsoftware tools are developed they may well �nd appli
ations in other �elds beyond astronomy. Thedata mining tools that need to be developed will in
lude appli
ations of neural networks, and manyother aspe
ts of arti�
ial intelligen
e. Global software and hardware standards to handle this mind-boggling torrent of data will need to be evolved through 
onsensus. These developments will requirea synergy of the talents of hundreds of astronomers and database professionals to keep the oldests
ien
e where it belongs - at the forefront of s
ienti�
 resear
h.
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Appendix ATwo Dimensional Galaxy ImageDe
omposition Te
hniqueThis appendix is largely based on Wadadekar, Robbason & Kembhavi (1999). Here we des
ribe our new two dimen-sional galaxy �tting algorithm and 
ode to extra
t parameters of the bulge, disk, and a 
entral point sour
e frombroad band images of galaxies, su
h as those whi
h form the opti
al 
ounterparts of FIRST survey sour
es. Wedis
uss our te
hnique and the extensive tests we have 
arried out using a large number of model galaxy images. Weelu
idate our pro
edures by extra
ting parameters for 3 disk galaxies - NGC 5326, NGC 5587 and NGC 7311.A.1 Introdu
tionFitgal is a new 
ode that we have developed to extra
t global photometri
 parameters 
hara
terizingthe bulge, disk, and 
entral point sour
e of galaxies. In this appendix, we des
ribe the de
ompositionte
hnique along with its implementation and testing with simulated and real data.The information is organized as follows. In Se
tion A.2, we des
ribe our method of 
onstru
t-ing arti�
ial galaxy images as test 
ases for our bulge-disk de
omposition pro
edure and in Se
tionA.3 the de
omposition pro
edure. Se
tion A.4 is a detailed analysis of the testing we performedto test our de
omposition algorithm, using simulated galaxy images. Se
tion A.5 is a des
riptionof appli
ation of the te
hnique to three galaxies and a 
omparison of the results with previouslypublished values. Se
tion A.6 
ontains a dis
ussion about error bars on the parameters extra
tedand Se
tion A.7 
ontains the 
on
lusions.A.2 Simulation of Galaxy ImagesIn order to test the de
omposition pro
edure, we have developed a simulation 
ode 
alled simu togenerate galaxy images 
losely resembling those obtained using CCD dete
tors on opti
al teles
opes.Using the 
ode it is possible to simulate a CCD image of a galaxy with desired bulge, disk and point
omponents at any position and orientation on the CCD. The image 
an be 
onvolved with a
ir
ular gaussian PSF and Poisson noise 
an be added if required. Stars 
an be introdu
ed intothe image at random positions and additional features su
h as absorbing dust lanes 
an be added.All parameters used by the program to generate these features 
an be easily modi�ed by the userthrough a parameter �le. The simulated images 
an be used to test the e�
a
y of our de
ompositionpro
edure to extra
t parameters from real galaxy images. Model galaxies generated by the 
ode arealso used in the �tting pro
edure.The observed light distribution in galaxies is the proje
tion of the three dimensional luminos-ity distribution onto the plane of the sky. If the disk is taken to be inherently 
ir
ular, it proje
tsas an ellipse. The in
lination angle of the disk with respe
t to the plane of the sky 
ompletelydetermines its ellipti
ity in the image. Bulges, taken to be triaxial ellipsoids in the general 
ase,also proje
t as ellipses but the ellipti
ity of the bulge does not rea
h su
h high values as the disk.For a triaxial ellipsoid with major axis a, minor axis b, and an intermediate axis 
, the highestpossible ellipti
ity is 1 � b=
. Therefore the proje
ted galaxy shows ellipti
al bulge isophotes and,in many 
ases, more ellipti
al disk isophotes. At a given point on the image plane, 
ontribution tothe intensity from the bulge and the disk depends on their respe
tive 
entral intensities, ellipti
ities99



and s
ale lengths. Near the galaxy 
enter there is an additional 
ontribution from the point sour
e,if one is present.In our galaxy simulation, the proje
ted bulge 
omponent is represented by the r1=n lawwith e�e
tive (half light) radius re (whi
h is the radius within whi
h half the total light of thegalaxy is 
ontained), intensity at the 
enter of the galaxy I0 and a 
onstant ellipti
ity eb = 1 �(minor axis length=major axis length):Ibulge(x; y) = I0e�2:303b(rbulge=re)1=n ; (A.2.1)rbulge = qx2 + y2=(1 � eb)2;where x and y are the distan
es from the 
enter along the major and minor axis respe
tively and bis the root of an equation involving the in
omplete gamma fun
tion P (a; x):P (2n; 2:303 b) = 0:5:This equation 
an be solved numeri
ally as we do in our 
ode. However, a simpli�
ation 
an beintrodu
ed in the pro
edure be
ause the b and n values satisfy the relation:b = 0:8689n � 0:1447:The proje
ted disk is represented by an exponential distribution with 
entral intensity Is, s
alelength rs and a 
onstant ellipti
ity ed,Idisk(x; y) = Ise�rdisk=rs ; (A.2.2)rdisk = qx2 + y2=(1� ed)2:The disk is inherently 
ir
ular. The ellipti
ity of the disk in the image is due to proje
tion e�e
tsalone and is given by: ed = 1� 
os(i); (A.2.3)where i is the angle of in
lination between the line of sight and the normal to the disk plane.Finally, the point sour
e is represented by an intensity added to the 
entral pixel of the galaxy priorto 
onvolution with the PSF. Foreground stars are added at random positions as intensities at asingle pixel prior to 
onvolution with the PSF. The 
onvolution with the PSF is performed in theFourier domain. For adding photon shot noise, a 
onstant sky ba
kground is added to every pixel.The resultant 
ount (whi
h in
ludes intensity from the galaxy as well as the sky ba
kground) ismultiplied by the gain (ele
trons/ADU). A random Poisson deviate about this value is obtained.The deviate is then divided by the gain and the ba
kground is subtra
ted out.The program takes about one se
ond to generate a 256�256 pixel galaxy image, when runningon a SUN Ultra 10. A 
opy of the simu 
ode (written entirely in ANSI C) is available upon request.A.3 2-D De
omposition Te
hniqueA.3.1 Building The ModelThe 2-D de
omposition te
hnique involves building 2-D image models that best �t the observedgalaxy images. The model to be �t is 
onstru
ted using the same pro
edure as the simulatedimages des
ribed in the previous se
tion, ex
ept that features of the image that are not 
ontributedby the galaxy su
h as Poisson noise are not added. The galaxy position and position angle are notparameters that are �tted for in our de
omposition. The position angles of the bulge and the diskare also assumed to be identi
al.A.3.2 The De
omposition Pro
edureTo e�e
t the de
omposition, we attempt to iteratively minimize the di�eren
e between our modeland the observed galaxy (or a simulated one), as measured by a redu
ed � 2� value. For ea
h pixel theobserved galaxy 
ounts are 
ompared with those predi
ted by the test model. Ea
h pixel is weighted100



with the varian
e of its asso
iated intensity as determined by photon shot noise of the 
ombinedsky and galaxy 
ounts at that pixel. This weightage s
heme has been used as it gives importan
eto pixels in proportion to their signal to noise ratio. Our s
heme makes the �t less sensitive to the
ontribution of the bulge in the outer region of the galaxy where the disk dominates. Thus an e�e
tsimilar to the earlier de
ompositions where the disk was �tted to the outer region and a bulge tothe inner region of the galaxy is obtained automati
ally. Sin
e photon shot noise obeys Poissonstatisti
s the varian
e is equal to the intensity value. Hen
e� 2� = 1� Xi;j [Imodel(i; j) � Iobs(i; j)℄2Iobs(i; j) ; (A.3.1)where i; j range over the whole image, � = N� (number of �tted parameters) is the number ofdegrees of freedom with N being the number of pixels in the image involved in the �t, and Iobs isassumed to be greater than zero in all 
ases.For real galaxies, our de
omposition program assumes that pixel values I represent realphoton 
ounts. If the image has been renormalized in any way (divided by the exposure time forexample), the extra
ted � 2� value should be multiplied by the appropriate fa
tor to a

ount for thatnormalization.Eight �tting parameters are used in our s
heme. These are I0; Is; re; rs; n eb; ed; and a 
entralpoint sour
e intensity Ip. The �rst 4 parameters were used by S
hombert and Bothun (1987), andparameters 1 to 4 along with parameters 6 and 7 were used by the authors of BF95 and DJ96. Wehave added 
apability in our 
ode to �t for position angle and a 
onstant ba
kground, although theba
kground is not �tted for in the simulations reported here. During our prepro
essing we estimatethe ba
kground 
arefully and subtra
t it out. CCD images of galaxies 
ontain features su
h asforeground stars and bad pixels that may 
ontaminate the de
omposition pro
edure. In the 
ase ofreal galaxies, we take 
are to mask out bad pixels and visible foreground stars before 
ommen
ingde
omposition.The minimization uses MINUIT 94.1, a multidimensional minimization pa
kage from CERN,written in standard FORTRAN 77 (James 1994). MINUIT allows the user to set the initial value,the resolution, and the upper and lower limits of any parameter in the fun
tion to be minimized.Values of one or more parameters 
an be kept �xed during a run. MINUIT 
an use several strategiesto perform the minimization. Our 
hoi
e is MIGRAD, a stable variation of the Davidon-Flet
her-Powell variable metri
 algorithm. It 
alls the user fun
tion (in our 
ase � 2� ) iteratively, adjustingthe parameters until 
ertain 
riteria for a minimum are met. Our 
ode typi
ally takes 0.01 se
ondsper iteration on a SUN Ultra 10 workstation, when working on a 64�64 pixel galaxy image. Sin
ewe are using fast Fourier transforms to 
onvolve the model with a gaussian PSF, the exe
utiontime 
an be expe
ted to s
ale as N logN , with N the total number of pixels in the image. Wedo �nd that exe
ution time s
ales almost linearly with the number of pixels in the image. About2000 iterations are required for 
onvergen
e 
riteria to be satis�ed when all 8 parameters are keptfree, so a typi
al run takes about one minute. Computation time is redu
ed as the number of freeparameters are redu
ed.A 
opy of this 
ode, 
alled �tgal, (written mostly in ANSI C with optional display routinesusing the PGPLOT library) is available upon request. In Figure A.1 we show a sample graphi
aloutput of �tgal.A.4 Reliability of Galaxy Image De
ompositionWe have 
ondu
ted elaborate tests of the e�e
tiveness of the program in extra
ting parametersunder di�erent input 
onditions.A.4.1 Large-S
ale Testing under Idealized ConditionsWe expe
t that our method 
an be used for unsupervized, automati
 parameter extra
tion for largesets of galaxies. To test the a

ura
y and reliability of our de
omposition pro
edure, we 
onstru
tedimage sets of 500 model galaxies with an absolute magnitude of -21 with random uniform sele
tion101



Figure A.1: Sample output from the graphi
al routines in �tgal. The data are a K-band image ofthe galaxy NGC 4971. The panels are Top left: a 64 � 64 pixel 
utout of the disk galaxy NGC4971. The 
ontours of intensity shown have an interval of 1 magnitude. Top right: The best �tmodel galaxy. The intensity 
ontours shown are identi
al to those in the previous panel. Bottomleft: A s
aled histogram of the residual of the �t. A sharply peaked histogram is indi
ative of agood �t. Bottom right: Fitted parameters for the bulge and the disk. The intensities are in 
ounts,s
ale lengths are in pixels.
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of disk to bulge ratio, s
ale lengths, bulge shape parameter n and ellipti
ities. The ranges we usedfor ea
h parameter are, 3 < re < 10 kp
;0:0 < eb < 0:4;for the bulge and 0 < D=B < 3;3 < rs < 15 kp
;0 < ed < 0:8for the disk.The ranges 
hosen for the parameters en
ompass most values en
ountered in real galaxieswith Hubble types ranging from E to Sb. All simulated galaxies were assumed to be at a redshift of0.15. The pixel s
ale used was 0.5 ar
se
ond/pixel, CCD gain was 1.0 ADU/ele
tron, FWHM of thePSF was 1.0 ar
se
onds and the value of the Hubble 
onstant used was H0 = 100 km se
�1 Mp
�1.We used a sky ba
kground value of 21.9 magnitudes/(ar
se
ond)2 . This 
orresponds to the valueof the sky ba
kground measured in the V �lter at KPNO (Massey, Gronwall & Pila
howski, 1990).The sky ba
kground was estimated in a trial run and then held �xed to that value thereafter. Itwas not a free parameter in these simulations. The s
aling used to 
onvert apparent magnitudes toCCD 
ounts was estimated using photometri
 data on a 1m 
lass teles
ope. On su
h a teles
ope, anexposure time of about 30 minutes would be required to get the S=N ratio used in these simulations.The galaxies generated by the galaxy simulation program were then used as input to the bulge diskde
omposition program. We studied how a

urate and reliable the de
omposition program is inre
overing the input parameters.In the �rst set of trials, we generated 500 galaxies with n = 4. During the extra
tion,the parameter n was held �xed at a value of 4. We pla
ed no additional relative 
onstraints onpermissible parameter values su
h as those used in BF95. We found that the � 2� for the �ts isworse than 2 in 120 
ases out of 500, giving a 24% failure rate. These failures are all 
aused byone or more parameters hitting their limits, 
ausing the gradient-driven minimization routine tofail. It is possible for us to redu
e the failure rate to about 10% by 
arefully 
hanging startingvalues and parameter ranges by trial and error. In every 
ase of failure due to parameters hittinglimits, MINUIT generates appropriate warning messages, so there is no danger that su
h failures will
ontaminate the good results. The failure rate de
reases as the number of free parameters de
reases.It is possible to 
ompletely eliminate su
h failure by 
hanging the initial value and 
onstraining therange of parameters narrowly around the expe
ted value whi
h we have knowledge of, in the 
aseof a simulation. While dealing with real galaxies, in 
ase of a failure to obtain a satisfa
tory �t,the situation 
ould be addressed by trying di�erent initial values and ranges, with guesses based oninspe
tion of the intensity pro�le. We �nd that a � 2� < 2 almost always 
orresponds to good re
overyof input parameters, and a � 2� > 2 always 
orresponds to poor re
overy of input parameters. Poorre
overy of one parameter almost always implies poor re
overy of all other parameters, a high valueof � 2� and at least one parameter hitting limits. In su
h a 
ase, one would need to use a new set ofstarting values and parameter ranges and try again. It should be noted that failure in re
overingparameters is easy to dete
t as it is always �agged by a high �2 value.The extra
ted versus input data have been plotted in Figure A.2, with points having 0 <� 2� < 2 marked with a Æ, while the remaining points are marked with a dot. Note that the pointswith a bad �t (i.e. � 2� > 2) generally lie far away from the line on whi
h the input value equals theextra
ted value. Almost all the remaining points (those with 0 < � 2� < 2) plotted on these graphsare tightly grouped along this line. The authors of APB 95 report that the ellipti
ity of the bulgeis not easy to determine by any method, and errors of the order of 30% are possible. Our methodhowever, seems to re
over bulge ellipti
ity to a high degree of a

ura
y. In a se
ond set of 500 runs,we varied n in the range 1 < n < 6:103



Figure A.2: S
atter plots of extra
ted versus input parameters for galaxies with n = 4. Points with0 < � 2� < 2 are indi
ated by a open 
ir
le while those with � 2� > 2 are indi
ated by a dot.
104



Figure A.3: S
atter plots of extra
ted versus input parameters with n in the range 1:0 < n < 6:0.Points with � 2� > 2 are indi
ated by a dot while those with 0 < � 2� < 2 are indi
ated by an open
ir
le or a triangle. See the text for details.
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Exp. time � 2� Peak Input Extra
ted % Error in(se
) Counts Ie Ie Ie5 1.00 302 4.17 6.4 53.015 1.00 914 12.50 11.1 8.930 1.02 1923 25.00 24.2 3.260 1.04 3665 50.00 51.2 2.4120 1.07 7623 100.00 101.0 1.0240 1.11 14826 200.00 202.0 1.0480 1.14 29740 400.00 415.0 3.8Table A.1: E�e
t of 
hanging exposure time.All other parameters were varied within the same ranges as spe
i�ed above. In this 
ase, the �failure�rate was 25%. The extra
ted versus input data have been plotted in Figure A.3. As before, pointswith � 2� > 2 are marked with a dot. Points with � 2� < 2 and n < 4 are marked with a Æ while pointswith � 2� < 2 and n > 4 are marked with a 4. There is a marked in
rease in s
atter of all parametersas 
ompared to the n = 4 
ase des
ribed above, even for points with � 2� < 2. Most signi�
antly,the s
atter in the extra
tion of n is rather large for n > 4. This o

urs be
ause the intensity pro�leof the bulge gets steeper as n in
reases. For large n the fall-o� in intensity with distan
e from the
enter is so rapid that hardly any points with good S=N are available, for �tting the bulge of thegalaxy. This leads to larger errors in estimation of n and other bulge parameters, 
ontributing tothe in
reased s
atter seen in n, disk to bulge ratio and bulge s
ale length for n > 4. The only wayto reliably extra
t the bulge pro�le for galaxies with a weak bulge resulting from an unfortunate
ombination of small bulge s
ale length, high D=B and large n is to use a higher exposure timeto improve S=N . When we in
reased the exposure time by a fa
tor of ten, there was a noti
eablede
rease in s
atter for large n. In most real situations where it is not feasible to in
rease exposuretime, it should be borne in mind that extra
ted values with large n and/or small bulge s
ale lengthsare prone to error.A.4.2 Tests of stabilityWe 
ondu
ted a series of tests to determine how the program responds to deviations from theidealized 
onditions assumed in the previous se
tion, to gain some insight into problems en
ounteredwhen dealing with real galaxy images rather than simulated ones.A.4.3 E�e
t of 
hanging S/N ratioThe S/N ratio improves with in
rease in exposure time. We examined the image of the same simu-lated galaxy using pixel 
ounts for a bright galaxy and sky ba
kground 
orresponding to exposuretimes ranging from about 5 se
onds to 8 minutes on a 1 m 
lass teles
ope. The exposure times (andhen
e the pixel 
ounts) varied by a fa
tor of 96 and S/N ratio by a fa
tor of about 10 (' p96).The ba
kground 
ounts used were estimated from observations made on a 1m 
lass teles
ope in theCousins R �lter. We expe
ted that as S/N got better, the �t would improve and parameter re
overywould get more a

urate. We found that the a

ura
y of the extra
ted parameter values is stronglydependent on the exposure time only for short exposures of <30 se
onds. The results for di�erentexposure times are shown in Table A.1 whi
h 
ompares various input values of intensity at thee�e
tive radius Ie with the 
orresponding extra
ted value. Peak 
ounts of less than one thousandfor galaxies are not very useful for the purpose of bulge disk de
omposition.It is seen that � 2� in
reases slowly but monotoni
ally with exposure time. This is an artifa
tof the way sky ba
kground is used in the program 
reating the input galaxies. When simulatinggalaxies, ba
kground is added, Poisson noise is 
al
ulated using the intensity of both ba
kgroundand galaxy, and the ba
kground is subtra
ted out. Then, when the �tting program runs, it estimatesthe noise at ea
h pixel as the square root of the number of 
ounts at that pixel, but the a
tual noiseis the square root of the sum of the number of 
ounts and the ba
kground. This 
auses the pointswith low 
ounts to be weighted more than they should be (resulting in higher � 2� ), but the di�eren
e106



is small.A.4.3.1 E�e
t of erroneous measurement of PSFWith real data it is often impossible, even if a large number of stars are used, to measure theFWHM of the PSF to an a

ura
y of better than about 5%. One reason for this is the variationof the PSF over di�erent regions of the CCD. Therefore, it is important to know how the �t willrea
t to an over� or under�estimation of the FWHM of the PSF, and to an ellipti
al PSF. Thevalue of the point sour
e is expe
ted to be a�e
ted the most be
ause of errors in PSF estimation.If the bulge s
ale length re is very small, then bulge parameters will also be seriously a�e
ted byan in
orre
t estimation of the PSF. We ran two separate tests, one with a 
ir
ular PSF, with theFWHM overestimated or underestimated by up to 20%, and another where the width along oneaxis of the PSF 
hanged by 20% while the other remained 
onstant, thereby generating ellipti
alPSFs. During the �tting we used a 
onstant 
ir
ular Gaussian PSF with FWHM �fit = 1 pixel inall the test 
ases des
ribed below.For these tests, our simulated images were generated using a PSF with varying FWHM,denoted by �image. �image=�fit 6= 1 
orresponds to the situation where an error is made in theestimation of the FWHM of the PSF used in modeling the intensity distribution of observed galaxies.In the �rst test we assumed that the PSF shape is 
ir
ular and the only error is in estimating thevalue of the FWHM. When �image=�fit < 1 the spreading of the image due to seeing is overestimatedby the de
omposition program. The ex
ess de
onvolved intensity at the 
enter 
auses it to reporta �
titious point sour
e. The minimum value for the ratio we have used in the test is 0.8. At thisratio, the �tted intensity of the �
titious point sour
e is very high, as 
an be seen from Figure A.4.The bulge intensity is at its minimum value. The intensity of the �
titious point sour
e de
reasesand that of the bulge in
reases 
ontinuously as �image=�fit ! 1. If the FWHM of the PSF isunderestimated, i.e. �image=�fit > 1, the point intensity be
omes negative.1The variation of �image=�fit did not a�e
t the extra
ted disk s
ale length, whi
h only on
edeviated by more than 1 pixel. The disk intensity in
reased with in
reasing input PSF, analogous tothe in
rease in bulge intensity dis
ussed above. The extra
ted bulge and point sour
e intensities, andbulge radius, all vary systemati
ally and approximately linearly with the error in PSF estimation.� 2� is very good in all 
ases, de
reasing somewhat as the PSF gets to be 
loser to our estimate of 1.These results are plotted on the left panel of Figure A.4.To see the e�e
t of errors in determining the shape of the PSF, we generated galaxies withdi�erent ellipti
al PSFs. Su
h PSFs are observed, for example, if the plane of the CCD is in
linedto the fo
al plane of the teles
ope. The de
omposition program 
ontinued to use a �xed 
ir
ularPSF. The sequen
e of image PSFs was generated by keeping one of the prin
ipal axes of the ellipsesalways equal to �fit, and varying the other prin
ipal axis so that ratio of the two 
hanged from0.8 to 1.2. The results of parameter extra
tion are plotted on the right panel of Figure A.4, as afun
tion of �image=�fit, where the ratio is now taken along the 
hanging prin
ipal axis.When the PSFs used in the simulation as well as �tting are both 
ir
ular, but have di�erent�image, the �tting pro
edure leads to a positive or negative �
titious point sour
e. A good overall�t is obtained with � 2� 
lose to unity in the latter 
ase, i.e. when �image=�fit > 1, be
ause here theoverall intensity at the 
entre remains small and best �t bulge parameters whi
h give a good �t,together with the negative point sour
e 
an be found. In the 
ase of a positive point sour
e, 
hangedbulge parameters 
annot 
ompensate for the error in the PSF and the quality of the �t is diminished.In the 
ase of the ellipti
al PSFs, � 2� is greater than unity on both sides of �image=�fit = 1.Bulge ellipti
ity, whi
h was set to 0.1 in all simulated images, was extra
ted very well in the
ase of the 
ir
ular PSF as it varied over its range of FWHM. When the PSF be
omes ellipti
al, weexpe
t the extra
ted ellipti
ity to in
rease as well, and it does, but only to 0.12 for the most ellipti
PSF, whi
h had ellipti
ity 0.2. The ellipti
ity 
lose to the 
entre of the galaxy is of 
ourse whollydetermined by the shape of the PSF, while further away, the e�e
ts on the extra
ted ellipti
ity aremu
h smaller.1A negative point is non physi
al, of 
ourse, but in general we will allow for it be
ause the law des
ribing thebulge does not hold near the 
enter of most galaxies. In our simulation however we have assumed that the law holdsright to the 
enter. 107



Figure A.4: E�e
ts of in
orre
t estimation of PSF on extra
ted parameters. The panels show 
hangesin point intensity, bulge intensity and bulge s
ale length under a 
hanging 
ir
ular PSF (left panels)and 
hanging ellipti
ity of the PSF (right panel). In ea
h panel, the dashed line indi
ates the �xedvalue of the input parameters, while the Y-axis shows the 
orresponding �tted value. The negativepoint intensity obtained for some values of (�image=�fit) is explained in the text.
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Figure A.5: Results of point sour
e extra
tion in 25 runs. The top panel shows the � 2� valueobtained in 25 runs. The bulge intensity in
reases after every 5 runs, resulting in a steep drop in� 2� , due to improved S=N ratio. The middle panel shows 25 input values for bulge intensity and the
orresponding re
overed value adja
ent to ea
h other. The lowest panel shows input point sour
eintensities for ea
h run and the 
orresponding re
overed value. Note that the middle panel has theY axis plotted on a logarithmi
 s
ale. See the text for further explanation.A.4.3.2 Fitting in the presen
e of starsOur aim here was to 
he
k if the presen
e of bright foreground stars on the galaxy 
ould 
ause asystemati
 deviation in extra
ted parameters. To test this, we added upto 20 randomly positionedstars to a 128�128 pixel image, and ran the de
omposition program without blo
king out the stars.The presen
e of the stars worsened the � 2� 
onsiderably but the extra
ted parameters were nota�e
ted in any signi�
ant or systemati
 way. Masking out the stars improved the � 2� to normalvalues (� 1), and the parameters were also a

urately extra
ted as before.A.4.4 Dete
ting a point sour
eWe have examined the extra
tion of a point sour
e at the 
entre of the galaxy. Sin
e the bulgeintensity has a very sharp peak near the 
enter, a point sour
e 
an be easily swamped by the bulgeunless it is very bright. The obje
tive here is to �nd powerful sour
es, and not very weak oneswhere the point intensity is less than the bulge intensity at the 
entral pixel. We looked at variousstrengths of the point relative to the bulge, by examining a uniform grid of 5�5 values of point and109



bulge 
entral intensities, over whi
h the bulge and point ea
h varied by a fa
tor of thirty. There wasno dete
tion of a �
titious point. Weak points were absorbed into the bulge, while strong pointswere extra
ted well, as shown in Figure A.5. For higher bulge intensities, the point intensity wasextra
ted better, be
ause higher S/N far from the 
enter served to 
onstrain the bulge intensitymore pre
isely.A.5 Fitting real galaxy imagesThe immediate goal of this program is to extra
t parameters from a large sample of galaxies ofdi�erent morphologi
al types of the kind reported in APB95, and RF96. To elu
idate what ourprogram 
an do, and to 
ompare results with those obtained by other workers, we have used ourprogram to extra
t parameters for three disk galaxies 
hosen from the data in APB95. Our programdoes not model bars, spiral arms and su
h other features, so we 
hose galaxies where these featuresdid not dominate when the images were visually inspe
ted. We used the online data available athttp://www.elsevier.nl/lo
ate/newast and des
ribed in Peletier and Bal
ells (1997). More extensivework on a larger sample of ellipti
als and early type disk galaxies has been reported by us separately(Khosroshahi, Wadadekar & Kembhavi 2000, Khosroshahi et al. 2000). Here we wish to merely
ompare the results of our approa
h with that reported in APB95.A.5.1 Possible pitfallsGoing from �tting simulated models to �tting real galaxies has several attendant dangers. Signi�
anterrors in the PSF 
an 
ause the dete
tion of a �
titious point sour
e (Se
tion 4.2.2). Sin
e the PSFis never known exa
tly, any extra
tion of a point must be examined very 
arefully. HST data showsthat a single power law des
ribing the bulge is a poor approximation to to the intensity pro�le nearthe 
enter of the galaxy (Byun et al. 1996). Without very pre
ise knowledge of the PSF, measuringsystemati
 deviations from the law is not reasonable. Images are often normalized, averaged, orba
kground subtra
ted during pro
essing. Knowledge of the normalization used is required beforewe get an a

urate estimate of the S/N ratio whi
h is a prerequisite for determining the weightingfun
tion for our �2minimization.In extreme 
ases, the luminosity distribution of two physi
ally di�erent 
omponents are verysimilar and they 
an give very similar values of redu
ed �2. Our method 
an give in
orre
t resultsunder su
h 
ir
umstan
es. For example, a bulge with a very small s
ale length 
an be easily 
onfusedwith a point sour
e. Similarly an extremely large but weak 
ir
ular disk 
an appear like ba
kgroundsky. High redshift galaxies with small s
ale length in angular terms do not have su�
ient numberof high S/N pixels for a reliable �t.A.5.2 Comparison of extra
ted parametersTable A.2 shows extra
ted values from our program, as 
ompared with values published in APB95for three disk galaxies NGC 5326, NGC 5587 and NGC 7311. Both the bulge and disk ellipti
itiesmat
h very well. Corre
t extra
tion of ellipti
ities is a prerequisite for the APB95 method ofde
omposition to work but is not required in our method. In two out of three 
ases, the dis
repan
yin n is larger than the error bar reported in APB95 but the deviation is not large. There is littledis
repan
y in the value of bulge s
ale length too. We have also reported the disk s
ale length forthese galaxies, whi
h is held �xed at 25 ar
se
ond for all galaxies in APB95. In Table A.2 we have
onverted the angular s
ale length reported in APB95 to a linear s
ale. Our extra
ted values fordisk s
ale length mat
h those in APB95 to within a fa
tor of two.It should be noted that our te
hnique is fundamentally di�erent from that used in APB95.We use the 2-D images dire
tly, not azimuthally averaged luminosity pro�les. Our method extra
tsall galaxy parameters at one go, with no prior knowledge of ellipti
ities. We expe
t our method towork well for disk galaxies at any orientation.
110



Parameter Sour
e NGC 5326 NGC 5587 NGC 7311Bulge ellipti
ity APB95 0.20 0.20 0.00This work 0.31 0.22 0.07Disk ellipti
ity APB95 0.55 0.70 0.53This work 0.55 0.78 0.56D=B APB95 4.00 20.00 5.26This work 3.04 26.48 4.38n APB95 2.19 1.53 1.32This work 1.78 2.10 1.90Bulge S
ale length (kp
) APB95 0.54 0.48 0.87This work 0.44 0.40 0.70Disk S
ale Length (kp
) APB95 1.69 1.93 3.60This work 0.74 1.64 1.62Table A.2: Comparison of extra
ted parameters.A.6 Error estimationIn minimization problems, two methods are 
ommonly employed for parameter error estimation.The �rst is to estimate the error from the se
ond derivative of the fun
tion being minimized withrespe
t to the parameter under 
onsideration. The se
ond is to gradually move away from the theminimum until a predetermined �2 is ex
eeded. The se
ond method will work for a single parameter�t irrespe
tive of whether the �2 fun
tion near the minimum is paraboli
 in shape, or of a more
ompli
ated nature. MINUIT 
an perform error estimations using both methods.In any multi-parameter minimization pro
ess, formal errors on the parameters 
an be gen-erated from the the 
ovarian
e matrix of the �t only if: (i) the measurement errors are normallydistributed and either, (ii-a) the model is linear in its parameters or (ii-b) the sample size is largeenough that the un
ertainties in the �tted parameters do not extend outside a region where themodel 
ould be repla
ed by a suitable linearized model. It should be noted that this 
riterion doesnot pre
lude the use of a non-linear �tting te
hnique to �nd the �tted parameters (Press et al.1992). Amongst the bulge and disk parameters that we use in the �t, two are linear (I0 and Is)and the rest are non-linear. Non-linearity is highest for eb and ed. Leaving all parameters free,results in rather large formal error bars on extra
ted parameters (�20-30%). The �2 fun
tion isnot paraboli
 near the minimum, whi
h 
auses in
orre
t error estimation by MINUIT when thederivative method is used. Even moving away from the minimum until some �2 is ex
eeded doesnot work here as there are multiple free parameters that are 
orrelated. MINUIT is therefore unableto 
ompute errors using this te
hnique when all parameters are free. Fixing the most non-linearparameters i.e. the ellipti
ities to their extra
ted value enables MINUIT to 
ompute formal errorsusing this te
hnique as the fun
tion 
an be approximated by a linearized model. The errors arehowever still large. If more parameters are �xed, the error bars are further redu
ed. Formal errorsmat
h those obtained from parameter re
overy in the 500 model test if only one parameter is leftfree. Given the strong inherent non-linearity of our model, the problem of obtaining formal errorbars on extra
ted parameters, when more than one parameter is left free simultaneously, will bemathemati
ally di�
ult.A.7 Con
lusionsUnpre
edented amounts of CCD imaging data on galaxies will be generated by the new opti
alsurveys su
h as the Sloan Digital Sky Survey. Cross-
orrelations with other 
atalogs su
h as FIRSTwill provide samples of thousands of interesting galaxies for further study. Analysis of these terabyte size datasets will require 
ompletely automated, fast and reliable algorithms for tasks su
h asmorphologi
al 
lassi�
ation (eg. Abraham et al. 1994) followed by bulge-disk de
omposition for anappropriate subset of galaxies. Our extensive tests on simulated galaxy images show that the two111



dimensional �tting pro
edure des
ribed here is very su

essful at a

urately extra
ting a wide rangeof input parameters, and that the 
ases where it fails 
an be easily dete
ted from the �2 value sin
efailure is always a

ompanied by a high �2 value.One major limitation of our method is that it assumes that the observed luminosity pro�leof the galaxy under 
onsideration a
tually follows the empiri
al laws we have 
hosen irrespe
tiveof the great variation seen in galaxy morphologies. Studies of the e�e
ts of morphologi
al features(su
h as dust absorption in disks modeled by Evans 1994) on s
ale parameters are required if weare to develop a reliable methodology to extra
t parameters for galaxies with strong features su
has bars, spiral arms et
.For galaxies with very steep luminosity pro�les (i.e. small bulge s
ale length or large n),
onventional 1-D �tting may provide a better solution than 2-D methods be
ause in su
h galaxies,a very large fra
tion of pixels have poor signal to noise. This works against a good determinationby the 2-D method, whi
h uses individual pixels over the whole image in the �t. When there islarge isophotal twist in the galaxy, a 1-D method may work better than the 2-D one, be
ause most1-D methods follow the twisting of the ellipses by 
hanging the position angle with radius. All 2-Dmethods proposed to date hold the position angle 
onstant. When e�e
ts of shape parameters aresigni�
ant, a 2-D te
hnique is better. For example when a highly in
lined disk is present, 1-D �tsmight miss it altogether, or provide a very poor �t. 2-D methods are also better in extra
tion ofellipti
ities of the bulge and the disk, and for extra
tion of the point sour
e, as the larger numberof data points available help 
onstrain the extra
ted value better.Our extra
ted galaxy parameters are 
onsistent with those reported in APB95. Our methoddoes not require galaxies to have signi�
antly di�erent bulge and disk ellipti
ities as required inthe method des
ribed in APB95. Thus it is well suited for de
omposition of fa
e-on as well asedge-on disk galaxies. We wish to sound a note of 
aution about the la
k of reliability of bulge diskde
omposition for galaxies with strong features su
h as a bar or spiral arms, those with n > 4 andthose with a poorly estimated PSF. Although a good �t 
an be probably be obtained even for su
hgalaxies using our method, our �2 value would no longer be a powerful tool to distinguish betweengood and bad �ts.Re
ently, we have in
orporated into the �tgal 
ode the ability to use model Hubble Spa
eTeles
ope PSFs 
onstru
ted using the tinytim pa
kage. This important enhan
ement will allow�tgal to be used with WFPC/2 and NICMOS data from the HST.
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Appendix BAngular 
ross-
orrelation CodeB.1 Des
riptionThis short Perl program 
omputes the angular separation between two sour
es - one sour
e fromea
h of the two 
atalogs 
hosen for 
omparison - having equatorial 
oordinates (�1; Æ1) and (�2; Æ2)respe
tively. The angular separation � between these two sour
es is given by:� = ar

os(sin Æ1 sin Æ2 + 
os Æ1 
os Æ2 
os(�1 � �2))where �; �1; Æ1; �2; Æ2 are all expressed in radians. The above formula 
an be readily derivedby expressing the two positions as unit ve
tors- in spheri
al polar 
oordinates- and then usingthe s
alar produ
t between those two ve
tors, to 
ompute the angle between them. The angularseparation in ar
se
ond �ar
se
 is given by�ar
se
 = (180�=�) � 3600If this angular separation is less than the sear
h radius �
 set by the user, the pair of sour
esis 
ounted as a mat
h and the output parameters sele
ted by the user are written to the mat
h �le.This 
ode takes about 3 hours of CPU time on an Ultra 10 ma
hine for 
orrelation of 5,000 sour
e
atalog with the 500,000 sour
e FIRST 
atalog (2.5 billion angular separation 
omputations).No attempt has been made to optimize the 
omparisons in this 
atalog. All sour
es in
atalog 1 are 
ompared with all sour
es in 
atalog 2. For signi�
antly larger 
atalogs, optimizingthe 
omparisons by breaking up the 
atalogs into smaller units for the 
omparison will be worthwhile.B.2 The 
odeThe 
ode for the mat
hing the FIRST sour
e 
atalog with other 
atalogs was implemented in Perl,the programming language best suited for working with ASCII tables. The 
ode has been extensively
ommented for the bene�t of the user. In order to use the 
ode with some other tables, only theinput and output statements should need modi�
ation.# This program performs angular 
ross 
orrelation between the VERON AGN 
atalog and the# VLA FIRST survey 
atalog. The input and output statements will need to modified# for other 
atalogs.# Author: Yogesh Wadadekar, yogesh�iu
aa.ernet.in# This Perl program may be freely modified and used under the terms of the GNU# Publi
 li
ense# open output files of makerade
.perlopen(FIRSTCATALOG,"</adata1/yogesh/programs/
ross
orr/firstout") || die "Cant open 
atalog" ;open(VERONCATALOG,"<seyferts.veron") || die "Cant open VERON 
atalog" ;$error = 300; # Set the radius of the error 
ir
le in ar
 se
 here..open(MATCHES,">mat
hes.$error") || die "Cant open MATCH file" ;# defining useful 
onstants and subroutinessub a
os { atan2(sqrt(1 - $_[0℄ * $_[0℄),$_[0℄) }$i=0;$j=0;$pi = atan2(1,1) * 4 ;$radperdegree = $pi / 180.0 ;#defining the file template for ea
h 
atalogs$firsttemplate= "a21 a21 a2 x1 a2 x1 a6 x1 a3 x1 a2 x1 a5 x1 a10113



x1 a9 x1 a7 x1 a6 x1 a6 x1 a5 x1 a6 x1 a6 x1 a5 x1 a12";$verontemplate = "A22 A22 x1 A18 x2 A10 x1 A9 x28 A6 x1 A4 x1 A6x13 A5" ;# Read the modified Veron 
atalog into arrayswhile (<VERONCATALOG>){($slat[$i℄,$slng[$i℄,$names[$i℄,$ra,$de
,$guessze[$i℄,$agn
at[$i℄,$vmag[$i℄,$abmag[$i℄)=unpa
k($verontemplate,$_);$i++ ;}# Read the FIRST 
atalogwhile (<FIRSTCATALOG>){($flat[$j℄,$flng[$j℄,$frah,$fram,$fras,$fdeg,$fdem,$fdes,$pint[$j℄,$iint[$j℄,$rms,$maj[$j℄,$min[$j℄,$pa[$j℄) = unpa
k($firsttemplate,$_);$j++ ;}print "Finished reading arrays \n";print "Number of sour
es in VERON 
atalog: $i \n";print "Number of sour
es in FIRST 
atalog: $j \n";print "Starting Cross Correlation \n";print "Doing 
ross
orrelation for error = $error ar
 se
\n";$
oserror =
os(($error * $radperdegree)/3600.0);for ($k = 0 ; $k < $i;$k++){for ($l = 0 ; $l< $j; $l++){# Formula for angular separation between two sour
e positions$
ossep = sin($slat[$k℄)* sin($flat[$l℄) + 
os($slat[$k℄) * 
os($flat[$l℄)* 
os($slng[$k℄ - $flng[$l℄);# Sin
e 
os is a de
reasing fun
tion in [0,Pi/2℄if ( $
ossep > $
oserror ) {# Cal
ulate separation in ar
se
ond$separ
se
 = (a
os($
ossep)/$radperdegree) * 3600.0;# Write to mat
h file if there is a mat
hwrite(MATCHES);}}}# Close all open file handles and quit
lose(MATCHES); 
lose(FIRSTCATALOG); 
lose(VERONCATALOG) ;exit ;# You may need to modify the format statement below to#print the fields you needformat MATCHES =�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�< �<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�< �<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�< �<�<�<�<�<�<�<�<�<�<�<�<�<�<�<�< �<�<�<�<�< �<�<�<�<�<�<�<�<�< �<�<�<$slat[$k℄,$slng[$k℄,$flat[$l℄,$flng[$l℄,$names[$k℄,$guessze[$k℄,$vmag[$k℄,$abmag[$k℄,$separ
se
,$pint[$l℄,$iint[$l℄,$maj[$l℄,$min[$l℄,$pa[$l℄,$agn
at[$k℄.
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