UNIVERSITY OF KWAZULU-NATAL

Multi-wavelength study of radio sources in
the universe

by

Khadija El Bouchefry

A dissertation submitted in fulfillment of the
academic requirements for the degree of
Doctor of Philosophy,
in the
School of Physics,

University of KwaZulu-Natal,

Durban

9 March 2009

Supervisors:
Prof. Jon Rash (School of Physics)

Dr. Kavilan Moodley (School of Mathematical Sciences)



Copyright © 2009 by Khadija EI Bouchefry

Multi-wavelength study of radio sources in
the universe

Examiners:

Prof. Chris Willott, Department of Physics, University oft@wa,External Examiner

Dr. Matt Jarvis, Centre for Astrophysics, University of ierdshire,External Examiner

Dr. Amery Gareth, School of Mathematical Sciences, Unierf KwaZulu -Natal, Internal

Examiner



Abstract

This thesis presents a detailed multi-wavelength studgdibrsources. A major part of the the-
sis focuses on radio sources in the FIRST survey while therlpart of the thesis studies low
redshift radio galaxies in X-ray selected galaxy clusténsthe first part of the thesis a cross
correlation analysis of FIRST radio sources with opticadadaom the NDWFS and infrared
data from the FLAMINGOS survey in the Boottes and Cetus fields performed. Optical
counterparts were found for 76% (§880) of sources in one band or more iBw, R, | or K.
Photometric redshifts for these sources have been compsted theHyperzcode. The red-
shifts obtained are fairly consistent with those expeatechftheK —zrelation for brighter radio
sources. A total number of 57 counterparts have extremdlgo®ur R— K > 5). Photometric
redshifts derived usinglyperzimply that these Extremely Red Object (ERO) counterparts to
FIRST radio sources are mostly located in the ranged.7 — 2, with the bulk of the population
atz ~ 1. A total of 25 ERO counterparts to FIRST radio sources waeatified inR, Jand

K bands. These objects were separated into passively-egawid dusty star-forming galaxies
using theirR, JandK colours. The relatively blud — K colour of these galaxies suggest that

most (72%, 1®5) are elliptical galaxies rather than dusty starbursixjak.

Using data from the Chandra XBoo6tes survey, a total of 92 (IR®RST radio sources were

identified above the X-ray flux limitfx (0.5 — 7) keV = 8 x 107%° erg s cm?, and of these
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79 optical counterparts are in common to the radio-X-raycimed. The majority (68%) of the
radio-X-ray matched population were found to hasde< log fx/ fop: < +1 indicative of AGNSs.
There is a significant population (23%) with high X-ray-tptical flux ratio (log fx/ fop: > 1),
suggesting high redshift afat dust obscured AGN. In addition, there is also a population
sources that are X-ray faint optically bright sources with fx/ f,p: < —1. Spectroscopic iden-
tifications were found for 22 of the 79 sources. These op$ipattra were dominated by broad
line AGNs and also included narrow emission line galaxiesvas found that many classes of
objects contribute to the X-rawydio emission including quasars, BL Lacs, starburst gesax

normal galaxies and galaxies with both AGN and starburstigct

This thesis also investigated the clustering analysis BfSH1 radio sources optically iden-
tified in the SDSS DR6 survey using the two point angular dati@n functionw(f). The
matched sources were found to have a larger amplitude dkcing compared to the full cata-
logue of radio sources consistent with similar studies aliferature. The angular correlation
function was measured for feerent magnitude limited and flux limited subsamples. It was
found that the angular correlation function scales withdleeth of the optical survey as ex-
pected, whereas the amplitude of the angular correlationtion increases as the radio flux

increases.

The last part of this thesis is devoted to studying radioxdefain galaxy clusters at high
frequencies to explore their contamination to the Suny&efidovich efect signal in these clus-
ters. A total of 139 galaxies at low redshit€ 0.25) in X-ray selected clusters were observed
at four frequencies, .9, 9, 22, and 43 GHz using the NRAO Very Large Array. It was found tha
more than half of the observed sources have steep microypaetra with steep spectral index,
a < —0.5, as generally expected. However, about 60% of the unredav barely resolved
sources have flat or inverted spectra. Most of these souhm®s an upward turn in flux at
v > 22 GHz, implying a higher flux than would be expected from amagolation of the lower
frequency flux measurements. Our results quantify the needaireful source subtraction in

increasingly sensitive measurements of the Sunyaev-@ett dtect in clusters of galaxies.
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field. Empty squares represent sources identified as galdied diamonds in-
dicates sources identified as point-like objects. Supeysagd are the lines cor-
responding to constant values of the radio-to-opticabrati 10,100, 10°, 10*...10° 80



LIST OF FIGURES

XiX

3.5 The radio flux vs. | magnitude for all FIRST radio souraemniified in Bootes
field. Empty squares represent sources identified as galailed diamonds
indicates sources identified as point-like objects andatgelfilled circle repre-
sents a radio-loud quasar (McGreer et al. 2006). Superietpa® the lines cor-
responding to constant values of the radio-to-opticabrag 10,10Q 10° 10*...1C°

3.6 The radio flux vsKk magnitude for all FIRST radio sources identified in Bootes

field. Empty squares represent sources identified as galailed diamonds
indicates sources identified as point-like objects andatgelfilled circle repre-
sents aradio-loud quasar (McGreer et al. 2006). Superietgoae the lines cor-
responding to constant values of the radio-to-opticabrag 10,10Q 10° 10*...1C°
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3.7 The ColouBw - Rversus radio flux for all FIRST radio sources counterparts.

Filled diamonds indicate sources identified as galaxietergmpty squares rep-
resents stellar-like objects. Circles denotes sourcedrgseopically identified
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3.8 Colour-magnitude and colour-colour diagrams for tHe3 radio sources coun-
terparts. Red symbols indicate galaxies and green syméymiesent stellar-like
objects (Q). Circles denote sources spectroscopicallytiitkxd in the SDSS.
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densitySisgrziSINMIY.. . . . . L

3.9 The radio flux vs. the magnitude for FIRST radio sourcesitified in Cetus
field, in J band (top panel) and K band (bottom panel). Dasined correspond
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3.11 ThelJ-K colour against photometric redshift for all FIRST radio sms iden-
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3.12 TheK band magnitude vs. the — K colour. Empty diamonds indicate stellar-
like objects, while the remaining crosses, stars and plotbsys indicate ob-
jects identified as galaxies. The horizontal long-dashesldorresponds to the
limit adopted for the selection of the sample of ERO courddgto FIRST
radio sources in Bobtes field. . . . . . .. .. ... ... oL
3.13 TheK band magnitude vsl — K colour. Empty diamonds indicate stellar-
like objects, while the remaining crosses, stars and plusiiects identified
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3.15 the top panel shows tike- K against] — K colour-colour diagram as proposed

4.1

4.2

4.3

4.4

4.5

4.5
4.6

4.7

by Pozzetti & Mannucci (2000) for the 25 counterparts of FTR&dio sources
that haveJ band data. Bottom panel shows tRe- J againstJ — K scheme
introduced by Bergstrom & Wiklind (2004). In both diagrantise solid lines
represent the boundary between dusty starburst and eyglassive magnitude
EROs: the dusty galaxies should lie to the right of the lired@er 0 — K)
colours) with the evolved systemsontheleft.. . . . .. .. .. ... .. ..

Histogram of the separations between positions of realiwces and the X-ray
sources to which they have been matched. The lower plot stierexpectation
of chance associations. | consider sources to be assotittedeparations are
C2AICSEC. . . . v vt e e e e
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Top panel Diagram of the @fset in Ra and Dec (arcsec) of the FIRST radio

sources and xBootes sources with”aghd 15” circles overlaid to show how
many of the matches are separated by more tarL@wer panel offset his-
tograms forA Ra (solid histogram) and Dec (dashed histogram). . . . . . .
The FIRST radio sources with multiple components idietiby the selection
algorithm of Magliocchetti et al. (1998). Each FIRST stam@®ix 2/, nor-
malised to the maximumiintensity. . . . . . . ... ... ... ... .....
The stellarity of the optical counterparts againstrtRedband magnitude for X-
ray sources (upper panel), for the FIRST radio sources (ejlahel), and for
both FIRST radio and X-ray sources in common (lower panel).. . . . . . .
TheR band images of all the 79 radio-X-ray matches in the 9.3 damtes
field. All the images are centred on the FIRST radio sources.HIRST radio
sources reference number (shown in column 1 of Table 4.X)tiedop left of
each image. These cut-out images have been obtained froRCQA® cut-out
service: httpg/archive.noao.edodwfgcutout-form.html. . . . . . . . . .. ..
continued . . . . . . ..
From top to bottom, the optical magnitude distributioRiband for: all the X-
ray sources identified in Bootes field, all X-ray sources idiex in four bands
(Bw, R, I, K) in Bodtes field, all FIRST radio sources identified in Bodiekl
and all the common optical counterparts to the radio-X-rayames.. . . . . .
Top panel Photometric redshift distribution for the optical coupiarts of the
radio-X-ray matches (open histogram) and spectroscopishif distribution
for 22 radio-X-ray matches (hatched regionspwer panel Photometric red-
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shift vs spectroscopic redshift for sources with securshiétl(i.e. y? <2.7). . . 114
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4.8 TheK magnitude versus redsh#tfor all the optical counterparts to the radio-
X-ray matches. The green line shows the bed( fit zrelation of Willott et al.
(2003) and the blue line shows the bestKit- z relation for only extended
objects (point sources are not included in this fit). Theahupper plots show
the passive stellar evolutionary tracks oflay{K) galaxy (where_,(K) is the
K bandL,) for an instantaneous starburstzat 5 andz = 10 as well as a
no-evolution curve, as derived by Jarvis et al. (2001a). Ssymbols as for the
radio-X-ray matchesin Fig4.9 . . . . . . . .. ... 116

4.9 Colour magnitude diagraiR — K versusR-band magnitude for all radio-X-
ray matches identified in botR andK bands in Bodtes field. The objects are
marked according to their X-ray classification: open cschkee identifications
with stellar profiles and small filled circles denote extahddjects. Empty
squares represent sources classified as AGN-1, triangle®twces classified
as AGN-2, reversed triangles denote sources classified & XQ8iamonds
for sources classified as QSO-2, cyan large circles denatee® with op-
tical spectroscopic identification, yellow large circlepresent EROs, large
crosses for normal galaxies and plus signs for radio souesedved into multi-
components. The vertical line shows the approxim@atband completeness

4.10 Full (05-7) keV X-ray luminosity versus redshift for the radio-X-rmatches

is shown in the top panel. Solid line represents the faititaging X-ray lumi-

nosity for a source with a full flux of 8 x 107%° erg s cm? as a function of

redshift. The lower panel shows the radio luminosity as a&tion of redshift

for all the radio-X-ray matches and the solid line corregisto the radio flux

limit of 1 mJy. Sources with spectroscopic redshift are smevith large filled

circles (cyan colour). Same symbols as for the radio-X-rayames in Fig 4.9. 120
4.11 The hardness ratio as a function of the soft X-ray lusitgdtop panel) and

the hard X-ray luminosity (bottom panel) for the radio-X+m@atches. Same

symbols as for the radio-X-ray matchesinFig4.9.. . . . ... ... .... 122
4.12 The upper panel shows the full X-ray flux as a functioradfe flux density with

the class of sources indicated by the symbols. The lowerl pgydays the full

X-ray luminosity versus the radio luminosity for the racderay matches. The

symbols are the sameasinFig.49.. . . . ... ... ... ... ...... 125
4.13 OpticalR-band magnitude of the radio-X-ray matches plotted agdivestull

(0.5-7 KeV) X-ray fluxes in the top panel, hard (2-7 keV) X-ri&yxes in the

middle panel and soft (0.5-2 keV) X-ray fluxes in the lowergaiT he filled di-

amonds in the middle panel correspond to the sources in Alayet al. (2000).

The solid lines denote the location of constant X-ray-ttiagb flux ratios of

log fx/fop=1, O, -1 from top to bottom as given by equation 4.9. Same sym-

bols as for the radio-X-ray matchesinFig4.9. . . . . ... ......... 128
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4.14 The X-ray-to-optical flux ratio as a function of the Haeds ratio HR (HR is

defined as (h-glh+s) where h and s are the count rates in tie K&V and

2—7 keV bands respectively) (top panel) and as a function obptieal colour

Bw — R (bottom panel). Horizontal lines show location of constdriay-to-

optical flux ratio of+1, 0, and -1. Same symbols as for the radio-X-ray matches

INFIg4.9. . . . . e 129
4.15 The hardness ratio as function of redshift is plottethentop panel, and as a

function of the opticghear-infrared colour is plotted in the bottom panel. Same

symbols as for the radio-X-ray matches in Fig 4.9. A clearadation between

HR and the opticahear-infrared colour is not observed. . . . . . . . . . .. 131
4.16 Colour-colour diagram for all radio-X-ray matchesntiged in Bw, | andK

bands in Bo6tes field. Same symbols as for the radio-X-ragmestin Fig 4.9. 132
4.17 Colour magnitude diagraBw— R versusR-band magnitude for all radio-X-ray

matches identified in botBw andR bands in Boo6tes field. The horizontal line

corresponds tBw— R = 1. Same symbols as for the radio-X-ray matches in

FiIg4.9. . . . e 133
4.18 Opticalnear-infrared colours as a function of photomespectroscopic red-

shift for the radio-X-ray matches. Colour tracks are shoamGoleman-Wu-

Weedman (CWW) E (red line), Sbc (blue line) and Sdc (grees) lempirical

templates. The black line is a colour track of a QSO templatained from a

set of QSO SEDs of the LEPHARE software. Same symbols as éorattho-

X-ray matchesinFig4.9. . . . . . . . . ... 133
4.19 Optical spectra of 22 radio-X-ray matches obtaineghftioe SDSS survey. The

spectrum of each object is shown with the identification lék®own in column

1 of Table 4.1), spectroscopic redshift and classification. . . . . . ... .. 139

5.1 Response function of the SDSS photometric system. Mdasimwes indicate

the response function including atmospheric transmisaidn2 airmass at the

altitude of Apache Point Observatory. From left to right ttandsy, g, r,i andz 154
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5.6 The angular correlation function of a random sample afiso The error bars
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5.9

Angular correlation function from the FIRST-SDSS matfor the whole sam-

ple shown in the upper panel. The fit to the data is shown bydhe line. The

lower panel displays the angular correlation function fathearly (—r > 2.22)

and late-typey — r < 2.22) FIRST-SDSS galaxies. The error bars are Poisson
estimates.. . . . . . . .. 165
Angular correlation function from the FIRST-SDSS matlas a function of
magnitude. Correlation function forftierent magnitude limits: < 17,r < 18,
r<19,r <20,r <21,r <22. . . . . . e 166
Angular correlation function from the FIRST-SDSS matlas a function of

flux density limit. Correlation function for dierent flux density limits:S >
2mJy,S>3mly,S>5mJy,S>7mJy,S>10mdy.. . . . . ... ... .. 168

5.10 Angular correlation function from the FIRST-SDSS rhak as a function of

6.1

6.2

6.2
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6.3

6.4

6.5

flux density limit. Correlation function for dlierent flux density limits:S <
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Main figure: the source 1155266 imaged at 8.5 GHz. Insert (to same scale):
the same source at 22 GHz, showing no evidence for emissiantfie lobes;
thecoreremains.. . . . . . . . . .. 181
(a) A source (0154320) imaged at C band showing the loss of flux due to reso-
lution; beam profiles at each frequency are shown in the dsoalbn the lower

right of each panel. Contours are selected to reveal the saairce properties. 183
(b) A source (0154320) imaged at X band, showing the loss of flux due to res-
olution; beam profiles at each frequency are shown in thel frmabn the lower

right of each panel. Contours are selected to reveal the saairce properties. 184
(c) A source (0154320) imaged at K band showing the loss of flux due to reso-
lution; beam profiles at each frequency are shown in the dvoalbn the lower

right of each panel. Contours are selected to reveal the soairce properties. 185
The distribution of the spectral indices provides a waguantify the relative
proportions of diferent spectral shapes, as indicated in the four quadrargs. W
list the percentage of each type of the spectral shape irotinesponding quad-
rants. Note that a large fraction of sources exhibit cumeatn their spectra
(e.g.,the“upturn”type). . . . . . . . . . 188
The spectral index distribution in three frequency Isanithe solid histogram

is the result when only sources with cfpeint-like morphology are used. The
dashed histogram is obtained when all sources are included.. . . . . . . . 191
Distribution of the spectral indices with respect togedies of host galaxies.

We consider the absolute optical (V-band) magnitude, thiealgolour (4—r),

and the radio power at 1.4 GHz of the hosts. No apparent epioelis found. 192
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Distribution of the spectral indices with respect togauies of host clusters.

We examine the mass of the clusters, the distance to thescloshtre (nor-
malised by the virial radius of the clust@ggo), and the redshift. As expected,
radio sources concentrate towards cluster centre. Siioikig. 6.5, we do not

find significant correlations.. . . . . . . . . .. ... . L0 194
The spectral index distribution in three frequency lsamdp the SID in 22-43

GHz band as determined from our VLA data; this is identicahiat shown in

the top panel of Fig. 6.4Middle: the 8— 20 GHz SID determined from the
AT20G survey, using data presented in Sadler et al. (2006 niean of the
distribution iSaxk at2os = —0.028 + 0.046. Bottom the 14 — 5 GHz SID
based on data from the NVSS and GB6 surveys. The meajtisvssces =
—0.754 + 0.024. The details of the construction of SID{&0, AT20G) and
SID(1.4 - 5, NVSSGB6) are described in the Appendix C. Compared to the
middle and bottom panels in Fig. 6.4, the SIDs in this figueerapre positive.

In particular, as AT20G is a 20 GHz survey, the resulting Sibiased towards
flat-spectrum sources.. . . . . . . . .. 196
Radio luminosity function (RLF) of radio loud AGN at sezkfrequencies. We
transform the 1.4 GHz cluster AGN RLF from LMO7 (solid lin@)15, 30, 90,

and 145 GHz (dotted, short-dashed, long-dashed, and dbedarespectively),
using Eq. 6.1. The top and bottom panels show the results BHa(8 — 20,
AT20G) and SID(8- 22, this work) are used for the extrapolation of the RLF,
respectively. In both panels, we use the SIBEAS, NVSSGB6) and SID(22-

43, this work) for further extrapolations. Compared to tineilgr plot presented

in LMO7 (Fig. 13 therein), our extrapolated RLFs have muclhkgnamplitude.

Also shown as points is an estimate of the 30 GHz cluster R& Hesermined

by LMOQ7, based on data from Coble etal. (2007). . . . . .. ... .. ... 199
Fraction of clusters which host enough radio loud AGNshaihat their SZE

flux measurements at 145 GHz may be contaminated. We consises where

the fluxes of the AGNs are at least a fractmpaf the SZE flux,Sagn > 0|Sszd

(for the case where SZE signal is a temperature decremaitit)gqw 0.2 (open
symbols) andy = 1 (solid symbols). We examine clusters at three redshifts:

z = 0.1 (circles), 0.6 (squares), and 1.1 (triangles). The twcef[sashow the
results when the 145 GHz RLF from the corresponding panefsgn6.8 are

used