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CfI.H'TER L fNT'RODUCTJOr;' 

Figure 1.1: Eq Il~l·area Ail oJf jlrojecl.iOIl 1IJ Galacti~ c00rdillatc", of the d'"trihut~)ll of extmded 

>.£Jurc", in the optical. Generated by a oompil~tion oj galaxy calalogues, I.hb p>-:" ;, complete 

fo,- 'OUR'"", with !\nhn- ui"lIJe\er D > L:j'. G,~,,,,,ie" n:ce diameter-coded, with larger circk, 

d~jlicting larger dialIJ~l.er. The cenl.,.,.l p'"il.ioll i, I.he Gah1':tic '~'IJtre; the ,",onna "lu,ter (A.'lti27) 

is highlighted, The ""lid (X)nt.om mark' the At< - 1.0 mag ab<.orption ","el Jll the B-bi<a(], It 

nppenl1l a good indicawr of the e:<t~m of tl'" Zone of AVOIdance in the opl ieal. \Imi<ge C01U'I.es,\' 

of K ron'l-Kort'"A'e!\. pri,.,"'.e ,'omJUunication). 

jlll.eJ"('<:I., ,," OneIl"",, Jen"" mil." {:()!lCelltrotioll'. Olle "n"h concentration i, the Comn dl1'tcr 

(1.6,v1 = (5fi.,1'.~,rr.C!l2t) km' ') (A['~ll. Corwin .~, O)OWiIl, 1989). 

A yimal impre,sion of the large scale structures is immediately ob1.alnoo by lo()kiIlg M the 

pcoj(xted di"tribution of galaxie' in the shoo B,- combining homogemzed data from yarions 

oplical ~ahx,\' "alal('l'.u,", a whol~ 'ky cm'~o~ue of ~'al"xic", W,,", created (Kra"n-Korteweg', 

2()()(JnJ, Thi, catalogue is complet~ for gah..xi'" wilh D 2: 1.:l' (Hll(bon Ii.-: L,VIlMn_Tlell, 190)1) 

where n reprc""nt~ the g,,Ja.xy diameter ("ee Fig. 1.1). It show, the projected whole ,ky 

dbl.rrlmtion of 10<,"'-.1 Luge "'al~ "I rucl·nr"" wil h the eX<foptioll or a lloriwntal halld or wid! 10 

~ 20" around the Galnctic 1'hne ((;1') Thi, narrow bruld (abo kno",n a., the Zone of Avoida.nce 

(ZOA) _ R'e s,'<:t 1.21 ie thonl\llt to conceal alar!\<' llW" ry,-erden'ity (th<' Ill,,",' i, not exactly 

known, lmt kno"." conlri1ml.ing duMer:s iIlfer!< mil.% of I.h~ orM,- 10'"1\1'0)) Jubl,,~l 'th,. G",,,t 

Attra"tor' , 

The pre'<ence or the GA w""' first inferred by L,'nuen-Bell et- al. (19R8J after noting thnt 

ill<,,1 Ilenrb,\' gahxic", are 'Ireamillg Oll" l"r~" ",ale toward a 'Tx'<:ific region of (1,&.,,1 ~ 

(~7°, +9", 43,,0 1. 3Fli kill ,_1). It W"., poMula.l~d I hal" (;A illn'1. he celll.,-{'.j !<l. that po"itioll. 
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CHAPTER 1. INTRODUCTION 3 

since only a great mass overdensity (of order 1016M0 ) could induce a gravitational flow on such 

large scales. However, since the GA is obscured by stars and interstellar dust in the Milky Way 

(MW), no density peak in the form of galaxies could be identified at the time (see Fig. 1.1). 

One of the techniques used for calculating the GA overdensity is a reconstruction of the mass 

distribution based on an analysis of galaxy motions. Assuming galaxy motions are caused by 

the local gravity field, two methods for applying this technique, are the Wiener Filter method 

(Hoffman, 2000), and the POTENT method (Dekel, 1994). Both methods infer the presence of 

the GA in the southern MW. A later study narrowed down the location of the centre potential 

well of the GA to (1, b, v) = (320°,0°,4500 km S-1) (Kolatt et al., 1995). 

More recently Tonry et al. (2000) found the GA centre to be even closer than previous 

estimates, at different Galactic longitude and latitude, and with a lower mass than previously 

found by Lynden-Bell et al. (1988). This result was based on the surface brightness fluctuation 

(SBF) method for measuring distances to early-type galaxies (see Tonry & Schneider, 1988). 

Since its discovery, much work has been done to reveal the galaxies and clusters contributing 

to the GA. AC03627 (Abell, Corwin & Olowin, 1989), now known as the Norma cluster, was 

identified by Kraan-Korteweg et al. (1996) as the very massive cluster in the GA region at 

(l, b, v) = (324.3°, -7.2°,4848 km s-1). They suspected that it lies at the bottom of the potential 

well of the GA overdensity given its high mass (0.9 x 1015M0 within its Abell radius (Woudt, 

Kraan-Korteweg & Fairall, 2000)), which is comparable to that of the Coma cluster, and its 

proximity to the initial Kolatt et al. (1995) GA location. 

Besides the Norma cluster, a number of lower mass clusters have also been identified to 

form part of the GA. Cen-Crux (l, b, v) ~ (305°, +5°,6214 km s-1) is a relatively low-mass 

cluster constituting part of the GA (Woudt & Kraan-Korteweg, 2000, 2001), with a more 

massive neighbour, the X-ray cluster CIZA J1324.7-5736 (,Clusters in the Zone of Avoidance 

(CIZA), Ebeling, Mullis & Tully, 2002) at (l,b,v) ~ (307°,+5°,5700 km s-1). In general, 

very strong radio continuum sources could lie at the centre of rich clusters, and Woudt & 

Kraan-Korteweg (2000) note that one such source, PKS 1343-601, lies in the GA region at 

(l, b, v, AB) = (309.7°, +1.9°,3800 km s-1, 12m). Nagayama et al. (2004) report the presence 

of an intermediate mass cluster, or "density enhancement", centred on PKS 1343-601, based 

on deep near infrared (NIR) observations. No X-ray emission associated with this cluster has 

been found (Ebeling, Mullis & Tully, 2002). Tashiro et al. (1998) present X-ray evidence from 

the Advanced Satellite for Cosmology and Astrophysics (ASCA) to support the conclusion that 

PKS 1343-601 is not a rich cluster. 

It was suggested by Kraan-Korteweg et al. (1994), that the GA is a "confluence of superclusters" 

and that the central density peak of the GA most likely is the Norma cluster. Figure 1.2 shows 

the major large-scale structures that have been identified thus far in the GA region. These 
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Figure 1 ,2: L,rg"_"""l~ 'tnw!ur,,, iTI the Grmt A ttractor rcgion. G"L .. ;d,,, with diotancc" between 

:J.()()) < "h" < 7r.o:J km' 1 are ,hown, I",porl.&lli ell"ler, ill I.h" Korm" w"n 'U~ highlig1l\.ed. 

indude the l\ onna duster, Cenl.anm, du,l.er (I, h, 1') ::= (:W2", 2T, .1400 k", ,_1) Hydr" dU'tI\, 

(l,o.v) "" (270'.27",3800 km 0-1), l'avo 11 dll'ter (I,b.,,) "" (:}.~2°,_24°,4200 kIn" '), C .. n_ 

Crux elu'tn ",,,1 CI7A JU24.7-57:J.ti. Womit et a1. (I9'J7;, propuscd that a 'Creat Wall' 'trurtnre 

€XW-llr\o from Ihe p,,,,o T1 "lu,l~r: tlH'ough Ihe Korm" elmter, thell bendiTlg "",rr= the GP to 

the Cen-Cmx duster and then further to I ~ 291Y. Thio Gr.,,,. \V,,11 (or Korm" ,1lf""l'('lu,ln) 

'-mmtituk" tiLc UJa.jor structure in th~ GA r~gion" (ll,adburn-Srnith et &1 .• 2(".()6). l-'uIther 

evidene" [01' Ih" pre'''-lwAl of i he K On,," "']1~rdu,I."r "xt,.,,,ioTl "t (I, v) - {:J()J" - ~,lO' , 5000 km 

s-') ,,<II< found through blind HI ,uryey' in the ,<nllthern ,'ky {Henning ~I a1.. 2005). 

1"11e G A kIll signilicant bC""ing on the dynrunic, of th~ MW and the Loral Croup o[ gal ... '<ie, 

(H;), Knr""""ki &. El""li"g (20C16) ",HM'!TI!!'t otiLer" propr)!'e t h"t 44% of the LG '. peculia" Yei<,>city 

is due to inlall into the CA, while the remaining 5r.(1c, b due w more di><lani ,lrueh1l'~' belw~"ll 

1301,-1- 1801,-1 )'lpc. Ho;vcvcr, thi. is still contrnvcr>bl: it remam. debated whether the CA 

i., dli~fl:,- "'"porlOibl" for tile LG', lllOtioll or n:OIC (Ii,t,mt large-scale "tructu"-,, th"t g(IVcrn th~ 
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CHAPTER 1. INTRODUCTION 5 

peculiar motion of the LG. Knowing the peculiar velocities of galaxies in and around the GA 

may help to resolve the debate. Peculiar motions of galaxies in the GA can give an indication 

as to whether the GA itself is involved in an even larger scale flow or at rest with respect to 

the Cosmic Microwave Background (CMB) (Woudt & Kraan-Korteweg, 2000). The peculiar 

motions of galaxies in the GA are hardly known because of its central location behind the MW. 

Luceyet al. (2004) amongst others propose that the GA is itself involved in a larger flow toward 

the Shapley Concentration at (l,b,v) = (306.4°,29.7°,12891 km s-l) . 

More recently, reconstruction of real-space density distributions from redshifts in the Two 

Micron All Sky Survey (2MASS) Redshift Survey (2MRS) have helped reconcile observed and 

reconstructed distributions (Erdogdu et al., 2006), although these do exclude the ZOA around 

the GA. Further observational work must still be done to get a more precise view of the galaxy 

distribution in the GA. This is a central point to the survey which this project addresses. 

There remains large scope for future work on the GA. Of the work to be done, a critical part 

is obtaining more multi-wavelength observational data on galaxies in the GA, in particular at low 

latitudes and obscured regions of the ZOA. This will help to reconcile the different opinions on 

the GA's mass, position and motion, and to improve current estimates of the GA's contribution 

to the LG's peculiar velocity. In particular, the possibility of further clusters lying near the 

bottom of the GA potential well, where AB ~ 3m
, is not implausible (Kraan-Korteweg, 2005). 

The controversy surrounding the GA, the lack of data for galaxies in the GA, and the inherent 

difficulty in working with ZOA data motivated this NIR survey to be initiated. The very great 

dust extinction in the ZOA is less of a problem for NIR observations. Existing NIR archive data 

is at a resolution significantly lower than that capable by the Infrared Survey Facility (IRSF) 

(see Sect. 1.3). This survey is important because it addresses these problems by providing unique 

NIR data on galaxies as yet undiscovered, and NIR data for correlation with existing data of 

known galaxies in the GA. Of course, the greatest constraint to the survey, and on future GA 

observations, remains the most opaque and star-crowded regions of the ZOA. 

1.2 The Source of Confusion - the ZOA 

As previously mentioned, the reason for the lack of observational evidence to support the 

reconstructed galaxy distribution inferring the GA, is the Zone of Avoidance - a region of high 

dust extinction and interstellar confusion. At optical wavelengths, approximately one fifth of the 

sky is obscured by dust in the MW. This obscuration explains the historical origin of the ZOA. 

Early astronomers noted a lack of extragalactic sources in this region of the sky and named it 

accordingly, first describing it as the "Zone offew Nebulae" (Proctor, 1878). Astronomers tended 

to avoid making observations in the ZOA because of the difficulty of observing extragalactic 
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CHAPTER 1. INTRODUCTION 6 

objects through the dust and stars (Woudt, 1998; Kraan-Korteweg & Lahav, 2000). It was in 

1961 that a more scientific definition of the ZOA was made by Shapley (1961) as the region 

defined by "the isopleth of five galaxies per square degree from the Lick and Harvard surveys" . 

This defined contour of low number density contrasts strongly with the typical density of galaxies 

in the unobscured sky of 54 gal.jsq.deg. by Shane & Wirtanen (1967). 

The optical ZOA refers to a band of width rv 20° centred on the GP. It is a result of the 

interstellar dust in the disk of the MW which scatters and absorbs extragalactic light trying to 

pass through it. These grains absorb and scatter light from extragalactic sources along the line 

of sight to us (an effect known as extinction). Light at the blue end of the spectrum is more 

scattered than red. Extinction diminishes short wavelength light more than long wavelength 

light. Optical light trying to pass through the ZOA is reduced as a function of wavelength, 

resulting in optical detectors detecting less emission from extragalactic sources obscured by the 

ZOA, than NIR detectors. It is in fact wavelength-dependent extinction which determines the 

actual size and shape of the ZOA (Kraan-Korteweg, 2005). 

As the foreground extinction increases (close to the GP), detections of spiral galaxies in 

optical searches drop dramatically. This is because the isophotal diameter and brightness of 

a galaxy decreases as a function of extinction. The isophotal dimming effect was modelled 

in simulations done by Cameron (1990) for optical wavelengths. In this case, the low surface 

brightness disk component of spiral galaxies which is blue as well, will be lost first, leaving just 

the nucleus, which often results in the galaxy not being detected. Elliptical galaxies are also 

affected, but less so. This is because they are redder and have a different surface brightness 

profile to spirals. 

Much survey work has been done to penetrate the ZOA. In the scope of this project, it is 

important to see what work has been done in terms of reducing the ZOA through discovery of 

galaxies at low latitudes, and at what wavelengths the best results have been obtained. Despite 

the limitations due to dust extinction close to the GP, a large number of ZOA surveys have been 

performed in the optical. Deep optical searches have reduced the optical ZOA by a factor of 

rv 3 to a region within the extinction contour of three magnitudes in the blue band (AB = 3m
) 

(Kraan-Korteweg & Lahav, 2000), compared to AB = 1m (see Fig. 1.1). 

Far infrared (FIR) observations, by the Infrared Astronomical Satellite (IRAS), are not 

affected by the midplane extinction. These have helped in mapping the distribution of galaxies 

throughout 96% of the sky at 12, 25, 60 and 100j.tm (Joint IRAS Science Working Group, 1988). 

FIR observations are sensitive only to the emission from spiral and star-burst galaxies, and not 

elliptical galaxies, which are typically the dominant mass component of clusters. Furthermore, 

extragalactic FIR sources in the MW are not easily distinguished from Galactic sources. Follow 

up work by Saunders et al. (2000) helped confirm the extragalactic nature of the sources in the 
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CHAPTER 1. INTRODUCTION 7 

IRAS Point Source Catalogue in the ZOA. 

In the radio wavelength regime, the Parkes 64m telescope was used to conduct a Multibeam 

(MB) survey to uncover galaxies at the lowest Galactic latitudes (Ibl ;S 5°) in the southern 

ZOA (Henning et al., 2000). About rv 1000 new extragalactic sources were found in this way, 

with radial distance measurements determined from the redshift in the neutral hydrogen (HI) 

emission line. 

The future of ZOA work will be most likely to advance through observations in certain 

wavelengths only. While optical searches have certainly narrowed the ZOA significantly, the 

remaining work should be done in wavelength regimes less affected by extinction, such as NIR, 

radio, and X-ray. Radio waves are impervious to the effect of extinction in the ZOA, and 

can provide useful distance data to highly obscured galaxies. X-rays observations are useful 

for identifying clusters, because the intercluster medium gets hot enough to produce X-rays. 

Although this is good for mapping large scale structures, individual galaxies are not detected 

and cannot be studied. X-ray surveys such as CIZA are useful for determining where we are 

likely to find galaxies, but are limited to space telescopes. X-ray searches are also sensitive only 

to clusters which are dominated by ellipticals. In particular, NIR observations can be invaluable 

for work on galaxies that are highly obscured by dust extinction. 

1.3 Near-Infrared Motivation and Limitations 

Different wavelengths have partly complimentary characteristics for uncovering galaxies at low 

latitude. Young stars burning at a higher temperature radiate blue wavelength light where they 

are well detected by optical detectors. This effect is due to Wien's displacement law which states 

that the temperature of a blackbody is inversely proportional to the wavelength at which peak 

emission occurs. 
1 

Amax ex T (1.1) 

where Amax is the wavelength of peak emission and T the temperature. Older stars have redder 

peak emission, and are hence detected by infrared detectors. Galaxies with large quantities of 

neutral hydrogen gas can be detected at radio wavelengths because the hyperfine splitting of 

neutral hydrogen HI in its ground state emits at 21cm. This is very useful for detecting galaxies 

at low Galactic latitudes, because radio waves are not scattered or absorbed by dust. However, 

for gas deficient galaxies (ellipticals, early type spirals), the NIR can provide a useful insight. 

These early type galaxies are typical of clusters and superclusters (Einasto et al., 2007), and 

these galaxian types are not detected in the ZOA in FIR or HI surveys (Schroder et al., 2000). 

In such galaxies, the dominant old stellar population accounts for the bulk of the galaxy's light. 

The result is that gas-deficient galaxies obscured by foreground extinction are best detected by 
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CHAPTER 1. INTRODUCTION 8 

NIR telescopes. In addition, extinction in the ZOA will result in more NIR light reaching us 

than optical. We thus expect near-infrared observations to be crucial for revealing galaxies in 

the ZOA. 

It is not only the dust that causes obscuration in the ZOA, but also the very high number 

density of stars (star crowding) which lead to obscuration of galaxies behind the GP. Star 

crowding creates some limitation for doing NIR work in the ZOA, and in particular close to the 

Galactic Bulge (GB). For a spiral galaxy, the blue light component in the disk is almost entirely 

absorbed, leaving mostly only the bulge of the galaxy detectable. This is still distinct though 

because the bulge of a spiral galaxy has a different profile to the point spread function of a 

star. However when trying to detect such objects in environments of extreme star crowding, it 

becomes virtually impossible. Kraan-Korteweg & Jarrett (2005) show that, for galaxies in the 

2MASS Extended Source Catalogue (XSC), star crowding affects galaxy detection in the NIR 

ZOA more than extinction in high star density regions around the GB. 

The NIR is still somewhat susceptible to the effect of extinction. Cardelli et al. (1989) 

provides an "extinction law" for calculating extinction at a given wavelength with respect to the 

extinction at a reference wavelength (shown in Equation 1.2). 

AA, = a(x) + b(x) 
Av Rv 

(1.2) 

where AA, is the extinction at the wavelength .A we are interested in, Av is the extinction in the 

visual, x is the inverse of wavelength, i.e. x = ±, and Rv == E(~!:V) = 3.1 is a standard value 

for the interstellar medium. For NIR bands J, H, and K s , the extinction law predicts that the 

respective extinctions are 21%, 14%, and 9% of the extinction in the B-band (Cardelli et al., 

1989). The number of galaxies detected at low Galactic latitudes (more specifically, in the GA) 

decreases due to increasing foreground extinction, and the decrease is far slower in the NIR than 

in the optical (see Fig. 1 in Schroder et al. (2007), for example). Hence we detect more galaxies 

in NIR searches at low latitudes than in optical searches. 

Nagayama (2004) simulated the effect of dust extinction in the NIR to show that smaller 

and fainter galaxies become undetectable when obscured by dust, and larger or brighter galaxies 

appear dimmed and smaller. As a result, many intrinsically large galaxies appear small and faint 

when obscured by interstellar dust in the ZOA and many galaxies are completely obscured, and 

may be omitted from magnitude- or diameter-limited catalogues (Kraan-Korteweg & Lahav, 

2000). Although the effect of isophotal dimming and diameter reduction has not yet been 

modelled in NIR, Nagayama's simulation points toward an effect similar to the optical case of 

Cameron (1990). 

Another important advantage of the NIR is being able to measure most of the stellar mass 

content of galaxies. Stellar mass. content can be estimated because the bulk of the mass caused 
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CHAPTER 1. INTRODUCTION 9 

by older stars contributes a significant flux in NIR. Recent star-formation regions in galaxies 

contribute only a small flux in the NIR. 

Although we have looked at the physical advantages and disadvantages of NIR work, we 

must also consider the availability of NIR archive data. Large NIR surveys such as the Two 

Micron All Sky Survey (2MASS) (Jarrett et al., 2000; Skrutskie et al., 2006) and the DEep 

Near Infrared Survey (DENIS) of the southern sky (Epchtein, 1997) have been completed in 

the last decade, and provide a wealth of data on extragalactic sources across the whole sky. 

The 2MASS all sky release was made public in 2003 and provides catalogues of point sources 

and extended sources with photometry in the J(Acentral = l.25/Lm), H(Acentral = l.65/Lm) and 

Ks(Acentral = 2.17/Lm) bands. The extended source completeness limits (lOa) for the 2MASS 

survey are J = 14.m7, H = 13.m 9, and Ks = 13.m l. The resolution is 2/1 per pixel (Jarrett 

et al., 2000). This is particularly useful for comparison with our survey data (which uses the 

same wavelength bands) in terms of detection limits and photometry. DENIS also has a large 

volume of data for the I, J and Ks bands, with a detection limit for extended sources of 12th 

magnitude for Ks (Mamon, 1998). 

Both DENIS and 2MASS have impressive sky coverage, but this has come at an expense in 

resolution and short integration time. Our survey data is capable of resolving smaller sources 

because of improved resolution. The IRSF imaging instrument has a resolution of 0.45/1 per pixel 

and the integration time for our ZOA survey was optimised at 600 seconds (refer to Sect. 2.1.2 

for a discussion of depth versus star-crowding with respect to integration time). This results in 

magnitude limits several magnitudes fainter than the 2MASS XSC. This improved resolution 

and ability to detect fainter objects means we can probe further with this survey into the GA 

than was previously possible with existing survey data. 

1.4 Project Aim and Outline 

This project has the aim to design an optimal survey for completing a near infrared (NIR) 

survey of the Great Attractor (GA) across the Zone of Avoidance (ZOA). The relevance of such 

a survey has been highlighted through the description of the Great Attractor and its relevance to 

local large-scale structures, as well as the severe deficiency of GA data despite dedicated efforts 

in various other wavebands to unveil the GA across the ZOA. The strategy optimisation will be 

achieved through a thorough analysis of a subset of the survey data at various extinction and 

star-crowding levels. 

Chapter 2 gives details of the survey area and the survey observations, as well as a comparison 

of the IRSF and 2MASS data properties. General survey strategy arguments are discussed. The 

details of the data reduction process, from the initial choice of data to reduce and analyse, to 
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the actual reduction process are then presented. The data reduction consists of frame processing 

(stacking, cleaning), astrometric calibration, star removal, and photometry. 

Chapter 3 presents the results of the photometry in the form of a catalogue of all galaxy 

candidates, and an analysis of the data. Photometric properties of galaxies in different environ­

ments of extinction and star crowding are examined, and the results are compared with 2MASS 

Extended Source Catalogue (XSC) data. 

Chapter 4 discusses the resulting galaxy identification efficiency, and how to use this knowledge 

to propose an optimised observation strategy. 
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Chapter 2 

A NIR Survey of the G A Region 

In March 2006, a near infrared (NIR) survey (J().central = 1.25ftm), H().central = 1.65ftm) and 

Ks().central = 2.17ftm bands)) of the central Great Attractor (GA) region was initiated using 

the InfraRed Survey Facility (IRSF) in Sutherland. This survey aims to recover the distribution 

of galaxies in the Norma wall (Woudt, 1998; Radburn-Smith et al., 2006) at very low Galactic 

latitude; the Norma wall crosses the Galactic plane diagonally from the Vela cluster (l, b, v) = 
(280°,+6°,6000 km s-1), via the Centaurus-Crux cluster (l,b,v) = (305.5°,+5.5°,6214 km 

s-l) (Fairall et al., 1998) to the Norma cluster (l,b,v) = (325.3°,-7.2°,4844 km s-l) (Kraan­

Korteweg et al., 1996; Woudt et al., 2008). 

Fig. 2.1 shows the proposed survey area in Galactic coordinates, overlaid on the galaxy 

distribution in the GA region. 

2.1 Observations 

2.1.1 2006 and 2007 Observations 

The footprint on the sky of the proposed survey (see Fig. 2.1) covers approximately 71.4 deg2. 

With the field of view of the IRSF of 7.8' x 7.8', this survey will take a substantial amount of 

observing time. In 2006, 12 weeks were allocated to the GA survey as part of a joint Japanese­

South African collaboration, and 10 weeks were allocated for 2007. A further 8 weeks have been 

allocated in 2008 to complete the survey. 

During the first year of observations (2006), 891 fields were observed. The first observed 

fields of 2006 were located in two branches - using my own nomenclature, the 'Upper Northern 

Branch' (UNB) which runs from approximately 3040 < 1 < 3110 and roughly b ~ 50, and 

the 'Southern Branch' (SB) approximately running from 306° < 1 < 3250 and _50 < b < 0°. 

11 
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Subsequently a new branch was defined later in 2006 - the 'Lower Northern Branch' (LNB) 

running from 305° < 1 < 309° and 3° < b < 4°. These were observed in strips of equal Right 

Ascension (RA) spanning usually 11 fields per strip (or 7.8' x 77.8') in the SB, and 10 fields 

per strip (7.8' x 70.8') in the UNB and LNB, with an overlap of f',J 0.8' in declination between 

adjacent fields in a strip. The fields are labelled by their RA plus an integer that runs between 

+9 and -9, where this number refers to steps in declination of 7 arcminutes. In the northern 

branches, the declination number runs from +0 down to -9 and in the SB from +5 down to -5. 

In 2007, new blocks of strips to be observed were added to the survey footprint, one on the 

SB (322° < 1 < 325°, _5° < b < _3°) and one on the LNB (308° < l < 311°, 2° < b < 4°). 

The new blocks for 2007 (LNB block and SB block) consist of strips of 19 fields running from 

+9 down to -9. These can be seen in Fig. 2.1. 

2.1.2 Details of the Observations 

The survey is being carried out using the IRSF telescope at the South African Astronomical 

Observatory (SAAO) observing site in Sutherland, South Africa. The IRSF is a l.4m alt-azimuth 

Cassegrain telescope and the imaging instrument is the Simultaneous 3-colour InfraRed Imager 

for Unbiased Surveys (SIRIUS). The three colours are the NIR passbands J, Hand Ks. SIRIUS 

has an array of three 1024 x 1024 pixel HgCd Te detectors (HAWAII array) (Kandori et al., 2006). 

This makes it an efficient instrument, being able to simultaneously gather high resolution data 

in three wavelength bands. 

Each field was produced by combining twenty five dithered 24-second exposures, resulting in 

an effective exposure time of 600 seconds for each field (in each wavelength band) with a dither 

step of 15 arcseconds between each exposure. The exposure time is limited by two factors. 

The sky background at NIR wavelengths becomes too bright if individual frames are exposed 

too long. This results in an effective maximum exposure time of rv 24 seconds in winter, and 

r-v 15 seconds in summer. At low Galactic latitudes, if the overall integrated exposure time is 

much longer than 600 seconds, the images become too heavily crowded with stars, effectively 

limiting our ability to identify extragalactic sources. The imaging instrument has a field of view 

of 7.8' x 7.8' with a pixel scale of 0.45 arcseconds per pixel. 

The main advantage of the IRSF /SIRIUS over existing all-sky surveys such as the 2MASS 

and DENIS surveys is the increased angular resolution. The 2MASS scans have a pixel scale 

of 2 arcsec/pixel (Skrutskie et al., 2006), the DENIS survey has 3 arcsec/pixel for the J and 

Ks bands, as opposed to the 0.45 arcsec/pixel of SIRIUS. This means that the resolution of our 

data is a factor rv 4.5 higher than that of 2MASS data. In addition, being able to choose the 

exposure time is important in determining the quality and depth of the data. The IRSF survey 
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offers a substantial increase in depth. This is because longer exposures give a deeper view, 

at the expense of greater star crowding. Conversely, short exposures yield less star crowding 

but fail to detect fainter galaxies. The extended source completeness limits for the IRSF are 

J = 16.m3, H = 14.mg and Ks = 14.m7 (see Sect. 3.1.2). In contrast, the 2MASS extended 

source completeness limits are J = 14.m7, H = 13.m9 and Ks = 13.m1 (Jarrett et al., 2000) 

and the DENIS extended source completeness limits at high Galactic latitudes are J = 16.m5, 

H = 14.mS and Ks = 12.mO (Mamon, 1998). 

Table 2.1 compares the basic properties of the 2MASS, DENIS and IRSF telescope and image 

features for this survey. 

Table 2.1: Comparison of IRSF, 2MASS and DENIS survey properties 

Telescope Field of View Wavelength Spatial Resolution Integration time 

[arcminJ [{Lm] [" /pixelj [sec] 
(1) (2) (3) (4) (5) 

IRSF 7.8 x 7.8 J, H, K. (1.25, 1.65, 2.17) 0.45 600 
2MASS 8.5 x 8.5 J, H, K. (1.25, 1.65, 2.17) 2.0 7.8 
DENIS 12 x 12 I, J, K. (0.82, 1.65, 2.17) 1.0 - 3.0 ~9 

2.1.3 Initial Plan for Survey Optimisation 

The survey is expected to map the distribution of extragalactic extended sources across an area 

of approximately 71.4 deg2 ("-' 4000 fields of 7.8' x 7.S' - see Fig. 2.1). The exposure time, 

readout time, and vast number of fields give rise to a long timescale to complete the survey 

(longer than the time allocated from 2006 - 200S). Since the exposure time and readout time 

are fixed (assuming we have chosen a practical exposure time - see Sect. 2.1.2), a strategy for 

reducing the number of fields to be observed is required. The goal of this study is to find ways 

to optimise this survey, and so it is important to carefully select regions for analysis within the 

survey area that trace different environments of star density and dust extinction. By analysing 

chosen representative fields with respect to the likelihood of galaxy identification in different 

environments, a skeleton trace of the Norma Wall will be revealed. After this analysis, it will 

be clear which environments yield the highest level of extragalactic source extraction. 

Accordingly, follow-up observations may be done in the regions which are expected to show 

the most galaxies. Follow-up observations can be done in different wavelength bands besides 

the NIR observations such as in the Mid-Infrared (MIR) regime or at radio wavelengths (HI). 

The practical advantage of doing this is that HI observations for example are impervious to 

foreground Galactic dust extinction, making galaxy detections close to the GP easier. HI 
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Figure 2.1: Survey Area - The solid black borders indicate the originally proposed survey area. 

The yellow blocks indicated survey area still to be observed, the black blocks indicate survey 

area already observed, and the green lines are contours of extinction in the Ks band. The 

different coloured circles indicate galaxies out to different redshifts. Green dots indicate galaxies 

already known from optical searches; red dots indicate 2MASS galaxies. (Image courtesy of 

Kraan-Korteweg (private communication)). 
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observations may also be useful for measuring redshifts for galaxies in the GA. Further improve­

ment of the strategy may be possible by doing follow-up observations that are more spread out. 

Instead of doing observations in consecutive strips (see Sect. 2.1.2 for details of the data strips), 

it may be possible to instead observe every second strip, thereby reducing observation time by 

a further half. Although only half the amount of possible galaxies would be detected (assuming 

a statistically homogeneous galaxy distribution), the trace would still clearly emerge. This is a 

more elegant approach to mapping the wall structure than a 'brute-force' approach since it will 

reduce the number of unnecessary observations. 

2.2 Field Selection 

The survey area covers approximately 3250 ;:;:, l ;:;:, 3050 and -50 ;:;:, b ;:;:, 50 (Fig. 2.1). This work 

plans to optimise the survey observation strategy, and since observations cover such a broad 

range of fields in both position and environment, it is important to select fields from regions of 

diverse dust extinction and star-crowding (wide range of environments) for analysis. In order to 

find out how the environment changes across the survey area, a detailed knowledge of the dust 

distribution and star density distribution in the survey region is required. 

Extinction due to interstellar dust was calculated from the lOO""m full sky dust temperature 

maps measured by the Diffuse InfraRed Background Explorer (DIRBE), combined with the 

earlier Infrared Astronomical Satellite (IRAS) measurements. The data from DIRBE, combined 

with numerical factors provided by Cardelli et al. (1989), provides values for the absorption 

and reddening factors at different wavelengths across the whole sky (see Sect. 1.3 for details). 

Although the DIRBEjIRAS maps are not calibrated at low latitudes (Ibl < 5°) (Schlegel et al., 

1998), we can still see a pattern emerge in Fig. 2.2 that shows that extinction due to interstellar 

dust increases greatly near the GP. 

Star density was calculated by retrieving the 2MASS Point Source Catalogue (PSC) for 

sources with Ks < 14m since this is the completeness limit of the PSC. The retrieved catalogue 

was then searched for sources lying within the fields of interest and these sources were counted. 

The result was the amount of stars in each field, which when divided by the area of the field 

and normalised to square degrees gives a star density in number per square degree for each field. 

The results are presented in Sect. 3.1.6. 

It is necessary now to select fields for analysis based on different environments. Clearly, fields 

close to the GP are essential due to the extreme effects of dust extinction and star crowding. 

Conversely regions further away from the GP are equally important for their opposite effect of 

less dust extinction and less star crowding. A portion ofthe Norma Cluster lies within the survey 

area far south of the GP in latitude, and closer in longitude to the Galactic Bulge (GB) than 
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the rest of the survey area. An area closer in longitude to the GB is more crowded with stars 

than an area of equal dimension further from the GB (this is shown by Fig. 2.3 and Table 3.2), 

and so this is an important region to analyse due to higher star density but low dust extinction. 

It is also important to analyse survey fields north of the GP and at lower Galactic longitude, 

because they lie further from the bulge, but close enough to the GP to have an important mix 

of extinction and star crowding. 

The strips that were analysed are accordingly spread fairly evenly across the survey area. 

They are divided into regions ordered according to RA. The breakdown of regions is explained 

in Sect. 3.1.7. The extinction, star number density and galaxy number density per strip are also 

explained further in Sect. 3.1.7. 

2.3 Image Processing 

The images that are captured as raw data from the telescope, are not suitable for immediate 

analysis because of imperfections in the telescope/detector optics, and because the counts are not 

calibrated and the frames not stacked. As such, images require processing (fiat-field subtraction, 

dark current subtraction, sky subtraction). The first step is to create a good fiat-field that can 

be used for pre-processing the images. It was decided that it would only be necessary to create 

one fiat-field per month, i.e. have one fiat-field (in each band) for data taken in April 2006 and 

so on, since variations in the physical integrity of the detector are not normally apparent on 

time scales much less than a month. 

A fiat-field is a frame showing the response of the optics to a uniform source. It is usually 

marked by blemishes on the detector array, which must be removed from science images so 

that they are not confused with astronomical sources. The fiat-fields were created using the 

Image Reduction and Analysis Facilityl (IRAF) task autotwftat from the SIRIUS package. This 

task chooses pairs of frames (with high enough background levels and adequate level difference) 

within a set of fiat-fields taken on a particular evening (or morning). The two frames are then 

differentially combined, with the differential image then being normalised by the median value. 

The process is repeated for all the pairs of frames within all the specified sets of fiat-fields, and 

the resulting normalised differential images are then median-combined (combining each image 

pixel-by-pixel with pixel values calculated from the median value) to create one final fiat-field. 

lIRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of 

Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 (d"!;) 

FigOU'e 2_2: ~lap of 8<'lectivc i{,-band extinction !lIe \1U"",,_ Ca)eu l.te<l hy xpph-ill)!; Cxr<\elli el. xL (19':19) fxd"", to ('"lo OU' 

excess H(lJ n mcru;Ul'Cmcnt, from DIRIlE/IRAS e~lwlijj]e"t" (Sdlle)!;el el. a!., 1(19(\) ill OUl' , "rve), ",ea. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 (d"ZJ 

Figllr~ ~_;l \[''1' of "tar numlK-", de,,"i!}, m<'asurcm,'lll-' from 2\L\SS I'SC in oar ""n~y ar~,,_ Th1lJ"iLie:; ar~ mMi~ur~d in 

llllUlbeI of ",.&re with T(, < 14m [l~r "'lm"-~ c1{'i':rct_ 



Univ
ers

ity
 of

 C
ap

e T
ow

n

('HAPTEn 1, ~ \'fR SURVEY OF TH1:- GA ru::CU),\' 

Ahf'r r[""';"1'; 'h~ nM,_Ji~n .. arh frnm" 16 dh'idHl by th~ JlM,.·fi~ld_ " bt ... h;, m.mnab. .... -d 

10 unit>·. 00 n.11lO\f 1liiY "ilo,I8l d .. I ..... '" ... ;.<111)( .luI" W pbt~taI imr""rle«iollil or hl~lIIi.h"" ml 

d ... ,w.· .. ". T Il<' f\:tl.fiddl-d dithered twt'llIJ'·6.~ 10"'" .... (fVl ,""cit band; Inlilit tMll hf <Jc~' 

",lLtmcted M,~I <Jut rut,..,,, ~"lttn".1.<'<J 1.''''111' thl"l' I<r<.' comhltl"'" I in ""j, Jw~J I w I', ... <lu,·" " 

"lII(k lta",,<;- (for c.o.ch I .... nd). r~...:IJ" for M'u<ho." 

Th~ i,,,..g~ l" ... , .... "in;< inwhing' frame combining, nH' .• li~t.li"R. ,h ,ubtradion, ",>.d, dux 

curr .. nt "ubtrar'llon "'"~ d"n~ ",i"ll th<l SIJnUS JX\cki.;e, an aLltom"loo d",,, ,-...,.h,c\iul! pipdllU·l 

wntt.ell for IR.\P (.\lab.hitt,,, ~1. ,, \' , j>T'i ,'o.w cOUlt11mllcn\lon) 

2.4 A!;t romctric and Photolllt" t ric Ca librat ion 

2.4.1 A~homctr lc Calibrat ion 

A,uOInnrl, c .. llb",,1nn Ol iif'.lds w d",,.. to a. ... '<LKIl ~tional Information 10 ... " ;IIIMg" IlOnalh- III 

1h~ r"nn of Il Wvrld C'oortlitlMe SYrlt~1II i,\\"( ''I) "1',1;,1.(" ~ t ltc· un .... e header. T h .. IIId '''" ..... \' 

....... "'II<I~ iM .... " ..... ";..allwltluhc pl"oces!' thro"gh 'll,ivll>! P'r I HON IH''W'''''-' 1"ri\I.("II m' my~lf 

to impr<l'\"f tM m..w,,,ll'roN'<Jn l'''_ The '''~,,..~ .. "W of the motho<l fur ~ lid<l. ,,,,,,,,ling c:..,Jihro\ ... 'tL 15 

,h",.:" III PIl,,,t forI" !>UeI then explain",1 

'l1oe li,.,l ~, ... , iu'vh ... od ,lawnloodiDg .. ctillbl"Hlion im~II" vf It... r ... ld at t he RA and D!.c of 

tm- fif'ld n-.eoliu, r ,,];h r>ll ",n) from the 200 g .. "L<1"tltlon of 1);1\11 inool .... h !'tu" ...... (OS6 \I ilM4''; 

host~'<1 f>.t thf Lll.rar.htL M IItl"'", or ...... ·,,,Wry rESO) ..., " ... U u th@COFre<p(nwl;nx ... loj ... 1 ..... tal • .!l< 

(1 "" 2~ 1,\ % POInt Sour, .. CU.aI.os'''' (C III n el .1.. "lohJI) from t he 2~IASS "",,,er ,,( I hf (,,,,,I I ~ 

r1. Do:tnn~ ... ""la'''O'''''I'''-' de St""oourg (CDS) "~ .1SI(VCA'I'_ Th~ !RAF ta,k ["('''kiP Is u"",d 

t o compute plat@ ""I"";",,., ,",i ni( ttL"tching pi"d (IIld ,d"ltl~l c<).orrlitu.'" li"l •. T" ,'I"'.W tlu' 

li,t .. P'r'l'''ON ~t;ript """" written_ Th;, ,<l'tll'( , illll,I)' nll o"·. the US{T to click on8 "I.r ," I.h~ 

calibration lnllll;~, anel .. 1",~ Ih" 'Vl'n'"l'ondill,ll obr Inlhe Hn.o;alihlll.too IIt:-,F ;m~!\~ u,ill~ tht' 
IRA> u ... k "nr-Jmll1tLt ( .... '" .. xampl .. ill Fil! 2A j, T h, oUI," ~h ........ 'Il '1"{T" aJ".-ap st"", of p.bolo",~(, ir 

SIkIL:S '"" 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER Z. .'i. ,\'JH SUHVEY OF THE UA HY:f(),\' '" 

Fig1U'~ 2.4: Auex,unp'" of;tu mSF lln";tlihr;.h"l im''i':e (Idt) aloT1!';l<ide a calibrak<l DS II image 

(ri)';ht. J, Two p&irs of m&l,ning "1&1">< are boxed in each ima.xe as ,·x"mpl", of m,u-"hing ,t>¢i th;tt 

",Ul be uS('(1 in ""'trom~tric ,alibration 

(l,,,.li\,.. (d~"ot'xl hy 'AAA' i" the 2/1,L\sS ?Sq, After a fut of matching sta .. h"" !:>een crea\"d 

(usuall,· G - 8 ,tar8 aero"" the im,,!,:"), the li.>t il writt~n au\mfiatically to file. ",-ad}" '''' iIlPllt 1m 

,un'll'. Th~ output of ccrn'l]! i, to a>«i),;n th~ matched WL'S to the IRSF image, 

2.'1.2 Photometric Calibration 

In order to ~xtract sources or do [Ill}" meaningful photometry on th~ now aot-ronmrically_ 

,,;tlihr;.ted in"""". i, i. ""''''''''U-Y to (,;tkulat~ the m"lo(nitude "eropoint, Th" magnitud" "eropoint 

i, simply the Oli""l between the in,trumental magnitllde aud "h~ ''I)rre"t m")(Ilitll,Je. Typie;;.II)-', 

standard ,t= ar~ o1:>.e1''''-<:\ (for whi,h magnitudes are well known) on tile night of obsel'"atiorL'l, 

amI th~1) COTrlI'"ri,«Hl of th" in,trum~ntal IllagIlltud~ of the st&lldard ,tars with the correct 

nl"XIli\"de I(i .... ';tll oj[,<~t which is th~ m"XIlttud~ ,eroj.)()int. 

llo,,""-n. ol",,,ning ,tandm-d ,tar' require" extra ob.el""ing time, which we P/&ll to minimise. 

All ;tlkrn"ti"" method for photometri(, ,,;tlil)H.ti(\Il j,; don~ by ('omparing th~ ~/I,IASS PSC 

JU&gnitud"" for """'" in our image with the imlmment&l magIlir,Lld" i'0l the ('"n,,,,poll,linK ","r' 

that W'C m~'\8ure, Th" procedure fco- doing photolnetric calibration is mmma:ri,ed and then 

"xpll<iued: 

• A II photo",etric ,tars in the 21>IASS catalogue and corresponding image found USiIlg ""find 

• Apertme photometry dune nn ""at" u'iIl~ phol 

• Aper\ur~ ,'o'Te<;ti(1) u,,~1 to cak"lat~ "",gTlitud~ zcropoint 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 2. A NIR SURVEY OF THE GA REGION 21 

On the aligned image, the IRAF task ccfind was run to locate all the photometric stars in 

the 2MASS catalogue based on their celestial co-ordinates and the WCS updated image. The 

output is a list of the objects found which can then be filtered and passed as input to the phot 

task in the daophot package. phot does aperture photometry, calculating accurate centres, sky 

values and (instrumental) aperture magnitudes for the filtered list of objects. The output file of 

photometry for each object in the list is again filtered and then combined with the output from 

the ccfind task. 

The aperture photometry was done using twenty apertures, ranging in size from 2.5 pixels 

to 20 pixels. A curve of growth was plotted to determine the asymptotic value at which the 

aperture magnitudes approach a total magnitude for each object. The magnitude for a specific 

aperture (used for all stars in the field) was then corrected according to the curve of growth to 

obtain a total instrumental magnitude for each star. This total instrumental magnitude could 

then be compared with the 2MASS catalogue magnitude for each star, taking into account a 

small correction factor due to the imperfect IRSF /2MASS filter match (Nakajima et al., 2008). 

Plotting the offsets between instrumental magnitudes and 2MASS magnitudes, and taking the 

mean then gave the magnitude zeropoint for each field. 

Aperture-corrected photometry was used instead of a more conventional approach of fitting 

a point spread function (PSF) to each star, and calculating the magnitude within that PSF. 

This is because in crowded fields, the wings of the PSF profile can be affected by flux from 

nearby stars, thereby giving an inaccurate measure of the true brightness of the star. When 

doing aperture photometry, a fixed aperture that is small enough to encompass the majority of 

only the star of interest can be used, and simply corrected by the curve of growth difference 

between the fixed aperture magnitude and the asymptotic total magnitude. 

2.5 Galaxy Identification 

2.5.1 Field Analysis and Identification of Galaxies 

I identified galaxies by inspection from composite false colour images rather than by looking 

at single wavelength images. Using single-band images to search for galaxies is complicated 

due to the different depth attained in each filter, the colour completeness of the survey and 

how this varies as a function of extinction. Some of the effects will be quantified in Chapter 3. 

Accordingly, for each field a composite J H Ks false colour image was created. The colour image 

was created by resizing the J and H to the size of the Ks-band image and then aligning the 

resized J- and H-band images with the K-band image using IRAF packages geomap and geotran. 

The three images were then sky-subtracted, and the IRAF package rgbsun was used to assign 
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the Ks-band image a red colour palette, the H-band image a green palette, and the J-band 

image a blue palette, and overlay these three colour images to produce a single false RGB colour 

image. 

The sky subtraction was done by loading the image for viewing, setting the contrast and 

brightness to a high level (showing up any patches of pure sky), then using IRAF task imexam 

to measure the sky level in a few patches of sky, calculating the average sky value from these 

measurements, and then using IRAF task imarith to subtract the average sky value from the 

image. Since the process is slow, a PYTHON program was written to automate the whole 

procedure from resizing through to colour compositing. The colour images were then scanned 

by eye. At lower Galactic latitude, the galaxies appear reddened due to the vast increase in 

dust and gas close to the GP, which scatter shorter wavelengths more than longer wavelengths, 

resulting in more long wavelength flux being detected. This made them harder to find by eye 

since we detect very little flux in the J-band. Furthermore, star crowding close to the GP makes 

finding galaxies there difficult (cf Fig. 2 from Kraan-Korteweg 2005). Further from the GP, as 

the dust contamination decreases, the reddening decreases, although the star crowding increases 

closer to the GB (see Fig. 2.3). 

The total number of galaxies identified (including 9 candidates) in the 162 scanned fields, is 

115. See Appendix B for details. 

2.6 Galaxy Photometry 

Initially, "postage stamps" of dimension I' x I' of all galaxy candidates are made. The smaller 

dimension of stamps when compared with whole fields, makes stamps quicker to analyse photo­

metrically. Star removal is then performed on all stamps, and any remaining blemishes are 

cleaned. Finally, photometric analysis of all cleaned stamps using Source Extractor (SE) (Bertin 

& Arnouts, 1996) is performed, resulting in an output catalogue of photometric data for all 

galaxy candidates. 

2.6.1 Postage Stamp Creation 

The term "postage stamp" or simply stamp, refers to a I' x I' portion of an image and contains 

a galaxy candidate usually in the centre of the stamp. All galaxies found fitted within a stamp. 

It serves as a quick look image for a galaxy without having to look for the galaxy in a typical 

rv 8' X 8' field. However since it is created initially from a subset of a larger IRSF Flexible Image 

Transport System (FITS) image, it can be used for extracting photometry in the same way that 

photometry can be extracted from a large image. In addition, since it is only "-' 1.5% the area 
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of a typical field, there are far fewer stars in the stamp, which makes star removal a far quicker 

process (described in Sect. 2.6.2). 

Creating the postage stamps for all the galaxy candidates had to be done manually. This is 

because at the time when the galaxy identification was done, WCS information was not present 

for the relevant fields, meaning no coordinates could be recorded for the galaxy candidates. If 

real physical coordinates had been known for the galaxy candidates, it would have been possible 

to automate the extraction of a I' x I' stamp around the galaxy position in a field. 

I wrote a PYTHON script to make the stamp creation a faster process. The script allows 

the user to enter a field name and the number of galaxies in that field, after which it opens the 

chosen field for viewing. The user then simply has to hover the cursor over the approximate 

centre of a galaxy candidate and press the',' key followed by the 'q' key. The script then creates 

a postage stamp centred on the galaxy candidate in each of the J, H, and Ks bands since the 

fields have already been aligned and scaled for all three bands (see Sect. 2.5.1). Some galaxies 

are near to the edge of an image. In such cases, the program creates a postage stamp with the 

galaxy candidate offset from the centre so that the edge of the postage stamp coincides with the 

edge of the larger image. 

All the postage stamps of the galaxy and galaxy candidates in J, H, Ks and RGB false colour 

are shown in Appendix C. 

2.6.2 Star Removal - Why and How? 

Once the image is reduced and calibrated it is possible to begin extracting sources and their 

photometry using a software tool (the most recent and reliable of which is Source Extractor). 

While the photometry yielded by SE is very accurate, it breaks down when trying to do 

photometry in crowded fields. The output from SE is also very sensitive to user-defined initial 

parameters such as detection threshold, background estimation and Kron aperture parameters. 

Careful fine tuning of such parameters is necessary to ensure correct output. 

SE defines a crowded field in the following way: within a certain square area of the image, the 

mean and standard deviation of the distribution of the pixel values is calculated. The extreme 

outlying values are discarded and the median and standard deviation recomputed. The process 

is repeated until all pixel values lie within ±3a. If a dropped by more than 20% per iteration, the 

field is considered crowded (Da Costa 1992). Closely adhering to this procedure for determining 

crowding was not necessary, since a simple glance at the star density in our fields shows obvious 

star crowding. 

The star crowding generally causes the extracted galaxy magnitudes to be incorrect, since 

in most cases the galaxy is partially obscured by a number of stars, often bright. It is thus 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 2. A NIR SURVEY OF THE GA REGION 24 

essential for stars to be removed or masked from the images in order for accurate photometry 

to be done. An adapted procedure for crowded field photometry was used, in conjunction with 

the IRAF routine called KILLALL (Buta & McCall, 1999) to remove the stars. An overview of the 

process is shown in Fig. 2.5. 

The process begins by using the IRAF task daofind to find all objects in the field above a 

certain threshold (in 0") above the local background noise level. The background noise level 

can be estimated by taking a few readings of background counts in different parts of the image 

and estimating the standard deviation. Alternatively a precise calculation can be done, but I 

found that an estimated value was amply good enough for detecting objects. Standard deviation 

values were found to typically be: 

O"j 1.2 - 1.5 counts 

O"h 2.3 - 2.7 counts 

O"k 4 - 4.5 counts 

I used a feature detection threshold of between 30" - 50" depending on the wavelength. In 

particular the H-band required a very low detection threshold otherwise many faint stars were 

not detected. daofind then produces a catalogue of the objects found. 

The next step is to run the IRAF task phot which generates a file with accurate centres, sky 

values and aperture photometry for single or multiple apertures for all the objects in the daofind 

catalogue. phot requires input parameters such as the background noise level determined earlier 

as well as the full-width half-maximum (FWHM) of the PSF. Determining the PSF FWHM 

from the image requires measuring the FWHM of several stars (I used between 4 and 10) in the 

field using the IRAF task imexamine. The stars used for measuring the FWHM PSF were chosen 

according to the following criteria: 

• Not too large/bright - no saturation or refraction spikes 

• Not too small/faint - need a good signal to noise ratio (S/N) to ensure a correct FWHM 

• Not close to bright stars and not blended with other stars 

In order to measure the FWHM of all the fields in each band, I wrote a PYTHON script to open 

each image automatically, allow the user to select a few stars fitting the above criteria, calculate 

the average FWHM of the selected stars, and save the results of all the fields in a file. The output 

list shows that the FWHM values for all the fields in all bands range between approximately 

2.25 - 4.25 pixels which, for the IRSF pixel scale of 0.45 arcseconds per pixel, translates into 

approximately 1 - 2 arcseconds. 
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Point Spread Function Model 

To proceed with removing the objects detected earlier, it is necessary to create a model PSF 

for the field of interest. However, since there are approximately 70 fields containing galaxy 

candidates, and a separate PSF model would need to be created for each band, that would 

require over 200 PSF models to be created. Fortunately there is a quicker alternative, which 

requires making a different PSF model for different wavelengths with different FWHM values. I 

created a subset of PSFs, per band, with FWHM from 2.25 - 4.5 pixels (in steps of 0.25 pixels). 

To be precise, the range of FWHM values for all fields in each band is summarised below in 

Table 2.2: 

Table 2.2: NIR passbands and the corresponding PSF FWHM values 

Wavelength band FWHM range FWHM range PSF model range 

[pixels] [arcseconds] [0.25 pixels] 

(1) (2) (3) (4) 

J 2.41- 4.3 1.08 - 1.94 2.5 - 4.25 

H 2.4 - 4.27 1.08 - 1.92 2.5 - 4.25 

Ks 2.1- 3.75 0.95 -1.69 2.25 - 3.5 

Column 4 of Table 2.2 shows that for the J band it was necessary to create only eight PSF 

models, i.e. one with a FWHM of 2.5 pixels, one with a FWHM of 2.75 pixels and so forth. For 

the Ks band there was only one field with a FWHM in the 3.75 pixels bin (Le. an outlier) and 

so a separate PSF model was not created just for that one instance. This means that eight PSF 

models were created for the J band, eight for the H band, and seven for the Ks band which is 

far fewer than the over 200 that would have been required. 

Next it was necessary to choose which fields to create the PSF models from. I decided that 

fields in low star density regions would be the best fields to use since the possibility of finding 

good isolated stars for modelling the PSF on would be higher than in heavily star crowded fields. 

Thus most of the fields used came from Region 7 (see Table 3.2). 

Once a field was selected for creating a particular PSF model from, the image was opened 

and several candidate stars were chosen according to the criteria mentioned earlier. The !RAF 

task psi was used to create the modeL Examining the various profile functions for fitting a PSF 

(e.g. Gaussian, Lorentzian, Penny) it was clear that the IRSF PSF is best fitted by a Gaussian 

profile. A complex incremental approach to building a PSF can be used to construct a PSF in 

a typical field that allows for a wide range of star sizes being removed. However, since postage 

stamps have been created of all galaxy candidates, it is no longer necessary to create PSF models 
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to fit all the stars in a field, but simply to create a PSF that fits the stars in a postage stamp. 

This is simpler because in a postage stamp image, most stars are easily modelled by a smaller 

PSF, since it is unlikely that a very large star (greater than 24 pixels radius) will appear in 

a postage stamp. For the smaller, simpler PSF, I used a 15-pixel fitting radius (6.75"). For 

this smaller PSF, it is not necessary to use the incremental method mentioned above. This is 

because it is far easier to find in a field a good star isolated by 15 pixels than by 24. Thus for 

removing stars from postage stamps a single iteration of psj was used with a fitting radius of 

15 pixels. In addition, since it is easier to find isolated stars in a less crowded field with the 

same FWHM as a more crowded field, stars in low star density fields were used for creating the 

different FWHM PSF models. 

Removing stars with killall 

Now that PSFs for all wavelengths and FWHM values have been created along with postage 

stamps, it is simply a matter of removing the stars using IRAF routine killall. This routine uses 

the PSF, as well as all the parameters used in creating the PSF such as PSF radius, PSF model 

type, standard deviation of the background, FWHM and detection threshold. It starts by using 

daofind to find stars, then running phot and then attempting to fit the PSF we have created to 

the actual stars it has found. The results of all the stars or objects removed and their properties 

such as x and y coordinates, magnitude and local sky value are saved in a file. Fig. 2.6 shows a 

typical stamp before and after killall has been run. 

In most cases, killall recognises the core of the galaxy in the current stamp as an object 

which requires removing, since the core very often fits an elliptical Gaussian PSF closely. For 

this reason, after a stamp has had the stars removed, it is necessary to replace the core of a 

galaxy that has been removed. This is done by going to the killall results file and finding the 

entry that matches the coordinates of the galaxy core, and removing this entry. We are then left 

with a results file of all objects except for the galaxy core. We can now use the edited results file, 

the PSF and the original image as input for the IRAF task substar. This task uses the results file 

to find objects for removing, and uses the PSF to fit them. Since the galaxy core is no longer 

in the results file, substar skips over it and removes only the stars, and saves the output image. 

The whole procedure is shown in the bottom section of Fig. 2.5, and Fig. 2.6 shows the star 

removed image with galaxy core replaced. 

Blemish editing 

In most cases, the PSF fitting is not perfect, because the PSF model we created does not exactly 

match the true PSF of the stars. This often results in small 'holes' with very negative flux being 
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3-pixel hole with sky values surrounding the hole. 

Where holes obscure parts of a galaxy, special care must be taken to minimise the aperture 

size, so that if a 2-pixel hole is removed, 2-or maybe 3-pixel aperture is used. This is important 

as we need to get the most local background (i.e. galaxy) values as possible when replacing the 

hole. Using a large aperture would less accurately interpolate the replacement region because 

there is a larger background variation. 

Where large residuals (blemishes) remain from saturated stars the editing is more difficult. 

In these cases a large aperture is required (typically a pixel or 2 pixels larger in radius than the 

PSF radius). If the blemish is obscuring the galaxy, it is very difficult to remove it, but again 

by using small aperture blemish corrections to the edges of the blemish, its size can be reduced. 

2.6.3 Galaxy Photometry with Source Extractor 

Having completed the star removal and blemish editing, one can now analyse the images 

photometrically. This is done by running each image through Source Extractor (SE). SE is 

a software tool for extracting sources from images and performing photometric analysis on all 

sources. SE is one of several source extraction and photometry tools available, and was chosen 

for its ability to process images very quickly with good accuracy, since this is what is needed 

when handling large numbers of files. The following explanation is based on the software authors' 

original documentation. 

The operating procedure of SE is shown in Fig. 2.7, and summarised in five steps. The 

procedure begins by estimating the background level and variability, and removing it from the 

image. Object detection follows by setting a detection threshold, and finding consolidated groups 

of pixels above that threshold. Objects that are blended are then separated by the process of 

deblending. The image is then scanned for spurious detections, which are then removed. Finally, 

photometry is done on all astronomical objects in the image to return the position, magnitude, 

surface brightness, and other photometric parameters in a catalogue. Each object is also then 

classified as either a star or galaxy based on a neural network algorithm. 

Background Estimation 

SE begins by dividing the image into a grid with the mesh size specified by the user parameter 

BACK_SIZE. It then makes an initial pass through the image, estimating a local background 

in each grid mesh using a combination of a clipping and mode estimation. This method is 

described in Da Costa (1992). The basic procedure is to iteratively clip the histogram of pixel 

data values in the local background until convergence at ±3a around the median is reached. If 

a changed by more than 20% during the clipping, the field is considered crowded, otherwise it is 
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not considered crowded. In the latter case, the background value is simply taken as the median 

of the clipped histogram of pixel values. In the case of the former, the mode is estimated by the 

following expression3 : 

Mode = 2.5 x Median - 1.5 x Mean (2.1) 

After the local background has been estimated over the whole grid, a median filter is applied 

to reduce the effect of local over-estimates of the background due to bright stars. The result is 

an overall background map with bicubic-spline interpolations between the local backgrounds of 

each grid mesh. The user's choice of grid mesh size is important. If the mesh size is too small, 

the background map is too heavily influenced by noise and actual objects in the image. In 

particular, portions of extended objects may be attributed to the background if the mesh size is 

too small. Conversely, a large mesh size suppresses the small scale variations in the background. 

Care must therefore be taken when deciding the BACK_SIZE parameter. 

It was found for this work that a mesh size of 128 pixels with a filter size of 5 meshes was 

optimal when working with full field images (i.e. 7.8' x 7.8'). However, photometry was not 

performed on field images, but rather on postage stamps, the dimensions of which are only 

133 x 133 pixels. Thus a background mesh size of 128 pixels does not make sense. To effectively 

model the background correctly on such small images, a mesh size of :::; 32 pixels would be 

needed. However, such a small mesh size makes the background very sensitive to £:lux objects in 

the image. It was decided that the background does not vary significantly enough on such small 

scales. A mesh size of 128 pixels was decided upon because this results in a constant background 

value. After a background map is calculated, it is subtracted from the image in order to extract 

accurate photometry for sources. 

Thresholding - Object Detection 

Any astronomical object must be detectable as a connected group of pixels which are later 

processed as an object for photometry. A grouping of pixels is defined as any pixels which, 

above the local detection threshold, are connected either at their sides or vertices. SE needs the 

user to input a detection threshold via the DETECT _THRESH parameter. This is usually done in 

units of the standard deviation CT of the background. For our photometry, a detection threshold 

of 2.5CT above the background level was used. In addition, a 3 x 3 pixel filter mask was used to 

improve detection of faint sources. 

3See Bertin's SE User's Manual 
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whether each object would have been detected had its neighbours not been present. This is 

achieved by fitting a scaled Moffat profile to all neighbours, and subtracting the contribution 

from the wings of the Moffat profile to the object being checked. The Moffat profile is defined 

as 
1(r) 1 
1(0) = (1 + k x r2)i3 (2.2) 

where 1(R) is the intensity at some radius r, and 1(0) is the central intensity. The parameter 

(3 is a cleaning efficiency factor that controls the brightness of the Moffat profile wings and 

hence the degree to which neighbours contributions are cleaned. The wings are subtracted from 

the object being cleaned, and if the subtraction causes the object to drop below the detection 

threshold, it is removed from the list of detected objects. A factor of (3 = 1 was used for our 

analysis. 

Photometry 

The photometry for the extracted objects can be calculated in four ways by SE. The first and 

simplest way is to use the isophotal approach, which simply measures the contribution from all 

the object's pixels in the isophotal area (defined by all object pixels above the threshold) and 

adds it up. This gives an ADU count which must be converted to a flux (electron count) via 

the gain. The gain depends on what type of instrument is used and the frame stacking method. 

There is therefore a relation between the instrument gain and the effective gain that is used to 

convert counts to flux. In our case of median frame combining, the effective gain relates to the 

instrument gain as follows: 
. 2 N 1 . gameff = x x '3gam (2.3) 

where N is the number of stacked frames. In our data, each image was produced by stacking 25 

frames, Le. N = 25, and the instrument gain of the detector is gain = 5.0. Using Eqn. 2.3, the 

effective gain for our data is calculated to be gailleff = 83.33. 

The gain is used to convert the isophotal ADU counts to isophotal flux. The isophotal flux 

is then converted to a magnitude via the following relation: 

m = 2.5 x loglO[(flux - magzp) x exp.time] (2.4) 

where 'm' is the apparent magnitude, 'magzp' is the magnitude zeropoint and 'expo time' is the 

exposure time in seconds of an individual frame. 

The second option is to use the isophotal-corrected approach. This approach assumes all the 

objects in the image are roughly Gaussian due to atmospheric seeing. The object's flux is then 

not only the isophotal flux but also the contribution from the Gaussian wings. This approach 

is best suited to photometry of stars, and is less reliable for galaxies. 
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CHAPTER 2. A NIR SURVEY OF THE GA REGION 

#: Default configuration :tile :tor SExtractor 2.5.0 
.. Ell 2006-07-14 

#-------------------------------- C&taJ.og ------------------------------------

CATALoo_IIAME 
CATALOO_ TYPE 

test. cat # name of the output catalog 
.. NOllE,ASCII,ASCII_HEAll, ASCII_SKYCAT, 

.. ASCILVOTABLE, FITS_1.0 or FITS_LOAC 

PAR.AMETER!LNAME default.param. # name ot the file containing catalog contents 

#------------------------------- Extraction ----------------------------------

DETECT_TYPE 

DETSCT _IIINAI\EA 
DETSCT _ TIlRESH 

CCD 

2.5 

y 

.. CCD (l1".,ar) or PHOTO (with gamma corroction) 

# minimum number of pixels above threshold 
#: <sigmas> or <threshold.>.<ZP) in mag.arcsec-2 
#: <sigmas) or <threshold>,<ZP> in mag.arcsec-2 

# apply filter tor detection (Y or N)? 
/usr/share/sextractor!default,conv :I name of the tile containing the filter 

DEBLEND _NTlIRESH 32 .. Number of del>londiDg sul>-tbrosholds 

DEBLEND_lIIIICOlIT 0.005 I; Minimum contrast parameter tor dablending 

CLEAIi y # Clean spurious detectiolls? (Y or II)? 

CLEAIi _P ABAII 1.0 • Cleaning efficiency 

MASK_TYPE CORRECT # type of detection MASKiDg: can be one of 
# 1I0llE, BLAME or CORRECT 

#------------------------------ Photometry -----------------------------------

PROT _APERTIlI\ES 13.33, 22.22 

PHOT_AUTOPABAIIS 2.5, 3.5 

IlAG_ZEROPOINT 

IlAG_GAIIlIA 

GAIII 

PIXEL_SCALE 

25000.0 

20.398 

4.0 

83.33 

0.45 

#: MAG_APER aperture diameter(s) in pixels 

# MAG_AUTO parameters: <Kron_fact> J <m1~radius> 

# level (in ADUs) at which arises saturation 

# magnitude zero-point 
# gamma ot emulsion (for photographic scans) 

# detector gain in e-I AnU 
# size of pixel in arcsec (O-use FITS WCS into) 

#------------------------- Star/GaJ.axy Separation ----------------------------

1. 5 # stellar FWHM in arcsec 
lusr I sharel sextractor / default .nnw # N'eural-Network_Weight table ti lemme 

#------------------------------ Background -----------------------------------

BACK_SIZE 128 

BACK_FILTERSIZE 3 
#; Background mesh: <size> or <width> t <height> 

#: Background filter: <size> or <llidth>.<height> 

.. can be GLOBAL or LOCAL 

#------------------------------ Chock Image ----------------------------------

CHECKIllAGE_TYFE APERTIlI\ES,BACKGROUND # con be 1I0NE, BACKGROUND, BACKGROUlID_RI!S, 

# lIINIBACKGIUlUlID, MIIIIBACK_RlIS, -BACKGROUND, 

# FILTERED, OBJECTS, -OBJECTS, SEGIIElITATIOlI, 

# or APERTURES 

CHECKIMAGE_NAME aper .:tits.back.:tits #: Filename for the check-image 

#--------------------- Mem.ory (change with caution!) -------------------------

MEIIORY_OBJSTACK 3000 

IIEIIOII,Y _PUST ACK 300000 

IIEIIOII,Y_BUFSlZE 1024 

# number of Objects in stack 

#; number of pixels in stack 
# number of lines in butfer 

#----------------------------- Miscellaneous ---------------------------------

1I0RllAL # can be QUIET, NORMAL or FULL 

Table 2.3: Example SE configuration script 
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object, and the photometry within that aperture should not be trusted. 

Automation of Photometry 

To manually edit the configuration scripts for every image is very time consuming. An alternative, 

automated method is necessary for optimising survey strategy on the analysis side. A PYTHON 

wrapper for SE4 was used to write a PYTHON script to automate the creation of configuration 

files and actual running of SE on all postage stamps. The PYTHON script I wrote works very 

efficiently and is shown in Appendix D. It allows the user to input the configuration details 

(gain, apertures, exposure time etc.) and a list of images, and runs with a time of less than 

thirty seconds for my 115 images. The result is a file with photometric and geometric parameters 

for each galaxy. This file contains the main results of this project and is discussed in Chapters 

3 and 4. 

4Courtesy of Laurent Le Guillou, 2005 
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Chapter 3 

Results ata Analysis 

3.1 Galaxy Astrometry & Photometry 

3.1.1 The Catalogue 

Appendix A presents the catalogue of the galaxies and candidate galaxies (henceforth 'candidates') 

identified in this project. The galaxies were found by visual inspection of false colour NIR images 

(as discussed in Sect. 2.1.1). Objects that were identified as likely galaxies, and upon further 

examination were decided to be uncertain were classified as candidates. Visual inspection of 

colour NIR images, star/galaxy classification from Source Extractor (SE), and strongly blue 

J - Ks colours helped separate candidates from definite galaxies. Galaxies labelled with a * 
symbol have uncertain magnitudes. Galaxies labelled with a t symbol are listed in the 2MASS 

Extended Source Catalogue. The catalogue contains 115 objects divided into 106 galaxies and 

9 candidates. The determined parameters of these objects are: 

Column 1: Identification number. This matches the numbering scheme on the stamp image 

catalogue presented in Appendix C 

Column 2: Right Ascension (RA) and Declination (Dec) (J2000) 

Column 3: Galactic longitude (l) and latitude (b) 
Column 4: Interstellar extinction in the Ks-band (AK.) as determined from the Schlegel et al. 

(1998) Galactic reddening maps (see Sect. 3.1.4) 

Column 5: Stellar number density measured in number of stars with Ks < 14m per square 

degree as found in the 2MASS PSC (see Sect. 3.1.6) 

Column 6: Galaxy (0) or Candidate (X) classification based on visual inspection of FITS 

images, SE star/galaxy classification and J - Ks colour. 

Column 7: Kron J-band magnitude and error. Not corrected for extinction. 

Column 8: Kron H-band magnitude and error. Not corrected for extinction. 

37 
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Column 9: Kron Ks-band magnitude and error. Not corrected for extinction. 

Column 10: Central 3"-radius aperture J-band magnitude and error. Not corrected for 

extinction. 

Column 11: Central 3"-radius aperture H-band magnitude and error. Not corrected for 

extinction. 

Column 12: Central 3"-radius aperture Ks-band magnitude and error. Not corrected for 

extinction. 

Column 13: Diameter (D) of the object in arcseconds in the Ks-band. This is determined 

from the relation D = 2x KRON_RADIUSxA, where A represents the maximum spatial rms of the 

object profile in any direction, and KRON_RADIUS represents a numerical factor describing the 

extent of the semi-major axis of the Kron aperture. 

3.1.2 Sample Completeness 

The magnitude completeness limit was determined following the method described by Garilli, 

Maccagni & Andreon (1999). Magnitude completeness limits are often determined by investi­

gating at what magnitude model galaxies with a similar surface brightness to real galaxies are 

still detected. The approach used here is different in that it is based on the detectability of the 

actual galaxies in our sample. In Fig. 3.1, the central3-arcsecond aperture Ks-band magnitudes 

of the galaxies in our sample have been plotted as a function of central surface brightness. 

Certain galaxies are shown as circles, and candidate galaxies are marked as crosses. The dashed 

vertical line indicates the central surface brightness detection limit, and the solid fitted line is 

the best linear fit to the data (real galaxies only), with +lu and -lu plotted either side as 

dashed lines. The completeness limit is the intercept of the -lu line with the detection limit. 

The intercept of the fitted line with the detection limit is not used as the completeness limit, 

since any galaxy falling in the area to the right of the detection limit, under the completeness' 

limit and above the continuation of the -lu line would still not be detected. 

Objects far to the right of the fitted line have low surface brightness cores indicating that they 

are most likely late type spiral galaxies or irregular galaxies. Objects far left of the fitted line 

have high surface brightness at the core which either implies early type galaxies or unresolved 

merged stars (Le. unlikely galaxies). 

The completeness limit of the central Ks-band magnitudes measured from Fig. 3.1 is Ks = 

IS. ffiSS using the 3-arcsecond central aperture. Similarly, the completeness limits in the other 

bands are J = 17.ffi34 and H = 16.m06. The associated uncertainties listed in Table 3.1 were 

calculated as the sample standard deviation: 

_ V"£(Xi - x)2 
u- N-l 
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Plotting Kron aperture magnitudes results in different completeness limits. This is because the 

Kron aperture encompasses the whole object, usually capturing more light than a 3-arcsecond 

central aperture. The spread in the Kron magnitudes is greater because of a higher possibility 

of contaminant light from nearby objects affecting the magnitude. The completeness limits are 

shown in Table 3.1 with the standard deviation. All values listed in Table 3.1 are based on fits 

to the data which exclude candidates. Skelton (2007) determined Ks completeness limits in the 

Norma cluster, using the same method and with the same exposure time, to be Ks = 15.ill37 for 

5" aperture magnitudes and Ks = 15.ill lO for Kron magnitudes. This is likely a result of lower 

levels of extinction and star crowding in that region than in our studied region. 

Table 3.1: Completeness limits 

Passband Aperture Completeness Limit 

[mag] 

(1) (2) (3) 

J 3" Ap 17.34 ± 0.33 

H 3" Ap 16.06 ± 0.32 

Ks 3"Ap 15.55 ± 0.34 

J Kron 16.31 ± 0.77 

H Kron 14.90 ± 0.80 

Ks Kron 14.72 ± 0.75 

3.1.3 Comparison with 2MASS Photometry 

In Sect. 2.1.2 the photometric properties of the SIRIUS camera on the IRSF were discussed 

and compared with the properties of the 2MASS and DENIS surveys. 2MASS makes use of the 

same passbands as the IRSF (although the actual wavelength of the filters is slightly different), 

making it ideal for a comparison of photometry. We will obtain better resolved images from the 

IRSF images, because of the superior resolution. The pixel scale for the IRSF is 0.45" pixel-I, 

and 2.0" pixel-1 for 2MASS. To illustrate this, postage stamps of three different galaxies (from 

different star density and extinction environments) are shown in Fig. 3.2 with the IRSF images 

in the top panel, and the corresponding 2MASS images in the bottom panel. 

The IRSF images show a far higher signal to noise ratio (SNR), with clearer views of the 

galaxies. The increased apparent size and brightness is due to the longer integration time of the 

IRSF observations, allowing a deeper view than that offered by 2MASS. This is reflected in the 

completeness limits. The 2MASS Extended Source Catalogue (XSC) is complete to Ks ~ 13.ill5 

at high latitudes (Jarrett et al., 2000), while the IRSF is complete to Ks ~ 14.ill72 (see above). 
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Figure :J 1: Ceutral 3" aperture A',-hand magnitudes 'os. central K,-hanri "Iff",," hright".",;. 

C"lLriid,,\M "r" ,hmv" "" (T"""",", The solid line is a ka.st :squares fit to the certain galaxief;, 

rhe intercept 01 the -J()" li,,~", lit li,,~ witl, thH ,uri,,,,. hr;ghtm"", detc~:tiou limit giws the 

oomplctenesslim;t lor this type 01 apert'lfe. 

Twdw galaxies in our catalogue were 100md in "h~ 2~IASS XSC, Fig, J.:J ("Ill]>"'f'>; th" K1R 

I~Lot<>m"try f<>r the t .... elw g'ah""ie, usiIl!': centm15"-apcrture magnituries. rhe..."" apermr"" Me 

les., S11.,ceptibJe \0 th" addition 01 nux from for"Rrm11Lri ,tm" Il,"n KrOlL o.pcrturc'S. The ern>r in 

II ",", calculated as ". = /"'f,,,,,os + "["SF and the error in J; is "1I(.'olF, Th. er,O, ill the IR.~F 
"H.gnit1Hl.s w"~ ('"kul"ic'(\ '"' " lmflhino.tion 01 the error in the magnitude zero point and the 

,mcertainty in the noi..."" di8tributioll "I"SF - V/"~,, "~"",,p The ",<"en off,c\ o."d .tandard 

deviation bet",.,,,n the IRS} and 2.\IASS magnitudes are: 

., 
L>mIRSF_,MASS 

, U 
..... mIR"F ,MASS 

.lmfRSE_2MAS8 

0'''046 + OJ~ 
0, "'028 + 0.(174-

O,m07:).l O.OR8 

,,= O,'~2:l~ 
O. '''258 
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Figurc ~ 2: Thra<: fal", COlOill po«t,..w "",..,mp illH'W'" "f gaJ;.xiC' in our catalDgu~, The c,..(,a.io!,;ue 

id.nti!ir"liOTI HI"nl~.'r'""e 15,71 and 111 respecth"ely, Th~ (op p.ond "hov.·, IRSF iIIlallC" and 

the bOI.\Olll pard ,hml" the ("oHc'l<l'onding: 2").{ASS images. The ",al. of ",..d, "'''"P i, l' x l' 

So<: App~ndix C [or ,.. comple(" Ii"" of all TRSF JetC'<."tod l(a1axi"". 

Aftcr ('ardully ~=ining (,he ("nual 5" of "",d, gal"",,", it was found that eight of 'he twd .. " 

Kala,xi", l""d mp~Iimp,=d foreground "I,,,,, whirh affc"ted th" eentml aperturc llliignitude, 

Ca.kllJ,,, iH!'; tl~.' " .. "ralle ccntral magnitude diJlerenre "f (he other f01l1' lllL01",("urod gal"'::i~s g,..,"e, 

.lm{R.';F_~M.-tS.'; 
, . 

Coo"" I ".oF _Z." A.% 

!'l.mfnsF _'lMASS 

_O,m052 + OJ),',4 

O,m049..l0.D79 

+O,'''Ul~ ± U.()'J(J 

,,= U."'10'7 

0.."'148 

The"" 1'''''111." i",-li('at~ that the IRS}" m~gnitnd"" M. [ainlN (,l"on tl"., 2:l.L\SS magnitud"" for 

tl,,-elve galaxi"', altho,,!,;ll 1.1"., diH'"r,,"cC' lie well within 1" of ".ro, iIDplyin!'; the (lifferer,,'." ar~ 

not l'X"atly signific"nt. Skell on (2007} fo"nd "" ,ir)jilar re"ult fm isophotal A,- band lllii!,;ru(,ude' 

.",J ""1'Xe,teil it w,,", due to kWH stars ,uperilllp(<<,~l ()jl Kala,xi", lwiJl!l rc,;oh"cd and r~mowd 

in 2-"IASS in",gc'l<. Fig. ~.2 "ho"" ,tars in the outer di'>.k of the K".I>,-,,,,, (.)",,t "."" dearly r""ohm 

in the IRSF images, bll\ IlO\ "t all ill the 2111ASS imng~,. The"" stal;; comribuoe lIux w the 

2-"fASS r)jaKnituJe of tllc galaxies, This hypoth"'b b ""ppm'Ie,1, "ll~,it t('nuowly, by OUI data. 

The me"TI OH'<!M drop whelL e<Jml'aring the four galaxi'" which are HO' ob,,"un'<.! by foreground 

stars. although the "'Illb •. ,,· "",i,tic" "1',, l)(lOr, 
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3.1.4 NIR Extinction and Galaxy Colours 

The observed 3" aperture NIR galaxy colours J - H, H - Ks, and J - Ks are plotted against 

the selective Kg-band extinction in Fig. 3.4. Galaxies which are certain and have accurate 

photometry are plotted as filled circles. Galaxies for which any of the J, H or Ks magnitudes 

are not accurate, because of imperfect star removal close to the core, are plotted as open circles. 

Error bars are shown, although in some instances are covered by the plot marker. The galaxy 

with (AKs' J - Ks) '" (O.m7, l.rnO) is bluer than expected for the associated extinction. Careful 

examination of the galaxy revealed nothing wrong with the photometry. It is most likely situated 

in a 'hole' in the extinction distribution, which explains why its colour is close to the typical 

colours for AKs = O. The dashed line indicates the expected reddening according to Eqns. 3.11 

and 3.12 (Cardelli et al., 1989). The y-intercept of the dashed line is taken from Jarrett et al. 

(2003) in their determination of typical NIR colours for galaxies of J - H '" O.m73, H - Ks ""' 

0.ffi27 and J - Ks f'V 1m in the 2MASS Large Galaxy Atlas (LGA) (Jarrett et al., 2003). We 

expect the galaxy colours to appear redder at greater extinction levels. A linear least squares 

trend line (solid line) is fitted (in each frame) to galaxies with exact magnitudes (plotted as 

filled circles) and confirms that galaxy colours appear redder at greater extinction levels. The 

solid line is extended as a dash-dotted line for comparison purposes. The linear trend lines were 

fitted following a Levenberg-Marquardt type algorithm: 

y+v=mx+c 

v=Ax-l 

Xl 1 

where A = 

Minimising the sum of the squares of the residuals, Le. &8: v = 0 gives 

X = (AT A)-I. ATl 

where 1 is a column vector of the y-values. Since A is known, AT can be calculated. 1 is known 

and so we can solve for X to determine the linear parameters of the gradient m and the intercept 

c. To calculate the standard deviation of these parameters, a variance covariance matrix is 

calculated: 
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Figure 3,4' Ob"",yOO NIIl colou!,> or Ollt 'alllple p\o't..,\ "gail"t. ""loct.iv" K,-halld ext.inction 

derin·d frcm the DHtBE/IRAS maps. Cala.'<ie" with a<:curat~ magnitnde" al'<! pk,t,ted >IS fill"d 

circks, and ina.ccumtc rrwgnitud~'i ""~ plotted "" open circles, The solid line in each frrune is a 
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w)wrp 
I "T U 

0'0 = --
n-:! 

i, th~ standard d~viation of obocrvation <>f unit wdght. Ta\Jng I. he "'I""'" H"~' 01' I,h~ Vari"II(:'''; 

0;;, «m1 (j~ )\'W; ''', rp'J}('<:Ii'·p)y. I,k ,tambrd devi,l.tinn of the grarliem anrl the llll,eI'Cep<" ~m 

anrl 0'" Th~ lease SqlLat',", IiI ,viekb: 

J-H 

H K, 

J - K, 

(O,f,f, = O,l~)AJ(, - (0.56 ± \l.O;j) 

(0,4~=0,14)AK, - (lHO 1. 0.04,' 

(l ,IJ-S = 0, IS).1IC (1.05 ± 0.(5) 

I'hp y---illkrc~pt in Fig, 3,,1 indicates ,he NIH, gat",.-y colour, wil,h"nl e"lmcl ion. From ,hrrel,1 

"' «I. (~OO3): J - H ~ 0-"'73, If - rc. ~ U-"'27 and J A. ~ 1.'''0. The.J - A" yalne fol' ollr 

rlmalie8 wilhin I()' or the .)arr."t el."1. (2«();j) "alne. I'hp J - If and If [c, ,,,ln~' for our data 

arc in reasonable agr.emem w;"h the .)al'l'el.l pi a1. (2«();j) '·alll',". rallill1', withilL ~ 30' diffprelLcc. 

I'he cxpC'<:t-ed reddening sho,,'Il a, a rla'hed line in Fig .. 1.4 i" deriwd from C,.,-ddli pi ,,1. (1%9) 

allu ie J - If - O,~S.1K" If K . = 0.56.1"" and J -, A, = 1.44..4.",., Co.mpat'ison wilh I,he 

c"lculli"erl ;Iope jil,~d ',n (.),p ,),l.ta ilL Fi)\, ;j.4 ,1o<>w, that for H K , our slope lie'! within 10' of 

the expect-c'd reddening slope F\)r.J - H alI(I H - K" I),,· ('aleula!.,,1 ;1"1)(" li~; out,id~ of 10' 

l,..low t h~ P~Jle<:tt'd ,lope. ilti, s\I.gg~'C5 an OV~l'Cstimate of the exl inc"inn for nur d«1,« 

E~t i11(;t inn cnTn'!"tion 

I he NIR colour of galm;i~' in om ",mple edn I", n."".1 10 <fpri,'e ",lL ill(h·p~n'h·tLl ~;t.ill"'tp nf 

""Iillel,ion "" low Galactic latitude"', fbi, i, useful beCRU,," tlw DIHBE..-'lHAS l'oorlening Ill",'" 

"re n"" ,-,"libr",1,,1 ~I, low latitud,,» tS.·hh·~,cl ~t ,,1., l~JS], although ,h~y ""~ ,h~ best existlllg 

approximd,cion "f I he exl inc1.iOTI al low la',i\ wipe (Iii < ,'ieT F ~"lllilLilLg the extinctioll-cvrroctcd 

l\1H colours flS x fune"iml of I.he 'el",-,I.i", K< batLd px!.inniolL dPriy~d (ww the colour ~xc~,s 

F(H - V) (from the U1RBJ::/IRAS maps'], we: CA'J""Ct ,ysteml<lic devhrion (. line",,' slope) if 

I.he £(B - V] ,-,"li1>ml.iOlL ie UTld~r or oWH,,;tiwated. If the ;ample i, biased toward a certain 

Galaxian 'j-V at a specific eXI inctinn (for exaIllple, if th~ ",-u"ple at h i)\h extilLCOtiol1 !c"d, oon,i,t, 

01' more ~arly type gala~ie"), a linear tr~nd will apf>eiU' in I he ,1.1", 

Fi1',. ~.5 "hnw; a pl"t of e~tinction-corroctcd 11 aperture l'ilH. c%ms ~"iml ><elective K,. 

band e~tinel.i"n, The line",,' Ie""" '<1,,"n,,; trem] ilL the bottom frmne indica"" that galm;ie, 

'I!-'pear blu~r at high e~tine,ion level,. Thb '"gge:l," I ha', the hi)\her the extillC'l.inn l~,,~]; _ u"uall,' 

«J lnw Gala"'ie latitude - t h~ DIRBE/IR.AS maps provide an overestim"J e of I.he e,,1 inction. Th;, 
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Fig1U'e ,1.~ Extilll'tioll-COrl'erted -"1m colo1U'e of our "ample pk!!.ted ,,~,';IlSl eelel'th-. K ,.)';Uld 
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w; filled circles. and inaccurate magnitudes ""e plottcd as open drdes. The ,olid line ill each 

Ir"", .. i,,, 1 .. ,,,t :;q llare" fit to th .. )\alm;iN with ;wcurat~ magnitudel'_ 
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result is confirmed by Schroder et al. (2007) who performed a similar analysis in the ZOA, based 

on NIR (1, J, and Ks) colours (from the DENIS survey) of 83 galaxies lying within a "-' 30 square­

degree area centred on the radio-bright galaxy PKS 1343-601 located at (l, b) = (309.°7, +1.°8). 

They found a slope in the extinction-corrected colour of (J -Ks)O = -O.OlAB, which corresponds 

to a slope of (J - Ks)O = -O.nAK.' This lies within 20- of our measured slope (see Eqn. 3.3), 

implying a more pronounced overestimate of the extinction in our case. 

The least squares fitted lines in Fig. 3.5 yield the following values: 

(J - H)O 

(H - K)O 

(J - K)O 

(-0.22 ± O.12)AKs + (0.66 ± 0.03) 

(-0.13 ± 0.14)AKs + (0.40 ± 0.04) 

(-0.35 ± 0.18)AKs + (1.05 ± 0.05) 

(3.1) 

(3.2) 

(3.3) 

The negative gradient in Eqns. 3.1, 3.2 and 3.3 confirm an overestimate of the extinction. To 

find out the true extinction, a derivation taken directly from Schroder et al. (2007) is performed. 

We start by saying that for any colour Co, the Eqns. 3.1,3.2 and 3.3 can be written as 

(3.4) 

where the reddening equation is 

(3.5) 

The true extinction-corrected colour is then 

6° = c - (~) AKs 
AKs 

(3.6) 

where the tilde (rv) is used to denote any true quantity. Combining these gives 

6° = aAKs + b + (AK8 - AKs) (A~8) (3.7) 

We assume that the true extinction AKa is a constant factor of the DIRBE/IRAS extinction 

value AKs' This is assumed since we see a linear trend in Fig. 3.5. Thus 

(3.8) 

Eqn. 3.7 then becomes 

(3.9) 

Since the extinction-corrected colour should be independent of AKs ' the gradient term in square 

brackets in the last equation must be zero. Thus 

a 
f = 1 + (EjAK.) (3.10) 
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The colour excess E for any colour is E(AI - A2) = A(A2)j R (see Sect. 1.3). The denominator 

in Eqn. 3.10 for a colour such as J - H is calculated below: 

AJ 2.44AKs (3.11) 

AH 1.56AKs (3.12) 

E(J - H) (2.44 - 1.56)AKs 

E(J - H) 
0.88 .. 

AKs 

Using the gradient coefficients a from Eqns. 3.1, 3.2 and 3.3, and the method described for 

calculating the denominator, Eqn. 3.10 gives: 

h-H 
IH-K 

h-K 

0.75 ± 0.13 

0.76 ± 0.25 

0.75 ± 0.13 

(3.13) 

(3.14) 

(3.15) 

The error in I was propagated from the error in a by a multiplicative factor. To obtain the 

median X50 of the first two estimates of I, Sanchis et al. (2004) state that 

(3.16) 

and the standard deviation is 
1 

a = (3.17) 
V'E.W;2 

Using Eqns. 3.16 and 3.17 with the first two independent calculations of I ± a f' we get a final 

solution of 1= 0.75 ± 0.12. Thus 

(3.18) 

The result is that for our data, the true extinction is 25% lower than is predicted by DIRBEjIRAS 

values. Using the same method, Schroder et al. (2007) find that AB = (0.87±O.04)AB, hence far 

less of an overestimate of the DIRBEjlRAS values. However, Nagayama et al. (2004) did their 

own calibration of the DIRBEjIRAS maps in the same area as that of Schroder et al. (2007) 

using the J - Ks colours of foreground giant stars. They found that AKs is systematically 

lower than the DIRBEjIRAS values in this area by 0.ffi4, which corresponds to an I-factor of 

I ~ 0.67 for the average extinction in the area (Schroder et al., 2007). Van Driel et al. (2008) 

found, in a different region, that the extinction for galaxies with AB extinctions in the range 

6ffi < AB < 12m , (0.ffi45 ;S AKs ;S 0. ID9) , is about 69% of the quoted Schlegel et al. (1998) 
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extinction values. Several other groups (Dutra et al., 2003; Choloniewski & Valentijn, 2003; 

Arce & Goodman, 1999; Schroder et al., 2005) have independently derived calibration factors, 

using different methods, ranging between 0.67 < I < 0.79. Our value of I = 0.75 ± 0.12 is 

consistent with the values found by other groups. 

Applying the correction of Eqn. 3.18 to Fig. 3.5, yields Fig. 3.6 which shows the true 

extinction-corrected NIR colours (J - H)~r' (H - Ks)~r' and (J - K8)~r plotted against the 

true selective K.~-band extinction AKs' The solid line in each frame is a least squares fit to the 

data. Each frame shows a constant trend in colour, which is what we expect after true extinction 

correction. The dashed line is a theoretical line which indicates our colour completeness limit for 

the 3" aperture photometry. The y-intercept of the dashed line is determined from the difference 

in completeness limit between the two relevant 3/f -aperture colours for each frame. The gradient 

of the dashed line is calculated by applying the I-correction to Eqns. 3.11 and 3.12, i.e. for the 

top frame in Fig. 3.6 (AJ - AH) = 2.44AK. - 1.56AK8 = O.88AK8 ' The dashed line therefore 

indicates the colour completeness at different extinctions AKs' 
The shaded region either side of the solid fitted line represents the 10' colour distribution. 

In the lowest panel, the dashed line intersects the solid line at AK. = 0.ID51, which corresponds 

to an uncorrected extinction of AKs = O.m68. This implies that for a galaxy detected at 

the completeness limit in K s , no J-band counterpart will be found, except if the galaxy were 

abnormally blue. 

A Note on the Extinction Discussion 

In Figs. 3.4, 3.5, and 3.6, substantial gaps in the distribution of the extinction data are seen. 

These gaps arise because non-adjacent discrete sets of fields were analysed. It is prudent to 

see how many fields were analysed (if any) in the range 0.m7 < AK. < l.m4 for example, since 

no galaxies are found there. Fig. 3.7 shows a histogram as a function of extinction (AKs) of 

analysed fields. In the same figure, a histogram of the number of galaxies found in the same 

AKs distribution bins is found. In this way, the figure acts as a measurement of the success of 

finding galaxies at different extinctions. 

The gaps in Figs. 3.4 and 3.5 around AKs rv 0.2, 0.5 and 0.8 - 1.8, can now be clearly seen 

in Fig. 3.7. In four of the first five bins, the number of galaxies found per field averages more 

than unity. The exception is the second bin, where only two fields were analysed, meaning the 

number statistic is too low to consider seriously. From the sixth bin to the twelfth bin (i.e. 

AK. "'-' 0.m4 - 0.m7), the number of fields per bin drops substantially, as does the galaxy number 

density. This could be a result of a poor number statistic, i.e. the same situation as the second 

bin. However, if one adds the number of fields observed in these seven bins (24 fields) and 
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divides by the number of galaxies detected (9 galaxies), the average galaxy number density per 

field certainly drops well below unity (0.38 galaxies per field). This is confirmation that as the 

extinction increases, the ability to detect galaxies drops substantially. 

In the range 0. ffi7 < AKs < 2.ill7, the detection rate drops even further. Similar numbers 

of fields per bin were analysed in comparison to the range 0.m4 < AK. < 0.m7, yet the galaxy 

number density is far lower. In this range, 53 fields were analysed, with only 3 detections, which 

means an average galaxy number density per field dropping to 0.06 galaxies per field. Above 

AKs > 2.m7, 22 fields were observed across a wide range of extinctions, and no galaxies were 

detected. 

3.1.5 Detecting a M* Galaxy in the Norma Wall 

The suspected GA wall studied in this work is at a similar distance to the Norma cluster. We 

can therefore assume a typical M* galaxy in the GA wall to have a similar apparent magnitude 

to that of a typical M* galaxy in the Norma cluster, apart from extinction effects. The term 

M* galaxy refers to a galaxy with an absolute magnitude equal to that of the characteristic 

magnitude M* on the Schechter luminosity function. Binggeli, Sandage & Tammann (1988) 

found the luminosity function for field galaxies to be very similar to that for cluster galaxies, 

with typical parameter values in the optical of MBT rv -21.0 and a rv -1.25, where a is a 

parameter describing the faint-end slope of the luminosity function. 

The Ks-band luminosity function (KLF) was derived for the Norma cluster by Skelton (2007). 

She found the absolute Ks-band characteristic magnitude of a M* galaxy to be M"K. = -24.m48, 

based on a Hubble distance to the Norma cluster of d = 67h"il Mpc (from the Hubble law 

v = Hod (Hubble, 1929), a Hubble constant of Ho = 70 km s-l Mpc-l, and the heliocentric 

radial velocity of the Norma cluster of v = 4844 km s-l (Skelton, 2007).) 

The distance modulus, given by m - M = 510gd - 5, then yields m - M = 34.m14. The 

apparent unobscured magnitude of a M* galaxy at the distance of the Norma cluster is therefore 

mKs = -24.48 + 34.14 = 9.m66. With typical NIR galaxy colours of J - Ks ~ l.illO and 

H - Ks ~ 0.m27 (Jarrett et al., 2003), we get mH = 9.ill93 and mj = 10.ill66. In our case, 

extinction needs to be taken into account to correct the characteristic apparent magnitude m* 

at different extinction levels. Fig. 3.8 shows the apparent J, H, and Ks Kron magnitudes of the 

detected galaxies plotted against true Ks-band extinction. The completeness limits for Kron 

magnitudes are shown as horizontal dashed lines. The solid line intercepts the y-axis at m*. 

The solid line shows the position in the diagram of an M* galaxy in the Norma Wall at different 

extinction levels. 

Where the solid line intersects the horizontal dashed line, we find the limiting true Ks-band 
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Figllr~ 3.8: AjJjJ"r~ut J. Jr. 'UlU K, Kwn umguituu'-'S plottc-d against true A,-baud extinction. 

Candidatffi are piotT.t'd ... , crose",_ Th~ horizrlHt" I d",hl'd liue inuicate. thl' compll'tenes.limit for 

Kron rnagnitnde< (8ee Sect. 3.1.2). The S()ll<lline il" ,erc~jJts th~ !j'''''' i, itt t h~ "PI'''''''llt magnitudl' 

",' ,.., ui,c",,<,<{,j in t!-.e text. The intersection of the ""lid line "nd the d"shffllin~ indic",u,s lh~ 

limitillg "rll~ [(,_h"IIU l'xtiurtion at which uetC'ctions of m' gala:des i, still ~'{Jmplete. 
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AH = 2,m.1~. and A h" = 1,"'8() for 100.1, H, and K, bands respecti""ly, 
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Fi~lLre .1,9: Schpnmtic piot of the Sllr"ey me .. in Ca],w,ic coordilllit~.;;. The limitin;; true A,­

band ~'Xhnc,ion AK , = :l."'oU contom i, "hOW:1 ("~'C text for dctaih). The m~a .. ,ithin this 

eolltour (eh"ded d,uk l'ilik) ilJ(iiL'"lee ",e"~ ""h.,r., we do ,.,1 HXl'ed 10 filJ(i .\1' i':"bxie:<, Tl,e 

oul.~r contour of AI<, = l.'~gg indicates a gala..xy detection limiting ~.o..'tinction, above which, 

no galm::i'" wer~ ddC'Cwd in till< ""rk Th~ o-pen circle" indicat~ th~ pO>'ition of all th" fiel<l, 

'eu('h .. d. ,u.1 the filled bb.!'K "in'i", ill,j,"",I .. i':"i"xy dt>l,t'<,I,iom (exdlJ(lillg """did,,,'e,) 

Fi~, ~,g oho,," a sc.b.~m .. tic plot of the sUI"ey ""ell. in C&1actic crxJI(iinat-Ps ,,1tl1 two important 

cxtinetion contour.<. The inner ('ontour indie"w, th~ Inniting hue K,-hand extinction level of 

A,.;,. - :J.'''&l "\.."'e whi('h. we do llO;' "xl'"d I" filld .\I' i(,,]"xiee ill II", 'Ion"" W"ll (r .. r .. r 1,0 

Fig, ~,8 for the origin of this limit,) Th~ out~r contour is the ~xtinction l~vel of A. 1r, = l."'gg, 

Abm-e this lewl, no glll.ax'>es were d<-tect~u, lt is cl~ar that if fuIth~r obscn-.. tions "I'e limiku to 

tl", region outsid~ of tk outer eontour, we will exp<:'ct to fiml M- galaxiH'. 

3,1.6 Stelbr Number Del1~ity 

A 1"\.[\ from exti ndiOI', th~ elf.,,,,, "I' "tar ('rowdilli(, ""hid, i, 1'" [ti<'ubu-i.v "In OIlg ill I he '1m. l';lJ(iere 

!(l!.l"x) d .. I""lioll ",.1 I'howmel.ry, SI,m No""ding, or ,lelia.! n"mber ,J<.n.,iLy, w"" qnantified hy 
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, 
Fi!lllr~ 3.1l1: S<:heIllatic plot of the survey are" ill (;" b"tie eo<.mlinaks. The cut-off "tar nnmber 

den.,ity lew1 "l""'e wh ich no galaxice were found in thi" work. is rllark",l by the ilJlJ~I contour of 

7.2 X HI.j /deg/. 'rhe ar~" wit hin this contour (shaded dark pin.k) indi!'ates ;ue<lS where "." do 

not cxpoct to find galro:i"" rl lW to ext re"'e st"r ('[mvding. Th~ outer contour or ,1.2 x 10' /de!l2 

illdic "t~s "st"r nUlllbcr delleity level "bo"e whid, HJ'X. of all galaxies ill this work were ff!l1IJcl. 

The opell ricO'!"" iTld i('at~ the positioll of all the fields "'''tl'!'!'ed. aTlrl dee ~llcd black circlC'8 indicate 

gaLx]' ciet"'tiolCL'< (excl",li Tl g c".Tldidatcs). 
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11#,,\.,,"-i11)1; tk number nf ,t,~-, in the :2\! ASS Poi11t Soure", Cm,Jo!;ue (PSC) bri~ht~r tim" r.:, = 

14 mfj •. nd dividin~ hy I h~ '.r~~ "f II ... JiHld of 1Il1,~r",l, III I Ill, w'-y, • Ill.,>, of \h~ '1 .. 11"" d~[Nly "'"' 

created ("'" Fig. 2,~), The distribution in Fig, 2,~ ;;hows an increase at low Galactic !atil,ude, in 

addition to an incre"-",, to""",l the Galw:tic bulge. 1'I",re ar~, how"",,", very obviou., gap;; in the 

01·',,- dele, it.}' <ii,trib11\ion ",' low tat iwd",,_ It apl'"ar.-; that _ "._ tk iDt c,-,1<'II",- ('xt indioo i"cn'""",-,",, 

the star density decreases, although this effect is only noticeable at wry high e"tillction levek 

For ~xmnplc, the region cncio,,",,\ by 310' < I < 31.5', b < 10 shows th" gr~atcst extinction 

(withil1 our 'mv~y "r~~), ~IJ(l "oIT""pondillgly U ... le"~t stu """,-dill)( , 
- - --- -- - ---- - - --- - - --C- -. 

II; .. 
o 

\. 

Fignre 3_1 1 ~'h~mati(" plot of t he "" r\,H, I<.I'~" in G"l"di" ('oordil1", e,_ TI ... 'lmde<i r~)(ion" '\.l'~ 

lhe <am" as in Fig. 3,10, The (hick ",lid contom (unfille<t) indica(c> llw lru~ ~xlin(ion contour 

of Ali, ~ fjm:.n. The OJ''''l1 "irdf'i< indi<",," Ih~ p'lI<itioll of ~ll the Geld, """n:l,"I, ~nd th~ filled 

b!ack circle;; indicate galaxy detection.> (excluding candidates), 

A ,tar number d~llSity map is shown in Fig, 3_10. Tk inn~l dark pink shaded lcgion 

i",li(",t", ""e. ",I ... r~ we do nO[. ~xJ"'('I, to H"cl ~ny )( • .laxi~, clllH to eXI·r~jlle 'I .Hll~r "ol1fu"i'.llL 

I'he int-ermedi"le region bel,ween 3,2 x 10' ,ideg> _ 7.2 x )0-1 /deg' shaded light pink has an 

observed lOX galaxy detection rate. i.e. only- lOX of all galaxy d~k':tioIlS in this work w"r~ 

found in thi' rc~ion. Thc rcmaining 00% of gahxi<"S li~ at star number densities < 3_2 x 104 /dc~2 

(I.he ,.",I.sicl~ r~Kion1. \\-~ "~11 m • .k~ ",,,;h., "ojllpil,d>,<", b,,· •. '''''' II ... l1umber of Jit'lcl, ,~.~d ... d in 
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Figure 3,12: Kron rael"" (ill arc~''Und,) vE'r>-u, ,tar density. The 'tar demil}' i, )(ivfrj hy the 

nlllllhHr of ,t"To< J-*r "quare degN-'<' brighter "hall 1(. < 14m in t hH r~gion immediately surrounding 

each gala.,,},. Calldiola!A< "'f .<ho .... n a, (Tn,","s, The image i, colom (y)(lE'<1 hy 10g,O( AK.:- '0 as to 

E'I,-<ih- distinguish "mall dillexenees ill thH extinetion between different gala."i"" The inset 'ho"" 

Ihe me"u I'ron radius of Flaxics up to c."t"in 'Iar df'll'itie< r.<~'f te."{t fcr dctai1.), 

thf intcrrrwdi"w region (AA fiel,l.) '" wry ,imilar to the number of fields .,earched in Ihe nlll,ide 

re1(inll (85 held.<), 

III FiK. :3.11. the ,ame ,tar density contonr.' of Fi)(. :1.10 arH lllarked. The thick unfilkd 

contour marks the "me extlllct-inn ",ntour of A~, = O."':lil, .... hich i- "'ILLival~nt to the uneorw::'tcd 

extinction contollf of A,-, = 0, m"o. Thi" e'Untour marks elw ob."",'ed 10'( galaxy detE'<"1 ion ratf 

ill I.frm, of extinction. That is, "bove I.hi, (,-,"1 Om nnl,- _. 10')( .. of gal",,:)' detcctioll' ill thi' """k 

were fOLLnd. 

Fig. :J. 12 demomtrates the diameter red Ilction fffe<:t a' a fUn<'tion of star crmvding, Altho"gh 

,.he d"l" i, tuo '1',,-<8« <>t high stEII density lewl, (je",ling to ponr numlwr statistics) to fit with 

a function, it does '"AA€l<t a deere,,,ing trend in Kron radiu, as "flllletion nf' ,tar dell,itl', The 

iWft in 1'ig. 3,12 clarih€f. the lrenol by plotting the Ule"ll Kron millm of the gahxie, in 'tar 
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Galaxy density of three areas, including two rich clusters and one suspected overdensity, 

were calculated for comparison. These three areas were also mapped with the IRSF in a similar 

configuration to this survey. The Norma cluster (l,b) = (324.3°,-7.2°) is a rich cluster, of 

which the galaxy density of the central 0.53 deg2 area was calculated. In this area, the average 

extinction is AKs = O.moS. CIZA J1324.7-5736 (CIZA J1324 hereafter) (l, b) = (307.4°,5.0°) 

is a less rich cluster than the Norma cluster, but is possibly the second richest cluster in the 

GA region (Nagayama et al., 2006). The galaxy density of CIZA J1324 was calculated for the 

central 0.34 deg2 . The average extinction in this area was AKs = 0.ill27. The region surrounding 

PKS 1343-601 (PKS 1343 hereafter) (l,b) = (309.7°,1.7°) is a suspected overdensity. It is not 

as rich as the Norma cluster or CIZA J1324, and is more likely a galaxy group, poor cluster, 

or part of a filamentary structure. The galaxy density was calculated for the central 0.34 deg2
. 

The average extinction in this area was AK. = 0.m68. 

Fig. 3.13 compares the measured galaxy density in the seven survey regions with known 

regions of overdensity: the Norma cluster, the region surrounding PKS 1343, and CIZA J1324. 

The density is calculated by measuring the number of galaxies with a Ks-band magnitude within 

the survey completeness limit of K~im = 14.ill72 and normalising to a number per square degrees. 

This limit is applied to all the survey regions and the known overdense regions. Artificial levels of 

extinction are applied to Ks-band magnitudes. If the applied extinction is greater than a galaxy's 

measured extinction, the difference is applied to the galaxy's Ks-band magnitude. If this causes 

the magnitude to drop beyond the completeness limit, the galaxy is not included in the density 

measurement at that specific AK •. The data for the Norma cluster was taken from Skelton 

(2007), CIZA J1324 from Nagayama et al. (2006) and PKS 1343-601 from Nagayama et al. 

(2004). The measured extinction is taken from the DIRBE/IRAS maps for the Norma cluster 

and CIZA J1324, since the DIRBE/lRAS values are calibrated at those latitudes. Nagayama 

et al. (2004) used the J - Ks colour of giant foreground stars to measure the extinction, and 

found it to be systematically 0.m4 lower than the DIRBE/IRAS values. We have kept their 

extinction values, because the DIRBE/IRAS values are not calibrated at the latitude of PKS 

1343. For the survey regions, we have used the f-corrected DIRBE/IRAS extinction values 

(discussed in Sect. 3.1.4). 

The galaxy densities are compared at AK• = 0.m75, AK• = LIDO, and AK• = l.m5, and 

summarised in Table 3.3. 
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Table 3.3: Comparison of galaxy number density as a function of applied extinction in the Ks 

band for the seven survey regions as well as the PKS 1343-601 overdensity, the Norma cluster 

and CIZA J1324.7 

Region P(AK8 = o.m75) p(AKs = 1.m O) p(AK. = 1.m5) 
[deg-2] [deg-2] [deg-2] 

(1) (2a) (2b) (2c) 

Norma 222.6 201.9 152.8 

CIZA J1324.7 155.9 138.2 111.8 

PKS 1343-601 52.9 50.0 41.2 

Region 1 51.4 47.8 40.4 

Region 2 22.0 22.0 0.0 

Region 3 5.0 3.3 3.3 

Region 4 3.3 3.3 3.3 

Region 5 13.4 13.4 6.7 

Region 6 49.0 35.6 26.7 

Region 7 63.5 50.1 33.4 

Regions 3 and 4 appear underdense. This is an effect arising due to the very high extinction 

(these two regions predominantly have AK. > l.m5) and extreme star crowding. If we take the 

PKS 1343-601 density of 52.9 galaxies deg-2 at AKs = 0.m75 as a mean density for inferring 

overdensities, we find Regions 2 and 5 fall short of this cut-off. Regions 1, 6 and 7 are consistent 

with the cut-off, and remain consistent with the galaxy density surrounding PKS 1343-601 at 

greater extinction levels. 

To establish a context for the galaxy number densities listed in Table 3.2, a comparison 

with existing NIR galaxy number densities is necessary. To calculate the field galaxy number 

density, the 2MASS XSC was searched throughout the whole sky, with the exception of a band 

of Ibl ::; 10° centred on the Galactic equator for all Galactic longitudes. The total number of 

galaxies with Ks magnitude brighter than the XSC completeness limit of K!im = 13.m5 was 

N(Ks ::; 13.m5) = 264227. To calculate the area of the whole sky excluding the central band, 

the following calculation was done: 

r27r r l~OO 11' 

A = 2 io io sin if; dif; dO 

J!.Q..7r 
411" [- cos if;]dB0 

0.826( 411") steradians 

where 411" steradians is the area of the whole sky (rv 41253 deg2). The area with Ibl > 10° is 
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therefore A = 34089 deg2 • The average galaxy density for which Ks < 13.m 5 is p(Ks ::; 13.ID5) = 
7.75 galjdeg2 . 

Table 3.4 compares the same regions already discussed with the average field density and 

the average density in the GA region2 . The data for the field and GA regions is taken from 

the 2MASS XSC. In both the field and GA regions, the central Ibl ::; 5° is not included in the 

calculation, because of severe incompleteness close to the Galactic Plane. The average densities 

listed in Table 3.4 were calculated based on galaxies that were brighter than K!im = 13.ID5 after 

the artificial extinction was applied. 

Table 3.4: Comparison of galaxy number density as a function of applied extinction in the Ks 

band for the seven survey regions, the PKS 1343-601 overdensity, the Norma cluster, CIZA 

J1324.7, as well as the GA region and the general field. The detection limit is K!im = 13.ID5. 

Region peAKs = o.m5) peAKs = l.mo) peAKs = 1.m5) = 2.mo) 

[deg-2] [deg-2] [deg-2] [deg-2 j 
(1) (2a) (2b) (2c) (2d) 

Field (Ibl > 5°) 3.7 1.8 0.9 0.5 

GA (Ibl > 5°) 6.6 3.3 l.7 0.9 

Norma 139.6 115.1 98.1 77.4 

CIZA J1324.7 lO2.9 82.4 55.9 41.2 

PKS 1343-601 38.2 23.5 23.5 14.7 

Region 1 33.1 14.7 11.0 7.3 

Region 2 0.0 0.0 0.0 0.0 

Region 3 3.3 3.3 3.3 3.3 

Region 4 3.3 0.0 0.0 0.0 

Region 5 6.7 0.0 0.0 0.0 

Region 6 24.5 17.8 13.4 11.1 

7 26.7 23.4 13.4 6.7 

Table 3.4 indicates that the average GA density at all extinctions is approximately twice that 

of the average field density. At the completeness limit of K!im = 13.ID5, Regions 1, 6, and 7 are 

still consistent with the density 'enhancement' (Nagayama et al., 2004) around PKS 1343-601. 

Regions 2, 3, 4, and 5 have number statistics that are too low for meaningful comparison at this 

completeness limit. 

Fig. 3.14 shows regions 1, 6, and 7 in relation to known overdensities in the GA region. 

Region 7 has a clear overdensity, which could be due to its close proximity with the Norma 

2The GA region here follows the definition of 2900 < l < 250°, -25° < b < 45° (Lynden-Bell, Lahav & 

Burstein, 1989) 
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Chapter 4 

Discussion and Conclusion 

4.1 Summary of Results 

This thesis was planned to optimise the NIR survey strategy for finding galaxies in the highly 

obscured GA region. The survey area spans the region 305° ;S l ;S 325°, -6° ;S b ;S 4°, a region 

highly obscured by the dust and stars of the Milky Way. Semi-automatic PYTHON scripts, using 

IRAF packages, were written to efficiently reduce the NIR data. further scripts were written 

to utilise IRAF packages such as KILLALL to remove foreground stellar contamination which is 

substantial at these longitudes and latitudes, as well as blemishes from reduced NIR images. 

Galaxies were then extracted and photometry performed by writing a fully automatic script to 

make use of Source Extractor (Bertin & Arnouts, 1996). The photometry of the 106 identified 

galaxies and 9 candidates found in the 162 examined fields in the survey area, are given in 

the catalogue (see Appendix A). Extinction estimates derived from the DIRBEjIRAS maps 

(Schlegel et al., 1998) for each galaxy are also listed, and an estimate of the star number density 

around each galaxy, based on the 2MASS PSC. The diameter of each galaxy is also listed, based 

on the Kron radius in the Ks-band. 

The magnitudes were analysed with respect to each galaxy's Galactic coordinates, and 

the corresponding foreground interstellar extinction and star number density. An analysis of 

the NIR galaxy colours revealed an overestimate in the extinction values calculated from the 

DIRBEjIRAS maps. This overestimate was corrected for when analysing extinction related 

effects. Certain key results to consider when optimising the survey strategy are listed below: 

1. At true Ks-band extinction levels greater than Ax. > 0.m51, detections of galaxies with 

true extinction-corrected J - Ks colours typical of those found in this thesis, will be 

incomplete. 
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2. No galaxies were detected in regions where AKs > l.m gg (AK. > 2.ill65). M* galaxies 

(based on the Norma Cluster Ks-band luminosity function (Skelton, 2007)), should have 

been detected up to a limiting extinction of AK. :::; 3.m 80 (AK.:::; 5.m 06). This indicates 

that our fields do not cover a Norma-like cluster. 

3. No galaxies were detected in regions where the star number density exceeds 7.2 x 104 deg-2 

in the 2MASS PSC for stars with Ks < 14m. Ninety percent of galaxy detections were 

made in regions where the star number density is less than 3.2 x 104 deg-2 • The remaining 

galaxies were found in regions of higher star density. An equivalent number of fields were 

searched to find those remaining ten percent. 

4. The true Ks-band extinction corresponding to the star number density contour of 3.2 x 104 

deg-2 , seems to correspond and follow closely a matching extinction contour of AKs 
0.m38 (AKs = o.m50). 

5. Analysis of the region surrounding the radio bright galaxy PKS1343-601 situated at (l, b) = 

(309.°7, +1.°8) by Nagayama et al. (2004), revealed an apparent 'enhancement' in the 

galaxy number density with respect to the general galaxy number density in the GA. Using 

the galaxy density in this area as an indicator of the possibility of a galaxy overdensity, 

we found three of the seven regions analysed in this thesis to be likely regions of galaxy 

overdensities. These three regions are situated in environments where the star number 

density and foreground interstellar extinction are below the limits set out in the points 

above. Furthermore, these regions in alignment with PKS 1343-601, could form part of a 

filamentary of wall-like structure which extends from Region 1, through PKS 1343-601 to 

Region 7. The other four regions lie above the limits discussed. 

These key results are useful in optimising future observations for the overall survey. The proposed 

extinction and star number density limits are based on what we have found in a relatively small 

number of fields. More data would allow for better constraints to the proposed survey strategy, 

but would require more time to analyse. 

4.1.1 A Proposed Survey Strategy 

We have seen that it is primarily star crowding and extinction that determine the apparent 

galaxy distribution in the survey area, rather than the true underlying galaxy distribution. To 

maximise the number of galaxy detections for this survey, future observations should be limited 

to regions where star crowding and extinction do not significantly delimit our perception of the 

underlying galaxy distribution. 
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Currently, the three regions that were found to be likely overdensities adhere to environments 

that lie below the thresholds for star crowding and extinction as set out in Sect. 4.1. This 

correlation implies that if future observations are limited to similar environments, and continue 

along an extension of these three regions, they will be more successful in unveiling galaxies than 

observations in environments lying above the set out thresholds. In particular, the following 

observation plan should be considered: 

1. Completion of observations along the Upper Northern Branch (see Sect. 2.1.1) as well as 

an extension of that branch toward Region 2 

2. Extension of the Lower Northern Branch block toward l = 305° 

3. Completion of observations along the Southern Branch running from Region 6 to Region 

5 

4. Possible addition of a lower Southern Branch adjacent to the existing branch, running 

from (l,b) rv (320°,-5°) ----+ (317°,-3°) 

These planned observations, together with analysis of existing survey data should yield a more 

efficient means for revealing many galaxies which trace the inherent underlying large-scale 

structure. Application of the reduction and analysis scripts and routines that were written 

for this thesis will facilitate efficient treatment of survey data. 
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Appendix A 

Catalogue of 

Area 

alaxies in the Survey 

A catalogue of galaxies and galaxy candidates identified in this thesis is presented in Table A.!. 

Galaxies labelled with a * symbol have uncertain magnitudes. Galaxies labelled with a t symbol 

are listed in the 2MASS Extended Source Catalogue. The catalogue contains 115 objects divided 

into 106 galaxies and 9 candidates. The catalogue has the following columns: 

Column 1: Identification number. This matches the numbering scheme on the stamp image 

catalogue presented in Appendix C 

Column 2: Right Ascension (RA) and Declination (Dec) (J2000) 

Column 3: Galactic longitude (0 and latitude (b) 
Column 4: Interstellar extinction in the Ks-band (AKs) as determined from the Schlegel et al. 

(1998) Galactic reddening maps (see Sect. 3.1.4) 

Column 5: Stellar number density measured in number of stars with Ks < 14m per square 

degree as found in the 2MASS PSC (see Sect. 3.1.6) 

Column 6: Galaxy (0) or Candidate (X) classification based on visual inspection of FITS 

images, SE star/galaxy classification and J - Ks colour. 

Column 7: Kron J-band magnitude and error. Not corrected for extinction. 

Column 8: Kron H-band magnitude and error. Not corrected for extinction. 

Column 9: Kron Ks-band magnitude and error. Not corrected for extinction. 

Column 10: Central 3"-radius aperture J-band magnitude and error. Not corrected for 

extinction. 

Column 11: Central 3"-radius aperture H-band magnitude and error. Not corrected for 

extinction. 
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Column 12: Central 3"-radius aperture Ks-band magnitude and error. Not corrected for 

extinction. 

Column 13: Diameter (D) of the object in arcseconds in the Ks-band. This is determined 

from the relation D = 2x KRON_RADIUSxA, where A represents the maximum spatial rms of the 

object profile in any direction, and KRON_RADIUS represents a numerical factor describing the 

extent of the semi-major axis of the Kron aperture. 
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(1) 

2 
3 
4" 

5" 
6· 

7 

8 

9 
10 

11 
12 

13 

14" 

15 
16· 

17 

18 

19 

20 

21 
22" 

23 
24 

25 
26· 

27· 

28· 

29 

30' 

Table A.I: Catalogue of galaxies and galaxy candidates with NIR photometry 

[0 I "] 
(2b) 

[mag] 
(4) 

14 31 13.0 -57 44 36.5 315.95 2.58 0.66 

143034.3 -574748.7 315.85 2.57 0.70 
1431 12.5 -5752 16.7 315.90 2.47 0.66 

144835.8 -600702.8 317.04 -0.49 1.97 

144750.1 -6002 42.9 316.99 -0.39 1.97 

14 47 45.0 -60 1702.1 316.87 -0.60 2.65 

14 50 12.0 -60 01 23.0 317.26 -0.50 2.41 

15 01 26.0 -60 12 17.0 318.42 -1.30 
1501 53.2 -60 1234.4 318.47 -1.33 

1501 50.9 -603801.3 318.26 -1.70 

150115.4 -604236.9 318.16 -1.74 
150114.6 -604210.2 318.16 -1.73 

15 23 22.8 -59 57 58.5 320.89 -2.50 

15 22 43.9 -59 54 47.4 320.85 -2.41 

15 22 38.0 -59 55 17.7 320.84 -2.41 
15 22 52.9 -60 28 38.4 320.56 -2.90 

1523 11.3 -604406.2 320.45 -3.13 

15 39 14.2 -593632.5 322.73 -3.35 
15 3843.1 -60 1609.7 322.29 -3.84 

15 39 08.6 -60 25 42.3 322.23 -4.00 

15 39 07.5 -60 24 49.4 322.24 -3.99 

15 39 06.2 -60 25 40.2 322.23 -4.00 
15 38 51.3 -60 26 06.6 322.20 -3.99 
15 38 46.5 -60 25 51.1 322.20 -3.98 

153855.0 -6031 08.7 322.16 -4.06 

153841.7 -602625.3 322.18 -3.98 

15 39 38.2 -60 08 45.9 322.45 -3.81 
154001.6 -600339.6 322.54 -3.77 

15 39 46.3 -59 55 16.5 322.60 -3.64 
15 3939.3 -595347.1 322.60 -3.61 

1.41 

1.41 
0.63 

0.63 

0.63 
0.56 

0.57 

0.57 
0.38 

0.27 

0.33 

0.28 
0.25 

0.25 

0.25 
0.25 
0.25 

0.25 

0.25 
0.30 

0.30 

0.30 
0.36 

3.23 

3.23 
3.18 
7.64 

10.84 

7.41 

5.45 

6.67 

6.67 
5.29 

4.59 
4.59 

4.27 

3.61 

3.61 
3.14 

3.30 

2.80 
2.54 

2.68 

2.68 

2.68 
2.68 
2.68 

2.40 

2.40 
2.79 

2.95 
2.93 

2.93 

(6) 

o 
o 
o 
o 
o 
o 
X 
X 
X 
o 
X 
o 
o 
o 
o 
o 
X 

o 
o 
o 
X 

o 
o 
o 
o 
o 
o 
o 
o 
o 

JKron 

[mag] 
(7) 

HKron 

[mag] 
(8) 

KSKron 

[mag] 
(9) 

JAp 

[mag] 
(10) 

HAp 

[mag] 
(11) 

K 8Ap 

[mag] 
(12) 

15.34 ± 0.04 14.18 ± 0.04 13.81 ± 0.05 15.74 ± 0.04 14.64 ± 0.04 14.04 ± 0.05 
15.15 ± 0.05 14.20 ± 0.04 14.16 ± 0.06 15.51 ± 0.04 14.75 ± 0.04 14.43 ± 0.05 
15.86 ± 0.05 14.88 ± 0.05 14.14 ± 0.06 16.85 ± 0.05 15.47 ± 0.05 14.68 ± 0.06 

19.21 ± 0.16 14.61 ± 0.05 12.72 ± 0.05 19.02 ± 0.20 16.00 ± 0.05 14.21 ± 0.05 
18.49 ± 0.12 16.47 ± 0.06 15.41 ± 0.08 18.24 ± 0.11 16.68 ± 0.06 15.69 ± 0.08 

17.48 ± 0.06 
17.22 ± 0.09 

16.14 ± 0.06 

16.52 ± 0.07 

15.35 ± 0.06 

17.46 ± 0.07 
15.90 ± 0.05 

17.40 ± 0.10 
14.88 ± 0.04 

14.88 ± 0.05 

16.15 ± 0.05 

17.05 ± 0.06 
15.34 ± 0.05 

14.72 ± 0.04 

15.91 ± 0.05 
15.47 ± 0.04 
14.01 ± 0.04 

16.69 ± 0.05 

13.68 ± 0.04 

15.42 ± 0.04 
16.04 ± 0.05 

15.71 ± 0.04 
15.49 ± 0.04 

15.81 ± 0.06 

15.93 ± 0.07 
15.94 ± 0.06 

15.39 ± 0.05 

13.05 ± 0.04 

16.17 ± 0.06 
14.88 ± 0.04 

16.61 ± 0.07 
13.60 ± 0.04 

15.45 ± 0.05 

15.08 ± 0.05 

15.54 ± 0.05 
14.28 ± 0.04 

14.67 ± 0.04 

16.11 ± 0.06 
14.83 ± 0.04 
13.12 ± 0.04 

15.45 ± 0.05 

12.79 ± 0.04 
14.79 ± 0.04 

15.35 ± 0.04 

15.31 ± 0.04 
16.00 ± 0.05 

12.44 ± 0.05 

14.53 ± 0.07 

15.29 ± 0.07 

13.92 ± 0.06 
14.68 ± 0.07 

15.77 ± 0.10 

13.07 ± 0.06 
15.32 ± 0.08 

14.13 ± 0.05 

15.80 ± 0.09 
13.09 ± 0.05 

16.15 ± 0.09 

14.71 ± 0.06 

14.82 ± 0.07 

14.34 ± 0.06 
14.35 ± 0.06 

14.98 ± 0.07 
14.30 ± 0.06 
12.81 ± 0.05 

14.88 ± 0.06 

12.62 ± 0.05 
14.29 ± 0.06 

14.51 ± 0.06 

14.82 ± 0.06 
14.24 ± 0.06 

17.46 ± 0.07 

17.26 ± 0.09 
16.81 ± 0.06 
16.75 ± 0.06 

16.14 ± 0.05 
17.46 ± 0.06 

16.08 ± 0.05 

17.45 ± 0.09 
15.66 ± 0.04 

17.07 ± 0.05 

16.37 ± 0.04 

17.14 ± 0.05 
16.65 ± 0.05 

15.92 ± 0.04 

16.34 ± 0.04 
15.89 ± 0.04 
14.44 ± 0.04 

16.75 ± 0.05 

15.19 ± 0.04 
16.24 ± 0.04 

16.46 ± 0.04 

16.26 ± 0.04 
16.38 ± 0.04 

16.08 ± 0.05 

15.96 ± 0.06 
15.97 ± 0.05 

15.53 ± 0.05 

14.83 ± 0.04 
16.31 ± 0.05 

15.04 ± 0.04 

16.60 ± 0.08 
14.54 ± 0.04 

16.56 ± 0.06 

15.40 ± 0.04 

16.13 ± 0.05 

15.82 ± 0.04 
15.24 ± 0.04 

16.65 ± 0.06 
15.09 ± 0.04 
13.58 ± 0.04 

15.80 ± 0.04 

14.65 ± 0.04 
15.37 ± 0.04 

15.68 ± 0.04 
15.61 ± 0.04 

16.71 ± 0.06 

13.96 ± 0.05 

15.05 ± 0.06 
15.47 ± 0.07 

14.29 ± 0.06 
14.99 ± 0.06 

15.73 ± 0.09 

14.17 ± 0.05 
15.53 ± 0.07 

14.25 ± 0.05 

15.93 ± 0.10 

13.87 ± 0.05 
16.04 ± 0.08 

14.88 ± 0.06 

15.35 ± 0.06 
15.28 ± 0.06 

14.72 ± 0.05 

15.28 ± 0.06 
14.62 ± 0.05 
13.13 ± 0.05 

15.18 ± 0.06 

14.28 ± 0.05 

14.89 ± 0.05 

14.90 ± 0.05 
14.92 ± 0.05 

15.06 ± 0.06 

(13) 

11.8 
11.3 
20.8 

37.9 
08.1 

25.6 

12.6 

10.3 

10.7 
11.4 

08.5 

25.2 
10.3 

10.5 

08.8 
20.6 

06.6 

10.0 
13.8 

15.8 

14.0 

13.4 
16.2 
13.8 

10.9 

36.0 
21.2 

11.5 
09.9 

26.3 
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Table A.I continued ... 

Ident. RA 
[hms] 

(1) (2a) 

31* 
32' 
33' 

34 
35* 

36 
37 

38 

39 
40' 
41* 

42' 
43 

44 
45*t 

46 
47*t 

48 
49 
50' 

51 
52' 

53 

54 
55 

56' 
57' 

58 

59 
60 
61 
62 

63 
64*t 

65 

154000.6 
153944.5 

15 40 16.6 
153956.5 

153945.9 
154000.4 

153931.0 
153942.0 

153935.8 
153923.2 

153926.0 

154002.5 
153937.6 

1540 11.4 
154044.8 

154037.9 
154111.8 

154100.0 
154059.7 

15 41 19.4 
154044.3 

1541 14.8 

1541 10.8 
1541 10.3 
154103.5 

15 41 01.6 

15 40 37.4 
160248.2 

160207.2 

160240.3 
160235.9 
160232.9 

160212.6 

160245.3 
160239.0 

Dec 
[0 I "] 

(2b) 

-594441.2 
-594559.0 

-593906.4 

-5941 08.4 
-594002.1 
-5932 18.8 

-593009.1 
-601633.7 

-60 13 51.5 
-601405.2 

-602052.8 

-602623.3 
-603735.9 

-604046.1 
-6005 21.4 

-600729.5 
-595847.5 
-6000 11.3 
-595030.4 

-601736.0 

-60 1541.5 
-603833.6 

-603327.5 
-603736.1 

-6033 15.4 
-603707.3 

-603830.1 
-600222.7 

-595848.1 

-595313.2 
-5948 14.2 
-593935.6 
-593107.0 

-601727.7 
-601458.8 

322.73 
322.69 

322.81 

322.76 
322.75 
322.85 

322.83 
322.38 

322.40 
322.37 

322.31 

322.32 
322.16 

322.19 
322.60 

322.56 
322.71 
322.67 
322.77 

322.53 

322.49 
322.31 

322.36 

322.32 
322.35 
322.31 

322.25 

324.77 
324.74 

324.86 
324.91 
325.00 
325.06 

324.60 

324.61 

-3.52 
-3.52 

-3.46 

-3.47 

-3.44 
-3.35 

-3.29 
-3.92 

-3.88 
-3.87 

-3.96 

-4.08 
-4.20 

-4.28 

-3.85 
-3.87 
-3.80 
-3.80 
-3.67 

-4.06 

-3.99 
-4.33 

-4.26 

-4.31 
-4.25 
-4.29 

-4.28 

-5.55 

-5.45 
-5.43 
-5.36 
-5.25 

-5.11 
-5.74 

-5.70 

AKs 

[mag] 
(4) 

0.35 
0.35 

0.35 

0.35 
0.35 

0.33 
0.33 
0.27 

0.27 
0.28 

0.25 

0.25 
0.23 

0.23 

0.30 
0.30 
0.28 
0.28 

0.28 
0.27 

0.27 

0.23 
0.23 

0.23 
0.23 
0.23 

0.23 

0.13 

0.13 
0.13 
0.14 
0.14 

0.15 
0.11 

0.11 

S.D. 
[104deg-2] 

(5) 

2.93 
2.93 

2.70 

2.70 
2.70 

2.80 
2.80 
2.81 

2.81 
2.81 

2.66 

2.68 
2.32 

2.26 

2.71 

2.71 
2.75 
2.75 

2.60 
2.52 

2.52 

2.62 
2.62 

2.62 
2.62 

2.62 
2.62 

1.45 

1.45 
1.64 

1.73 
1.65 

1.82 
1.66 

1.66 

Class 

(6) 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

JKron 

[mag] 
(7) 

11.60 ± 0.04 
13.03 ± 0.04 
12.71 ± 0.04 

15.26 ± 0.04 
13.57 ± 0.04 

15.26 ± 0.04 
14.25 ± 0.04 
16.24 ± 0.05 

16.27 ± 0.05 
14.74 ± 0.04 

12.74 ± 0.04 

15.36 ± 0.04 

15.06 ± 0.04 
15.53 ± 0.04 

12.06 ± 0.04 

15.68 ± 0.04 
12.48 ± 0.04 
15.92 ± 0.04 
15.24 ± 0.04 

14.87 ± 0.04 

16.24 ± 0.05 
13.22 ± 0.04 

15.17 ± 0.04 

16.16 ± 0.04 
15.40 ± 0.05 

14.97 ± 0.04 
16.62 ± 0.04 

15.99 ± 0.05 

14.92 ± 0.04 
14.75 ± 0.04 
14.76 ± 0.04 
13.95 ± 0.04 

15.53 ± 0.04 
14.74 ± 0.04 

14.81 ± 0.04 

HKron 

[mag] 
(8) 

10.51 ± 0.04 
12.28 ± 0.04 

11.95 ± 0.04 

14.59 ± 0.04 
12.76 ± 0.04 

14.24 ± 0.04 
13.57 ± 0.04 

15.15 ± 0.04 

15.54 ± 0.05 
13.62 ± 0.04 

11.85 ± 0.04 
14.80 ± 0.04 

13.98 ± 0.04 
14.62 ± 0.04 

10.95 ± 0.04 
14.61 ± 0.04 
11.64 ± 0.04 
15.14 ± 0.04 

14.57 ± 0.04 
13.75 ± 0.04 

15.48 ± 0.05 

12.61 ± 0.04 
14.89 ± 0.04 

15.52 ± 0.04 
14.16 ± 0.04 

14.23 ± 0.04 
15.71 ± 0.04 

15.24 ± 0.04 

14.24 ± 0.04 

13.87 ± 0.04 
14.22 ± 0.04 
13.33 ± 0.04 

15.04 ± 0.04 
14.03 ± 0.04 

14.01 ± 0.04 

KSKron 

[mag] 
(9) 

9.97 ± 0.05 
11.85 ± 0.05 

11.53 ± 0.05 

14.03 ± 0.06 
12.76 ± 0.05 

13.84 ± 0.05 
12.77 ± 0.05 

14.37 ± 0.06 
14.65 ± 0.06 

13.26 ± 0.05 
11.18 ± 0.05 

14.60 ± 0.06 
13.67 ± 0.05 

14.00 ± 0.05 

10.69 ± 0.05 
14.20 ± 0.05 
11.06 ± 0.05 

14.80 ± 0.06 
14.16 ± 0.05 

13.82 ± 0.06 
15.08 ± 0.06 

12.37 ± 0.05 
14.40 ± 0.06 

14.98 ± 0.06 
13.91 ± 0.06 

13.87 ± 0.05 

15.21 ± 0.06 

14.49 ± 0.06 
13.75 ± 0.05 

13.26 ± 0.05 
14.05 ± 0.05 
12.94 ± 0.05 

14.57 ± 0.06 

13.60 ± 0.05 

13.82 ± 0.05 

JAp 

[mag] 
(10) 

12.63 ± 0.04 
14.17 ± 0.04 

13.10 ± 0.04 

15.84 ± 0.04 
15.51 ± 0.04 
15.54 ± 0.04 

15.60 ± 0.04 

16.38 ± 0.04 
16.57 ± 0.04 

15.24 ± 0.04 

13.41 ± 0.04 
16.19 ± 0.04 

15.59 ± 0.04 
15.91 ± 0.04 
13.96 ± 0.04 

15.83 ± 0.04 
14.31 ± 0.04 
16.00 ± 0.04 

15.47 ± 0.04 

15.54 ± 0.04 
16.51 ± 0.04 

14.08 ± 0.04 

15.92 ± 0.04 
16.30 ± 0.04 
16.54 ± 0.04 

15.63 ± 0.04 

16.64 ± 0.04 

16.23 ± 0.04 
15.28 ± 0.04 

15.71 ± 0.04 
15.05 ± 0.04 
15.85 ± 0.04 
16.36 ± 0.04 

14.91 ± 0.04 
15.04 ± 0.04 

HAp 

[mag] 
(11) 

12.48 ± 0.04 
13.28 ± 0.04 

12.53 ± 0.04 

15.10 ± 0.04 
14.61 ± 0.04 

14.56 ± 0.04 
14.68 ± 0.04 

15.43 ± 0.04 
15.81 ± 0.04 

14.54 ± 0.04 
12.56 ± 0.04 

15.33 ± 0.04 
14.94 ± 0.04 

15.05 ± 0.04 

12.80 ± 0.04 

14.93 ± 0.04 
13.47 ± 0.04 

15.20 ± 0.04 
14.67 ± 0.04 
14.81 ± 0.04 

15.68 ± 0.04 

13.26 ± 0.04 
15.29 ± 0.04 

15.59 ± 0.04 
15.74 ± 0.04 

14.77 ± 0.04 

15.76 ± 0.04 

15.47 ± 0.04 
14.55 ± 0.04 

14.88 ± 0.04 
14.76 ± 0.04 
15.14 ± 0.04 

15.56 ± 0.04 
14.24 ± 0.04 

14.24 ± 0.04 

K.Ap 

[mag] 
(12) 

11.68 ± 0.05 
12.87 ± 0.05 

12.02 ± 0.05 

14.67 ± 0.05 
14.31 ± 0.05 

14.13 ± 0.05 
14.23 ± 0.05 

14.62 ± 0.05 
14.94 ± 0.05 

14.04 ± 0.05 

12.00 ± 0.05 
15.04 ± 0.06 

14.35 ± 0.05 
14.41 ± 0.05 

12.39 ± 0.05 
14.42 ± 0.05 
13.03 ± 0.05 

14.84 ± 0.06 
14.29 ± 0.05 
14.50 ± 0.05 

15.24 ± 0.06 

12.88 ± 0.05 
14.86 ± 0.05 

15.06 ± 0.06 
15.36 ± 0.06 

14.27 ± 0.05 

15.23 ± 0.06 

14.77 ± 0.05 
14.07 ± 0.05 

14.19 ± 0.05 
14.27 ± 0.05 
14.74 ± 0.05 
14.98 ± 0.05 

13.80 ± 0.05 

14.01 ± 0.05 

D~~on 

["] 
(13) 

88.1 
37.8 
20.1 

15.6 

37.8 
15.3 
28.4 

10.7 
15.6 

17.2 

24.2 

15.4 
18.6 
13.6 

48.9 

12.5 
52.4 
07.7 
10.9 

15.5 
12.7 

23.3 

12.3 

10.4 
26.1 

14.2 
07.2 

12.2 

13.1 

26.4 
11.9 
65.5 

13.1 

10.3 
11.3 
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Table A.1 continued ... 

Ident. RA 
[hms] 

(1) (2a) 
66- t 

67-

68 

69 
70 
71t 

72 

73 
74t 

75 

76 
77-

78 

79 

80 
81 t 

82 
83-
84- t 

85 

86 
87-

88 

89 
90-

91 
92 

93 
94 

95 
96-
97-

98-

99 
lOOt 

160227.5 

160226.1 
16 0213.0 

160156.6 
160155.2 
16 02 33.7 

160229.9 

160219.3 

160334.8 

160324.0 

160334.4 

160317.8 
160248.1 

160321.1 
1603 18.1 

160309.2 

160304.4 

160332.8 
160329.3 

160310.3 

160259.0 
16 02 56.7 

160328.7 

160325.3 
160315.3 

160300.9 
160332.0 

160325.6 
160320.5 

160310.2 
160305.8 

132338.9 

13 22 54.1 

13 2240.1 

132338.8 

Dec 
[0 I If] 

(2b) 
-60 1941.0 

-602034.5 

-6021 12.5 

-602010.2 
-6031 25.4 
-603323.8 

-604029.3 

-603943.9 

-600855.6 

-600737.3 

-595726.2 

-600246.5 
-600222.8 

-595255.9 

-595620.6 
-5951 46.9 

-595018.8 

-593741.7 
-593947.4 

-593741.1 

-60 15 15.1 

-60 13 11.7 

-60 1941.3 

-6021 36.4 
-6021 26.1 
-603309.7 
-604228.1 

-604241.2 

-604336.9 
-604429.8 

-6041 25.3 

-5755 29.1 
-580225.5 

-5802 20.1 

-580749.3 

I 

[oJ 
(3a) 

324.54 

324.53 

324.50 

324.49 
324.36 

324.40 
324.32 

324.31 

324.77 

324.77 

324.89 
324.81 

324.77 

324.92 
324.88 

324.92 

324.93 

325.11 
325.08 

325.08 

324.64 

324.66 

324.64 
324.61 

324.60 

324.45 
324.39 

324.38 

324.36 
324.33 

324.36 
307.21 

307.10 

307.07 

307.19 

-5.74 

-5.75 
-5.74 

-5.70 
-5.84 
-5.92 

-6.00 

-5.98 

-5.70 
-5.67 

-5.55 

-5.60 

-5.55 

-5.48 
-5.52 

-5.45 

-5.42 

-5.31 
-5.33 

-5.27 

-5.73 

-5.70 
-5.82 

-5.84 
-5.83 

-5.95 
-6.11 

-6.10 
-6.11 

-6.11 
-6.06 

4.68 

4.58 

4.58 

4.48 

AKs 

[mag] 
(4) 

0.11 

0.11 

0.11 

0.11 
0.12 
0.13 

0.13 
0.13 

0.12 

0.12 

0.13 

0.13 
0.13 

0.13 

0.13 

0.13 
0.13 

0.14 

0.14 

0.14 
0.12 

0.12 

0.12 

0.11 
0.11 

0.13 
0.13 
0.13 

0.13 

0.13 
0.13 

0.27 

0.34 

0.34 
0.25 

S.D. 
[104deg-2] 

(5) 
1.91 

1.91 

1.91 

1.91 
1.93 
1.75 

1.95 
1.95 

1.63 

1.63 

1.43 

1.43 
1.43 

1.88 

1.88 

1.88 
1.69 

1.55 
1.55 

1.55 

1.68 

1.68 

1.69 

1.69 
1.69 

1.79 
1.71 
1.71 

1.71 

1.71 
1.71 

1.94 
1.94 

1.94 

1.98 

Class 

(6) 

o 
o 
o 
o 
o 
o 
o 
X 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
X 
o 
o 
o 
o 
o 
o 
X 
o 
o 
o 
o 
o 
o 
o 

JKron 

[mag] 
(7) 

13.12 ± 0.04 

15.95 ± 0.04 

15.63 ± 0.04 

15.73 ± 0.04 
15.81 ± 0.04 
12.64 ± 0.04 

15.43 ± 0.04 

16.13 ± 0.05 

11.04 ± 0.04 

15.76 ± 0.04 

16.76 ± 0.05 
17.22 ± 0.06 

16.07 ± 0.05 

13.09 ± 0.04 
16.27 ± 0.04 

13.26 ± 0.04 

15.13 ± 0.04 

14.34 ± 0.04 
12.58 ± 0.04 

16.19 ± 0.05 

18.17 ± 0.10 

15.01 ± 0.04 

16.28 ± 0.05 

15.79 ± 0.05 
11.82 ± 0.04 

15.40 ± 0.04 
14.62 ± 0.04 
16.95 ± 0.05 

15.01 ± 0.04 

14.28 ± 0.04 
15.31 ± 0.05 

15.35 ± 0.04 
14.59 ± 0.04 

15.19 ± 0.05 

12.38 ± 0.04 

HKron 

[mag] 
(8) 

12.34 ± 0.04 

15.25 ± 0.04 

14.92 ± 0.04 

15.41 ± 0.05 
15.05 ± 0.04 
11.93 ± 0.04 

14.39 ± 0.04 
15.51 ± 0.05 

10.23 ± 0.04 

14.88 ± 0.04 

15.84 ± 0.06 

16.64 ± 0.06 
15.18 ± 0.05 

12.12 ± 0.04 

15.05 ± 0.04 

12.35 ± 0.04 

14.44 ± 0.04 
13.63 ± 0.04 

11.90 ± 0.04 

15.26 ± 0.05 
15.62 ± 0.06 

14.32 ± 0.04 

15.35 ± 0.04 

15.28 ± 0.05 

10.99 ± 0.04 
14.65 ± 0.04 

13.92 ± 0.04 
15.90 ± 0.05 
14.32 ± 0.04 

13.51 ± 0.04 
14.34 ± 0.04 

14.32 ± 0.04 

13.73 ± 0.04 

13.85 ± 0.04 

11.53 ± 0.04 

KSKron 

[mag] 
(9) 

12.16 ± 0.05 

14.69 ± 0.06 

14.42 ± 0.05 

14.52 ± 0.06 
14.36 ± 0.05 

11.66 ± 0.05 
13.82 ± 0.05 

15.01 ± 0.06 

10.04 ± 0.05 

14.60 ± 0.06 

15.08 ± 0.07 

15.60 ± 0.07 
14.67 ± 0.06 

12.27 ± 0.05 

14.66 ± 0.06 
12.13 ± 0.05 

14.23 ± 0.06 
13.32 ± 0.05 

11.70 ± 0.05 
15.48 ± 0.08 

15.40 ± 0.06 
14.04 ± 0.05 

15.19 ± 0.06 

15.36 ± 0.08 
10.76 ± 0.05 

14.16 ± 0.06 
13.58 ± 0.05 
15.52 ± 0.09 

13.68 ± 0.05 

13.73 ± 0.05 
14.21 ± 0.06 

14.31 ± 0.05 

13.29 ± 0.05 
13.91 ± 0.06 

11.45 ± 0.05 

JAp 

[mag] 
(10) 

14.20 ± 0.04 

16.21 ± 0.04 

15.76 ± 0.04 

16.20 ± 0.04 
15.89 ± 0.04 

13.49 ± 0.04 

16.02 ± 0.04 

16.49 ± 0.04 
12.38 ± 0.04 

16.08 ± 0.04 

16.85 ± 0.05 
17.30 ± 0.05 

16.14 ± 0.05 
]5.35 ± 0.04 

16.44 ± 0.04 

14.24 ± 0.04 

15.99 ± 0.04 

15.27 ± 0.04 
13.96 ± 0.04 

16.90 ± 0.05 
]7.97 ± 0.09 

15.15 ± 0.04 
16.36 ± 0.05 

16.29 ± 0.04 
13.35 ± 0.04 

16.12 ± 0.04 

14.80 ± 0.04 
17.05 ± 0.05 

15.29 ± 0.04 
15.00 ± 0.04 
16.21 ± 0.04 

15.77 ± 0.04 

14.91 ± 0.04 

15.86 ± 0.04 

13.31 ± 0.04 

HAp 

[mag] 
(11) 

13.45 ± 0.04 

15.50 ± 0.04 

15.21 ± 0.04 

15.61 ± 0.04 
15.18 ± 0.04 
12.75 ± 0.04 

15.16 ± 0.04 

16.27 ± 0.05 

11.61 ± 0.04 

15.25 ± 0.04 
16.09 ± 0.05 

16.70 ± 0.06 

15.45 ± 0.04 

14.60 ± 0.04 
15.46 ± 0.04 

13.48 ± 0.04 

15.21 ± 0.04 

14.42 ± 0.04 
13.29 ± 0.04 

16.11 ± 0.05 

16.66 ± 0.06 

14.52 ± 0.04 

15.42 ± 0.04 
15.64 ± 0.05 

12.54 ± 0.04 
15.40 ± 0.04 

14.17 ± 0.04 
16.30 ± 0.05 

14.75 ± 0.04 

14.26 ± 0.04 
15.62 ± 0.04 

14.83 ± 0.04 

14.02 ± 0.04 

15.01 ± 0.04 

12.48 ± 0.04 

K SAp 

[mag] 
(12) 

13.17 ± 0.05 

15.06 ± 0.05 

14.75 ± 0.05 

14.92 ± 0.05 
14.62 ± 0.05 
12.44 ± 0.05 

14.45 ± 0.05 

15.30 ± 0.06 

11.34 ± 0.05 

14.83 ± 0.05 
15.34 ± 0.07 

15.71 ± 0.07 

14.86 ± 0.06 
14.14 ± 0.05 

14.83 ± 0.06 

13.21 ± 0.05 

14.97 ± 0.06 

13.93 ± 0.05 
12.99 ± 0.05 

15.95 ± 0.08 

15.41 ± 0.06 

14.26 ± 0.05 

15.22 ± 0.07 
15.50 ± 0.07 

12.28 ± 0.05 
14.86 ± 0.06 

13.78 ± 0.05 
15.77 ± 0.08 
14.12 ± 0.05 

13.97 ± 0.05 
14.85 ± 0.06 

14.57 ± 0.05 

13.46 ± 0.05 

14.66 ± 0.06 

12.12 ± 0.05 

D~;on 

["] 
(13) 

30.0 

16.3 

13.7 

13.6 

11.5 
29.4 

16.7 

13.0 

38.1 

09.4 

10.4 
10.3 

09.7 
38.5 

10.5 

34.7 

17.7 
25.7 

52.9 

16.4 

05.8 

14.8 

06.1 

09.8 
54.9 

16.4 
11.6 
11.7 

19.3 

10.7 
16.6 

09.6 

11.2 
17.6 

26.4 
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Table A.1 continued ... 

Ident. RA Dec I b AKs S.D. Class JKron HKron KSKron JAp HAp K SAp 
DKron 

Ks 
[hms] [0 I "] [0] [0] [mag] [104 deg-2] [mag] [mag] [mag] [mag] [mag] [mag] ["] 

(1) (2a) (2b) (3a) (3b) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 

WIt 132247.8 -580722.0 307.08 4.50 0.34 1.98 0 14.38 ± 0.04 13.46 ± 0.04 13.20 ± 0.05 14.71 ± 0.04 13.84 ± 0.04 13.47 ± 0.05 12.8 

102 132246.7 -582238.5 307.04 4.24 0.32 1.92 0 16.01 ± 0.05 14.88 ± 0.04 14.59 ± 0.06 16.57 ± 0.04 15.57 ± 0.04 14.90 ± 0.05 13.5 
103*t 132310.6 -582523.5 307.09 4.19 0.32 1.78 0 14.33 ± 0.04 13.14 ± 0.04 13.16 ± 0.05 15.19 ± 0.04 14.19 ± 0.04 13.78 ± 0.05 17.8 

104 132309.0 -5825 57.1 307.08 4.18 0.32 1.78 0 14.55 ± 0.04 13.53 ± 0.04 13.11 ± 0.05 15.67 ± 0.04 14.52 ± 0.04 14.02 ± 0.05 32.0 

105 132305.9 -5828 57.4 307.07 4.13 0.32 1.78 0 15.34 ± 0.04 14.44 ± 0.04 13.67 ± 0.05 15.45 ± 0.04 14.87 ± 0.04 14.04 ± 0.05 11.7 

106 13 22 55.4 -584038.6 307.02 3.94 0.22 1.74 0 14.34 ± 0.04 13.46 ± 0.04 13.03 ± 0.05 15.32 ± 0.04 14.36 ± 0.04 13.93 ± 0.05 32.6 

107- 132339.5 -575505.8 307.21 4.69 0.27 1.99 0 15.18 ± 0.04 14.14 ± 0.04 14.13 ± 0.06 15.79 ± 0.04 14.80 ± 0.04 14.70 ± 0.05 15.3 

108 132339.8 -580725.1 307.19 4.48 0.25 1.94 0 12.50 ± 0.04 11.71 ± 0.04 11.34 ± 0.05 13.48 ± 0.04 12.61 ± 0.04 12.22 ± 0.05 33.0 

109 132404.1 -581227.9 307.23 4.39 0.25 1.91 0 16.24 ± 0.04 15.04 ± 0.04 14.43 ± 0.06 16.74 ± 0.04 15.69 ± 0.04 15.04 ± 0.05 23.3 

110 132354.2 -58 18 15.2 307.20 4.30 0.24 1.81 0 13.84 ± 0.04 12.90 ± 0.04 12.49 ± 0.05 15.07 ± 0.04 14.23 ± 0.04 13.93 ± 0.05 35.7 

1Ut 132348.0 -582405.7 307.17 4.20 0.24 1.92 0 12.60 ± 0.04 12.02 ± 0.04 11.76 ± 0.05 14.29 ± 0.04 13.43 ± 0.04 13.06 ± 0.05 52.3 

112 132417.1 -583009.8 307.22 4.10 0.21 1.78 0 15.64 ± 0.04 14.98 ± 0.04 14.66 ± 0.06 15.90 ± 0.04 15.20 ± 0.04 14.87 ± 0.05 11.9 

113 132427.4 -584408.9 307.21 3.86 0.25 1.61 0 14.35 ± 0.04 13.30 ± 0.04 13.30 ± 0.05 15.89 ± 0.04 15.17 ± 0.04 14.53 ± 0.05 24.1 

114 132402.4 -585004.8 307.15 3.77 0.25 1.61 0 15.70 ± 0.04 14.79 ± 0.04 14.38 ± 0.05 16.07 ± 0.04 15.18 ± 0.04 14.71 ± 0.05 16.4 

115 132357.6 -5845 23.7 307.15 3.85 0.25 1.61 0 14.45 ± 0.04 13.57 ± 0.04 13.16 ± 0.05 14.81 ± 0.04 13.95 ± 0.04 13.51 ± 0.05 12.8 
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Appendix B 

Fields Searched 

Table B.I: Complete list of fields, with associated colour excess and number of galaxies 

Region RA Dec l b E(B - V) Ndetections 

[hms] [0 , "] [0] [0] [mag] 
(1) (2a) (2b) (3a) (3b) (4) (5) 

1 132311 -590141 307.02 +3.59 1.15 
1 132311 -585441 307.03 +3.71 0.83 
1 132311 -584741 307.04 +3.82 0.83 

1 1323 11 -584041 307.06 +3.94 0.60 1 

1 1323 11 -583341 307.07 +4.05 0.60 
1 1323 11 -58 26 41 307.09 +4.17 0.87 3 
1 1323 11 -58 1941 307.10 +4.29 0.87 1 

1 1323 11 -58 1241 307.12 +4.40 0.93 

1 132311 -580541 307.13 +4.52 0.68 2 
1 1323 11 -575841 307.15 +4.63 0.74 3 
1 132404 -590141 307.13 +3.58 0.97 
1 132404 -585441 307.14 +3.69 0.68 

1 132404 -584741 307.16 +3.81 0.68 3 
1 132404 -584041 307.17 +3.92 0.56 
1 132404 -583341 307.19 +4.04 0.56 1 

1 132404 -582641 307.20 +4.16 0.65 1 

1 132404 -58 1941 307.22 +4.27 0.65 1 
1 132404 -581241 307.23 +4.39 0.68 1 

1 132404 -580541 307.25 +4.50 0.68 1 
1 132404 -575841 307.26 +4.62 0.68 1 
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Table B.l continued ... 

Region RA Dec 1 b E(B - V) N detections 

[hms] [0 I "] [oJ [0] [mag] 

(1) (2a) (2b) (3a) (3b) (4) (5) 

2 143052 -564841 316.26 +3.46 1.15 

2 143052 -565541 316.22 +3.36 1.45 

2 143052 -570241 316.17 +3.25 1.45 

2 143052 -570941 316.13 +3.14 1.45 

2 143052 -571641 316.09 +3.03 1.82 

2 143052 -572341 316.04 +2.92 1.82 

2 143052 -573041 315.10 +2.82 1.54 

2 143052 -573741 315.95 +2.71 1.54 

2 143052 -574441 315.91 +2.60 1.81 2 

2 143052 -5751 41 315.87 +2.49 1.92 1 

3 1448 19 -593323 317.25 +0.03 12.4 

3 144819 -594023 317.20 -0.08 1204 

3 1448 19 -594723 317.15 -0.18 8.40 

3 1448 19 -595423 317.10 -0.29 7.05 

3 144819 -6001 23 317.05 -0040 5.38 1 

3 1448 19 -600823 317.00 -0.50 5.38 1 

3 144819 -60 15 23 316.95 -0.61 5.38 1 

3 1448 19 -602223 316.90 -0.71 5.20 

3 1448 19 -602923 316.85 -0.82 5.32 

3 1448 19 -603623 316.80 -0.92 3.19 

3 1448 19 -604323 316.75 -1.03 3.19 

3 1449 15 -593323 317.36 -0.03 12.4 

3 144915 -594023 317.31 -0.13 8.40 

3 1449 15 -594723 317.26 -0.24 8.40 

3 1449 15 -595423 317.21 -0.34 8.40 

3 144915 -6001 23 317.16 -0.45 6.57 

3 1449 15 -600823 317.10 -0.55 5.38 

3 144915 -601523 317.05 -0.66 5.20 

3 144915 -602223 317.00 -0.76 5.20 

3 1449 15 -602923 316.95 -0.87 5.20 

3 144915 -603623 316.90 -0.97 3.45 

3 1449 15 -604323 316.85 -1.08 3.19 

3 145011 -593323 317.47 -0.08 1304 

3 145011 -594023 317.42 -0.18 18.3 

3 145011 -5947 23 317.36 -0.29 8040 

3 1450 11 -595423 317.31 -0.39 6.57 

3 145011 -60 01 23 317.26 -0.50 6.57 1 
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Table B.l continued ... 

Region RA Dec l b N detections 

[hms] [0 I "] [0] [0] [mag] 
(1) (2a) (2b) (3a) (3b) (4) (5) 

3 1450 11 -60 OS 23 317.21 -0.60 6.57 

3 145011 -60 15 23 317.16 -0.71 5.84 

3 145011 -602223 317.11 -0.81 5.20 

3 145011 -602923 317.06 -0.92 3.45 
3 145011 -603623 317.00 -1.02 3.45 

3 145011 -604323 316.95 -1.13 2.50 

3 1451 OS -593323 317.57 -0.13 18.3 

3 1451 OS -594023 317.52 -0.24 18.3 

3 1451 08 -594723 317.47 -0.34 lS.3 

3 1451 OS -595423 317.42 -0.44 14.9 

3 1451 08 -6001 23 317.37 -0.55 6.57 

3 1451 08 -60 OS 23 317.31 -0.65 5.84 
3 1451 08 -60 15 23 317.26 -0.76 5.84 

3 1451 08 -602223 317.21 -0.S6 5.S4 

3 1451 OS -602923 317.16 -0.97 4.25 

3 1451 OS -603623 317.11 -1.07 3.45 
3 1451 OS -604323 317.06 -1.18 2.50 
4 150030 -604323 318.07 -1.70 1.95 
4 150030 -603623 318.13 -1.60 1.95 
4 150030 -602923 318.18 -1.50 1.95 

4 150030 -602223 318.24 -1.40 1.95 

4 150030 -601523 318.30 -1.29 3.76 
4 150030 -600823 318.35 -1.19 3.76 
4 150030 -600123 318.41 -1.09 6.25 
4 150030 -595423 318.46 -0.98 6.25 
4 150030 -594723 31S.52 -0.88 6.25 

4 150030 -594023 318.57 -0.78 7.37 
4 150030 -593323 318.63 -0.68 7.03 
4 150126 -604323 31S.17 -1.76 1.72 2 
4 1501 26 -603623 318.23 -1.66 1.72 1 

4 150126 -602923 318.29 -1.55 1.95 
4 150126 -602223 318.34 -1.45 1.95 
4 150126 -60 15 23 318.40 -1.35 3.84 2 

4 150126 -600823 318.45 -1.25 3.84 
4 150126 -6001 23 318.51 -1.14 3.84 
4 150126 -595423 318.56 -1.04 6.25 
4 150126 -594723 318.62 -0.94 6.25 
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Table B.l continued ... 

Region RA Dec l b E(B - V) Ndetections 

[hms] [0 , "] [0] [0] [mag] 
(1) (2a) (2b) (3a) (3b) (4) (5) 

4 1501 26 -594023 318.68 -0.84 7.03 

4 1501 26 -593323 318.73 -0.73 7.03 

5 152300 -593323 321.08 -2.13 1.25 

5 152300 -594023 321.01 -2.23 1.25 

5 152300 -594723 320.95 -2.33 1.25 

5 152300 -595423 320.88 -2.43 1.53 2 

5 152300 -6001 23 320.82 -2.52 1.54 1 

5 152300 -600823 320.76 -2.62 1.54 

5 152300 -60 15 23 320.69 -2.72 1.84 

5 152300 -602223 320.63 -2.82 1.84 

5 152300 -602923 320.57 -2.92 1.02 1 

5 152300 -603623 320.50 -3.01 1.02 

5 152300 -604323 320.44 -3.11 1.02 1 

6 153856 -593323 322.73 -3.29 0.89 1 

6 153856 -594023 322.66 -3.38 0.94 

6 153856 -59 47 23 322.60 -3.47 0.98 
6 153856 -595423 322.53 -3.57 0.98 

6 153856 -600123 322.46 -3.66 0.83 

6 153856 -600823 322.39 -3.76 0.83 

6 153856 -601523 322.32 -3.85 0.76 1 

6 153856 -602223 322.25 -3.94 0.68 5 

6 153856 -602923 322.18 -4.04 0.68 2 

6 153856 -603623 322.11 -4.13 0.66 

6 153856 -604323 322.04 -4.22 0.66 

6 153952 -593323 322.83 -3.36 0.89 2 

6 153952 -594023 322.76 -3.45 0.94 3 

6 153952 -594723 322.69 -3.55 0.94 2 

6 153952 -595423 322.62 -3.64 0.83 2 

6 153952 -6001 23 322.55 -3.73 0.83 1 

6 153952 -600823 322.48 -3.83 0.83 1 

6 153952 -60 15 23 322.41 -3.92 0.73 3 

6 153952 -602223 322.34 -4.01 0.68 1 

6 153952 -602923 322.27 -4.11 0.68 1 

6 153952 -603623 322.20 -4.20 0.61 1 

6 153952 -604323 322.13 -4.29 0.61 1 

6 154048 -593323 322.93 -3.43 0.87 N/A 
6 154048 -594023 322.85 -3.52 0.94 
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Table B.1 continued ... 

Region RA Dec l b E(B - V) Ndetections 

[hms] [0 I "] [0] [0] [mag] 

(1) (2a) (2b) (3a) (3b) (4) (5) 
6 154048 -594723 322.78 -3.62 0.94 N/A 
6 154048 -595423 322.71 -3.71 0.76 1 

6 154048 -6001 23 322.64 -3.80 0.76 2 

6 154048 -600823 322.57 -3.90 0.73 2 

6 154048 -601523 322.50 -4.00 0.73 2 

6 154048 -602223 322.43 -4.08 0.73 

6 154048 -602923 322.36 -4.18 0.61 

6 154048 -603623 322.29 -4.27 0.61 6 
6 154048 -604323 322.22 -4.36 0.61 

7 160222 -604323 324.27 -6.03 0.34 2 

7 160222 -603623 324.35 -5.94 0.34 1 

7 160222 -602923 324.43 -5.85 0.31 1 

7 160222 -602223 324.51 -5.77 0.31 4 

7 160222 -601523 324.58 -5.68 0.31 2 

7 160222 -600823 324.66 -5.59 0.37 

7 160222 -6001 23 324.74 -5.50 0.37 2 

7 160222 -595423 324.82 -5.42 0.37 1 

7 160222 -594723 324.89 -5.33 0.39 1 
7 160222 -594023 324.97 -5.24 0.39 1 

7 160222 -593323 325.05 -5.15 0.39 1 

7 1603 18 -604323 324.36 -6.10 0.34 5 
7 1603 18 -603623 324.44 -6.02 0.35 1 

7 1603 18 -602923 324.51 -5.93 0.35 

7 1603 18 -602223 324.59 -5.84 0.31 3 

7 1603 18 -601523 324.67 -5.76 0.34 2 

7 1603 18 -600823 324.75 -5.67 0.34 2 

7 1603 18 -600123 324.83 -5.58 0.37 3 

7 1603 18 -595423 324.90 -5.49 0.36 3 

7 1603 18 -594723 324.98 -5.41 0.36 1 

7 1603 18 -594023 325.06 -5.32 0.39 3 

7 1603 18 -593323 325.14 -5.23 0.33 
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Appendix C 

Postage Stamps of Galaxies and 

Candidates 
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Appendix D 

Photometry Script 

## Jam.. Tagg 2008 

## 
## This script acts as a wrapper for the Source Extractor (5£) software. It allows for configuration of SE input parameters such as aperture sizes, 

## magnitude zeropo1nt, and detector gain, etc. Atter configuration, SE pertOl'mS J, H, and Ks band photometry on each galaxy in all the postage stamp 
## FITS files in. the working directory. Input lists of magnitude zeropoints and galaxies that aren't centered in their stamp must be given. Output is 
## written to a file specified by the user. Any objects which give problems (i.e. are Ilot detected in one or two bands) are described in an output 

## problem file. 

trom os import system 
import 08, time 

from math import * 
import numpy as n 
import sextractor 

#: Path must be working directory where FITS images are stored 

path - '!hom./jam •• /worlt/field./workiDg/final.2/' 
08. chdir (path) 

fUst - ll.array(os.listd1r(os.getcwdO» 
flist.sortO 

# File. for I/O 
otfcenter ... :tile( '/home/james/active/offcenter .dat I. 'r J ) 

magzp_file ... file() Ibome/james/work/magzp!all.magzp.list). iI") 
position· magzJ>_flle. to110 

#out:t11e'" file(' .. / .. /galPOSJlGw.dat'.'w') 

#problemf11e ... file( J •• / •• /problems-.DSw .dat' t 'w') 
out:t'ile "" file{' .. / .. /galpos_8Sga1n.dat' • )y1) 

prablemfile .. file(' .. / .. /problems_8Spin,dat ' • 'w') 

problemfile.writ.('Field\tllrror flag (0 for no objects, 1 for no nearby obJects)\n\n') 

## Source Extractor Parameters 

##-------------------------------------------------------------
# Create a SExtractor instance 

sex "" sextractor. SE.rtractor 0 

#: Modify the SE%trac'tor configuration 
sex,config['DETECT_'l"HRESH'] ... 2.6 

sex.config['ANALYSIS_I1Ill.ESH'J .. 2.5 

# Give single or multiple apertures in pixels 
.ex.collfig['PHOT_APERTUIIES'l • 13.33 #22.2222 

.ex.cOIlfig['PHOT_AUTOPARAMS') - [2.6, 3.6) 

#.ex.config['PHOTJ'ETIIOPAIW!S'] - [1.2, 3.6] 
sex. conUg [ 'lIAG_ZEROPOIIIT' J - 20.398 

sex.contig['GAIN'l - 83.3333 
sex.config[JPlXEL_SCALE'J .. 0.45 
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sex.coDiig['VERBOSE_TYPE'] .. "NORMAL" 
sex.conUg['BACICSlZE'J 1M 128 
sex.config['CHECKIMAGE_TYPE'J ... "APERTURES" 

#: Add. a parameter to the parameter list 
sex.conf1g['CATALOG_NAME>] ... "test.cat" 

##-------------------------------------------------------------

#: Initialise variables 

exposure .. 24.0 # Exposure time in seconds 

offlist .. [None] *0 

off gala • [33,61,108,109,110,111J 
xlist 1M [None] *0 
y118' • [None]*O 
count .. 0 

##-------------------------------------------------------------

# Make a list of galaxy co-ordinates for SExtractor to use 

while True: 
line'" offcenter.readlineO 
if line _ tI". 
break 

linespl1 t • line. 'pli t () 

ofilist . append (lin.'plit) 

oftarray .. n.array(offlist) 
offgals • n.array(offgals) 

for i in rango(len(fli,t)/3): 

if n.any(offgals DB (1+1)): 

# Galaxy is o:Ucenter 

x· int(offarray(coun,] [1) 

y • int(offarray[count] [2J) 

count + ... 1 
else: 
# Galaxy is in center of image 
x • 67 

Y • 67 

xlist . append (x) 

y11 at . append (y) 

##---------------------------------------------------------------

# In! tialise photometry array : Each galaxy 
phot • n.zoros«28,len(ilist)/S» 

# Do SExtractor Photometry 

# Set catalog name 
catalog.-name .. sex.con:fig['CATALOG_NAME') 

for k in rango(lon(flist)!3): 

himag. - Hi st [k] 

jimage • flist[k + (len(fUst)/3)] 

kimago - flist[k + 2*(len(f11st)/3)] 

for band in rango (3) : 

if band -- 0: 
current_file ... himage 
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alit band - 1: 
current_tilo • jimago 

else: 
current_file ... kimage 

# Define check image path and name 
se::r..cOD.tig['CHECKIMAGE_NAME'] .. ' .. /checks/ J + curren:Lfile[O:len(current_file)-12] + J .aper.tits J 

# Define magzp lookup for magzp list 
currentJU.gZp_f11e ... current_file [0: len(current_file) -17] +' . it ts J 

#print current..magzp_file 

11 Set magzp to a default 100 - this vill get modi:Ued when correct magzp is found 

print 'SETTING MAGZP TO : 100.0' 
sax.con.tig['MAG_ZEI\OPOINT'] - 100.0 

#; It magzp lookup is tolJJld, set correct magzp tor field 

while True: 
lin. m magzp_tUe . readlino 0 
it lin8 ..... "f!: 

break 

lin.split • line.splitO 

if str(line.plit[Ol) •• currentJllAgzp_file: 

magzp - float(linasplit[2]) 
print 'SETTING IIAGZP TO : ' + str(magzp) 
sex.config[JMAG_ZEROPODlT'] ... magzp 

break 

# Lauch SExtractor on a FITS fi 1e 
sex. run.(current_f11e) 

# Read the resulting catalog tile 

catal0s_t .. sertractor. open (catalog.-name) 
catalog'" catal0S_f .readl1nes() 

# If there is a problem with catalog, record it 
if (1011 (catalog) .. 0) : 

print n.iAmlING : No objects toun.d in '+current_:tile+'!) 

problemt1le. 'ill'ite (current_tile+ '\to\n') 
time. slasp(3. 0) 

found ... -1 

# best_diet is a free parameter which is used to find the galaxy. I.e., any object within a radius of best_dist pixels around the stamp 
#: center must be the target galaxy. Don't change this parameter unless sources are being confused. 

best_dist • 21. 0 

for j in range(lOll(eatalog»: 

rreal - eatalog[j] ['X_IMAGE'] 
yreal • catalog[j] ['Y_lIIAGE'] 

dist - sqrt«xreal-xl1st[l<]l**2.0 + (yreal-yl1st[k]) .. 2.0) 
print 'D1stance : J + str(dist) 

it (dis. < best_dist): 

best_clist ... dist 

found· j 

• If galaxy not found close to predicted. poSition, record it 8.S a problem 
it (j - lan(ea,alog) - 1) t (best_dis, •• 21.0): 

print 'WARNING : No naarby objects!' 
problemfile. write (current_tile+ '\tl \n J) 

iltiDle.sleep(1.0) 

flfound - -1 

#: If galaxy i8 not found, put '-1) into the photometry array 
if (found .. -1): 

phot[: ,kJ - -1 
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phot[O,k] - k+l 

# Else put it's photometry details in the phot array 

elsa: 
A ... catalog[found] ['KRON_RADIUS'] '" catalog[found] [lA_IMAGE)] #Sem1-major axis 

B ... catalog [found] ['KRON_RADIUS'] '" catalog(found] [1B_lMAGE'] #Semi-minor axis 

area .. pi '" A '" B #Area of ellipse defined by Kron Aperture 
mag .. catalog[found] [JMAG_.A.tITO'] + 2.5*log10(exposure) #Magn1tude from Kron Aperture 

phot[O,k] - k+l 

phot[(band*9)+1,k] - catalog[found] ['lIUImER'] 

phot[(band*9)+2,k] - catalog[found] ['IIAG_APER'l + 2.5*log10(exposure) 

phot[(band*9)+3,k] - catalog[found] ['IIAGERlLAPER'l 

phot[(band*g)+4,k] • mag 

phot [(band*9)+5,k] • catalog[found] ['IIAGERR_AUTO'] 

phot(band*9)+6.k] ... catalog[found] ['CLASS_STAR'] 

phot[(band*9)+7,k] - A • 0.45 #KrOIl l\a.dius ill Arcs.c 

phot[(band*9)+8,k] til catalog[found] PMU_KAX.'J + 2.5*log10(exposure) #Central Pixel Surface Brightness 
phot[(band*g)+9,k] - mag + 2.S*loglO(area) #Surface Brightness 

sex. clean(configmTrue. catalog-True, check-Palse) 
#system('rm aper.f1ts J

) 

#system('rm back.fits'} 

#system('rm seg.fits') 

problemfile. close 0 

#: Write photometry array to file 
tor .. ill raog.(len(flist)/3): 

for n in range(28): 

if (ll < 27): 

outfile. vrite(str(phot [n,m])+ '\t') 
else: 

outfile. write(str (phot (n,m])"" \n J) 
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