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Abstra
t

This thesis presents the 
alibration of the Near-InfraRed (NIR) isophotal Tully � Fisher rela-

tion and its 
osmologi
al appli
ations in the Zone of Avoidan
e. Dust extin
tion and stellar


onfusion by the Milky Way redu
e the e�
ien
y of dete
tion of galaxies at low Gala
ti


latitude, 
reating the so-
alled Zone of Avoidan
e (ZoA). This stands as a stumbling blo
k

to our understanding of the lo
al dynami
s, 
osmi
 �ow �elds and the origin of the CMB

dipole. The ZoA (|b| . 5◦) is ex
luded from the whole-sky Two Mi
ron All-Sky Survey

(2MASS) Redshift Survey (2MRS) and 2MASS Tully-Fisher Survey (2MTF). Correspond-

ingly, knowledge about the density distribution in the ZoA remains limited to statisti
al

interpolations.

We present the re
alibration of the isophotal Tully-Fisher relation in the (NIR) J , H , and

Ks-bands for the same 
alibration sample as the 2MTF for the total TF relation. Both TF

relations exhibit similar s
atter be
ause the 
alibration sample is not a�e
ted by foreground

extin
tion 
loser to the plane of the Milky Way. However, the appli
ation of the isophotal

TF relation to low surfa
e brightness galaxies or dust-obs
ured galaxies results in a vast

improvement in the s
atter.

We simulate the e�e
t of dust extin
tion on the geometri
al properties of galaxies. Sim-

ulations show that galaxies appear rounder with in
reasing obs
uration level. Preliminary


orre
tion models are derived based on simulated and real data.

The newly 
alibrated isophotal TF relations in the J , H , and Ks-bands are used to

derive preliminary pe
uliar velo
ities of galaxies within the southern ZoA. A signi�
ant im-

provement in the s
atter is obtained, 
ompared to the appli
ation of the �total� TF relation.

The large o�set toward the positive pe
uliar velo
ity derived from the �total� TF relation

disappears when the �isophotal� TF relation is applied. Our preliminary results of the lo
al

universe show 
lear infall into the Great Attra
tor (GA). The ba
kside infall toward the GA

and the infall into the mu
h more remote Shapley Con
entration (SC) 
annot be quanti�ed

with the existing limit (vhel ≤ 6000 km/s) of our data set. To improve on this situation, we

have started to extend our sample to vobs ≤ 9000 km/s.



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

A
knowledgments

I would like to a
knowledge my supervisors, Prof. Renée C. Kraan-Korteweg and Prof. Tom

Jarrett, for their help and support throughout my thesis. A
tually, I am lu
ky to have had

su
h generous supervisors that a few brief senten
es do not do them justi
e. So here is my

big thanks.

I would like also to a
knowledge many 
ollaborators for their help and guidan
e, in
luding

Dr. Ma
iej Bili
ki and Tom Mutabazi at UCT; Wendy Williams at Leiden University; Mpati

Ramatsoku at Groningen; Prof. Lister Stavely-Smith and Dr. Chris Springob at ICRAR.

Spe
ial a
knowledgement goes to Dr. Anja S
hröder for reading my drafts and adding to

the depth of this thesis. I would like also to thank Karen Masters for making the data for

the 2MTF 
alibration available for us to use. I a
knowledge the HIZOA survey team for

early a

ess to the data.

I am also grateful to my 
olleagues and astronomers and sta� in the Astronomy De-

partment at UCT for making this so great environment for work. In parti
ular, to Louise

Steward for her many hours of reading my �nal draft.

Finally, I would like to thank my family. A spe
ial thank to my parents for their 
onstant

en
ouragement and support. Thank you both for making it possible for me to live my


hildhood dreams and get to this point.

This work is based upon resear
h supported by the South Afri
an National Resear
h

Foundation and Department of S
ien
e and Te
hnology. This thesis makes use of data

produ
ts from the Two Mi
ron All Sky Survey, whi
h is a joint proje
t of the University

of Massa
husetts and the Infrared Pro
essing and Analysis Center, funded by the National

Aeronauti
s and Spa
e Administration and the National S
ien
e Foundation.



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

Plagiarism De
laration

I, Khaled Said, know the meaning of plagiarism and de
lare that all of the work

in the do
ument, save for that whi
h is properly a
knowledged, is my own.



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

Contents

1 Introdu
tion 1

1.1 The Zone of Avoidan
e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Gala
ti
 extin
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.2 Stellar density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Multi-wavelength surveys of the ZoA . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Opti
al surveys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.2 Near-infrared surveys . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2.3 HI surveys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Cosmologi
al appli
ations and the ZoA . . . . . . . . . . . . . . . . . . . . . . 9

1.3.1 Large-s
ale stru
tures . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3.2 Cosmi
 �ow �elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3.3 The origin of the CMB dipole . . . . . . . . . . . . . . . . . . . . . . . 10

1.4 Tully-Fisher survey in the ZoA . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.4.1 Deep NIR follow-up survey of the HIZoA galaxies . . . . . . . . . . . 11

1.4.2 HI follow-up survey of the 2MASX galaxies . . . . . . . . . . . . . . . 11

1.5 Motivation of pe
uliar velo
ity survey in the ZoA . . . . . . . . . . . . . . . . 11

1.6 Outline of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2 The Absolute Calibration of the Tully-Fisher Relation 13

2.1 Introdu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Zone of Avoidan
e and the isophotal magnitude . . . . . . . . . . . . . . . . . 16

2.3 The TF parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.1 Rotation widths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3.2 Photometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4 Corre
tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4.1 Photometri
 
orre
tions . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4.2 Bias 
orre
tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.5 Fitting and s
atter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.5.1 The isophotal NIR TF relation . . . . . . . . . . . . . . . . . . . . . . 30

2.6 Con
lusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

i



Univ
ers

ity
 of

 C
ap

e T
ow

n

3 In
lination Corre
tion 35

3.1 Introdu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Sample of galaxies from the 2MASS LGA . . . . . . . . . . . . . . . . . . . . 37

3.2.1 Corre
tion based on µc . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2.2 Corre
tion based on µe . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.3 Simulated galaxies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.3.1 Corre
tion model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3.2 Applying the 
orre
tion model . . . . . . . . . . . . . . . . . . . . . . 51

3.4 Comparison of shallow and deep observations . . . . . . . . . . . . . . . . . . 52

3.5 Con
lusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4 Galaxy Pe
uliar velo
ities in the Zone of Avoidan
e 57

4.1 Introdu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.2.1 HI Parkes deep ZoA survey . . . . . . . . . . . . . . . . . . . . . . . . 58

4.2.2 Deep NIR follow-up survey . . . . . . . . . . . . . . . . . . . . . . . . 59

4.2.3 The pe
uliar velo
ity sample within the ZoA . . . . . . . . . . . . . . 60

4.3 Corre
tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.3.1 Line-width 
orre
tions . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.3.2 Magnitude 
orre
tions . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.3.3 Malmquist bias 
orre
tions . . . . . . . . . . . . . . . . . . . . . . . . 64

4.4 Tully-Fisher analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.4.1 The total observed s
atter . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.4.2 Pe
uliar velo
ities in the ZoA . . . . . . . . . . . . . . . . . . . . . . . 67

4.5 Flow �eld in the ZoA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.6 Con
lusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5 Con
lusion 81

5.1 Summary of 
on
lusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

ii



Univ
ers

ity
 of

 C
ap

e T
ow

n

List of Figures

1.1 All-sky dust extin
tion map . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Aito� proje
tion of the 2MASX stellar density metri
 . . . . . . . . . . . . . 6

1.3 Aito� proje
tion of the whole-sky opti
al galaxy distribution 
omplete to

AB ≃1.m0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Aito� proje
tion of the whole-sky opti
al galaxy distribution 
omplete to

AB ≃3.m0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.5 Aito� proje
tion of the 2MASX 
atalog . . . . . . . . . . . . . . . . . . . . . 9

2.1 Comparison of 2MASS and IRSF photometry of ZoA galaxies . . . . . . . . . 18

2.2 Comparison between two di�erent methods of 
al
ulating w50. . . . . . . . . 19

2.3 Comparison between the optimized and the average 
orre
tion . . . . . . . . 24

2.4 J-band TF relation for the in+ sample separated by morphologi
al type . . . 26

2.5 H-band TF relation for the in+ sample separated by morphologi
al type . . 27

2.6 K-band TF relation for the in+ sample separated by morphologi
al type . . 28

2.7 Global isophotal TF relation . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.8 S
atter in the (a)J-band, (b)H-band, and (
)Ks-band . . . . . . . . . . . . . 33

3.1 Surfa
e brightness pro�le of NGC1515 (SAB(s)b
) . . . . . . . . . . . . . . . 38

3.2 NGC1515 (SAB(s)b
) galaxy major and minor axis 
orre
tion due to the

foreground extin
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.3 Axial ratio 
orre
tion f(b)/f(a) based on µc in the J-band . . . . . . . . . . 45

3.4 Axial ratio 
orre
tion f(b)/f(a) based on µc in the H-band . . . . . . . . . . 46

3.5 Axial ratio 
orre
tion f(b)/f(a) based on µc in the Ks-band . . . . . . . . . . 47

3.6 Axial ratio 
orre
tion f(b)/f(a) based on µe in the Ks-band . . . . . . . . . . 49

3.7 4× 4 matrix of simulated galaxies . . . . . . . . . . . . . . . . . . . . . . . . 50

3.8 Axial ratio 
orre
tion f(b)/f(a) based on fully simulated galaxies in the J-band 51

3.9 Absorbed axial ratio divided by intrinsi
 axial ratio in the J-band as a fun
tion

of the foreground extin
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.10 Corre
ted axial ratio divided by intrinsi
 axial ratio in the J-band as a fun
-

tion of the foreground extin
tion . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.11 Absorbed axial ratio divided by their intrinsi
 axial ratio in the Ks-band as

a fun
tion of the foreground extin
tion . . . . . . . . . . . . . . . . . . . . . . 53

iii



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.12 Corre
ted axial ratio divided by their intrinsi
 axial ratio in the Ks-band as

a fun
tion of the foreground extin
tion . . . . . . . . . . . . . . . . . . . . . . 54

3.13 The ratio of the IRSF axial ratio (b/a)IRSF and the 2MASS axial ratio

(b/a)2MASS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.1 The spatial distribution of the HIZoA galaxies . . . . . . . . . . . . . . . . . 59

4.2 The velo
ity distribution of the HIZoA galaxies . . . . . . . . . . . . . . . . . 60

4.3 Comparison of the IRSF and the 2MASS image quality . . . . . . . . . . . . 61

4.4 Total Tully-Fisher relation for galaxies in the ZoA . . . . . . . . . . . . . . . 65

4.5 Isophotal Tully-Fisher relation for galaxies in the ZoA . . . . . . . . . . . . . 66

4.6 S
atter in the total magnitude Tully-Fisher relation . . . . . . . . . . . . . . 68

4.7 S
atter in the isophotal magnitude Tully-Fisher relation . . . . . . . . . . . . 69

4.8 The distribution of our derived pe
uliar velo
ities of the 178 galaxies in the

southern ZoA using total magnitude . . . . . . . . . . . . . . . . . . . . . . . 70

4.9 The distribution of our derived pe
uliar velo
ities of the 178 galaxies in the

southern ZoA using isophotal magnitude . . . . . . . . . . . . . . . . . . . . . 70

4.10 The distribution of our derived pe
uliar velo
ities of the 61 large galaxies in

the southern ZoA using isophotal magnitude . . . . . . . . . . . . . . . . . . 71

4.11 Distribution of the pe
uliar velo
ities derived from isophotal TF relation . . . 72

4.12 Pe
uliar velo
ity map of 120 galaxies with re
essional velo
ity ≤ 6000 km/s . 74

4.13 Pe
uliar velo
ity map of 75 galaxies with re
essional velo
ity ≤ 6000 km/s . . 75

4.14 Pe
uliar velo
ity map of 78 galaxies with re
essional velo
ity ≤ 6000 km/s . . 76

4.15 Pe
uliar velo
ity map of 49 galaxies with re
essional velo
ity ≤ 6000 km/s . . 77

4.16 Distribution of the errors on pe
uliar velo
ities . . . . . . . . . . . . . . . . . 78

4.17 Pe
uliar velo
ity as a fun
tion of re
essional velo
ity and the GA model . . . 79

iv



Univ
ers

ity
 of

 C
ap

e T
ow

n

List of Tables

2.1 Comparison between 2MASS and IRSF magnitudes . . . . . . . . . . . . . . . 17

2.2 Average �tting parameters a, b, F , and v for spiral galaxies . . . . . . . . . . 23

2.3 Parameters a◦, b◦, F◦, v◦, a1, b1, F1 and v1 for the µc optimization equation . . 25

2.4 Parameters of bivariate �t after 
orre
tions . . . . . . . . . . . . . . . . . . . 30

3.1 The sample of the LGA galaxies . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.2 The �tting parameters of the 
orre
tion based on µc . . . . . . . . . . . . . . 44

3.3 The �tting parameters of the 
orre
tion based on the µe . . . . . . . . . . . . 48

3.4 The parameters for simulated galaxies in both the J and Ks-bands. . . . . . 50

4.1 Velo
ity width instrumental 
orre
tion parameters . . . . . . . . . . . . . . . 62

v



Univ
ers

ity
 of

 C
ap

e T
ow

n

vi



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 1

Introdu
tion

Galaxies are not uniformly distributed in spa
e. They instead tend to a

umulate along

over dense regions su
h as 
lusters, walls and �laments, and surround low dense regions


alled voids. Be
ause the only for
e that operates on this s
ale is gravity, gravitational

instabilities progressively build up the Large-S
ale Stru
ture (LSS) under the in�uen
e of

gravity. A proper 
ensus of this 
osmi
 web of galaxies 
onsists of the positions, luminosities

and velo
ities of the individual galaxies. Velo
ities of galaxies 
an be de
omposed into two


omponents: (1) a re
ession velo
ity due to the uniform expansion of the universe and (2) a

pe
uliar velo
ity 
aused by density inhomogeneities. The pe
uliar velo
ity (its radial 
om-

ponent) is measured as the di�eren
e between the observed re
ession velo
ity of a galaxy

and its Hubble velo
ity. Be
ause they arise as a result of gravity, pe
uliar velo
ities 
an be

used as tra
ers of the matter distribution, both luminous and dark.

The major stumbling blo
k to mapping the 
osmi
 web arises from the nearest galaxy

itself, the Milky Way. The Milky Way obs
ures the ba
kground extragala
ti
 sky through

dust extin
tion (notably within ±5 degrees of the Gala
ti
 Plane) and stellar 
onfusion.

This results in the so-
alled the �Zone of Avoidan
e� (ZoA), literally meaning that the re-

gion is devoid of galaxies, and a

ordingly, extragala
ti
 astronomers avoid working in this

region of the sky. This has led to a gap in our understanding of the dynami
s of the Lo
al

Group (LG), 
osmi
 �ow �elds, and the origin of the observed dipole in the Cosmi
 Mi-


rowave Ba
kground (CMB) (Lahav 1994; Kraan-Korteweg & Lahav 2000; Kraan-Korteweg

2005; Loeb & Narayan 2008). For 
osmologi
al appli
ations, di�erent methods have been

employed to interpolate a
ross this part of the sky (e.g. Lahav et al. 1994; Kolatt et al.

1995). This may be valid for the 
onspi
uous features that 
ross the ZoA, su
h as the Great

Attra
tor (GA), the Perseus-Pis
es Super
luster (PP), the Puppis Cluster or the Lo
al Void

(LV). However, more re
ent ZoA surveys reveal large-s
ale stru
tures that were not anti
i-

pated, highlighting the importan
e of the ZoA to our overall understanding of the dynami



osmi
 web.

1
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2 Introdu
tion 1

Systemati
 blind HI surveys in the southern ZoA (Henning et al. 2000; Kraan-Korteweg

2005) and re
ent pointed HI surveys in the northern ZoA (Ramatsoku 2012) have partly

improved the situation. These radio surveys provide an elegant way to study the ZoA be-


ause at these wavelengths, the obs
uring e�e
ts of gas and dust from the Milky Way are

minimal.

In this thesis we derive the �isophotal� Tully-Fisher template relations in the NIR J , H ,

and Ks-bands. These relations are used with the available HI and NIR data to 
arry out a

reliable pe
uliar velo
ity survey in the Zone of Avoidan
e.

This introdu
tory 
hapter is organized as follows: Se
tion 1.1 gives a general ba
kground

about the ZoA and the e�e
t of the foreground dust extin
tion and stellar density. Se
tion

1.2 des
ribes the extent of the Zone of Avoidan
e at di�erent wavebands. In Se
tion 1.3, I

dis
uss the e�e
t of the ZoA on 
osmologi
al studies. Se
tion 1.4 des
ribes two of the main

redshift surveys in the ZoA so far. Se
tion 1.5 demonstrates the advantages of applying the

Tully-Fisher survey in the ZoA. Here I show the ne
essity of this approa
h in studying the

ZoA, and how it will 
ontribute to the whole-sky survey.

1.1 The Zone of Avoidan
e

Ba
k in the 19th 
entury, Pro
tor may well have been the �rst to noti
e the la
k of neb-

ulae at low Gala
ti
 latitude (Pro
tor 1878) in the distribution of nebulae in the General

Catalogue of Nebulae by Hers
hel (1864). This Zone of few Nebulae is shown in starker


ontrast in the work by Charlier (1922) using the New General Catalogue by Dreyer (1888).

At that time, due to the Great Debate between Harlow Shapley and Heber Curtis about

the s
ale of the Universe (Shapley & Curtis 1921), no 
onne
tion was made between the

Zone of few nebulae and the Milky Way. Only after Hubble's dis
overy that these nebulae

were extragala
ti
 sour
es (Hubble 1925; 1929), and the dis
overy of the absorption of light

by dust (Trumpler 1930), was it a

epted that this la
k of nebulae at low Gala
ti
 lati-

tude was 
aused by the foreground dust in the Milky Way (Hubble 1936). Shapley (1961)

de�ned the ZoA as the region limited by �the isopleth of �ve galaxies per square degree

from the Li
k and Harvard surveys�. Either a la
k of data or low-quality images for a few

galaxies observed in the ZoA, 
reate a large gap in the whole-sky maps of galaxy distribution.

The extent of the Zone of Avoidan
e is wavelength-dependent. Dust extin
tion is the

main hindran
e at opti
al wavelengths, rendering more than 20% of the sky in
omplete.

Stellar 
onfusion is the primary limitation for infrared surveys, a�e
ting some 10% of the

sky, be
ause at these wavelengths the dust is more transparent, while luminous giant stars

from the Milky Way dominate the emission in these bands (Kraan-Korteweg & Lahav 2000).

Systemati
 HI surveys do not su�er from these e�e
ts, and the Milky Way is 
ompletely

transparent to the emission of the 21 
m line of the gas-ri
h galaxies (Kraan-Korteweg &
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Lahav 2000). Be
ause of the relevan
e of these e�e
ts to our study of galaxies in the ZoA,

the physi
s behind the e�e
ts of dust extin
tion and stellar 
onfusion is dis
ussed in the

following two se
tions (Se
. 1.1.1 & 1.1.2).

1.1.1 Gala
ti
 extin
tion

Interstellar dust in the Milky Way s
atters and absorbs star light, 
ausing galaxies behind

it to appear smaller and fainter. This pro
ess of obs
uration, referred to as foreground dust

extin
tion, is wavelength-dependent and de
reases towards longer wavelengths. Further-

more, sin
e the extin
tion is more prominent at shorter wavelengths, obje
ts lying behind

the Milky Way appear redder than their intrinsi
 
olour. Understanding the e�e
t of this im-

posing sele
tive extin
tion, thus minimizing the deleterious e�e
ts on galaxies seen through

the Milky Way, is 
ru
ial for many 
osmologi
al appli
ations.

Cameron (1990) used a sample of large ellipti
al and spiral galaxies at high Gala
ti
 lat-

itude in the opti
al wavebands to quantify this e�e
t by arti�
ially obs
uring those sele
ted

galaxies. A similar method was used in a later study by Riad, Kraan-Korteweg, & Woudt

(2010) whi
h fo
us on the Near-Infrared (NIR) J , H , and Ks-bands properties of galaxies

viewed through the ZoA. The NIR is able to penetrate through more dust extin
tion and is

thus a better tra
er of extragala
ti
 emission. Cardelli, Clayton, & Mathis (1989) quantify

the extin
tion in the J , H , and Ks-bands to be 21%, 13%, and 9% of the extin
tion in the

opti
al B-band, respe
tively.

The extin
tion at a given wavelength 
an be 
al
ulated as the ratio of total to sele
tive

extin
tion,

RV =
AV

E(B − V )
(1.1)

where the value of Rλ depends on wavelength and the environment along the line-of-sight

to the observed galaxy. A

ording to Cardelli et al. (1989), the standard value of RV for the

di�use interstellar medium is ∼ 3.1, although higher values have been reported for 
older

and denser Gala
ti
 mole
ular 
louds. Using the extin
tion law of Cardelli et al. (1989),

S
hlegel, Finkbeiner, & Davis (1998) 
al
ulate the extin
tion in the J , H , and Ks-bands to

be:

AJ = 0.902E(B − V ), (1.2a)

AH = 0.576E(B − V ), (1.2b)

AK = 0.367E(B − V ). (1.2
)

Deriving Gala
ti
 extin
tion from Eqn. 1.2 requires knowledge of dust obs
uration on

�ne enough angular s
ales to a

ount for the pat
hy obs
uration along the line of sight.

The extin
tion maps by Burstein & Heiles (1982) on s
ales of ∼ 30 ar
min were used for
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many years as the �rst indi
ation of foreground dust for |b| & 10◦. More re
ent work from

S
hlegel et al. (1998) utilized far-infrared observations from IRAS and COBE to estimate

the 
olumn of dust obs
uration with a �ner angular s
ales (a few ar
minutes), in
luding

rea
hing further down into the thi
kest dust layers of the ZoA (|b| & 5◦). Figure 1.1 shows

the S
hlegel et al. (1998) all-sky reddening map in Gala
ti
 
oordinates. E(B − V ) values

are given on a logarithmi
 s
ale from 0.m004 to 6.m3. The red and yellow 
olours at low

Gala
ti
 latitude indi
ate the region of high dust-extin
tion due to our Galaxy. A

ording

to S
hlegel et al. (1998) themselves, their map at those low Gala
ti
 latitude regions is not

well 
alibrated and may be subje
t to systemati
 errors.

S
hröder et al. (2005; 2007) indeed found that the S
hlegel et al. (1998) map overestimates

the reddening at low latitudes by ∼ 13%− 33%, depending on the longitudinal proximity to

the Gala
ti
 Center. The re
ently published high-resolution A(Ks) extin
tion maps of the

highly obs
ured regions based on the Rayleigh-Jeans Color Ex
ess (RJCE) method (Zasowski

et al. 2009, Majewski et al. 2011, Nidever et al. 2012) improve our understanding of Gala
ti


extin
tion. They develop this method for measuring the extin
tion along the line-of-sight

by 
ombining the near (2MASS) and mid-IR (IRAC) photometry to determine the stellar

reddening. These highly obs
ured regions are known to have systemati
ally over-estimated

extin
tions, whi
h thus require a di�erent method to a

urately quantify it (e.g., RJCE; see

Nidever et al. 2012).

Figure 1.1: Aito� proje
tion of the S
hlegel et al. (1998) reddening map E(B−V ) in Gala
ti


oordinates. E(B−V ) values are shown on a logarithmi
 s
ale from 0.m004 to 6.m3. The blue
regions represent the regions of low dust-extin
tion while red and yellow indi
ate regions

with high dust extin
tion. This Figure is taken from the Lega
y Ar
hive for Mi
rowave

Ba
kground Data Analysis (LAMBDA) data produ
ts.
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1.1.2 Stellar density

Although dust extin
tion is not too severe in the NIR, 
onfusion from the stellar emission of

the Milky Way itself 
an be formidable, notably around the Gala
ti
 Bulge region where the

sour
e 
ounts in
rease exponentially. The problem of stellar 
onfusion is threefold: (a) unre-

solved stars 
an be mis-
lassi�ed as galaxies by automated routines, (b) the sky-ba
kground

noise in
reases with the stellar density and faint galaxies 
annot be dete
ted and (c) the

faint foreground stars superimposed on a galaxy 
an be mistakenly identi�ed as part of the

galaxy itself, thereby 
reating large errors in the photometry. Moreover, stars are blue in


olour 
ompared to galaxies, and thus stellar 
ontamination imparts a 
olour bias on the

photometry (Cambrésy, Jarrett, & Bei
hman 2005).

To get a handle on the expe
ted 
onfusion noise distribution for the ZoA, we employ

the metri
 used in 2MASS. Figure 1.2 shows an Aito� proje
tion of the 2MASS Extended

Sour
e Catalog (2MASX) (Jarrett et al. 2000), 
olour-
oded by the stellar density metri


ρ = log(NKs<14/deg
2
) in the 2MASS Point Sour
e Catalogue (2MPSC) (Skrutskie et al.

2006). NKs<14 represents the number of stars brighter than 14.m0 in the NIR Ks-band. The

map is taken from the Explanatory Supplement to the 2MASS All Sky Data Release and

Extended Mission Produ
ts (Cutri et al. 2006)

∗
. In Figure 1.2, light gray points show regions

of ρ < 3.2 at b > 25◦, gray points represent regions of 3.6 < ρ < 3.2 at 10◦ < b < 25◦, dark

gray points indi
ate regions of 4 < ρ < 3.6 at 5◦ < b < 10◦, and bla
k points 
orresponds

to regions of ρ > 4 at b < 5◦. Stellar 
onfusion be
omes important when ρ is greater than

3.6, and is signi�
antly important for values greater than 4.0, where hardly any galaxies are

re
overed.

1.2 Multi-wavelength surveys of the ZoA

The extent of the ZoA is wavelength-dependent. In the last 20 years, the sear
h for galaxies

in the ZoA has be
ome a resear
h �eld on its own (e.g. �Unveiling large-s
ale stru
tures

behind the Milky Way�, ASP Conf. Ser. 67, eds. Balkowski & Kraan-Korteweg 1994,

�Mapping the Hidden Universe: The Universe behind the Milky Way - The Universe in

HI�, ASP Conf. Ser. 218, eds. Kraan-Korteweg, Henning, & Anderna
h 2000 and �Nearby

Large-S
ale Stru
tures and the Zone of Avoidan
e�, ASP Conf. Ser. 329, eds. Fairall &

Woudt 2005). Various groups have initiated multi-wavelength studies of galaxies lo
ated in

the ZoA. In the next subse
tions, I will give a brief des
ription of the ZoA, and enumerate

some of the proje
ts undertaken in ea
h waveband. A detailed overview 
an be found in

Kraan-Korteweg & Lahav (2000) and its update in Kraan-Korteweg (2005).

∗
http://www.ipa
.
alte
h.edu/2mass/releases/allsky/do
/
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Figure 1.2: Aito� proje
tion of the 2MASX (Jarrett et al. 2000) 
olour-
oded by the stellar

density metri
 ρ = log(NKs<14/deg
2
) in the 2MASS Point Sour
e Catalogue (2MPSC)

(Skrutskie et al. 2006). The Gala
ti
 Center is mostly empty of XSC galaxies for ρ > 4,
due to the high density . This Figure is adopted from the Explanatory Supplement to the

2MASS All Sky Data Release and Extended Mission Produ
ts

1.2.1 Opti
al surveys

Although opti
al surveys are sensitive to all morphologi
al types, they are biased towards

larger galaxies as extin
tion in
reases, dimming the magnitude, redu
ing the galaxy size,

and 
hanging the galaxy shape. The opti
al whole-sky galaxy 
atalogue (Fouque & Paturel

1983; 1985, Paturel et al. 1987), whi
h in
ludes data from the existing opti
al 
atalogues at

that time, is 
omplete to galaxies with typi
al diameters D & 1.′3 (Hudson & Lynden-Bell

1991). Figure 1.3 shows an Aito� distribution of the galaxies from this 
atalogue in Gala
ti



oordinates. The Zone of Avoidan
e appears as an empty region at low Gala
ti
 latitude

|b| . 10◦. The red 
ontour marks the extin
tion at AB ≃1.m0 as given in S
hlegel et al.

(1998). Ex
ellent agreement exist between the empty region and the extin
tion 
ontour as

shown in Fig. 1.3 (Kraan-Korteweg & Lahav 2000, Kraan-Korteweg 2005).

Various deep opti
al surveys have redu
ed the ZoA from |b| . 10◦ to |b| . 5◦ (a detailed

overview of these surveys 
an be found in Kraan-Korteweg & Lahav 2000 and its update,

with fo
us on the Great Attra
tor region in Kraan-Korteweg 2005). The most 
omplete view

of the sky at opti
al wavelengths is demonstrated in Fig. 1.4, where all dedi
ated surveys

have been merged into an all-sky 
atalog (Kraan-Korteweg & Lahav 2000). The ZoA has

notably shrunk, and is now roughly 
omplete up to extin
tion level of AB ≃3.m0.
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Figure 1.3: Aito� proje
tion of opti
al galaxies with D◦ & 1.′3. The galaxies are size-
oded
by its diameter. The red 
ontour represents the extin
tion at AB ≃1.m0 as given in S
hlegel

et al. (1998). Figure adopted from Kraan-Korteweg (2005).

Figure 1.4: Aito� proje
tion of opti
al galaxies with D◦ & 1.′3 in
luding the galaxies iden-

ti�ed in deep opti
al surveys. Note the redu
tion of the opti
al ZoA. The galaxies are

size-
oded by its diameter. The red 
ontour represents the extin
tion at AB ≃3.m0 as deter-
mined from S
hlegel et al. (1998). Figure adopted from Kraan-Korteweg & Lahav (2000).
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1.2.2 Near-infrared surveys

The NIR band is an ex
ellent window to provide 
omplementary observations to opti
al

surveys be
ause it is less a�e
ted by extin
tion, and also sensitive to early-type galaxies

that dominate massive 
lusters and high-density stru
tures in the 
osmi
 web. The largest

two surveys in the NIR band presently in existen
e are: the DEep Near Infrared Southern

Sky Survey (DENIS; Ep
htein 1997) and the 2 Mi
ron All Sky Survey (2MASS; Skrutskie

et al. 2006).

The DENIS NIR-survey 
overs the southern sky (−88◦ < δ < +2◦) in the I (0.8µm),

J(1.25µm) and Ks(2.15µm) bands, where the values in bra
kets 
orrespond to the 
entral

wavelength of those respe
tive bands. The 
ompleteness limit of the DENIS survey for stars

is 18.m5, 16.m5, and 14.m0 for I, J , and Ks-band respe
tively, leading to 100 million stars

(Ep
htein 1997; 1998).

The 2MASS NIR survey is an all-sky survey in the J(1.25µm),H(1.65µm), andKs(2.15µm)

bands. The 2MASS observations were 
ondu
ted between 1997 and 2001 using two 1.3 m

teles
opes at Mount Hopkins, Arizona, and Cerro Tololo, Chile. Their dete
tion limit is

deeper than 15.m8, 15.m1, and 14.m3 at J , H , and Ks-bands respe
tively, resulting in 471

million sour
es in the Point Sour
e Catalog (PSC) and 1.6 million sour
es in the Extended

Sour
e Catalog (XSC) (Skrutskie et al. 2006). Figure 1.5 (adopted from Jarrett 2004) dis-

plays more than 1.5 million galaxies from the XSC and nearly half billion Milky Way stars

from the PSC. Galaxies in Figure 1.5 are 
olour-
oded by its redshift (a detailed des
rip-

tion 
an be found in Jarrett 2004). It is shown that stellar 
onfusion is the main problem

in the 2MASX survey be
ause of the relatively large beam, 2.5 ar
se
, thus blending be-

tween galaxies and foreground stars is an important fa
tor in the ZoA (Log Density > 3.6)

(Kraan-Korteweg 2005, Kraan-Korteweg & Jarrett 2005).

1.2.3 HI surveys

While dust extin
tion and stellar 
onfusion hinder the dete
tion of galaxies in the ZoA in

the opti
al and NIR wavelengths, the Milky Way is transparent to the HI surveys that

are designed to dete
t the 21-
m emission from galaxies. Furthermore, the redshift 
an be

dete
ted dire
tly from the HI signal with high a

ura
y. In the last few years systemati
 HI-

surveys have revealed thousands of galaxies su
h as the HI Parkes All Sky Survey (HIPASS;

Barnes et al. 2001, Meyer et al. 2004, Koribalski et al. 2004) in the southern sky and the

re
ently laun
hed E�elsberg Bonn HI Survey (EBHIS; Kerp et al. 2011) in the northern sky.

Although these surveys penetrate the ZoA, they are spe
trally shallow, extending only to

a few thousand km/s. Deeper and wider HI surveys are needed to map the ZoA to depths


omparable to that of 2MASS.

The HI Parkes Deep Zone of Avoidan
e Survey (HIZoA) in the southern ZoA (|b| < 5◦;
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Figure 1.5: Aito� proje
tion of the 2MASX 
atalog. More than 1.5 million galaxies from

the XSC and nearly half a billion Milky Way stars from the PSC are displayed. Galaxies

from the XSC are 
olour-
oded by its redshift. Figure adopted from Jarrett (2004).

De
 < +15◦) was performed in parallel with the HIPASS survey, but has 5-times longer inte-

gration time, and resulted in more than a thousand dete
ted galaxies with rms∼ 6mJy/beam

(Kraan-Korteweg et al. 2005, Henning et al. 2005, Donley et al. 2005, Henning et al. in prep).

Unfortunately, no similar systemati
 survey is presently in existen
e in the northern sky. Se-

le
ted regions of the northern ZoA have been observed with Are
ibo (Henning et al. 2010;

2008). Subsequently, pointed HI observations of opti
al and bright 2MASX galaxies have

been made in both southern and northern skies and revealed many stru
tures hidden behind

the Milky Way (Kraan-Korteweg et al. 1996; 2002, S
hröder et al. 2009, van Driel et al. 2009,

Ramatsoku 2012).

1.3 Cosmologi
al appli
ations and the ZoA

Our la
k of knowledge due to the ZoA has impli
ations with regard to the mapping of the

lo
al 
osmi
 web and our understanding of its dynami
s, in
luding the motion of the LG

and bulk �ows due to gravitational attra
tors (Kraan-Korteweg & Lahav 2000, Loeb &

Narayan 2008). Many attempts have been made to over
ome this problem by arti�
ially

�lling the ZoA. Bili
ki & Chodorowski (2010) show that these methods are valid for the


onspi
uous features that 
ross the ZoA, by using the LV as an example. However, various

more re
ent ZoA surveys reveal large-s
ale stru
tures that were not anti
ipated. In the

following paragraphs I will dis
uss some 
osmologi
al appli
ations that have been a�e
ted

by the la
k of observations in the ZoA.
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1.3.1 Large-s
ale stru
tures

Galaxies are neither uniformly distributed in spa
e nor do they exist in isolation (Fairall

1998). The formation of the 
osmi
 web was des
ribed by Fairall (1998) as follows � large-

s
ale stru
tures are formed by 
ondensations of galaxies with galaxy-galaxy separations less

than 200 km/s in redshift spa
e�. Beautifully demonstrated by SDSS (York et al. 2000),

the LSS of the 
osmi
 web appears as 
lusters, walls and �laments of galaxies separated by

voids. Tra
ing this LSS 
an be used to explain the formation and evolution of the universe.

But many of these large-s
ale stru
tures are bise
ted and 
ut-o� by the ZoA, notably the

Great Attra
tor, Perseus-Pis
es Super
luster, Puppis Cluster and the Lo
al Void. A full


ensus of these important stru
tures, both spatial and kinemati
, is ne
essary in order to

understand the evolving universe, and this requires the Zone of Avoidan
e to be unveiled.

1.3.2 Cosmi
 �ow �elds

The motion of a galaxy 
an be tra
ed through its radial 
omponent. This radial 
ompo-

nent 
onsists of: (a) the re
essional velo
ity, whi
h always points away from us due to the

expansion of the universe, and (b) the pe
uliar velo
ity, whi
h is the di�eren
e between the

observed re
ession velo
ity of a galaxy and its Hubble velo
ity. Pe
uliar velo
ities arise as a

dire
t result of density inhomogeneities, whi
h 
ause the galaxies to pile up along overden-

sities. Of 
ru
ial importan
e here is that the pe
uliar velo
ities 
an be used as a tra
er of

matter distribution in the universe, both luminous and dark matter.

In the last few de
ades, the Tully-Fisher relation (Tully & Fisher 1977) for spirals and

the Fundamental Plane (FP) relation (Djorgovski & Davis 1987) for ellipti
al galaxies have

been used to 
arry out many pe
uliar velo
ity surveys. The Two Mi
ron All-Sky Tully-Fisher

Survey (2MTF; Masters et al. 2008, Hong et al. 2013a;b) is a pe
uliar velo
ity survey of all

bright in
lined spirals with Ks
◦ ≤ 11.m25 in the 2MASS Redshift Survey (2MRS; Hu
hra

et al. 2005; 2012), whi
h only marginally probes the ZoA. To 
omplement this work a deeper

survey dedi
ated to the ZoA is needed.

1.3.3 The origin of the CMB dipole

The most a

urately known pe
uliar velo
ity is the motion of the LG relative to the CMB

whi
h was measured to be vp = 627 km/s towards l = 276 ± 3◦, b = 30 ± 3◦ (Kogut

et al. 1993). This motion is 
aused by gravitational in�uen
e on the LG due to the density

inhomogeneities. Determination of the dire
tion of the pe
uliar motion of the LG requires

a 
ensus of galaxies a
ross the whole sky. Due to the la
k of observations in the ZoA,


urrent systemati
 redshift and pe
uliar velo
ity whole-sky surveys ex
lude the ZoA from

their analysis (Hu
hra et al. 2005; 2012, Masters et al. 2008). Many attempts have been

made to arti�
ially �ll or re
reate the ZoA to measure the so-
alled �
lustering dipole� (e.g.

Erdo�gduet al. 2006a;b, Bili
ki et al. 2011, Bili
ki 2012). Erdo�gduet al. (2006a;b) for

example, re
onstru
ted the lo
al Universe using a Wiener Filter method to repopulate the
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ZoA, but the un
ertainty in the resulting dipole remains due to the in
omplete mapping of

the ZoA (Loeb & Narayan 2008).

1.4 Tully-Fisher survey in the ZoA

As mentioned above, understanding of the dynami
s of the LG, 
osmi
 �ow �elds, and the

origin of the observed dipole in the CMB require an all-sky pe
uliar velo
ity survey, that

in
ludes the ZoA. Two independent proje
ts of data a
quisition to determine the 
osmi
 �ow

in the ZoA have been laun
hed by Kraan-Korteweg and 
ollaborators. These data will 
over

both northern and southern ZoA, hen
e providing the most 
omplete survey in the ZoA.

1.4.1 Deep NIR follow-up survey of the HIZoA galaxies

In 2009 systemati
 deep NIR follow-up survey in the J , H , and Ks-bands of the HIZoA

galaxies was started. These observations were 
ondu
ted from the InfraRed Survey Fa
ility

(IRSF) on the 1.4m teles
ope at Sutherland, South Afri
a. The 10 min. of exposure time

a

umulated for ea
h galaxy in the HIZoA 
atalog and the IRSF resolution of 0.′′45/pixel

resulted in high quality images in the ZoA (Williams 2011; Williams et al. 2011; Said et al.

in prep).

1.4.2 HI follow-up survey of the 2MASX galaxies

In 2009, Kraan-Korteweg and 
ollaborators started an observing programme to obtain HI

redshifts for all bright galaxies in the 2MASX (Jarrett et al. 2000) with Ko
s < 11.25 mag in

the ZoA (|b| < 10◦) whi
h do not have any previous redshift determinations. The Nançay

Radio Teles
ope (NRT) in Fran
e and the Parkes radio teles
ope in Australia have been

used to 
over the entire ZoA. Over a thousand galaxies without previous redshifts have

been observed with the NRT (De
 > −38◦), resulting in more than 250 dete
ted galaxies

(Ramatsoku 2012). Parkes observations started in 2013 and 74 galaxies without previous

redshifts have been observed to date (Said et al. in prep).

1.5 Motivation of pe
uliar velo
ity survey in the ZoA

While the HI surveys revealed many stru
tures hidden behind the Milky Way, pe
uliar

velo
ity determinations in the ZoA have not been attempted so far. Given the su

ess of

the HIZoA survey, whi
h results in more than a thousand galaxies in the ZoA, and its high

�delity NIR follow up survey, pe
uliar velo
ity surveys have be
ome possible in the ZoA.

In this thesis we aim to use the Tully-Fisher method and the available data to determine

reliable pe
uliar velo
ities for the galaxies in the southern ZoA whi
h are ex
luded from the

2MRS and the 2MTF. This will be expanded to in
lude galaxies in the northern ZoA in the

future. The 
ombined data set will provide a pe
uliar velo
ity survey over the full 360◦-
ir
le
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of the ZOA. The 2MTF, thus supplemented with our data will result in a 
omplete all-sky

pe
uliar velo
ity survey.

1.6 Outline of this thesis

This thesis is organized as follows. Chapter 2 presents the derivation of the Tully-Fisher

relation in the NIR J , H , and Ks-bands. This 
alibration 
losely follows the pro
edures

of Masters et al. (2008) for total magnitudes, but uses isophotal magnitudes instead. In

Chapter 3, I dis
uss 
hanges in the in
lination due to foreground extin
tion. Di�erent

methods used to test this e�e
t and its in�uen
e on the �nal derived pe
uliar velo
ities

are presented. Chapter 4 shows the derivation of the TF distan
e and pe
uliar velo
ities.

Preliminary results of pe
uliar velo
ity and 
osmi
 �ow �eld are dis
ussed. I �nalize with

the 
on
lusion and an outline of future work in Chapter 5.
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Chapter 2

The Absolute Calibration of the

Tully-Fisher Relation

This 
hapter presents the derivation of the absolute 
alibration of the Tully-Fisher relation

for isophotal magnitudes in the Near-InfraRed (NIR) J , H , and Ks-bands. This 
alibration


losely follows the pre
epts of the 2MTF 
alibration elaborated in Masters et al. (2008) for

�total� magnitudes. The isophotal magnitudes of the same 
alibration sample (888 galaxies)

were extra
ted from the 2MASX, for the near-infrared J , H , and Ks-bands. There is hardly

any 
hange in the TF s
atter 
ompared to Masters et al. (2008) be
ause the 
alibration

sample is not a�e
ted by the Gala
ti
 Plane (GP). However, this is not true when galaxies

are a�e
ted by foreground extin
tion 
loser to the plane of the Milky Way. Here appli
ation

of the isophotal TF brings a vast improvement (see also Chapter 4).

2.1 Introdu
tion

In the following, I will present an overview of the dis
overy, derivations and appli
ations of

the Tully-Fisher relation.

Balkowski et al. (1974) gave the �rst des
ription of the 
orrelation between the luminos-

ity and the line-width of spiral galaxies but did not apply it as a distan
e indi
ator. Tully

and Fisher were the �rst to propose its use as a distan
e indi
ator (Tully & Fisher 1977).

Sin
e then, the Tully-Fisher (TF) relation has been widely used to measure extragala
ti


distan
es and determine the Hubble 
onstant.

The rotational velo
ities of spiral galaxies (distan
e-independent) 
an be determined

from the HI line width. The absolute magnitudes (distan
e-dependent) 
an then be derived

from a suitably 
alibrated sample on
e the photometry is obtained. As with any se
ondary

distan
e indi
ator, the TF must be 
alibrated by the distan
e s
ale (template relation) based

13
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on a primary distan
e indi
ator. Raw data and applied 
orre
tions used in the measurement

of TF distan
es should be 
onsistent with these used in the derivation of the TF 
alibration.

In the last few de
ades, many TF template relations have been derived using either dif-

ferent samples or methods. Shortly after the in
eption of the TF relation, Aaronson et al.

(1979) 
alibrated the TF relation in the NIR H(1.6µm) for spiral galaxies in 
lusters. The

NIR su�ers less from dust extin
tion and is more sensitive to stellar mass. They found that

in the infrared the s
atter is lower than that in the B-band and that the slope is mu
h

steeper. Using a 
onsiderably larger sample of spirals to investigate several properties of

the TF relation, Aaronson & Mould (1983) 
laimed that the TF is type-independent in the

infrared (i.e. the slope and inter
ept does not 
hange with the spiral type). This 
on
lusion

has been 
ontradi
ted by subsequent larger surveys (Giovanelli et al. 1997a, Masters et al.

2008); Se
tion 2.4

The e�e
t of the Malmquist bias on the slope and zero-point of the TF relation has been

dis
ussed extensively (e.g., Kraan-Korteweg, Cameron, & Tammann 1986; Bottinelli et al.

1986; Kraan-Korteweg, Cameron, & Tammann 1988). To eliminate this e�e
t, the appli
a-

tion of the inverse �t of the TF relation (where only errors in x are taken into 
onsideration)

was suggested by Kraan-Korteweg et al. (1986). On the other hand, Pier
e & Tully (1988;

1992) 
laim that the systemati
 e�e
ts are limited.

Freedman (1990) used Cepheid distan
es to �ve nearby late-type galaxies to 
alibrate the

infrared (H-band) TF relation. The dispersion in this relation was remarkably small (0.15

mag). Peletier & Willner (1991; 1993) used a larger sample in the Virgo 
luster and Ursa

Major 
luster to derive TF relations. The intrinsi
 dispersion among Virgo 
luster galaxies

amounts to 0.5 mag and 0.4 mag in the blue and infrared respe
tively. For Ursa Major


luster spirals, the intrinsi
 dispersion was smaller than for Virgo, but still larger than that


laimed in Freedman (1990).

Willi
k et al. (1995; 1996) 
alibrated the dire
t and inverse I-band TF relation for six

samples: two TF 
luster samples and four TF �eld samples. They studied the slope and

s
atter for ea
h sample. They found an observed s
atter of 0.m38 - 0.m43 for their samples,

and an intrinsi
 s
atter of 0.m3.

NIR �uxes in the J-(1.25µm), K-(2.2µm), and L-(3.5µm) bands of nearby bright spiral

galaxies derived from Cosmi
 Ba
kground Explorer (COBE)/Di�use Infrared Ba
kground

Experiment (DIRBE) have been used with Cepheid distan
es to 
onstru
t TF relations (Mal-

hotra et al. 1996). The s
atter in these relations was very small 
ompared to the I-band

relations: 0.m09, 0.m13, and 0.m20 in the J-, K-, and L-bands respe
tively. The authors also

tried to extend the TF relation to longer wavelengths, but no eviden
e for the TF relation

has been seen for wavelengths larger than 10µm be
ause the �uxes at these wavelengths are
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not related to the stellar mass.

A detailed absolute 
alibration of the I-band TF relation was performed by Giovanelli

et al. (1997a;b) who used infrared photometry and velo
ity-widths of 782 spiral galaxies in

24 
lusters. They divided their sample in two groups: the �in� sample whi
h in
luded 
lus-

ter member galaxies and the �in+� sample whi
h in
luded 
luster galaxies plus neighboring

galaxies. They analyzed bias and s
atter in the TF relation and 
on
luded that the s
atter

is lowest among galaxies with largest line-widths (larger dynami
al mass) and largest among

galaxies with narrow line-widths (lower dynami
al mass).

Based on Cepheid distan
es to 21 galaxies, Sakai et al. (2000) derived TF relation in

the B, V , R, I, and H-bands. These relations were used to derive a value of H0. At the

same time, Tully & Pier
e (2000), Rothberg et al. (2000) performed a 
alibration of the B,

R, I, and K relations. To avoid the Malmquist bias, they used the inverse method to �t

the TF relation. Bou
hé & S
hneider (2000) used 2MASS J , H , and Ks-bands to derive

TF relations in the Zone of Avoidan
e. They used �ve di�erent types of magnitudes from

2MASS (Jarrett et al. 2000). They 
on
lude that the s
atter was lowest for the isophotal

Ks-�du
ial 20 mag/ar
se

2
TF relation.

Ma
ri (2001) derived R, I, H , andKs-band TF relations based on Cepheid distan
es. He

used both total and isophotal magnitudes with the 20% HI-line-width (the width measured

at 20% of the peak �ux). His results indi
ate that isophotal H , Ks magnitudes and total I

magnitudes relations yield 
omparable distan
es. These relations have a s
atter of ∼ 0.m2.

Kara
hentsev et al. (2002) used a sample of the most edge-on �eld galaxies in the B, I,

J , H , and Ks-bands to derive TF relations. They 
laimed that due to internal extin
tion

in galaxies, the derived slope in
reases from 4.9 in the B-band to 9.3 in the Ks-band. The

s
atter is lowest in the I-band and highest in the H-band.

Masters et al. (2006) followed the same pro
edure des
ribed by Giovanelli et al. (1997b)

but with a larger sample to derive a new I-band TF relation. Their sample 
onsists of 807

galaxies in the vi
inity of 31 
lusters and groups. This template relation has been used by

Springob et al. (2007) to derive pe
uliar velo
ities of galaxies in the SFI++ 
atalog, whi
h


ontains 4861 �eld and 
luster spiral galaxies. Later, Masters et al. (2008) used similar

pro
edures with a slightly larger sample to derive the absolute 
alibration of the J , H , and

Ks-bands relations. These relations are the �rst step towards the 2MASS Tully-Fisher Sur-

vey (2MTF) whi
h intends to provide a 
omplete TF analysis (i.e. distan
e and pe
uliar

velo
ity) to all bright in
lined spirals in the 2MASS Redshift Survey (2MRS; Hu
hra et al.

2005; 2012).

Re
ently, two independent groups started to use the mid-infrared to derive the TF rela-
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tion. Sor
e et al. (2013) use Spitzer (3.6µm) photometry for 213 
luster galaxies to derive

the TF relation. Lagattuta et al. (2013) use the mid-infrared (3.4µm) W1-band of the

Wide-�eld Infrared Survey Explorer (WISE) satellite with a larger sample of 568 �eld and


luster galaxies drawn from the 2MTF 
atalog to derive the TF relation. While Sor
e et al.

(2013) adopted the inverse �tting s
heme, Lagattuta et al. (2013) used a bivariate s
heme,

where errors in both x and y are taken into 
onsideration. Using di�erent �tting s
hemes

and di�erent bias 
orre
tions makes it di�
ult to 
ompare both relations.

Following all these derivations, I will present in this 
hapter a further 
alibration of the J ,

H , and Ks-bands TF relations, based on the �isophotal� magnitude of 888 2MASS galaxies.

In agreement with the early work done by Bou
hé & S
hneider (2000) I will show that the

�isophotal� NIR TF is equally good as the NIR TF based on total magnitudes, but better

suited to galaxies a�e
ted by extin
tion. This Chapter is organized as follows. In Se
tion

2.2, I dis
uss the advantages of using the isophotal magnitude. Se
tion 2.3 des
ribes the

data used for the 
alibration of the TF relation. Se
tion 2.4 provides the 
orre
tions applied

to the TF parameters. The resulting TF relations and asso
iated s
atter is presented in

Se
tion 2.5.

2.2 Zone of Avoidan
e and the isophotal magnitude

Although the total magnitude gives the best estimate of the total luminosity (
orrelated to

the total stellar mass of the galaxy), it is di�
ult to determine reliable total magnitudes

for (a) low surfa
e brightness galaxies for whi
h these values 
an be severely underesti-

mated, or (b) galaxies 
lose to or in the Zone of Avoidan
e. Due to the foreground dust

extin
tion and high stellar density in the ZoA, the fainter outer parts of a galaxy are usually

not re
overed in the extrapolation of the surfa
e brightness pro�le to yield total magnitudes.

Therefore, the advantage of using isophotal magnitudes over total is twofold. While the

Gala
ti
 obs
uration is not the main problem in the NIR J , H , and Ks-bands, the short

exposures (8 se
.) of the 2MASS survey limit the determination of total magnitude. In the

ZoA the situation is more di�
ult be
ause of the foreground extin
tion.

To quantitatively determine the loss in total magnitudes in the 2MASX, I 
ompare the

magnitudes of the shallow 2MASX survey with a deeper and more spatially resolved survey.

I sele
t a sample of 66 galaxies, observed both in 2MASX (Jarrett et al. 2000) and the IRSF

Catalog

∗
(Williams et al. 2011). The latter is approximately 2 magnitudes deeper in the

Ks-band, given its exposure time (10 min.) 
ompared to 2MASX (8 se
.) and a resolution

of 0.′′45/pix 
ompared to the 2MASX resolution of 2

′′
/pix. I used the �total� extrapolated

magnitudes and �du
ial �isophotal� magnitudes measured in an ellipti
al aperture de�ned

at the Ks = 20 mag ar
se


−2
to 
onstru
t a 
omparison between 2MASX and IRSF. The

∗
The IRSF survey is dis
ussed in more detail in Chapter 4
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metri
 used to 
al
ulate the o�set between 2MASS and IRSF magnitudes is

∆m = m(2MASS)−m(IRSF). (2.1)

Figure 2.1 shows the o�sets between the 2MASS and IRSF for both total (left panel) and

isophotal (right panel) magnitudes in the J , H , and Ks-bands (top to bottom). It 
learly

shows that the o�sets between 2MASX and IRSF for the �isophotal� magnitudes are in-

signi�
ant while, the o�sets are very high for the total magnitude. High o�sets will produ
e

systemati
 errors in the measurement of pe
uliar velo
ities. The mean o�sets for ea
h band

is printed in the bottom left 
orner of ea
h plot. Furthermore, the s
atter in the o�sets of

the �isophotal� magnitudes is far smaller than that in the �total� magnitudes, it is redu
ed

by more than a fa
tor of two. Table 2.1 summarizes the mean o�sets and the s
atter values

for ea
h band.

Band Total Isophotal

∆m σ ∆m σ
J 0.228 0.363 −0.020 0.155

H 0.252 0.293 −0.039 0.139

K 0.263 0.308 −0.033 0.159

Table 2.1: Comparison between 2MASS and IRSF magnitudes using the total extrapolated

magnitudes and �du
ial isophotal magnitudes measured in an ellipti
al aperture de�ned at

the Ks = 20 mag ar
se


−2

While total 2MASS magnitudes are fainter than total IRSF magnitudes, isophotal 2MASS

magnitudes are brighter than isophotal IRSF magnitudes. This positive o�set in total magni-

tude is due to the improved sensitivity and higher resolution (0.′′45/pix) of the IRSF/SIRIUS

data, whi
h allows measurement of the surfa
e brightness pro�le further along the disk 
om-

pared to 2MASS. On the other hand, the insigni�
ant negative o�set in isophotal magnitude


an be explained by the lower resolution of 2MASS (2

′′
/pix), whi
h does not resolve stars

superimposed on the galaxy.

In 
on
lusion, when working with low surfa
e brightness galaxies or galaxies a�e
ted by

dust, �isophotal� magnitudes should preferentially be used over �total� magnitudes.

2.3 The TF parameters

Two observational parameters des
ribe the TF relation. The distan
e-independent rotation

width is obtained from spe
tral data, and the imaging data provides all photometri
 quan-

tities of interest. Di�erent authors prefer di�erent quantities, su
h as, the 20% line-width

versus the 50% line-width, and isophotal versus total magnitudes. Throughout this thesis,

I will work with w50, whi
h is the width measured at 50% of the peak �ux of the HI pro�le
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Figure 2.1: Comparison of 2MASS and IRSF photometry of ZoA galaxies. The left panels

display the total magnitudes and the right panels display the isophotal magnitudes with J ,
H , and Ks-band arranged from top to bottom. In all panels, solid red lines mark the mean

of the di�eren
e, and the dashed bla
k lines represent the zero-line. The mean di�eren
e is

given in the bottom left 
orner of ea
h plot.
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and the isophotal magnitude in the J , H , and Ks-bands. Many di�erent algorithms have

been used over the years to derive w50 (Koribalski et al. 2004, Springob et al. 2005, Hong

et al. 2013b). These di�erent algorithms 
an have a serious e�e
t on the a

ura
y of the

value of w50 if the S/N of the spe
tra are low. Hong et al. (2013b) 
al
ulated w50 using

di�erent methods and found no signi�
ant di�eren
es. Figure 2.2 shows the data from Table

2 in Hong et al. (2013b), whi
h 
an be also found online

†
. Most TF samples in
luding the

two samples we use here and in Chapter 4, 
ontain galaxies with high S/N spe
tra, so the

noise does not a�e
t the width measurement and the di�eren
e between di�erent algorithms

be
omes negligible as seen in Fig. 2.2.

 0

 100

 200

 300

 400
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 600

 0  100  200  300  400  500  600

W
F

5
0

W2P50

T. Hong et al. (2013) 

Figure 2.2: Comparison between two di�erent methods of 
al
ulating w50. Data are taken

from Hong et al. (2013b)

The 
alibration sample of galaxies is the same as that used in Masters et al. (2008)

‡
.

The rotation-widths were obtained from either the Cornell HI digital ar
hive (Springob et al.

2005) or opti
al rotation 
urves (Catinella et al. 2005). The photometri
 quantities of the


alibration sample are a mix of J , H , and Ks-bands quantities from 2MASX and I-band

quantities from Masters et al. (2006). I 
ross-mat
h the Masters et al. (2008) 
alibration

sample with the 2MASX 
atalog to extra
t their �isophotal� magnitudes.

2.3.1 Rotation widths

The rotation widths are drawn 
ompletely from the Masters et al. (2008) 
alibration sample

whi
h is available online

§
, see Springob et al. 2005 for details.

†
http://i
t.i
rar.org/2MTF

‡
We thank Karen Masters for making that available to use

§
http://www.i
g.port.a
.uk/∼mastersk/TFdata.html
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2.3.2 Photometry

All photometri
 quantities are derived from the 2MASX 
atalog. Their properties are de-

s
ribed online in Cutri et al. (2006)

¶
. The photometri
 quantities of the TF 
alibration are:

1. Isophotal magnitude: We use the J , H , and Ks-bands �du
ial isophotal magnitudes

measured at 1 σ ba
kground noise of typi
ally 21.4, 20.6, and 20.0 mag ar
se


−2
respe
tively

(Jarrett et al. 2003).

2. J-band axial ratio: The J-band axial ratio (a/b)J �t to the 3 σ isophote is used (the

isophote 
orresponds to a surfa
e brightness ∼ 3 times the ba
kground noise). The values

for the surfa
e brightness ∼ 3 σ are 20.09 mag ar
se


−2
at J , 19.34 mag ar
se
−2

at H , and

18.55 mag ar
se


−2
at Ks-band (Jarrett et al. 2000).

3. Central surfa
e brightness µc: The 
entral surfa
e brightness µc in the J , H , and

Ks-bands obtained from the 2MASS XSC. This parameter is ne
essary for the derivation of

the Gala
ti
 extin
tion 
orre
tions (Se
tion 2.4).

4. The 
olour reddening E(B − V ): Gala
ti
 extin
tion AJ , AH , and AKs
are approxi-

mated by the 
olour reddening E(B − V ) from the DIRBE dust map (S
hlegel et al. 1998).

2.4 Corre
tions

To 
onstru
t a global TF relation, the photometri
 quantities from the 2MASX must be


orre
ted for the 
osmologi
al redshift, internal extin
tion, and Gala
ti
 extin
tion. Due to

the broad range in surfa
e brightness and 
olour of the galaxy sample, further bias 
orre
tions

have to be applied. We follow the method for bias 
orre
tion by Masters et al. (2008), whi
h

is des
ribed below.

2.4.1 Photometri
 
orre
tions

The 
orre
ted absolute magnitude, derived from the observed apparent magnitude is 
al
u-

lated as follows:

Mcorr − 5 logh = mobs −AX − IX − kX − 5 log vCMB − 15, (2.2)

where AX , IX , and kX are a 
orre
tion for foreground extin
tion due to the dust in the Milky

Way, a 
orre
tion for extin
tion internal to the galaxy itself, and a 
osmologi
al k-
orre
tion

respe
tively. Be
ause these three 
orre
tions are wavelength-dependent, the index X refers

to the wavelength band.

k-
orre
tion

A 
ompensating term known as k-
orre
tion needs to be applied to the observed magnitude

in ea
h band be
ause of redshift. k-
orre
tions be
ome smaller as one observes further in

¶
http://www.ipa
.
alte
h.edu/2mass/releases/allsky/do
/
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the red and are negative in J , H , and Ks-bands, (see Figures 5-15 in Poggianti 1997).

I apply the k-
orre
tion as des
ribed in Masters et al. (2003) whi
h is derived from

applying a linear �t to the low redshift end of the models of Poggianti (1997).

kJ = −0.68z, (2.3a)

kH = −0.40z, (2.3b)

kKs
= −1.52z. (2.3
)

The galaxies in the 
alibration sample lie within the range of 500 to 10000 km s

−1
,

whi
h means that the highest values of k-
orre
tions are 0.m02 for the J-band, 0.m01 for the

H-band, and 0.m05 for the Ks-band; as su
h, these values are insigni�
ant 
ompared to the

values from extin
tion 
orre
tions.

Internal extin
tion

Dust extin
tion internal to galaxies themselves is a 
hallenging quantity to estimate. Sin
e

the early work of Holmberg (1958) it has been widely assumed that spiral galaxies are

mostly transparent. But later studies suggest that spiral galaxies are opti
ally thi
k (Valen-

tijn 1990). Again, this study re
eived some 
riti
ism (e.g. Burstein et al. 1991). The best

study to date (Holwerda et al. 2009), uses o

ulting galaxy pairs to show that dust distri-

butions vary in a given galaxy, 
reating both opti
ally thin and thi
k regions.

This problem has been investigated by several authors from di�erent aspe
ts. Most 
or-

re
tion models for the internal extin
tion have been 
onstru
ted as a fun
tion of in
lination.

In the TF relation, in
lined galaxies are preferentially used, but the magnitudes of in
lined

galaxies are more a�e
ted by dust. In our analysis I adopt the empiri
al relation of internal

extin
tion, whi
h is in agreement with various other authors (Giovanelli et al. 1994, Tully

et al. 1998, Masters et al. 2003), whi
h is dependent on axial ratio and waveband, as follows:

Iλ = γ log(a/b). (2.4)

The J-band axial ratio (b/a)J is the best tra
er of the in
lination, as it su�ers less than

the H , and Ks-bands from the e�e
t of the bulge if the 3 σ isophote is near to the 
entral

regions (Masters et al. 2003). The axial ratio needs to be 
orre
ted for seeing, whi
h is

parameterized as

(a/b)corr = (a/b)obs(1− 0.02x+ 0.21x2 − 0.01x3), (2.5)

where x = FWHM(a/br20
), and FWHM = 2.′′5 (the full-width half-maximum of the seeing

dis
). Masters et al. (2003) provide di�erent values of γ in J , H , andKs-bands from di�erent

statisti
al tests, I adopt their values of γ derived from the sample with log(a/b) ≤ 0.5 for

all galaxies:
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γJ = 0.48± 0.15, (2.6a)

γH = 0.39± 0.15, (2.6b)

γKs
= 0.26± 0.15. (2.6
)

Gala
ti
 foreground extin
tion

Galaxies appear smaller and fainter due to the dust extin
tion in the Milky Way. Therefore

a 
orre
tion to the isophotal magnitude is needed to a

ount for the loss of light due to this

dimming. Cameron (1990) uses a 
lean sample of 23 large ellipti
al and spirals galaxies with

known surfa
e photometry to simulate this e�e
t in the opti
al B-band. A re
ent study by

Riad, Kraan-Korteweg, & Woudt (2010) used a larger sample of 25 ellipti
al and lenti
ular,

and 39 spiral galaxies from the 2MASS Large Galaxy Atlas (LGA) (Jarrett et al. 2003), to

study this e�e
t in more detail for the NIR J , H , and Ks-bands. They present two methods

(whi
h we adopt in this study) to apply the isophotal 
orre
tion: (i) the average 
orre
tion

method whi
h is a very dire
t appli
ation, and (ii) the more optimized 
orre
tion methods

whi
h are more a

urate than the average 
orre
tion but require a �t to the light pro�le of

the galaxy to determine either the dis
 
entral surfa
e brightness, µ0, or the 
ombined dis


plus bulge 
entral surfa
e brightness, µc. While we were able to use the optimized 
orre
tion,

be
ause the 
entral surfa
e brightness is available in the 2MASX, both 
orre
tion methods

are presented here be
ause the 
entral surfa
e brightness is not always available.

Average isophotal 
orre
tion

The average 
orre
tion method to the isophotal radius and magnitude uses the standard

formalism proposed by Cameron (1990):

f(R) = 10a(Aλ)
b

, (2.7a)

∆miso = F (Aλ)
v, (2.7b)

where

f(R) =
R◦

R
, (2.8a)

∆miso = miso −m◦
iso, (2.8b)

and m◦
iso, miso, R

◦
, and R are the intrinsi
 and absorbed magnitudes and radii.
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Aλ 
an be expressed in terms of the reddening, e.g. S
hlegel et al. (1998)

AJ = 0.902E(B − V ), (2.9a)

AH = 0.576E(B − V ), (2.9b)

AK = 0.367E(B − V ), (2.9
)

where E(B − V ) is the opti
al 
olour-reddening. The values of the �tting parameters F , v,

a, and b are taken from Riad et al. (2010). They are given in Table 2.2.

Param. J H Ks

a 0.1169±0.0007 0.1185±0.0006 0.1453±0.0005
b 1.5650±0.0056 1.5718±0.0047 1.4778±0.0032
F 0.1346±0.0008 0.1442±0.0007 0.1982±0.0009
v 1.9080±0.0064 1.8755±0.0053 1.7093±0.0049

Table 2.2: Average �tting parameters a, b, F , and v for spiral galaxies

Optimized isophotal 
orre
tion based on µc

The optimized 
orre
tion method using µc, the 
entral surfa
e brightness, is more a

u-

rate than the average 
orre
tion be
ause it 
orrelates with the morphologi
al type. When

in
orporating µc, Riad et al. (2010) determine the 
orre
tion to be of the form:

f(R, µc) = 10a(µc)·(Aλ)
b(µc)

, (2.10a)

∆miso(µc) = F (µc) · (Aλ)
v(µc), (2.10b)

where

a(µc) = a◦exp(µc · a1), (2.11a)

b(µc) = b◦exp(µc · b1), (2.11b)

F (µc) = F◦exp(µc · F1), (2.11
)

v(µc) = v◦exp(µc · v1). (2.11d)

The values of these parameters are given in Table 2.3.

I 
ompare the optimized 
orre
tion based on µc and the average 
orre
tion. Figure 2.3

shows the di�eren
e of the isophotal 
orre
tion methods as a fun
tion of the foreground

extin
tion. Figure 2.3 shows that the di�eren
e between the two methods is negligible in

the Ks-band while it is signi�
ant in the J , and H-bands for Aλ > 0.1 mag.
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tion based on µc (∆miso) and the

average 
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Param. J-band H-band Ks-band

a◦ 0.0068 0.0095 0.0157

a1 0.1953 0.1824 0.1641

b◦ 2.7721 2.5213 1.3653

b1 −0.0455 −0.0397 0.0009

F◦ 0.0003 0.0007 0.0012

F1 0.4136 0.3833 0.3751

v◦ 6.4910 4.6215 2.3296

v1 −0.0866 −0.0674 −0.0267

Table 2.3: Parameters a◦, b◦, F◦, v◦, a1, b1, F1 and v1 for the µc optimization equation.

2.4.2 Bias 
orre
tions

Morphologi
al 
orre
tion

Many TF samples in
luding the one we use here, 
ontain a broad range of spiral types. A

single relation may not be appropriate for all spiral types as expressed already by Tully &

Fisher themselves. Masters et al. (2008) found type dependen
es with their sample, and my

analysis of this e�e
t based on the �isophotal� magnitude yields similar trends. Figures 2.4,

2.5 and 2.6 show TF diagrams in the J , H , and Ks-bands of galaxies in our sample divided

a

ording to their morphologi
al type. The earlier types have a shallower slope than later

types. We 
orre
t to an S
 type (less bulge, more disk 
omponent) relation.

In the J-band we use

∆MSa = 0.27− 2.46(log W − 2.5),

∆MSb = 0.15− 1.14(log W − 2.5).

In the H-band we use

∆MSa = 0.22− 2.81(log W − 2.5),

∆MSb = 0.15− 1.16(log W − 2.5).

In the Ks-band we use

∆MSa = 0.11− 3.51(log W − 2.5),

∆MSb = 0.13− 1.44(log W − 2.5).

These values are derived using the data for ea
h sample before any bias 
orre
tions.

In
ompleteness bias

Brighter galaxies in a given 
luster are more likely to enter the sample. This a�e
ts the

derived TF relation in three ways: (a) shallowing the TF slope, be
ause galaxies with low

line-width will preferentially lie above the linear relation, (b) brightening the zero point,

be
ause of the same reason, (
) underestimating the s
atter, be
ause galaxies with low line-

width lying below the linear TF relation, whi
h are asso
iated with high s
atter, are missing
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Figure 2.4: J-band TF relation for the in+ sample separated by morphologi
al type (a)

Sa and earlier; (b) Sb; (
) S
 and later. Open symbols show the magnitudes 
orre
ted for

all biases ex
ept morphologi
al type. The solid line shows the �ts to these points. The

�lled symbols are the magnitudes after the morphologi
al type 
orre
tion is applied and the

dashed line in all panels shows the �nal �t to the whole sample.
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Figure 2.5: H-band TF relation for the in+ sample separated by morphologi
al type (a)

Sa and earlier; (b) Sb; (
) S
 and later. Open symbols show the magnitudes 
orre
ted for

all biases ex
ept morphologi
al type. The solid line shows the �ts to these points. The

�lled symbols are the magnitudes after the morphologi
al type 
orre
tion is applied and the

dashed line in all panels shows the �nal �t to the whole sample.
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Figure 2.6: K-band TF relation for the in+ sample separated by morphologi
al type (a)

Sa and earlier; (b) Sb; (
) S
 and later. Open symbols show the magnitudes 
orre
ted for

all biases ex
ept morphologi
al type. The solid line shows the �ts to these points. The

�lled symbols are the magnitudes after the morphologi
al type 
orre
tion is applied and the

dashed line in all panels shows the �nal �t to the whole sample.
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from the sample.

To 
orre
t for this in
ompleteness bias, we have used the same 
orre
tion as given in

Masters et al. (2008). They derived it from Monte Carlo simulations of the di�eren
e

between the expe
ted and observed magnitudes.

Cluster size bias

Two further 
orre
tions need to be applied to deal with the assumption that all galaxies

in the 
luster are at the same distan
e. This is appropriate only when the diameter of the


luster is negligible 
ompared to its distan
e. These two 
orre
tions are very small 
ompared

to the other 
orre
tions.

Mean distan
e to a 
luster

Sin
e we are dealing with the distan
e modulus rather than linear distan
e, a small �xed

bias arises from the fa
t that the log of the average of the distan
e is not equal to the average

of the log of the distan
e. Table 1 in Masters et al. (2008) provides the 
orre
tion values

using the assumption of a line-of-sight extent of one Abell radius for the in sample and two

Abell radius for the in+ sample.

Sample in
ompleteness

Dimmer galaxies are preferentially observed on the near side of the 
luster. The magnitude

of these galaxies will be overestimated due to the assumption that all galaxies in any given


luster are at the same distan
e (mean distan
e to the 
luster). It depends mainly on the

in
ompleteness bias-
orre
tion, so we also used the same values as in Masters et al. (2008).

Cluster pe
uliar velo
ity

The pe
uliar velo
ity needs to be estimated for ea
h 
luster before 
ombining these 
lusters

into a global TF relation. We use the same o�set (due to the 
luster pe
uliar velo
ity) as

Masters et al. (2006; 2008).

Malmquist bias

Following Giovanelli et al. (1997a) and Masters et al. (2008) I adopt no 
orre
tion for this

e�e
t as it is negligible for this sample.

2.5 Fitting and s
atter

Di�erent authors have used di�erent �tting pro
edures to derive the �nal parameters of the

TF relation. The inverse TF was suggested by Kraan-Korteweg et al. (1986) to over
ome the

Malmquist bias. Giovanelli et al. (1997a) used the minimization of χ2
method to determine
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the dire
t, inverse, and bivariate forms of the linear TF relation. In Pizagno et al. (2007),

the maximum likelihood method was used to estimate the slope a, inter
ept b, and intrinsi


s
atter ǫint of the TF relation. Here we are interested in the bivariate �t 
ase, where errors

in both x and y are taken into 
onsideration. We therefore use the linear form:

y(x) = abi + bbix, (2.12)

via minimization of χ2

χ2 =
N∑

i=1

[
yi − y(xi; abi, bbi)

ǫi
]2. (2.13)

The error used in the 
omputation is de�ned as ǫi = [(ǫx,ibbi)
2+ ǫ2y,i+ ǫ2int+
ovxy]

1/2
, where


ovxy represents the 
ovarian
e between the errors in x and y whi
h is not signi�
ant in our


ase.

2.5.1 The isophotal NIR TF relation

After applying all of the above detailed bias 
orre
tions, and applying the bivariate �tting

me
hanism to the 888 
alibrator galaxies, the �nal TF relations have the form:

MJ − 5 log h = −21.059− 9.268(logW − 2.5), (2.14a)

MH − 5 log h = −21.805− 9.296(logW − 2.5), (2.14b)

MKs
− 5 log h = −21.966− 10.376(logW − 2.5). (2.14
)

Table 2.4 presents the �tting parameters derived from both isophotal magnitude (this

work) and total magnitude from Masters et al. (2008). Figure 2.7 shows the �nal global TF

data in the J , H , and Ks-bands for both the dire
t and the bivariate forms. In this �gure,

the dire
t �t is shallower than the bivariate �t.

Band This thesis Masters et al. (2008)

aiso biso ǫa ǫb atot btot ǫa ǫb
J-band −21.047 −9.387 0.018 0.114 −20.999 −9.070 0.017 0.116

H-band −21.793 −9.433 0.018 0.115 −21.833 −9.016 0.016 0.106

Ks-band −21.959 −10.523 0.018 0.120 −22.030 −10.017 0.015 0.098

Table 2.4: Parameters of bivariate �t after all 
orre
tions derived from both isophotal (this

work) and total magnitude (Masters et al. 2008).

Figure 2.7 also shows that the s
atter in the TF relation in
reases with de
reasing rotation

width. The relation used in Giovanelli et al. (1997a), Masters et al. (2008) to parameterize

the s
atter is adopted

σ = a+ b(logW − 2.5) (2.15)

The total s
atter is 
al
ulated and shown for the J , H , and Ks-bands in Figure 2.8 as a
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Figure 2.7: Global TF relation for the (a) J-band, (b) H-band, and (
) Ks-band (in+

sample) derived from the isophotal magnitude. The dashed line in all panels shows the

respe
tive bivariate �t to the data. The dotted lines show the dire
t �t.
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fun
tion of the line-width.

The error on the isophotal magnitude (least sour
e of error), as well as the error on the

rotation width multiplied by the slope of the TF relation (expressed in magnitudes) are also

displayed in Figure 2.8. A linear �t to the intrinsi
 s
atter gives

ǫint,J = 0.46− 0.90(logW − 2.5), (2.16a)

ǫint,H = 0.47− 0.94(logW − 2.5), (2.16b)

ǫint,Ks
= 0.46− 0.83(logW − 2.5). (2.16
)

In Masters et al. (2008) the intrinsi
 s
atter is given by:

ǫint,J = 0.39− 0.78(logW − 2.5), (2.17a)

ǫint,H = 0.38− 1.14(logW − 2.5), (2.17b)

ǫint,Ks
= 0.35− 1.17(logW − 2.5). (2.17
)

The intrinsi
 s
atter, in magnitude units, is 
ru
ial to understand the errors on both

distan
es and pe
uliar velo
ities derived from a TF relation. The intrinsi
 s
atter in both

the �isophotal� and �total� methods are very 
lose, be
ause the 
alibration sample of galaxies

is hardly a�e
ted by foreground dust of the Milky Way. Equations 2.16 & 2.17 show that

the intrinsi
 s
atter is smaller in the total magnitude relation when using only the very

large galaxies (logW > 2.5) while for small galaxies (logW < 2.5) the �isophotal� magni-

tude relation shows less s
atter. This 
on
lusion further substantiates that the use of the

�isophotal� magnitude relation is preferable for all-sky surveys, whi
h in
lude both large and

small galaxies.

2.6 Con
lusion

I have presented the derivation of the NIR �isophotal� TF relation, whi
h is optimally suited

to derive the �ow �eld in or 
lose to the Zone of Avoidan
e. Using the isophotal magni-

tudes, I re
alibrated the TF-relation in the J , H , and Ks-bands using the Masters et al.

(2008) sample and the Riad et al. (2010) Gala
ti
 absorption 
orre
tions. I 
orre
t for the

dependen
e of the TF relation on morphologi
al type. Appropriate 
orre
tions to all biases

(i.e. in
ompleteness bias, 
luster size bias, 
luster pe
uliar velo
ity, and other sour
es) are

obtained. I also provide 
orre
tions to the magnitude both Gala
ti
 and internal for ex-

tin
tion, as well as a 
osmologi
al k-
orre
tion. I use the bivariate �t method, where errors

in both sets of data are taken into 
onsideration. Minimization of χ2
was used to provide

the �nal parameters. Be
ause the 
alibration sample is lo
ated far from the Gala
ti
 Plane,

no signi�
ant 
hange in the TF s
atter 
ompared to previous studies has been seen. This

suggests that their is no major problem in general to use isophotal TF relations.
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Figure 2.8: S
atter in the (a)J-band, (b)H-band, and (
)Ks-band. Un�lled 
ir
les present

the total s
atter averaged within bins in velo
ity width. Linear �t to the total s
atter is

shown as solid line and the dashed line shows the linear �t to the intrinsi
 s
atter. The

dotted lines present the error on the isophotal magnitude and the error on the rotation

width multiplied by the slope
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I analyze the total and intrinsi
 s
atter of the �nal TF relations in detail. By 
omparison

of the intrinsi
 s
atter in both the �isophotal� and �total� relations I demonstrate that the

s
atter be
omes lower in the �isophotal� relation at low line-width. The importan
e of the

intrinsi
 s
atter in the TF relations derived here, 
omes from their 
ontribution to the error

in both distan
es and pe
uliar velo
ities (Chapter 4).
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Chapter 3

In
lination Corre
tion

While e�orts have been made to 
orre
t for the e�e
t of dust extin
tion on the photometri


properties of galaxies (magnitude and major axis), the e�e
t of dust extin
tion on the

geometri
al properties of galaxies (axial ratio) has mostly been ignored. The in
lination

or the axial ratio of spirals (b/a) is an important parameter in the TF analysis be
ause

the a
tual sample sele
tion and the 
orre
tion of line-widths and magnitudes depend on

in
lination. The e�e
t of foreground dust extin
tion on the shape of spiral galaxies 
an be

severe in the ZoA, hen
e the determination of the a
tual �intrinsi
� axial ratio b/a hen
e is


ru
ial to our analysis. I therefore examine in this 
hapter the e�e
t of the foreground dust

on the shape of the observed spiral galaxies.

3.1 Introdu
tion

Spiral galaxies 
onsist of a disk plus a bulge. The disk is almost �at and 
ontains large

amounts of dust, while the bulge is rounder and tends to be dust-poor. The e�e
t of dust

within the galaxy on the derived photometri
 parameters has been investigated by several

authors (e.g., Han 1992a, Giovanelli et al. 1994, Masters et al. 2003, Tu�s et al. 2004, Driver

et al. 2007, Masters et al. 2010, Pastrav et al. 2013a;b). In this 
hapter I analyze another

type of dust-indu
ed 
hange, i.e, the 
hange in the shape of the ba
kground spirals due to

the foreground dust in the Milky Way.

The e�e
t of foreground dust extin
tion on the isophotal radius and magnitude of galax-

ies (ellipti
al as well as spirals) has been investigated extensively by Cameron (1990) and

more re
ently by Riad et al. (2010), see also Chapter 2. These studies were restri
ted to

analyze the e�e
t of dust on the major axis but not the minor axis, and therefore not the


hange in the apparent shape (axial ratio).

In the ZoA where the dust extin
tion 
an be high, su
h an e�e
t 
an be signi�
ant.

The motivation for studying this e�e
t is twofold. The �rst reason is to avoid a systemati


35



Univ
ers

ity
 of

 C
ap

e T
ow

n

36 In
lination Corre
tion 3

bias in the sample sele
tions whi
h are 
onstrained by in
lination. The se
ond reason is

the dependen
e of the TF parameters on the in
lination su
h as the 
orre
tion of the HI

line-width and the 
orre
tion of the magnitude due to the internal extin
tion, as dis
ussed

below.

In
lination-dependent parameters in the TF relation

Two parameters in the TF depend on the in
lination of a spiral galaxy. The �rst one is the

HI spe
tral data. To derive the maximum rotational velo
ity the observed line-width needs

to be 
orre
ted to edge-on orientation. A

ording to Springob et al. (2007) this is:

W = [
w50 −∆s

1 + z
−∆t]

1

sin i
. (3.1)

The in
lination i is derived from the J-band ellipti
ity ǫJ = 1− (b/a)J via:

cos2 i =
(1− ǫ)2 − q20

1− q20
(3.2)

(e.g., Giovanelli et al. 1997a) where q0 is the intrinsi
 axial ratio of the galaxy (q0 = 0.13 for

Sb
 and S
, and q0 = 0.2 for other types). The se
ond set of data are the NIR magnitudes,

where we use the equation adopted by a number of authors (e.g., Giovanelli et al. 1994,

Tully et al. 1998, Masters et al. 2003) to 
orre
t for the internal extin
tion, whi
h depends

on the axial ratio as follows:

Iλ = γ log(a/b). (3.3)

Ina

urate in
linations of spiral galaxies will 
reate a systemati
 bias in both 
orre
ted

line-width and absolute magnitude, and therefore in the derived pe
uliar velo
ities.

Systemati
 sele
tion e�e
t

In
lined spiral galaxies are preferentially used in the TF analysis to minimize the 
orre
-

tions in the line-width. Most TF surveys apply a 
ertain limit on the axial ratio for sele
ting

spirals. The 2MTF proje
t uses only galaxies with b/a < 0.5 (Masters et al. 2008, Masters

2008, Hong et al. 2013a) while Williams (2011) in
reases that limit to in
lude galaxies with

b/a < 0.7. Ina

urately derived in
linations will bias the survey sample, and therefore in-


reasing the un
ertainty in the analysis. This e�e
t is dependent on the dust 
olumn density

along the line-of-sight to the galaxies. It should therefore be explored how the foreground

dust 
hanges the apparent axial ratio and what its net e�e
t may be on the TF pe
uliar

velo
ity.

To avoid any systemati
 errors in our analysis due to the axial ratio, I quantify the e�e
t

of the foreground extin
tion on the axial ratio with the aim to 
onstru
t a 
orre
tion model.

To study this e�e
t three independent methods have been applied to di�erent galaxy samples.

In the following se
tions, I dis
uss these three methods in detail. Se
tion 3.2 presents the
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�rst method whi
h is based on a sample of galaxies drawn from the 2MASS Large Galaxy

Atlas (LGA) (Jarrett et al. 2003) whi
h will be absorbed arti�
ially. The se
ond method is

based on fully simulated galaxies and its results are des
ribed in Se
tion 3.3. In Se
tion 3.4

I 
ompare galaxies 
ommon to both a deep and a shallow survey to analyze this e�e
t.

3.2 Sample of galaxies from the 2MASS LGA

In this se
tion I use a sample of 54 spirals (see Table 3.1) extra
ted from the 2MASS LGA.

The galaxies have been arti�
ially absorbed, similar to Cameron (1990) and Riad et al.

(2010) but for the full 2-dimensional data set. I have measured the surfa
e brightness pro�le

using the ellipse task in the stsdas pa
kage for both the major and minor axis by using

the ellipti
ity as a free parameter.

Figure 3.1 as an example shows the surfa
e brightness pro�le of NGC1515 (Sb
) to

explain the method used. It has an intrinsi
 axial ratio of b/a = 0.34 in the J-band. In Fig.

3.1, the surfa
e brightness is plotted against the major axis in the top panel and the minor

axis in the bottom panel. The 3σ ba
kground noise of 20.09, 19.34, and 18.55 mag ar
se


−2

in the J , H , and Ks-bands, respe
tively (Jarrett et al. 2000) have been used to measure the

isophotal limit of the major and minor axis as shown by the solid bla
k line. The proje
tion

of the inter
ept between the solid bla
k line and the light pro�le on the x-axis gives the

intrinsi
 major axis a◦ (top panel) and minor axis b◦ (bottom panel). I set the simulation

limits to AJ = 0.0− 3.0 mag. The inward displa
ements represented by the dotted lines in

Fig. 3.1 show the simulated extin
tion levels AJ in mag. For ea
h level of extin
tion the

major and minor axes have been measured from the inter
ept of the dotted line and the

light pro�le. As a fun
tion of extin
tion I 
al
ulate the ratios

f(a) = a◦/a, (3.4a)

f(b) = b◦/b, (3.4b)

where a◦, a, b◦, and b are the intrinsi
 and absorbed major and minor axes. The fun
tions

f(a) and f(b) are plotted against di�erent values of simulated extin
tion AJ (top and middle

panels) in Fig. 3.2. The bottom panel shows the ratio of f(b)/f(a) against AJ , whi
h 
learly

demonstrates that the axial ratio (b/a) in
reases with dust extin
tion (i.e. galaxies appear

more rounder). Using the formula

f(R) = 10c(Aλ)
d

(3.5)

given by Cameron (1990), where c and d are �tted parameters, I �tted the data as shown in

Fig. 3.2 by the dashed line. The galaxy NGC1515, with an intrinsi
 axial ratio of b/a = 0.34

in the J-band would appear to have b/a = 0.48 if seen through 1 mag of extin
tion, respe
-

tively b/a = 0.62 if seen through 2 mag of extin
tion. For an extin
tion of AJ ≥ 1.m2 this
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Figure 3.1: Surfa
e brightness pro�le of NGC1515 (SAB(s)b
). The top panel shows the

light pro�le against the major axis a. The bottom panel shows the light pro�le against the

minor axis b. Note the di�erent s
ales for major (top) and minor (bottom) axes. In all

panels the solid bla
k line shows the typi
al 3σ ba
kground noise of 20.09 mag ar
se


−2
in

the J-band, whi
h is used to measure the intrinsi
 major or minor axis. The dotted lines

show di�erent levels of simulated extin
tion.
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edge-on galaxy would be ex
luded from the 2MTF survey.

To analyze this e�e
t statisti
ally, this pro
edure was followed for all the other galaxies

in our sele
ted LGA sample. The 54 spiral galaxies have di�erent morphologi
al types and

axial ratios, and 
ontain both barred and unbarred galaxies (Table 3.1).
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Figure 3.2: NGC1515(SAB(s)b
) galaxy major axis 
orre
tion due to the foreground extin
-

tion f(a) in the top panel, the minor axis 
orre
tion due to the foreground extin
tion f(b) in
the middle panel, and the axial ratio 
orre
tion due to the foreground extin
tion f(b)/f(a)
in the bottom panel. The dashed lines in all panels show the �t to the data.
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Table 3.1: The sample of galaxies used. The 
olumns are galaxy name, morphologi
al type, axial ratio, the e�e
tive mean surfa
e brightness

and the 
entral surfa
e brightness for J , H , and Ks.

Galaxy Morphology (b/a)J µJ,e µJ,c (b/a)H µH,e µH,c (b/a)Ks
µK,e µK,c

M65 SAB(rs)a 0.28 17.27 14.30 0.30 16.57 13.58 0.32 16.32 13.31

M88 SA(rs)b 0.46 17.38 14.37 0.42 16.61 13.57 0.44 16.33 13.23

M94 SA(r)ab 0.79 15.56 12.75 0.75 14.87 12.01 0.79 14.55 11.70

M98 SAB(s)ab;HII 0.28 18.19 14.56 0.30 17.44 13.71 0.24 17.15 13.38

M101 SAB(rs)
d 0.83 19.59 16.14 0.89 18.94 15.43 0.99 18.69 15.13

M106 SAB(s)b
;LINER 0.45 17.82 14.39 0.47 17.11 13.70 0.49 16.88 13.39

NGC210 SA(s)b 0.56 17.41 15.32 0.58 16.36 14.53 0.52 15.86 14.21

NGC488 SA(r)b 0.71 18.09 14.82 0.75 17.52 14.06 0.81 17.10 13.81

NGC986 SB(rs)b 0.57 18.22 15.61 0.57 17.54 14.84 0.57 17.21 14.37

NGC1073 SB(rs)
 0.72 20.17 17.82 0.72 19.43 17.21 0.72 19.34 16.99

NGC1187 SB(r)
 0.59 18.99 15.54 0.61 18.23 14.66 0.55 17.93 14.28

NGC1247 Sb
 0.20 17.71 16.17 0.18 16.85 15.27 0.18 16.49 14.89

NGC1337 SA(s)
d 0.38 19.43 18.04 0.36 18.77 17.28 0.38 18.53 17.13

NGC1350 SB(r)ab 0.52 17.83 14.51 0.50 17.07 13.77 0.50 16.80 13.54

NGC1515 SAB(s)b
 0.34 17.89 15.81 0.36 17.10 14.96 0.40 16.82 14.96

NGC1532 SB(s)b;pe
;sp 0.40 17.80 14.98 0.38 17.00 14.15 0.30 16.70 13.84

NGC1808 SAB(s:)b;Sy2 0.44 17.24 14.08 0.44 16.33 13.27 0.42 15.81 12.77

NGC3003 SBb
 0.34 19.34 17.80 0.30 18.70 17.07 0.30 18.32 16.69

NGC3184 SAB(rs)
d 0.99 19.75 16.74 0.99 19.08 16.05 0.85 18.84 15.73

NGC3198 SB(rs)
 0.39 19.06 16.70 0.41 18.37 15.80 0.35 18.14 15.37

NGC3326 Sa 0.91 17.32 16.21 0.83 16.46 15.49 0.88 15.98 15.12

NGC3338 SA(s)
 0.51 18.95 16.53 0.55 18.32 15.81 0.55 18.03 15.57

Continued on next page
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Galaxy Morphology (b/a)J µJ,e µJ,c (b/a)H µH,e µH,c (b/a)Ks
µK,e µK,c

NGC3365 S
d 0.24 19.76 18.36 0.24 19.01 17.68 0.23 18.87 17.38

NGC3389 SA(s)
 0.46 19.11 17.55 0.40 18.45 16.83 0.46 18.20 16.57

NGC3511 SAB(s)
 0.28 18.92 16.64 0.30 18.18 15.82 0.32 17.87 15.52

NGC3614 SAB(r)
 0.67 19.63 17.75 0.75 18.89 17.04 0.77 18.72 16.79

NGC3877 S
 0.24 17.93 15.92 0.24 17.15 15.10 0.24 16.83 14.71

NGC3898 SA(s)ab;LINER 0.55 16.98 14.14 0.55 16.25 13.38 0.59 16.00 13.19

NGC4096 SAB(rs)
 0.28 18.70 16.45 0.30 17.95 15.74 0.30 17.67 15.44

NGC4206 SA(s)b
 0.20 19.09 17.51 0.20 18.43 16.81 0.20 18.00 16.56

NGC4216 SAB(s)b 0.18 16.98 14.00 0.18 16.23 13.22 0.18 15.95 12.97

NGC4314 SB(rs)a 0.68 17.67 15.09 0.68 16.91 14.35 0.68 16.70 14.12

NGC4330 S
d 0.16 19.09 18.05 0.14 18.23 17.09 0.16 17.90 16.71

NGC4388 SA(s)b:;sp 0.32 17.81 16.02 0.28 16.98 15.08 0.32 16.58 14.59

NGC4448 SB(r)ab 0.32 17.53 15.44 0.32 16.84 14.69 0.32 16.60 14.41

NGC4517 SA(s)
d:;sp 0.16 18.79 17.66 0.14 17.95 16.72 0.16 17.60 16.34

NGC4527 SAB(s)b
 0.32 17.36 14.18 0.32 16.38 13.29 0.34 15.97 12.89

NGC4536 SAB(rs)b
 0.48 18.40 14.68 0.50 17.38 13.73 0.52 17.02 13.26

NGC4559 SAB(rs)
d 0.41 19.22 17.40 0.45 18.53 16.72 0.47 18.30 16.48

NGC4569 SAB(rs)ab;Sy 0.44 18.08 13.85 0.38 17.39 13.18 0.40 17.08 12.83

NGC4941 SAB(r)ab;Sy2 0.51 18.50 15.05 0.51 17.77 14.30 0.63 17.53 14.07

NGC5135 SB(l)ab;Sy2 0.49 17.33 15.51 0.49 16.77 14.65 0.49 15.94 14.17

NGC5170 SA(s)
;sp 0.26 17.74 15.32 0.24 16.90 14.47 0.26 16.66 14.22

NGC5371 SAB(rs)b
 0.68 18.79 15.29 0.66 18.09 14.53 0.70 17.84 14.30

NGC5529 S
 0.20 17.95 16.63 0.20 17.01 15.66 0.16 16.58 15.25

NGC5566 SB(r)ab 0.53 16.96 14.20 0.53 16.17 13.47 0.53 15.91 13.24

Continued on next page
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Galaxy Morphology (b/a)J µJ,e µJ,c (b/a)H µH,e µH,c (b/a)Ks
µK,e µK,c

NGC5777 Sb
 0.20 17.41 15.80 0.20 16.44 14.88 0.20 15.96 14.40

NGC5861 SAB(rs)
 0.55 18.82 17.21 0.55 18.08 16.36 0.65 17.79 16.05

NGC5965 Sb 0.28 17.70 15.74 0.30 16.86 14.99 0.32 16.60 14.73

NGC5985 SAB(r)b;Sy1 0.57 18.96 16.62 0.51 18.29 15.89 0.51 18.02 16.34

NGC5987 Sb 0.43 17.85 15.55 0.45 17.05 14.81 0.43 16.73 14.49

NGC6015 SA(s)
d 0.59 18.87 17.47 0.55 18.16 16.80 0.49 17.92 16.52

NGC6925 SA(s)b
 0.34 17.39 14.75 0.34 16.60 13.99 0.36 16.30 13.66

NGC7184 SB(r)
 0.26 18.09 15.58 0.30 17.45 14.84 0.34 17.09 14.59
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I will now investigate the 
orrelations between the 
hange in the axial ratio and the properties

of the galaxies, su
h as, in
lination or type, to 
onstru
t a 
orre
tion model. The 
entral

surfa
e brightness µc and the half-light e�e
tive mean surfa
e brightness µe are used as

indi
ator of morphologi
al type (Jarrett et al. 2003).

3.2.1 Corre
tion based on µ
c

Following the re
ipe given by Riad et al. (2010) I in
lude the 
entral surfa
e brightness µc in

the J , H , and Ks-bands to optimize the 
orre
tion model. The 
orre
tion equations be
ome

f(R, µc) = 10c(µc)(Aλ)
d(µc)

, (3.6)

where

c(µc) = c0 exp(µc × c1), (3.7)

d(µc) = d0 exp(µc × d1). (3.8)

The values of c0, c1, d0, and d1 in the J , H , and Ks-bands are the �tting parameters. The

mean value for ea
h parameter derived from all galaxies is shown in Table 3.2.

Param. J H Ks

c0 −0.0046 −0.0120 −0.0221
c1 0.1903 0.1392 0.1149

d0 4.4303 2.3116 1.4236

d1 −0.0668 −0.0291 −0.0053

Table 3.2: The �tting parameters of the 
orre
tion based on the 
entral surfa
e brightness

µc

Figures 3.3, 3.4 and 3.5 show the axial ratio 
orre
tion for all galaxies in our sample

in the J , H , and Ks-bands, respe
tively. The sample is subdivided into 
lasses of 
entral

surfa
e brightness (as proxy for morphology). Panels from top to bottom re�e
t the SB

ranges of µc < 15, 15 < µc < 16, 16 < µc < 17 and 17 < µc < 19. The left panels

show highly-in
lined galaxies of axial ratio b/a < 0.4 and the right panels show less-in
lined

galaxies of axial ratio b/a > 0.4.

The e�e
t on the observed (obs
ured) shape is stronger for intrinsi
ally highly-in
lined

galaxies than the less-in
lined galaxies in all bands. Note the di�erent Aλ ranges for the J ,

H , and Ks-bands. The 
orre
tion for the less-in
lined galaxies always lies above 0.6(b/a)int

while the 
orre
tion for highly-in
lined galaxies 
an rea
h 0.2(b/a)int. The dependen
e of

the 
orre
tion on the morphologi
al type needs larger samples for quanti�
ation.
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Figure 3.3: Axial ratio 
orre
tion f(b)/f(a) based on µc in the J-band subdivided as a

fun
tion of their 
entral surfa
e brightness (top to bottom) and intrinsi
 in
lination (left to

right) versus the foreground extin
tion.
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Figure 3.4: Axial ratio 
orre
tion f(b)/f(a) based on µc in the H-band subdivided as a

fun
tion of their 
entral surfa
e brightness (top to bottom) and intrinsi
 in
lination (left to

right) against the foreground extin
tion.
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Figure 3.5: Axial ratio 
orre
tion f(b)/f(a) based on µc in the Ks-band subdivided as a

fun
tion of their 
entral surfa
e brightness (top to bottom) and intrinsi
 in
lination (left to

right) against the foreground extin
tion.
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3.2.2 Corre
tion based on µ
e

The same method was applied using the half-light e�e
tive mean surfa
e brightness µe. The


orre
tion equations are

f(R, µe) = 10c(µe)(Aλ)
d(µe)

, (3.9)

where

c(µe) = c0 exp(µe × c1), (3.10)

d(µe) = d0 exp(µe × d1), (3.11)

and c0, c1, d0, and d1 in J , H , and Ks-band are the �tting parameters, see Table 3.3 for

the mean value for ea
h parameter.

Param. J H Ks

c0 −0.0037 −0.0154 −0.0469
c1 0.1793 0.1060 0.0562

d0 4.2096 1.5685 2.1028

d1 −0.0550 −0.0027 −0.0272

Table 3.3: The �tting parameters of the 
orre
tion based on the µe

The parameters for the two methods (see Tables 3.2 and 3.3) show no signi�
ant 
hange.

This 
an also been demonstrated by 
omparing Figure 3.5 whi
h shows the axial ratio


orre
tion f(b)/f(a) based on µc in the Ks-band and Figure 3.6 whi
h shows the 
orre
tion

but based on µe in the Ks-band.

3.3 Simulated galaxies

This se
tion presents the se
ond method used to quantify the e�e
t of dust on the shape of

spirals and is based on fully simulated galaxies. The advantage of using simulated galaxies

is twofold: �rstly it measures the e�e
t on the same galaxy with foreground dust and

without. Se
ondly we 
an test the 
orre
tion model by applying it to the obs
ured galaxies

and 
ompare their axial ratio with the same galaxy before the obs
uration. The IRAF

artdata tasks (mkobje
t, mknoise, gallist, and starlist) were used in the simulations. I


reated arti�
ial spiral galaxies (disk plus bulge) with di�erent axial ratios b/a. The arti�
ial

galaxies were 
reated to be similar to the 2MASS LGA galaxy M88 in the J and Ks-band.

Figure 3.7 shows a 4 × 4 matrix of the simulated galaxies. The �rst 
olumn in Fig. 3.7

shows the unabsorbed galaxy with axial ratios of 0.2, 0.4, 0.6, and 0.8 from top to bottom.

The 
olumns from left to right show how the shape 
hanges of the respe
tive galaxies for

in
reasing levels of absorption.



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.3 Simulated galaxies 49

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

f(
b)

 / 
f(

a)

AK

b/a < 0.4

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

AK

b/a > 0.4

µe < 16

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

f(
b)

 / 
f(

a)

AK

b/a < 0.4

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

AK

b/a > 0.4

16 < µe < 17

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

f(
b)

 / 
f(

a)

AK

b/a < 0.4

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

AK

b/a > 0.4

17 < µe < 18

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

f(
b)

 / 
f(

a)

AK

b/a < 0.4

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

AK

b/a > 0.4

18 < µe < 20

Figure 3.6: Axial ratio 
orre
tion f(b)/f(a) based on µe in the Ks-band subdivided as a

fun
tion of their half-light e�e
tive mean surfa
e brightness (top to bottom) and intrinsi


in
lination (left to right) against the foreground extin
tion.
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Figure 3.7: 4×4 Matrix of simulated galaxies. The left panels show the unabsorbed galaxies

with intrinsi
 axial ratios ranging from 0.2, 0.4, 0.6, to 0.8 (top to bottom). From left to

right the extin
tion in
reases (de
reasing the �ux).

3.3.1 Corre
tion model

The 2-dimensional surfa
e brightness pro�les (using major and minor axes) for the simulated

galaxies were measured using the IRAF ellipse task in the stsdas pa
kage. I used the

same method as in Fig. 3.1 to determine the 
orre
tion model, i.e, by 
reating inward

displa
ements of the light pro�le, and to then measuring the axial ratio as a fun
tion of

foreground extin
tion. I determined the 
orre
tion model f(R) by using Eq. 3.5. Only the

average 
orre
tion is shown here. Fitting parameters and axial ratios for ea
h 
ase are listed

in Table 3.4.

b/a 0.20 0.40 0.60 0.80
cJ −0.095 −0.076 −0.026 −0.004
cKs

−0.249 −0.164 −0.101 −0.037
dJ 1.564 1.430 1.964 2.558

dKs
0.957 0.887 0.704 0.318

Table 3.4: The parameters for simulated galaxies in both the J and Ks-bands.

The four 
ases for the J-band are plotted in Figure 3.8. Results in this se
tion are


onsistent with those in se
tion 3.2. These parameters in Table 3.4 and Fig. 3.8 show that

both methods (LGA and simulated galaxies) provide the same result namely that the e�e
t
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of dust on the shape is stronger for intrinsi
ally highly-in
lined galaxies than the less-in
lined

galaxies.
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Figure 3.8: Axial ratio 
orre
tion f(b)/f(a) based on fully simulated galaxies in the J-band
subdivided into four subsamples as a fun
tion of their intrinsi
 in
lination plotted versus

the foreground extin
tion.

3.3.2 Applying the 
orre
tion model

After 
reating the simulated galaxies in Fig. 3.7, I test the 
orre
tion parameters. For ea
h

single panel the IRAF ellipse task in the stsdas pa
kage is used to measure the axial ratio

b/a at the 3σ isophote (i.e. ∼ 3 times the ba
kground noise). After that I 
orre
t the arti�-


ially obs
ured axial ratios by inserting the derived parameters in Table 3.4 into equation 3.5.

To test whether the average model reprodu
es the intrinsi
 axial ratio from the absorbed

value, I 
ompare the 
orre
ted values with the intrinsi
 values. The ratio of the measured

to true axial ratio as a fun
tion of extin
tion in the J-band is shown in Figs. 3.9 and 3.10

before and after applying the 
orre
tion, respe
tively. Galaxies with axial ratio b/a < 0.2 are

shown as squares, 0.2 < b/a < 0.4 as 
ir
les, 0.4 < b/a < 0.6 as upwards-pointing triangles

and 0.6 < b/a < 0.8 as downwards-pointing triangles. Figure 3.10 shows 
lear agreement

between the 
orre
ted axial ratio and the intrinsi
 axial ratio ex
ept at the highest extin
tion.

Figures 3.11 & 3.12 show the same as Figures 3.9 & 3.10 for the Ks-band. Figs. 3.10

& 3.12 
an be used to assess up to whi
h extin
tion level the model 
an be satisfa
torily


orre
ted. The proposed 
orre
tion model seems fairly reliable up to extin
tion levels of
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about AJ = 3 mag and AKs
= 1 mag, whi
h is about the same dust 
olumn density.
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Figure 3.9: Absorbed axial ratio divided by intrinsi
 axial ratio in the J-band as a fun
tion

of the foreground extin
tion. The un�lled squares, 
ir
les, upwards-pointing triangles and

downwards-pointing triangles present galaxies of axial ratio b/a < 0.2, 0.2 < b/a < 0.4,
0.4 < b/a < 0.6, and 0.6 < b/a < 0.8, respe
tively.

3.4 Comparison of shallow and deep observations

I �nalize my analysis by applying the derived in
lination 
orre
tion model to a sample of 82

2MASX galaxies whi
h also have independent photometry from deeper and more resolved

data obtained with the IRSF (see Chapter 2). Here we applied (a) the average 
orre
tion,

(B) the 
orre
tion based on the half-light e�e
tive mean surfa
e brightness µJe, and (C)

on the 
entral surfa
e brightness µc 
orre
tion to the 2MASS data set. We assume that

the IRSF axial ratio (b/a)IRSF is the true one as the IRSF survey is 2m deeper than the

2MASS survey in the Ks-band. Therefore, no 
orre
tions are applied to the IRSF data set.

However, this is probably not true, be
ause the galaxies in 
ommon lie deep in the ZoA and

the IRSF images will also have been a�e
ted by absorption.

Figure 3.13 displays the IRSF axial ratio (b/a)IRSF divided by the 2MASX axial ratio

(b/a)2MASS before applying and after applying the three 
orre
tions versus the extin
tion

levels AK . Filled red squares present the IRSF and 2MASX ratio without applying any


orre
tion to the 2MASX axial ratio. Un�lled green 
ir
les stand for the simple average


orre
tion to the 2MASX galaxies, blue �lled 
ir
les stand for the 
orre
tion based on the

µe, and downwards-pointing triangles show the 
orre
tion based on the µc to the 2MASS
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Figure 3.10: Corre
ted axial ratio divided by intrinsi
 axial ratio in the J-band as a fun
tion
of the foreground extin
tion. The �lled squares, 
ir
les, upwards-pointing triangles and

downwards-pointing triangles present galaxies of axial ratio b/a < 0.2, 0.2 < b/a < 0.4,
0.4 < b/a < 0.6, and 0.6 < b/a < 0.8, respe
tively.
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Figure 3.11: Absorbed axial ratio divided by their intrinsi
 axial ratio in the Ks-band as

a fun
tion of the foreground extin
tion. The un�lled squares, 
ir
les, upwards-pointing

triangles and downwards-pointing triangles present galaxies of axial ratio b/a < 0.2, 0.2 <
b/a < 0.4, 0.4 < b/a < 0.6, and 0.6 < b/a < 0.8, respe
tively.
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Figure 3.12: Corre
ted axial ratio divided by their intrinsi
 axial ratio in the Ks-band as a

fun
tion of the foreground extin
tion. The �lled squares, 
ir
les, upwards-pointing triangles

and downwards-pointing triangles present galaxies of axial ratio b/a < 0.2, 0.2 < b/a < 0.4,
0.4 < b/a < 0.6, and 0.6 < b/a < 0.8, respe
tively.

axial ratios. The solid bla
k line shows the ideal value that all points should follow if the

2MASS and IRSF derived axial ratio are the same.

We 
an 
learly noti
e that the 
orre
tion based on µc is more e�
ient than the µe


orre
tion and the average 
orre
tion. The deviation of the ratio at extin
tion level of

AK > 0.6 
an be explained by the fa
t that both data sets from 2MASX and IRSF are

highly a�e
ted by dust at this extin
tion level and the assumption of using the IRSF axial

ratio as the intrinsi
 axial ratio be
ome unreliable.

This method still needs further analysis based on a larger sample of spirals.
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Figure 3.13: IRSF axial ratio (b/a)IRSF divided by 2MASS axial ratio (b/a)2MASS are represented as �lled red squares. Un�lled green 
ir
les

show the IRSF axial ratio (b/a)IRSF divided by 2MASS axial ratio (b/a)2MASS 
orre
ted using the average 
orre
tions, �lled blue 
ir
les using

the µe 
orre
tion, and triangles using the µc 
orre
tion.
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3.5 Con
lusion

In this 
hapter I studied the e�e
t of the foreground dust on the axial ratio of observed

spiral galaxies. I �nd that galaxies appear rounder with in
reasing obs
uration level. Three

di�erent methods using independent samples of galaxies were used to quantify this e�e
t.

The �rst method uses 54 spiral galaxies obtained from the LGA with di�erent morphologi
al

types and intrinsi
 axial ratios. This method shows that the e�e
t of dust is stronger for the

highly-in
lined galaxies than the less-in
lined galaxies. Similar results are obtained from the

se
ond method whi
h is based on fully simulated galaxies. Three di�erent preliminary 
or-

re
tion models were proposed from these two methods. The average 
orre
tion model whi
h

is the simplest model, the optimized 
orre
tion model whi
h is based on the 
entral surfa
e

brightness µc and a third model based on the half-light e�e
tive mean surfa
e brightness

µe. These 
orre
tion models have been tested and show its appli
ability to reprodu
e the

intrinsi
 axial ratio from the observed value up to extin
tion level of about AJ = 3 mag,

respe
tively AK = 1 mag. The third method is based on 
omparing the axial ratios from

shallow and deep surveys. A sample of 82 spirals have photometry both in 2MASX and

IRSF. This method still need more analysis and larger sample of spirals.

In the future, we will expand the analysis of this e�e
t through statisti
al studies. Sim-

ulation of di�erent level of extin
tion on a larger sample of spirals will be applied. This will

enable us to quantify the e�e
t of the extin
tion on the number of sele
ted galaxies in the

TF analysis. An a

urate 
orre
tion model will in
rease the number of intrinsi
ally edge-on

galaxies in the TF sample, whi
h are ex
luded be
ause of its appearan
e.
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Chapter 4

Galaxy Pe
uliar velo
ities in the

Zone of Avoidan
e

In this 
hapter the Tully-Fisher template relation 
onstru
ted in Chapter 2 is used to derive

the pe
uliar velo
ities of galaxies that lie behind the Milky Way. The HI and NIR data of a

subsample of the HIZoA galaxies in the southern ZoA are used. This 
hapter is organized as

follows. In Se
tion 4.2, I present the data from both the southern and northern ZoA. Se
tion

4.3 dis
usses all the 
orre
tions applied to galaxy parameters of the sample. In Se
tion 4.4

the derived pe
uliar velo
ities for �eld galaxies in the ZoA are analyzed. As an example

the preliminary �ow �eld for a subsample of galaxies in the southern ZoA is presented in

Se
tion 4.5.

4.1 Introdu
tion

Unlike those for nearby stars, the proper motions (the motion perpendi
ular to our line-of-

sight) of galaxies 
annot be measured and only the radial velo
ity (the motion along our

line-of-sight) 
an be observed. The radial velo
ity of galaxies 
an be de
omposed into two


omponents: (1) a re
essional velo
ity due to the uniform expansion of the universe and (2)

a pe
uliar velo
ity 
aused by density inhomogeneities. It is not straight forward to separate

these two 
omponents as it requires a distan
e indi
ator that is independent of redshift.

Two types of distan
e indi
ators are used: (1) primary distan
e indi
ators whi
h do not

require 
alibration by another method, and (2) se
ondary distan
e indi
ators, so-
alled be-


ause they require 
alibration via primary distan
e indi
ators. Typi
ally Cepheid variable

stars are used as the primary distan
e indi
ator, however beyond 20 Mp
 they be
ome too

faint even with the Hubble Spa
e Teles
ope, and a se
ondary indi
ator must be used.

In the last few de
ades, the TF relation (Tully & Fisher 1977) for spirals and the Faber-

Ja
kson (FJ) relation (Faber & Ja
kson 1976), the modi�ed FJ relation (Dressler 1987),

57
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and the Fundamental Plane (FP) relation (Djorgovski & Davis 1987) for ellipti
al galaxies

have been adopted as the workhorses for determining distan
es independent of the Hubble

velo
ity relation. Throughout this thesis I fo
us only on using the TF method.

Sin
e its in
eption many authors have used the TF relation in distan
e and pe
uliar

velo
ity surveys (e.g., Han 1992b; Courteau 1993, Courteau et al. 1993; Mould et al. 1993;

da Costa et al. 1996; dell'Antonio et al. 1996; Giovanelli et al. 1998; Tully & Pier
e 2000;

Masters 2005; Springob et al. 2007; Theureau et al. 1998; Tully et al. 2008; Masters et al.

2008; Courtois & Tully 2012). One of the largest TF surveys available to date is the I-band

(SFI++) survey (Springob et al. 2007), whi
h uses both 
luster and �eld galaxies. The

2MASS Tully-Fisher Survey (2MTF; Masters et al. 2008, Hong et al. 2013a;b) intends to

provide a 
omplete TF analysis (i.e. distan
es and pe
uliar velo
ities) of all bright in
lined

spirals with Ks
◦ ≤ 11.m25 in the 2MASS Redshift Survey (2MRS; Hu
hra et al. 2005; 2012).

Although the use of the NIR TF analysis will redu
e the impa
t of dust extin
tion of the

Milky Way, the Zone of Avoidan
e is not well sampled in the 2MTF (|b| < 5◦; |b| < 8◦ for

|l| < 30◦). The ZoA thus remains mostly un
harted territory for bulk studies, representing

a large gap in our understanding of the lo
al universe.

This Chapter aims to use the available HI and NIR data to test the reliability of deter-

mining pe
uliar velo
ities for galaxies in the ZoA whi
h are ex
luded from the 2MTF. The

2MTF, thus supplemented with our data, will result for the �rst time in a 
omplete all-sky

pe
uliar velo
ity survey.

This Chapter is organized as follows. In Se
tion 4.2 we dis
uss the data from both the

HI and NIR. Se
tion 4.3 provides a number of what 
orre
tions applied to the data. Se
tion

4.4 provides a re
ipe on how to derive pe
uliar velo
ities for �eld galaxies in the ZoA. A

preliminary �ow �eld for a subsample of the southern ZoA is presented in Se
tion 4.5.

4.2 Data

4.2.1 HI Parkes deep ZoA survey

The HI Parkes Deep Zone of Avoidan
e Survey (HIZoA) is a blind HI survey of the southern

ZoA (|b| < 5◦; De
 < +15◦), 
ondu
ted with the 64 m Parkes radio teles
ope in three parts:

(1) the main part 
overs |b| < 5◦; 212◦ ≤ l ≤ 36◦ (Kraan-Korteweg et al. 2005; Henning

et al. 2005; Henning et al. in prep), (2) the Northern Extension (NE) 
overs the northern

regions visible from Parkes (|b| < 5◦; 36◦ < l < 52◦ and 196◦ < l < 212◦; Donley et al.

2005), and (3) the Gala
ti
 Bulge (GB) extension, whi
h goes to higher latitudes around

the GB region (5◦ < |b| < 10◦; 332◦ < l < 36◦ and 10◦ < |b| < 15◦; 352◦ < l < 24◦; Sha�

2008; Kraan-Korteweg et al. 2008). These three surveys 
over the most obs
ured southern

ZoA visible from Parkes out to 12700 km/s, and result in more than a thousand dete
ted
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galaxies with an rms ∼ 6mJy/beam. Figure 4.1 shows the spatial distribution of the HIZoA

galaxies (bottom panel) represented by the open 
ir
les and 
olour-
oded by redshift. The

small dots represent all galaxies with known velo
ities (from the literature) in and around

the ZoA. The top panel shows the ar
hival galaxies while the bottom panel shows both the

HIZoA galaxies as well as the ar
hival galaxies, and demonstrates how e�e
tive HI surveys

are in �lling the ZoA.

Figure 4.1: The spatial distribution of the HIZoA galaxies plus galaxies of known velo
ities


olour-
oded by redshift. The open 
ir
les represent the HIZoA galaxies while the small dots

represent the literature galaxies. The blue re
tangles outline the boundaries of the three

surveys in the southern ZoA. Figure is taken from Williams (2011).

Figure 4.2 displays the velo
ity distribution of the HIZoA galaxies. The histogram shows

that 75% of the HIZoA galaxies lie within 6000 km/s, then there is a 
lear drop-o� to the

high-velo
ity end of 12700 km/s.

4.2.2 Deep NIR follow-up survey

While 2MASS 
overs the entire sky and over 1,000,000 galaxies have been observed, 
over-

age at the lower Gala
ti
 latitudes is pat
hy and in
omplete. Only 130 of the 1104 HIZoA

galaxies have a likely 
ounterparts in 2MASS (Williams 2011). Moreover, measurements

su�er from 
onfusion and blending. To alleviate and improve upon 2MASS measurements,

we have started an NIR J , H , Ks-bands follow-up survey of all HIZoA-galaxies with the
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Figure 4.2: The velo
ity distribution of the HIZoA galaxies. Figure adopted from Williams

(2011)

InfraRed Survey Fa
ilty (IRSF) on the 1.4m teles
ope at Sutherland, South Afri
a. The

Simultaneous 3-
olour InfraRed Imager for Unbiased Survey (SIRIUS) 
amera on the IRSF

has a �eld of view of 7.′7 × 7.′7 with a resolution of 0.′′45/pixel. The targeted survey images

have exposure time of 10 min, whi
h results in a 2 mag deeper survey 
ompared to 2MASX

in the Ks-band. The a
quisition operations were started in 2006 and �nished in 2013, result-

ing in 
omplete deep NIR survey of the entire HIZoA dete
tions (Williams 2011; Williams

et al. 2011; Said et al. in prep).

A 
omparison for some of the IRSF galaxies that are also identi�ed in 2MASX is shown in

Figure 4.3. The right hand panels show 
omposite 3-
olour 2MASS JHKs images, while the

left hand panels show the 3-
olour images 
onstru
ted from the deep IRSF JHKs images.

The improved sensitivity and higher resolution (0.′′45/pixel) of the IRSF images 
ompared

to 2MASS allow for high �delity measurement of the surfa
e brightness pro�le over the disk.

Furthermore, faint stars superimposed on the galaxy image 
an be resolved, and therefore

removed in the IRSF images while they 
annot typi
ally be dete
ted in the 2MASS images.

Note that the IRSF �nds many more 
ounterparts to HIZoA galaxies 
ompared to the

shallower 2MASX (approximately 80% versus 12%).

4.2.3 The pe
uliar velo
ity sample within the ZoA

The pe
uliar velo
ity sample in the southern ZoA used here is the same as that used by

Williams (2011). It originates from a 
ross-mat
hing of HIZoA galaxies with 6000 km s

−1

and the IRSF images. Only galaxies with se
ure 
ounterparts and reliable photometry
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Figure 4.3: Comparison of the IRSF image quality (left panels) and the 2MASS images

quality (right panels). The 3-
olour images are 
onstru
ted from assigning the 
olour blue

to the J-band (1.2 µm), green to the H-band (1.6 µm), and red to the Ks-band (2.2 µm).
Longer exposure time (10 min) and higher resolution (0.′′45/pixel) of the IRSF survey 
om-

pared to the 2MASS survey (8 se
 and 2

′′
/pixel), reveal the fainter outer parts of galaxies

and resolve faint stars superimposed on the galaxy image.
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are used. After applying additional restri
tions on in
lination (b/a < 0.7) and line-width

(logW > 1.8), the �nal number of galaxies in the sample be
omes 178 spirals.

4.3 Corre
tions

To be 
onsistent with the 
alibrated Tully �Fisher relation 
onstru
ted in Chapter 2, I apply

the same 
orre
tions to the photometri
 and spe
tros
opi
 parameters. The parameters of

interest here are the line-width, 
orre
ted for in
lination and the magnitude, 
orre
ted for

Gala
ti
 and internal extin
tion, and the k-
orre
tion.

4.3.1 Line-width 
orre
tions

The HIZoA survey provides the HI spe
tral data, in
luding velo
ity and line-width. Con-

sistent with the 
alibration method, I use the equation given by Springob et al. (2007) to


orre
t the line-width

W = [
w50 −∆s

1 + z
−∆t]

1

sin i
(4.1)

where w50 is the width measured at 50% of the peak �ux, ∆t is the e�e
t of turbulent motion

and ∆s is the instrumental 
orre
tion. The di�eren
e between this equation and the one

used by Giovanelli et al. (1997a) is that the e�e
t of turbulent motion is subtra
ted here

linearly and not quadrati
ally. For the the e�e
t of turbulent motion, ∆t = 6.5 km s

−1
is

used, and for the instrumental 
orre
tion

∆s = 2∆vλ (4.2)

is used (Springob et al. 2005). The parameter λ is a pie
e-wise de�ned fun
tion of SNR and


hannel separation:

λ = λ1(∆v) log(SNR) < 0.6, (4.3a)

λ = λ2(∆v) + λ′
2(∆v)log(SNR) 0.6 < log(SNR) ≤ 1.1, (4.3b)

λ = λ3(∆v) log(SNR) > 1.1. (4.3
)

Table 4.1 shows the values of λ as given in (Springob et al. 2005). The in
lination i is derived

(∆v) Smoothing λ1(∆v) λ2(∆v) λ
′
2(∆v) λ3(∆v)

(km s

−1
)

< 5 H 0.005 −0.468 0.785 0.395

5-11 H 0.04∆v − 0.18 0.05∆v − 0.72 −0.03∆v + 0.92 0.02∆v + 0.28
> 11 H 0.227 −0.1523 0.623 0.533

< 5 B 0.020 −0.4705 0.820 0.430

5-11 B 0.05∆v − 0.24 0.04∆v − 0.67 0.02∆v + 0.72 0.06∆v − 0.12
> 11 B 0.332 −0.2323 0.940 0.802

Table 4.1: Velo
ity width instrumental 
orre
tion parameters
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from the J-band ellipti
ity ǫJ = 1− (b/a)J via


os

2i =
(1 − ǫ)2 − q20

1− q20
(4.4)

following Giovanelli et al. (1997a). The parameter (a/b)J is the J-band axial ratio �t to

the 3σ isophote (the isophote whi
h 
orresponds to a surfa
e brightness ∼ 3 times the

ba
kground noise). The values for the surfa
e brightness of ∼ 3σ are 20.09 mag ar
se


−2
at

J , 19.34 mag ar
se
−2
at H , and 18.55 mag ar
se


−2
atKs (Jarrett et al. 2000). The J-band

axial ratio (b/a)J is the best tra
er of the in
lination, it su�ers less than H , and Ks-bands

from the e�e
t of the bulge if the 3 σ isophote is 
lose to the 
enter (Masters et al. 2003).

We pro
eed to use the J-band after applying a seeing 
orre
tion whi
h is parameterized as

(a/b)corr = (a/b)obs(1− 0.02x+ 0.21x2 − 0.01x3), (4.5)

with

x = FWHM(
a/b

r20
)
measured

, (4.6)

where FWHM = 2.′′5 (the full-width half-maximum of the seeing dis
) (Masters et al. 2003).

4.3.2 Magnitude 
orre
tions

The 
orre
ted absolute magnitude of the galaxy is 
al
ulated from the observed apparent

magnitude as

M

orr

− 5logh = m
obs

−AX − IX − kX − 5logv
CMB

− 15, (4.7)

where AX , IX , and kX are a 
orre
tion for extin
tion due to dust in our galaxy, a 
orre
tion

for extin
tion internal to the galaxy itself, and a 
osmologi
al k-
orre
tion, respe
tively.

The S
hlegel et al. (1998) extin
tion map is not well 
alibrated at low Gala
ti
 lati-

tude regions (see Chapter 1 for dis
ussion of di�erent extin
tion maps). Di�erent authors

have shown that S
hlegel et al. (1998) overestimates the reddening at low latitudes (Ar
e &

Goodman 1999, Nagayama et al. 2004, S
hröder et al. 2005; 2007). Therefore, an additional


orre
tion of only 82% of the DIRBE/IRAS values (S
hröder et al. 2007, Williams 2011)

was adopted.

Additionally, the pe
uliar velo
ities need to be in the CMB frame. I transform the helio
en-

tri
 velo
ity v
hel

to v
CMB

using the model given by Fixsen et al. (1996):

v
CMB

= v
hel

+ v
apex

[sin b sin b
abex

+ cos b cos b
abex

cos(l − l
abex

)] (4.8)

where v
apex

= 371.0 km s

−1
, l
abex

= 264.◦14, and b
abex

= 48.◦26 are the velo
ity and Gala
ti



oordinates of the apex ve
tor des
ribing the relative motion of the Sun with respe
t to the

CMB.



Univ
ers

ity
 of

 C
ap

e T
ow

n

64 Galaxy Pe
uliar velo
ities in the Zone of Avoidan
e 4

4.3.3 Malmquist bias 
orre
tions

Over the years, many s
hemes have been adopted to 
orre
t for the Mamquist bias (Freudling

et al. 1995, Park & Park 2006, Springob et al. 2007). Be
ause our sample is not yet 
omplete

and therefore our results in this 
hapter are a preliminary results, I left any 
orre
tion for

this e�e
t for now.

4.4 Tully-Fisher analysis

Before pro
eeding with the derivation of the pe
uliar velo
ity �eld in the southern ZoA

based on a preliminary sample, a 
omparison of the TF relations derived from total and

isophotal magnitude is presented here. Figures 4.4 and 4.5 show the absolute magnitude as

a fun
tion of rotational width for galaxies in our sample in J(top panel), H(middle panel)

andKs(bottom panel). In all panels the dashed green line displays the TF 
alibrated relation

derived from the total magnitudes as in Masters et al. (2008) and isophotal magnitude as

in Chapter 2. Dotted bla
k lines in all panels represent ±3 times the intrinsi
 s
atter of the

TF 
alibrated relation (ǫint). While Fig. 4.5, derived from the isophotal magnitude, shows

a good agreement between the galaxies in the ZoA and the 
alibrated TF relation, Figure

4.4, derived from the total magnitude shows a larger s
atter and o�set between our sample

and the TF relation for the total mass. This o�set in Figure 4.4 demonstrates that the use

of the total magnitude 
an lead to an arti�
ial 
osmi
 �ow. This 
an be seen in the huge

o�set in the distribution of pe
uliar velo
ities in Fig. 4.8. The o�set disappears when using

the isophotal magnitude in Fig. 4.9. Most of the galaxies in Figure 4.5 lie within ±3ǫint of

the 
alibrated TF relation.

4.4.1 The total observed s
atter

The total observed s
atter in Figs. 4.4 and 4.5 in
reases with de
reasing rotation width for

both total and isophotal magnitudes. I therefore employ the equation used by Giovanelli

et al. (1997a) to parametrize the s
atter as:

σ = a+ b(logW − 2.5). (4.9)

The observed s
atter in the J , H , and Ks-bands as a fun
tion of line-width is shown in

Figs. 4.6 & 4.7 for total and isophotal magnitude respe
tively. Fitting a linear relation of

the above form to the s
atter in ea
h of the three bands yields the following relations for

total magnitudes:

ǫ
obs,J = 0.906− 2.284(logW − 2.5), (4.10a)

ǫ
obs,H = 0.797− 2.213(logW − 2.5), (4.10b)

ǫ
obs,K = 0.813− 2.698(logW − 2.5), (4.10
)
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Figure 4.4: Tully-Fisher relation for galaxies in the ZoA. Absolute magnitude of 178 galaxies

derived from IRSF total magnitude in J , H , and Ks-bands as a fun
tion of rotation width.

The green dashed line in all panels denotes the TF relations in the J , H , and Ks-bands of

Masters et al. (2008). Bla
k dotted lines above and below the TF relation show three times

the TF intrinsi
 s
atter (±3ǫint) of Masters et al. (2008).
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Figure 4.5: Tully-Fisher relation for galaxies in the ZoA. Absolute magnitude of 178 galaxies

derived from IRSF isophotal magnitude in the J , H , and Ks-bands as a fun
tion of rotation

width. The green dashed line in all panels denotes the TF relations in J , H , and Ks-bands

derived by us. Bla
k dotted lines above and below the TF relation show three times the TF

intrinsi
 s
atter (±3ǫint) derived in Chapter 2.
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and for isophotal magnitudes:

ǫ
obs,J = 0.731− 2.243(logW − 2.5), (4.11a)

ǫ
obs,H = 0.690− 2.258(logW − 2.5), (4.11b)

ǫ
obs,K = 0.716− 2.369(logW − 2.5). (4.11
)

Equations 4.10 and 4.11 and Figures 4.6 and 4.7 demonstrate that the s
atter for isopho-

tal TF is redu
ed by about 20%, 13%, and 12% in the J , H , and Ks-bans, respe
tively.

4.4.2 Pe
uliar velo
ities in the ZoA

The pe
uliar velo
ity for �eld galaxies is given by

v
pe


= v
CMB

(1− 100.2∆M), (4.12)

and the distan
e to a galaxy by

d =
v
CMB

H0
100.2∆M , (4.13)

where ∆M = M −M(W ), and M(W ) is the absolute magnitude value for the width given

by the 
alibrated TF relation. ∆M = 0 only if the galaxy has no pe
uliar velo
ity. The

distan
es and pe
uliar velo
ities are 
al
ulated for galaxies in our sample. The un
ertainties

in the pe
uliar velo
ity are 
al
ulated by 
ombining the absolute magnitude error, velo
ity

width error, and the intrinsi
 s
atter in TF-template relation in a quadrati
 form.

Histograms of the distribution of the pe
uliar velo
ities 
al
ulated using total and isopho-

tal magnitude, are shown in Figures 4.8 and 4.9, respe
tively. Figure 4.8 shows how the o�set

due to the use of the total magnitude 
an 
reate a systemati
 �ow: an o�sets in of ∆m ∼

0.2-0.3 may 
reate an arti�
ial �ow of about 200-600 km/s in the velo
ity range of 2000-6000

km/s.

The extreme wings in Figure 4.9 are due to small and fa
e-on galaxies. When ex
luding

those galaxies, these wings disappear as shown in Fig. 4.10 but resulting in a redu
tion of

the number of galaxies in the sample.

Another two histograms have been 
onstru
ted (the green shaded histogram and the blue

�lled histogram in Fig. 4.11) to analyze and quantify the overall �ow. The shaded histogram

in Figure 4.11 shows only the galaxies in the Great Attra
tor region (290◦ < l < 350◦).

The shaded histogram indi
ates a systemati
 o�set 
ompared to the overall sample (the

mean value is shifted toward the positive pe
uliar velo
ity values 
ompare to the original

histogram). The �ow in another region away from the GA have been analyzed. The �lled

histogram denotes the distribution of the pe
uliar velo
ity of galaxies away from the GA
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Figure 4.6: S
atter in the total magnitude Tully-Fisher relation using the IRSF sample in

the J , H , and Ks-bands. The solid line shows the linear �t to the s
atter averaged in bins

of velo
ity width.
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Figure 4.7: S
atter in the isophotal magnitude Tully-Fisher relation using the IRSF sample

in the J , H , and Ks-band. The solid line shows the linear �t to the s
atter averaged in bins

of velo
ity width.
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Figure 4.8: The distribution of our derived pe
uliar velo
ities of the 178 galaxies in the

southern ZoA using total magnitude. The solid verti
al line shows the mean pe
uliar velo
ity

of the sample
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Figure 4.9: The distribution of our derived pe
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ities of the 178 galaxies in the

southern ZoA using isophotal magnitude. The solid verti
al line shows the mean pe
uliar

velo
ity of the sample
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Figure 4.10: The distribution of our derived pe
uliar velo
ities of the 61 (large and edge-on)

galaxies in the southern ZoA using isophotal magnitude. The solid verti
al line shows the

mean pe
uliar velo
ity of the sample

region (240◦ < l < 290◦). This �lled histogram shows an overall �ow 
lose to zero.
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Figure 4.11: Distribution of pe
uliar velo
ities derived from isophotal TF relation in the Ks-band. The un�lled histogram shows the pe
uliar

velo
ity distribution of all galaxies. The shaded histogram represents only galaxies in the GA region 290◦ < l < 350◦. The �lled histogram

represents galaxies in 240◦ < l < 290◦ region. The mean values of the distributions are plotted as verti
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4.5 Flow �eld in the ZoA

Given that most extreme large pe
uliar velo
ities originate from low line-width or fa
e-on

galaxies, I used only galaxies with |vpec| ≤ 2500 km/s to 
onstru
t the �rst preliminary map

of the �ow-�eld in the ZoA (Figure 4.12). This map is obtained by interpolating the pe
uliar

velo
ities a
ross Gala
ti
 longitude and re
essional velo
ity. Ea
h dot in the map is a galaxy,


olour-
oded by its measured pe
uliar velo
ity. The bla
k star represents the 
enter of the

Great Attra
tor (GA) (Kraan-Korteweg et al. 1996; Woudt 1998; Woudt et al. 1999). The

red 
olour denotes galaxies moving away from us while the blue 
olour represents galaxies

moving toward us. The map 
learly suggests infall into the GA (bla
k star). Another infall

into the Puppis region (l ∼ 240◦) at about 3000 km/s is observed. Ba
kside infall into

Puppis is also eviden
ed by the blue 
olour. These patterns suggest that the �ow patterns

from the preliminary ZoA TF appli
ation appear reasonable.

To quantify the e�e
t of the small and fa
e-on galaxies I further divide the sample into

di�erent subsamples a

ording to line-width and in
lination: (A) 
ontains all 120 galaxies

in our sample, (B) 
ontains 75 more edge-on galaxies (b/a < 0.5), (C) only 78 large galaxies

(logW > 2.3) and (D) 49 large and more edge-on galaxies. These last three subsamples B,

C and D, have been used to 
onstru
t maps of the �ow-�eld in the ZoA (Figures 4.13, 4.14

and 4.15). The details of the �ow �eld 
an be seen even with the smallest sample in Fig. 4.15.

The restri
tion of galaxies with vobs ≤ 6000 km/s limits our ability to quantify the

ba
kside infall toward the GA, respe
tively assess whether the GA as a whole falls towards

the mu
h more remote Shapley Con
entration (SC). To improve on the GA infall signal

we started to extend our sample to vobs ≤ 9000 km/s in 2012. For even larger redshifts

the sample be
omes very sparse and the errors on measured pe
uliar velo
ities be
ome


omparable to the pe
uliar velo
ities themselves. The pe
uliar velo
ity error is 
al
ulated

by 
ombining the absolute magnitude error, velo
ity width error, and the intrinsi
 s
atter in

TF-template relation in a quadrati
 form. Most of the galaxies have errors of a few hundred

km/s (Figure 4.16), whi
h is a typi
al value for most methods available today. Figure 4.16

shows the error in the four subsamples A, B, C and D.
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Figure 4.12: Pe
uliar velo
ity map of 120 galaxies with re
essional velo
ity ≤ 6000 [km/s℄ and −2500 < vpec < 2500[km/s℄ obtained by

interpolating the pe
uliar velo
ities a
ross the Gala
ti
 longitude and re
essional velo
ity. All galaxies with logW > 1.8 are used here.

Individual galaxies are 
olour-
oded by their predi
ted pe
uliar velo
ities in (km/s). The 
enter of the GA is plotted as a large bla
k star at

(l, b, v) = (320◦, 0◦, 4500 km/s) (Kolatt et al. 1995).
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Figure 4.13: Pe
uliar velo
ity map of 75 galaxies with re
essional velo
ity ≤ 6000 [km/s℄ obtained by interpolating the pe
uliar velo
ities

a
ross the Gala
ti
 longitude and re
essional velo
ity. All galaxies with logW > 1.8 and b/a < 0.5 are used here. Individual galaxies are


olour-
oded by their predi
ted pe
uliar velo
ities in (km/s). The 
enter of the GA is plotted as a large bla
k star at (l, b, v) = (320◦, 0◦, 4500

km/s) (Kolatt et al. 1995).



Univ
ers

ity
 of

 C
ap

e T
ow

n

7
6

G
a
l
a
x
y
P
e


u
l
i
a
r
v
e
l
o


i
t
i
e
s
i
n
t
h
e
Z
o
n
e
o
f
A
v
o
i
d
a
n


e
4

200250300350400
Galactic Longitude [deg]

0

1000

2000

3000

4000

5000

6000
Re

ce
ss

io
na

l V
el

oc
ity

 [k
m

/s
]

N = 78 galaxies

−2000

−1500

−1000

−500

0

500

1000

1500

2000

Pe
cu

lia
r V

el
oc

ity
 [k

m
/s

]

Figure 4.14: Pe
uliar velo
ity map of 78 galaxies with re
essional velo
ity ≤ 6000 [km/s℄ obtained by interpolating the pe
uliar velo
ities

a
ross the Gala
ti
 longitude and re
essional velo
ity. All galaxies with logW > 2.3 are used here. Individual galaxies are 
olour-
oded by

their predi
ted pe
uliar velo
ities in (km/s). The 
enter of the GA is plotted as a large bla
k star at (l, b, v) = (320◦, 0◦, 4500 km/s) (Kolatt

et al. 1995).
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Figure 4.15: Pe
uliar velo
ity map of 49 galaxies with re
essional velo
ity ≤ 6000 [km/s℄ obtained by interpolating the pe
uliar velo
ities

a
ross the Gala
ti
 longitude and re
essional velo
ity. All galaxies with logW > 2.3 and b/a < 0.5 are used here. Individual galaxies are


olour-
oded by their predi
ted pe
uliar velo
ities in (km/s). The 
enter of the GA is plotted as a large bla
k star at (l, b, v) = (320◦, 0◦, 4500

km/s) (Kolatt et al. 1995).
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Figure 4.16: Distribution of the errors on pe
uliar velo
ities. The un�lled histogram shows

errors on pe
uliar velo
ities of galaxies with logW > 1.8. The red shaded histogram repre-

sents galaxies with logW > 1.8 and i < 0.5. The green shaded histogram shows galaxies with

logW > 2.3. The blue shaded histogram shows galaxies with logW > 2.3 and b/a < 0.5.

For a �rst interpretation of the resulting data, I 
ompare the derived pe
uliar velo
ities

with a GA model proposed by Faber & Burstein (1988). The model des
ribes the in�uen
e

of the GA as vpec,A = vA(rA/dA)[(d
2
A + c2A)/(r

2
A + c2A)]

(nA+1)/2, where vpec is the predi
ted

pe
uliar velo
ity, rA is the distan
e of a galaxy from the infall 
enter, dA is the distan
e of

the infall 
enter from the Lo
al Group, vA is the pe
uliar velo
ity generated by the GA at the

position of the LG, and cA is the 
ore radius of the 
enter of the GA. We adopted the values

of parameters given in Burstein (1990), nA = 1.7, vA = 535 km/s and cA = 1430 km/s. For

dA we used 4844 km/s, following Woudt, Kraan-Korteweg, & Fairall (1999). To 
ompare

the single GA model to our data, I restri
ted the sample to the most a

urate subsample

using only the galaxies with logW > 2.3 and b/a < 0.5 in the Great Attra
tor region

(290◦ < l < 350◦; |b| ≤ 5◦). Figure 4.17 depi
ts the data with the GA model. The shaded

area represents our observational limit of vobs ≤ 6000 km/s. While the errors of the pe
uliar

velo
ities in
rease with distan
e (as expe
ted), the pe
uliar velo
ities seem to follow the

shape of the early GA model quite well (although no quantitative analysis has been done as

yet). In the near future, this kind of analysis 
an be also used to �t for both the position

and mass of super
lusters su
h as the GA.
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Figure 4.17: Pe
uliar velo
ity as a fun
tion of re
essional velo
ity for a subsample of galaxies

with logW > 2.3, b/a < 0.5 in the GA region 290◦ < l < 350◦. The dashed 
urve presents

the GA model.

4.6 Con
lusion

In this Chapter I applied the 
alibrated NIR Tully �Fisher relation for isophotal magnitude

(derived in Chapter 2) to derive distan
es and pe
uliar velo
ities for a subsample of galaxies

in the southern ZoA. I have shown that a pe
uliar velo
ity analysis in the ZoA is feasible

if an �isophotal" (NIR J , H , Ks-bands) TF relation is applied. A re
ipe on how to derive

pe
uliar velo
ities for �eld galaxies in the ZoA has been dis
ussed in detail. This �isophotal�

TF relation and the new data provide a powerful tool to tra
e the matter distribution in

the ZoA. Our preliminary data with vhel ≤ 6000 km/s shows 
lear infall into the GA. The

ba
kside infall 
annot be quanti�ed with the existing data set. The data set has sin
e

been extended to in
lude all the HI galaxies in the southern ZoA within vobs ≤ 9000 km/s.

This will enable us to test muti-attra
tor models, su
h as Great Attra
tor plus the Shapley

Con
entration. Combining our data with that from 2MTF will lead to a 
omplete all-sky

pe
uliar velo
ity survey.
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Chapter 5

Con
lusion

5.1 Summary of 
on
lusions

In this thesis I present the re
alibration of the TF relation using isophotal magnitudes of a

sample of 888 galaxies in the NIR J , H , and Ks-bands. This 
alibration sample is the same

as the one used for the 2MTF proje
t based on total magnitudes. No signi�
ant 
hange in

the isophotal TF relation s
atter was found, 
ompared to the s
atter in the total TF relation,

be
ause the 
alibration sample is not a�e
ted by the dust of the Milky Way. However, this

does not hold for low surfa
e brightness galaxies or galaxies obs
ured by dust.

As shown in Chapter 2, the advantage of the isophotal TF relation is twofold, parti
-

ularly in the ZoA galaxies: �rst, it redu
es the s
atter of the derived pe
uliar velo
ity by

about 20% in the Ks-band. Se
ondly the o�set in the pe
uliar velo
ity derived from the

�total� TF relation mostly disappears when the isophotal TF relation is applied (see also

Chapter 4). The low s
atter and reasonable pe
uliar velo
ity values show the high feasibility

of pe
uliar velo
ity and �ow �eld analysis in the ZoA.

Be
ause the galaxy axial ratio is an important parameter in the TF relation relation, the

e�e
t of foreground dust extin
tion on the shape of galaxies has been dis
ussed. I studied

this e�e
t through three di�erent methods. The �rst method is based on a sample of 54

spiral galaxies derived from the 2MASS (LGA), the se
ond method is based on a sample

of simulated galaxies using IRAF and the last method is based on a sample of 82 galaxies

observed from deep and shallow surveys. The three independent methods �nd that, galaxies

appear rounder with in
reasing levels of obs
uration. The e�e
t of dust is stronger for

highly-in
lined galaxies than for less-in
lined galaxies. Preliminary models to 
orre
t for

this e�e
t in the J , H , and Ks-bands have been dis
ussed. These 
orre
tion models have

been tested and show the ability to reprodu
e the intrinsi
 axial ratio from the observed

value up to extin
tion level of AJ = 3 mag.

Preliminary pe
uliar velo
ities of 178 spirals in the southern ZoA are derived in Chapter

4 using the newly 
alibrated isophotal TF relation, and are 
ompared to total TF values for

81
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the same sample. Considerable improvement of the s
atter and the systemati
 o�set of the

derived pe
uliar velo
ities in the ZoA is a
hieved when the �isophotal� TF relation is applied.

The new 
alibrated relation 
ombined with the HI and NIR data open new possibilities to

tra
e the matter distribution in the ZoA. After ex
luding the small and less-in
lined galaxies

from the southern ZoA sample, 120 galaxies are used to 
onstru
t a preliminary �ow �eld

map in the southern ZoA. The preliminary result shows infall from both sides into the Puppis

region (l ∼ 240◦) at about 3000 km/s. Another 
lear infall into the GA and a suggestion of

ba
kside infall 
an be seen. The ba
kside infall into the GA 
annot be quanti�ed with the

existing data set, whi
h is limited to vhel ≤ 6000 km/s.

5.2 Future work

The su

ess of this pilot proje
t shows the feasibility of extending pe
uliar velo
ity surveys

into the ZoA. The isophotal NIR TF relation derived in this thesis, has various 
osmologi
al

appli
ations in the ZoA. In the following I suggest a few steps for future work.

The sele
tion of galaxies with vobs ≤ 6000 km/s limits our ability to quantify the ba
kside

infall toward the GA, as well as the overall �ow towards the mu
h more remote Shapley

Con
entration (SC). The data set has therefore been extended to in
lude all the HIZoA

galaxies within vobs ≤ 9000 km/s. This will enable us to test muti-attra
tor models, su
h

as the Great Attra
tor plus the Shapley Con
entration and maybe �t both the position and

mass of those super
lusters. We also aim to expand our pe
uliar velo
ity survey to in
lude

galaxies in the northern ZoA. This will provide a pe
uliar velo
ity 
overage over the full

360◦-
ir
le of the ZOA. Combining our data with that from 2MTF 
an provide a mu
h more


omplete all-sky pe
uliar velo
ity survey.

In the near future, surveys like the Wide�eld ASKAP L-band Lega
y All-sky Blind

surveY (WALLABY), whi
h is the ASKAP HI all-sky survey, will dramati
ally improve the

situation. WALLABY aims to 
over 75% of the sky (−90◦ < δ < +30◦) and measure the

HI properties of ∼ 500, 000 galaxies (Koribalski & López-Sán
hez 2009). The mean redshift

of the WALLABY survey ∼ 0.05 (Du�y et al. 2012) is ideal for pe
uliar velo
ity surveys to

minimize the error in the measured distan
es.

A larger sample of galaxies will be used to a

urately 
onstru
t a global 
orre
tion model

to 
orre
t for the e�e
t of dust on the shape of spirals. The in
lination 
orre
tion 
an also be

extended by using statisti
al analysis. A large number of galaxies 
an be used to statisti
ally

quantify the e�e
t of dust on the number of galaxies used in the pe
uliar velo
ity surveys.
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