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The Development of CCD Image Proceasinq Tachniques
v;<‘>.1 _.@:'and Their Application to Surfaﬁe Photomptvy

of NGC 6166 ‘
vﬂ e ‘. ‘“'.‘ . . - ..: . .. by‘ -_‘ | -
P | »1_391y'29;ti§g5-" f ;p

V: A systematic.‘ptbtéduré for‘ processing »and redUCing
CCDkgenerated _ images- ‘has been developed It inyolves_i
e removing unwanted objects and hlemishes,; aubtracting thé

S biss offset removing the thermal backgroqnd‘ correcting fbrf»?q_'ifKV'

‘Waréalf sénsitivity VAriations,_iﬁgh b

background This prqcedure has been applied7to images ofjﬁ;f;

”“m°’1“9 ;'?ht5 Skyt?ftt*i

’ the ch’ galaxy.NCC 6166 1n Abell cluateh 2199.A, Surfacéf

TN

brightness profiles ,in B and R and q (B—R) colour profileﬁ'ﬁ

n“ .

have been generated fox NGC 6166 Bétﬁee

(1976) but beygnd Qs;kpc ohr:proﬁiles decline r&pidly ThE:“

(B- R) coloutsﬁrofilq shONH"thqt,the galaxy becomes blu@: byiyr i

:“1& aﬁ@ 4$Jkp¢ the;t
surface brightnesg profiles Qgﬁeé wimhfthé data of Oemler, ’?;;tﬁ

0. 03 mag betWeen galﬂdhoﬁeﬂtfi¢‘&£§tthes of 15 and f33 kpci
| in’ agreement with ?:Qytous qb efv&tidns.‘ Thése results aﬁgﬂﬁﬁ
:tentative, pendigqﬂigtrqﬁgment bfrégfﬂmethod of determinﬁfgvg
".qu' sky hackground and axuminatiom of theucomplete set‘bf}[
B data ,~.h-"'_.f'_?;' R o e ”f"}T‘
S g '
. T R
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2¢@wThe~ term.;‘cp’ :galaxf; was 1nbroducad by Matthewa,'rr;

Morgan,, and Schmidt (1964); The ‘eD’ . deaiqnation was based ? =

‘ on Morgan s (1958) c1aﬁsificati°n~acbeme in which a D galaxy.
d” was defined as having an elliptical like nucleus surrounded
by“an extenaive envelope. The D—like qalaxies obaerved by’

]

'Matthewa. “Morganv and Schmidt had significantly larger and,'

more diffuse envelopea than were' typical of - D galaxies g

i

These 1arge D galakiea were gIVen the prefix c*'inaanalogy-
with the notation for supergiant stars in the Henry ﬁDraperg.
o spectroscopic classification scheme ' Therefore, {cD'ggalaxyt;

reads ag, supergdant D‘ galaxy._

"'Tj' cD galaxies are the largest most luminous, and mostﬂ
massive galaxies known Their absolute visual maQnitudes
range from v23 to'—26, and their masses are - of the order of'7

rdb' M, (Jenner 1974). o All'; known cﬁs are' 1ocated '1n4~

»

[y

Y

clustera of galaxies, and ‘are - usually near the ,cluster’sl

N

projeqted centre.v

_ Lists of cD candidates have been compiled by Matthews,‘f‘
Morgan, and Schmidt (1964 10 galaxies), and Morgan and teSh
(1965, 18 qalaxies) ‘ Morgan Kayser, and Hhite (1975) and

Albert Hhite, and Morqan (1977) extended the search to poor'n

¥ ~



.lr

e

cluaters (those not listed 1n Abell 8 195@ cataloque) andf ’
found -raf total ' dﬁ. 23 possible 'ch.e Valentijn Sand'sf
lBijleveld (1983) have conpiled a 1iat of 104 cD candidates,:
rwhich- includes the earlier lists as Well ms EDs associated‘i‘
with Xfray 5ourtes.\ Cluster classificption. schenes which-:
"habe a- distinct class for clusters ‘containing ch; such asf
A:the_gcnemes of Bautz and Merqan (1970):and Rood qqn_ Sastry o
(1971v,_1a156 geherate.lietsqu:cb candidates'(cf;ﬁfteir'an&;ﬂ
van;deh Berqn 1977, Roed and Seetry 1971)] |
Photographic surface photometry of cba; (é'g; “Oenler‘

. 1973, 1976- Thuan and Romanishin 1981 Morbey and Horris

o 1983, and Valentijn 1983) haa 'shown that these qalaxies

L]

- possess extensive diffuse halos.. DeVaucouleurs (1948) and
"Kinq (1966) laws can ‘be 5uccessfu11y fit to the 1nner'
reqions, of ch, but. the halos tend to he much brighter than'f

the predictions of these models.. The luminosity of; the?.

A

'jfhalos _ df : cDe_ correlates stronqu with tdtal -ciuSter-"

1uminosity, the cqrrelation beinq stronger for ch in ‘ricﬁ

._clusters ;‘thghf"fqr those 1n poor clusters. {ffhié 18
1nterpreted as evidence that the cluster environment has ‘had

~?some effect on eD formation. especially the halo.

Studies of colour gradients 1n ch (Gallagher, Faber,
and Burstein 1980 and Valentijn 1983) show that ch have
: steeper colour gradients than do normal ellipticals (Strom;

‘ andv-Strom 197B§, b, c),_ In CDs the changea 1n (B*V) frbm

CE

&



TS

btiefly below."

N

_the nucleus to 50 kpc from the centre range fvon O 1 to' 0 6_”2
.mqg, Iwhereas in normal ellipticals it ia usually 1eas thannl'"
l~0:1£nag.h These gbadients need mote detailed study so thatf
?reliahle tomparisions can be mede with the predictions ‘of “eD

- galaxy formaxion hypotheses

i

Norm&l qelaxies are believed to forn by contraction of :

a proteg&lactic mass in either a quaui static or. free- fall

«nmode.v These modes apply to masses less than 10 M _

' Therefore, i cDs are indeed of the order of 10" Mo ", then: -

these formation mechanisms are not necessarily applicable

.Y.(Rees 1985).' This would present difficulties for theeries '

’which pogtulate that ch are the extenaion of the bright end.,

f the galaxy luminosity function Three alternative

.formation mechanisms have been proposed and ate discussed

/ Lo
. .

: The canniﬁhliem~ {or metgerf -model -(Oetriker" and
Tremhine--1975; Ostriker and Hausmen 1977; and Heusman and\
‘Ostriker 1978) proposes that dynamical friction between-'

' galaxies causes them to lose kinetic enetgy and fall to the

-

f-centre of the cluater potential well. - The galaxies- merqe'

there’ »and--are' eventually joined by other cluster members.‘w

As | phe- central galaxy qrows by accteting its smaller

neighﬁours, it develops an extended diffuse halo and takes

on the &ppegrance of a cD. It is predicted that the ‘merger

\

A of galaxies will result in a honogenous mixtute of stars '

F S

S
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e

L3

.bluer than the--existing central galaxy,,the resulting CD%;-

’-_fwith little or no radi&l colour chandea ";_f_': R

The tidal dehrin model (Richatone 1975 19761 propbses

-‘5thnt colliaions between qalaxies result in ths renova} of
_ naterial from their hnlos.__’Th;S material falls, to" thﬁ
centre of the cluster ‘and_férms_a.diffuse halp arbuhd.an : B

- existing/central gqlaxy. -Sindé'the 'ihfallinél ﬁdtériai;"ia .

will have a radial colour gtadient.

The cooling 1ntrac1u5ter medium (ICM) modeL (Fabian and L

.Nulsen 1977- Fdhian, Nulsen, and Canizares 1982: Cowie and

_it lia.-éropoaed ;phat~.the gas'{cools aufficiently fthatf

| Binney 1977' and Sarazin and O Connell 1983) squests that

the ohserved X—ray emission from the cenbral regions of

clusters (Jones and FOrman 1954- and Stewart et al ‘1984)

in excess of that expected from models of a hot 10 K ICM is ;Q"r

due to the presence of cooling gas in these reqions..'gmhé;“r'

pressure of the 3urrounding hot gaa drives the cooler gas

. inward resulting in & 1arge+SCQ1e mass: inflow,: The Xuray =

datar suggest mass' 1hflow rates as qreat as 400 Hc,yr

' whiqh over 10 yr could repult 1n “the accUmulation-»of
) b W2 Co
4 X10 Mc, - equivalent to a galaxy (Stewart. 31 al.. 1984)

frdgméntation.-0ccﬁru;>'rébulting in the optical filauents N

-reported by Fabian et al :(1981) “and: Heckﬁan (1981)

Furthen coolinq and fragmentation eventually allowa stars to

.Iorn. The CQnditiona in the filqments' prg-rauch \that the

$

. N
Y - . N

cefigicn,



' ”7f3as 1 M® ;. resulting in a pOpulation of faint red starsgf 7f

o i.f,gtecjiona L e ' : s
. e - ey . . _,1}" N
. i \ 3 T R oy

T?i;Accordinq to most theories of their oriqin,i they care also

«

X

2:”?{ Burface photduebty only = not stellar photometry._ Problema

.ﬁﬁyr werg encounteted 1n dealing with fluctuationg”,¢v the sky
I e e e e :

._\

R g ‘LSavazin “and 0" Connell 1993).5 This model predicts that the
1ﬁ?;;iﬁrﬂ%ﬁi;;>lffhalo ahould be toughly 0 2 mag bluer 1n (U V) than thé 1nner?;">

‘jf}fﬁJ cD galaxies aPB intrinsically very luminous and as suchf;

o are useful as standard candles 1n cosmological tests.-“:

' f§usefu1 as prohésfof dynamical evolution within clusters of ;
.?ifgalaxiea.5 However». their usefulnesa .is reduced by 0ur l
.1;  limited understandinq of how evolution affects theiryfkl”
',iﬁQ‘ﬁobservable parameeets., Studies of the distribution of 1iqht?:

_ -“v;in “¢Ds, o espeqially 1n MQre |than . one .bandpasﬁr help t°t;f 
Y-;:lidetermine how ch eleve.r The primary aim of thi’ St“dy “"fF;T
. "EtO"\ohtain a better understanding Of the radial surfatezv“
 };fbriqhtneas and colour distributions of the cD qal&!ieﬂ -in v

? 7?Abe11 clusters 2199 and 1413 (hgreinafter A2199 A1413),1,itif:f'
o 1¢” _”ipad thnt the:e distribution&.. especially the colourjff"
f"da-a;  could he: used o test the mﬂdels discusaed e»,bqve.'i:,‘j
. * This thesis invalved 1)- the deVelopment of a sYatematic:.
R ;Q procedure fqr ptqcesalnq and reducing CCD im&ges, and 2) the’ﬁ{\
l{> +: generatian of normalized surface hriqhtness and (B-R) calour’

S [7? Profileu for the cD qalaxy Nat 6166 in A2199 It should be
::.Q:L}Vf?}ﬁnﬁ"f: stressed that ﬁhe reducbibn pmocedure wus dgveloped for'.7f
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.'the calibratibn field 1mages.': {;"

® ‘: ¢ - .
bacquound,._JEEléysif a reault Qf these ppoblems did notx.

Qllow the completion of ptocesping of the A1413 1maqes ﬂdr B

~

r

Chapter 2 deSGtibes the equipment used, Qﬁhe proqramme,_f'i"

_";galaxies, and the obaerving procedure, and revieWs CCDs,” _}

o their operation; and theu types ,of images nthey Qenerate.je

Qdeveloped here for. C\.

‘;Chapter j'j" 1s a discussion‘ of the- 'specific procedure'?

v

1mage processing. Chapter 4 contains7

a description of the m thod of qenerating surface brightness~A

 ';eprof11es, and a COmparison of the results with previous work,

1~.and theoretical predictions.. Chapter 5 summarizes the‘ 7

7results and the appendix contains a journal‘of observations. R
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'deevice_. (CCD) c&mera.‘ The - CCD. is’ .a? thinned backside |

'77512><320 t= 163 840) . picture | elements (« pixels).- - The

o

' CHAPTER 2
DATA AQUISIT§§N
2.1 Equifémeht'

*

The observations desctibed here were obtained ‘oh '3)4

and 4/5 May 1984 by Dr L”G,‘ Nelch usinq an RCA CCD camera |
fat>:ph prime ‘focus of the Canada France Hawaii  {CFH)
teléscope The 3. SBm (usable diameter) primary mirror has a.:
.}f0cal lenqth of 13. 53 m The prime/coude uPper end was. usedt#
.Wlth the wide field cortector. giving an f/ratio of 4 20_.
‘iThe scale for this configuration is 13. 89 arcsqc/mm (Racine

i and Lelievre 1982)

The detect@r used Was an RCA SIDS&G&Q Ch&réércéubied:
-;illuminated fi chip . with ’-ign ' imaging _'area :i.,pff;

' pixels are 30pm square and are on 30ym centres “-Thé scale
ia‘given above corresponds to 0 417 arcsec/pixel giving sky
ICOverage of routhy 3 56 X 2 22 The detector 8 sensitivity

‘as a; function of wavelength is given in figure 2:1)

. The filters used were Moﬁld s B and R with - effectlve"
anelenqths ‘and FWHH respectiVely of 4420 A, and 1129 A in in. B
and 6485 A, and 1267 5 ‘in R (Shristian 1984) . __lThe' filter

transmission curves are giVen 1n figures 2 2 and 2 3.
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The programme objects consist of NGC 6166 1n A2199 and.-

the~- anonymous ch 1n A1413 These galaxies are well'

'lestablished as being ch on the basis “of exiating 'surface

1surface brightness profiles display large. departures rfromx
-‘deVaucouleurs 1aws fit to the&r 1nner reqioﬁs,‘ih the eense"
_ that for a q1Ven radial distance the galaxy is actually much,,

 close: to the ‘centres of these . galaxiee;‘fﬁhiCBV’makee- them -

tmultiple nuclei. NGC 6166 has 4, -and. the A1413 cD haa at

‘ :1east 2. The presence of multiple nuclel may 1ndicate thatt‘

. studied in detail by Oemler (1976) : NGC 6166 has ‘also - been

photometry (Thuan and ROmanishin 1981 fiqure 7). Their_

fbrighter .than predicted by the fit. These‘departures oéeur

w‘easier to detect and study ‘Both galaxies are known to havef'

N

2 A

oy e |
these make these galaxies excellent' examples of the cDh

!

»phenomenon and prime candidates for study. Vc, . _?-4

Existing photomebry will provide a valuable check on_

our reductions. NGC 6166 and the cD 1n A1413 haVe been

’

'merqers have occurred recently Chgracteristics' such 9si'

.

. %'studied; by Ninkowski (1961), Gallagher et. al.' (1980),.and1 '

R Murphy et al.:® (1983) The surface briqhtness profiles ofj‘

' Valentijn (1983) will be used for comparidon with the

£3

0em1er~ (1976) (as presented in Thuan and Romanishin 1981)-‘
and the colour profiles of Gallaqher et al. (1980) and -

reSults of this study



2.3 ﬂ:ﬁtfoquetian to CCDs

e based oanCA s design A CCD consists of a layer of n- type; B

silicon (substrate) in which thin strips of p type material

"3known ‘as channel ‘stops “are embedded : ‘The substnate is '
"covered with ‘an insulating layev of oxide - Electrodes, ‘in ;

. thef form of thin strips -oriented perpendicular to the'

channel stops, are deposited on the oxide 1ayer._ Potential

-differences 'are applied to the electrodes to form potential-,u'
- . A\ . ) . tor .
.'wells in. tne silicon substrate.. A picture element e

Ihereinafter pixel) is formed by two channel stops and d-set'

of three electrodes-in which the central electrode‘is‘ at a
'higher A positive potential 'relative'.to the two outer

electrodes, thus creatinq a potential well under the - central

j electrode. The' channel stops form 320 rows and the:

electrodes form 512 pixels per row, therefore;.the CCD
contains 512X 320 = 163,540 pixels'(see-figure 2.4).

Electrons in _the ,valence band are raised- to the'_

Y:condUCtion band by the absorption of energy from phptons"‘

incident on the silicon Substrate. In—the conduction band

the e ectr ns are attracted ta the potential well under the""

'VCentrel 'ectrode_of.each,upixel.. ~During -integration. the

v
.

potentials are fixed' and electrons accumulate in the

potentinl wells -in?fdirect\_proportion*‘to 'the"number of .
.photons striking the silicon in their vicinity. - Therefore,

t

The following is. ‘a _Simplifiedr de§cribtion”'ofi chév .

LY
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each pixel conteins information orr. the intensity of"the_

source= at;-its.-looetion\ This information is’ collected by

the procesS' of reading out the chip,cp which . involves-

hcentral electrode The potential well and the. electrons it ::L"

iy . (

increasing the potential of the boundinq electrode cloSest

to the output register, and decreasinq the potential of the’

contains are now underneath ‘the” bounding electrode. When

these -changes in- potential occur three times the potehtiaI'

‘wells and electrons mqve the lenqth of one pixel, and thei

first column of .BQOr pixels moves intO'the-output)shift

- register. .The output shift;register is a column of pixels

_like any other,‘but'it does not form part of the imdqe'ared

- and_is"only used in the~read+out prOCess. It is Iocated’ to .

‘ the‘ left of the image area on- a displayed image (see’ figure

2“4Ft_ Before the next’ column is shifted, each pixel of the-

. output ' shift ' register-qlia tranSfered to‘ an - on—board

',pre—amplifier by the ‘same. method ag. outlined above.- The,
'electrons -stored in each potential well produce an analogj

" signal, which 1is C?onverted.to a digital number by -extern‘al'

_-electronics;~_‘This-information; in analoq4t0~diqital.units;n‘

hereinafter ADU, can 'be manipulated and 'stored by a

hcomputer, ‘When all 320 pixels have been read the next

'column.ofi.the'-image is shifted,.into the, output - shifti

'reqister' and . the procesa-is repeated;f This:continues for

'512 columns and results in a set of 163}840f>numbersf which

represent the 1mage f‘ S .
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—"%"‘*Z*_"fl_‘ 512 columns = .' - S —, |
.!"‘
S Output shift |
/ _ reglster
' o ] 320
VERTICAL ' - .| rows
- DIRECTION : - : '
oo _.  HORIZONTAL
S . DIRECTION SR
\On-board\ p('e;-amplflfiefr“ )
.Figﬁre\Z 4. A schlmatlc d1agram of the RCA CCD.showing the :::,‘_ ) o

T‘horlzontal .and vert1ca1 dlrectlons as used in’ the text- "Note. -
that in. RCA's documentatlon these directlons are lnterchanged.
The horlzontal dlrection corresponds to the dlrectlon .of electron '

motlon in the 1mage area. The vertlcal dlrectlon corresponds to~

the direction of electron motlon ‘in the output Shlft register.
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‘Thefn&mesléiven“to'_the ’varioue .types of frames or

' ‘1n':ages 'ar'e.- " bias -f‘r’ames,' Yrk frames, d‘ome flat-field - -

frames, sky images, and object images. ' A bias framewvis-

dobtained by - reading-out the chip a few times) and then .

immediately readinq 1t out again without any exposure -to

'light,' and with as little time elapsed since the end of. the
‘last 'cleaning ,as poasible This 'signal approxim&tely A

represents the offset introduced by "the. electronics during

reed—out'_ The bias level actually consists of a fixed areal}_

pdttern, represented by the bias frame, added to a variable’

“(from frame to frame) offseta This variable offset is
- '(5

repreuented by the mean of an overclocked area which will be-

'describedsbelow. 'A11~other data frames must have. a _bias

leVei :ubtracted 1pixel=by%pixel) from then.

A dark frame. ia an 1ntegration (of 900 peconds in thisi'
case{ ,without'_expoeure to_iight.' The signal is due to the.

hccumulation of'thermal charée in the potential wells No

:matter how cold the chip is maintained (near —110 °c for theE N

| present observations) a few electrons will have sufficient'

energy to occupy the silicon conduction band' ﬁThese

electrons “are’ present whether ‘or not the chip is’ exposed tof

;light}- aThe _contribut1on of these electrons to- the . total--

_signal’ must be removed from other frames.'f This 1a

accomplished .by subtractinq (pixel by- pixel) a dark frame

scaled to the exposure 1ength of the . frame being treated.

"The_.ecalinq is_-required ,becpuse the dark signal 1s a



N I

16

\

function, of timei' This” procedure assumes = that  the

tem Erature of ﬁhe chip remains sufficiently constant (*1 °C).

'throughout the observing run.

~

A 'dome flat field frame -is: obtained ‘by a shortf

integration (60 - 90 seconds) of a smooth flat white painted- :

surface on the interior of the ‘dome which is illuminated by

_a high intensity lamp. It is assumed_that the true imaqe is. '
= *areally uniform (flat) because the source is far out  of

focus... Therefore, within random error, each pixel reCeives

the same number of photons. If the CCD Were perfect : each

‘pixel would output the same signal (within the random(l’

error).r-The dome flat-field is a measureiof how~the actual

. sensitivity of the chip varies from pixel tO'pixei The

- method of'usinébdome»flathield frames to partially remove

.senaitivity variations will be discussed ih. section 3.5..

_The sky 1mages are_obtained'by eibosing-the« CCD- tb a
reiatiueiy emptf,reqion_of sky. -The exposure times are the :

same_hs-those of the object images"iin the correspondingJ'

filter. In:this study the sky fields are between 5’ and 30

north_or3south of the object-image fields.‘ Inevitably these

empty regions "have numerous faint stars and galaxies which.

musnt be removed to make the image useful
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The purpose of. the sky imaqes is two fold Firat' , the

".dome flat field frames do not remOVe all the effects of -
- pixel to~ pixel sensitivity vgriation across the chip. “'This
»5ensit1vity variation 18 a function of . the spectral energy-
distrihution-of the.sourqe.\ The high»inteneityllamp and thet
skyubdo .not' have ltpe same spectral energy digtribntions,?
‘ tnerefore theAtesponse;of the CCQQto the th sources is not
:;the Same, 'anq“ﬂflati%ieidihg with the done images willrnot
'Compietely temove the effects of sehsitivity.vati&tion.' The-i
residuéll Sensitivity ‘variation 1is temovediibyi a second,
flat- fielding operation using a suitably smoothed nean“‘ofi

’ the sky im@ges

t

Second, these. imaqes are also used to determine the sky
bacquound level appropriabe to object imaqes An accurete'

determination is required because the halo brightneas‘ level -

is only a small fraction of the 8ky 1eve1
: -

. iject imaqes'-aref expoeutes of the objecté to- be

studied ‘and  of Calibration fields. Integnation times for

the qalaxies are 1200 seconds in B and 900 seconds 1n R

Eacp imaging sequence of the ch consists of twq images
'-plaQed_fend—toeend’ (with 1/4 overlap of the images &1onq _'
their long dimension) to cover the . galaxy in the ra&&al.‘

direction.. The calibration'fields, containing sequences "of

&% -

'standard starsf are. those 1n the. globular clusters ‘M92 and-

NGC 4147 (Christian et -al. © 1985). Exposurea 'of these

}\h“



f_ié-l,d,s. .'r.anqe from 60 t;_o"f[20".\se:c-:onds.. ’ Theae imaqes wil;L Ype‘
>ubod .to determine . the ,'extinEtionﬁ and‘ transfornetion
coefficients , | |

: ‘ . .
Common to ell imaqes is an overclocked area. ., This are&\

is obtained by continuing the chip read- -out afterxthe 512 Lo

columns containinq the actual 1maqe data have been read ‘and .

e

stored. On.. the CFHT CCD the overclocked area consiats of
13 cq}umns of data."'Thq process { of - obtaini g . the

 ‘overclocked ‘area effectively cleans _oﬁp‘ any . ‘leftover"

- electrons whieh ﬁight_have‘ spilled ‘qut - of- the'épotenﬁial

wells durinq the ‘feedout. l’The signal in the overclocked-

“area typically shows - e;.sharp declinen over . the 'firsf_ 4
columns‘vto a relatively 'constant 1e§el- over the last‘é

. N o
columns. These 1ast 9 columna are' used to fix the -biaa

offset for each image by determining the averaqe ADU/pixel‘

"value in the region between columns 517 and'525jand iows 2 -

_ and 319.

. * ﬁ -
The general procedure' followed during an ‘observing

- session ﬁ?s tao obtain a half dozen bias ftames and dome flat:.

.'field frames during twilight. After twiliqht a few 1nages
of a. calibration field Were taken, followed by the first

patt of a cD 1maqing sequence, consistinq ofs- ;he central

B field of the qalaxy 1in R, the correspondinq sky in R, the
' mame “sky field in B, and the oenttal field in B. This was

follOwed hy a few calibration fiqld images and/or a few biaa'

-~




sequence. “Thi§~

frmués 'ahd the;-ﬁecond part of a cD imaging

'field of v1ew was of"'set witmn the galaxy as’ described._‘
fabove,.. The

!snecified'above.- Nhen\boﬁh-qalaxies had been imaged A feWp'

™

_oxder of filter usaqg was not neceﬂs&rily ns7f

‘vinope cnlibration field ‘imaqes and biaa framea were taken.*

l

"‘fAb the] end‘ of ﬁhe. night ;he  CCD camera was: set toa'

:{&utomatically obtain ddtk framea by performing repeated 900i

"-second inteqrabions wibh the shutt:er closed.‘,ﬁxﬁfher \:dark;f-
"fframes bere' alsofobtained durinq t?e_obaerving &ésgion.>agi
. ‘ b'l

»detailed list of the observations 13 qiden in the- pendix.
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_ distribution in extended objetts._

Lee
. . CHAPTER 3 .
' IMAGE PROCESSING AND DATA REDUCTION

-

The 1mages generated by a CCD reguire a considerable”u

'"}amount of processing tq reﬁdeb them useful for quantitativet

'iﬂhofk For exampfb, surface photometry of-zdiffyse‘_objegts;t
fney"require that star images in the fiel befreﬁoved;‘“The ‘
‘ effect of pixel to pixel sensitivity variations 1n the CCD‘i :

must be removed in order to accg:ately meesure the light T:

.-"

: A computer system is used to perform all handling ,and;l
) manipulation of the image dete._ Iq this cnse the system is
'1Ebased on. a DEC PDP l1/23 running under the RT 1lSJ operating"\

- ,1system.: A Kennedy Model 9800 tape drive is used fo:n

’,

L ggehiéal storaqe of datﬁ‘ A DsD aeo 31, 1 Megabyte};
"*‘eiﬁchégter hard ﬂisk is used for peripheral storage during
F"brdgggsing Display,of images is accomplisyed wfth a Matrox:.

ZVBrpitfqtay scale imaqe display system and a TV monitor ‘ '

S

The image prOcessing procedure consists of removinq;- .

unwantedﬁobjects and blenishes (cleening), removinq the bias'

e " .

,f'iflevel “introduced - by f;ﬂlﬂleC“'°“i°’ ‘bi” f”a‘e'ézt;x"
. ‘;Subbrection)._ remowinq ‘the’ th_r-al bacquound (dark ffané:fﬁ?pﬁ‘

; .'subtraction). correcting t‘or areal aemitivit‘-? V&ri&tifm |

o Eff<dome v_and ky f1at~r1e1d1n93. and removinq the skaFit f
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fbecquoond‘ The images form a hierarchy 1n the‘ aeheed that
broCeeBing\:an image -involves <the' use of all image typesi
;T-which preceed it 1n the hierarehy The following 13 a listj,i
fljof ‘the : 1mage‘,types ordered according to the mumher_of
aoperations 1nvolved in prOCEssing them.- bias frames; 'derk_
i_frames. dome flat fields, sky imagee, and object: images
‘Bias -frames require cleaninq and subtraetion of the mean of
‘the?”.Qverclocked. mrea._i Dark frames require cleaning,::
;overciock—suhtraofion, and subtraction of the bias frame.:
Qg?ﬂ'h 1Dome' fldt-field"fremesj require the same processinq as the -
4'.dark frames, as well as subtraction of a dark frame. Sky
images. require the same process£§g as the dome flat fields,'
‘as well as flat fieldinq using the dqme flat- fields. Object -
.images require the same processing ‘as sky imaqes, as. well as
\sky flat«fielding and subtraction.v These operations require'
= the-'pbe of a large number of programmes which were writtene
.leither*' individUally i”or" 1n" groups ‘b&:‘h G Collins
. D. M K Helch G. Nelch and the author. The reduetion i

‘procedure took about a year to develop and represents the-'

-majority of thevtime-Spent on this theais. For bhis reason,‘

and because the procedure 13 not documented elsewhere, dhﬂ\“

"fairly thorough description 'will be given Section 3. .1
, giveﬂ a brief summary of the method of processing an object;
e :r'y'_:if -1mnge (nee also Figure 3 la d Section 3. 2y des;ribes the'-,

.general methods of cleaning. and sections 3 3 through 3.7

R ~
Lo .
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deacribe the breatMent

-of *the vaf:louéj

T,

types

o’f"

.imageéQ

Table 3 1 qives descriptiona Qf the functions of the vatious

\programmes.f

G A Welch.

P
. o
'
i
-
.
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.
’
N .
1
. e
. i
Molade . fe o A
. . V.
\ . . I

Listinqs of theﬂe programmes are available from
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(2)

(3

(4)

,'(5)-

3.

(1)

_Summ&ry of Image ProCeésing}

The following 1s a summary of the method of processing ;
an. object _image using_the softwere existing at the'time of ;

writing:

1

gBlemishes'and-objects larger thannthe‘filter to be used

should be removed using programme FUZH. and any ‘hot- rows

or columns can, be removed using programme CLEAN

Smaller,blemishes can»be'remomed'using' programme 'MEDFRV
with’ a 'filter size of 21 pixels, a. discriminant of 20

ADU, and unit weights

The average of the overclocked area can “be calculated 5
using programme RECTH and subtracted from each pixel of'

the object image using programme ARITIR This prOcedure”'

removes the DC offset introduced by the electrdnics. S

‘A bias frame (or ideelli'a' mean ‘of many47bias-‘frame3'
- collectedv OVer' the observing run) should be subtrected
. using programme SUBR ' Tbié will remove the- fixed

"pattern of noiee introduced by the electronics during L

N

read-out.

An appropriately scaled dark frame (or mean dark framq)‘

should.»be:,subtracted using programme SUBR. Thi; will )

remove tbegthermal b&ckground;

TR e
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(6)

slprogramme FLATR

(7)

Firsb order sensitivity variations dah.‘bef3rémov§d'lby ‘

-~
A

.flat fieldinq with a cleaned mean sky (possibly smoothed

by averaging in blocks usinq programme BLKAVG)

-nflabvfielding with .an - averaqe dome ‘fi&t?fie1d1031hg“f*‘

Y

-Residual sensitiviéy variations can be remQVed~‘]BY: A



f' = | i )
“lr = ‘vr—-—: 2 - 2 vf.,__-.___h~ R — ,,‘.-,., ,.. ;_,.' NI - .‘
Cleaning-v removal of blemishes and unwanted objects L
~.applies to all images_ . B
. _ - CLEAN, CLEANH FUZﬂ, MEDFR _ . .
‘,.'i‘ T "" ffi;[_' .ffv B ’ o -
:Overélockéd area - calculation and.temoval oﬁ‘DC“.' ol
L ST of fset
‘{4gapp11es to all 1mages . :
* -~ RECTH, ARITIR T e o
e ‘ ' '_‘-. ,\./ ) -
BiaSISUbtraCtion —'remOVhl‘of.non—fandom noise
.77 . intreduced by the electronics
—vapplies to all images e1cept
" blas ftames
'u.SUBR, '
"Y
‘ -Dark‘5Ubtrdéxioﬁ_~ﬁremov&1 -of thermal'bhckgtsund."" |
T - applies to object,: sky, and" .- .
. dome . flat fields _ :
e SUBR '
‘ i U
¥ ' ‘
Dome flatffiélding - removal of first order
S AR qensitivity variations - ’
- applies to object and -sky 1mages .
~ FLATR - . :
..\/ °
Sky flat fielding —~remova1 of residual sensitivity
‘ ) variatioqs : et
—-aE ies to. object and sky 1naqes
- B !

. Figure 3.1. ‘A flowchart of the Vatious stages of image A
- processing, ipcluding the types of images each stage . - .
: _applies to, and the programﬂes used at each 5tage.

. ke -
e Wt T



o :which do not behave normally ., in that they do not respond

‘,‘,to photons in 'a manner similar to the majority of pixels.‘ 

one‘ or. more pixels insensitive to. light. In'contr&st some '

3.2 Image Cleaningf'

» All cco images suffer from cosmetic flaws "These . may

'be;'caused by r0ws -or 'columns of pixels or single pixels

Some areas of the chip may be completely ‘dead’} rendering 2

areas ‘bloom . that ‘i3 they produce a signal larger than the

background with or with0ut exposure to light. In its milder

‘in appearance to a stellar image) often called an LED (light'

"hot row - created by smearing the excess electrons along the

~]. forms this 1atter problem results in.a bright spot (similar

emitting diode) In ‘more’ severe cases it can result ‘in_sa ’

ron[during_readout,\

Another problem results from cosmic ray events. ‘These

'produce hot spots : r; streaks (depending on the angle-of

vrays responsible are. probably muons and electrons with

incidence) comprising as’ many as 8 10 pixels.> “Ihe 2cosmic

3 .
energies in the 10 to 10 MeV' rahge, which deposit ,some of

:their energy in "the -silicon substrate by exciting and _
. ionizing silicon atOms (Leach and Gursky 1979) Cosmic rsys.

'_-are incident at a rate of roughly 0.08 cm

fof events cause minor blemishes which- are lost in the noise '

Typically B-lo cosmic ray,blemishea‘ were removed‘ on ‘each.

2 “1

?.

chip 1. 47456 cm results in 420 events hr 1: The- majority

N

p which for al



‘the bias frames

-

11mage ‘This' type of blemish 15 found on. all 1mages except\

)

Astronomical objects that are not part of the programme

.need to b& ‘removed.~~-These occur only on 8ky and object»

'images and on average in routhy equal numbers

-
i

A nﬁmber of programmes were developed to . remove\ éheee

1unwanted objects ahd blemishes The most straightforward of_'

these was’ progrdmme /CLEAN K This " is ° an interactive '

_programme, which is used to replace a specific avea. of - the;.

._imaqe,_usually part of a few rows or columns, with either_ a

l_specified value or - a value 1nterpolated in one dimension‘

. from the pixels bordering the area. This programme- was. -

'H'usually used to remove hot rbws 1n overclocked areas. f

'Proqremme.CLEANH‘ was" developedi'for the purboee:”of

_automatically' remoyind'_single' pixels and suall groups of,w

'pixels (up to 4—6' pixele) which differ from ,the- localﬂ;_'

' background by more ‘than some discriminant., The discriminant:

can be a multiple of the standard deviation of the ADU/pixel;

"r’value in-'some area oflfthe' 1maqe,':or its-value;can be

L with 1ts- 1mmediately adjacent

1

: specified by the user ‘ The me‘ : t;-o: compare ‘a 'pixei e

1qhbours. gi‘ the’ absolute :

value of the pixel differs from the local background by morei'
'than the discriminaht then 1t 13 replaced by the loca1~

hackground value. The local‘background’va;ueL1af_Eglculatedf



L

from the ;previoué background and a weighted mean of the
- surfounding pixels from which the central ‘pixel differed by
:;more than the discriminant.' A‘rapid increaselin ADU/pixel'-
values was. found 1n the upper— and lower most rows }of‘ all
:-images.' ‘This' posed a problem because CLEANH treated these )
rows" as hot and attempted to clean them ' Ther problem was
.solved by having the programme ignore the upper and lower 10
rows of the imagé. The first 16 columns presented a similar*.
aprohlem‘and these.wereraleo 1gnored. "The programme can also
"lgnore specified rectangular areas 0€ the 1mage ~ This

option was developed for use on the dark frames.

CLEANH cannot remove blemishes larger than 4- 6 pixels_
square because 1n these cases the pixels used for comparison '
are not representative of the local background Although
: CLEAN can remove larger blemishes 1t is restricted to an-
: interpolation in _onev dimeneion | The highly 1nteractive'
jpprogramme FUZH was developed to overcome these limitations
The user specifies the parameters of an ellipse to- be drawn:“
-3around the object to be removed. A square box is then drawn'
faround 'vthe - ellipse.f‘ A least squares ffit_. of a
_.two- dimensioﬂal 11near function is made to. the. region
"between the ellipse and the box, and 15 used to lnterpolate
.over the area contained within the ellipse. The}use: cao
' graphically ; check - whether the . feature ' has"-'heen

'satiefactorily ,removed, and 1f desired store the ch&nges fn< .
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"random noise in the interpolations which gives the ' cleaned -

29

-

1

a'.new file.. The :interpolations appear- as: obvious-

modifications :on ‘the TV monitor, bdt‘“it is ‘the 1ack'of_;

areas their strikingly smooth appearance.

~

FUZH and CLEANH tend to be rather time- consuming (up to ‘f

'4 hours per image_ on our system), and CLEANH 3 method of

_determlning whether a’ pixel -should be cleaned is more

complicated than ndtessary To- speed up the cleaning

: process we developed programme MEDFR which ’ usee the

technique of the weighted median filter (Brownrigg 1934).

;'therefore requires lesa processing time (~30 minutes).‘ The

oy

This programme eventually replaced CLEANH and to a  large '
lextent FUZH because it .is capable of removing blemishes in a

'large.range of Sizes.’ It is also fully automatic: and

‘method consists of examining a set of 9 pixels; hthe
corners and midpoints of a square. the size of which is an"

odd integer apecified by the user. This set of’ 9- pixels-

forms the filter. The programme finds the median value of

the 9'pixels-and replaces the central pixel with the- median

N § it differs from the median by more than a Specified

‘blemish smaller than the filter, however, a. border around-

'diecriminant. The 9 pixels cah be weighted when determining

the‘rmedian..? This - programme can completely- remove any

_the image of width equal to half’ the filter size will naot’ be

AN

i sy
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cleaned. - The detailed cle&ning ptocedure“fbr each - tYpé'.Of '

o

.;ﬁaQe will be discussed in the appropriate sgction below.
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3.3 Biee Frames
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As' mentioned preViously, bias frames are ‘essentially
zero, second integrations representing the offset level
introduced by the electronics during the 'reed4OUQ'"procese.‘

The -first step in the treatment of the bias frames was to

use ﬁrodramme-uRECTH (whidﬁ‘ performs various' statisticel
computations ‘ ﬁithin" a’ specified rectangular area) to

. determine the typical ADU value ,of these’ imaqes, ‘the numbers

and - typeS' of hot -spobs, 'and the size of any large scale -

gradients A verticel'cut through a tybic&l bias fr&me

showed a - rapid drop over the first 100 rows (from 476-456
ADD) and a decrease of 2 ADU from row 101 .to 320, ' This
vertical gradient is believed i be : due to ﬁhe

' synchronization of the read out of the output shift register

‘with the ambient 60 Hz, frequency. There was no noticable .

overall horiZQHtal qradient. The overclocked -area . showed

none of.tng,hot rows or qrediente'found iniother ihages.

A number of. bias frames Were examined to obtain ;ome'

1dea of the, typical signal to be found 1n-these images.

Typical valuea range frOm 453 to 457 ADU/pixel._ The frames_

'were examined using the byte selection option of programme

-DISH (used to. display images on a’ TV monitor)\qgo locate
‘extremely hot pixels (+ 32000 ADU) ‘

\ ’ : i‘ . -' N c'_
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Programme CLEANH[W&slused to renove ,these hqt,'pixeié'

using a ﬂdiscriminaht~;of 10 times the stendnrd devihtionaJ

LN v

determined in the 51)(51 pixel box defined - by columns 200

and 250 . and rows 150 -and 200 The etandard deviation

"typically found was between 3.1 and +3 4 ADU" therefore,
the discriminant -was between 31 and 34 ADU . -Typicaiiy 1. or

2 extremely hot’ pixels-were found per im&he?

~ A mean value for ﬁhe‘overclocked-erees? was determined .

using programme RECTH with a rectangle?defihed by'éolumns

" 513 and 525, 'end‘rowg'Z‘and-319 - The upper— and 1ower ‘most

single rows were excluded beCause they were abnormelly'high.

The mean determined within this rectangle was subtractedv
from each.pixel of the fraNe,_ This was done separately for':

V‘each bias frame using programMe ARITIR These frames_ wily

be referred to as overclock-aubtracted frames\
14

s
. )

N

‘ Ohee‘ afl the bias framea from both nights ‘ were‘

.foverclock—subtracted they were combined ueinq programme AVR

. to produce a mean- bias frame (filex BOOlCM).a The average :
vsiqnal -of the mean . bies frame was -0. 35 ADU This mean bias o
7.frame 13 assumed to represept an underlying areal sfrdcture'l
~common to all images., -Added ‘to this structure is the-f
| variable offset repreaented by the mean of the: 6bé}cloéké&*'

: area of each '1maqe ~ The offset 15 variable 1n the sense"

that it is unique for each image. - - o ; f

--a ~
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34‘ Do.rk Frames SRR
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The dark ftames nre 15 minute 1ntegration5 w1thoutff3
ﬁ{exgoaure L'i liqhﬁ”' and tepresent the thermal ch&rge”f=quf“

w  accunu1ated during an integration of equal lengtht The most{

Frifu,

e ¢

[T,

: }ﬁ th;l,striking aspect of these frames 13 the appearance of br;qhtffj
i Zl '7"{spots ab the same locqtions 1n all the frames., These area -7""m

;£ lffw?the LEDa referred to previously They are: caused by thefzﬁ

" ;;iﬁdiffuaion of electrons from thg valence band inbo the3_”

-~—\-_

ﬂv'?;)ﬂi;:fx f3253lelectrons in these areaﬁ, mimics 1bhe effect ’of photons/

pdtential wells 1n ‘the’ conduction.band @he accumulation of  /

/__~.

_f;ﬁ;”ff;;fﬂ;j; ;,;incident on bhe areas during integrqtion.i_;f}'r}if ﬂf Lf/.f

‘ 5from other framea when the mean dark frame Was

. .';f_uritten fof thin purpOse.z HUNTH uses - C:.

e

.A”3_2'locate pixel coordinatea' Whiﬁh e commen to ‘11 frames

N ”f timea the sbandard deviation

| tracted.::i
.-H:£Tmo do this we needed to 1ocate the bright spy%s common toi  |

3  the 29 u3ab1e dnnk frames, Programmes HUNTHf ﬁd:‘PIXH were‘.f¥‘
‘ f\n detection:f;;»'

| ";%code. hut 1hstead of. replaginq the detectq/ hot Pixels o
,,fi;Tmerely stores their coordinates 1n//é file.‘} PIXH thenf;t._i

'fjsearches the files created by HUNTH ( ne file per ftane) o"n

SR _EFQfOnly those pixels which are bright'in a;l frames\ate defined '
. iféij¢ ii{ Fi{was LEDG.. A discrlminant of 15 "U which 18 approximately 5&’
L the noisewn was uded 1n3f"-'

A' total of 60 pixels fOrming 16 groUPB of 1 to 303J?:_ |

At the sugqestion of Kormendy (1984) we did not /temove l,'
'che LEDs in the dark frame§, aince they ought tog?g’remOved~“ '
ub

. . . - . ) .
.—_' . . . <‘ .‘_ e o . : R F.
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LT ‘-‘-'té‘i,tﬂe-l'é»a-*éfér-ﬂ_fzq‘!ﬁd"t‘d"’b'#' commOﬁ'«‘fté '-_au‘_ 29 dark "f.‘?am,eﬂ'---. -'

'E.

: A rectangle was plaCed around each group Qf bright:;dlnf
ipixels and CLEANH was modified eo thnt 1t would not °Perate?ei_‘
;inside the boundaries of the specified rectaﬁqles.f CLEANH “.

‘twﬁé. run &11 d&rk frames ‘using AROHl DAT with a.j"

"f?discriminant of 15 ADU and the upper and lower 10 row%_'
1',cskippeq Typically 180 220 hright pixels were found per

‘Aimage,-’

R

SRR :;g:.f, Bxamination\Q§ the overclocked areas’ of the dark frames‘

: (5;3—516) from the image area v&lue of "459 ADU/pixel todgf

-':ﬁh»“'bypical 5overclocked area value of v~454 ADU/pixel 'In

'i““‘determining the average of the overclocked area the firstlfr'
- ;f‘ columns were avoided by uSing a. rectangle defined byV

' "COIPmns 517 to 525 and rows 2 to 319 (hereinafter Called the'.
A::Q;atandard lrectangle) K The mean generated from.within thisj-“
frectangle was } subtracted from | e&ch. pixel ofﬁ'.the |

”;corresponding im&ge generating an - overclock—suhtracted dark_-‘

f:f me. The aet of 29 overclock subtracted dark framesx-fromd'

"boﬁh 7 ﬁights fwas'¢} combined d" produced Ea meanlf‘»f

N overclock subtracted dark frame..

S l‘

,Areal variation of the bias iev81~iwas removed by .

R

subtractinq gtﬁef' mean bias frame froh :the : mean

'7_overclockrhubtracted dark: fr&me usinq prqgramne SQPR (whiCh "

: .

'typically V:showed a decline over the first 4 columnsf‘..d

1_ subtracts bwo inaqes pixel by-pixel) This produced the P
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. The accumulation of thermal charge ig assumed to be iq' 'uw;‘:
‘flinear functioh of time.rso that dark frames cotteSpondinq’

' to diffepent 1ntegration times can be consttucted from _the';

mean dark frame simply by multiplyingihy the ratio of the.ﬁf;.
integration times. For example the me&n dark frame for B
object .1mages, which have inteqration times of 1200 seconds;.
,:wbuid b; equﬁl'to the original mean' dark frame (DOOlCB):

'multiplied by (1200/900)

. medn—-'biﬁh; fghd%*_5i&%é(ciockeéﬁbﬁrapﬁed:_Tf&&rk_ ,'frqméf3$“fff;M%{ 

. . ot b -
N D
“ T . B

B L



.

"375 Dome Flat-Field Frames - -
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The dome‘flatefield framesrare eipOéureé of 60 seconds

T(In R) or 90 seconds (in B) of a white’ screen attached to:
;the inaide of the dome. The only remarkable thinq about
K them is “their hiqh qignal,_typically.of the_order of 10

,ADUYﬁd;ei.

4
' The dome flat fields were prOCesged with CLEANH using a
discriminant of 1500 ADU ( 507 to 300¢ﬂ and‘with the upper 
and lower.lo.rows skipped. Examination of the overclockedv
area‘ showed v1sua1 evidence of hot rows. In most 1mages

these were found at rows 130 237 238 and 239 'The -mean"

and -standard deviation in the standard rectangle were

-.calculated after each row. (or set of rows) Was removed by:'
.'l_interpolating in the vertical direction using CLEAN." Wheni

rfthe mean chanqed by 1ess éhan 0 10, ADUIpixel 'no further-:-:

‘modifications were made. The meanaof the overclocked area ’ﬁ

‘5was subtracted as usual from the corresponding frame

The overclock—subtgActed dome flatvfields 5(12 _{per:

thndpass) were_ aVeraged 1n each bandpass The mean bias
“ffframe f.Wéf: subtracted frOm each - of '\dthen d.mean';-'
"overclock-pubtracted dome flat fields. ‘The mean dark frane :
K was 5ca1ed down by the appropriate factors, 60/900 ; Q. 06667”‘
:~$for' R, - and 904900 ® 0 1000 for B, and the scaled nean dark-l

'vframes'tl were .subtracted 1 from : fne:- bias— .and-

\

"",overclock subtracted dome flat fields producing a mean bias—“
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3.6 fSky:Imageé

o S&E sky images are integrations (900 seconds in R and

1200 seconds - in B) of ‘blank"areas of sky. These imagea_“
are- of course notttruly vacant but contain many faint starij
and galaxieS' : The- R images display interference fringes, ;d
'since the chip acts as' a thin film-for wavelengths in the ,R
'bandpass. The fringes are believed to be due to a number of.~
"Qéro‘ng night sky emission lines in this region,_'- in
s particular, neutral oxygen at 6300 A and 6364 A (see figure;
:3 1) These electromagnetic waves interfere _constructively
'fand destrUCtively, according ‘to the thickness of the chip at e
a given- point, producing an interference pattern by the sameg
:'.mechanism which produces Newton s rings ;‘ By comparingﬁ

°. different sky imageb it" could be seen qualitatively thﬂtn

- the. shape of . the interference fringe pattern ‘was not
t'variable, although th% intensity did. vary slightly.:“fThe;-
amplitude of the fringes above the loqal background isﬁ
;estimated to be 1ess than 1% No attempt was nade to removef‘

 the’ fringes.

‘ Two of the sky images ﬁere ‘checked for large lscalejhfq”
‘.'fgradients by sampling 40. X 40 pixel squares at various
-'1ocations. Over the whole imaqe, a 1ess than 2% change 'in o
" the background was found horizontally, and the shape wus'5f
'conaistent between images with a peak.in the_ middie and a

drop .to -both sides., A top to bottom decrea!e of less thAh"'.
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(t'was_foUnd. These gradients are prohably due to- 1erge7“
-'scalef(sensitivity -veriations,, which are - removed by the ., :
' flat;fieldinq process described'belowa'rp

At this stage some method of .r'e.rsovinq -.-le.rge ' "unvlant'ed -
objects (ie . stars and galaxies) was required fUﬁH was
developed for this purpose The initial plan was 'to:‘use '
FUZH to remove as many of the larger objects as possible and~‘
‘then use-CLEANH-to remove the smaller blemishes The number
of blemishes removed using FUZH sometimes rsn as high as 60
requiring up to 4 hours of work Fortunately, only 6 _(of
13) sky images were cleaned this way before programme MEDFR
. was developed MEDFR is capable .of -removing hlemishes as'
large as the filter, thereby eliminatinq many of the smaller
blenishes which previously had to - be -removed using FUZH.uf'
The' typical filter size used was 21 X 21 pixels ”This'size
' was choosen 80-as to minimize the siZe of the- unfiltered :
border,. and to avoid the distortion of the ‘halo gnsdient
Which.would hsve resulted from the use .of a '1arqer filter. °
'TAll‘ sky imsges _were .recleaned : usinq FUZH to  remove
blemishes larger than 21 pixels square (typically 10
hlemishes and 0 5 to 1 hour of work per image)) followed by

MEDFR to remove the smaller blemishes

Thelovercloekedfareas showed_no'hot.rOWs..but_the'.reﬁpi:f"
over . the - first. 4 columns was present. The standard'

lsrectdngle;ves used'to-determine the mean Of"the.fOVercloeked'

. . . 1 ‘ :
. e A . AN Do Lo
. . y - ’ . . . T Al . '..‘ = . i



farea “of »é&cn imagegf and.ﬂthis was subtracted from. the'

“'corresponding image An ~average(‘overclock subtracted Qka

-

image was calculated for each bandpass (6 in R,and 7 in B),

Iand ‘the mean bias frame was subtracted from each of these

K

Recall that . When cleaning the dark frames (using CLEANH f

-and FUZH) the LEDs were excluded from treatment MEDER isil.

not capable of excluding specified portions of an image vIt

'therefore retmoves the LEDsn If unfiltered dark frames (with

‘;'LEDp) were subtractedsfrOm filtered images (without LEDs),

the 'result would be negative numbers at the location of the o
LEDs . This problem was solved by filtering the mean dark ’

frame using,the same_filter size, discriminant, and.weights.

as were used;in filtering the 8ky images. The filtered mean. .

dark ‘frame, with appropriate scaling, was then subtracted

e from the’l_bias- - and—- overclock subtracted ' mean ;v9ky:

flacifieids.'

Programme FLATR was used to correct the mean dark— and-.”

biae-corrected' aky images for areal non- uniﬂormity of -,

f-response (flat fielded) using the' mean -dome flat~fields.”
‘The flat-fielding process consists of dividing the ADU count, '
,of each pixel of the image to be corrected by the ADU count

{fof the corresponding pikel of a normalized'flat field frame.' |

The flatﬁfield is normalized by dividing'each-of itsr pixels

by the:; average ADU count of the flat -field frame (Leach,
‘ et.al. 19801, This may be expressed as» K



.x{';,rulir{/<r>}' L (3.1)

where; I is the ith pixel of the corrected image,

I is the correaponding pixel in the uncorrected

1?aqex'-
_F\ is. the corresponding pixel in the flat field
trame, g |

" _
+and (F) (llN)EEF is the averaqe of the flet field

frame.

That .this is.1in fact" & correction 'for'-nonLuniformity. of
response' can be sden. as foliowss"lffwe assume,the'chip'f'
images a uniform source, - then the norma1ized flatefieldu

‘fgiVes for each pixel the fector by which 1t differs from the

'mean response of all pixels on the chip. If, {or~_exemple,
- some pixel-s normalized value is less than 1, thenfit has

not responded as strongly as the*‘Mean pixel' 1f thé“ same

: pixel responds similarly during &n image exposure then its'

'ADU count. will be lower than that of. the ‘wéan pixel’. The

Vcorrect ADU count is obtained by dividing by the normalized:

- pixel thereby increasing 1ts ADU count so that it appears

'.to have the s&me response as the .mean pixel’

The process of flat fieldinq with the. dome _flat fieldbf

1;_'doea ndt completely reAOVe tll, sensitivity variations

.because the chip responds differently to. the different

' spectral energy distributions of the high 1ntensity 1amp and-.

; f;the_sky; Foliowing Kornendy (1964) we used modified mean :'

, .
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{'warrant‘&'highep order polynomial,
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sky imAges ta perform a second flat fielding operation 'Tne

proceas of modifying the mean sky images involves dividinq'
the imaqe into 16 X'15 pixel rectangles and replacing th87
d:'individual pixels with their average- value _over B the
-tsectanqle‘ (progrAMMe BLKAVG).  This procedure ‘hes'~tbe
i disadeantdge of smoothing 'out -.eny' real - small- scale'
.vatiations, but increases the OVerall signal to-noiae ratio
(S/N) in the resultinq image. Thi's was desirable-because of
the' 1ow_ exposure level ‘of tybicel _sky images _The»-
- individual sky images were' then flaé fielded with the

- appropriate 5Moothed mean sky flat field reducingcthe large

scale veriation to lees-th&n_l%.

» The individual sky images were intended to be uged to.
represent the sky background in the object images. HoWever,f
'direct subtraction of a treated 1ndividual sky image would;
“sibnificantly decrease ‘the S/N of the resulting net object.
image. To avoid this we decided to model the sky with a
"two-dimensiondl eecqnd order polynomial (using proqramme ;
’POL¥Ei); It éas_ASQqﬁea that ‘the variation of the\;ékff

,'bridhtneSS,;over"the chip was not sufficiently rapid tof.

'V
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3.7 Object_Ineges“ E X B

.. A." .o h ) - A - .- N "- ." 5 - » <
The object 1mages in this study"are‘ 9200 and 1200S

?integrations {in R and B respectively) of the galaxies being
studied, and 60 and 120 ‘integrations of the photometric‘
\calibration fields These images suffer the same problemsi
; as the eky 1mages (1e., 1nterference frinqes in R and -a
iliberal sprinklinq of stars and galaxies over the field) and.

_webe cleaned in besically the eame.manner.: FUZH was used to

L}

i remove ﬁthe larger objects,‘ and 1n some ceses'.it was

necessary to 1nterpolate (vertically) over the hot rows 257

to 239 The overclocked area was cleaned and the mean ADU

value within the standard rectangle determined in the- usual ﬂ

-These images were - elso? filtered}‘ pdc1 the _filter

severely 'distorted 'the_ bright coree of “the programme

- .qalaxieﬂ. The distortion of the" inner reqions (less than 20‘
;_kpc from the centre "in the case of NGC 6166) was obvious :
‘glfrom visual 1nspection -In the‘case of NGC 6166-' filtering,

resulted in the coalescence ‘of the multiple nuclei and 1n

-~ the appearance ‘of 'jet—like' structures radiating from the

3

centre.( A check of the averege ADU/pixel value in a. 10 X 10 .
'pixel box showed that the difference between the. filtered
.and unfiltered»_inagee was " about 0. 27% at. 21 kpc from ‘the "
centre ' of NGC 5166.'-iTo_ convince ourselves  that  the’
"filtering'fhed " not affeCted::thel_halof grndient,-_we-took?'j‘



»

horizontal and Vertical profiles,throdgh an’ 1mage created by

."subtracting the filtered and unflltered (but cherwise fully

fprocessed) versions of the same iman The profiles showed "

.

‘random Bcatter about zero,- i1 dicatinq that the filtering\'J
rprocess had not distorted the large scale qradients outside

the core.

The individual 1mages were bias—';and— dark—corrected '

mean dome flat fielded and mean sky flat- fielded as usual-

The final step involved the removal of the sky background.'
The first" attempt at this involved .subtracting the
- polynomial fit to ‘the ' sky 1mage which was _closest both

' spatially and temporally to the obﬂect ima@e;‘ This was

initially attempted with apparent sueeess, oh R .and:. B

) images ©of NGC © 6166 . (iject A332Y4; sky:€333V4,

3 object A336Y4- sky C335Y4).. However, when the procedure wns‘r'

applie@ to a B image of the cD 1n A1413 (ohject A322Y4-1

© sky: caznm it resulted 1n neqative numbers over most of the

1mage.-' Apparently the sky background was significantlyf_"
'.variable (»'5 to 6% of the sky) during and/or between these‘
. exposures ‘ Nhen this procedure was applied to a second R
l~1mage of NGC 6166 (object A130Y4; sky: C131Y4) the same
:problem._orcurred.v The 1nitia1 success with the other NGC ..

7_,6i66 imadee appears to - have been fo:tuitous. : wThe. N
'.possibility that the 'sky background varied significantly‘--

durinq those 1ntegrations must. be considered. RedUCtion of'

{
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' .the calibration field 1mages will provide ‘a clear measure of

_7the_photometric quality of the skyi

‘-')

. Preliminary 1nvestigatione of the type to be described
1n section 4 l indicated that the aky level. may have been o
‘reached on. the images of the ‘centre Qf NGC 6166 :This o
;provided another way of estimating the sky hackground .;Ne
calculated the average ADU<count 1n au. ectangle placed in
-the upper right c‘orner (435 500, 235 310 = 5016 pixels) of
the treated (but not sky—subtracted) object 1mage and in the
same.‘place .on the poLynomial representing the corresponding
x‘sky image, lThis,area was choosen for the’ following reasons.

. The orientation‘ of the galaxy on the 1mages was such that

P
PRt

the upper right corner was the area farthest from the centre ' \V‘*"l

4

of the galaxy._ Also there was no apparent gradient due to o
h the" galaxy 8. halo in this area..-The shape of the sky, 145
represinted ' by the polynomial, was assumed 'to“remain

‘_constant and the polynomial was scaled by multiplying by the-:
‘ratio of the two sky values. - The scaling factors Were ,;for

C131Y! 0 9438 0333Y4 l 1010 C335Y4, 1. 0588 The '8caleda.
_polynomials were& subtracted from the corresponding ohject

images.
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i _{Avm (3)
. "-l_xsunn (3)

3?firtamn o
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'Tf%EQZﬂT(2;3é4{;T'C ¥ tRem°Ve3 large blemishes by tWO-dimensional ':-1' .

g”fﬁEDFR;(Z;B) ; " i
N ;heqhnique.__

" DIsH (L
" ARITIR (4) °

amvc (4)

v

' '_.\\

'”ﬂRgplaces a small area Df an\imaqe using T
cooa specifred value or.-a-value interpolated
"x.from the pixels bordering bhe area.

4lComp
’ »COO!‘

A;%;performs an &rithmetic operation ‘on - each R
-~ pixel of an integer: number . image, producinq' ciu
. alreal nﬂmbet image._.wx _ DR

"»Lqumputes tha averzye of up to ten 1mageﬂ,;;-ff

.”;a:?Computes the différ
:~1_;(pixei-by-pixel).3_‘HJ,;

Flab#fields ax : imag‘e‘ . . , . I :7 .-:.'g :. o

.And A usbsally’u

N T :
Ot (8
Imnqe Processing Programmes: Names Authors, e
aﬁd FUnctions.. = SR o

,_ReplaCes hot pixels with.a 10cal
\ﬁbachqround value.

.|>‘

_ "-'Creates a’ file containing the coordinates of ‘“;j;
-+ hot pixels (using same detection technique as s
‘ CLEANH). : , L AR -

es files created by HUNTH and fihds
nates common to all files.;. v

Removes blemishes using the median filter

“;Perfdrms statistics (mean, atandard BT

deviation, histograms, etc in.a recbangular_l‘_;

:itarea of an 1mage..j e s ?
..D1391&Y8 an image ptoduced by an.RCA CCb :

A '\,'1.- > v
P . -

ence of two images EE

Qfﬂeﬂviiyvsnao_ ,an_image by averaginb 1J %

pixel of-#imilar bri@htnes f ﬁ
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faverage ADU/pixel value under the ellipses

'«'ELKVGI‘(4) S Calculates the averaqe ADU/pixel value L
T ' - VUnder a: single ellipse. o )

R JELAVGZ (4) % T Calculates the averaqe ADU/p xel value
c ... 7 7 . between two .ellipses if both llipses
.11e completely in the image ar .

" ELAVG3 (4)\ . . Calculates ‘the. &verage ADU/pixel value' ;

o e ‘hetween two ellipses if one  or both A

R ellipsea 1nter$ect the edge df the image.
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CHAPTER 4

‘a
T

RESULTS AND DISCUSSION .-

In section 4. 1 the methods-lused, in;'denerating 7the'
‘sdtface -briqhtness profiles by' fitting ellipses' to, the

approximate 1sophotes will be disédﬁsed, along with the

"method of normalizinq the profiles. Section 4f2 contains a

Jdiscussion and comparison of these profil&s with .previous

_work~ . Section 4. 3 outlipes- plans for improving the'.

_reducti@n procedure

4.1_;SUrf&ceerightne§5'andxColour'Profileej .

Genetatinq .a- surface briqhtness ptdfile' fébm the
) processed iject images invalves'~three Jetepsi" l)- thef

1dentdfication of pixels with ADU values' within a - given .

range Gi e.;f isophote generation), 2) fitting ellipses to

isophotes by viaual inapection, and 3) determining the' mean

;'.}surface brightness at the radial distance frOm the centre of
the qalaxy repreaented by the ellipse.. This method assumea
'that elliptical isophotes ate appropriate for cD qalaxies on

© . the basis that they are used satisfactorily in modelling the

.2

T1ig'ht distributian of elliptical qalaties. Note that thig[:“

‘process usés image. coordinates in units -of pixels; the
.‘ . N

) econVersion to physical COOrdinates is made after the profilen:"




N

<
.

. haelbeen'generated;

:'-' "; ) o ey
"A~more 'Objectire method of fitting elIipees —ueing:.;

nunerical ‘methods hau been developed by Young et al ' (1979)

~ and modified by Ként (1983).' This method will ‘be applied to_,f

" our data in‘the futute.‘ \

l

The 1nitial attempts at finding isophotes,"or_‘regions

'of similar brightness, used programme CONH This programmq"
.essentially delineates an isophote hy loeating pixels which

. . Ay
havev an’ ADU count larger than a specified 1eve1 and which

have at 1east ‘one neighbour with a lower ADU; count . Ihis.

resulted in thin isophotes with- f&irly‘ eharp edges in

'ﬂregions of rapidly changing ADU, but in broad. isophotes with

poorly defined edqes in areas where the gradient was small

'The'problem Cof 'iii-defined 'isophotee"waS"partiallﬁ B

s0lved by Creating programme ISOPHT This proqramne is aj

modification of CONH which allows. the ueer to specify the‘,
\ : :

range ~of ADU -valuee used in defining the cpntour This

'allows greater flexibility in generating isophotes ' Fot

_example.. when .a particular ADU range generates Qoo ‘fuzzy

~

an isophote, a narrower range can be epecified_ to- sharpenﬁ'

it' . : ’ .- - V " . 4-‘\‘



f‘{increase the S/N in reqions bf 1dw signal

MR

a‘ The next ‘step\ involved fitting ellipses-u to -zthe‘

‘fisophotes using the ellipse drewing routines (ELLSZI ELLZ

and ELSAVI) These programmes allow the parameters ‘of .an

"ellipse to be adjusted while the ellipse is visually fit toap '

‘the isophote generated by ISOPHT .

: At this point SBPROF was writpen_nfer~ the .purpose of
| combininq }the tasms ’deSCriped aboee-and ihereby_reducing
processing time. SBPROF first checka-.each‘ pixel to
Vdetetmine if its ADU count lies within the range specified.
If so,. its location is stored in the output file ‘which is.
‘5then displayed on a TV monitor An ellipse 1s then fit by
‘eye to the resulting isophote The ADU values of pixels .ini
the_ object image correspOnding to those forming the ellipse‘_
are then combined: to. derive a mean ADU/pikel value along theiZ'
" ellipse. B The; programme can also calculate the mean:
'_.ADU/pixel':value within - an annulus_. defined by‘_,twb"
.'-:non intersecting ,ellipses (ELAVGl ELAVGz and ELAVGB) :

This option which.sacrifices radial resolution is used to C o

' .o . LY

4 SBPROF was used to derive surface briqhtness profilee :
frOm three images of NGC 6166 one’ in B (A332Y4) and two inh
,R (A336Y4 A130Y4)._ The R. image A336Y4 vas analysed first.

'_Iner isephote genetating 'option was used to find pixels in“

the: range 499 - 501 ADU This was . the larqest ADU value

j”used because at 1arqer values--the distbrtion due toe‘

R



‘filtering w&e greater. than 1% A ainqle elIipse was fit to.e

bhe reeultinq 1sophote,' and the average under the ellipSe

determined. This process_continued for,ieophotes .seperatedi
by 50 ADU. out to ‘the ‘199 - éOi-iseonote"and at :20' ADU
-intervals thereafter ‘out -to"the‘ 99 - 101 ADU isophote.;'
JAnnuli were 'used to generate the remainder of the profile
| The coordinatee of the centres of. all the annuli were taken_,}.
as the Aaverage- of the coordinates of the‘ previous 12 - -
ellipses. The coordin&tes of the centres 'of the ellipses,'
‘_ were within + 3 pixels of their average. The ellipticity ‘
7and position angle of the outermost ellipse was used for allf,
'annuli.~“ The first six annuli ‘were eechns ‘pixels wide and -
.gepareted by 10 pixels. TneireMaiging"l} anndli'ﬁariederon

8 to_ZO.pixele wide._ 

B The B surfaCe brightness eae determined from image~'

‘ A3BZSS using- the same get of ellipses and annuli.' Before’

.4this could be done the B and R 1mages needed to= be;.
_registered ao thnt the coordinabes of the ellipses andivdi
.annuli referred to the same areas of the galaxy .on both
Av'.images.- This. was done by .comparing the 1ocation of the’
t'pe&ks in the brightness distribution of. two stars comﬂon tb

fboth _imaqas and in diagonally opposite cotners rof the .

images. As expected, this’ showed that the 1mages differed

- only by a- translation in® both directions. " The .same -';.f

"technique of reqistration was used on the second red image,

SN 3 . N .. - R e
et e . - - . . o . s
L A Llnt, R
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'where I 13 the surface brightness in ADU/pixel 1& the B or R

/',

yhieh.sefved'as a . check eh-thefsystematlc,efrors.

Tﬁe'fesﬁlts described so far a?e givena~in /Table 4.1.

"_Column | ( contaihs-‘L ferl the first 12 entries, ﬁhe

_semi major axis 1n pixelp of the best fitting ellipse,_ and

v

for' the ,remaining 17 entries, the semi—major axes of’ the{ﬂ_.i 
' 1nner boundary of the annulus. Column (2) is the -gepmetr1e “
’mean " of 'the " rgsemi- major and semi minor axes - of .the.‘
.best- fittinq ellipse (/abB) to the power 0.25. FOp annuli,

tﬁe axes . of the ellipse midway between the inner and outer‘
bborders is used This gives r which is . used for . eese of

comparison' with previous work and 13 calculated from the.~"

. followinq
H . ’/ .. e '._- N . b . \/4_ . S
e %o 417 (R/Z)‘/ e ;L1870001206255)}_~y‘ - 4.1y

','where 0. 417 arCSec/pixel 1s the scale of the imege, R is the

m&jor axis 1n pixels, is the ellipticity, nd 187 000 kpc

'uis the distance to NGC 6166 (Thuan.-and--Romanishin. l981).

':f,The factor (sz)dfi TG = /aF is derived from, the definitien

of ellipticity, ‘(b/a) = 1-e'~And”the'-fact'”thaE '&35’(R/2).
Columns (3) .and “4) contain the’ instrumental egtfecef
briqhtness as functions of r 1n B nd R, reapectiVely‘.‘These_l

: ,»Fare calculated as folloﬁs- ‘-~'f‘? "i B

1 ¥ .-
: »

AN
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240

250
260

.. 272

286

300

- 315
330

. 345
. 360 °

e LMYy Moo My CMe ] My - 7‘"*
(kpc) l(mag/ @ )| (mag/ & )| (mag/ El )|(mag/ @ )| (mag/ - ) |
1 (A332Y4) | (A336Y4)| . (A130Y4)| ‘ :
{(3) S(ay | (56) RT3 I A o A I
-7.79434. -8.59836 0.80402 -B:63793 . 0.84359.".
-7.63443 -8.44406 -0,80963 - -B.48730 0.85287
-7.50379 . -8.31577 0.81198 -B.35776  0.85397
©.=7,38554. -B8.19355 0.80801 -B8.23686° 0.85132 .
~7.18102° -7.98104 . 0.80002  -8.02677 0.84575
-6.96942 -7.76253 0.79311 -7,82224. 0.88282
-6.68622 -7.46899 ' 0.78277 - -7.53477 0.84855 .
~6.67921 -7.45633 .0.77712 -7.52571 = 0.84650.
-6.54917 -7.32443 0.77526 -7.39599  0.84682
~6.40416 ~-7.17514" 0.77098 -7.24532  0.84126 "
~6.20007 -6.97371. 0.77364 -7.04645 . 0.84638.
-6.03057 -6.74783 0.71726 -6.86760  0.83703
-5.88983 -6.55B829 0.66846 -6.71869 0.82886
.~5.67722 -6.32594 ' 0.64872 -------- e
-5.42155 -6.09708 0.67553 . -6.26588 - 0.84433
~5.19121 -5.86675 0.67554 -6.07849 - 0.88728
'-4.93811 -5.69780 0.75969 -5.87225 = 0.93414
- -4.70861 -5.49552 0.78691 -5.67924 . 0.97113°
-4.42392, -5.20410° 0.77718 :-5,46820_ -1.04428
-4.26789 -5.02322 0.75533 -5. 33551% 1.06862 -
-4.11011 -4.86590 0.75579 -5. 18063 T 1.07052
-3.93419.. -4.69692  0.76273  -5.05618 - 1.12199
-3.57157 °'-4.44409 0.87252° -4.86522 1.29365
-3.26149 -4.16440 0.90291 -4.64914 ' 1.38765 - |
'-3.18216 -3.91280 . 0.73064 -4.58055  1.39839 "
~2.41862° -3.63788 1.21926  -4.26252 1. 84390-"
-1.99699 -3.37272 .1.37573 -4.19390 .<2.19691 :
~1.45296, ~3.00393- 1.55097 -3.97906 ' 2.52610,
-2.51500 1.

’ Brightneas and (b-r) Colour Profiles of NGC 6166-

r '7’4.- .

|
I.
e -
|

1.97199"
2.01310

2.04834
2.08299

2.14368
2.20357.

2.29513

.'34368

.45702
.51602

NN NN

2.62712.

© - 2.68951

T 2.74964
2:.79920

2.84954
2.90199
72:93544

2.96489

2.99629

3.03218 .
3.06947
3.10669-

" 3.14384

3.17973 "

3.21443

3.25355

.30018

39149

.56445

'~0.92717

53783

- ~3.8089%

2. 88177

‘Instrumental b (A332Y4) and r (A336Y¥4, A130Y4) Surface .

LS
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band  as  calculated By  SBPROF,.. *(0.417)" = 5'7503}f'

pixels/(arcsec) is the areal scale of the image, and c ‘1s

an additive constant to be determined below Golumn (5) 15

the .difference ‘of coluhns (3): and . 4y,  giving ,the.

1nstrumental/-c0i6ur _1b—r§; Column (6)_13‘the 1n3trumenta1

‘surface brightness in R . fron the second ihhge (A130Y4

suPefscript c’).and column (7) is ‘the" differenCe of columns}

(3) and. (6). T

Some method of noriializing our,neasorenents'was needed

'in order. to conpare_Our results with other ﬁork.- Time‘did“

)

. not permitfprocessing the cslibration- fields, which would
otherwtse .h&ve been- used to transform our measurements to

, _i the standard system. Instead. we normalized our photometry

order to obtain the additive constant in. equa ion (4. 2).

' -

'to existlng photometry at one radial point’ af\the galaxy inr

IR "Galiagher et al. _(1930; Tabléfl) give.'the 1extinctiona

~and K- corrected coIOUrs, (B-V),= 0:97 and (V-R);
,Rei"- 22 kpc, where Re@ is assumed'to be the . same’ as_‘thé

-

- geometric ”"rsdips h ft/ab); " Thuan ._and- .. Romanishin

0.79-at

(1981, ‘figute 7) find My = 22. 40.mag'arcsec"zf at * the .same |

"fradial disténce. Assuming that the 1sophotes and isochromes'

have the same shapes, and, disregarding the possible aperture N

.

surface brightness at this distance is approxinately,

smearing effects disCussed by Valentijn (1983}, ‘the hlue )

A

. - .t
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(Bhv) ¥ /uv = o 97 + 22, 40 =.23.37 mag/® . (4.3)

fﬂy._interpolation hetween the entries for a ¥ 64'anq 72.
‘pixels tn’ column (3) of. Table 4.1, 4 = 7. 11049 ‘The
'correction to be added to the entries in column (3) “is’ the -

N

"differenCe of p%rand.l% ; te.,
/

¢ ='-,u&-—.: Moo= 30_._4-_';3, -'inagx/E!]',. B C S

Forrthe colour at Rmt = 22 kpc we find from - Gellagher. et °

al.,
(p& ,UR (B R) = -’\B—V}” ¥ ;v_'—R;a = l".76‘ mag/F | (4.5)
. while accordinq to Table 4.1 column(S) FL ,ur ) L o, 79772

'The'.correction to be added to the entries in’ column (5) is

>

.therefore,

;" ”h (- N Cil';; B B '[: JOTEE
c -\‘,.ugiluk) _.\,ub Mo =096 mgg/[ﬂ . ey

The' entries in cOlumn (4) are normalized by adding c"— c’.

~ The" same procedure is applied in normalizing column(G) of“
.Table ,4‘.1.' These profiles _are tabulated in’ Table ‘4.2,
.'Column (1) _ie the same as column (2) of’ Table 4 1, column

bl

(2) Js the normalized B surface brightness as a’ function 'of‘
"Qf;_lcolumn (3) -i:” pne.;same for- R;: column (4) is the -
ormalized cB R) profile, column (S)nis the R profile of the -
. smecond red Image (K13674), ‘and column (6):1s the difference

- of columns (3). and (S). For :‘4‘<2.6,(kpc) the difference

O l':w‘P_
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15 & 11 % For: greater .galactocentric 'distanc_esl, "the-
difference géts ‘progressively larger. - Column (7). is ' the
normalized colour profile derived from the second red image.,
2 v

.



3.2536

29.55283

27.00272

58

2.55011

PR S £

2
\
1o
A

©1.24355

TABLE 4.2 Normé&ized B (A332Y4) and R (A336Y4 A130Y4) Surface
I Brightness and tBﬁR) CQlour Profiles of NGC 6166
! . . C <
r/4/ i Mo Me Vg*“u Mg ‘4n /us /U,.“/X«z | -
(kpc4) | (mag/ LI)I(mag/ EI)1(mag/L_)|(mag/ EJ)|(m&g/ [l)l(mag/[;)l
: | (A332Y4) |(A336Y4) | _ | (AX30Y4) - - . L+
(1) | (2) | (3) | (4) I (5) ,1 (6) (7 \
- 1.9720 22;68566- 20.91936 ‘1.76630 20.93018 *0.0LgBZ 1. 75548
.2.0131 22;84557' 21.07366 1.77191 21.08081 -0.00 15 - J 76476 :
- 2.04B3 22.97621  21.20195 1.77426 21.21035 =0.00840 ° 586
©2.0830 23.09446 21.32417 1.77029 21.33125 -0.00708 1.7 321
2.1437. 23.29898 21.53668 1.76230 21.54134 '70.004§6 1.75764
2.2036 23.51058 - 21.75519 1.75539 21.74587 ;50,00241' 1.76471
0 2.2951. 23,79378 22.04873 .1.74505{-22 03834,,,0.01539 71.76044_
©2.3002 23.80079 22.06139 1.73946 22. 04240 '0 01899  1.75839
2.3437 23.93083 22.19329 1.73754 22. 17212 Q 02117 1.75871
2.3915 24.075B4 22.34258 - 1,73326 22.32279 01979 1.75305
C 02,4570 7 24.27993 - 22.54401 :1.73592 22.52166 0.02501 1.75827
©2.5160 24.44943 22.76989 1.67954 22.70051-- 0.06938  1.74892
°2.5645 24.59017 22.95943 1.63074 22.84942 - 0.11001 1.74075.
2.6271 "24. 80188, 23.19178 1.61010 -~-—-———- mEmmm—— —em e
2.6895 25. 05845;:23r42064 1 63781 23.30223 0.1184) 1.75622
2.7496 25.28879 23.65097 ~1 63782 523.48962 . 0.16135 1.79917
. 2.7992° 25.54189 23.81992 1.72197. 23.69586 0.12406 - 1.84602
2.8495 25.77139 24.02220 1.74919 23.88887 0.13292 1.88252
2.9020 26.05308 24.31362 1.73946 ~ 24.09991 0. 20388 1.95317.
2.9354  26.21211 24.49450 -1.71761: 24.23160 0. 26290 1.98051,
- 2.9649 26.3698B9 24.65182 1.71807  24.38748 0.26434 .1.98241
2.9963% 26.54581- 24.82080° 1.72501 24.51193 0.30838 ' 2.03388"
3.0322 | 26.90843 25.07363 1.83480 24.70289 -0.37074 2.17953
3.0695 - 27.21851 25.35332 1,86519 . 24.91897 - 0.43435 . 2.29954
3.1067 27.29784 < 25.60492 1u69292; 24.98756 0.61736 2.31028
3.1438 28.06138 25.87984  2.18154  25.30559 0.57425 .2.75579.
: 3.1797 28.48301 26.14500  2.33801. . 25.37421 0.77079 '3.10880
3.2144- 29.02704 °'26.51379 -2.51325 =25.32905 .0.92474 '3.43799.
25.75917

3.79366
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4.2 Discussion‘_

- 59

4

4

.The normalized B and R 5urface brightness profiles 'arei L
,presented in fiqures 4.1 and 4 2, respectively, _Included in

';these plots are Oemler s V-band data as given in Thuan “and -

Romanishin : (1981 . fiqure 7). These data, .and the

'deVaucouleurs law fit by'Thuan and Romanishin .(1981), ‘have -

been normalized by adding (B V), = 0“97 in B and subtracting
(V- R} = 0 79 in R (Gallaqher et . al 1980). In: both casesA
our profiles 'seem. to agree with Oemler’ s out to routhy

v .
.=’2'6 (kpc) , Or r ~ 45 kpc.. Farther from the centre our

' profiles depart radically from Oemler S. The rapid decL@ne

exihited by our surface briqhtness profiles for r 745 kpc

Cis prohably caused by our method,of determininé the:sky‘J'
background. Our assumption that’ the sky has been reached in

‘the upper right corner of the object 1mages hag probablY'

'resulted in the subtraction of not. only sky light but - some

. of »the qalaxy s liqht as well " To .test this we determined'

ﬂnthe semi—major axis of the first annulus to - interSect the

region used to scale the sky The intensity of the galaxy

Aat the corresponding distance, as given by Oemler s profile,

was" subtracted from each . of Oemler s data points “The
resultinq profile is. given by the solid s@uares in figure

4 1. It follows our observed profile quite closely. 'This

indicates that our method of determining the sky backgrbund '

‘has probably produced the - rapid decline in our profiles
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Flgure 4.1. ' The ‘B surface brightness proflle of NGC 6166 from A332Y4 (- ). -
;normalized at.the point ipdicated by the arrow, to Oemler's V—band photometry([J) i
The : solid’ line is a devaucouleur law fit by Thuan' and Romanishin (1981) to, o 5
Oemler's data. Thesolid squares represent some of Oemler's :data’ réduCed by the. ' B
intensity given by the’ asterisk. For clarity, Oemler s data- haVebeen shifted ' :
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leecomes progréssively greater,

'lour observationa.;-

":he profile'fnomr.thé lsecond red . image. (AlédYﬁ) is:?_d-‘
.'Plottedi;aQ:Ethe’“oﬁen‘,circles (OY. in Fiqure 4. 2 where itf
o-differs from the A336Y4 profile by more than 10% As can be‘_:“' ‘

'ffseen from Table & 2 and Figure 4 2 the profiles from the two-

- .red imaqes are in fairly good agreement (ie., 0.10 magii

l

75d1fference) for 4<:’2 6. For‘ r Yy 2. 6 the difference d,ﬁi}

&

e

In order to more\clearly show the detailed structure of !
'ih profiles for. A (3 0 the differences between " the
various profiles knd the devaucouleurs law are plotted- in

*figure 4 3 On this scale the departure of our profile$ for

Va

LT > 2 6 from the trend shown by Oemlet s data. - is. qnore
”-obviousm ' The brends displayed by each profile continue forUV
w4{7 3'0 : Our profiles tend to be mudh smoother than:"
vaemler s, indicating that our observatidns are less noisy.
"ifThis plot also shows that the deVaucouleurs law published by o
L‘Thuan and . Romanishin (19BI | does not fit “the’ observed |

';,profiles very well.- Accor”ing ‘to Oemler s p;of;le the haloii_‘

A

> Vi _
: 'Tbegins at e A z 6. " Our profilés indiQate that it beginsll,
‘ fcloser to the centre of th g&laxy at —«r'@- 2 35 HoWever,'ﬁ"

‘l“fbart of this difference co'ld be- due to the normalizatioh of‘_IV"

%
<N
-

v

-
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in addition to the light of the sky The differences were

. \(
¥/
_.LQrR)-L 1.77 at e = 2. ‘0, and plotted as thE #5144’ trianqleq

’ ~ln7flgpre_4u4_ This profile shows what would be obtalned if

'cennot be anxgteepEr than shown because the error im the R

The. (B—Fg,- colour prof.ilee derived from .tble | two red“ :

images are- éiven“'iﬁ-fiqure-4.4. For clarity the data for -

b/4

et 3 (kpe) are not plotted' “The A130Y4 data (3), show

that the colour of the gala,xy becomes bluer by ~ 0 03 ma;gfb

for 2.0 £ r/"'<2 6‘ end then reddens ‘rapidly for r f'§2 6. ¢

&

- The A3’36Y4 data (O) show that the colour becomee*pluer by .
~ 0. 0,4'magy for 2. ()< r 4 {2. 4 ‘ then drops sh&rply by“‘“\
~0.125. h&g betweenﬂra‘: 2. 4rand 2.6. This is followed by 4

-steep reddening trend similar to the A130Y4 data To»'model

the effect | oﬁ our treatment of ‘the- _s-ky on bhe colour

‘\-‘_p'r:o_f.iles _w.e calculated the magnitude difference between

Oemler’s" profile ~_ (figure 4 11:]) and Oemler s profile

AL

) -lnodifie‘d‘ 'as' described ' above _ (figure 4 l I) TheSe

differencee represent the effect of subtracting galaxy 1igh,t

.

plotted ae a function of distance and a smooth curve wns fit t';:‘“f"‘

.'by eye to “the points.p The_‘ curve wa.s normalized to'-i_-‘.f;i.;

' _"a-l"‘l' the'“ 'error ' introduced by our method of determining the

'L_sky level enteted in' the B bandpass a "i"he“: actual curve

n« v

o bendpaSa 15 in the seme sense as 1n the ‘B bandpass.' eqd

","_therefore »reduces the steepness of the curvel This result

l

; '[shows however, tha.t the overall na.gnitude e,nd gense of the

.l

_ "f,_observed colour qradient c_ould result frou Q\,u:' method of

=
AT,

¥ LI 1%
oot
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. profiles, for eﬁample, the r/O Ol mag bump at rj.~ 2. 05.,‘

Vs

s

determining the’ sky level. ..On the other hand the modelf

V‘{ cannot reproduce the complicated 5tructure of the observed>

Vs

This  kind of structure may in faot be real, thus justifying

comparison of these profiles with other work

‘ -

The arithmetic average of the two (B R) colour profilesaj"
is: plotted in vfigure 4. 5. ; The error bars represent the‘f'.
.difference between the two profiles,_ Also’ plotted 'are-'
colour profiles taken from Gallagher et al .(19803 and.'”.
Valentijn (1983). Gallagher et al. give a (B V) colour,
profile of NGC 6166 and Valentijn qives the ‘average (B V)‘
‘values of a sample of 6 ch; (not including NGC: 6166) lat
galactoeentric distances of 50 and 80 kpc The (B—V) valuesf
".Were crudely transforned to (B—R)‘ using the relationship
_;between (B—V) and (V—R) for qiant stars given by Johnson

'7:(1966l.- This relation was normalized to the (B-V) vs;‘

(V-Rl data for elliptical galaxiea from Gallagher et al.

(1980 Table 1y, by subtracting 0 15 mag - in (B . In the‘*‘:
. &nner region of our average profile (2.0 < r/ﬁ(z 45) the:l
colour becomes blder by '0.03 mag This chanqe is similar top
B the .overall trend displayed by: the data of Gallaqher et al t
The chanqe in colour over the inner reqion 1s larger bhan' .

the typical error in the same region. The trend displayed_

pﬁévibusi-observational studies.i and the prediction of the‘

in the_innér regions, confirms the general conCIusion cof - -
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5 dist&nceea

;tidal debris and che‘.cooling ntracluster medium’ models, .

*itpat cD galaxies beCOme ,bluer “at larger galactotentrid e

’.The" eherp‘ drop e to blﬁer"f_colours - betheen_!

'/4 -

" _be. artifacts of our method of determfning the sky leVel.

Wy

between ro= 2.45 and 2.55 were extended ‘1t wouLd .give

e
infer anything further ahout the region beyond r *—.2.45.
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2. 45 and 2.55, and the subsequent rapid reddening, may’l*‘ 
' HoweVer,_ 1t is Lnterestinq to note that 1f the rapid dr0p_'f:

-colours similar tq Valentijn 8. . At this time. we Cannot .

»
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4.3 TFpture.improﬁémente-in~Data Reduttion

of 'determining the- sky - background &orrections - Three

possibilities are- given below.;“* TS
: l_ ) 1" S 'fhfns-ﬂ-' N

.We have examined only s@all Subset of ‘the -data
: L

obtained at‘tbe CFHT. Therefore, we . will first process the

r‘_

complete data set using the : origxpal ‘ technique 'of

" subtracting an_unscaled polynonialifat_to;a sky image.

Alternatively,‘we.could deterﬁiné'thé'sky level on. the
short exposures of the central reg10ns of the galaxies (eg.,
]A110Y4), and force the' profiles ohtainéd from the short

expOSures to fit those~ obtained from the long eXposures.

]}The sky background on the halo 1mages would be» fixed by'

forcﬁng the halo and central 1mage profiles to agree 1n the

: region where the‘}magee overlap. There may, however, be a.'

”probIEm with ‘a low signalvto noise ‘ratio .in ‘the shnrt'

exposures

-

If the halo images have not reached the outer ha;o then"

it may be possible to approximate the sky background using a .'

"suitable portion of the hald images. The sky background

~,'the central images can then be fixed by forcihg the profiles'

generated by the central and halo 1mages to bgree..in the )

jlregion where tne two images overlap.

v

Future_éffortshWill concentrate on‘developing a method '
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Another improvement wﬂll 1nvolve' developing a _more'
'objective method of fitting ellipses bo isophotes (Young et

al. 1979 and Kent 1983) . This win hopefully determine the.v'

rnn of. ellipticity and position ‘angle of the isophotes.

Also, the calihration images will be used to determine .thef"

extinction ahd transformation coefficients.
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" .CHAPTER 5

. SUMMARY -

Band R CCD images of NGC6166 -in- 'A2199 and: the

anonjmou5' cD g&laxy in A1413 have been: obtained using the

¥

CFH 3.6m- telescope. A.‘systematic procedure :for y the“
brooeesing of ‘CCDl images . has heenfdevelopedi, It involves -

SUDtractinq the bias 1eve1 introduced by the"-electronics

suhtracting thé thermal background removing unwanted

obijects and blemishes, and COrrecting for areal sensitiv1ty

;variatione across the CCD

_ Surface brightness profiles in B and R for NGC 6166

T were obtained by determining ‘the average ADU/pixel v&lues in

concentric elliptical annuli and were normalizad using _the .

"photometry of Gallaqher et al (1980); and of Oemler (1976)' _
- as presented by Thuan and Romanishin (1981)._"0ur profilés':'
. aqree with Oemler 8 out to ~/45 kpc from the centre Beyond‘-'

-vthis point our profiles drop rapidly compared to Oemler 's.

The 'sky hackground was found to. vary siqnifiCantly. The

method used to determine the sky level probably produeed the

rapid decline displayed by our profiles._ - =\-:'.'_‘ .

The (B- R) colour profile' becomee bluer by 0. 03 Mag

- between galactocentric distances of roughly 16.and 33 kpc
4Beyond 33 kpc the prqfile shows a sharg dip to the biue.j'.



'-observations, of Gallagher et -al.- (1980) and with' the S s

'followédf by-'a rapid reddeninq Some of these trends,'in.
':particular the rapid reddening,mdy ‘be caused by our - method~5

A

of determining the sky level.' The 0. 03 maq decline between'

16 and 33 kpc fis . qualitatively j consistent ‘with - _the

predictions of both the tidal dabris and 00011ng ICM models“

of cp galaxy formation. However , .these results are

) . L © . . ] . .
téntntive,-pending_examination and reduction of -the ozspleteh

dat&tget;
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