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a purpose software system for 
lUUUV'''N of astronomical data. For more information visit the IRAF website 
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optical axis of the telescope. In its final po>ition, SALTICAM will be placed in the 
",,·called ACSI ("acquisition camera and science imager") position, at a Newtonian 
focus. Light will be directed tov;'ards SAL11CMf by means of a minor positioned at 
a 45" angle (a' Thll>Dghue et aI. 2003), see Figure 3.1. When the mirror is remuved, 
light is directed to PFIS 

1 I -t1 S~<l M~ SRC + SRL TIC""1 

Figure 3.1: The SAL11CAM optiCll layout (0' Thlnog/lu€ 2(){1()). Th€ CCDs axe 8.t 
the lower right. Light emerges from the exit pupil via the fold mirror t<J SAL11CAM. 
If the fold mirror is out of the beam, light will go 5traight to PFIS. 

It is important that the oper8.tiou of SAL11CAM be monitor€d very carefully. 
with rapid reporting of faults to ensure data quality, otherwise th€ data obtained by 
SAL11CAM ma.y not be usefuL For l,his purpose it is essential tha.t the readout noise 
of th€ CCDs be kept within specified levels. 

3.2 SALTICAI'vI Software Overview 

SAL11CAM is designed t<J be operated remotely by the tele!K\Jpe rontrol system 
(TCS). In this mode, the SCMI LabView (the romputer program used for data 
acquisition and for operating SALTICAM) interface (Figure 32) communicates with 
th€ TCS and downloads the required settings to staxt an exp<>eure. This will include 
the RA (right-aocension) and DEC (d€clina.tion) of the tlUget, th€ exposure tim€, 
thc filter position, the binning factor, readout mode, etc. After an exposure, the 
image will be displayed OIl the C-oode image view€t (Figure 3.3). The image can be 
Imnupulated in various Wcl.Ys (pan, zoom, contraoi., oolour, etc) and there are facilities 
for IllI'ssuring the size of the stella< images. 

The SCAM LabView inteda.ce ma.y also be switched to "ma.intena.nce mode"- In 
this coniiguration, there is no C<Jmmunicntion with the TCS. Instead, the operator 
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may control SAI;"rICA1t hy entering information directly on the l,ahView inwrface. 
Each sequence of expa;UIes comprise; a "program". A program contain" the expo­
Sllre time and filter to be used. SALTICAM will execute each line of a program 
automatically and stop when the end of a pl"ogram is reached. The "STOP" and 
'"TER.l>.Hl\'ATE" buttons are used to abort the program sequcnre immediately or at 
the end of the current exposure. SALTlCAl>.l is u....J for two purposes: 

1. AB 8.tl acquisition C(l.lllera 

2. For science e"pm,urell 

In its role (1.'3 an acquisition cameIa, SALTlCAl>.1 can take continuou" €l1pOllur ... of 
the field using €l1posuce times of one second or 1 ... ". An object in the field may be 
dragged to a dcsrrcd position on the CCD by melW18 of the mouse. This information 
is oonverted to the tclrncope offsets and rotation and passed to the TCS. SCA:!.I can 
a]so be used in autoguiding mode by oolecting (Ole or more field ~ta.,.~ as guide st8XS. 
Thi~ may h€ urod in conjunction with PFlS!RSS. 

" ,,~ ", .• ~, .... '"-~ ',,=, ,. 
¢1 . 1" ;'''''<~''-''',",L :llra:1H--l:! 

m.. 'SAL TICAM' V .. MMI", 

... ", . 
.. ,,"" .... 

, ~'.' ,,,' /c,;,".-I' 
,., ',," ,.- r-
".- -" '''" ' ... V ' r '-

-.... ,.t 
, '~ '-'C,," ' ." .. ' 
""'''' >,"-,~'" .,_." 
>"''',,",' 
'''- '<f. 
,v.ro.J' 

""''' "(nT '" , '''''''' 

".. -" ., .. 

~ 

:;~:; T':_d 

j "~'''''' _ .... 4 ! 'I .. 
" 

Figure 3.2: A scrrellshot of the 'l>.lan-l>.1achine Interface', This diagram show~ the 
interface wftwarc used foc operating SALTICAM, 
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Fi~ute 3.3: A scroonshot of the SALTICAM interfacc that is displayed on a )atge 
monitor. It diRp)ays an image of the part of the sky at which the telescope is pointing. 
The buttons at the bottom of the window ate did<al>1e to change the scale of the 
image, to nJlow zooming, for creating windows on the image, etc. 

3 .3 SALTICA~11\lodes 

In conventional operation, the SALTICAM CCDs will be read out iu full-framc mode. 
However, "framc transfer" {FT} mode Gan be used to reduce the dead-time between 
cxposura;, In FT mode, onc half of the CCO is =l as a memory &tore and the other 
haH as image store. To accomplish this, ltD opaquc sCreen is used to prevent light 
from falling on the half of the CCO used as a n,emoty store. After the expOiSure, the 
image data axe mewed very rapidly to the memory stotage area where it can be read 
out. In this way, continuous cxpormrc:; may be obtained "ith no dead_time hetwet'n 
them. However, only half the field of view is acce&'liblc. 

For more rapid expooures, one can use ''VIDEO'' mode. VlOEO modc is the same 
as FT mode, but the expOiSure time is set to the shottoot Jl«"'ihle duration, Th~. is 
normally just (l, little h."ger than thc time taken fot readout. 

Tho: the shorte:;t expOlure time:;, one may use "SLOT' mode. SLOT mode L. 
similax to FT mode except that the CCD is entitely ohscured except for a narrow 
slot. One may pUlition a program star and compadoon stat in the slot, After each 
exposure, the naxrow strip is mov.d to a 8t<lr"l!e area. Aftex many ROC.h data transfers, 
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the image reache;. the end row and is read onto Because only a 8lllall fradion of the 
CCD is uood for imaging, data transfer is higher I\Ild readout time;. are much shorter 
and the minimum expo"ur~ time (induding di!lk "torage time) may be "" short as 
0.05 """"nds using 9 X 9 binning. "Ior€ typically, One Can perform continuous 0.1 
second exposures with di!lk ""ves lliing a prebin factor of 6 X 6. It is expected that 
th;" unique capahility of SALTICAlIl will enable high_spl'f'd photometry as a prime 
arm of reseaJ:ch using SALT. 

Finally, th~ "DRIFT SCA.'1KIKG" mode can be usOO to rocard v~ry long strip" 
of the »ky. This is accomplish(;(\ by turning off th~ telescope driw and matching the 
spood of the readout to be exactly the same as the speed at which the sky drifts 
acro&s th~ CCD with the rotation of the ~arth. 

3.1 S.ALTICAf\ I Headout Speeds and Gain Sd-
tings 

SALTICAM can perform fil.'lt or slow reooouts. Fru.t readoul>. ""e required for high_ 
speed. photometry, field acquisition and guiding. Slow readout should Iw used when 
the readont noj.s,> is to be kept to a minimum. 

For e"ch readout speed Ilciting ({'lilt or slow), two po&i:ble gain settings are al_ 
lowed: bright and faint. Bright gain setting» aIll used for a high dynamiCl\I range 
and in a fi~ld of bright stars. On the othcr hand, the faint gain setting allows a more 
precise merumre of the intenhlty but the brightest st""s will be saturated. Typical 
gain oottings and th~ resultant r~rul.out noire are "" follows (see Appendix A) , 

I Gain Setting 
BRlGHT FAST 
GRIGHT SLOW 

F AI:'<T FAST 
FAI:'<T SLOW 

Gain (electrons/ADU) 

4.' 
2.5 
15 
'0 

R""ciout noire (e1l'ctrons) 
5.0 
30 
5.0 
3.0 

Table 3.1: The gain »clting and the resultant readout noise of different SALTICAM 
readout spoods . 

Th reduce the effects of readout noise One can use prebinning. Prebilliling is 
important when dealing with faint obj""'l>. and short expOllures . SALTICAM hall the 
ability to perform prebinning into any ""bitraJ:Y M X N (where both AI and N can 
take values from 1- 9) binned pixel" (super_pixelB) through simple ooftware control. 
Because the readont noise per pixel is consta.nt, using 4 X 4 prebinning will reduCf' 
the readout variaJlce by 16 a.nd the readout noi8l' by 4. Hence we can detect signals 
in 4 X 4 prcbinning which ""'Y he obocured by noise in 1 x 1 prehinning. 
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Chapter 4 

The Flexible Image Transport 
System 

4.1 Introduction 

In this chapter the dat<l. image structure definition of the Flexible Image Transport 
System (FITS) is discussed. Data from different observatories may not be easily in­
krchangeable, since every ~rvatory may ure different "",ftware for data proce",ing. 
To solve this problem, FITS was dcvclolX'Cl in the late 1970.. to transport astronomical 
data bet"· ... n observatories (HIUliscb ct aI. 20(1), No,,-adays, astronomical sofmare 
has adopted FITS fOt data exchange and as data. format. In developing FITS some 
important factors were taken into coosi.deration (Wells et .. l 1981) , 

• It is required to be very flexible. 

• It must make it easy fOl illlilge8 to be tHln.sported. 

• It must provide a WrJ{)' of transporting lillY extm plUameters th"t arc rurocrakd 
with the imagers), 

• There should be no limIt OIl the amount of text that can be transported. 

• The format has to be general so that inform<).tion amociated with the imagers) 
can be altered. 

A basic FITS file consists of tv." mEl.in pa.rt.s, the header section and the data "'-'Ction, 
with the logical records having a length of 23040 hits corresponding to 2880 8-bit. 
bytes. The header forms the firm part. of. a FITS file and it is followed by the image 
data. The FITS header provides a lllOOns of recording information about. the object, 
e.g. its pooit.ion in the sky, t.he t.elescope that was used for the obsefYation, the ti!ll€ of 
obAervation, the filter that. was lL'lffi and variou" oth",' essent.ial infarmEl.tion. A data 
structure in a FITS file is a combination of t.he Header IUld Data Unit. (Appendix D 
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gi",," a.n eX(Ullpie of a FITS Data Header). Sometime" the header and daM. unit 
(HDU) may consist of a header with nO data umt. As detectors evolved, the image 
extensioll " .. "" developed to store diHerent but related data sets when using multiple 
amplifiers and/or multiple CCDs. The FITS extension isju>'t; a replka of the primary 
HDU and hil.. a format which must provide the follw'ing (Ponz et al. 1994): 

• allow st.orage of unlimited dat.a, 

• allw' each dat'" section to have its own header using FITS elITension". 

• FITS readers have to able to skip through ext.ell:lions easily, 

• require only smallooftware change:! to the FITS reader" t.o handle image exten­
sion, 

• there should be no need to adopt additional keywocds (discuAAed below), 

• it should be eil.~y to siugle out an image extension as a ""pa",te file to proour-e 
'" simple FIT'S file "itoout extcmions. 

4 .2 Priumry Header H.ccords 

The header unit canie:! information about the structure of t.he data array, the o'OOer­
vatiollal pa""meters, etc. For easy interpretation of the header records by both man 
and computer, ASCll codes are used in .FITS. The l,ffie of a r,omment i" encouraged 
On both the standard parameter card' image" and a r.olIllnent card. No limits are 
placed On the number of csrd images that can be supplied. The end of the header 
:records is ,peclfied by the keyword END. The basic representation of a FITS header 
card image (Wells et al. 1981) i" given by 

keyword = value / oomm"llt. 

Unleaa "pecifoed ot.herwi"." keywords may appear in any order. The keyword i" an 
8-chararter string u"ing only digit,<; and upper ca."", alphabetic characl€r". The e(juah; 
sign indicates the presence of the value Oeld a."""riated with the keyword If the 
value field is undefmed it will be null. The value Held ha.. two formats: fixed and 
free. The fixed format is needed for m(U\datory keywords and is recommended foc 
any other keywords. If", COIJlInellt is pre8ellt, a slash is needed to separate the value 
Oeld from the comment which consists of ASCII text. Fixed formats that are required 
are (Haniech et aJ_ 2001) : 

• Logical v,.,.iabJe 

It will have the value T or F appearing in column 30. Th",*, c.haracUJra r,an be 
followed by ''Paces aud '" slash (which can be follawed by a comment)_ 

1 A ""'IU""""" or 80 byl'" OOl\t.a;n;l\~ ASCII '=<, treated '" a lo!;ico.l entity 

21 
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• Integer variable 

Thi~ it; foe a rlXfld fonnilt integer value, and must appear right justified in 
oolumns 11- 30_ A free format integer value, iu cOlltrast, must appear right 
justified in oolumns 11 - 80. 

• Real variable 

A fixed format real variable must be right justified and st!l<t in colum1lll 11-30. 
A free format real variable must start in column II - 80 and be right justified 
a.o; well. 

• Character 

It is recommended to be 8 characters long e>'l'I1 though longer "trings are al­
lowed; it is represented starting with a " • " in column 11, and ending with a " 
. " which cannot occur before column 20 and should end before Or on column 
80 

:-.raudato<y keyword" are required in every HDU and their value must be written in 
fixed format. These keywords occupy a certain fixed orde.- in the header records, 
namely: 

• SJ:-.IPLE Keyword 

This has a logical constant value, T, if the file conforlllil to the FITS basi<; 
standard or F, if it does not oonfcrm. This keyword is not permitted in the 
extenJlion header. 

• BITPIX keyword 

Thi~ i" the number of bits used to represent each pixel value. It hall an integer 
value, B, used for computing the size of the data in the FITS file. 

• )lAXIS keyword 

This is a non-negative integer value reprcrenting the number of image coordinate 
axes. If this value is zero there is no data following the header. 

• NAXISn keyword 

This is a non-negative integer value that represents the nnmber of pL"{eb in the 
image along the n-th coordinate axis. 

• END lreywocd 

This keyword has no value and maIk/l the end of the FITS hesder_ 

The size of the data;'; thcn givcn by : 

s = IBI X (N, x N. x ... x NNIIJ<IS), 
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where S i5 the si7.e of the primary dat.a array 8.lJ.d is non-negative, B represent the 
value of the keyword BITPIX, and the Nn are the values of the keywords NAXISn 
for n=l, 2,. .. , NAXIS. 

There axe some optional parameters in FITS that are oft= important. For exam­
ple, if One did not specify the ooo:rdinate system, the recipient wi!! have a hard time 
uying to figure out if the image i" Hipped. Among:,;t others, there arc the following 
optional parameters: OBJECT, DATE, TELESCOPE, OBSERVER, etc. 

4.3 EXt.(,IlSioll Header Records 

A" mentiouoo belme. the image ex(ensions allow the storage of multiple image><. The 
image e:<tension bC&ll" ju:;t after the loot record of the primary data array or too 
previous image extension. The =i:eru<ion header format is basically the same as the 
primMY header format. If th...,~ ar~ erl~nsions, th~ primary head~r of the FITS file 
must have the keyword EXTENT ;Jet to T. The following keyword:,; are mandatory 
in th" extension header format (pouz et a1. 1994) 

• XTENSION keyword 

This keyword de=ibes the type of the "",tension and must not appeM in the 
primary header. The value field oontain" the character 'IMAGE'. 

• BITP1X keyword 

ThL< is the integer value used. to ~edfy how m!l.Ily bits are used to ""present 
e&ell pixel value. BITPIX Can appear in hoth the primary header and the 
e"t~nsjon header. 

• PCOUNT keyword 

This is a non-negative integer value, P, Ul<OO to define the number of parameters 
per group in the dat.a strueture. A simple image =en"ion "hall haw PCOUNT 
= o. 

• GCOUNT keyword 

This is a non_negative integer valoo, C, dc£ning the number of grouP" in the 
data btructure. A simple image extension hill< CCOUNT = I. 

• END keyword 

Thi" keyword hM no value IL';S{)("lated with it. 

• EXTEND k~j'WOfd 

Thi" keyword appears in the primary header after the NAXISn keyvmrd if the 
FITS file oontain" an extenoion image in which caro it should has the lo&icaJ 
value, T. 
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To compute the data SIZC we u"" the absolute value of the BITPIX, using this 
equation: 

s= IBI X Gx (P+N, )( N2 )( ... X NN.<:ns) 

wh= S is the extension size in bits. B is the value of the DITPIX, G is the value of 
the GCOUNT, thpn P is the value of the PCOUNT and Nn are the value ofNAXIS7I 
for n=l, 2, ... , KAXIS, all defined bf.lore 

4.4 The Image Data l\1odel 

In this "'-dion a brief description of the basic dat,. structure for image data produced 
by a CCO ;" presented. For a camera consisting of a single CCD with a single 
amplifier, dMa will be rocorded as a single FITS file consisting of a single ASCII 
header and a data array "HOU". For observatioM made with a CCO with multiple 
amplifiers, the data will be rocordcd in a single FITS file with multiple HOUs by using 
image extensions all explained previously. The primary header will be U"ed to store 
the common infonnation of all the amplifiers. The connection betwCCll the image 
extensions units corre:lponding to each amplifier L. provided in two ways (Valdes 
2(00): 

I. The primary connection occurs by giving all imav units a. common ooo,.xvation 
idcntifica.tion ami appears in the keyword DESIO (e.g. image nnits obtained 
wing the SALT tclcocope can have ODSID ~ SALT,012345). 

2. The second connection is through the grouping of image nnits within a "ingle 
FITS image extension. 

For a single CCO with multiple amplifien an image unit in a set of data. fron! the 
"arne ohl<ervation has a unique identification numbf.r, which identifies each amplifier 
in a dc't€>Ctor uniquely. In the FITS extension". image" have goometrical :relationships 
which Me definoo by lineM coordina.te transfonnationa between the various pixel 
coardinate systems. The logical pixel "",ter i:s used to describe the full m.osaic in 
the detector coordinates system (e.g. 2048 X 2048 for a 2 x 2 mosaic of 1024 x 1024 
CCOs). This size includes the gaps between the CCDI! as a number of mi:;,;ing pixel" 
but it mu"t be r..;tangular. 

Each amplifip;r reads the CCO data in a different order. The pixel order may be 
flipped whml they ""e writtpn to the image raster. Spocification of the fiips must be 
de:lClibed 00 thM the llna.y L, correctly mapped to the pixpj ra.ater. For a singlp CCO 
with multiple amplifiers the single image will be goometrically correct with respect to 
the CCO array. For a. mosaic this is not true due to the alignmeut of the CCO chip". 
We ncn.· di:<cu8:l four coordina.le>l sy><tern:. (aloo _ au example of their calculatious in 
Appendix C): the CCO, amplifier, image and the detoctor coordinate system (Vald"" 
20(0). Thp pixel C(XIldinate systems have integer coordinate values for the ccnm"8 of 
the pixels which relate to the ",ater ""ray indicffi of the CCO or image. 
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The CCD Coordinate System 

This ooordinate ,)'Stem gives the true size of the CCD, definc"" by the unbinned pixels. 
Drift scanning causes the final output image to consists of more pixels than I,he phys_ 
ical size of the eCD. The prcsca.n will ha.ve negative ceo coordinates. Any COme.- of 
the image can be used as the origiu of the coordinates. This coordina.te "ystem Can be 
usc"" to ""ecify the region of interest (ROI). To map the ceo coocdinate "ystem to 
other (amplifier, image Or detc>ct.or) coordinate systeIllli One must define, an amplifier 
transformation matrix (AT),,!) that expresses the differences in orientati(ll1 and scale 
between the coordinate systems and amplifier transfonnation vector (ATV) that ex­
presses the displacement betwoon the t""" coordina.te systems. The eCD coordinate 
is defined by (ez , e.), a.nd appears &:l CCDSEC - '[Cxl, Cx2,Cyl: Cy2] , in the image 
header. 

The Amplifier Coordinate System 

TIli8 coordinare system is defined by (A" A~), where A, is the serial eoon::linate and 
Ii" is the paralld c'OOCdinate. It appears as foll();\1l in the image header: 
AMPSEC - '[Asi :As2 ,Api :Ap2J '. This coordinate system defines the order in which 
pixels ",,,re read out by the controller. Unused columru; or lines in the ceo are not 
counted. Ouly the presca.n pixels ca.n ha.ve negative amplifier coordinates. The linear 
transformation between the amplifier and the ceo coordinat"" is given by: 

A" = ATM,] X ex + ATM"" x e. + ATV,. 

Isolating e. in Equation 4.2 one obtairu; 

A,. - ATV, - ATM" X e, = ATM., X C O' 

then 
A, - ATV, - ATM" x C~ 

C. - ATM"" 

Suootituting C. in Equation 4.1 and performing some algebra One obtains 

ATMn X (As - ATVi) - ATM" X (.4" - ATV,) 
~ - 4· ATM" X ATMn ATM" X. TM21 

The SUme Can be done for G., but one has to use equatkln 4.1 to isolate C"x. 
Equation'i.1 

C
x 

= As - ATVj - ATM12 X C, 
ATM" 

Suootituting C. in Equation 4.2 to eliminate Cx, one finds 

_ -AT MOl x (A.. - ATVi) + AT Mll X (A;, - ATV~) 

C. - ATMl1 X ATM., ATM" x ATAb ' 

(4.1) 

(4.2) 

Hom 



Univ
ers

ity
 of

  C
ap

e T
ow

n

where AT.'.! is the amplifier tratL'lformMion mRtrix, ""d ATV L'l the amplifier trans­
f<nnatiou vector. The trlUllif<nnatiou coefficients Me roconled in the FITS image 
header. When multiple amplifiers are 1.llied, the:;., coefficient" become more important 
in determining the readout order of the pixels. Th=> values appear in the FITS file 
header iu the order: 

ATMLI, ATML2, AWl , AT:'2.l, H f!2_2 and ATV2. 

The Jmage Coordinate Sys tem 

The image coordinate system (I" I,) defines the pixels in the recorded image, in­
cludiug both the overscan and the prescAll regiotL'l. The acquired data only occupies 
the image region. The coordinates of the first pixel in the image section start with 
(I, I) in the image cC><X"dinate sylrtem. The data sectiou iu the FITS file apl"'axs "s 
DATASEC, with the format DATASEC • ' [Iel: Ie2, Ill: Il2J '. The linea< tnUl.for­
mation between the CCD and the image coordinates is giveu by 

I, = LTM" x C. + LTM-n x C. + LT~. 
Using the same method as before one finds: 

C, = 1, - LTM .. x Cz - LTV, 
LTAf22 

(4.3) 

(4.4) 

Substituting the value of C. in &iuation 4.3 and performing oome algebra to get 

C
z 

_ LTAf., X (1. - LTV,) - LT}'h, X (II - LTV,). 
LTMn x LTM2~ LTM~, x LTM,. 

C~ = LTMl1 X (I, - LTV2) - LTAb x (I, - LTVi). 
LTM'¥l, X LTAfll LTM" X LTM" 

It is recommended that I" be less than 1" and III be less than I". If the order is 
reversed, then the image sections wi!! he flipped. The dRta sectiou L'l related to the 
amplifie< :lOCtion (AMPSEC), the CCD :lOCtion (CCDSEC) lind the detector section 
(DEI'SEC) by traIlliforming I", Id., 1'1 aud I", to I" - 0.5, I"" + 0.5, Ii. - 0.5 and 112 
+ O.!) l'CSpcctivcly. 

The Detector Coordiuate System 

The detector coordinate system (Dz , D.) is important when multiple amplifiers and/o:.: 
multiple CCOS are used. The detector coordinate system describes a mapping of 
multiple amplifiers/CCThl pixels into a single pixel ""stet of unbinned CCD pixels 
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to form a single simple image. It has to be consis!cnt with the flips. offsets, trans­
~ between the image pixel since it is used to display multiple CCD/amplifier 
dsta sct. This c()<J{dinate system is represented as DETSEC - '[Dxi: Dx2,Dyi: Dy2J ' 
in the image he"der. For CClli with multiple amplifiers the coordinate system of 
the detector and the ceo flIe the Mme. For a ll>QI'Iaic of eeDs the detector and the 
CCD c()<J{dinate syst.cm.s w:ill hase the SIIlIle orientatiOll but with different origins for 
each CCD. The linear transformation bet"iren the CCD coordinate sys!cm mul the 
detector coordina!c syst= are given by 

D" = DTM" xC. - DTM'2 X C, + DTV,. 

D. = DTAfo. X C" + DTM .. X C .. + DTV,. 

Using the SlIme methoos as berore gives: 

C. = 
DTM'2 X (D. - DTY.) - DTM'2 X (D~ - DTY,,) 

DTM" X DTM,. DTM .. X DTM" 

C. = DTMn X (D. - DTY,) - DTM", X (D. - DTVi). 
DTM,J X DTMl1 DTM21 X DTM'2 

4.4.1 Binnin g 

(4.5) 

(4.6) 

There is a non-integer relationship between the im,,&e coordinate system and the 
other coordinate systems when pixels are binned. However, the image coordinaie!l of 
binned pixels "ill have integer muos at the center of the binned pixels. The centre 
of binned pixels transfoms to the middle of the unbinned pixels. If the first two CCD 
pixels flIe binned to form the first image pixel, the centre of the binned pixel in the 
CCD coordinate system would be 1.5. In the FITS file header the CCDSU:M keyword 
stores the value of the binning factor. 

The value field of the keyword CCDSU.'vI "ill contain ."-'o, N", N., fllld N~l, where 
N. is the number of the serial pixel summed for each output pixel in the amplifier 
ooordiI",te system. and N. is the pflIalIel summed pixels. It is poosible that the 
first and last output pixels could be partial SUIDS of fewill' pixels, that is where the 
parameteu N,! and Npl OOme into uSC which indicate how many "mplifier pixels are 
in the lirst sum. If N,] and N"l !lIe the same as N. and /1'" they c«n be omitted. The 
eeDSUM ,,"ill appefII in the FITS file header as: CCDSUM - 'No lip ;'; c.· 111'1'. 
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-1.1.:2 Deriving the Transformation Coefficients 

The transformation coefficients are derived when mapping sections in oth", coordinate 
sylltem to the Sl"Ction of CCDSEC. We coo.Bider the case of no pa.tial pixel SUul N" -
N" Nr , = N~. When there ia no traru;poo!e, the mixed tcrms from the coordinate 
SysteUlS disappea. from Equations 4.3 and 4.4: 

LTM" - 0, LTM" - 0; 

Equation 4.3 and 4.4 become 

Ij = LTMn X C, + LTV, 

for the range of image pixel columns Equation 4.7 one has 

I,., = LTMn X Cd + 0.5 X (1 - LTMII ) + LTV,. 

I dl = LTMn X Cd -0.5 x (1 - LTM,,) + LTV,. 

for the range of image pixel lim" Equation 4.8 

III = LTAIn x C,l + 0.5 x (1 - LTM"J + LTV" 

il~ = LTM2, X C.' - 0.5 X (I - LTAI,,) + LTV2. 

One Can 8(llve for the C. 's and the C.' •. to obt&in 

C 
_ (1" -0.5 x (1- LTMa) - LTV,} 

.1 - LTM" ' 

(/",,+ 0.5 X (l- LTMI1 ) - LTV,) 
C., - LTMII ' 

C _ (Ill - 0.5 X (1 - LTM,,) - LTV,} 
~, - LTM.., , 

c~ = (l" + 0.5 x (1- LTM2,) - LTV2). 
LTAh~ 

Tbe transformation coefficient. are then giyen by: 

md 

LTMII _ (I"" - lei + 1) 
(C., C., + l)' 

"r" _J,,-il1 +1 L".,.,_ . 
C.~ C.,+l 

(4.7) 

(4.8) 

If the image pixel order is the same M the CCD pixel order, the image;s not flipped. 
If these orders (image pixel and the CCD pixel) are not the same then the image 
ill flipped. Replacin" LTAt" with LTM'2, LTMn with LTMu and C. with C, 
transpOl'lC!! the coordinate systems. 
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Chapter 5 

Photometry 

5. 1 Tntrodllction 

In this chapter photometry ""d va,iollS photometric packagffi are diF.cu.'lSIld.. Pho­
tometry is the study of l,he colour and bright,neff; of point.-Iike ohjecm like 8t8IS, but 
it 1\100 includffi the investigation of the surface brightness of ""tended objects such as 
galaxies. Two stars that might seem to have the same brightness to the human L'Y", 
actually have diHcrcnt brightness when recorded On II photographic plate. This led 
to t,he development of filters that allow light of ccrlain w,wdcngths to pas<; through 
W the det.ector, while blocking light, of other wavelengths. 

T'hcre arc different types of filter sylltems that are used in astronomy, such 00, the 
Johnson, Kron-Cuusirul aml Stromgren filter sylltems_ The Earth's atm08phere alS<J 
!\.Cis as II filter, since it affect>; (Le. absorb/; and scatters) the tra.ru;mission of light 
differently in different. wavelength"" The Johnson UBV system is transparent to the 
ultraviolet, (U), hlue, (E), and visual, (V). The Johnson red, (R), and infr='Ii, (I), 
",c broadcr and further redwaxd than the Cou"ins U and I band!;. The Stromg;-en 
filter systcm in contrast uses inwrmediat.(\-width hand~ (a few hundred. Angstrom.. 
wide). The Stromgren filrer system is very important for determining the metalicities. 
lemperaturffi and ab501ute magnitudes of hot stars. These filters are denoted by u, 
v, band y and were ch= to correspond to certain astronomical effects (Stromgren 
1963 and Napiwot.ki et al. 1993). The II filter rclates to the R.Imer discontinuity, 
while thc V filter was chu;en to coincide with that section of the spectrum that shows 
mdal excess in \l,e stars. The wavelength.. of the b and y filters ""Ie chltiCll to 
correspond to those s<--ctions of the spect.rum almoot purely determined by stell", 
l€mperature. 
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5.2 Aperture Photometry 

Aperture photometry is the measure of light that falls within a particular circular 
aperture centred On the ta<get 'iar. To measure the flux of a ,tar, One adds together 
the intensity values from the central aperture and subtracts the background sky 
contribution estimated from the annular region (made of two apertures: the inner 
and the outer apertures) surrounding the target star. The central aperture size must 
be large enough to indude as much of the target star iln1\.ge as possible but with as 
little extra light from the backg)"ound sky !IS possible. A:3suming there are N pb,e!:J 
inside the centrBl aperture; the total flnx S; (star + background) is given by 

S - 2)E,j+b,j)' 

" 
(5.1) 

\Vhere i and j are pixel pooitiollS imide the aperture, b.j is the background sky 
contribution and E,; is the star intensity above the sky. The .ummation is Over the 
pixel" that are inside the aperture. Let the mean sky background B m<'flSured within 
an annulus with N~ pixels be given by 

(5.2) 

Th get only the measure of intensity of the ,tM we subtra.ct the mean sky background 
B from tbe total flux S, then we get 

s = 2)E'j +b,j) - NB. (5.3) 

" 
The fiT13t problem of this method is thll.t it is not easy to choose a good apertlIDl 
size. If the ll.perture is too large, it will include Iigbt from neighbouring "tars and too 

much of the sky surrounding the star. The s:mBllest stellar photometric errors (i.e. the 
la<ge>,t signal-to-noise mtio.) Me generally obt1l-inoo with rel1l-tively smll.11ll.pertures. 
Large apertures have large photometric errors; becauoo the total number of stellar 
photons in the aperture becomes comparable with the total number of background 
photon" in tbe aperture. A good oompromise is an aperture which is a little bigger 
than the visible extent of faint stars . In practice, a good choice for a central aperture 
size is about 1.5 or 2.0 times the full whlth at half mil.ldmum (FWHM) of the stellar 
profile. In these aperture si7..es. reasonable variations in the seeing wiII not rffiult in 
measunl.ble varill.tions in measured counts. The reasona.ble values for the sky annuli 
are around 4 to 5 times aperture radius for the inner boundary a.n<l around 6 to 7 
times the ll.perture radius for the outer boundary. 

The second proWem of this method is that all pixels are treated equally. Pixels at 
the centre of the aperture are given the same weight !IS the pixels at the circ\Ullference 
of the aperture, even though pixels 1I-t the centre of the aperture are brighter tba.u 
pjxel" at the circumference. 
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c 3 Q. Photometric errors 

The intensity conttibution of a star within an a.perture with N pixels 15 given by 
Equation 5.3. In determining the error in the measurement of S, there are compoIl<!um 
due w the POi8S011 sttttist;c.<; ,,{ the Mar and the dy background. Adding the variance 
from Gau.s.5ian reM(}ut noise, we get the following equation 

,,1 = L(E" + b,,; + "i.c,l + N2(1"~, 

" 
(5.4) 

where o-k is the vllIiance in the read(}ut noise and ,,1 i.5 the mror that i'l a'<sociatad 
with the measurement of B in Equation 5.2, 

,1", , 
"B= '''J~(b';+''RD) ­

":' ;j 
(5.5) 

From "1 ,,~Call ooe tha.t errOrs in determining the background are "m811 oontributors 
to the total error in the star if NA:;P N, which i" generally the case. We then have 

with the constraint 
1)E,; +h.J } = S + NB . . , 

Therefore 
<T~ = (S + NB) + Nuk, +N',,1. 

IUH.rranging the equation gives the following 

, (,)"J "s=S+N B-rVRO +N (lB_ 

The signal-to-n(}ise mtio (HowelJ1989) is then Sj17s, and is given by 

Signal/Noise _ S . 
JS + N(B +o-fu,) + N'o-b 

(5.6) 

This equa,lion is given in photon .• and it L, sometimes referred to as the "CCD 
equation". Clearly, as the apert"re si:c.e increa.ses, the signal-w-noise decreases as the 
number of pjx~ls, N, increases. This is "'lpe.ci,.uy tn,e for fainter star~. The opUmil 
choice of aperture size will depend on the brightness of the "tar (Howell 2000). A 
larger aperture IS better for brighter stars and a smaller aperture for fainter stars. 
Using a small apel ture, one is unable t(} colllpare results from different frtlJllCt< bocause 
(}f changes in the point spread function (PSF). One must use the SaIUe aperture size 
for all star" as lang as one is ~ure that there is 00 variation of the star image with 
position on the ccn. 
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This leads to the tc'Chnique of using small apertures for all the stars on the frame 
and larger apertures for few rem,,;ning bright stars. All of the small aperture measure­
ment, can be a.pertur".corrected to large aperture measurements without incwasing 
the noise which is smaller compared to the noise you would get for a. large a.pcrture. 

5 .4 The Point Spread Function 

The point spread fuuction (PSF) is the appa<errt surface brightness profile of a point 
oource just above the detecWr. Light from the star ill ""attered by the Earth's at­
mosphere and the detector trMsforming the stellar irua.ge from being a point source 
into a two--dimensional distribution. The PSF samples the distribution in CCD pixels 
and includes the diffusion of electrons within the detoctor. and refioction and a.bsorp­
tion of photona in the detect"r substrate. The resultin& PSF is the Point Response 
Funet.ion (PRF). 

Consider a. CCD image containing several stars ru.d a ... mme that the PSF is the 
same for all shlIS in the frame. The PSF is approximated by sampling a. few brightest, 
non-llaturated stars in the frame with greater signal-to--noise ratio. Adding such PSF 
samples One finds a. reasonably accura.te PSF which is a.pproxirnat.ely represented by 
a Gaussian function near the Cllntre z = ~(O), while tk wings of the PSF can be 
represented by the Moffat function (Moffat 19(9), given by 

(5.7) 

where z is the intensity, 2"0 _ z(O) is the initial intensity, r is the distance from lhe 
ccntre of the profile a.t the focus. ct is the width pllJ:alIlCter and (J is a constant. Both 
ct and (J depend on the sc"ing; for poor seeing they balh become large. 

5.4.1 Photom etry us ing the P SF 

The general formula for bllmming the intensity S within an aperture is 

S = L IlIjA(E..j + 1>,j) - b,j), 

" 
(5.8) 

where the sum is Over all the pixels (ij) within the aperture. The total oounts in a 
pixel are E..; + 1>,,;, where 1>,,;, is the estimated sky k'YCl and E;j is the intensity of 
a. star above the sky. IV'j is the WIlight for each pixel; for aperture photometry the 
WIlight is I within the aperture """d zero outside the "Perture. The weight is given by , 

IV.· - ­" v. o, 

where \~j, is the variance of pixel ij. To det.ermine t.he weight. 00 t.hat the signal-to­
noi"" is optimum, one fits a model profile, P,; normalized t.o I, to a nearby star in 
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the frame.kl derivtrl by Naylor (1998). the optimal signal-to-noise is obtmood if the 
,,~ghts BIe given by 

(5.9) 

The value of the weight.,., lV,,., is 11.ged to get a better ef3timate of E'i' Let the total 
counts within each pixel be l'j - E>j + b>j, then suhstitute the weight lV'i giVBn by 
Equation 5.8 and asmme that the variance for each pixel is the same (Naylor 19-98)_ 
The eqlla.tion of the total flux S will then take the form 

(5_10) 

The assumption of constant variance is not good for bright starn since the counts in 
each pixel are not due to the sky: it me!l.nS that the extraction will be optimal for 
faint stllrS. In extmcting optimal photometry, one fits a profile directly to the data, 
using the weighted least square statietics. We define x" to be 

x' = I)hP,; - (I,; -u,;))'/Vi,., 

where h ie the sealing constant whi<'.h represents the relative brightness of the stll<. 
hp'J is the fitted profile, a.nd (I'j - b;;) is the observed profile. The weight appears 
"" inverse of the variance of each point. We use the following cnndition to find tbe 
minimum of X': 

8X' 
811 =0, 

one finds 

" Evaluating the 811mmatkm one finds 

(5_11) 

This equation is similar to E<:juation 5.10, that was obtained after asJumiug that the 
varianee for each pixel is the same. If the obserrod profile is not accurately measured. 
the terms dne to the variance add l1li\L':nitude dependence to the estimated profile. 
There will be syst.ematic enom in the ""timated fiux that depend on magnitude, if 
the fitttrl profile is uot a good matcb to the data. Thie method therefore reli ... on 
the model being a good fit to the data. 
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5.5 Profile Fitting programs 

In this section various photometric pa.cka.ges are discussed. There are several diflerent 
profile fitting programs that are generally use<!_ Around 1983 the RO)'IAFOT pro­
gram, discussed in BUOlltlJlIl'" ,md Itulilicob (1989), was develuped to do profile fitting 
uf photographic plate data. This progrtlm us~ the Ganssian 01" the Moffat PSF func­
tions to model the PSF. In 1987, DAOPHOT was dm'l'Ioped (Stetson 1987), and hall 
probably become the mOflt widely ufle<l phol<)metric package, included in the Image 
Reduction and Analysis Facility (IMF)_ The program uses a hybrid approach to PSF 
building using Gaussian, Moffat and L<:>reIltl profiles. Since then, DAOPHOT has 
been modified to use lxlth the hybrid and the non-hybrid approachs to PSF building. 

In HI93, the DoPhot was developed (Schechr,er et aL 19!.l3) which UOO8 an ana_ 
lytical PSF function to model the PSF. DoPhot is capable of detecting cosmic rays 
and s",turated pixels on an image. A stand-alone program using the hybrid approach 
t.o PSF building using Gaussian, Empirical and L<:>rentz profiles (Penny and Leese 
198G) was developed around 19!.lS and called Starman_ The program can deal with 
crowded and undersampled images as well as field-variable PSF. In 2000, The HST­
phot (Dolphin 2(00) Wall developed to use U,e Tiny Tim PSF library with pre-image 
adjustments, bad pixel maID;: and charge transfer efficiency (CTE) corrections. HST­
phot is optiruiled for running in undersampled oonditions_ 

In the following subsections a detailed descriptioo of the two most common used 
packages, DoPhot (in subsection 5.S.I) and DAOPHOT (in subsection 5.S.4) is pro­
vi()ed. Also a description of the JRAF environment in which DAOPHOT and SALT 
tools are embedded is provided. 

5.5.1 UoPhot 

DoPhot (Schechter et al. 1993) is a computer program that antomatically detects 
stellar objects in a FITS frame and outputs the position" and the magnitudes of 
objects and crudely classifies them. DoPhot is able to adopt models of any kind for 
objects that need to be identified. The PSF model can be an elliptical Gaussian for 
a star or a galaxy, but with a star having a. sma.ller Gallllflian tha.u a galaxy. The 
model of a double star is treated differently. 

The model that best fits the object will be choilCI! as the model of that object. 
This model is then u~ as ll. filtlll" in ooarching for new objects and will be u~ for 
detection and photometry. A COflmic ray, in contrast is modelled all a single high 
inten"ity pixel. 
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Dol'hot Models 

UoPhot models are spedied in tenus of analytic functions with free plllametern. The 
PSF function is given by 

where 

[' ("' ")] t'= 2: (J:+2".....xy+~: . 

x=x'-"'o 

with the centre of the image aJ. (xo,Yo)' fJ. and!3. are dimen8ionle$ plllame!.ers 
t.hat can be adjusted by the user, but they are normally taken W be unity. The 
shape parameters are given by ".~, ".~ and ".",. Zo is the central intensity and ZI> is 
the backgwund intensity. If the number of par!lJllet.ers is incre!lSed the models will 
generally improve, but the function will be mme complex. The gain and the read"ut 
noise have to be !lp<lCified for every ..,t of im!l.ges. DoPhot uses the estimate of the 
_ing supplied by the user w identify blight b'tars that are brightel thnn a given 
thleshold. 

The nnalyticnl function used to replesent, a stoar is fit,t,ed to the subrsster that is 
centred on different objects. to detennine the shape of a typical ~'tar. If an object fitll 
better toO a nOllSt,ellar object (cosmic ray or galaxy) it is then classified "" sncb. The 
fitted mooel is subtracted from t.he image, t,he resulting image is called t,he "working 
image". This process is repeated, but w detect faint "bjects in the "bject·subtracted 
working image we h"ve to lower the detection threro"ld. Th improve the estimate "f 
the model paranleters one has to add t.he previous best~fit,t,ing IllOdej to t.he working 
image. 

Sy.rtematic Error 

After ea.ch pass an image i:3 created, called t,he noise image, whlch is updated through­
out the pwcess. This noise image provide/l weight.s for each pixel used in le""t squares 
fitting and is used w test whether an object, i:3 "bove the badogrOlmd sky. Large pa.­
it,;"" residuals are believed t" cause phantom st,ars (1.heoo are PSF residual st.ructures 
uear 1.0 t,he bright objects) which are removed by addiug eXI,ra uoise t.o t,he ooi.., 
image es.cb time objects are subtracl<ld from the working image. The dioadvamage 
of adding extra noise is that the likelihood "f detecting faint st.ars l,hat are near to 
the brighter object. is decrea.sed. 

It is exp""ted that the totalllux"'l derived from fitting the model PSF suffer sys­
t",m"tk errors, since the star --subtracted imag"'l h"ve a systematic pattern of residuals. 
In "rcier 1Xl correct for these errors, DoPh"t calculates the total fluxes in an aperture. 
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The fitted magnitudes have larger uncertainties than the aperture magnitudEol, be­
cause of the Poisson noise from the background sky inside tb~ aperture. In a model 
of an objoct, the sky level appe""" in the equation as a free parameter, which can be 
used to determine the background sky. This bockground sky Can then be used as a. 
threshold in subsequent passes. 

R unning DoPhot 

The input to DoPhot is ,imply the name of the input FITS file to be alllllysed and a 
tunertble parameter file, with the extension. inp. The proceo<" i" entir~ly automatic 
and result. in an output file which contaillll the following information : 

I. !,' - a running number which identifies object 

2. T" the type of objoct identjfi~d on the frame 

3. Sk!l- the fitted sky background, z. 
4. X - the x_coordinate of the centre of the object 

5. Y - the y-coordinate of the centre of the object 

6. I nt - the relative intensity (the scaling factor of th~ PSF, h), zo 

7. Sig2x - the squaroo width of tbe PSF in the x diroction, ,,-: 

8. Sigxy" the ellipticity of the image CrOSS section, "-,. 

9 Sig2!1_ the '"1uared width of the PSF in the y direction, a! 
10. S!rAp - the total "tar count inside the aperture 

II. SkyAp - the mean sky count within the"ky annulllS 

Th~ main parMll~ter is Int, which wh~n conv~rted to magnitud,,", yield" the relative 
magnitude differenc,,". DoPhot recognires different types of objocts by comparing 
the image with the adopted PSF. Objocts witl be ci=ified by the fullowing values of 
T 

1. A "tar used to determine the PSF 

2. A galaxy 

.3. A close pair (double star) 

4. Unconve:rged 

5. Too few pixels 
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6. Deactivated 

7. Star not U5Cd w determine the PSF 

8_ Saturated object 

Dophot begins by looking at the brightest object and obtaining approximate va.lue 
for the PSF. The program identifieti objcct.-; by looking at pixels above a certain 
threshold intensity, identifying them ""d removing them from the image. The proceJS 
is repeated until the level reaches a minimum value near the background sky va.hoe 
Uncontaminated stars above a ce!tain thre:shold are u.>ed to determine the best value 
for ""~' "" q and ,,";. The stars arc placed back on tilC image and fitted using the values 
of "";, ""'v and "". , with the remaining coefficients lIS free parameters. 

5.5.2 T he Image Reduction and Analysis Facility (IRAF) 

This section deals "ith the Image Rerluclion and Analysis Facility (IRAF)' software 
and SOme of its packa.ge.> which peJform related tasks. The IRAF software was dcvcl­
oped to allow the reduction and ""alysis of astronomical data and has a wide range 
of optiollS which include the display of images and graphs, piping and redirection as 
well lIS online help facilities_ A:; we will be interested only in CCO reductioll:l, we 
restrict our discussion to a brief description of packages Whiell relate to photometric 
CCO analysis. 

IRAF = two types of image data focmata: FITS (diocu":;oo in chapter 4) aU<! 
it,,; own format called IMH. In tile 11m format, the header and the image data are 
stored in scpaJCate files_ Whenever possible, one should avoid using the IMH format 
since IRAF was developed before the FITS image extcll8ion format. As a result it 
b not well suited for the analysis of FITS file with multi-extensions. This led to 
the development of a special package called 'SALT' which is used to reduce multi_ 
extcn.>ion FITS data filoo acquired using SALTICAM. 

A tRSk i5 a command Or a program. nefore being used, its package must be 
loaded. Each of the tRSks included iniRAF package.; have parameter files which can 
be edited to meet tile needs of the u:;c:r. The fo/klwing are some of the task" used ill 
mAF taken from Davis (1994): 

• imstat 

This is a tRSk U5()() to compute the image statistics (Le. standard deviation, 
mean, min, mfl.l1.numbcr of pixels) . 

• imcombine 

This t813k is used to combine images pixel-by-pixel. 

'IRAF is the 1m,,!,:" ReduclioD ..nd AD~I)"." F""ility, a ~encral purpooo oott""'I"< .y,tem for 
(h~ l"OOlIdi<ln and analy,,, of "-"tranorrllc.l d~l~ For more infmmo.tifm visit tlle IRAF weblli\e 
http://iral'.noo.o.edu/ 
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• lIncopy 

Thi" i" LL"",I I,n cnpy Rn Ima~e, 

• hedit 

This is u.ro edil the ilIJage he~l(ler, 

• imdclct.c 

Tlli" is used to delete ,,1i,1 of imag'~'" 

• imheader 

Tlli" I.il.."k i" llfAl 10 pl'int an image heMer. 

• imexamine 

U5ing the SALT Package 

The SALT padmge allo'\vs the uscr to rl~nUye the bi"s from a ccn i,"aKe and (u 
apply Jhl Held cnrreclinn" The ~e i" cillied up in the usual way of calling IRAF 
pada!;",, ; 

• Iype "d" In mll up the IllAF command language, 

• load the ;-SALT" package. Thc "SALT" package contain, I,he fullo" .. in8 pa~k­
ages: 

"pfis" 

"~altical11" 

"s.altools" 

I. s2IlX,011l0fXl1.Ht", 

2, s2IlX,011l0fXl2,fits. 

:3, ,20000IlIUlU3,fit" 

4 "200501110004,fil-" 

Fuur flat field file" 

I, s2rn-,ullIOOOC"fil,. 
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2. s2005011HXXXi.fits, 

3. s200501110007.fits, 

4. s2005QlllOOO8.fits, 

and four target FITS files rontaining the t!lJ"get star(sJ: 

1. s2005011100Q9.fits. 

2. s20050111001O.fits. 

3. s200501110011.fits. 

4. s200501110012.fil.8. 

Our objective is to correct the bias and the fiat fields on the target file:> 

The firm step is to load the "salticam" pa.cka&e and then edit the parameter file 
of the "shias" packa.ge in order to create a master hias fra.me. A list of bias file<> in 
the file "bi",," is created and the "inimages" parameter has to be edited to ''{Ihi<l8''. 
For the output file the "outbi",,' parameter is changed to "zero.fits" meaning that 
the master bias [mme will be creat!}(i with the name "zero.fits". Other pa.rameters 
that may nood editing include the order of its fit to the overOCan strip, etc. 

Next, the "sifiat" parameter file is edited in the same way and place .. list of flat 
field frames in the file called "fiat" and change the "inJlats" parameter to "§fiat" . 
For the "outfiat" parameter "" will use "flat. fits" . The "bias" parameter must be 
changed to "zero.fits' since we are using the m<l8ter bi"" frame to remove the bias on 
the flat field frameiS. This creates a master fiat field file ';fiat.fits' fCO" the particular 
prebin factor and filter. 

Finally, the "sir~-duce" parameter file has to he edited, putting in the n"EpeC­

tive names of the master bias and master fiat field fil<!8 created as explained above. 
The resulting bia.s-corrected and fiat fielded FITS files will haw a prefix "ca" e.g. 
caS200501l10005.fits. This completes the basic calibration procESS for FITS file ob­
taiDed using SALTICA/I! camera.. It may also be D('C€AAary to C()lTflCt for dark and 
bad pixels at some stage. 

5.5.3 Ot her IRAF packages 

The following packagES are included in IRAF: 

• dutuio 

This package allows the Uller to convert the format of the data. 
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• noao 
This packa.ge gives the user a wide range of options, to generate ilIiificial data, 
to do aperture photometry and photometry of crowded fields, etc. Digiphot 
is a photometric packa.ge that is inclnded in the DOIIO package. Within the 
digiphot package there are following pac};agefl that are nsed for photometry: 

1. apphot 
This package is used for aperture photometry. 

2. daophot 
This package i. used foc photometry On crowded fields. 

3. photeal 
This package is used foc photometric c81ibrations. 

4. ptools 
This package contains photometry tools. 

• plot 
Thi. is a plotting package that generates greyocale plots of an image, m8kes 
contour plots, etc. 

• image 
This is used for image processing e.g. to compute the COCI"dinate transforma­
tioM. to do image arithmetic. eta. 

5.5.4 DAOPIIOT 

DAOPHOT is a computer program for obtaining photometric magnitudes and p0-

sitions for stellar object& in a CCD image. Displaying of images and a few other 
prooednr ... may be <lone outllide of DAOPHOT (e.g. !.he DS9 image displaying pro­
gram). The user must ha,-e kn",,-ledge of, amonS'lt other things. the gain, readout 
noise and F\VHlIl of objectll iu the frame. 

DAOPHOT will find star-like objectll above a certain thre.«hold and derives aper­
ture photOllli)try for these objects. DAOPHOT will also obtain the PSF of the entire 
frame using one star OC sewJra.i stars_ When fitting the PSF to each star, DAOPHOT 
will obtain their positions and magnitudes. 

DAOPH OT Mod,,18 

DAOPHOT offers a wide range of choices in modelling the PSF. The PSF model 
consists of an analytical function (e.g. a Gaussian) together with a semi-emperical 
lookup table represeuting the deviations of the PSF from a Gaussian. Apart from a 
Gau.ssian, Lorentz and Iv!offat functioo may also be uile<L 
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• The Gaussian function has two free parametem: the half width at half maximum 
(HWHM) in X and y_ The GaUSBian function may be elliptical, but the axef; are 
alig'>cd with the x and y directions in the image. 

• TIle Lorentz function h813 tlller free parameters: the H\\'HM in the" and y 
directions, and", position angle for the major ",tis of the ellipee. 

• The Moffat function is I-'roportional W 

where Z2 = x' jr:T; + o-""'"lI+Y' /0-; .. 13 has two cases. The first case.;3 = 1.5 and 
the oooond case is when (3 = 2.5. There are also three free parameters called 
the shape parameters. 

• A "Penny" fllllction (Penny and Did<ens 1986) is the Slim of the GanAAian and 
the Lorentz fllnetions, having four free parameters: the H"·lIM in the x and 
y directions, the fractional aml-'litooe of the Gaussian fllllction at the peak of 
tbe m.ell", p:ofile and the position angle of the tilted elliptical Ga,,,,,,ian. The 
Lorentz function may be elongated, bllt its long axis mllst be parallel to the x 
or y!lXls. 

• A "Penny" function h813 five free parameters. In this case. the Lorentz fllllction 
m"'y also be tilted in a different direction from the G"'llssian 

5.5.5 Using UAOPHOT on SALTICAM Data 

The first step in data reduction is w ralibrate data using the mAF/SALT package 
in the case of multi-extension FITS fil", from the SALT telescope. Calibration of 
"im"la-red SALTICA1.I data is done using the "wlticarn" task. This task corrects the 
bias and the fiat field on the image (813 explained in section -'i.5.2). After performing 
image ealibr>J.tion, the next "tep is ro extract photometrk data ""ing variolls tasks 
in DAOPHOT package within IRAF. Correction of aperture photometry may be 
performed Ilsing tIle mkapfile task in the photcal package. 

The initial step of I-'hotometric extraction is to display the image and oelect '" few 
bright stars in the frame and run imcxam w obtain the FWHM PSF of these stars. 
The F\\·'H11 PSF will be Ilscd W obtain the "'PI-'ropriate valUC8 on the I-'anllueters 
that are "sed in the follawing tasks: (datapaI"l'l, ccntcrpar~, fiudpaI"l'l, fihkypars 
and photpars). tbme of thffie parameters are used in the daofiud task used w 
detect objeets in the frame. The "thrffihold" parameter in the findpars algorithm 
parameter has to be modified and the rask rerllll fur detection of the omitted ob.­
jects. This proccss is repeated until all the object.<; in the frame are detected. A file 
containing the information about the coordinates, roundness, sharpness and etc. of 
th06e detected object<; is created automatic oily after each rlln_ 
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The phot task is uwd to obtain the initial magnitudes of all the objects detected 
in the frame by the daofind task. The infomation that L. obtained is used to compute 
the PSF model that will be fitted to all the At{l1'S in the frame. Once again, a file 
containing the computed PSF infomation is created automatically after rum,ing pbot 
task. The next step is w compute the PSF model using the psf ta.>k. After obtaining 
the PSF model, it hM to be fitted to all the "tars in tbe frame. There AJ"e throe 
fitting routine,,, peak, nstar and a1lstar. Tbe peak task fit" the PSF model to 
the stars individually while the nstar task fits the PSF model to a group of stars 
simultaneously. Lastly, the allstar task, fits the PSF model to the detected objects 
and group" th""e objects together. Aftcr grouping tl:",,,c objocts they arc subtracted 
from the frame and a file containing the new magnitude", the magni tnde errorn, X 

and 11 coordinates, the id, etc ... of the objects is created. Because the same aperture 
sizes are used for the bright and faint stars an aperture correction (the corrtttion for 
the finite size of the apert.ure) should be appli",1 to account for the flux that falL. 
outAide the aperturo. The aperture correction L. computed from a plOi of magnitude 
against the aperturo size (i,e. growth curve), It is det~rrnined using the mkapfiIe 
task in the photcal padrngc, 
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Part II 

Tests and Applications 
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Chapter 6 

Characterisation of the 
SALTICAM CCD Bias 

6.1 Introduction 

In thill chaplet, r~~ul"s fWd testa that ,,;ere curried out OIl the SALTICAI>' ec:os 
are prcscntcd. SALTICAM wLll be used t.o collect data with high accuracy, 80 it is 
very import.ant to inva;tigat€ factors IhM ma.y affect the accuracy. names of differ­
ent readout speeds and different binning factors are I€quired for this i""""tigation. 
Further, it is wry important to check the stability of the d<>tector. Prior to the sec­
ond major u'lC of SALTICA"f by lh€ engineers. we spent .cycrru days e>:amining the 
perfor:m= of the SAL TICAM CClli. 

We first inve6tigate the biall stability over a. suhstBJltial period of time in I )< 1 
binning and both readout modes (fru;t and slow readout modes, respectively). The 
rL'Sults of these inw!8tiga.tions Bl"e given in Sections 6.2 to 6.4. We then looked Bt 
the biall (pnscan and ima,ge regions) "" a function of position, in thrL.., differ-cllt 
binning mod"" (1 X 1, 4 X 4 and 9 X 9) MId both readout modes, The n-sults of 
this investigat.ion are given in Section 6.5, We only mllllagL'<i to obtain hi"" frames 
using the I3RIGHT gain ~tting. This Wall due to problems cxp€rienced with the 
SALTICAM electronics OOyond our control. Our aim was w invu;tigate variations of 
the bias I""'el on the SALTICAM CCOS. For tbis thO'lis. emphasis wru; plllCCd on the 
Vl)Iiations of biall level, mea8urcd on the prescMl region and on the image region, us 
a funct.ion of tiDlC, In addition, measurements of th€ opera.ting temperature of the 
CCOS and other component.<; (SDSU, cokl box, cold end and the heater) were obtained 
lIB functions of time. The variation of bias le""I with telIJpcm.ture was inv€Stiga.ted. 
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PreS('-an Ares. X, X, Y, Y; 

! 1 (A) " " 987 3075 
2 (B) "" 2136 987 3075 
3 (0) 2100 2192 987 3075 
4 (D) 4232 4284 987 3075 

Table G.l: The comdinates (X" Y,) and (X" Y;) of diagonally oppooite CornerS of 
windo"," created on the preACaD region of th~ bi"" frame in 1 x 1 binning mode. 

6.2 The Intensity of the Bias Frame as a Fundioll 
of Time 

When a CCD is read out with BSSent.ially a zero expooure time, one obtains a fram~ 
that has a non-zero average value due to the bias olIset. This bias offset nlUst be 
Aubtract.ed from every image before any arithmetic manipulation of the data. Since 
the bi"" offs.et em;mate can a100 be obtained from the pr"""an region (as explained in 
the previous chapters), one can compare the bias offset value.<; on both the illlaging 
and the pr"""an regio,," which should be the same. The variation of biM level with 
time is also an important factc-:. 

We begin with an inVf'Migation of the wlriation of bias between the prescan and 
the image regioll.5. We ~tarted by creating one window 011 each image and prescan 
region of the bias frames. These ,,~ndows were created to avoid bad/hot pixels and 
other eHects On the frames. The lllean bias IeV<J1 obtained within these windows is 
then plotted against time, to determine the stability of the bias level in the image 
and the PNJS<".an regions, respectively. 

6 .2.1 Windows Created 011 the njl1 ~ Fnlllle 

Table;; 6.1 and 6.2 show the coordinate.<; of diagonally opposite cornerS of willdow~ 
that " ... re creat.ed in the prescan and image region., using the SCA,,! software (X is 
measured along row~ and Y along the columns). SALTICA"I hflS two CCD chip.<;, 
each ellip is rearl out by two amplifiers (one 00 each ~ide of the CCD chip) M sh"l';n 
in Figure 6.1. Due to faulty electronics of the SAL TICA"I c-amera, the firAt channel 
(labelled A in Figure 6.1) of the SALTlCA.\1 CCD.. W&'l very noisy and C<Juld not be 
!l.5ed for thill experiment 
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'83 
3840 • 4&3 3627 

Table 6.2: The coordinates (X" Y,) and (X" V,) of diagonally cppooite corner:; of 
windCM1! created on the image region of the Lias frame in 1 x 1 binning mode. 

,I , 

~I 
, 
, 
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• '0 , , 

b 
, 

I 

Figure 6_1: A &:hematk diagram showing the SALTICAM CCDs. The label:; A,B,C 
and D "how the amplifier in each charmel and the arrows show the readout direction 
of each amplifier. The preocan regions are clearly identified. 

6.2.2 Result s a n d D iscussion 

The hi"" fram ... used for this"Mll"k were obtained U"ing a 1 X 1 binning factor arId both 
slow and f>lSt readwt mod.." For the fMt and 810w readout mode", the bias frames 
were obtained fo1' 9 hours and 14 hours, respectively. The statistical parameter:! 
(calculating the mean, standard deviation, minimum, and the maximum) of each bias 
frame were computed using the PIP ooftware (developed by Dr. Luis Bakma), \V" 
started by creating two files, one containing tl,e coordinate<; of the windows (defined 
in Section 6.2.1 aL(1)-e) and the other contain ing the name<; of the bias framffi, and 
computed the mean Lias level (using PIP) on each window_ The standard erl'OI1l 
for the measurements were calculated using ""iF - "~/-v'N, where"~ 15 the standard 
rb--iation per pixel and N i:; the number of independent pixels in the window. The 
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errOr bars shown are WOo PJTor 00rn t.o ensure visibility_ Tim"" a.ft,er iI' UT hm"~ hoo 
24 ho\ll'll added in Figures 6,2 und 6,3 to produce a monotonicaJIy increasing ""alp 
for plot,t,ing the data, The figures show a significR.llt variation of bi"" wit,h t,ime. 

Fast Readout Spced 

""~"'" " , , ' 

I"" ,. J.rN < -

200 l)~1 1:1:':' :! ~';';I;' :' ~11:'11~ 
,
'8§ -, dLAl -,f 

"'" .l. -..F£ £ 'I'" • , , , , , 

'" 
, 

, 

ill I I ! 1 1 

, ' 

Figurp 6.2: Mellll bias lpvei (ADC counts) plotted ag'din"t time (CT), The bi..­
measured from t,he imag~ region and thp prf!6C.I\Il region of the CeDs are shown in 
the left and right p:Jlleli< respectively_ The T"adout spffid of t,he cam~ra W81S SIlt to 
r""t readout mod,,_ The error baTS shown f\r~ 100" ~rro< b!lI" to enSure visibility. 

In Figur~ 6,2 the mean biru; level obtained usmg bst readout i" plotted aguiwt 
time. All in"'~p and pr""""" areas "how a simil"" pattern; the hi,.,; level drop" rapidly 
in the fir~t hour and followed by a gradual rise, Betwoon the different image (and 
prE8Can) areas (compal"f' (lJP.aS 2, 3 and 4) , thpIe is a diff~ren"" iu the absolute bias 
lev,,!. Note, however, that this is an inher~nt, SIltting of th~ CeD. ThP actual bias 
Jevel ootting is set by a SALT technician and ~ olfsets can occur bet,ween thp readout 
sections. 
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Slow Rcadout. SPCl-..:i 
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Figure 6.3: Mean bias level (ADU counts) plotted against time (UT), The biases 
mpAlSIITed from the image region and the prescan region of the CCDs are shown OIl 
the left and right panel' respectively, The readout speed of the camera was set to 
slow readout mode. The error ba.s shawn are 10Cl0- error bars to enSUre visibility, 

Figure 6.3 shows plot.. of t he bias lwel obcained with slow readout mode (in botb 
the image and t he prescan regions) plotted against time, As before with the da.ta 
obtained in the fast readout mode (see Figure 6.2), the bias variation as a. function 
of time looks nearly identical a<:rOSS all the image and prescan areas. A rapid oocline 
(lasting ~ 1 hour), is followed by a. slo,,",er cta,line and ""entually by a gradual increase 
in the bias level. 

T he cause of the temporal varia.tions of the bias level will be looked a.t in detail 
in the folio-wing two sections. where we explore the tiIlle va.iability of various COIllPo­
nents of the CCD (Seetion 6,3) and investigate a correlation bciw6Cn bias level and 
temperature (Section 6_4). 
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6.3 CCD Temperatures as a Function of Time 

Data for the ()perating temreratmes of the CCD Were obtained fOI both f1l.>t and 
slow readout mOO"". Figlll"" 6.4 ami 6.5 show the data of the different temperatllIw 
plotted a,gainst time, one notices that the data look quantised. This is not due to a 
round-()ff enor. but intrinsic to the data rocolded. Note as well that the tempemture 
steps are n()t uniform. F()r example the CCD temperature measured (and plotted in 
the lowff penel or Figure 6.5) is 149.19, 149.29, 14939, 14949 8Jld 149.58 Kelvin. 
here the latter step is 0.09 K€lvin 8Jld not 0.1 Kelvin 11.> for the othen.. ThEse data 
were used to inv ... tigate the dfed ()f temperature on the bias level. In thil; section 
the tempelatllIe of the CCD (denoted by CCD in the graphs), the oold end tempera­
ture (CEnd), the cold bur; temperature (C-.Bur;), the SDSC Omtroller tempel'atu]'" 
(SDSUj, and the heater temperature were plotted against the time (CT). 

• Cold End temperature 

The Cold End temperature is the teInperatur'e of a plate on wp of the cly­
otig€l", measm'ed in Kelvin. The cr-yotiger i" the devke that is used to 0001 the 
SALTICA/\,j CCDs to a Iequired tempera-tule. in ()rdeI to roouce the thermal 
noi"" in the CCD. 

• Cold Box tempera-tme 

The cold box temperature is the temperat~ of the housing of the CCDs. 
measured in degre€f\ Celsius, ("C). 

• CCD temperature 

The CCD temperatme is the tempelature a.t which the CCD opera-tes, mea-sllroo 
in Kelvin. 

• SDSC OJntrolleI temperature 

This is the tempe.:ature of the San Dieg<l State UniveI.·sity (SDSU) controll,.:, 
measured in degrees Celsius. ('C). The SDSU is connected to SALTICAM and 
a ~"mpute.t. After the SALTlCAM CCD has finished clocking, it takoJll the 
readout signal to the SDSU and the SDSU takes the signa.! to the ~"{)mputer. 

• Heater temperatlrnl 

The CCl)!; are placed on a cold plate which is cooled below operating tempera­
ture by the cryoti.g,':' A heawr element and a seMor on the ""ld plate regulat€f\ 
the CCD temrelature precisely. 

The heateI temrerature data was disearded sinee it was noisy. The plots of the 
cold box ~nd cold end ha-ve the simil"" shape as the SDSU temperat""e plots. Plots 
()f the biab level with time (Figurefl 0.2 and 6.3) have a pattern fillnilar to plots of the 
temperature with time, indicating a strong correlation of the bi88 with \.emperatm·e. 
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FigUl'e 6.4: Plots of the temp€l:a.t1ll'eofthc SDSU, Cold Box (both in degn'e Cel.sius), 
edt! End and CeD (both in Kelvin) (from the top panel to tl,e lxlttomprulet ElS sbown 
in the figure) against time rUT). Th""" data were obta.ined at. tbe 53mB time as dat.a 
of the bias level. Fast readou t mode was mal. 
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Figure 6.5, Plom of t.he tPmperature of the the SDSU, Cold Box (both in degrees 
Celsiu:;l, Cold End and ceo (both in Kelvin)(from the top panel t() the bottom 
panel as shown in the figure) against time (UT). These dat" were obtained at the 
same time ill< data of the bias leveL Slow T""dout mode was ru;ed. 
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6.4 Correlation of Bias Leve l with Temperature 

In this section the comparison of the smoothed SDSU tClllperMure "ith bias level is 
presented. Figures 6.6 and 6.7 show the similarity betwuro the plots of the tempera­
ture of the SDSU with bias leveL Sinoo the SDSlT temperaTUre is less noisy a.nd has 
a better defined shape than the othm< it was selected as the data set to determine 
the relationship between the temperature and the bias level. A small MATLAB code 
(refer to Appendi" E) Wll.." use(] to bin the data (l1Sing a binning factor of 15 min­
utes with e&eh binning containing 15 data points) to reduce rhe ocateer of the data. 
Figures 6.6 and 6.7 show that the SDSU temperature and the bias level are strongly 
correlat.ed. 
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Figure 6.6: The top panel shows the time-dependence of the SDSU temperature 
(Celsius) while the bottom panel shows the time-dependence of the bias level (ADU 
counts). This is for fa8t readout mode. Note the similarity in the sha.pe cl both 
curves indicating the strong correlation ~ the bi,,-" level and the temperature. 
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Figure 6.7: The top pa.nel 8hoW8 l,he tllne-dep~nden"" of the SDSC tempeTatme 
(CeJ8illS) while too bottom panel shOW!! the time-dependence of the bias level (ADU 
~ount8)_ This is for slow readout mode. Note the simila:rity in tk sha!'C of both 
curves indica.ting the strong oorrelatlon between l,he bia .. level and the temperature. 

Th obtain the r~la.t.ionship betwoon bias l~vel and SDSC temperature. we plotted 
the two agaitlst eacit otb~l', ThL,; is shown in Figures 6.8 and 6.9 (both fast readout 
mode) IlJld Fi&ure 0.10 (slow rea.<k>ut. mod~), In t.hQ'\~ figures the different symbols 
represent different relation8 when the t~ml)f'ratur~ is declining and ",hen it is incre3&­
ing. After plotting the SDSU tempera.ture u.gailll't the hia.. level It polynomial was 
fitt~d to the CUl'V!". The package used to fit a jXllynomial uoos the method of le""t 
squa.r.e;; (~,,:pla.in~d in the Appendix B) and produces va.lue'l of the coefficient./< and 
the standard errol.". Th_ polynomial cO('fficicnt~ Can be used to interpol8.te the bias 
:level and SDSU tempera.t\u·e at a give t.ime. In this way, the corrclll.tion bciw",n bias 
level and temperature can be det~l"mincd. 
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Figure 6,8: The bias level plotted against the SDSU temperature for the fast readout 
mode. The best linear fit to the data of the doclining temperature. The values of 
the coefficient.. are shown in Table 5.3 

6.4.1 Results and Discussion 

Fast Readout mode 

Figures 6.8 and 6.9 show that a polynomial of first order (i.e. y = ao + a,,") and & 
third ocder polynomial (i,e. y = "" + a,x + a,x' + a,x' bfflt fit the data, where y 
is the mean bias level and x ill the SDSU temperature (the second order polynomiul 
didn't give b€st fit to the data), For other d&t& sets. (see also slo"" readout mode) the 
best fits Me linear ~ver for Figure 5.9 the best fit is a polynomial for reasons not 
well understood. TIle figures repregellt different relations when the temperature is 
declining (open circle in Figure 6.8) and when it is increruling (crosses in Figure 6.9), 
Table 5.:1 sho","" the values of the best coefficients (ao, a·l and ao), standard errorS nnd 
the nOrm of residuals (the norm of residual is the Ol<Jasure of the goodness of the fit) 
of polynomials fitted to the data. 
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Figure 1).9: The hi"" Icvd plotted against the SDSU kmperature for the frult readout 
mode. The best enbie fit to the data of the inereasing temperature. The values of 
lhe c(}{lflkienl,s are shown in Table 6.3 

Slow readout mode 

A similar invc.<tigation to tl~ fast rc,...:\out mode an investigat.ion WM rna<k on the 
results of slow readout mode. The rclatioru; for increasing and de.:;lining temperature 
(anrllhe h;",,) 3.fe plotted. Figures 6.10 and ij.H sh(}w that the relationship belween 
biM level a.nrl temperature in the 810w readout mode i8 " polynomial 0( fir8t orrler (i ,e. 
11 - au + ill") wh€re 11 is the me"n bhls level and.x i8 the SDSU temperature. These 
rebtion8111we different gradi€nls ror different. \.emp€ra(ur€ (r,..,id and gmdu"r decline 
and increase). Tn Figure 6_11, tbree diff€rent regions or vl).riati(}n8 are idenWi€<:L 
Region A (rapid decline of tempemture/bias), n (81(}w decJin€) and C (increase). 
Figure 6.10 shows the fit to the correlation of the temperature and bia" for rapid 
decline. This relation is simil!Ll' to the fit of the correlation for the incrcasc(C in Fignre 
6_11)_ The slow decline (n) is differ€nt to A and C. This could he hecal1&il becanse 
of a pO&<ibl€ hysteresis effect during this transition phase and i" worth invefltigating 
in detail in future sludies. T"ble 6.4 contains the valnes of the eoeffi<;ients, standard 
errors and the nOrm of reJidual8 (}f lhe Iin€ar rehtion~. 
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Figure 6.10: The biM level plotted against the SDSU temperature for thp slow 
readout mode. The plot shows three different CE\S85 of the temperatnre represented 
by different points. The line (marked by A) represents the best fit to the dat,,- of the 
initial rapid d.ecJine in temperature. The value. of the coeffici~nts !IJ:~ sho",'ll in Table 

6.' 

Best fit Coefficient!; Valueol of Coeff. Norm of reoliduals 
Linear '" 81.86±843 054 

"' 6.8 ±0.28 
Cubic '" -lEOO4 '" "' l.2EOO3 

c, -<0 

", 0.59 
-

Table 6.3: Th~ valu,," of the coefficients and the l\'orm of residuals of the be:;! fit to 
the data (Fast readout mode). 
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Figure 6.1L The plots show a. room in.>CCtioll ill Figure 6.10. The lines (mruked by 
B and OJ represent the best fit to the data, where B is fOl" the gradually declining 
temperature &nd C is fct- the incrt>as.ing temperature. The w.lues of the coefficient..' 
>U:c Mown in Table (i,.1 

Table 6.4: The values of the the coeffic>ent" a,ud the Norm of r&iduals of the be.>t fit 
to the plots A,B and C (Slow readout mode). 
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6.5 Investigation of bias variation in individual CCD 
C:hanncls 

'I1lis sectionl-',esents an investigation of how the hiM level varies within each Image 
and p=an region of the CCDs. We also di;cuss ho" the bias level on tbe image 
region changes with the biD.'! level on the prc;sean region. The expectation is that the 
mean bias level should be the same in both regio,," and &bonld cancel when one region 
is subtracted from the other. Knowing how the bias level change!' on the image region 
and preSCM region will help one to under8tand factors that can affect the 6-Ccura.cy 
of the data. The preocan rogion tan give a good C1 .. timate of the hias lcvcl, but it is 
important to investigate its stability. 

For this """tion, 30 bias frames ""-Te obtainoo (Le. 10 frames per binning factor, 
5 per readout mode, 810" and f8.'!t, respectively) using the BRIGHT gain setting. To 
invcstigate potential variatioIlll, four winOOv;'lI on each ima.ge and preocan region of 
the frame we-Te creatoo and sta.tistics (e.g the mean, standard deviations, mooian, 
maximum a..od the minimum) within these windows Wa..'l obtained using the PIP 
ooftware as explained in the l-'revious !leCtion. The standard error of the measurement 
were calculated nsing the error propagation rule, """ Taylor (1997). 

6.5.1 R esults using a 1 x 1 billning 

k, prcvioUllly explained it is not advi:;a.ble to usc the entire image region to find the 
mean bi81J level, becallSe there can be bad/hot pixels in the CCD. To avoid th""" bad 
pi"els, one necds to create windows on the image and prescan region. and measure 
the bias level within theBe windows. Thble 6.5 shows the coordina.tes of the multiple 
wiooows created in each individual image and the p=an regions of the frame. )fate 

that each window that i. created on the image region hD.'! an adjaccnt window that 
corre.,;ponds to it on the pre8Can region. The error bars shown in the plots Bl"e 10Cl<:r 
error bBl"s to en,ure visibility. 
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Figure 7.1: This is an artifidal SALTICAU image generated using a program de­
veloped by Dr. L.A. naiona. This frame shaws an the stars that were used in the 
experiments performed in this chapter 

sky annuhl'l with a r...ruu. of 25 pixela aud a width of 12 pixel. was uood for every 
aperwre size. ill; explained in a previa"" chapter, Chapter 5, the total intensity 
within the aperture is a conu:ibution from ooth the star and the background sky. 
After obtaining the magnitudffi, the measured magnitudes were compared with both 
the true mal,'llitudes of those stars and the profile fitting results. 

Since the ><tan< in the frilllle were generated with known intensities, I., the known 
magnitudes are simply given by 

m. = -2.510g(I.), (7.1) 

where m~ is the magnitude of ><tar and I. is the known intensity of the ><tar above the 
sky. The.., known magnitude!; were measured rdative to that of the brightest star in 
this invcstig ... tion (star 2, channel 2, m = -ll.482 mag). 

76 



Univ
ers

ity
 of

  C
ap

e T
ow

n
was 

2 

1 

we measure the stars a small 
aperture 4 The ratio of 

is called the aperture correction. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

o ...... ""'" ........................ . 

-0.2 

:if -0.4 

~ 
-0.6 

-0.8 Channel 3 

-1~~=¢~~~*=~~=¢~~~*=~~~=*~~ 
o ............................................. . 

-0.2 

:if -0.4 

~ 
-0.6 

-O.B 

5 10 
Radius 

Channel 2 

15 20 



Univ
ers

ity
 of

  C
ap

e T
ow

n

0.02 Star 6 0.02 Star 6 

0 a .....• ~ ... ~~.- .. ~~ ............................ ". 
-0.02 -0.02 

0.02 
Star 5 0.02 Star 5 

o .... a'? •• O .. a •• O.a ••••• a···o",····o·······b··· o .u~T ••••• 6.~v •• eG •••• O.a ••• Caa.aaO" •••••• 0" •• 

-0.02 -0.02 

0.02 

a 

: -0.02 
! 

0.02 

" -0.02 
~ 
'<1 I 0.02 

star" 
~ .. ¥¥." .. e. ~~ .... ~ ... -.0 .~~~ .. ~ ... ,~ ......... . 

Star :I 

Star 2 

o ...... " ..•. " .. ~."_ ...• _._"_.~" ........ _"G.,.... 

-0.02 

0.02 
St .. r I 

0,02 Star" 

-0,02 

0,02 Star :I 

a "G • •• a~ .e. GG ••• GG, .~." _ ••• eG¥.~" ......... .,. 

-0.02 

0,02 St .. r Ii! 

a ............... ! ..... ~ ....................... . 
-0.02 . 

0,02 Star I 

o a ••• Oa •• O.a •••• a •••••• ~ ••••• ¥~.C" ••••• ~'tII"¥ 0 

-0.02 -0.02 
~~ ••••• 9 ••• a¥··o··" .Q •••• 10 ••••• 0.-_ ... 9;,: .. 

a 5 10 15 20 a 5 10 15 20 
Aperture slz" (pixels) Aperture aize (pixel.) 

79 

true 



Univ
ers

ity
 of

  C
ap

e T
ow

n



Univ
ers

ity
 of

  C
ap

e T
ow

n0.02 I I 

0.01 r- I -
f ! ! f 0 r- I -

-0.01 c-
I! d II -

-0.02 I I 

-12 10 -8 -6 
True 

7.4: 
as a LUIILIJ,lVU 

stars. 

vs 



Univ
ers

ity
 of

  C
ap

e T
ow

n



Univ
ers

ity
 of

  C
ap

e T
ow

n

0.02 
Star 6 0.02 

Star 6 

o .....•...•. _ ...•.....•.. --.at................... 0 

-0.02 -0.02 

0.02 Star 5 0.02 Star 5 

-0.02 -0.02 

0.02 Star" 0.02 Star" 

o ····~6·········.·····.·····.·····'··········· o .....•... !.~ ...•.....•.....•..... 1It ••• ~ •••••• 

'i -0.02 
..§. 

0.02 

o 

" -0.02 

I 0.02 
::01 

o 

-0.02 

0.02 

o 

-0.02 

o 

Star :I 

Star 2 

...•...•.... ............................ v' 

Star I 

5 10 15 20 
Aperture size (pixels) 

-0.02 

0.02 

o 

-0.02 

0.02 

o 

-0.02 

0.02 

o 

-0.02 

o 

. 
St .. r :I 

........................................... 

Star 2 

....•...•..... ! ..... ~ ..... , .....•.......... 

Star I 

o 
~,···~~,···~-·o··--,o .... 

5 10 15 20 
Aperture size (pl""ls) 



Univ
ers

ity
 of

  C
ap

e T
ow

n



Univ
ers

ity
 of

  C
ap

e T
ow

n0.02 I I 

0.01 r- -

0 r- I ! I f t q Ii I -! I 
-0.01 - -

-0.02 I I 

-12 10 -8 -6 
PSF 

85 



Univ
ers

ity
 of

  C
ap

e T
ow

n

stars in 

stars in 

stars. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

two. 
errors 

star. 

..... o ....... v'"""' .... errors 
star. 

stars 

stars in \.,UGLUU",. 



Univ
ers

ity
 of

  C
ap

e T
ow

n



Univ
ers

ity
 of

  C
ap

e T
ow

n



Univ
ers

ity
 of

  C
ap

e T
ow

n

tem-

",,,,rr,"T'" Dfiiot()metl:V is recom-



Univ
ers

ity
 of

  C
ap

e T
ow

n

we ... ,,;<>.<> • .u. mean 

(J'= 



Univ
ers

ity
 of

  C
ap

e T
ow

n
10000 

A 

N 

mElasUrElO mean counts at 



Univ
ers

ity
 of

  C
ap

e T
ow

n

polynomial to 

= 
~' 

the 

we can ""v,no ... " .• "",,."" "''''''..lVlL'' noise in 

= 

= 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Yi = +Ci, 

cis measurement y. 

Ci = Yi-

n 

= 
i=l 

to 
minimum is 

=0 

a 
=a+ 

we 
n 

i=l 

to b) to 

n 

-2 + =0 



Univ
ers

ity
 of

  C
ap

e T
ow

n

n 

-2 + O. 
i=1 

we two two constants a 

n n 

na+b Xi = Yi 
i=l i=l 

n n n 

a Xi +b Yi = YiXi, 
i=l 

we can use to two Ua.',lVll<l for two 

n 

= 

[nXi Xi ] [ ~ ] = [ 

so 

[ ~ ] [nXi Xi r1 

[ 

2 x 2 matrix inverse is 

[ Xi 
]

-1 

we some 

n 

our constants 

we 

a 

n 
b = --==--:':;":---==-':-"'=2 



Univ
ers

ity
 of

  C
ap

e T
ow

n

we can 1"''''1,....11- '" in a "''',11.J1'<;:;1 detiniIU1: the sums 

= = 

use same notation 

= 

can n,....'iff,." as 

n 

n 

cov(x, = 

is 

b=-....:."..;'-"-'-

we can a in terms b 

it comes to 

a 1}­

a pOLvnomllal to 

= --=--

-nx. 

n 

squaxes to 



Univ
ers

ity
 of

  C
ap

e T
ow

n

A B C D 
As == Cx As == 2049 - Cx As == Cx As == 2049 - Cx 

== == Cx == :::: 

Il :::: :::: - 218.125 Il :::: Il == - 218.125 
Ie == == Ie == Ie == 

Dx :::: Cx Dx :::: Cx Dx == Cx + 2148 Dx == Cx + 2148 
== :::: == :::: 



Univ
ers

ity
 of

  C
ap

e T
ow

n

AMPLIFIER 

CCDSEC 
AMPSEC 
DATASEC 
DETSEC 
NSUM 

LTV1 
LTV2 

ATV1 

DTV1 
DTV2 

:1074,1: 
:1074,1: 
:269,1: 

1: 
4 4 
0.25 
0.25 
0.375 
0.375 
1 
1 
0 
0 
1 
1 
0 
0 

B C 
~ <E--

two 

A B 

4 4 
0.25 
0.25 
-218.125 
0.375 
-1 
1 
2148 
0 
1 
1 
0 
0 

98 

4 4 
0.25 
0.25 
0.375 
0.375 
1 
1 
0 
0 
1 
1 
2148 
0 

D 
~ 

C 

two 

D 

4 4 
0.25 
0.25 
-218.125 
0.375 
-1 
1 
2148 
0 
1 
1 
2148 
0 



Univ
ers

ity
 of

  C
ap

e T
ow

n
A B C D 

As ::::: Cx As :::: 2049 - Cx As == Cx As == 2049 -Cx 
:::: Cx == :::: 

Il == :::: == Il :::: 

Ie :::: .375 Ie :::: .375 Ie :::: .375 Ie :::: .375 
Dx == Cx Dx == Cx Dx == Cx + 2148 Dx :::: Cx + 2148 

== == == :::: 

R o I I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

A B C I D I 
~ --;;. <E-- I --;;. 

I 

A interest is "I.J<:;...,uu:;u in 

99 



Univ
ers

ity
 of

  C
ap

e T
ow

n

AMPLIFIER 1 

CCDSEC 

AMPSEC 

DATASEC 
DETSEC 

NSUM 

LTV1 
LTV2 

ATVl 
ATV2 

DTV1 
DTV2 

:1074,1000: 

1000: 

4 4 
0.25 
0.25 
-124.375 
-249.375 
1 
1 
0 
0 
1 
1 
0 
0 

4 4 
0.25 
0.25 

-218.125 
-249.375 
-1 
1 
2148 
0 
1 
1 
0 
0 

2 

:2148,1000: 

: 1, 1000: 

4 4 
0.25 
0.25 

0.375 
-249.375 

1 
1 
0 
0 
1 
1 
2148 
0 

3 

: 1074, 1000 : 

1000: 

:195,1: 
:3222,1000: 

4 

:1652, 
1000: 

:496, 
1000: 

4296,1000: 
4 4 
0.25 
0.25 

-218.125 
-249.375 
-1 
1 
2148 
0 
1 
1 
2148 
0 
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SIMPLE 
BITPlX 
NAXlS 
NAXIS1 
NAXIS2 
EXTEND 
COMMENT 
COMMENT 
OBJECT 
RA 
DEC 

data header 

::::: 

::::: 

::::: 

::::: 

== 
FITS 
and 

== 'BIAS 
== '00:00:00.00' 
== '00:00:00.00' 

OBJEPOCH == 

::::: '2004-08-25' DATE-OBS 
UTC-OBS ::: '06: 11: 19' 

T I file does conform to FITS standard 
16 I number of bits per data 
2 I number of data axes 

4296 I of data axis 1 
4102 I of data axis 2 

T I FITS dataset may contain extensions 

2000. 
2000. 

I 
IRA 
I 
I 
I 

format is defined in ' 
359; bibcode: 2001A&A ... 376 ... 359H 

I Date of observation 

TIME-OBS 
EXPTIME ::::: 

'06: 11: 19' 
1093414280.41454 

I UTC start of observation 
I UTC start of observation 
I time 
I Detector size DETSIZE ::::: :4296.1: 

0.178937728937729 BSCALE 
BZERO 
FILTER 
FILPOS 
NCCDS 
CCDSUM 
GAIN 
ROSPEED 

== 

::: 'V 
::::: 

== , 1 1 

::::: 'SLOW 

5862. 
I 
I 
I Filter name 

1 I Filter 
2 I 

I 
1.36 I 

I 

Number of CCDs in 
On summation 
Nominal CCD 
CCD readout 

101 
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TELNORTH '" 
PROPMOT '" 
PO SANG == 

TELRA '" '09:09:09.99' 
TELDEC == '-09:09:09.99' 
TELEPOCH '" 
HA '" '09:09:09.99' 
TELALT :::: 

TELAZ '" 
CCDTEM == 
DEWTEM '" 
AMPTEM '" 
CENTEM == 
DEWPRE 
END 

extension header 

XTENSION :::: 'IMAGE 
BITPIX '" 
NAXIS == 
NAXlS1 == 
NAXIS2 == 
PCOUNTS == 

GCOUNTS 

END 

O. / Direction of North 
O. / motion 
O. / Position 

/ RA of 

2000. 

39. 

/ IMAGE extension 
16 / number of bits per 
2 / number of data axes 

4296 / data 
4102 / 

0 / 
1 / number of 

1 
2 
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was J.U\JU'.U<JU 

function bin 

load 
load 

. mat 'Yo matrix called "bistats21" 
.mat 'Yo matrix called "data" 

( : . 
(: , 
= 

to == 24.45; 
t02 ::: 24.45; 
delt ::: 0.25; 
nbin ::: zeros(1, 

'Yo bin min for 

'Yo bias mean calculation 
for i=1: 

end 

for i=1: 

in celcius 

+1; 
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end 

Count; 

nbin 

for k=1:j 

end 

for k=1:j 

end 

x=1:j; 
cm = 2*Cmean 
tbm = 

• ,cm'] 
,cm,· .• ) 

% mean calculation 

end 

for 

end 

for k=1:j 

+1; 

, :)) 

, :)) 

+1; 

+1; 
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end 

for k==l:j 
den == 

end 

Tmean2 == 
ttbmean2 
x=l:j; 
tmean == 2*Tmean 
ttbin == 2*ttbmean 

, :» 

, : » 

, ,tmean'] 

= , ,Cmean'] 
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c 

c 

c 

c 
c 

&: 
&: 
&: 
&: 
&: 

do i=l,k 
1, 131 

, FILE="intensities.dat ll
, STATUS="UNKNOWN") 

. datil , STATUS="UNKNOWN") 

,132 ,s6 ,s7 
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c 
c 

write 
lit mstar4 

c 
enddo 

c 
close ( 

c 
close 

c 

-2.5 * 
:::: -2.5 * 
-2.5 * 
-2.5 * 
-2.5 * 
-2.5 * 

) 

**************************************************************************** 
* 
* 
* 

a file called ratio.dat. This file contains measured 
intensities of stars 1 to 9. This intensities are measured 

* 
* 
* 

**************************************************************************** 
c 

, file="intensities.dat ll
, status=lIunknown") 

c 
c 

**************************************************************************** 
* a file that will write the into * 
**************************************************************************** 
c 

, file="ratios.dat", status="unknown") 

") 'The ratios of the stars from 1 - 9' 
") ,=== ............... == ... == ... ====================, 

c 
**************************************************************************** 
* Read the file the intensities of the stars. * 
**************************************************************************** 
c 

do j=l,k 
1, sl ),s2 ), ) , ),s5 ),s6 ),s7 ),s8 ) 



Univ
ers

ity
 of

  C
ap

e T
ow

n

c 

**************************************************************************** 
* Then we have to calculate the of the ratio's of the * 
* intensities of each star with star 9. the way star 9 is * 
* the star in the field. * 
**************************************************************************** 
c 

delta12 -2.5 * 
c delta22 )= -2.5 * 

delta32 -2.5 * 
delta42 -2.5 * 
delta52 -2.5 * 
delta62 -2.5 * 

c 
c 

**************************************************************************** 
* 
* 

the calculated ratio's and the value of the 
size into a file in UNIT=4. 

* 
* 

**************************************************************************** 
c 

&; 

c 

c 

c 
c 

write 

enddo 

close 

sl ),delta12(j),delta32 ),delta42 ), 
delta52 ),delta62(j) 

**************************************************************************** 
* 
* 

a file 
the other file 

the intensities of star 1 - 8 and 
the of star 9. 

* 
* 

**************************************************************************** 
c 

, file="ratios.dat". status="unknown") 

c 
. datil > status="unknown") 

c 
. datil , status="unknown") 
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write 
write 
write 

") 'The of the stars relative to star9' 
") ,+++++++++++++++++++++++++++++++++++++++++++++, 

c 

**************************************************************************** 
* 
* 

the relative 
star, star9. 

of the stars relative to * 
* 

**************************************************************************** 
c 

do 1=1,k 
,delta42 

&; 

,mstar3 
&; 

c 
m12 + delta12 

c + delta29 
m32 + delta32 
m42 + delta42 
m52 + delta52 
m62 + delta62 

c 
write s ,m12 ,m42 ,m52 

c 
enddo 

c 
close 

c 
close 

c 
close 

**************************************************************************** 
* the star * 
* and the other should be the same as the * 
* in the file "ratios.dat" . This makes the * 
* in the file called .dat" to be the same as the * 
* in the to be the same. * 
**************************************************************************** 
c 

open . datil , 
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c 

c 

c 

c 

c 

c 

c 

Ill:; 

c 

c 

c 

c 

c 

open . datil , status=="unknown") 

, file==lIdifferences.dat", 

do n==1.k 

== 

"" 
== 
== 

== 

write 
diff62 

enddo 

close 

close 

close 

end 

== 

s 

II) 'The difference of star 9 and the other stars' 
II) ,++++++++++++++++++++++++++++++++++++++++++++, 

,mstar3 

.diff32 ,diff42 
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