3 Astronomical Signals and Noise

3.1 Distributions: Poisson vs. Gauss

Read-noisecloselyfollows the Gaussianor normal distribution assaiated with sam-
pling measuremets in a near-equilibrium electroniccircuit. Shotnoise, i.e., the noise
assaiated with the arrival of discreteenergyor chargepadets insteadfollows a Pois-
son distribution.

4 In thetextlook, p. 73and 74, the useof theterm shot-noise to descrile the read-noise,
is confusing. On pagep. 45 and 46 theread-noiseis descriled asdi er ent from photon-
noise. Here, the terms photon-noiseand shot-noisehavebeen usel interchangableor
the noise assaiated with the arrival of photons.

An important property of the Poissondistribution is, that its standad deviation
equalsthe squareroot of the measurednumber (i.e, detected photo-electronsin our
case). For an averagescoreof m, the probability of measuringn whenthe valuesof
n are distributed accordingto a Poissondistribution is given by:

m" e™m .
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Figure 1: Examplesof Poissondistributions. (left) For m = 8, the distribution is
markedly skewed comparedto a Gaussiandistribution with the sameaveragescore
m. An important property of the Poissorbdistribution is that the interval between

1 and+1 isexactlyequalto twicethe  m. (right) For largem, sudh asm = 100
in this example,the Poissondistribution becomesndistinguishable from the normal
distribution. Note: for visualization purposeswe here plot the mathemati@al extension
of the discrete Poissonstatistics (integer n) to continuous functions!
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First, let us verify that the sum of the probabilities over all n is indeed equalto 1,
and that the averagescore,n, is indeedequalto m:

X X mh em X m"
Pn —— = e" — =e" e =1
n N n! . n!
The averageof n scoresis given by:
PP,n X mnoen X mhlem
n A1 = ———— n=m ——y = M
n Pn n n! n (n )
Lastly, the variance can be computed as:
"a(Py (N n)?) X
2 "R = P, (n* 2nm+ m?)
I’an n
X X X mh em
n n n n:
X mn? X m
= m?>+ me" ——— n= m>+ me™m — (I1+1)
(n 1) !
" ! W
) X m em X m em
= m-+m — |+ _

= m?+m?+m=m

And, hence,we nd that for the PoissondistBbution the standard deviation is equal
to the squareroot of the averagescore: = " m.

When we talk about an x deviﬁltion orany result, we meana deviation of x times
the standard deviation (i.e, X' m), or aresult that is signi cant at the probability
of 1 minus that of obtaining ay times deviation purely by chance:

1 Pn<y’m o 1 Pinj<y’m
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3.2 Signal and Noise: The CCD Equation

In science,publishing a measuredvalue is meaningless unlessthe assaiated mea-
surementuncertainty (alsocommonlyreferredto asthe error on that measuremet)
is given aswell. Although the speci ed number of signi cant digits may give a clue
as to the precision of a measuremet) it should be consideredbad practice to only
rely on this. For example,to avoid round-o errorsin subsequencomputations, one
may want to specify onedigit morethan strictly merited, and sometimesthe implied
uncertainty of half the rangeof the leastsigni cant digit doesnot accuratelyrepresen
the actual measuremen error.

Furthermore, in order to obtain new obsenations with a telesco, one hasto write
an observingproposal. A proposalwithout a thorough discussionof (a) the minimum
signal-to-noiseratio (SaN) required for a de nite result, and (b) the SN that a
particular telesco/instrument con guration will give you in a givenamourt of time,
is rarely awarded time.

It should, therefore, be clear that an evaluation of the measured(or expected) SN
is an important topic to address.Also, by comparingthe theoretically expected S=N
with that actually obtained (e.g., Fig 2), onemay catch problems(i.e, usererrors) in
the data processing.

Earlier, we discussechow to compute the read-noiseand gain valuesfor a CCD, and
we have just veri ed seeral useful properties of the Poissoniandistribution which is
applicableto photon-noise,so let us seewhich noiseterms would cortribute to the
uncertainty in the measurednumber of electronsin a single pixel.

If we denote the portion of the signal that originated from the astronomical
sourceof interest by S, (expressedn e ), Ilghen the Poissonstatistics give the
1 uncertainty, or noise,on that signalas™ S..

Usually, there is another signal preseit due to photons: the sky badground. If
We denote that portion of the signal by Ss, then the assaiated noise will be
Ss.

During an integration, we also collect signal that is not assaiated with arriving
photons:

The dark signal, Sp, dueto thermal electronsfrom the bulk Si substrate builds
up linearly with the integration time t (whether or not the CCD is actually
exposedto light or not), i.e., Sp = t dc. The dark current (or dark rate) dcis
usually expressedn units of e /pix/hour (wherethe Vpix" is adummy unit,
to remind us that, on average,every pixel will collectthe sameamourt of dark
signal). Here, if t is expressedn seconds,dc should be in e /sec. The noise
assaniatﬁd_vvith F;kidiscrete dark signal also satis es Poissonianstatistics and
will be” Sp =t dc
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Data Quality Check —— BlASes
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Figure 2: Example of a comparisonof theoretically expected and actually obsened
S=N for the simplest case: the combination of many bias frames obtained at the
VATT, Mt. Graham, between 1999 and 2006. Note also in the lower right panel,
that the level in the overscanregion (which formally starts at column #1025) is not
at: only pixelsin columns1032through 1044arereliable for measuringthe overscan
level. Furthermore, there is a small but distinct o set of 0.24ADU betweenthe bias
level measuredn the overscanregion (virtual pixels) and that measuredn the image
region (actual, illuminated pixels). Sud o sets are commonin ageingCCD devices
and needto be takeninto accourt during the data processing.
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And nally we have a noiseterm that hasno signal asseiated with it at all:

The read-noise R (in e ), addsdirectly to the total noisein the pixel under
consideration.

Uponread-outof the chargein the CCD pixel, we have no way to distinguish electrons
originating from the various sources. We just measurethe total signal. Hence,the
asseiated noiseis also grouped together as:

q
N = S+Ss+t dc+ R2

Note that the read-noise,sinceit should add linearly to ead pixel, erters as as the
read-noisesquaed underneaththe squareroot sign.

The S=N ratio for this single-pixelmeasuremen can then be expresseds:
S S,

- = [a) .
N "S,+ Sc+t dc+ R2
If we rather have an expressiorfor the signal-to-noisein terms of the measuredsignals
in ADU (but with the dark rate and read-noisestill expressedn their usual units,
since they are not measuredfrom the pixel under consideration), then we needto
explicitly include the CCD gain factor:
S SAPY G

(1)

N "Si0U G+ S2OU G+t de+ R2

Of course,in real life, one often measuresthe astronomical signal collected within
more than one pixel. If the astronomicalsignal is measuredwithin nyy pixels, then
we needto modify Eq. (1) asfollows:

S S,

N "S,+nm (Ss+t dc+ R?)

This equation is informally referredto as\The CCD Equatiorf. Note, that if the
number of pixels cortaining the signalis large, the cortribution of the read-noisemay
grow large becauseit erters linearly, while the other noiseterms erter only as the
squareroot of their signals.

(2)

In the above examples,one would have to gain knowledge of the amourt of signal
in the sky badkground through some magical means. If we explicitly include the
uncertairty in determining the sky badkground level by taking the mean over ngy
badground pixels, the equationis modi ed as follows:

S S,

R 3)
N Npix 2

S, + Npix 1+ Mlsky (Ss+t dc+ R?)
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Note, that npix=ngy, is large when ng., is small and, hence,for ngy Ny the term
(1+ npix=nsy) approadiesl. This properly re ects the notion that one, generally
needsto averageof many badkground pixelsto obtain an accurateestimate of the sky
level.

If we, lastly, also include the e ects of digitization noise as a result of the A/D
conversion processthen we arrive at the complete CCD Equation:

5= > @

So+ npix 1+ R;‘(Xy (Ss+t dc+ R2+ @ ?)

Here, ¢ isthe 1 errorintroducedby the digitization process.Although somewhat
dependert on the details of the designof the A/D electronics,a likely value of
may be 0.289(Merline & Howell 1995). If the gain is large, this term may become
signi cant. For photon-courting operation (G = 1), it is likely very much smaller
than the read-noiseterm.

Example: Let us computethe SaN obtained for an astronomical sourcein a CCD
image with an exposuretime t = 300sec. The CCD hasa gain of G= 2e /ADU,
read-noiseR = 6e RMS, and dark rate of 10e /pix/hour. The sky badkground
level is measuredto be Ss = 604ADU, by averagingthe pixels valuesin an annulus
of blank sky around the object of interest with an inner radius of 20 pixels and outer
radius of 30 pixels. The signal due to the source,measuredin an aperture of radius
5 pixels, is found to be S,.s Ss = 6;487ADU.
|
npix _ 52 - A r]pix.
Moy = GE 209 0:05 ! Npix 1+ >

' — 2

The gain is su ciently closeto the photon courting case,that we do not needto
worry about the digitization noiseG* 7.

10
dc= 10e /hour = fooe /sec

We then have:

S 6,487 2 ,
N 39

(6;487 2)+ 5 604 2+ 300 % + €2

Note, that this is quite a bit smaller than S?=p8_? " 114. Had we omitted the
additional noiseterms in the CCD Equation, we would have grossly overestimated
the S=N ratio.

¢ 2006R.A. Jansen 6



500 1III T T TTTTIT T T TTTTIT T TTTTT T IIIIII| T IIIII!III T I:
i ey, ]
\S
- ((;\)/
—noi —noi Q>
S100 | Hoinsted Hoominated | -
A C regime regime }. . ]
< - ] onfllnear-
—_— 50 __ Iregime as™ |
) | full-well |
n ;saturation
6‘ L }approaches-
= |
2 10 & | E
a2 - | X
51 &7
L /// ........................................................... 19 ........ -
1 IIII| | I,Ifl/lllll 1| IIIIII| 1| IIIIII| 1| IIIIII| 1| IIIIIIl 1 1 111
1 10 100 1000 104 10°
(c)2006 R.A. Jansen Signal [ADU]

Figure 3: RMS noiseasa function of signallevel in a particular CCD. The read-noise
setsa noise o or, to which shot noiseincreasingly adds. Once shot noise (photon

noise)exceedsead-noisethe data are saidto be shot noiselimited. In the shot noise
limited regime, the relation between noise and signal assymptotically approadesa
slope of 1/2. If full-well capacity can be readed before A/D saturation occurs,then

at very high signal levels the slope beginsto deviate from 1/2. The additional noise
due to dark signalis likely negligible comparedto the shot noise for modern CCDs
and obsenations through broad-band lters. It may not necessarillybe negligible
comparedto the read-noisesofor very faint sourcesn the near-UV or whenobserving
through narrow-band Iters (i.e., when the sky badkground is very low), the shot
noise limited regime may not be readied. When the signal is shot-noise limited

due to the %gnal froan the astronomical sourceitself, the CCD Equation reducesto

SN ' S;= S, = S;. In this case,we speak of a \bright" object, in all other
casesof a\faina" object. When the signal is shot-noiselimited due to the sky, the
noisescalesas S, + nyx Ss. The worst caseis where the noiseis dominated by

the read-noise:S=N ' S,= nyx R2?2= S?:(RIO Mpix )-
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Computing errors on magnitudes

Using the idertity N=S, we can now expresskg. (4) asthe standard deviation
on the measuredmagnitude:
p !
, 10857 S, +p _ .. 1
mag s, = 1:.0857 =N [mag] (5)

wherep represets the ertire term under the squareroot signin Eq. (4) other than S..
The scalefactor 1:0857 = 2:5=In 10 comesfrom the de nition of magnitude (factor
2.5), and from computing the error on a decimallogarithm (factor In 10).

In our exampleabove, S=N = 39 and so: mag =~ 1:0857 3—19 = 0:028mag

In the above Eg. (5), we usedan \approximately equalto” (' ) notation rather than
an equalssign (=). Let's considerthis for a bit.
Per de nition: m= 25 log(S) + zp

Therefore,errorsof +1  and 1 in sourcesignal S mean:

m=mt m = 25 log(S+ N)+ 25 log(S)
= 25 log>t Ny = 25 joga+ -1
SR - A SV
=m m = 25 log(S N)+ 255 log(S)
S N 1
= 25 Iog(T) = 25 log(1 SW)
Sowe nd thatj +j6 j ,,jandthat \upp er" errors(toward brighter uxes or smaller

magnitudes) are therefore smaller than the \lower" errors (toward fainter uxes or
larger magnitudes)! This behavior is clearly illustrated in Fig. 4.

For relatively large magnitude errors (low S=N), the upper and lower errors
becomeprogressiely di erent in size: magnitudeerrors are not symmetric.
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Figure 4: (a) B Iter CCD image obtained at the SAO 48" telescope (Mt. Hopkins,
AZ) of Sa galaxy A00389-0159(UGC 439), obsened as part of the Nearby Field
Galaxy Survey (Jansenet al. 2000a,b). (b) Radial surfacebrightnesspro le measured
from this image. Note that at low SN (larger radii), the upper and lower magnitude
errors on the pro le becomeincreasinglyasymmetric.

A nal important obsenation is that the signalsS, and Ss scalelinearly with the
exposuretime t. Th S=Nprat|o in the shot-noisedominated regime (seeFig. 3) will
thereforescaleast— t=

This implies that, to obtain a SaN that is twice as good, one hasto integrate
4 times as long. In the read-noisedominated regime, the S=N will increase
much slower | if npix R?2 (S, + Npix Ss), the SN remainsnearly constart
and < 1, no matter how long you integrate!
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4 Data Storage and Transfer | FITS 101

The standard le format for storageand exdhangeof astronomicaldata| and nowa-
days even direct imageprocessing is the Flexible Image Transport System(FITS).
In the early 1980s,Wells, Greisen& Harten (1981) deweloped FITS to endthe baby-
lonic messof data tapes that were unreadableon systemswith di erent madine
architectures (byte order; number of bits per byte) than the one on which they were
written, and of data les that did not documeri their cortent, nor even their basic
structure (i.e., the number of dimensions,the number of pixels per dimension, and
the number of bits per stored pixel value). The FITS format subsequetlty found
rapid acceptancewithin the astronomicalcomnunity, and proved exible enoughto
accommalate far more complexdata structures than a simple 2-D image.

PRIMARY
HEADER

[DATA]

EXTENSION
HEADER

Extension 1
DATA

EXTENSION
HEADER

Extension 2
DATA

Figure 5: Shematic represera- EXTENSION
tion of the FITS le structure. Extension 3 HEADER
Courtesy: Pavlovskyet al. 2004 DATA
HST/A CS Data Handbook.

A FITS le is composedof one Primary Headerand Data Unit (HDU), optionally
followed by an arbitrary number of extensions,eat again consistingof a Headerand
Data Unit. A Data Unit, particularly the primary one,may in fact be empty, leaving
the Primary Header Unit for storage of information that applies to all following
extensions.

The simplest FITS le structure cortains only the Primary Headerand Data Unit,
wherethe Headerunit, now simply referredto asthe FITS header, describesat least
the essetial attributes of the image stored in the Primary Data Unit that follows.
Unlessyou obsene with a mosaicCCD camera,you are likely to receiwe your data in
this simplest avor of FITS.
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4.1 The standard FITS header

The FITS headerconsistsof one or more plain ASCII records of 2880bytes, eat of
which contains 36 80-tharacterheaderertries (which for historical reasonsarereferred
to ascard images. The end of the headerunit is marked by the appearanceof the
string ENDn the rst three charactersof the nal 80-character card image.
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Figure 6: Standard IBM
80-column computer punch
card, from which the term
card image derives.

:'\-":uul!l nisinwl”u

AT 'E]Emw

Thisn (36 80)-characterformat meansthat onecandisplay andinspectthe cortents
of the headerof a FITS le usingmore less or pagein a standard 80 character wide
consolewindow (such as, e.g., xterm). Beware, howewer, that the binary data that
immediately follows the headermay causeyour consolewindow to get confused. If
the CFITSIOlibrary (by W.D. Pence)is installed on your madine you can display
just the headerwith program listhead , which is shipped with this library.

Eadh headercard image consistsof a keywod, an optional valug and an optional
comment Blank lines (e.g., for formatting) are ignored.

|[KEYWORD NUMERICALUE/ COMMERSTRING
‘KEYWOF%—D LOGICANVALUE/ COMMERSTRING
‘KEYWOF%—D'STRINGVALUE' t/ COMMERSTRING

[HISTORY CHARACTERRING
[END

|
l
[COMMENTCHARACTERRING |
|
|

A keyword is a left-justi ed, 8-character, blank padded,ASCII string with no embed-
ded blanks. Only digits, hyphen, underscore,and upper-casecharactersare allowed.
The 9-th character of the card imageis either an equalssign (=), or a blank character
(denoted; above), in which casethe card image will be interpreted as a commern
line. The 10-th character must be a blank character, when the 9-th characteris a =.

The value eld, whenused,may be string-, numeric-, or logical- (boolean-)valued. If
astring, it will beleft-justi ed and enclosedetweensingleforward quotes. If numeric
(integer, oat, exponertial notation in either single or double precisionformats) or
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boolean(T for true or F for false without quotes),it will beright-justi ed to (usually)
column 30 or 31.

An optional commen may follow the value and will be separatedfrom that value by
a blank spacecharacter and a forward slash (/). Although not required, the slash
is usually followed by another spacecharacter. Even though recer revisionsof the
FITS standard do implemert a provision for cortinuation lines, plain FITS header
card imagesshould not exceedthe 80-tharacter limit.

For a simple 2D CCD image, there are 7 mandatory headerkeywords to descrite the
main attributes of the imagedata that may follow in the Primary Data Unit:

SIMPLE

BITPIX

NAXIS| asimple(" at ") 2-D CCD imagehasNAXIS = 2

NAXI®, with n = 1;:::;NAXIS| fora at CCD image: NAXISland NAXIS2
EXTEND

END

Very usefuladditional keywords to transform the actually storeddigital data bad to
the originally recordedADUs, are three additional keywords:

BSCALE

BZERO

BUNIT| optional, to descrike the physical units in which the valuesin the
array, after application of BSCALE and BZERO are expressed.

To store within the FITS headerat least somezero-th order information regarding
pointing and plate scale,the following keywords are used:

CRVAL| RA/Dec at referencepixel (in degrees)

CRPIX | referencepixel

CDELT| incremen per pixel (i.e., pixel sizein degrees)

CTYPE| coordinate systemtype (e.g.,'RA---TAN' and 'DEC--TAN’)

Secondorder world coordinate system (W CS) keywords are:

WCSDIM WCS dimension

Chj | diagonalelemen of the scalematrix
LTV j | translation with respectto the original image
LTNLj | rotation with respect to the original image

When geometricdistortions are a se\ere (suc asfor the o -axis HST-ACS cameras;
seeFigs. 9 and 10), additional terms are required for which the AORDERB_.ORDER
distortion matrix keywords Ali_j and B.i_j wereintroduced. Note, howe\er, that not
ewvery program that can display a FITS image and track the (RA,Dec) of the (X;y)
pixel coordinatesknows how to interpret thesehigher orderterms| the RA and Dec
valuesreturned may not be very accurate.
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SIMPLE = T/ Fits standard

BITPIX = -32 | Bits per pixel

NAXIS = 2 |/ Numberof axes

NAXIS1 = 1044 /| Axis length

NAXIS2 = 1044 / Axis length

EXTEND = F / File maycontain extensions

ORIGIN = 'NOAO-IRAFFITS Image Kernel July 2003' / FITS file originator
DATE = '2004-09-15T01:5 5:35' / Date FITS file was generated

IRAF-TLM="16:03:21 (31/10/2004)' [/ Time of last modification

OBJECT = 'SKY ' / Nameof the object observed
IMAGETYP=object ' / object, dark, bias, flat, etc.
OBSERVATMTGRAHAM' | observatory

TELESCOP¥ATT ' | telescope name
INSTRUME<€CD ' / instrument

DETECTORecd26 ' / detector

DATE-OBS=2004-09-15' / date (YYyy-mm-dd) of observation
uT = '01:55:35' / universal time

ST = '18:13:27.64" / sidereal time

RA = '17:56:19.20' / right ascension

DEC = '+06:38:26.95' /' declination

EPOCH = 2000. / epoch of ra and dec

ZD ="' 26.1835' / zenith distance (deg)
AIRMASS 1.114 / airmass

EXPTIME= 30. / actual integration time (sec)
DARKTIME= 31. / total elapsed time (sec)
ROTANGLE&.000000 / rotation angle
TELFOCUS=118.00 / telescope focus

TELFILTE=2 110" | telescope filter  wheel encoding
FILTER =V ' / filter  name

GAIN = 1.9 / gain (electrons per adu)
RDNOISE 5.7 | read noise (electrons)

DWELL = 50 / sample integration time (microseconds)
PREFLASH= 0 / preflash time (seconds)
CAMTEMP -114 | camera temperature (Celcius)
DEWTEMP -195 / dewar temperature (Celcius)
BIASSEC= 1025:1044,1:10 24]' / overscan portion of frame . 1st 2880bytes (=36 80)

TRIMSEG: '[1:1024,1:1024] ' / region to be extracted
DATASEG '71:1024,1:1024] / image portion of frame
CCDSEC= 1:1024,1:1024] ' [ orientation to full frame
ORIGSEG '1:1024,1:1024] ' [ original size full frame
CCDSUM= 2 2 ' /on chip summation
DISPAXIS="2 ' / dispersion axis

(29 blank card images)
END

" 2nd 2880bytes (=36 80)

Figure 7. Example of a FITS header of a twilight sky at exposure, before any
processing,obtained at the VATT (Mt. Graham, AZ) in Sep2004.

¢ 2006R.A. Jansen 13



SIMPLE = T/ Fits standard

BITPIX = -32 | Bits per pixel

NAXIS = 2 |/ Numberof axes

NAXIS1 = 1000 / Axis length

NAXIS2 = 1000 / Axis length

EXTEND = F / File maycontain extensions

ORIGIN = 'NOAO-IRAFFITS Image Kernel July 2003' / FITS file originator
DATE = '2004-11-01T07:2 3:54' / Date FITS file was generated

IRAF-TLM="00:24:02 (01/11/2004)' /| Time of last modification

OBJECT = 'SKYV ' / Nameof the object observed
IMAGETYP:SKY ' / object, dark, bias, flat, etc.
OBSERVATMTGRAHAM' / observatory

TELESCOP¥ATT ' | telescope name

INSTRUME<€CD ' /instrument

DETECTORecd26 ' / detector

DATE-OBS=2004-09-15' / date (YYyy-mm-dd) of observation

uT = '01:55:35' / universal time

ST = '18:13:27.64" /| sidereal time

RA = '17:56:19.20' / right ascension

DEC = '+06:38:26.95' /' declination

EPOCH = 2000. / epoch of ra and dec

ZD ="' 26.1835' / zenith distance (deg)

AIRMASS- 1.114 / airmass

EXPTIME= 30. / actual integration time (sec)
DARKTIME= 31. / total elapsed time (sec)
ROTANGLE&.000000 / rotation angle

TELFOCUS=118.00 / telescope focus

TELFILTE=2 110" | telescope filter  wheel encoding

FILTER =V ' / filter  name

GAIN = 1.9 / gain (electrons per adu)

RDNOISE 5.7 | read noise (electrons)

DWELL = 50 / sample integration time (microseconds)
PREFLASH= 0 / preflash time (seconds)

CAMTEMP -114 | camera temperature (Celcius)

DEWTEMP -195 / dewar temperature (Celcius)

CRVALL = 47.217250 / RAat reference pixel in de‘grles(ta52880bytes (=36 80)
CRPIX1 = 507. / Reference pixel, axis 1

CDELT1 = 1.04055555560000E4 / Increment per pixel on axisl, in degrees
CTYPEL = 'RA---TAN' / Coordinate system of axisl

CRVALZ2 = 37.23057 / DECat reference pixel in degrees
CRPIX2 = 522.0 / Reference pixel, axis 2

CDELT2 = -1.0405555556000E-4 / Increment per pixel on axis2, in degrees
CTYPE2 = 'DEC--TAN' / Coordinate system of axis2

LTV1 = -15.0 / Translation wrt to original image, axis 1
LTV2 = 0.0 / Translation wrt to original image, axis 2
Ch11 = 1.0405555556E-4 / Diagonal element of scale matrix (1,1)
Ch2 2 = -1.0405555556E-4 / Diagonal element of scale matrix (2,2)
LTM1 1 = 1.0 / Rotation wrt to original image, M(1,1)
LTM2_2 = 1.0 / Rotation wrt to original image, M(2,2)
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WATO_001=system=world' [ WCsattribute
WAT1_001=2wtype=linear axtype=ra' / WCSattribute, axis 1
WAT2_001=2wtype=linear axtype=dec' / WCSattribute, axis 2

HISTORY-

HISTORY:-------- CCD48PROC[V2.12:EXPORT R.A. Jansen@andromeda---------
HISTORY-

CC48PROC2004-11-01T07:1 7:43' |/ Starting primary frame processing
WCSINIT= 'COMPLETE' [/ WCS9nitialization flag

WCSDIM= 2 |/ WcCslimension

WCSDATE '2004-11-01T07:1 7:43' / WCSnitialization done

FIXPIX = 'COMPLETE' / Bad pixel interpolation flag

FXPXFILE='ccd483lib/VATT/ 2004/ Sep/b adpi x.c cd26x2' / Bad pixel file
FXPXDATER2004-11-01T07:1 7:44"' / Interpolation over bad pixels done
ZEROCOR 'COMPLETE' | Zero image correction flag
ZRCRIMAG=/SUPERBIAS.fi ts' / Nameof zero image
ZRCRDATE2004-11-01T07:1 7:45' |/ Zero correction using image done
OVERSCANSOMPLETE' / Overscan subtraction flag

ORIGSEG '1:1044,1:1044] ' / Original size of full frame

BIASSEC= 1032:1044,1:10 00]' / Overscan section

TRIMSEG: '[16:1015,1:1000 ] / Extraction section

IMAGSEG '[1:1000,1:1000] / Output image section

OVSCMEAN= 1110.49 / Meanbias level (ADU)
OVSCDATE2004-11-01T07:1 7:45' / Removal bias level using qy%sg%%S%%l}?es (=36 80)
DARKCOR 'OMIT'
SHUTCOR 'OMIT'
RESPFIT= 'OMIT'
SKYCOMB 'COMPLETE'

Dark image correction flag
Shutter effect correction flag
Pixel-to-pixel response fit flag
Sky frame combination flag

NCOMBINE= 14 Numberof sky frames combined
SKCBDATE2004-11-01T07:2 3: 30 Combination of sky frames @SKY_V.lis done
NORMALIZXCOMPLETE' Sky flat normalization flag

NMLZMEAN= 21575.30 Meanlevel (ADU) prior to normalization

NMLZDATE2004-11-01T07:2 3: 54"
CC48DATE=2004-11-01T07:2 3:54'

Sky flat normalization done
Primary frame processing done

~ YN YN YN YN N N N~~~

(25 blank card images)

END " 3rd 2880bytes (=36 80)

Figure 8: Exampleof aFFITS headerof a processedbias-subtracted,trimmed, median
combined and normalized) twilight sky at image. Relewant information about the

processingstepsperformedwasrecordedin the headerusing keywords createdby the

user(or his software). Any combination of up to 8 of the allowed charactersthat does
not match a resened FITS keyword may be used. Note also,that the valuesof some
keywords presen in the original header (Fig. 7) were updated. Other astronomers
and/or their software padkagesmay record sud information, instead, in an extensiwe
HISTORYSr COMMENMN@ctionin the header. It is good practice to record su cient

processingnformation to later be able to trace any problems.
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Figure 9: Geometric distortion is a signicant e ect for o-axis cameras like
HST/A CS. The squaregrid formed by the pixels in eacy CCD array project onto
a distorted diamond shape on the sky. (Source: Pavlovskyet al. 2004).
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Figure 10: Non-linear componert of the geometricdistortion in the WFC and HRC
camerasof HST/A CS. The arrows indicate the direction of the distortion, but are
displayed at 5 times their true size. (Source: Pavlovskyet al. 2004).

4.2 Multi-Extension  FITS (MEF)

If the FITS le doescortain oneor more extensionsin addition to the primary header
and data unit (keyword NEXTENDhe le saidto be a Multi-Extension FITS (MEF)

le. It iscommonin sud les for the primary data unit to be empty, asindicated by
the primary headerkeyword and value conbination:

NAXIS: ¢ = 0;/ Numberof axes

The primary headerunit is consideredo corntain information that is commonto eah
of the following extensionswhile the extensionheaderscortain information that only
appliesto the data storedin the data unit of that particular extension. This avoids
needlesgduplication of information in the extensionheadersand is termed keywod
inheritance.

Data of the current generationof instruments aboard the Hubble SpaceTelescop
(STIS, NICMOS and ACS) is storedin MEF format for two reasons:

onewishesto storenot only the data itself from a detector, but alsoits asseiated
errorsand data quality information, which togetherform a logical group or unit
of data;

the instrument may have morethan onedetector from which the combined data
constitute a singleobsenation (the two detectorsof ACS/WFC, for example).
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4.3 The ESO Hierarc hical FITS header

There is another common le format, that follows the structure of the FITS format,
but where most of the telescog, instrument, and detector speci ¢ information is
recordedin a di erent way in the FITS header. This le format is known asthe ESO
Hierarchical Header Format. Here, following the obligatory FITS keywords, in the
remaining headerlines the rst 8 charactersspell HIERARCHhe 9-th characteris a
blank, and the subsequen charactersform a \hierarchical tree" of spaceseparated
keywords, the rst keyword of which tendsto be ESOAfter the last keyword in the
tree an equalssign (= ) and a blank spaceappears. The remainderof the 80-tharacter
card imageis similar in format to standard FITS.

‘HIERARQHESQ LEVX LEVZ :: LEWh =, NUMERICALUH COMMEJSTRING‘
‘HIERARQHESQ LEVX LEVZ ;i LEWh =, LOGICAIVALUH COMMEJSTRING‘
‘HIERARQHESQ LEVX LEVZ ::; LEWh ={'STRINGVALUE' ./ COMMEJSTRING‘

The ESO Hierardhical HeaderFormat, in fact, doesnot violate the FITS standard,
but usesthe provision in that standard that any line without an equalssign as the
9-th character is treated as a commern line. Standard commen keywords already
presen in the original FITS paper (Wells et al. 1981)are COMMERMBAd HISTORY

Although almostany FITS reader/viewer will manageto readin and display the data,
much of the usefulinformation that descrikesthose data and that may be necessary
to properly processand analysethose data are ignored. In order to use standard
IRAF or IDL routinesto processthe data, onehasto translate the information in the
Hierarchical keyword tree to standard 8-character FITS keywords followed by equals
signs.

One way to do so, is to use a translation lookup table, where for ead Hierarchi-
cal keyword, one searties for a match and writes that match to the image header
(e.g., when using IRAF, task eso2fits in my rjtools padkage may be useful;
www.public.asu.@u/ rjansen/ir af/" ).
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SIMPLE = T / Standard FITS format (NOST-100.0)
BITPIX = 16 / # of bits storing pix values

NAXIS = 2/ # of axes in frame

NAXIS1 = 2080 / # pixels/axis

NAXIS2 = 2048 | # pixels/axis

ORIGIN = 'ESO ' / European Southern Observatory

DATE = '2002-10-05T23:2 6:56.831' / UT date whenthis file was written
CRVALL = 310.99790 / RAat ref pixel in degrees

CRPIX1 = 1029.8 / Ref. pixel of center of rotation
CDELT1 = -0.000055479 / Increment in rows

CTYPEL = 'RA---TAN' | Pixel coordinate system

CRVAL2 = -10.77578 | DECat ref pixel in degrees

CRPIX2 = 1020.3 / Ref. pixel of center of rotation
CDELT2 = -0.000055479 / Increment in rows

CTYPE2 = 'DEC--TAN' | Pixel coordinate system

BSCALE = 1.000000000 / pixel=FITS*BSCALE+EZERD

BZERO = 32768.0 / pixel=FITS*BSCALE+BZERD

MJD-OBS- 52552.97699599 / MJDstart (2002-10-05T23:26 :52.454)
DATE-OBS=2002-10-05T23:2 6:52.453' / Date of observation

EXPTIME= 3.0050 / Total integration time

EXTEND = F / Extension may be present
INSTRUME¥ORS1 ' / Instrument used
TELESCOPESO-VLT-U3 / ESOTelescope Name

RA = 310.997917 / 20:43:59.5 RA(J2000) pointing (deg)
DEC = -10.77578 / -10:46:32.8 DEC(J2000) pointing (deg)
EQUINOX 2000. / Standard FK5 (years)

RADECSY SEK5 ' / Coordinate reference frame

LST = 70986.266 / 19:43:06.266 LST at start (sec)
uTC = 84413.000 / 23:26:53.000 UTCat start (sec)

HIERARCHESOOBSTPLNO
HIERARCHEHSOOBSNAME
HIERARCHESOOBSPROGD
HIERARCHSOOBSID
HIERARCHESOOBSDID

3 / Template number within OB
'Photom-std-MarkA -hig h-23nov' / OBnhame
'70.A-0376(A)' |/ ESOprogram identification

200121629/ Observation block ID
'ESO-VLT-DIC.OBS4. 7' / OBSDictionary

HIERARCHSOOBSOBSERVER ‘Jakobsen’ / Observer name
HIERARCHESOOBSPI-COI ID 780 / ESOinternal PI-COIl ID
HIERARCHSOOBSTARGNAME 'MarkA ' / OBtarget name
HIERARCHSOOBSGRP '0 ' / linked blocks

HIERARCHSOOBSSTART
HIERARCHESOOBSEXECTIME
HIERARCHSOTPL ID
HIERARCHESOTPL NAME
HIERARCHSOTPL NEXP
HIERARCHSOTPL EXPNO
HIERARCHESOTPL START

'2002-10-05T23:21 :20" / OBstart time
1013 / Expected execution time
'FORS1 img_obs cepli t' / Template signature 1D
'jitter images' / Template name
1 / Numberof exposures within template
1 / Exposure number within template
'2002-10-05T23:25 :53' / TPL start time

HIERARCHSODPRCATG 'CALIB ' / Observation category
HIERARCHSODPRTYPE 'STD ' / Observation type
HIERARCHESODPRTECH IMAGE ' / Observation technique

HIERARCHSOTEL DID
HIERARCHSOTEL ID
HIERARCHESOTEL DATE

'ESO-VLT-DIC.TCS' / Data dictionary for TEL
'v 1.444 " / TCSversion number
'2002-09-20T19:36 :22.000 / TCSinstallation date
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HIERARCHSOTEL ALT
HIERARCHESOTEL AZ
HIERARCHSOTEL GEOELEV
HIERARCHESOTEL GEOLAT
HIERARCHSOTEL GEOLON
HIERARCHSOTEL OPER
HIERARCHESOTEL FOCUD
HIERARCHESOTEL FOCUW.EN
HIERARCHSOTEL FOCUSCALE
HIERARCHSOTEL FOCWALUE =
HIERARCHSOTEL PARANGTART=
HIERARCHSOTEL AIRMSTART =
HIERARCHESOTEL AMBI FWHNSTART=
HIERARCHESOTEL AMBI PRESSTART=
HIERARCHSOTEL AMBI WINDSPE
HIERARCHSOTEL AMBI WINDDIR=
HIERARCHSOTEL AMBI RHUM
HIERARCHESOTEL AMBI TEMP
HIERARCHESOTEL MOORA
HIERARCHSOTEL MOONEC
HIERARCHSOTEL TH M1 TEMP
HIERARCHSOTEL TRAKSTATUS=
HIERARCHSOTEL DOMETATUS-

.
'CA

69.959
228.951
2648.
-24.6251
-70.4027
Condor'

108.827
1.894
-0.638
-135.747
1.064
1.06
743.50
3.42
241.

4,

15.86

12.89

'NORMAL '
'FULLY-OPEN'/

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

122348.524519 | ~~~~i~~.~
22811.42322 /

/
/

Alt angle at start
Az angle at start
Elevation
Tel geo latitute

Tel geo longitude
Telescope Operator

above sea level
(+=North) (deg)

(deg)
(deg)
(m)

(+=East) (deg)

Telescope focus station ID

Focal length (m)

Focal scale (arcsec/mm)

M2 setting  (mm)

Parallactic  angle at start (deg)
Airmass at start

Observatory Seeing

Observatory ambient air pressure
Observatory ambient wind speed
Observatory ambient wind direction
Observatory ambient rel.  humidity
Observatory ambient temperature

M1 superficial
Tracking status
Domestatus
True when chopping
Parallactic  angle
Airmass at end
Observatory Seeing

Position

RA (J2000) (deg)
DEC(J2000) (deg)
temperature

is active
at end (deg)

queried from AS
Observatory ambient air
Abs rot angle at exp start

pressure
(deg)

HIERARCHESOTEL CHORST = F/
HIERARCHSOTEL PARANGND = -135.776 /
HIERARCHSOTEL AIRMEND = 1.064 /
HIERARCHSOTEL AMBI FWHNEND= 1.06 /
HIERARCHSOTEL AMBI PRESEND= 743.50 /
HIERARCHSOADAABSROBTART= 43.22451 /
HIERARCHSOADAPOSANG = 0.00000 /
HIERARCHSOADAGUID STATUS= 'ON ' /
HIERARCHSOADAGUID RA = 311.012510 /
HIERARCHSOADAGUIDDEC = -10.67274 |/
HIERARCHSOADAABSROEND = 43.19542 /
HIERARCHESOINS PIXSCALE = 0.200 /
HIERARCHESOINS MODE = 'IMG ' /
HIERARCHSOINS COLLID ='+1 ' /
HIERARCHSOINS COLLNAME = 'COLL_SR' /
HIERARCHESOINS FOCUWPPOS = -0.01475000 /
HIERARCHESOINS FOCUTEMP = 15.5 /
HIERARCHESOINS OPTI2 NAME = ‘free ' /
HIERARCHESOINS OPTI2 ID =" ' /
HIERARCHSOINS OPTI2 TYPE ="' ' /
HIERARCHSOINS OPTI3 NAME = 'COLL_SR' /
HIERARCHESOINS OPTI3 ID ='+1 ' /
HIERARCHESOINS OPTI3 TYPE = 'COLL ' /
HIERARCHESOINS OPTI4 NAME = ‘free ' /
HIERARCHESOINS OPTI4 ID =" ' /
HIERARCHSOINS OPTI4 TYPE ="' ' /
HIERARCHESOINS OPTI5 NAME = ‘free ' /

= /

HIERARCHESOINS OPTI5 ID

c 2006R.A. Jansen

20

angle at start

Status of autoguider

20:44:03.0 Guide star RAJ2000
-10:40:21.8 Guide star DECJ2000
Abs rot angle at exp end (deg)
pixel scale in arcsec/pixel
Instrument mode used

Collimator unique 1D

Collimator name

Focus position in cm

Focus temperature in C
namefor any opti
identification for any opti
Element type

namefor any opti
identification for any opti
Element type

namefor any opti
identification for any opti
Element type

namefor any opti
identification for any opti



HIERARCHESOINS

HIERARCHESOINS OPTI6 NAME

HIERARCHESOINS
HIERARCHESOINS

HIERARCHESOINS OPTI7 NAME

HIERARCHESOINS
HIERARCHESOINS

HIERARCHESOINS OPTI8 NAME

HIERARCHESOINS
HIERARCHESOINS

HIERARCHESOINS OPTI9 NAME

HIERARCHESOINS
HIERARCHESOINS

HIERARCHESOINS OPTI10 NAME=

HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS

OPTISTYPE =" ' / Element type

= 'free ' / namefor any opti
OPTI6 ID ="' ' / identification for any opti
OPTI6 TYPE =" ' / Element type

= 'B_BESS ' / namefor any opti
OPTI7 ID = '+34 ' / identification for any opti
OPTI7 TYPE = 'FILT ' / Element type

= 'CAMERA' / namefor any opti
OPTI8 ID = '+3 ' / identification for any opti
OPTI8 TYPE = 'CAMERA' / Element type

= 'free ' / namefor any opti
OPTI9 ID =" ' / identification for any opti
OPTIQ TYPE =" ' / Element type

'free ' / namefor any opti

OPTIIOID =" ' / identification for any opti
OPTI1IO TYPE=" ' / Element type
FILT1 ID = '+34 ' / Filter unique ID
FILT1 NAME = 'B_BESS ' / Filter i name
IMAGEDISTOR1=3.602000e-04 / distortion  coefficient
IMAGEDISTOR2=1.228000e-06 / distortion coefficient
IMAGEDISTOR3=2.091000e-09 / distortion coefficient
MOSIPOS = 1.590765e-04 / Position of the slit in mm.
MOSZPOS = 8.707600e-05 / Position of the slit in mm.
MOS3®O0S = 8.708550e-05 / Position of the slit in mm.
MOS40S = 3.056250e-04 / Position of the slit in mm.
MOSEH0S = -8.691450e-05 / Position of the slit in mm.
MOS&0S = -1.069820e-04 / Position of the slit in mm.
MOSPOS = 1.151220e-04 / Position of the slit in mm.
MOS&0S = -5.183100e-05 / Position of the slit in mm.
MOSPOS = -7.887350e-05 / Position of the slit in mm.
MOS1M®POS = -2.739640e-04 / Position of the slit in mm.
MOS11POS = -5.581800e-05 / Position of the slit in mm.
MOS12P0S = -1.230390e-04 / Position of the slit in mm.
MOS13P0S = 1.249610e-04 / Position of the slit in mm.
MOS14,0S = 5.529750e-05 / Position of the slit in mm.
MOS130S = 2.380060e-04 / Position of the slit in mm.
MOS16P0S = -3.010420e-04 / Position of the slit in mm.
MOS1P0OS = -8.691450e-05 / Position of the slit in mm.
MOS180S = -3.960000e-06 / Position of the slit in mm.
MOS19P0S = -1.389895e-04 / Position of the slit in mm.
MOSIMWIDTH = 2.459997e+02 / Width of the MOSslit in mm.
MOSIWID = 466.25 / MOSislit width in arcsec
MOS2WIDTH = 2.459988e+02 / Width of the MOSslit in mm.
MOS2ANID = 466.25 / MOSislit width in arcsec
MOS3NIDTH = 2.459998e+02 / Width of the MOSslit in mm.
MOS3NID = 466.25 / MOSislit width in arcsec
MOSAWVIDTH = 2.459994e+02 / Width of the MOSslit in mm.
MOSAVID = 466.25 / MOSislit width in arcsec
MOSSNIDTH = 2.460002e+02 / Width of the MOSslit in mm.
MOSBNID = 466.25 / MOSislit width in arcsec
MOSBNIDTH = 2.460002e+02 / Width of the MOSslit in mm.
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HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS
HIERARCHESOINS

MOS6WNID
MOSMWIDTH
MOSMWID
MOS8VNIDTH
MOS8WVID
MOSONIDTH
MOS9VID
MOS10NIDTH=
MOS10NID =
MOS1WIDTH=
MOS1IWID =
MOS12WIDTH=
MOS1IWID =
MOS13VIDTH=
MOS13VID =
MOS14NIDTH=
MOS14NID =
MOS15NIDTH=
MOS15VID =
MOS16NIDTH=
MOS16NID =
MOS1MWIDTH=
MOS1MWID =
MOS18NIDTH=
MOS18NID =
MOS19VIDTH=
MOS19VID =

HIERARCHSOINS MOSCHECKSUM=
'CCD FIERA- Rev 2.87
/| Nameof detector

HIERARCHESODETID
HIERARCHESODETNAME
HIERARCHSODETDATE
HIERARCHSODETDID
HIERARCHESODETBITS
HIERARCHESODETRA
HIERARCHSODETDEC
HIERARCHESODET SOFWMODE
HIERARCHSODET CHIPS
HIERARCHESODETCHIP1 ID
HIERARCHESODET CHIP1 NAME
HIERARCHESODET CHIP1 DATE
HIERARCHSODETCHIP1 X
HIERARCHSODETCHIP1Y
HIERARCHESODET CHIP1 NX
HIERARCHSODET CHIP1 NY
HIERARCHESODET CHIP1 PSZX
HIERARCHSODET CHIP1 PSZY
HIERARCHSODETEXPNO
HIERARCHSODETEXPTYPE
HIERARCHESODETEXP DUMDIT
HIERARCHSODETEXPRDTTIME=
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466.25 /
2.459998e+02 /
466.25 /
2.460001e+02 /
466.25 /
2.460002e+02 /
466.25 /
2.459995e+02 /
466.25 /
2.459991e+02 /
466.25 /
2.460002e+02 /
466.25 /
2.459998e+02 /
466.25 /
2.459999e+02 /
466.25 /
2.459995e+02 /
466.25 /
2.459996e+02 /
466.25 /
2.460002e+02 /
466.25 /
2.460000e+02 /
466.25 /
2.459993e+02 /
466.25 /

SHUTEXPTIME=3.004968e+00 /

0/

‘ccdF - fors'
'05/02/2001" /

MOSislit
Width of
MOSislit
Width of
MOSislit
Width of
MOSislit
Width of
MOSislit
Width of
MOSislit
Width of
MOSislit
Width of
MOSislit
Width of
MOSislit
Width of
MOSislit
Width of
MOSislit
Width of
MOSislit
Width of
MOSislit

width in arcsec
the MOSslit in mm.
width in arcsec
the MOSslit in mm.
width in arcsec
the MOSslit in mm.
width in arcsec
the MOSslit in mm.
width in arcsec
the MOSslit in mm.
width in arcsec
the MOSslit in mm.
width in arcsec
the MOSslit in mm.
width in arcsec
the MOSslit in mm.
width in arcsec
the MOSslit in mm.
width in arcsec
the MOSslit in mm.
width in arcsec
the MOSslit in mm.
width in arcsec
the MOSslit in mm.
width in arcsec
Width of the MOSslit in mm.
MQOSislit  width in arcsec
Real exposure time in sec.
Checksumof MOSslitlet configuration
| Detector system Id
system

Installation date

'ESO-VLT-DIC.CCDDSE SOVLT-DIC.FCDLICS / Dictionary

16 /

-445589.27727324 | Apparent -~~~~i~~.~
-445589.27727324 | Apparent -~~~~i~~.~

' /

1/
"TK2048EB4-1
' ' /
'31/10/1999"  /

1/

1/
2048 /
2049 /
24.0 /
24.0 /
9391 /
' /

0/
25.031 /

‘Normal

‘Normal

22

160" / Detector

Bits per pixel readout

RAat start
DECat start
CCDsw operational mode

# of chips in detector array

chip identification
Detector chip name
Date of installation
X location in array
Y location in array
# of pixels along X
# of pixels along Y
Size of pixel in X
Size of pixel in Y
Unique exposure ID number
Exposure type

# of dummyreadouts

image readout time

[DD-MM-YYYY]



HIERARCHSODETEXP XFERTIM=
HIERARCHSODETREADMODE =
HIERARCHSODETREADSPEED =
HIERARCHSODETREADCLOCK
HIERARCHSODETOUTPUTS
HIERARCHSODETOUTREF
HIERARCHESODETOUT1ID
HIERARCHSODET OUTINAME
HIERARCHESODET OUT1CHIP
HIERARCHSODETOUT1X
HIERARCHSODETOUTL1Y
HIERARCHSODETOUTINX
HIERARCHESODET OUTINY
HIERARCHESODET OUT1PRSCX
HIERARCHSODETOUT10VSCX =
HIERARCHSODETOUT1CONAD=
HIERARCHSODETOUT1RON
HIERARCHESODETOUT1GAIN
HIERARCHESODETOUT2ID
HIERARCHSODET OUT2NAME
HIERARCHSODETOUT2CHIP
HIERARCHSODETOUT2X
HIERARCHSODETOUT2Y
HIERARCHESODET OUT2NX
HIERARCHESODET OUT2NY
HIERARCHSODETOUT2PRSCX
HIERARCHSODETOUT20VSCX =
HIERARCHSODETOUT2CONAD=
HIERARCHESODETOUT2RON
HIERARCHESODET OUT2GAIN
HIERARCHSODETOUTSID
HIERARCHSODET OUT3NAME
HIERARCHSODET OUT3CHIP
HIERARCHESODETOUT3X
HIERARCHSODETOUT3Y
HIERARCHESODET OUT3NX
HIERARCHSODETOUT3NY
HIERARCHSODETOUT3PRSCX
HIERARCHESODETOUT30VSCX =
HIERARCHESODET OUT3CONAD=
HIERARCHESODET OUT3RON
HIERARCHSODETOUT3GAIN
HIERARCHSODETOUT4ID
HIERARCHSODET OUT4NAME
HIERARCHESODET OUT4CHIP
HIERARCHESODET OUT4X
HIERARCHSODETOUT4Y
HIERARCHSODETOUT4NX
HIERARCHSODETOUT4NY
HIERARCHESODET OUT4PRSCX
HIERARCHESODET OUT40VSCX =
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time
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reference output
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Description  of output

Chip to which the output belongs
X location of output

Y location of output

valid pixels along X

valid pixels along Y

Prescan region in X

Overscan region in X

Conversion from ADUsto electrons
Readout noise per output (e-)
Conversion from electrons to ADU
Output ID as from manufacturer
Description  of output

Chip to which the output belongs
X location of output

Y location of output

valid pixels along X

valid pixels along Y

Prescan region in X

Overscan region in X

Conversion from ADUsto electrons
Readout noise per output (e-)
Conversion from electrons to ADU
Output ID as from manufacturer
Description  of output

Chip to which the output belongs
X location of output

Y location of output

valid pixels along X

valid pixels along Y

Prescan region in X

Overscan region in X

Conversion from ADUsto electrons
Readout noise per output (e-)
Conversion from electrons to ADU
Output ID as from manufacturer
Description  of output

Chip to which the output belongs
X location of output

Y location of output

valid pixels along X

valid pixels along Y

Prescan region in X

Overscan region in X
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HIERARCHSODETOUT4CONAD= 1.65 / Conversion from ADUsto electrons
HIERARCHSODETOUT4RON = 5.38 / Readout noise per output (e-)
HIERARCHSODETOUT4GAIN = 0.61 / Conversion from electrons to ADU
HIERARCHSODETFRAMD = 1 / Image sequencial number
HIERARCHSODETFRAMIYPE = 'Normal ' [ Type of frame
HIERARCHSODETWINDOWS = 1/ # of windows readout
HIERARCHSODETWIN1STRX = 1/ Lower left pixel in X
HIERARCHSODETWIN1STRY = 1/ Lower left pixel in Y
HIERARCHSODETWIN1NX = 2080 / # of pixels along X
HIERARCHESODETWIN1INY = 2048 /| # of pixels along Y
HIERARCHSODETWIN1BINX = 1/ Binning factor along X
HIERARCHSODETWIN1BINY = 1/ Binning factor along Y
HIERARCHSODETWINLINDIT = 1/ # of subintegrations
HIERARCHSODETWIN1UIT1 = 3.000000 / user defined subintegration time
HIERARCHSODETWIN1DIT1 = 3.004814 / actual subintegration time
HIERARCHSODETWIN1DKTM = 3.1088 / Dark current time
HIERARCHSODETSHUTTYPE = 'lris ' / type of shutter

HIERARCHSODET SHUTID = 'fors shutter' / Shutter unique identifier
HIERARCHSODET SHUTTMOPEN 0.190 / Time taken to open shutter
HIERARCHSODET SHUTTMCLOS 0.199 / Time taken to close shutter
HIERARCHESODETTELEINT = 60.0 / Interval between two successive te
HIERARCHSODETTELENO = 3/ # of sources active
HIERARCHSODETTLM1INAME ='CCDT1 ' / Description of telemetry param.
HIERARCHSODETTLML1ID ='CCDT1 ' / ID of telemetry sensor
HIERARCHSODETTLM1START = 163.00 / Telemetry value at read start
HIERARCHSODETTLM1END = 163.00 / Telemetry value at read completion
HIERARCHSODETTLM2NAME ='CCDT2 ' / Description of telemetry param.
HIERARCHSODETTLM2ID ='CCDT2 ' / ID of telemetry sensor
HIERARCHSODETTLM2START = 164.10 / Telemetry value at read start
HIERARCHSODETTLM2END = 164.10 / Telemetry value at read completion
HIERARCHSODETTLM3NAME = 'Vacuum ' / Description of telemetry param.
HIERARCHSODETTLM3ID = 'Vacuum / ID of telemetry sensor
HIERARCHSODETTLM3START = 0.00 / Telemetry value at read start
HIERARCHSODETTLM3END = 0.00 / Telemetry value at read completion

COMMENIRVAL13.109979e+02
COMMENIORVAL21.077578e+01
COMMENIDELT1-5.547858e-05
COMMENIDELTZ2.547858e-05

ORIGFILE='FORS1_IMG_STD&7Lf it s' / Original

File Name

ARCFILE= 'FORS1.2002-10-05T23: 26:52 .4 54.fi ts' / Archive File Name
CHECKSUMIDZAfAY1dAY8dAY / ASCIl 1's complement checksum

(28 blank card images)
END
Figure 11: Example of a FITS headerwritten in the ESO Hierarchical format, ob-

tained at the VLT-UT3 with the FORS1instrument (an imagerand multi-slit spec-
trograph, with a CCD that is read out in four quadrarts through four ampli ers).
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Oke, J.B. 1990,AJ 99, 1621,\F aint Spectrophotometric Standard Stars"
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Taylor, V.A., Jansen,R.A., & Windhorst, R.A. 2004, PASP 116, 762, \Observing Conditions at
Mt. Graham: VATT UBVR Sky Surface Brightness and Seeing Measurementsfrom 1999through
2003"

Wells, D.C., GreisenE.W., & Harten R.H. 1981,A&AS 44,363,\FITS { a FlexibleImage Transort
System”

Haniscth, R.J., et al. 1993, \NOST De nition of the Flexible Image Transport System (FITS)",
NOST 100-1.0

Vanouplines,P., \A note on magnitudes" (http://www.vub.ac.b e/STER/www.astro/magnitud.h tm)
Apogeelnstruments Inc., CCD University (http://www.ccd.com/ccdu.h tml)

ESO's CCD Performanceand Results web-page(http://www.eso.org/pro jects/odt/Publications/ -
CCDpub_99/public.html)

Molecular Expressions' Optical Microscopy Primer, Digital Imaging in Optical Microsopy
(http://micro.magnet.fsu.edu/primer/digitalimaging/ )

Nikon's Microscopy U, \Intr oduction to Charge-Couplel Devices", by: K.R. Spring, T.J. Fellers&
M.W. Davidson (http://www.microscop yu.com/articles/digitalimaging/ ccdintro.html)

SITe 2048 4096 Sciertic-Grade CCD (ST-002A CCD data sheet) (http://www.o ciw.edu/-
instrumentation/ccd/parts/ST-002A.p df)

Outreach and Education site of the Australia Telescog (http://outreac h.atnf.csiro.au/education/-
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Frank Lakiere's web-site on photography (webhost.ua.ac.ke/elmc/w ebsite FL/index-eng.htm)

Various Wikip edia pages(beware: information in thesemay neither be complete nor correct)
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