
9 A practical example of CCD Spectroscopic data
reduction

The basicprocessingstepsfor the processingof CCD spectroscopicdata follow those
discussedfor CCD imageprocessing.Here,also,our goal is to separateinstrumental
signalsand imperfections(asresult from CCD, instrument, telescopeandatmosphere)
from the astronomicalsignals.The main di�erence is that alongonedirection of each
CCD frame (usually more or lessaligned with either the lines or the columnsof the
CCD), wavelength rather than spatial information is recorded. We will discusshere
the caseof longslit spectroscopy, i.e., spectroscopicobservations through a singleslit
that samplesboth the light from the sciencetarget and the sky background on either
side. Multislit-, �b er- and slitless spectroscopy are merely special casesof long-slit
spectroscopy.
Useful reading includesChapter 6 from Howell (2006), and \A User's Guide to Re-
ducing Slit Spectra with IRAF" by Massey, Valdez& Barnes(1992), pp. XX{YY.

9.1 (Additional) Calibration Data to be Acquired at the Tele-
scope

For CCD spectroscopy, in addition to the typesof calibration observations that were
discussedin x 8 for CCD imaging, oneneedsto obtain:

� wavelengthreference or comparison exposures(comps) | theseareusuallyspec-
tra of internal arc lamps that produceHeNeAr(Fe/Cu) (seeFig. 2 for an exam-
ple) or HgCd(He/Ne/Ar) emission-linespectra. Since
exure in a spectrograph
causespointing-dependent shifts in wavelength, each scienceimageneedsto be
precededand/or followed by such a comparisonlamp spectrum while the tele-
scope is pointed at that sciencetarget. For long exposures,it is recommended
to take such exposuresboth beforeand after each scienceexposure.

� If accurateredshiftsare the goal, then onewould alsoobserve velocity standards
(thesecan be Galactic stars, but alsosomewell-observed galaxies),in order to
take out the motion of the Earth about its axis and around the Sun, and | for
extragalacticwork |, the motions of the Sunaround the Milky Way center and
of the Milky Way with respect to a suitable standard of rest (e.g., the cosmic
microwave background).

� If 
ux-calibrated spectra are the goal, then onewould alsoobserve spectropho-
tometric standard stars to correct for the wavelength-dependent responseof the
system(atmosphere,telescope, instrument and detector).
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Figure 1: Example of the di�erent types of calibration frames required or common
for CCD spectroscopy of a sciencetarget.
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Figure 2: Example of a HeNeAr(Fe) comparisonlamp spectrum as observed with
the FAST spectrograph (Fabricant et al. 1998) at the FLWO 6000 telescope. Lines
from FeI, HeI (generally faint and blendedwith other lines), NeI, Ar I and Ar I I are
overlaid and labeledwith their wavelengths. The top panel shows the full spectrum,
while in the bottom panelthe regionbetween3695�A and 5500�A is displayed in greater
detail. Convenient tables of wavelengthsand line identi�cations are included within
IRAF (seenoao$lib/linelists/README ), but the relative line intensities may vary
betweenlamps and spectrographs.
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Figure 2: (cont'd) The region between 5000�A and 6500�A (top) and that between
5800�A and 7550�A (bottom).
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9.2 Observing Log of the Spectroscopic Observ ations

MMTblueApr03/obslogs/obslog030404.txt

                                CCD LOG SHEET
--------------------------------------------------------------------------------
Date:      Apr  4, 2003                 Observatory: Mt.Hopkins (MMTO), MMT
Observers: Hathi, Echevarria & Jansen   Instrument:  Blue Channel Spectrograph
Program:   BBPAR Field Ellipticals      Slit:        1.0"x180"
Weather:   Clear at sunset              Tape no: X              Format: FITS

# ccd35 (2688x512, binned 1x2, spatial pixel size 2*0.28")
# 300 l/mm grism:  lamb_cen=6000 (3045--8955) Angstrom
# 600 l/mm grism:  lamb_cen=8600 (7104--10096) Angstrom

#local time  = UT - 7 h

================================================================================
Obs.# Object     Filt Grism Texp  UTC     HA   A.M.  Comments
================================================================================
0001 BIAS        X      300    0  23:20  0:00 1.000
0002 HeNeAr      X      300   60  23:30  0:00 1.000 spec.foc = 3.600
0003 HeNeAr      X      300   60         0:00 1.000 spec.foc = 3.800
0004 HeNeAr      X      300   60         0:00 1.000 spec.foc = 4.000
0005 HeNeAr      X      300   60         0:00 1.000 spec.foc = 3.400
0006 HeNeAr      X      300   60         0:00 1.000 spec.foc = 3.200
0007 HeNeAr      X      300   60   0:00  0:00 1.000 spec.foc = 3.500 
008- FLAT        X      300    7   0:03  0:00 1.000 spec.foc @300 set to 3.550
-027 FLAT        X      300    7   0:17  0:00 1.000 
0028 HeNeAr      UV-36  600   60   0:29  0:00 1.000 spec.foc = 3.550
0029 HeNeAr      UV-36  600   60   0:32  0:00 1.000 spec.foc = 3.300
0030 HeNeAr      UV-36  600   60   0:34  0:00 1.000 spec.foc = 3.700
0031 HeNeAr      UV-36  600   60   0:35  0:00 1.000 spec.foc = 3.900
0032 HeNeAr      UV-36  600   60   0:37  0:00 1.000 spec.foc = 3.800
033- FLAT        UV-36  600   15   1:03  0:00 1.000 spec.foc @600 set to 3.700
-052 FLAT        UV-36  600   15   1:17  0:00 1.000
0053 HeNeAr      X      300   60   1:20  0:00 1.000 spec.foc @300-->3.55  NB:
054- BIAS        X      300    0   1:27  0:00 1.000     there is a ~60 AA shift
-083 BIAS        X      300    0   1:40  0:00 1.000     between supposedly
084- FLAT        X      300    7   1:43  0:00 1.000     identical settings!
-088 FLAT        X      300    7   1:
# Opened up @18:50 --> Clear at sunset!
0089 SKY         X      300  1.0   1:55  0:00 1.000     ~14000 ADU
0090 SKY         X      300  1.5   1.56  0:00 1.000     ~17000 ADU
0091 SKY         X      300  1.8   1:58  0:00 1.000     ~17500 ADU
0092 SKY         X      300  2.1   1:59  0:00 1.000     ""
0093 SKY         X      300  2.4   1:59  0:00 1.000     ""
0094 SKY         X      300  2.9   2:00  0:00 1.000     ""
0095 SKY         X      300  3.4   2:00  0:00 1.000     ~18000 ADU
0096 SKY         X      300  3.7   2:01  0:00 1.000     ""
0097 SKY         X      300  4.5   2:02  0:00 1.000
0098 SKY         X      300  5.5   2:03  0:00 1.000 
0099 SKY         X      300  6.7   2:03  0:00 1.000
0100 SKY         X      300    8   2:04  0:00 1.000
0101 SKY         X      300   10   2:05  0:00 1.000     ~20000 ADU
0102 SKY         X      300   14   2:05  0:00 1.000     ~22000 ADU
0103 SKY         X      300   17   2:06  0:00 1.000     ~21000 ADU
0104 SKY         X      300   21   2:07  0:00 1.000     ~20000 ADU
0105 SKY         X      300   26   2:08  0:00 1.000     ~19000 ADU
0106 SKY         X      300   32   2:09  0:00 1.000     ~18000 ADU
0107 SKY         X      300   39   2:10  0:00 1.000     ~15500 ADU
0108 SKY         X      300   50   2:12  0:00 1.000     ~14000 ADU
0109 SKY         X      300   90   2:13  0:00 1.000     ~15500 ADU
0110 SKY         X      300  180   2:15  0:00 1.000     ~18000 ADU
0111 SKY         X      300  300   2:19  0:00 1.000     ~
0112 HeNeAr      X      300   30   2:38 -0:04 1.373 for BD+75d325
0113 BD+75d325   X      300    5   2:40 -0:02 1.373
0114 BD+75d325   X      300    5   2:42 -0:00 1.373
0115 BD+75d325   X      300    5   2:43 +0:00 1.373
0116 HeNeAr      X      300   30   2:46 -2:24 1.162 for Feige34
0117 Feige34     X      300    9   2:49 -2:21 1.156 Seeing appears to be < 1"
0118 Feige34     X      300    9   2:52 -2:19 1.151
0119 Feige34     X      300    9   2:54 -2:17 1.148
0120 HeNeAr      X      300   60   3:01 -2:15 1.175 for GRB030329
0121 GRB030329   X      300  900   3:06 -2:09 1.160
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MMTblueApr03/obslogs/obslog030404.txt

0122 GRB030329   X      300  900   3:24 -1:52 1.120
0123 HeNeAr      X      300   60   3:40 -1:35 1.091 for GRB030329
0124 HeNeAr      X      300   60   3:51 -3:30 1.397 for BBP1_01
0125 BBP1_01     X      300 1200   3:55 -3:25 1.377
0126 BBP1_01     X      300 1200   4:19 -3:01 1.276
0127 HeNeAr      X      300   60   4:40 -2:40 1.207 for BBP1_01
# There was a problem with the first 1200 sec exposure on BBP1_02_03: after
# exposure ended and after readout no frame was written and an error message
# returned claiming 'No write permission on File_String or something like that!
0128 HeNeAr      X      300   60   5:20 -2:01 1.110 PA=-116! BBP1_02 is bottom
0129 BBP1_02_03  X      300 1200   5:23 -1:57 1.101 one, BBP1_03 is top one.
0130 BBP1_02_03  X      300 1200   5:44 -1:37 1.069
0131 HeNeAr      X      300   60   6:06 -1:14 1.040 for BBP1_02_03
0132 No1         X      300 1200   6:17 -0:51 1.169 @#*&&! wrong grism!!!
# Changed to 600l grism @ 8600 AA + UV-36 filter, spec.focus set to 3.70
0133 HeNeAr      UV-36  600   60   6:42 -0:27 1.159 HaoJing's z=6 QSO no.1 blind
0134 No1         UV-36  600 1200   6:49       1.157 offset from FK5 star...
#                                                   Not a single object photon
#                                                   detected. Findingchart sucks
# Reset spectrograph to 300l grism @ 6000 AA , spec.focus set to 3.55
0135 BBP19_01    X      300 1200   7:30 -0:21 1.005 Exceedingly faint!!
0136 BBP19_01    X      300 1800   7:55 +0:03 1.001 ""; center may be off slit
*137 HeNeAr      X      300   60   8:29 +0:37 1.011 for BBP19_01 @#@& No header!
0138 HeNeAr      X      300   60   8:34 +0:42 1.014 for BBP19_01
0139 BBP28_01    X      300 1800   8:53 +0:05 1.069 
0140 HeNeAr      X      300   60   9:28 +0:40 1.078 for BBP28_01
0141 BBP28_01    X      300 1800   9:32 +0:44 1.080
0142 HeNeAr      X      300   60  10:04 +1:16 1.103 for BBP28_01
0143 BBP28_01    X      300 1800  10:09 +1:21 1.108 
0144 HeNeAr      X      300   60  10:51 +2:59 1.280 for BBP19_01; offset from
0145 BBP19_01    X      300 1800  10:53 +3:01 1.289               nearby galaxy
0146 BBP19_01    X      300 1800  11:29 +3:37 1.455
0147 HeNeAr      X      300   60  12:00 +4:08 1.662 for BBP19_01
0148 HeNeAr      X      300   30  12:07 -4:13 1.702 for BD+28d4211
0149 BD+28d4211  X      300    7  12:09 -4:11 1.682
0150 BD+28d4211  X      300    7  12:12 -4:09 1.664
0151 BD+28d4211  X      300    7  12:14 -4:07 1.650
0152 HeNeAr      X      300   30  12:17 -2:45 1.210 for CygOB2#9
0153 CygOB2no9   X      300    7  12:19 -2:43 1.204
0154 CygOB2no9   X      300    7  12:21 -2:41 1.200
0155 CygOB2no9   X      300    7  12:23 -2:40 1.196
0156 SKY         X      300  180  12:28 -3:18 1.414 ~18000 ADU; tel. pointed E
0157 SKY         X      300  120  12:32 -3:18 1.414 ~16000 ADU
0158 SKY         X      300  100  12:34 -3:18 1.414 ~25500 ADU
0159 SKY         X      300   60  12:37 -3:18 1.414 ~24000 ADU
0160 SKY         X      300   30  12:39 -3:18 1.414 ~22000 ADU
0161 SKY         X      300   25  12:40 -3:18 1.414 ~21000 ADU
0162 SKY         X      300   20  12:41 -3:18 1.414 ~21500 ADU
0163 SKY         X      300   15  12:42 -3:18 1.414 ~21000 ADU
0164 SKY         X      300   12  12:43 -3:18 1.414 ~19500 ADU
0165 SKY         X      300   10  12:44 -3:18 1.414 ~19500 ADU
0166 SKY         X      300    8  12:45 -3:18 1.414 ~19000 ADU
0167 SKY         X      300    6  12:45 -3:18 1.414 ~19250 ADU
0168 SKY         X      300    4  12:46 -3:18 1.414 ~17500 ADU
0169 SKY         X      300    2  12:47 -3:18 1.414 ~ 8000 ADU
0170 SKY         X      300    2  12:47 -3:18 1.414 ~ 9250 ADU
0171 SKY         X      300    2  12:48 -3:18 1.414 ~11000 ADU
0172 SKY         X      300    2  12:49 -3:18 1.414 ~12750 ADU
0173 SKY         X      300    2  12:50 -3:18 1.414 ~14500 ADU
0174 SKY         X      300    2  12:50 -3:18 1.414 ~17000 ADU
175- FLAT        X      300    7  13:03  0:00 1.000
-184 FLAT        X      300    7  13:09  0:00 1.000
185- BIAS        X      300    0  13:26  0:00 1.000
-214 BIAS        X      300    0  13:    0:00 1.000
215- DARK        X      300 1800  13:    0:00 1.000
-224 DARK        X      300 1800  18:47  0:00 1.000

================================================================================
Photometric night? Fair seeing ~0.8--1.5" throughout the night.
Some bands of cirrus low in the sky are visible at sun rise...
--------------------------------------------------------------------------------
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MMTblueApr03/obslogs/obslog030405.txt

                                CCD LOG SHEET
--------------------------------------------------------------------------------
Date:      Apr  5, 2003                 Observatory: Mt.Hopkins (MMTO), MMT
Observers: Hathi, Echevarria & Jansen   Instrument:  Blue Channel Spectrograph
Program:   BBPAR Field Ellipticals      Slit:        1.0"x180"
Weather:   Scattered clouds afternoon   Tape no: X              Format: FITS

# ccd35 (2688x512, binned 1x2, spatial pixel size 2*0.28")
# 300 l/mm grism:  lamb_cen=6000 (3045--8955) Angstrom
# 600 l/mm grism:  lamb_cen=8600 (7104--10096) Angstrom

#local time  = UT - 7 h

================================================================================
Obs.# Object     Filt Grism Texp  UTC     HA   A.M.  Comments
================================================================================
001- BIAS        X      300    0  23:50  0:00 1.000 
-030 BIAS        X      300    0   0:06  0:00 1.000
031- FLAT        X      300    7   0:08  0:00 1.000 spec.foc @300 set to 3.55
-050 FLAT        X      300    7   0:09  0:00 1.000
0051 HeNeAr      X      300   60   0:23  0:00 1.000 spec.foc = 2.900
0052 HeNeAr      X      300   60   0:25  0:00 1.000 spec.foc = 3.100
0053 HeNeAr      X      300   60   0:27  0:00 1.000 spec.foc = 3.300
0054 HeNeAr      X      300   60   0:29  0:00 1.000 spec.foc = 3.500
0055 HeNeAr      X      300   60   0:31  0:00 1.000 spec.foc = 3.700
0056 HeNeAr      X      300   60   0:33  0:00 1.000 spec.foc = 3.900
0057 HeNeAr      X      300   60   0:35  0:00 1.000 spec.foc = 4.100
0058 HeNeAr      X      300   60   0:37  0:00 1.000 spec.foc = 4.100
0059 HeNeAr      X      300   60   0:43  0:00 1.000 spec.foc = 3.550
0060 HeNeAr      X      300   60   0:51  0:00 1.000 spec.foc = 3.400 <-- best
0061 HeNeAr      UV-36  600   60   1:03  0:00 1.000 spec.foc = 3.000
0062 HeNeAr      UV-36  600   60   1:06  0:00 1.000 spec.foc = 3.200
0063 HeNeAr      UV-36  600   60   1:08  0:00 1.000 spec.foc = 3.300
0064 HeNeAr      UV-36  600   60   1:09  0:00 1.000 spec.foc = 3.400 <-- best
0065 HeNeAr      UV-36  600   60   1:11  0:00 1.000 spec.foc = 3.500
0066 HeNeAr      UV-36  600   60   1:13  0:00 1.000 spec.foc = 3.600
0067 HeNeAr      UV-36  600   60   1:15  0:00 1.000 spec.foc = 3.700
0068 HeNeAr      UV-36  600   60   1:17  0:00 1.000 spec.foc = 3.800
0069 HeNeAr      UV-36  600   60   1:18  0:00 1.000 spec.foc = 4.000
070- FLAT        UV-36  600   12   1:31  0:00 1.000 spec.foc @600 set to 3.40
-089 FLAT        UV-36  600   12   1:46  0:00 1.000 
0090 HeNeAr      X      300   60   1:49  0:00 1.000 @300 l/mm
091- BIAS        X      300    0   1:51  0:00 1.000
-093 BIAS        X      300    0   1:52  0:00 1.000
# Opened up @18:50 --> Clear at sunset
094- SKY         X      300  1.0   1:53  0:00 1.000 ~29000 some of the first few
-121 SKY         X      300  300   2:25  0:00 1.000        may be overexposed...
0122 HeNeAr      X      300   30   2:43 +0:04 1.374 for BD+75d325
0123 BD+75d325   X      300    5   2:45 +0:06 1.374 seeing seems OK for 1" slit
0124 BD+75d325   X      300    5   2:47 +0:08 1.374
0125 BD+75d325   X      300    5   2:48 +0:10 1.374
0126 HeNeAr      X      300   30   2:51 -2:15 1.143 for Feige34
0127 Feige34     X      300    9   2:54 -2:12 1.138
0128 Feige34     X      300    9   2:56 -2:11 1.135
0129 Feige34     X      300    9   2:57 -2:09 1.132
0130 GRB030329   X      300 1200   3:07 -2:05 1.150
0131 HeNeAr      X      300   60   3:28 -1:44 1.106 for GRB030329
0132 GRB030329   X      300 1200   3:33 -1:38 1.097
0133 BBP22_02    X      300 1800   4:10 -0:51 1.027 @#@#*&! nothing in the slit
0134 BBP10_01    X      300 1800   5:04 -0:40 1.042 switched to 1.5" slit.
0135 HeNeAr      X      300   60   5:35 -0:08 1.029 for BBP10_01
0136 BBP10_01    X      300 1800   5:37 -0:06 1.029
0137 BBP18_01    X      300 1800   6:29 -0:22 1.061
0138 HeNeAr      X      300   60   7:02 +0:09 1.057 for BBP18_01
0139 BBP18_01    X      300 1800   7:08 +0:15 1.058
0140 BBP06_01    X      300 1800   8:02 +2:18 1.152
0141 HeNeAr      X      300   60   8:35 +2:51 1.226 for BBP06_01
0142 BBP06_01    X      300 1800   8:40 +2:56 1.244
0143 HeNeAr      X      300   60   9:11 +3:27 1.346 for BBP06_01
# Changed to 600l grism @ 8600 AA + UV-36 filter for HaoJing's z=6 QSO no.1
0144 No1         UV-36  600 1800   9:21 +2:16 1.257 blind move after point.check
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MMTblueApr03/obslogs/obslog030405.txt

0145 HeNeAr      UV-36  600   60   9:59 +2:54 1.326 @!&*@ Not a single photon.
# Reset spectrograph to 300l/mm grism @ 6000 AA
0146 BBP06_01    X      300 1800  10:12 +4:28 1.654 NB: wavelen. offset possible
0147 HeNeAr      X      300   60  10:43 +4:59 1.901 for BBP06_01
0148 BBP28_01    X      300 1800  10:49 +2:05 1.164
0149 HeNeAr      X      300   60  11:21 +2:37 1.224 for BBP28_01
0150 BBP28_01    X      300 1800  11:25 +2:41 1.232
0151 HeNeAr      X      300   60  11:56 +3:12 1.311 for BBP28_01
0152 HeNeAr      X      300   30  12:02 -4:14 1.712 for BD+28d4211; 1.5" slit
0153 BD+28d4211  X      300    7  12:05 -4:11 1.686
0154 BD+28d4211  X      300    7  12:06 -4:10 1.678
0155 BD+28d4211  X      300    7  12:07 -4:09 1.672
0156 BD+28d4211  X      300    7  12:08 -4:08 1.660 changed to 1.0" slit
0157 BD+28d4211  X      300    7  12:09 -4:07 1.653
0158 BD+28d4211  X      300    7  12:10 -4:06 1.646
0159 HeNeAr      X      300   30  12:11 -4:05 1.637 for BD+28d4211; 1.0" slit
0160 HeNeAr      X      300   30  12:14 -2:45 1.208 for CygOB2#9; 1.0" slit
0161 CygOB2no9   X      300    7  12:16 -2:42 1.203
0162 CygOB2no9   X      300    7  12:17 -2:41 1.199
0163 CygOB2no9   X      300    7  12:18 -2:40 1.197
0164 CygOB2no9   X      300    7  12:19 -2:39 1.194 changed back to 1.5" slit 
0165 CygOB2no9   X      300    7  12:20 -2:38 1.192
0166 CygOB2no9   X      300    7  12:21 -2:37 1.190
0167 HeNeAr      X      300   30  12:22 -2:36 1.187 for CygOB2#9; 1.5" slit
168- SKY         X      300  180  12:25 -3:18 1.414 tel. pointed E; 1.5" slit
-193 SKY         X      300  1.0  12:52 -3:18 1.414
# Stowed and closed down telescope @ 5:54 A.M.
194- FLAT        X      300    7  13:01  0:00 1.000
-213 FLAT        X      300    7  13:11  0:00 1.000
214- BIAS        X      300    0  13:15  0:00 1.000
-243 BIAS        X      300    0  13:25  0:00 1.000
244- DARK        X      300 1800  13:29  0:00 1.000
-246 DARK        X      300 1800  16:00  0:00 1.000

================================================================================
Clear night. Fair seeing ~0.8--1.5" throughout the night again.
Also clear at sun rise.  Photometric all night?
--------------------------------------------------------------------------------
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9.3 Pro cessing of the calibration frames

9.3.1 CCD layout, bad pixels, read-noise and gain

� Determine the CCD gain and readnoise,and the location of the overscanstrip.
Also determinewhat portion of the full CCD frame is illuminated. Verify DISPAXIS
is de�ned in the FITS headers.

cl> set stdimage=imt27  � twice; 3104� 512pixel display bu�er

cl> stsdas

cl> imred

cl> bias

cl> rjtools

4 Note: data taken at the MMT with the Blue and Red spectrographsis written to
FITS in signed integer format, where values> 32768are represented by valuesbe-
tween� 32767and � 1. To get 
oating point pixel valuesbetween0. and 65535.,we
needto usea two-stepconversion. First, we convert from signedinteger to unsigned
integer, then from unsignedinteger to real:

cl> ! nls -1 03040?/*.fits > all.lis

Removed corrupted frame \a0137.�ts" from \all.lis", then:

cl> chpixtype ("@all.lis", "@all.lis", "ushort", oldpixtype="all")

cl> chpixtype ("@all.lis", "@all.lis", "real", oldpixtype="all")

Fix someheaderkeywords; add two keywords identifying the grismsused(seex 9.2):

cl> unlearn hedit ; hedit.verify=no ; hedit.update=yes

cl> hedit ("@all.lis", "observat", "mmto", add-)

cl> hedit ("@all.lis", "telescop", "mmt", add-)

cl> hedit ("@all.lis", "instrume", "Blue Channel Spectrograph", add-)

cl> !range -pre "030404/a" -suf ".fits" -d 4 1 - 27 53 - 132 135 - 224 n

>>> > all300.lis

cl> !range -pre "030405/b" -suf ".fits" -d 4 1 - 60 90 - 143 146 - 246 n

>>> >> all300.lis

cl> !range -pre "030404/a" -suf ".fits" -d 4 28 - 52 133 134 > all600.lis

cl> !range -pre "030405/b" -suf ".fits" -d 4 61 - 89 144 145 >> all600.lis

cl> hedit ("@all300.lis", "grism", "300l/mm", add+)

cl> hedit ("@all300.lis", "lamcen", 6000., add+)

cl> hedit ("@all600.lis", "grism", "600l/mm", add+)

cl> hedit ("@all600.lis", "lamcen", 8600., add+)
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Next, print an inventory of the unique `object' name+grism combinations:

cl> hselect @all.lis object,grism yes | sort | unique

# 300 l/mm grism observations:

BBP0601 "300l/mm"  � Sciencetargets: �eld elliptical galaxies,

BBP1001 "300l/mm" selectedfrom the \ B -Band Parallel" survey

BBP1801 "300l/mm" ""

BBP1901 "300l/mm" ""

BBP101 "300l/mm" ""

BBP10203 "300l/mm" ""

BBP2202 "300l/mm" ""

BBP2801 "300l/mm" ""

BD+ 284211 "300l/mm"  � Blue and red spectrophotometric standard stars

BD+ 75D325 "300l/mm" (Masseyet al. 1988;Oke 1990[BD+75d325])

BD+ 75d325 "300l/mm" ""

CygOB2No9 "300l/mm" ""

CygOB2no9 "300l/mm" ""

Feige34 "300l/mm" ""

GRB030329 "300l/mm"  � Target of Opportunit y: bright GRB afterglow!

HeNeAr "300l/mm"  � Wavelength calibration comparison-lampspectra

dark "300l/mm"

flat "300l/mm"

sky "300l/mm"

zero "300l/mm"

# 600 l/mm grism observations:

No1 "300l/mm"  � HaoJing's z� 6 candidate (wrong grism)

No1 "600l/mm"  � HaoJing's z� 6 candidate (correct grism)

HeNeAr "600l/mm"  � Wavelength calibration comparison-lampspectra

flat "600l/mm"

And createlists of all framesper exposuretype:

cl> hselect @all.lis $I 'object=="zero"' > bias.lis

cl> hselect @all.lis $I 'object=="dark"' > dark.lis

cl> hselect @all.lis $I 'object=="flat"' > flat.lis

cl> !fgrep -f flat.lis all600.lis > flat600.lis

cl> !fgrep -f flat.lis all300.lis > flat300.lis

cl> hselect @all.lis $I 'object=="sky"' > sky.lis

cl> ! ncp sky.lis sky300.lis  � there are no twilight exposuresfor 600l/mm

cl> hselect @all.lis $I 'object!="zero"& &obje ct != "dark "' > tmp.lis

cl> hselect @tmp.lis $I 'object!="flat"& &obje ct != "sk y" ' > sci.lis

cl> !fgrep -f sci.lis all300.lis > sci300.lis

c
 2006R.A. Jansen 10



cl> !fgrep -f sci.lis all600.lis > sci600.lis

cl> delete tmp.lis yes

Construct a bad pixel/bad column list using the medianaverageof a few twilight sky
exposures(becauseof the di�cult y of displaying a frame with a largedynamic range,
we will �t out the large-scalesignal):

cl> head sky.lis nlines=7 > tmp.lis

cl> unlearn imcombine ; unlearn fit1d

cl> imcombine ("@tmp.lis", "tmp.fits", combine="averag e", reject="avsigcli p" ,

>>> scale="mean", zero="none", weight="mean", statsec="[5:268 8,2 :2 55] ")

cl> fit1d ("tmp.fits", " tmp.fits", "difference", axis=1, interactive-,

>>> sample="*", naverage=-7, function="splin e3" , order=23,

>>> low reject=3., high reject=3., niterate=3, grow=1.)

cl> fit1d (" tmp.fits", " tmp.fits", "difference", axis=2, interactive-,

>>> sample="1:255", naverage=-31, function="legen dre ", order=3,

>>> low reject=3., high reject=3., niterate=3, grow=0.)

cl> unlearn getregion

cl> getregion (" tmp.fits", " tmp.reg", format="basic", chkbound+, verbose+)

GETREGION:IRAF2.12.2 raj@andromeda Nov 24 17:28:29 2006

image = tmp.fits [2708 x 276]

output= tmp.reg (format="basic")

Displaying image " tmp.fits": z1=-525.65 z2=264.06

Wait for the cursor cross to appear in the image display area,

then mark all regions by hitting "b" once at each of two dia-

gonally oposite corners to mark an arbitrary rectangular region,

or "c" once to mark a single pixel. Hit "q" to quit.

Type b again to draw box.

Type b again to draw box.

...

# GETREGIONFinished

Overlay the de�ned regionsonto the imageto verify:

cl> unlearn tvmarkall

cl> tvmarkall (" tmp.fits", gal-, star-, cosmic-, del-, region+,

>>> regfil=" tmp.reg", regclr=205)

cl> printf("# MMTBlue Channel Spectrograph nn", > "badpix.ccd35")

cl> printf("# STA0520A,2688[+20]x512 15mu-pixel back-", >> "badpix.ccd35")

cl> printf("illum. CCD, binned 1x2, untrimmednn", >> "badpix.ccd35")

cl> !cat tmp.reg >> badpix.ccd35
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cl> delete tmp.lis, tmp.fits, tmp.reg yes verify-

Determinethe location of the virtual overscanstrip (actually, for this particular CCD
it's quite obvious that only [2687:2708,1:256]would qualify, sincethe overscanstrip
along the top clear shows chargetrails):

cl> implot tmp.fits

:l 1 255

:x 2668 2708

:y 350 1775 � ! [2693:2708,1:255]

:x 1 30

:y 0 14500

q

Figure 3: Screensshot of implot graphsof a temporary imagecreatedby averaging
7 twilight sky 
ats. (a) averageof lines 1{255, spanningthe full 2708pixel column
range; (b) detail of the �nal � 40 columns,including the overscanstrip; (c) detail of
the �rst � 30 columns. Note the ampli�er turn-on/o� spikes.
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Note, that there are strong ampli�er turn-on/o� spikes in both columns 1{4 and
2689{2692! Also, the level in the overscan strip is not exactly 
at, but falls o�
somewhattoward the �nal column. The slope is shallowest in the �nal 8 pixels, i.e.,
[2701:2708,1:255].

cl> !head -20 bias.lis | sed 's/$/[2701:2708, 1: 255]/ g' > tmp.lis

cl> unlearn imstat

cl> imstat @tmp.lis fields="image,mea n,s td dev,min ,max"

# IMAGE MEAN STDDEV MIN MAX

030404/a0001.fit s[ 2701: 2708, 1: 255] 482.6 2.264 476. 494.

030404/a0054.fit s[ 2701: 2708, 1: 255] 484.1 2.268 477. 492.

030404/a0055.fit s[ 2701: 2708, 1: 255] 482.7 2.197 474. 492.

030404/a0056.fit s[ 2701: 2708, 1: 255] 482.4 2.125 475. 489.

030404/a0057.fit s[ 2701: 2708, 1: 255] 482.3 2.215 476. 491.

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

From which a meanof � 482.56ADU and an rms � 2.17ADU is found, and min/max
valuesthat are consistent with the mean � 4� . This must, therefore, indeedbe the
virtual overscanstrip. So, in the following, we shall adopt:

TRIMSEC= STATSEC= '[5:2688,1:255]' and BIASSEC= '[2701:2708,1:255]'

Measure the CCD gain and read-noiseusing pairs of 
ats and biases(Janesick's
method):

cl> obsutil

cl> !grep '030405' flat300.lis | wc -l

cl> 40

cl> !grep '030405' flat300.lis | head -39 | sed 's/.fits//g' > f1

cl> !grep '030405' flat300.lis | tail -39 | sed 's/.fits//g' > f2

cl> !grep '030405' bias.lis | head -39 | sed 's/.fits//g' > b1

cl> !grep '030405' bias.lis | head -40 | tail -39 | sed 's/.fits//g' > b2

(To check:)
cl> !paste f1 f2 b1 b2

Create a little template script:

cl> !echo 'findgain ("$1", "$2", "$3",' > getccdpar.tem

cl> !echo ' "$4", section="[5:2688, 1: 255]" , verbose-)' >> getccdpar.tem

cl> type getccdpar.tem

findgain ("$1", "$2", "$3",

"$4", section="[5:2688, 1: 255]" , verbose-)

cl> !narg getccdpar.tem f1 '$1' f2 '$2' b1 '$3' b2 '$4' > getccdpar.cl
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(Check:)
cl> type getccdpar.cl

cl> cl < getccdpar.cl

1.16 2.73

1.16 2.72

1.16 2.71

1.16 2.70

1.16 2.69

... ...

For night '03/04/05, we �nd G = 1:160� 0:005e� /ADU and R = 2:69 � 0:05e� .
Similarly, for night '03/04/04, G = 1:160� 0:005e� /ADU and R = 2:71 � 0:01e� .
For the two nights combined: G = 1:160� 0:005e� /ADU and R = 2:710� 0:035e� .
The CCD gain is, therefore,� 3.54%lower than the advertised1.2e� /ADU, while the
readnoiseis � 4.1%higher than the advertised 2.6e� .

cl> delete f1, f2, b1, b2 yes verify-

cl> bye  � (to unload the obsutil package)

9.3.2 Bias frames

� Processall BIAS frames (interpolate over bad pixels and subtract the overscan
leven) and combine them into a \MASTERBIAS" frame.

Inspect all bias framesand run imstat to check for deviant frames:

cl> imstat @bias.lis fields="image,mi dpt ,s tdd ev,min, max" > biasstat.lis

cl> imexamine @bias.lis

There seemsto have been a probem with frames \a0185" through \a0196" (most
likely becauseof bright lights in the dome). Deleted thesea�ected framesfrom �les
\bias.lis", \all.lis" and \all300.lis".

Add a line to the imageheadersindicating the start of the processinglog entries:

cl> type hdrlog init.tem

gdate() ; sysinfo() ; unlearn hedit

hedit.add=yes ; hedit.verify=no ; hedit.show=no

s1=" CCDimage processing -- "//sysinfo.userna me// "@"// sysin fo .ho st //" "

i=66-int(0.5*(66- st rl en(s1)))

cpadd (s1, pchar="-", nchar=i, paddleft+, verbose-)

cpadd (cpadd.cpadd, pchar="-", nchar=66, paddleft-, verbose-)

hedit ("@%.lis", "HISTORY", cpadd.cpadd)

cl> !sed 's:%:bias:g' hdrlog init.tem > hdrlog init.cl

cl> cl < hdrlog init.cl

c
 2006R.A. Jansen 14



Interpolate over the bad pixels identi�ed:

cl> unlearn fixpix

cl> fixpix ("@bias.lis", "badpix.ccd35", verbose+, >> "ccdproc.log")

Update the headers:

cl> type hdrlog fxpx.tem

gdate()

hedit ("@%.lis", "FIXPIX", "COMPLETE")

hedit ("@%.lis", "FXPXFILE", "/data1/raj/MMTbl ueApr03 /b adpix .c cd35" )

hedit ("@%.lis", "FXPXDATE",gdate.fdate)

cl> !sed 's:%:bias:g' hdrlog fxpx.tem > hdrlog fxpx.cl

cl> cl < hdrlog fxpx.cl

Subtract the bias level asmeasuredin the virtual overscanstrip. First, measurethat
level and record it in a log �le for later use:

cl> !sed 's/$/[2701:2708, 1:2 55]/ g' bias.lis > bias.lis

cl> imstat ("@ bias.lis", fields="image,mi dpt" , lower=INDEF, upper=INDEF,

>>> nclip=3, lsigma=3., usigma=3., format-, cache-, >> "overscan.dat")

cl> delete bias.lis yes verify-

Now, �t and remove that overscanlevel using task colbias :

cl> unlearn colbias

cl> colbias ("@bias.lis", "@bias.lis", bias="[2701:270 8,1 :2 55]", trim="",

>>> median+, interactive-, function="legendr e", order=1, low reject=3.,

>>> high reject=3., niterate=3, logfiles="ccdproc .l og")

Update the headers(write the following two template scripts):

cl> type hdrlog ovsc.tem

gdate()

hedit ("@%.lis", "BIASSEC,TRIMSEC,DATASEC,CCDSEC,ORIGSEC", add-, del+)

hedit ("@%.lis", "OVERSCAN","COMPLETE")

hedit ("@%.lis", "ORIGSEC", "[1:2708,1:276] ")

hedit ("@%.lis", "BIASSEC", "[2701:2708,1:2 55] ")

hedit ("@%.lis", "TRIMSEC", "[5:2688,1:255] ")

hedit ("@%.lis", "IMAGSEC", "[1:2684,1:255] ")

!narg addovscmean.tem %.lis '$1' > addovscmean.cl

cl < addovscmean.cl

hedit ("@%.lis", "OVSCDATE",gdate.fdate)
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cl> type addovscmean.tem

match "$1" "overscan.dat" | fields "-" 2 | scanf("%8f", x)

hedit ("$1", "OVSCMEAN",x)

cl> !sed 's:%:bias:g' hdrlog ovsc.tem > hdrlog ovsc.cl

cl> cl < hdrlog ovsc.cl

But we didn't actually trim the bias frames(we will trim the framesfor all other data
types| hencethe designof the above template script), so:

cl> hedit ("@bias.lis", "TRIMSEC", "[1:2708,1:276]", add-)

cl> hedit ("@bias.lis", "IMAGSEC", "[1:2708,1:276]", add-)

Averagethe overscan-subtractedbiases:

cl> unlearn imcombine

cl> imcombine ("@bias.lis", "BIAS.fits", logfile="ccdproc .l og",

>>> combine="average", reject="avsigclip ", scale="none", zero="none",

>>> weight="none", statsec="[5:2688 ,1 :25 5] ", lthreshold=INDEF ,

>>> hthreshold=65535 .)

Update the header:

cl> gdate() ; hselect BIAS.fits ncombine yes | scanf("%d", i)

cl> print ("Combined ",i,"individual bias frames.")

Combined 112 individual bias frames.

cl> hedit ("BIAS.fits", "NCOMBINE",add-, del+)

cl> hedit ("BIAS.fits", "BIASCOMB","COMPLETE")

cl> hedit ("BIAS.fits", "NCOMBINE",i)

cl> hedit ("BIAS.fits", "BSCBDATE",gdate.fdate)

Verify, that the level in the overscanstrip of the combined frame is 0. If not, subtract
the residual level:

cl> imstat BIAS.fits[2701:27 08,1 :25 5] fields="mean" format- | scan (s1)

cl> print ("Mean level of overscan strip in BIAS.fits is "//s1)

Mean level of overscan strip in BIAS.fits is 0.3636922

cl> unlearn imarith

cl> imarith ("BIAS.fits", "-", s1, "MASTERBIAS.fits" , title="MASTERBIAS",

>>> pixtype="real", calctype="real", verbose+, >> "ccdproc.log")

Inspect the resulting \MASTERBIAS" frame and evaluate the observed noise:

cl> display MASTERBIAS.fits 1 zscale- zrange- z1=-2. z2=4.
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cl> s1="MASTERBIAS.fits [5 :26 88,7 5:2 55]"

cl> imstat (s1, fields="image,me an, midpt ,s tdd ev,min, max", lower=INDEF,

>>> upper=INDEF, nclip=3, lsigma=3., usigma=3.)

# IMAGE MEAN MIDPT STDDEV MIN MAX

MASTERBIAS.fits[ 5: 2688, 75:25 5] 0.5989 0.5998 0.2421 -0.1312 1.3260

cl> implot MASTERBIAS.fits

:c 5 2688

q

The level in the lower rows of the MASTERBIAS frame is systematicallyhigher than
that in the higher rows: the level falls o� rapidly from � 1.6ADU in the �rst few lines
to � 0.60ADU at lines 75 and higher (seeFig. 4). This signal is likely not a true bias
signal,but may be either a transient e�ect (after strong illumination), or due to light
leaking onto the CCD during read-out.
Assuming the signal in the �rst � 75 lines is spurious in nature, correct the MAS-
TERBIAS frame. Since, its magnitude appears to have no dependenceon column
number, we can abusetask illumination to �t a single function to all pixels as a
function of line number, regardlessof column number. We have to beware, though,
that illumination normalizesits resulting frame:

cl> ! nmv MASTERBIAS.fits MASTERBIAS.fits

cl> twodspec

cl> longslit

cl> illumination (" MASTERBIAS.fits", "tmp.fits", interactive-, bins="",

>>> nbins=1, sample="*", naverage=-5, function="spline 3" , order=6,

>>> low reject=3., high reject=3., niterate=3, grow=0.)

In the original MASTERBIAS frame we found a meanvalue in lines > 75 of 0.5998,
while now it is � 1, so:

cl> imcalc (" MASTERBIAS.fits, tmp. fit s" , "MASTERBIAS.fits",

>>> "im1 - im2*0.5998 + 0.5998", pixtype="real")

cl> imstat MASTERBIAS.fits[2 701: 2708, 1:2 55] fields="mean" format- | scan (s1)

cl> print ("Mean level of overscan strip in MASTERBIAS.fits is "//s1)

Mean level of overscan strip in MASTERBIAS.fits is -0.08864927

cl> imarith ("MASTERBIAS","-", s1, "MASTERBIAS.fits", title="MASTERBIA S",

>>> pixtype="real", calctype="real", verbose+, >> "ccdproc.log")

Inspect the resulting correctedMASTERBIAS frameand evaluate the observednoise:

cl> display MASTERBIAS.fits 1 zscale- zrange- z1=-2. z2=4.
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Figure 4: (a) Averageof columns5{2688 of the original MASTERBIAS frame. The
\bias" level showsa strongdependenceon line number in the �rst � 75 lines,or so. (b)
Sameas (a) but for the correctedMASTERBIAS frame. Only the genuine odd-even
pattern remains. (c) Averageof lines 1{255 in the correctedMASTERBIAS frame,
showing that the bias level varies with column number. (d) Detail of the �nal 60
columnsof (c), illustrating the roll-o� in the virtual overscanstrip.

cl> implot MASTERBIAS.fits

:c 5 2688

:y -1.00 1.25

:l 1 255

:x 2648 2708

q

The level in the imageregion of the MASTERBIAS frame is not constant as a func-
tion of column number: there is a strong roll-on in the �rst few hundred columns
and a slow variation with column number thereafter. The level is reaches a local
minimum of � 0.50 near column 2000. There is also a roll-o� within the nominal
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bias strip, [2689:2708,*],someof which is still noticable within our adoptedoverscan,
[2701:2708,1:255].There is an o�set betweenthe level in the overscanstrip and that
in the imageregion of the CCD, demonstrating the needfor a 2-D correction for the
structure in the bias level.

cl> s1="MASTERBIAS[5:26 88,1: 255] ,MASTERBIAS[1900: 2100, 1:2 55], "

cl> s1=s1//",MASTERBIAS[2 701:2 708,1 :2 55] "

cl> imstat (s1, fields="image,me an, midpt ,s tdd ev,min, max", lower=INDEF,

>>> upper=INDEF, nclip=3, lsigma=3., usigma=3.)

# IMAGE MEAN MIDPT STDDEV MIN MAX

MASTERBIAS[5:2688, 1: 255] 0.6788 0.6761 0.2435 -0.0560 1.4126

MASTERBIAS[1900:2100,1: 255] 0.5701 0.5595 0.2224 -0.0967 1.2366

MASTERBIAS[2701:2708,1: 255] -6.69E-4 -0.0095 0.1994 -0.5967 0.5887

Assumingpure Gaussianread-noise,the expectednoisein the absenceof genuine vari-
ations in the column-to-columnbias level would be: 2:710[e� ]=1:160[e� =ADU]=

p
112

= 0:220751[ADU] . This is indeed close(within � 10%) of what we measure. The
noiselevel is � 12� smaller than the read-noise,so the subtraction of the MASTER-
BIAS frame in subsequent processingstepswill not add appreciablenoise.

Sincewe no longer needthe individual bias framesat this point:

cl> imdelete @bias.lis yes verify- default+

9.3.3 Dark frames

� Processall DARK frames(interpolate over bad pixels, subtract the MASTERBIAS
frame, subtract the overscanlevel, and trim the frames) and combine them into a
\MASTERD ARK" frame (if S=N is su�cien t; if not, try and measurethe bulk dark
rate); determinewhether there are any warm/hot pixels.

Inspect all dark framesand run imstat to check for deviant frame:

cl> imstat @dark.lis fields="image,mi dpt ,s tdd ev,min, max" > darkstat.lis

cl> imexamine @dark.lis allframes- nframes=1

There seemsto have beena problemwith frames\a0215" and \a0217" (likely because
of lights in the dome). Deleted thesea�ected frames from �les \dark.lis", \all.lis",
and \all300.lis".

Add a line to the imageheadersindicating the start of the processinglog entries:

cl> !sed 's:%:dark:g' hdrlog init.tem > hdrlog init.cl

cl> cl < hdrlog init.cl
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Interpolate over the bad pixels and log relevant info to the headers:

cl> fixpix ("@dark.lis", "badpix.ccd35", verbose+, >> "ccdproc.log")

cl> !sed 's:%:dark:g' hdrlog fxpx.tem > hdrlog fxpx.cl

cl> cl < hdrlog fxpx.cl

Subtract the MASTERBIAS frame to correct for structure in the bias level:

cl> imarith ("@dark.lis", "-", "MASTERBIAS.fits", "@dark.lis", title="",

>>> pixtype="real", calctype="real", verbose+, >> "ccdproc.log")

Log relevant information to the headers:

cl> type hdrlog zrcr.tem

gdate()

hedit ("@%.lis", "ZEROCOR","COMPLETE")

hedit ("@%.lis", "ZRCRIMAG","/data1/raj/MMTbl ueApr03 /MASTERBIAS.fi ts" )

hedit ("@%.lis", "ZRCRDATE",gdate.fdate)

cl> !sed 's:%:dark:g' hdrlog zrcr.tem > hdrlog zrcr.cl

cl> cl < hdrlog zrcr.cl

Subtract the bias level asmeasuredin the virtual overscanstrip. First, measureand
record that level sowe can update the headers:

cl> !sed 's/$/[2701:2708, 1:2 55]/ g' dark.lis > dark.lis

cl> imstat ("@ dark.lis", fields="image,mi dpt" , lower=INDEF, upper=INDEF,

>>> nclip=3, lsigma=3., usigma=3., format-, >> "overscan.dat")

cl> delete dark.lis yes verify-

Now, �t and remove the overscanlevel from all dark frames:

cl> colbias ("@dark.lis", "@dark.lis", bias="[2701:270 8,1 :2 55]", median+,

>>> trim="[5:2688,1: 255]" , interactive-, function="legen dre ", order=1,

>>> low reject=3., high reject=3., niterate=3, logfiles="ccdpro c. log ")

cl> !sed 's:%:dark:g' hdrlog ovsc.tem > hdrlog ovsc.cl

cl> cl < hdrlog ovsc.cl

Combine the overscan-subtracteddark framesinto a singleframe\D ARK.�ts". Note,
that sincethe elapseddark time is 1800secfor all darks, we will disallow multiplica-
tive scaling(it should be allowed if onehasdarks with di�erent integration times):

cl> unlearn imcombine

cl> imcombine ("@dark.lis", "DARK.fits", logfile="ccdproc .l og",

>>> combine="average", reject="avsigclip ", scale="none", zero="none",

>>> weight="none", statsec="[5:2688 ,1 :25 5] ", lthreshold=INDEF ,

>>> hthreshold=65535 ., grow=1.5)
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Update the header:

cl> gdate() ; hselect DARK.fits ncombine yes | scanf("%d", i)

cl> print ("Combined ",i,"individual dark frames.")

Combined 13 individual dark frames.

cl> hedit ("DARK.fits", "NCOMBINE,IMCMB*", add-, del+)

cl> hedit ("DARK.fits", "DARKCOMB","COMPLETE")

cl> hedit ("DARK.fits", "NCOMBINE",i)

cl> hedit ("DARK.fits", "DKCBDATE",gdate.fdate)

Inspect the combined dark frame:

cl> display DARK.fits 1 zs- zr- z1=-2. z2=4.

cl> implot DARK.fits

:c 1 2684

:l 1 255

q

cl> s1="DARK.fits"

cl> s2=s1//","//s1// "[1 :2 684,1 :8 5], "/ /s1 // "[1 :2 684,8 6: 170],

cl> s2=s2//s1//"[1:2 684,1 71: 255] "

cl> imstat (s2, fields="image,me an, midpt ,s tdd ev,min, max", lower=INDEF,

>>> upper=INDEF, nclip=3., lsigma=3., usigma=3.)

# IMAGE MEAN MIDPT STDDEV MIN MAX

DARK.fits 1.11130 1.12447 0.92729 -1.67070 3.89349

DARK.fits[1:2684 ,1 :8 5] 1.56229 1.59168 0.86617 -1.04690 4.16626

DARK.fits[1:2684 ,8 6: 170] 1.29481 1.29060 0.76310 -0.99457 3.58433

DARK.fits[1:2684 ,1 71:25 5] 0.49659 0.49198 0.76923 -1.81107 2.80438

Figure 5: Structure along columnsand along lines in the combined DARK frame.

c
 2006R.A. Jansen 21



The largest possibleerror we could make by not correcting for dark current at all
would be � 1.9[ADU]�1.16[e� /ADU] = 2.20e� in an 1800secexposureon a science
target. This is smaller than the read-noise,but not by much. Subtracting this dark
frame from a 1800s object spectrum would result in a minimum probable error per
pixel (from just the read-noise)of 2:71=1:16=

p
13 = 0:65ADU. This is rather more

than we would like.

Apart from a few pixels that appear \hotter" than average,there is not much small-
scalestructure in the dark fraem. If we assumethat the observed large-scalestructure
represent a genuine variation in the bulk dark rate, then we can improve the S=N by
�tting a surfaceto the combined dark frame and usethat instead to correct for the
CCD dark current:

cl> unlearn imsurfit

cl> imsurfit ("DARK.fits", "MASTERDARK.fits", 6, 9, type output="fit",

>>> function="legend re" , cross terms=yes, lower=3., upper=3.,

>>> ngrow=1, niter=3, regions="all")

Locate the warm/hot pixels with dark rates > 4� above the bulk dark rate:

cl> imarith ("DARK.fits", "-", "MASTERDARK.fits", " DARK.fits", title="",

>>> hparams="", pixtype="real", calctype="real")

cl> imstat (" DARK.fits", fields="image,me an,midp t, std dev,min ,max" ,

>>> lower=INDEF, upper=INDEF, nclip=3., lsigma=3., usigma=3.)

# IMAGE MEAN MIDPT STDDEV MIN MAX

DARK.fits -9.2374E-5 -0.003310 0.73448 -2.20383 2.20359

cl> x = 4.*0.73448

cl> imreplace (" DARK.fits", 0., lower=INDEF, upper=x)

cl> imreplace (" DARK.fits", 1., lower=x, upper=INDEF)

cl> imstat DARK.fits fields="image,min ,max"

# IMAGE MIN MAX

DARK.fits 0. 1.

cl> ctio

cl> pixselect (" DARK.fits", lower=1.0, upper=INDEF, verbose-) | count

63 189 945 STDIN

cl> pixselect (" DARK.fits", lower=1.0, upper=INDEF, verbose-)

176 1 1.

171 3 1.

172 3 1.

1019 8 1.

382 9 1.

... .. ..
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Add thesepixels to the bad pixel list so that we may interpolate over them. First,
we needto reformat the x and y coordinates from the output of pixselect into the
\ x1 x2 y1 y2" format of the bad pixel �le:

cl> pixselect (" DARK.fits", lower=1.0, upper=INDEF, verbose-, > "hotpix.lis")

cl> !awk 'print $1,$1,$2,$2' hotpix.lis >> badpix.ccd35

Clean-upof temporary �les that are no longer needed:

cl> delete tmp.fits, DARK.fits yes verify-

Our best estimatefor the bulk dark rate is dc = 3600� ((1:124� 0:734)� 1:16=1800)=
2:61� 1:70e� /pix/hr (but at a signi�canceof only � 1:5� , and without the possibility
to cross-check the results for di�erence integration times, and with the caveat that
we observe a dependenceon both column and line number).

Normalizethe level in the MASTERDARK frameto an integration time of 1sec(and
automatically update headerkeyword darktime accordingly):

cl> imarith ("MASTERDARK.fits" , "/", "1800.", "MASTERDARK.fits",

>>> title="MASTERDARK", hparams="darktim e" , pixtype="real",

>>> calctype="real", verbose+, >> "ccdproc.log")

9.3.4 In ternal 
ats

� Processthe incandescent (internal quartz lamp) 
ats (interpolate over bad pixels
and subtract the overscanlevel; alsosubtract the MASTERBIAS frame if the signal
level at someof the covered wavelengthsis low; trim the framesand combine them
into a high-S=N 
at frame).

Sincethe averagesignal level in the 
ats will be a strong function of wavelength(due
both to the CCD QE and to the lamp spectrum), that dependenceneedsto be �t out
in order to create the pixel-to-pixel responseframe using task longslit.response .
This task not only performs a �t to the averageof all lines, but divides the original
frame by that �t:

cl> unlearn response

cl> response ("FLAT grating .fits", "FLAT grating ", "RESPONSgrating .fits",

>>> threshold= 0.001 , sample="*", naverage=-3 , function="spline 3" , order= 31,

>>> low reject= 3. , high reject= 3. , niterate= 2, grow=0.)
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There is alsoa lower-orderdependenceof the averageresponsealongthe spatial direc-
tion, which re
ects the illumination pattern by the internal lamp, integrating sphere
and auxilliary optics, and slit, that needsto be �t out using task illumination :

cl> unlearn illumination

cl> illumination ("RESPONSgrating .fits", " RILLUMgrating .fits", bins="",

>>> nbins=1, sample="*" , naverage=-3 , function="legendr e" , order= 5,

>>> low reject=3., high reject=3., niterate= 2)

Createthe \MASTERRESP" frame(s),onefor each grating and/or grating tilt angle,
by dividing the \RESPONS" frame(s) by the corresponding \ RILLUM" frame(s):

cl> unlearn imarith

cl> imarith ("RESPONSgrating .fits", "/", " RILLUMgrating .fits",

>>> "MASTERRESPgrating .fits", title="MASTERRESP", divzero=0., hparams="",

>>> pixtype="real", calctype="real" , verbose+, noact-)

(Should there be any non-illuminated portions of the CCD, then set all pixel values
in thoseregionsto 1.000using task imreplace or STSDAS task imcalc .)

9.3.5 Twiligh t sky 
ats

� Processthe twilight sky 
ats as were the incandenscent ones,and combine them.
Fit the averageresponsealongthe spatial direction, which represents the illumination
pattern for light from the sky by the spectrograph and slit, and create the \MAS-
TERILLUM" frame.

cl> response ("SKY grating .fits", "SKYgrating ", " SRESPgrating .fits",

>>> threshold= 0.001 , sample="*", naverage=-3 , function="spline 3" , order= 23,

>>> low reject= 3. , high reject= 3. , niterate= 2, grow=0.)

cl> illumination (" SRESPgrating .fits", "MASTERILLUMgrating .fits", bins="",

>>> nbins=1, sample="*" , naverage=-3 , function="legendr e" , order= 5,

>>> low reject=3., high reject=3., niterate= 2)

c
 2006R.A. Jansen 24



9.4 Pro cessing of the science target and comparison lamp
frames

� Visually inspect all frames,�x any problemswith the FITS headers.

! tasks imexamineand hedit .

� Processall sciencetarget and comparisonlamp frames(interpolate over bad pixels,
subtract the MASTERBIAS frame and subtract the overscanlevel, trim the images,
correct for dark signal (if signi�cant), and divide by the appropriate MASTERRESP
and MASTERILLUM frames | per grating and wavelength setting). Correct the
signal in, or interpolate over pixels a�ected by cosmicray hits.

! tasks fixpix , imarith , and colbias .

� Determine a wavelength solution by identifying emissionlines in one comparison
spectrum, sampling lines in a few lines near the middle of the spatial extent, and
�tting a polynomial to the identi�ed wavelengthsand pixel positions along the dis-
persionaxis. Subsequently trace the sameemissionlines along the full extent of the
spatial axis and �t a fully 2-D wavelengthsolution. Given this solution, and assuming
the 
exure of the spectrograph causesshifts that are small comparedto the separa-
tion of emissionlines, transfer it to all other comparisonlamp spectra by �tting the
relative shifts.

! packagetwodspec.longslit
! tasks identify , reidentify , and fitcoords

� Physically apply the 2-D wavelength solutions to the sciencetarget frames, tak-
ing the solution �tted to the associated comparisonlamp spectra. In this step, the
signal in the scienceframeswill be resampledonto a regular (linear or logarithmic)
wavelength grid. Check whether the wavelengthsreported for the four cornersof the
frame make sense(someversionsof the associated taskshave had a history of bugs!),
and check that the sky lines in the resulting framesare no longer slanted (they show
at least a minimal slant in the raw framesfrom most spectrographs).

! packagetwodspec.longslit
! task transform

� In each scienceframe, determine regions that are free of object signal for �tting
the sky background. Subtract the sky background level and record the averagesky
spectrum in line #1 of each scienceframe. It may be necessaryto re�t the brightest
sky lines with a �t of a di�erent order.

! packagerjtools (and images)
! tasks getregion , fit1d , and imcopy
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� Tracethe spatial location of the spectra asa function of wavelengthand extract all
signal within some�ducial aperture into a 1-D spectrum, optionally weighting that
signal by its S=N .

! packagetwodspec.apextract
! tasks aptrace and apsum(alternatively, one can usetasks apall , but beware of
all the hidden parametersetsthat needto be properly populated).

� If 
ux calibration is possibleand spectrophotometricstandard stars wereobserved,
determinethe sensitivity function and correct the spectra.
! packageonedspec
! tasksstandard , sensfunc, calibrate , dispcor and splot (other possibletasks,
depending on the goalsof the spectroscopy, are continuum and deredden).
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