Table Of Contents

Preface to the First Edition Xix
Preface to the Second Edition XXV
1 Basic Imaging 1
LT AR ettt ettt et 1
1.2 Tmage FOrmation ......ccccceviiiriieniiiiienee sttt ettt s 2
1.2.1 Pinhole IMaging........ccccueveuiiniieniiniieniecie ettt s 2

1.2.2 1ens CAmMETAS ..c..eeveeueeriniieiieieeientenieereieetenieenesteereseeeaesaeennesaees 4

1.2.3 TEIESCOPES -veevveeniieriieeiieniieeitesiee st e sitesiteesbeesbesteesitesseenbeesaseenseanes 6

1.3 DRLECTOTS ..uvenvieniinieeiieitenieete ettt sttt sve et st sae st b sanesbeeanebeas 9
1.3.1 The Human Retina.........ccccceeevuinirnieneeneninieneeicnceiceeeec e 9

1.3.2 Photographic EMulSIOnS..........cccceecuerriiinieeniienieeieenieeieeseeeee e 11

1.3.3 Electronic DEteCtOrs ......cocuevuereeriirieniireenieneenieeeeieninenie e 14

1.3.4 Linearity, Saturation, and Blooming ........c...cceceeveeniirvieeneenuennne. 21

1.4 SENSOT GEOMELIY ....vveeuiieeiieeiierieeite sttt ettt e st ebeesite e bt esaeeesbeesaeeeanes 21
1.4.1 ASPECt RALIO c..veiuiiiiiiieiiieieeite ettt e 23

1.4.2 PiXEl COUNL ..coeiniiiiiiieiieiieietc ettt 24

1.5 TMAZE CAPLULE ..c.vveeirieiieeiieeiteeie ettt ettt ettt et st sae et e b e saeeeans 25
1.5.1 Angular Field of View of a Detector.......ccccceeveeriiinienieenieeneenne 25

1.5.2 Sampling the IMage........ccccevvirriierieiiiinieeieee e 27

1.5.3 Angular Size of a Single Pixel.........ccoccovviviiiiniiiiiiiniiniieieeee, 27

1.5.4 Matching Pixels to the Point-Spread Function........c..ccccceceeeennenne. 29

2 Counting Photons 33
2.1 What Is a Signal? ....ccoociiiiiiiiii e 33
2.2 What IS NOISE? ...ueeeiiiiiieiieiieete ettt st 33
2.3 Signals and NOISE ........ccuevieiiriiiiiiieiereeeeetee e 35
2.3.1 The Poisson and Gaussian Distributions ..........ccccceeeceervieeneeneennne. 38

2.3.2 Collecting More Photons by Image Summing ............ccccccceceeunene 39

2.3.3 Measuring NOISE........cccueeuieuiruieiiinieie et 40

2.3.4 Signals Become More Complicated..........cccccoceeceecrenienieneennennenne. 41

2.3.5 Unwanted Signals and More Sources of NOiS€ ..........cccceueevennnne 42

2.4 Signals and Noise in Images ..........ccccceeveevinieiininiiniicniceececeee 43
2.4.1 Signal and Noise in a Raw Image...........ccccocceeiriiiiniiininninnne 44

2.4.2 Signal and Noise in a Dark Frame..........c..ccccocoiiiiniiininnnne. 47

v

Copyright © 2000-2005 by Richard Berry and James Burnell, All Rights Reserved.



Table of Contents

2.4.3 Signal and Noise in a Dark-Subtracted Image ........c..cccccecveuenene. 47
2.4.4 The Effect of the Sky Background on Signal and Noise............... 49
2.4.5 Signal and Noise in Multiple Averaged Images..........cccceceevuennnne 51

2.5 Signal and Noise Effects from Flat-Fielding .........cccccoccevireencnnncnnen. 53
2.6 A Little Sermon on Signals and NOIS€.......cccceververierienenieniinienieneene. 55
3 Digital Image Formats 57
3.1 File Format BasiCs......c..ceoueriiriiniiieniciieniccicsiceesieeeeete e 57
3.2 FITS: The Standard Format in AStronomy ..........c..cccceeveeveereeneereenuennes 59
3.3 0verview Of FITS ..co.ooiiiiiiiieieeee et 59
3.4 The FITS Header ........coeeiiriiiiiiiiienieie et 61
3.4.1 Mandatory Keywords .......c..cocceeevierieneniininienenieneeiesieeeeneenne 62
3.4.2 Array Value Keywords.........coccevevierieniriinennieneeienceiesieeeeeeeenne 63
3.4.3 Observation Keywords .........cccceceevireenineeninieneniccnieieeceee 64
3.4.4 Comment KeyWOrds.........coeevierieeiinirniineiienieiesieeicncee e 65
3.4.5 Header Value FOrmats ..........ccccoceeverieneneeninienenicceeieeceeeee 65

3.5 The FITS Binary Data AITay........ccccecceveeieneniienenieninieneeeeneeeeneeenees 66
3.6 The FITS Tailer......cooeiiiiiiiiienieiencee ettt e 68
3.7 Nonconforming FITS Files ......c.cccoceeveniniininnininieninenceecnceeecene 68
3.7.1 Nonconforming Headers .........cc.ccoceevveririinenncncnieninieneeicenn 68
3.7.2 Nonconforming Data AITAYS .......coceevvereeviineenieneeienieienieeeeneenns 68
3.7.3 Uncoordinated FITS Headers and Data Arrays.......c..ccocceeevvennenne 69
3.7.4 Reading Variant FITS Files........ccccceceniniinnnininicninicnieeieee 69

3.8 TIFF: The Standard in the Graphic AItS .......c.cccovevieviereeneneeneneeniennees 70
3.9 BMP: Images for WindOWsS......c...coeeieriiiinennieneeienieeiesieeiesiceieeeeenees 72
3.10 AVI: Interleaved Audio/Video from Webcams ........cccceeeevenereenncnee. 73
3.11 JPEG: File Compression for the Internet ..........cocceeeveeveneencneencnne. 73
3.12 RAW, NEF, and CRW: Proprietary Raw Images........cc.cccccevereencnee. 75
4 Imaging Tools 77
4.1 Sensors and OPLICS ....eeeveereiriiienieriieriteeteenite et eiee st sreesteesbeesreeaee e 77
4.1.1 Sensor Size and Field of VIeW .....cc.ccocecveniinvininiiniinnciicncnen, 77
4.1.2 Pixel Size and ReSOIUtiON ..........coceevveriecieniieiiinieienceeenccieneenens 81
4.1.3 Spectral SENSItIVILY .....eevieriiiiiieiieeiierieeiteste ettt 83
4.2 Optics fOr IMAZING .....oevvieriiiiieniieiieitee ettt st 84
4.3 AUXIATY OPLICS c.uvveirieiieniiieitieniteeiee st etee st et esieesbtesitesbeesbeesseenaeesns 89
4.3.1 Reducing Focal Length..........cccoocevviiiniiiiiiniiiiienieeieeeeeieeieee 89
4.3.2 Increasing Focal Length ..........ccoceeviiniiiiiinniiiiieieniceieesieeieee 90
4.3.3 Correcting Field Curvature...........cocceeveveeveeniieeniienienieesieeneeneens 91
4.3.4 Correcting Coma ADEITAtION ........cevvervierieriiieniieeieenieesireesieenieeens 91
4.4 Finding Celestial ObJECES .....couverviriiierieeiieniieeieenieesireenieesreesieesneseeenne 91
4.4.1 Flip Mirrors, Finder Scopes, and Go-To Mounts............ccecueeueenee 92
4.5 TeleSCOPE MOUNTINGZS ....eerreirreeriieriieniieeteesiiesteeieesereesieestesnbeesnesneenes 93
4.5.1 Tracking SenSItiVILY.....ccceereveerueerierriieniesieerte et et e see et esaesne e 94
4.5.2 Rate Errors and Periodic Errors.........ccoevveneencnnicniencnceccnens 94
4.5.3 Testing and Tuning a Clock Drive ........cccceeeeieiiieniencienienieeieens 95

vi Handbook of Astronomical Image Processing



Table of Contents

4.5.4 Periodic Error Correction (PEC) Drives........ccccccvevvieeiiieeeeieeennne 97
4O FIIETS ..ot 98
4.6.1 FIIEr TYPES...eoiiiieiiiieieieeieeeeeetete ettt s 98
4.6.2 Filters for H-Alpha and Other Emission Lines.............ccccc.......... 100
4.6.3 Light Pollution Rejection (LPR) Filters ............cccccoceevininnnnne. 100
4.6.4 Blue-Block and Violet-Block Filters..........ccccooceeviecinciininenncnne. 102
4.7 Recognizing and Correcting Equipment Problems..............c..ccccceea.e. 102
471 HOE SPOLS ..ottt 103
4.7.2 Field FIoOdINg .....c.ccoceeirireniinienieieceteceiceese sttt 105
4773 VIGNEHING ..ottt s 106
4.77.4 DUSt DONULS .....ooiiiiiiiiieiieeee e 107
4.8 Reaping the Benefits .........cccooeieiiiiiiiiiiiicceccecceecen 111
5 Imaging Techniques 113
5.1 Accurate Polar ALIGNMENT.........cccoeoieririeninieniieiesieee et 113
5.2 GOOA GUIAING ...nveeuieeeeiierie ettt ettt ettt saens 116
5.2.1 Off-AXiS GUIAING....c.eeieiriieiiiiieieeeee e 116
5.2.2 Auxiliary Telescope Guiding .........ccceeeeevveeieneneenieneenerceneeees 117
5.2.3 Software Virtual GUiding .........c.ccevcereenenienenierieieeeeeee e 117
5.3 Critical FOCUS ...ooviiiiriiiiieieicicieteteet et 118
5.3.1 The FOCUSET .....ccuiiiiiiiiiiiiiii e 119
5.3.2 Focus TeChNIQUES .....c..ccveveuiriririiniineneneeterieeeeereeeae e 119
5.3.3 Automated FOCUSING......ccccevuiiiiriiieiieieee e 121
5.4 COITect EXPOSUIE....cooviiuieieiienieeiteie ettt sttt s saeens 121
5.5 Shooting Calibration Frames...........ccocceveririeniniieneeieneeieeeeneeens 123
5.5.1 Basic, Standard, and Advanced Calibration...........cceeeeeeeeeeennnnne 123
5.5.2 Making Bias Frames..........cccceeevieninienenieiesceecee e 124
5.5.3 Making Dark Frames...........cccccoeveniiiininienieeceeceeeseee 124
5.5.4 Making Flat-Field Frames ...........cccccoceviiiiiinieniiccceeceeee, 125
5.5.5 Defect Mapping ......cccceeeeierieienieiereeee et 128
5.6 Imaging with Digital SLR Cameras........c..cccceeeeririieninieneeeneeeen. 128
5.7 Deep-SKy IMaging .......ccccoveiiiiiiniiiiiieieeeeceeeeeeecee e 130
5.7.1 Strategies for Deep-Sky Imaging ...........ccccoceevieiiiiniiniiienennn. 130
5.7.1.1 Digital Snapshots ........ccccceeceerieiinieienieeneeesecieeeeeene 131
5.7.1.2 Guided One-Shot Imaging............cccceeeeevireenenieciinieeene 132
5.7.1.3 Guided and Unguided Track-and-Stack Imaging............... 132

5.7.2 Making Good Deep-Sky Images .........cccoceeeerievinincinieneneennn. 134
5.7.3 Imaging Deep-Sky Targets.........ccccceeveevinieienincenieicneceeeeeen 135
5.8 Lunar, Planetary, and Solar Imaging Techniques ............ccccoccecenene. 141
5.8.1 Obtaining Excellent Images ...........ccccoervieniniiininieninecceeenee, 142
5.8.2 Focal-Ratio Matching Optics .......c..coceverieiienienienieieeecieeeeenne. 143
5.8.2.1 Field Of VIEW ..cc.ccuivieiiiiiiircrinene ettt 146

5.8.3 Recording High-Resolution Images ..........cc.cccceeceecinienciiencnen. 146
5.8.4 Making High-Resolution Images ...........c.cccccevievininiiniincnnnne. 147
5.8.5 Solar System Targets..........ccceeuerveeririeeneriieneneeneeeee e 151

Handbook of Astronomical Image Processing vii



Table of Contents

5.9 The Role of “Technique” .........ccoceveerierieiienieiineeieneee et 155
6 Image Calibration 157
6.1 What’s in @ CCD Image? .......ccccoveeveriinenieienicieeeeeetenieee e 159
6.1.1 Photon FIUX .....cocccoiiiiniiiiiiiiicnceceeseeeee e 159
6.1.2 NONUNITOIMILY c...oveeviiiieiieniieiieneeteseee et 161
6.1.3 Dark CUITENL ....ccuveiieiiiiieiieiietecetese ettt 162
6.1.4 Zero-Point Bias.......ccccoeeiiriiiiniiiineeiceieseeceee e 163
6.1.5 QUANTZALION ....veiiiiiiiieiiieeiieeeiee ettt e et e etaeeeeaveeeeareeeeans 164
6.1.6 Calibration is Peeling the Image Onion.........cc.cccceecveveevincennne. 164
6.2 Calibration Frames .........c.ccooeieevieniinienieiinieccceeeeee st 165
6.2.1 Bias Frames ........cccceeeeviiriiniiiiniiieicrtccteeetceee e 165
6.2.1.1 Using a Single Bias Value ........cc.cocevirviinenienenicnienienene 167
6.2.1.2 Bias with Drift-Subtraction.........cc.ccocceeenerienenncncnnencne. 168
6.2.1.3 When to Make a Master Bias Frame ............cccccocceveneneene. 169

6.2.2 Dark Frames ........ccccocvevierieniiieninieneetcieeteeeteeete e 170
6.2.2.1 “Image-Times-Five” Rule for Dark Frames...................... 171
6.2.2.2 Thermal Frames.........ccccecveveeviineiniinennicniecieneeeesceeeeenee 173
6.2.2.3 Standard and Scalable Dark Frames..........c.cccccevevveienncene. 175
6.2.2.4 Dark Frame Matching..........cccccecuevirveencnicnienieencnieieneenn 176
6.2.2.5 Changing CCD Temperature ..........ccccoveeeervereenenreenueneenn 177
6.2.2.6 When to Use a Single Dark Value.........cccccocevviencnicnencenn. 177
6.2.2.77 Cosmic Ray EVents........cccceceeviriinineeniiicicneeeeeeeeeene 177
6.2.2.8 ElectrolumineSCencCe .........cocuevvereenuireeneneenieneenienieeienneenns 178
6.2.2.9 How to Make Master Dark Frames ........c..cccccoceevenenicncnns 179

6.2.3 Flat Frames ......cccceceeieiinieniiieeicnteiesecceteeeeee e 180
6.2.3.1 Four Types of Flat-Field Frames ..........cccccoccvvencnicniencne. 183
6.2.3.2 How to Shoot Light-Box and Dome Flats ...........cc..cc.c....... 184
6.2.3.3 How to Shoot Twilight Flats........c..cccccvcvrvinennencnicnencnn. 185
6.2.3.4 How to Shoot SKy Flats ........ccccecevirvieninicniniincnicienene 186

6.3 Methods of Calibration .........c..ccceveevierieiienieeniinierieneee et 187
6.3.1 Basic Image Calibration ........c..cecceeerveenerienenienenienieneeneeecene. 187
6.3.2 Standard Image Calibration............cecceverienerieneniencneeneneene. 188
6.3.3 Advanced Image Calibration........c..ceccevereeneriencniencncenencenne. 190
6.4 The Calibrated IMage ........cccccoeeruerienenieienieieeeeeeteee et 192
6.4.1 Photons, Dark Current, and Readout NOiS€...........coovveeevcuvnnennnns 193
6.4.2 Noise from Calibration .........ccccceceevereenenieneneenenieienceneeseene 195
6.4.3 ITMage Stacking .......coceevueriinirieninienierteenteeecete e e 197
6.4.4 How to Spot Calibration Errors............ccccevevevveniniicncnncncennene. 199
6.4.4.1 Bias DIift ...c.coveiniiiniineicncccc e 199
6.4.4.2 Changing CCD Temperature ..........ccceveeeereneenenreenueneenn 200
6.4.4.3 Changing Optical Configuration........c..cceceecvevereenenvennenne. 201

6.5 Defect Mapping and COrreCtion..........cooueveeruenieeueneenienieeieneeeenennens 203
7 Image Analysis 205
7.1 Pixel MEASUIEIMENLS .......coeeueruierenieeieniietenieeteereenrenieeneesreennesieenenaeens 205

viii Handbook of Astronomical Image Processing



Table of Contents

7.1.1 Pixel Coordinates........c..cecuevuieeeniireeneneeiiniesieeeeieeeeee e enes 206

T 1.2 PIiXel VAIUE ..o 207
7.2 Whole-Image ANalysiS.......ccccoceevirienierienienieeieeeieeeeee e 208
7.2.1 IMage StatiStiCS....ccueeueeeieieiiriieierieeie ettt s 208
7.2.1.1 Minimum Pixel Value...........ccoceciniiininiiiniiicienene 208
7.2.1.2 Maximum Pixel Value..........cc.ccccooinvininiiiiniiniiine 208
7.2.1.3 Mean Pixel Value ..........ccccoceeeieiiiiiiiiniiicneececieeeene, 209
7.2.1.4 Median Pixel Value ..........ccccooivviiiiniiniiiiiiieccieeee 209
7.2.1.5 Standard Deviation ............cccceeeeeviirveeneneenenieeneneeieeeenn 209
7.2.1.6 Low-Point and High-Point Pixel Values ...............ccc...... 210

7.3 The Image HiStogram............ccccouerieiiiiieiiinieiieeceeeeee e 210
7.4 Image Feature AnalysiS........ccceveeriiiniienieriieeieeieeieeeeeeesiee e 212
7.4.1 PixXel STatiStiCS .....eoueeieriieiiiieieiieie et 212
7.4.1.1 Defining a Region of Interest ..........cocceevveeeveineirienneeneene 212
7.4.1.2 Minimum Pixel Value...........ccocociniiniiiininicinne 213
7.4.1.3 Maximum Pixel Value..........cc.occooiniininininiiniinne 214
7.4.1.4 Mean Pixel Value ..........ccccocevieiiiiiiiniiicnecceceeeene, 214
TA4.1.5 VarIanCe .......oovevuveiieieiieice e e e 214
7.4.1.6 Standard Deviation ...........ccceceveevieneeneneecieneeeeneeeene e 214
7.4.1.7 Signal-to-Noise Ratio .......ccccceceeveivievieniiiiniiienecicieeene, 215
7.4.1.8 Median Pixel Value ..........cccccoovviiininiiiinicccieee 216
7.4.1.9 Mean of Median Half ... 216

7.5 Determining @ Centroid..........cccooeevverieiienienienieiieeee e 216
7.6 Distance on a CCD IMage.........c.coeerieiiiniieniiniiiieiee e 219
7.7 ITmage Profiles .........cccoociiriiiiiiiiiiieeeceee e 220
7.8 ASIIOMELIY ....cueiuiieeiiiieieiie ettt ettt ere e e st eanens 221
7.9 PROtOMELTY ...ttt s 221
7.9.1 Defining the Star Image..........cccoceevveniriiiiiniinieceeeceeeeen 221
7.9.2 Photometric Image Profile............ccccoceeviniiiininiiiiicceee. 224
7.10 SPECLIOSCOPY -eevvivrinrieieiieeie ettt sttt ettt sae et sanens 225
8 Measuring CCD Performance 227
8.1 Goals I CCD TeSHNG ....c..eocveiieieniieieriieee st 227
8.2 Basic CCD TeStNE.....cc.ccuevueiieiiriieieeieeee ettt 229
8.2.1 How to Make Basic CCD Test Images.........cccceccerueevvincevencnnnes 229
8.2.2 Basic Test ANalySis ...c..coceecuerieiiiiieiinieiieeceeeee e 230
8.2.2.1 Step 1: Mean and Standard Deviation in the Bias............... 230
8.2.2.2 Step 2: Mean and Standard Deviation of the Flats ............. 231
8.2.2.3 Step 3: Measure the Dark Current ..........ccccoecveeveniencnenne. 231
8.2.2.4 Step 4: Compute the Conversion Factor..........ccc.cccceeneenee. 232
8.2.2.5 Step 5: Compute the Readout Noise.........ccccecueereeeenerenenne. 232
8.2.2.6 Step 6: Compute the Dark Current ...........ccccceevenienencnnnn. 232

8.2.3 What Results to EXPeCt ........ccceoieiiiiiiiiiniiiiecncceceeeees 233

8.3 Advanced CCD TeStNG .......coceevuiruieiirieiiieeie et 234
8.3.1 Constructing a Low-Light Level Source..........cccoceeeeninienennees 234

Handbook of Astronomical Image Processing ix



Table of Contents

8.3.2 Setting the Low-Level Light Source for Use .........cccccoceerercennen. 238
8.3.3 How to Make Advanced CCD Test Images ........cccccoeereerercennes 239
8.3.3.1 Make the Bias Frame Set........c..cccccovevviininveninicncnncncnnn, 239
8.3.3.2 Make the Skim Frame Set..........ccoccoeevinienininnincencncnne, 239
8.3.3.3 Make the Flat Frame Set.........cccccocevveniiveniniincnicnceeee, 240
8.3.3.4 Make the Dark Frame Set..........ccoccoevviineeviencnicncnnenenne, 240

8.3.4 Analyzing the Advanced Test Image Set .........cccecerervenennncnnen. 241
8.3.4.1 Check the Bias Frames for Noise and Interference ............ 241
8.3.4.2 Charge Skimming ChecK........cccccooevienirienenienincencneenne. 243
8.3.4.3 Plotting the Transfer Curve ........cccooevereenenienenceneeenee. 244
8.3.4.4 Checking the Linearity of the CCD........ccccoeieiinienrnenee. 247

8.3.4.5 Determining the Dark Current...........c.ccooenerieiinenencnne. 247
8.3.4.6 Check the Uniformity of the CCD........ccccecevieieneenrnenee. 248

9 Astrometry 249
9.1 Astrometric Catalogs and Coordinates...........ccceeeveenereeneneeneneenens 249
9.1.1 The Astrometric Dilemma........c..coceveevienerienenninenienceienennen 250
9.1.2 Astrometric Catalogs and Reference Frames ...........ccccoceveennenne. 251
9.2 AStrometric TREOTY .....cc.eveiviiriiriiiiirieiieeeitecetee ettt 252
9.2.1 Standard Coordinates............ceeevuereeriereenieneenienieeieneeee e 253
9.2.2 Plate CoOrdinates........c.cevveeeeeineenuereenieniieienieetenieeiesieeeesieenees 254
9.2.3 Improved Plate Constants.........c.ccoceevereeienienieneenieneeneneeneennens 257
9.2.4 Solving for POSItION ....c..cccueriiiiriiiereeienieieseeeeeeceee e 257
9.3 Practical ASITOMELIY ....c..ceceerueetirierierierienientenieeitesieete et esee e eanens 258
9.3.1 CCD Images for AStrOMELrY .......cccccveevverieruenieneenienienieneeniennees 258
9.3.2 Scanned Photographs for AStrometry.........cocceeevervenieneeneneenne. 260
9.3.3 Making Astrometric Measurements ...........c.cceceevereerveneeneenenne 263
9.4 Applied ASIIOMELIY ....ccvevueiiirieeienieenieniteienitet ettt ettt sbee e saeens 264
9.4.1 Astrometry of Newly-Discovered Objects .......ccccceeveenerveencnnne. 264
9.4.2 Astrometry of Asteroids and COmets .........coccevuerveeveneereeneenenne. 265
9.4.3 Using Astrometry to Identify ODbjects .......cc.ccoceveveveriencrveencnnnn. 266
9.4.4 Image Scale and Orientation ...........c.ccevereevieneenienenneeneeneenenne 266
9.4.5 Astrometry in EQUCAtion........ccccoveviriiincnicniniinenicceecceee 267

10 Photometry 271
10.1 Magnitudes: How Bright Is This Star?.........ccccecevvieniiiniiiniennieneene 271
10.1.1 Magnitudes Are COMPATISONS .......eevvrerverrueerreerieereeesreenieeneenns 272
10.1.2 Aperture PhOtOMELIY .......cooveeviieniieniieieenienieenteste e 272
10.1.2.1 Summing the Star’s Light.........cccccovciiviiiinieniiiiienienieene 273
10.1.2.2 Subtracting Sky Background ............ccoceevieniienieniienneens 274
10.1.2.3 Raw Instrumental Magnitude ...........ccecueevienieeeniieninenieens 275
10.1.2.4 Statistical UNCertainty.......occeeveerveersieerveerieeneenieenieeneenns 276

10.2 Putting Photometry t0 WOrK ........ccccueeviiiniiiiiiinieniieiesicceesee e 278
10.3 PhOtOmMELIiC SYSEMS ...ccuvieriieiieiiieiieeieeite et estee st esteesireebeesreeiee e 279
10.3.1 Atmospheric EXtINCtION........covverierrierieeiienieeieeeesee e 286
10.3.2 Transformation to the UBV(RI) System .........ccccceveerieineenennns 290

x Handbook of Astronomical Image Processing



Table of Contents

10.4 Photometric ODSEIVING........ccceveruirieniieiiiieeeniiereneeee e 291
10.4.1 Preparing to ODSEIVE .......cc.coceevuieiienieienienieieeeeeeeee e 292
10.4.2 Differential Photometry ..........c.ccoocevvienenieieninicnieeneeeenceen 293
10.4.3 All-Sky PhOtOmetry.........ccceecuirieniirieniinieieneeeneeeeeeee e 296
10.4.4 “Do-What-You-Can” Photometry ...........cccceceeeevuineencrceencnnen. 298

10.5 Desiderata for PhOtometry............coceeeeiiivieniinieniinienceeeeneeeneens 299

10.6 Don’t Be Afraid to Try! ...ccccocoooiiiiiiiieeceeceee 301

11 Spectroscopy 303

11.1 What iS SPECIIOSCOPY 7 ..eveeuvireieiiriieieniieteeitenieetce et eieesee e eesieeiesaens 303

11.2 Spectra and Spectrographis .........cocceveeverierieneeieneeiese e 304
11.2.1 Prisms and Gratings.........cecveeueeuienuerienenienentenieseieieeeeeneeeecenees 304
11.2.2 Practical Spectrographs .........ccccoveevereeienieiieneeieecee e 305
11.2.3 The Objective Prism Spectrograph..........cccceeoeevenieieneenenenee. 305
11.2.4 The Grating-Prism Spectrograph..........cccceccereereniennnieenenennn. 307
11.2.5 The Slit Spectrograph .........ccccceceeveririnenieneneneieieeeeeeeenaens 309
11.2.6 The Fiber-Fed Spectrograph...........cccocceceriiiinieninieneeceneeen 310

11.3 Properties of Spectrum Images .........c.cceceviererieninieene e 311

11.4 Extracting a Spectrum from an Image............ccoceeveniriininencnienenns 313
11.4.1 Spectra from Objective Prism Images........cccceeceevercencrccenennen. 314
11.4.2 Spectra from Slit Spectrographs...........cecceveevereeceneenieneeeene. 316
11.4.3 Spectra from Fiber-Fed Spectrographs...........cccceoceeenieneenennee. 318

11.5 Spectrum Calibration and Analysis..........cccceevererrenenenenreneneeenene. 319

12 Geometric Transforms 321

12.1 Translation......cc.eecvireeiinieie sttt 321

12.2 ROTATION 1.ttt ettt ettt sbe et esee e ene 325

12.3 SCALINGZ ...ttt 328

12.4 Practical Translation, Rotation, and Scaling..........ccccoeceeeenvnienennens 329

12.5 Flipping and FLOPPING ......cc.cecuiririieririeniieiesieeieeee et 331

12.6 Cropping and FIOating...........cccoceeoieririeninieneeieeee e 332

12.7 RESAMPIIIZ ... ettt ettt s 334

13 Point Operations 337

13.1 Point Operations: An OVEIVIEW ........cccccoeeruerieeienienieneeeenieneenennens 337

13.2 Remapping Pixel Values ........ccccooeviriininiieniniininienceienceeeneens 339
13.2.1 Isolating the Range ..........coceecuevirienennienenieniecicnicetenceeeneeen 340
13.2.2 Transfer FUNCHONS........ccccueiiiiiiiiiiinieeeceecceeeeeee e 343

13.2.2.1 Linear Transfer Function ...........coccocoeveveneninininennnnnnnn 347
13.2.2.2 Gamma Transfer Function.........c..c.cceceevevvevieinnnncnnnennenn. 349
13.2.2.3 The Logarithmic Transfer Function.........c..ccccceeveeienncene. 350
13.2.2.4 The Gammalog Transfer Function...........c.cceccevevvcnieneene. 351
13.2.2.5 The Negative Transfer Function..........cccccocceveenenicnencene. 352
13.2.2.6 The Sawtooth and Quantize Transfer Functions .............. 353
13.3 Direct Specification of the Transfer Function............c.ccoccevvevnencnncn. 353
13.4 Direct Endpoint Specification ...........c.ccecvevievieneeniincencnieenenieienens 355

Handbook of Astronomical Image Processing xi



Table of Contents

13.4.1 Stretch Scaling......cccvevieierieiiiniiienceieeeeeeeee e 356
13.4.2 Nonlinear Stretch Scaling..........ccoceeveveniinenieninineneeicncnee, 357
13.5 Histogram Endpoint Specification ...........coceeeveevieneencreencneenennns 357
13.6 Histogram Specification.............coeeeerierieninieneeienenrie e 358
13.6.1 Histogram Equalization .........cc.ccoceverienienienenicnenienceeeneanen 362
13.6.2 Gaussian Histogram Shaping ..........ccccevevevenencienieniiencnneencnnne. 362
13.6.3 Exponential Histogram Shaping.......c..ccccceceevveveevencencneenennnn. 363

14 Linear Operators 365
14.1 Convolution in One Dimension ...........ccceeveeveereenieneenenieeneneenennens 365
14.1.1 One-Dimensional EXamples.........ccoccoeevierienieneenineencneenennes 369
14.1.2 Multiple Convolutions with One-Dimensional Kernels............ 371
14.2 Convolution in TWo DImensions .........cccceeveeveereenieneeneneeneneeniennens 372
14.2.1 Convolution using Kernels........c..ccoceveerenienienienicneencnneencnnne. 373
14.2.2 Properties of the Convolution Kernel..........c..coceveevencniencnnee. 375
14.2.3 Kernels as Spatial Filters .......cc.ccoceverierienieninicninienceicneee, 377
14.2.3.1 Smoothing Kernels (Low-Pass Filters)..........cc.ccecuevuenneene. 378
14.2.3.2 Sharpening Kernels (High-Pass Filters) ........cccccecceeuenneene. 381

14.2.4 Edge-Detection and Gradient Kernels.........c..cccccveeeencnncncnnne. 385
14.2.4.1 Bas-Relief Operators ..........ccccecevereeneneeneneenenienieneenn 385
14.2.4.2 Sobel, Kirsch, and Prewitt Operators .........c..ccocceeeevenneene. 386
14.2.4.3 Line-Detection OPerators .........ccccceeerereereneeneeneesueneenns 387
14.2.4.4 The Laplacian Operator ............ccocceceerereeneneeneneenieneenn. 388

14.3 Convolution by Unsharp Mask .........ccccecvevieeveniinninieninienenienennens 388
14.4 Generated Kernels for Unsharp Masking.........cceceveevcneencnennenens 390
14.4.1 The Boxcar Unsharp MasK........cccccoceveniinenennenicniencniencnnne, 390
14.4.2 The Triangular Unsharp Mask..........cccevevieviniinincnnncncnnne. 391
14.4.3 The Gaussian Unsharp Mask.........cccceoeverveninicninicninncncnnne. 392
14.4.4 The Power-Law Unsharp MasK........cc.cccevviviinininincnnencnnn. 394
14.4.5 Other Unsharp Masks ........ccoccevuerernineeiieninieneeicscee e 394

15 Non-Linear Operators 397
15.1 RANK OPETALOTS. ...c.vveerieiiiriiieiiesieenieeste et st et e ste et et esbeesareseeens 398
15.1.1 Minimum and Maximum........c..ccccceveerenerneneenrenensreneeneeneennes 398
15.1.2 The Median OPerator ...........coceeveeerieerieeiieenieeieenieeseeeseeeseenns 399
15.1.3 The Rank-Order Operator............c.eecveereereernieeniiennieenieesieenieenns 401
15.1.4 The Multiplicative Rank Processes .......cccccovcvververceeeniienieenneenns 403
15.2 Non-Linear Enhancement Operators..........cocceevverrveereensieeneesnieeneenns 405
15.2.1 The Extreme Value Operator............cceveveveueerieeiueeneesireeneeneenns 406
15.2.2 Local Adaptive Sharpening ..........ceceeevveeveencieenienieeesienieeieens 408
15.3 NOISE FIItEIS ...eveeniiiiiiieiiiieieicceeree ettt 411
15.4 Morphological OPErators .........ceceerveerieerieeneeniesieesiesieeneeeneeeseenas 413
15.4.1 ISOPhOLE LINES ...eeeuvieiiieiiiniieeieeie ettt e 413
15.4.2 Frei and Chen OPerators.........c.eecveereerieereerieeneeseeesieesieessveenns 415
15.4.3 The SKeleton OPerator...........ocvevveerieereeniieenieeiieenieeseeeneeeseenns 418
15.4.4 Dilation, Erosion, Opening, and Closing Operators.................. 419

xii Handbook of Astronomical Image Processing



Table of Contents

15.5 The Topographic OPerator............ccoeeverueeeienieeeeniieienreeeerreeeeseenens 419
15.6 Digital Development ........c..coceevuereenienieniinieieeeereeeesre e 422
16 Image Operations 425
16.1 IMage Math ......ooiiiiiieiiiieeee et 425
16.1.1 AddItioN...c..eoveiiiiieieieieieteteeeer ettt 425
16.1.2 SUDLIACHION. ....cetiiieiieiieie ettt 426
16.1.3 MUltipliCation ....cc.ceveeuieieeieieeiesit et 428
16.1.4 DIVISION -eutiiieiieiieeieeiieeieeie sttt sttt saeeaeas 429
16.1.5 Absolute Difference..........ocoecvevereerereienienieneeeseee e 429

LO. 1.6 METZE ...ttt ettt ettt et et 430

L. 1.7 AVEIAZE...cuveuientieiieeeieeeetee ettt sttt saeeaeas 432
16.2 Image RANKING .....cooviiiiiiiiiiieieieeeeeee e e 433
16.2.1 Median Ranking .........ccecceiieiiniiiinieeeeeeeecee e 433
16.2.2 Minimum RankKing..........ccccoeoeriiiininneninieeeeceee e 435
16.2.3 Maximum Ranking.........ccccoeveiiniininieiieeccee e 435
16.3 Calibrating IMages ........ccccoeeieririererienieiese et 436
16.3.1 Dark Subtraction...........ccceeeevierieneneeienieee e e 436
16.3.2 FIat-FIelding ........ccccoerveieieieieiniieneeteseseeseeeereeeeeeee e 438
16.3.3 Basic Calibration ............cecceeeevieneeiieneeieniceesieeee e 440
16.3.4 Standard Calibration...........ceceveeverienenenieneeescee e 441
16.3.5 Advanced Calibration............cccceeeererienienienieeceeecee e 441
16.4 Image ReISration .........cceceerueeieniieienieeieieee et 442
16.4.1 Registration with Translation Only ...........cccceeeieiinincncenennen. 443
16.4.2 Registration with Translation, Rotation, and Scaling................ 444
16.5 BIinkKing TMages .......cccueeueeriirieiinienieeiieteeie et 447
16.6 Track-and-Stack Image Summing and Averaging...........ccccceccevueneee 447
17 Images in Frequency Space 453
17.1 Exploring Frequency Space .........cccoeeeerienienenieniniene e 453
17.1.1 Spatial FreqUeNCY ........ccceeeeieririienieienieeienieee e 453
17.1.2 The Frequency SPectrum..........ccocueevueereerieeneenniennieenieeneeenieenns 454
17.1.3 Sinusoid BasiCS.....ceueiuieieniieienieteseeteieee e 455
17.2 FOUrier TREOTY ..cccuevuieiiriieieeiteie ettt 456
17.2.1 Periodic Functions: The Fourier Series ..........ccccceceereneeneenenee. 456
17.2.2 Nonperiodic Functions: The Fourier Integral...............ccccuc..... 458
17.2.3 Properties of the Fourier Transform...........ccccoeceviniencniencnnen. 462
17.2.4 Convolution via Fourier Transform............ccccoeceevinieninnencnen. 464
17.2.5 Parseval’s TheOrem .........cccvevueeiinienienieieseeesi e 466
17.2.6 The Discrete Fourier Series ..........cooererirreneeneneeieneeee e 466
17.2.7 The Fast Fourier Transform.............ccocceeevieienienincencsceneeen 469
17.3 Image Processing using the Fourier Transform ............ccccocevenennnen. 470
17.3.1 Butterworth Spatial Frequency Filters..........cccccoocvoeniniennnen. 472
17.3.2 Feature Masking in Frequency Space.........ccccoeceeveeienereencnen. 474
17.3.3 Feature Enhancement in Frequency Space.........c.ccccceveeveenuenen. 475

Handbook of Astronomical Image Processing xiii



Table of Contents

18 Wavelets
18.1 The Wavelet Transform .........cccceoeeciereriiniinieneeiineec e
18.1.1 The Wavelet FUNCHON .....c..cocuevieniinienieniieniecceesceeee

18.1.2 Properties of the A Trous Wavelet Transform.......................

18.1.3 Spatial Filtering with the Wavelet Transform...........c..ccccue.e.

18.1.4 Spatial Filtering with Star Images ........c..cocevveveevinencncencnnnn.

18.2 Wavelet N0iSe Filters .......coccevuivernereeienienienicicneeiceceeneene e

18.2.3 Measuring Noise in Images ........cccoecevereenenienenieieeeeeeenee.
18.2.4 Rejecting Noise and Retaining Significant Features.................
18.2.5 The Solution: An Iterative Wavelet Noise Filter.......................
18.3 Wavelet K-Sigma Filtering ...........ccccooeeiiniiniiniieineerc e
18.4 USING WAVEILLS ..ottt ettt st

19 Deconvolution
19.1 The Inverse Convolution Problem ...........cccccocivininincnciinicnninnnne.
19.2 Image Estimation by Iteration..........cccccoevovenenieninienicneencnienenens
19.3 Van Cittert Image EStimation.........c..ccoeeuenerienenienenieneneeneneenens
19.4 Richardson-Lucy Image Estimation..........c.ccecueveevienenienenncncnneennen.
19.5 Using Deconvolution with Astronomical Images.........c..ccoccveeruenneen.

20 Building Color Images
20.1 Human Color VISION ....ccccevuiriiniiriienenienienienreeeenieeeeneeeneeieseeniesanens
20.1.1 The Trichromatic Basis of Color Vision ........ccccceeeeevvernieenneenns
20.1.2 Luminance and Chrominance...........ccecceeveerueeneenieeenieesinessueenns
20.1.3 Reproducing COlOT .......cceeveirieenieniienieeieerieesteeieeniteeieesiee e
20.2 Celestial Light.....coceeviiiiienieeieeie ettt
20.2.1 Starlight and Continuous SPeCtra..........ceeceerveereerceeesieeriuenineenns
20.2.2 Nebulae and Emission Spectra..........cceceevveerieriiernieenieeneeneenns
20.2.3 The Challenge of Celestial Color Imaging..........ccccceeveevueeuennns
20.3 Red/Green/Blue Tri-Color Imaging...........ccceevcveevieevienvieeneensieeneens
20.3.1 Step 1: Capture Filtered Images ........cccceeveeviiieniencieeniienieeieene
20.3.2 Step 2: Correct the Filtered Images........cccceecveevieeiieeniieniieeneens
20.3.2.1 Subtract the Skylight Background..........ccccceeeueviiieniennenn.
20.3.2.2 Color Balance with G2V Stars ........c.ccecererveencrvcnrencnne

20.3.3 Create the Color IMage.........cocueevueeniiinieenieniienieeeceiee e
20.3.4 Summary: White-Balance Using G2V Stars.......c.ccccecveevueennenns
20.4 Using Field Stars for White Balance...........ccccoecuevviieviennienieinieenennns
20.4.1 Summary: White-Balance Using Field Stars...........cc.cceeveeneens
20.5 Color Images from Filter-Matrix Cameras..........cccceevvereueenieerrueenneenne
20.6 Color Space: Geometric Interpretations of ColOr ........ccceevveevueennenns
20.6.1 RGB ColOr SPaCe ....ccuveeiiiiiiiieeiieniterieeeteeite sttt
20.6.2 HSL COlOT SPACE....ccoviriieriiiiiieiieeiieniteeteeiee sttt esite e eniee e
20.6.3 Lab COlOT SPACE .....eevvvieiieiiiiiieiiesie ettt ettt
20.7 Luminance/RGB (LRGB) Color Imaging..........ccecceevvereuerniieriuensnennne

xiv. Handbook of Astronomical Image Processing



Table of Contents

20.7.1 Creating an Artificial Luminance Image.........c..cccccceeveninenne. 547
20.7.2 Enhancing the Luminance Image............ccccccoceevenieciinicncncnnne. 547
20.7.3 Creating LRGB Images ........c.coccecerieninieieniciicicecceceeeeen 547
20.8 Practical RGB and LRGB Color Imaging...........cccecceeirieninienennns 549
20.8.1 Selecting Filters........ccccecuivieeiinieniirieeneeesecreeeeee e 549
20.8.2 Shooting RGB and LRGB Images ..........ccccceceevveniecicniecencnen. 550
20.8.3 Trade-offs: RGB versus LRGB ..........c.cccociniiiininiiiicneen. 552
20.9 LLRGB (Multi-Luminance) Imaging ..........ccccoccecenieveneeienencnennens 552
20.10 Extended-Range and Narrowband Color ..........c..cccceeieciininncncnnns 553
20.11 Color Imaging with CMY Filters.........cccocceciviiiininiiniinincecnene 554
20.11.1 Selecting CMY Filters.......ccccoceviriienirieninieeeeieeecee e 555
20.11.2 CMY versus RGB Imaging ........ccccoceeveninieninieiiniciceeenne. 555
20.12 The Subjective Side of Color Images...........cccceeeeeenirienenieenenneens 555
21 Processing Color Images 557
21.1 Properties of Color IMages.........ccceeeveruieienieeiinieieneeee e 557
21.2 Calibrate to Remove Dark Current and Vignetting..............cccceeueene. 564
21.2.1 Calibrating Bayer-Array Color Images ..........cccceeeeveeneeccennnnen. 564
21.2.2 Calibration for Digital Cameras ...........c.ccoeceeeeerenienenceneneenne. 565
21.3 Stacking to Enhance Signal-To-Noise Ratio..........cccceverierinienenncns 567
21.4 Making Great Images with a Digital Camera............cccceoceeveneenuennene 570
21.5 Color Images in Color SPaces........cceeverueeieriieienieeienie et 572
21.5.1 RGB COlOr SPACE ....eouviiieiieiieiietesie et 572
21.5.2 HSL COlOT SPACE.....eertieuieiieiieniieie sttt 574
21.5.3 Lab ColOr SPACE ......eeeieuieiieiieieetete ettt 575
21.6 Color in Color IMAagEeSs ......ccuevveeuerieierieeieieeeee et 576
21.6.1 White Balance ..........cccoeceevirieniiiinieeiece e 576
21.7 Luminance Enhancement of Color Images ............cccceveeeienencienennnens 577
Appendix A Glossary 581
Appendix B Resources 597
B.1 CCD IMAZING...cutetiriieiinieienieeiereeestteestt ettt st sieeas 597
B.1.1 CCD Imaging BoOKS.........cccceeueriemireeninienienieieeeiesiceee e 597
B.2 AStronomical OPUiCS ......coceevuirueeriereenieriieieniieieeieete ettt sieens 599
B.2.1 Telescope Design.......ccuecueeeeiineiniereenieniieienieeteieetesieeee e 599
B.2.2 Telescopes and ViSION .........ccceeveerireenenienieneenienieeienceee e 599
B3 ASIIOMEIY ..eouveiieniieiteieeieete ettt ettt ettt se e sttt ens 600
B.3.1 Astrometry Books and Articles..........ccocerviererienenieniincenencenne, 600
B.3.2 Astrometry SOftWare..........ccccoeeienirieenerienenieneneeeeeeee e 601
B.3.3 Astrometry Reference Catalogs .......c.ccoceevereenieniniencenecneennene. 601
B.4 PROtOMELIY ..cuveiiiiiiiiiiinieiie ettt et 601
B.4.1 Photometry Books and Articles .........ccccoevvenervienieniencnneenennne, 601
B.4.2 Photometric Data: Extinction Stars and Standard Stars.............. 602
B.4.3 Photometry Organizations ...........c..ceeeeeereereenieneenieneeneeneeneennes 603
B.4.4 Photometric FIlters.........ccoveveviiiiiiiiniiiiiiiicniescicicecceeene 603

Handbook of Astronomical Image Processing xv



Table of Contents

B.4.5 Photometry SOftWare ..........cccoeveerereenenieieneeieeeeneeee e 603
B.5 SPECIIOSCOPY ..uvevteniiriieiinitenie ettt ettt ettt ettt saeens 604
B.5.1 Spectroscopy Books and Articles .........ccocceovevenienenciencnneenennne, 604
B.5.2 Spectroscopic Catalogs .........coeviererreenerienenienienieeiesieeneeseeenees 604
B.6 IMage Processing........cocueveeiiririenenienenienieeiteieetenie st 605
B.6.1 Image Processing Books: General .........c..ccocceveevenieniencencnennne. 605
B.6.2 Image Processing: Science Applications .........ccccceceevvereeneenennne. 605
B.6.3 Image Processing: Image Restoration...........cc.cecceeereencreencnnnn. 606
B.6.4 Image Processing and the Fourier Transform.........cc.ccccceeeenuenee. 607
B.6.5 Image Processing and Wavelets ..........ccoccevevienenieneneenencenne. 607
B.6.6 Image Processing AIgOrithms..........ccccecereeniiinienennenieieene 608
B.6.7 Image Processing SOftware..........cccceceverienenienenieieeeesee e 608
B.7 COlOr IMAZING ... eetieuieiieiieie ettt st ea 611
B.7.1 Color Imaging BOOKS........ccccecirieriiriiieniieiesieeeeeee e 611
Appendix C Tutorials 613
C.1 Basic SKIlIS ...coiiuiiiiiiiieiieicieicicccce e 615
C.2 Calibration ........ccooceeuieiiiiniiniiieieicecect e 621
C.3 Image Evaluation........coceoeeieneriininicnienieicetcieeieeee et 626
Cd ASITOMIEIY ..eeneieeniieiteieeicete ettt ettt ettt ettt st sae bt e e sbtenbesaeens 631
C.5 PROtOMELIY ..ttt sttt 635
C.5.1 Single-Star PhotOmetry........cccceveevuereeneninrienieieeeieneeeeneeen 636
C.5.2 Single-Image PhotOmetry ........c.ccoouereeienienienieneeicnceie e 637
C.5.3 Multiple-Image Photometry.........coccoceverienenienenienienceieneenne, 639
C.0 SPECIIOSCOPY c.nvenvtenreitentenitenteeitetesitestesttetesttenteebeetessae et sstenaesbaenbesanens 642
C.7 Image Enhancement .........ccoeeeererienienienienienieeeieetenee e 644
C.7.1 Brightness SCaling .........cccceceevuereiniereeneninieneeieneeeeneeee e 645
C.7.2 Histogram Shaping ........cccceceevuereenieneenienenienieeeenieneeneeeee e 647
C.7.3 Convolution Filtering........c..ccoceevevirveninienienienenieieneeeeneenen 649
C.7.4 Unsharp MasKing.......c..ccceeeeiinennieneeneninieneeieeeteneeee e 650
C.7.5 DeconVOIULION. ......ccevieiiieieieieieiee et 651
C.7.6 Wavelet Spatial FIItering .........ccccceceevenenienenienenieiencecneene, 653
C.7.7 Morphological Processing .........ccocceeeerereenerrienenienieneeneencennes 654
C.8 Fast Fourier Transform.........cccccecevieiiiiinininininiicieiceeececeeen 655
C.9 Multiple Image Processing ..........cccceveeverierienenienenieneneeneneenienieens 659
C.9.1 Track and Stack .......ccccoevvevievieiiriiniiiiiicineeseecceeeee 659
C.9.2 Multi-Image Processing........c..cecceeerveenerieneneenenennieneeneeseenes 663
C.9.3 Multi-Image ALIgNment ...........ccccevereenenernienennienenieneeee e 663
C.10 Image Registration and BInKing.........ccccceceeveerernenennenenncnenienens 664
C.11 Deep-SKY IMages......cc.eeveererienirienieeieniieiesieetesicee et 665
C.12 Planetary IMages .........cecceveriirerienenieieniieiceeeieeieenee et 670
C.13 ColOr IMAZES ..eveeneeeiiiieiienieeteieet ettt st 672
C.14 CONCIUSION ..c.ovviniiieiiiieieceece s 674
INAEX .ot 677

xvi Handbook of Astronomical Image Processing



