
Ìîäåëèðîâàíèå ñïåêòðàëüíîãî ðàñïðåäåëåíèÿ
ýíåðãèè ðîäèòåëüñêîé ãàëàêòèêè

ãàììà-âñïëåñêà
Ìîñêâèòèí Àëåêñàíäð

ãðóïïà èçó÷åíèÿ ãàììà-âñïëåñêîâ ÑÀÎ ÐÀÍ

Ñîäåðæàíèå
1 Ðîäèòåëüñêèå ãàëàêòèêè (host galaxies) è ìàññèâíîå çâåçäîîáðàçîâàíèå 2

2 Ïîäãîòîâêà è íàáëþäåíèÿ íà ïðèìåðå ôîòîìåòðèè 2

3 Íà÷àëüíàÿ îáðàáîòêà äàííûõ 4
3.1 Ôîðìàò èñïîëüçóåìûõ äàííûõ (FITS) . . . . . . . . . . . . . . . . . . . . . . . 4
3.2 CCD-ìàòðèöû . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.3 Âû÷èòàíèå ýëåêòðîííîãî �íóëÿ� (bias) . . . . . . . . . . . . . . . . . . . . . . 7
3.4 Òåìíîâîé òîê (dark frames) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.5 Äåëåíèå íà ïëîñêîå ïîëå (�at �eld) . . . . . . . . . . . . . . . . . . . . . . . . 9
3.6 Óäàëåíèå ñëåäîâ êîñìè÷åñêèõ ÷àñòèö (cosmic hits) . . . . . . . . . . . . . . . 9
3.7 Âû÷èòàíèå èíòåðôåðåíöèîííîãî �óçîðà� (fringes) . . . . . . . . . . . . . . . . 10
3.8 Ñóììèðîâàíèå êàäðîâ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

4 Àñòðîìåòðè÷åñêàÿ ïðèâÿçêà (WCStools, Aladin) 10

5 Ôîòîìåòðèÿ 13
5.1 SExtractor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
5.2 DAOPHOT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
5.3 Ðàñ÷¼ò çâ¼çäíûõ âåëè÷èí (íà ïðèìåðå àïåðòóðíîé ôîòîìåòðèè) . . . . . . . 16
5.4 Ïåðåâîä çâ¼çäíûõ âåëè÷èí â ïîòîêè . . . . . . . . . . . . . . . . . . . . . . . . 17

6 Ìîäåëèðîâàíèå (PEGASE + IDL) 17
6.1 Ïîäãîòîâêà ê ìîäåëèðîâàíèþ . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
6.2 Ðàñ÷¼ò ìîäåëåé â PEGASE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

7 Ðåçóëüòàòû ìîäåëèðîâàíèÿ ñïåêòðà ðîäèòåëüñêîé ãàëàêòèêè 20

8 Ïðèëîæåíèå 1: ïîëå ðîäèòåëüñêîé ãàëàêòèêè GRB 021004 22

9 Ïðèëîæåíèå 2: èññëåäîâàíèå GRB 110801A 25

10 Ïðèëîæåíèå 3: ïðîãðàììû äëÿ MIDAS è IDL 26

Ñïèñîê ëèòåðàòóðû 48

1



1 Ðîäèòåëüñêèå ãàëàêòèêè (host galaxies) è ìàññèâíîå
çâåçäîîáðàçîâàíèå

Èññëåäîâàíèå ðîäèòåëüñêèõ ãàëàêòèê êîñìè÷åñêèõ ãàììà-âñïëåñêîâ ñëóæàò íåñêîëüêèì
îñíîâíûì öåëÿì:

1. ýìèññèîííûå ëèíèè â ñïåêòðàõ ðîäèòåëüñêèõ ãàëàêòèê (à òàêæå àáñîðáöèè â ñïåê-
òðàõ îïòè÷åñêîãî ïîñëåñâå÷åíèÿ âñëåäñòâèå ïîãëîùåíèÿ â ìåæçâåçäíîé ñðåäå ðîäè-
òåëüñêîé ãàëàêòèêè) ïîçâîëÿþò îïðåäåëÿòü ðàññòîÿíèÿ (z) äî èñòî÷íèêîâ ãàììà-
âñïëåñêîâ, ÷òî íåîáõîäèìî äëÿ ïîëíîé àñòðîôèçè÷åñêîé èíòåðïðåòàöèè ýòîãî ÿâëå-
íèÿ;

2. èçó÷åíèå ñâîéñòâ ðîäèòåëüñêèõ ãàëàêòèê � ýòî åùå îäèí âàæíûé èíñòðóìåíò äëÿ
âûÿñíåíèÿ ïðèðîäû ïðàðîäèòåëåé, áåç ñîìíåíèÿ, îäíîãî èç âàæíåéøèõ âîïðîñîâ,
ñòîÿùèõ ïåðåä èññëåäîâàòåëÿìè;

3. nàêæå âàæíûì âîïðîñîì ÿâëÿåòñÿ èññëåäîâàíèå ýâîëþöèè ñ êðàñíûì ñìåùåíèåì
ñâîéñòâ ðîäèòåëüñêèõ ãàëàêòèê.

Âñ¼ áîëüøå íàáëþäàòåëüíûõ ôàêòîâ óêàçûâàåò íà ñâÿçü ãàììà-âñïëåñêîâ ñ ýâîëþöèåé
ìàññèâíûõ çâåçä [1]:

• Íàáëþäàåìûå ïîòîêè â ñèíåé ÷àñòè ñïåêòðîâ ðîäèòåëüñêèõ ãàëàêòèê ïîçâîëÿåò
ñóäèòü îá ïîâûøåííîì òåìïå çâåçäîîáðàçîâàíèÿ.

• Çíà÷èòåëüíîå âíóòðåííåå ïîãëîùåíèå â ðîäèòåëüñêèõ ãàëàêòèêàõ ãîâîðèò î âûñîêîé
êîíöåíòðàöèè ãàçà è ïûëè, õàðàêòåðíîé äëÿ îáëàñòåé îáðàçîâàíèÿ ìàññèâíûõ çâåçä.

• Íàëè÷èå íåäîñòàòêà ïîòîêà â îáëàñòè 2175�A (â ñèñòåìå îòñ÷åòà ãàëàêòèêè) ãî-
âîðèò î íàëè÷èè ïîëîñû ïîãëîùåíèÿ óãëåðîäà, ÷òî äîñòàòî÷íî ÷àñòî âñòðå÷àåòñÿ â
ñïåêòðàëüíûõ ðàñïðåäåëåíèÿõ ðîäèòåëüñêèõ ãàëàêòèê è ìîæåò áûòü äåòåêòèðîâàíî
ôîòîìåòðè÷åñêèìè ìåòîäàìè.

• Ðàñïðåäåëåíèå ïîëîæåíèé ãàììà-âñïëåñêîâ îòíîñèòåëüíî öåíòðîâ ðîäèòåëüñêèõ
ãàëàêòèê â êàðòèííîé ïëîñêîñòè ñòàòèñòè÷åñêè ñîâïàäàåò ñ ðàñïðåäåëåíèåì ìàññèâ-
íûõ çâåçä (â òåõ ñëó÷àÿõ, êîãäà áûëî âîçìîæíî ïðîñëåäèòü ìîðôîëîãèþ ãàëàêòèê).

• Íàáëþäåíèÿ èíòåíñèâíûõ ëèíèé æåëåçà â ðåíòãåíîâñêèõ ïîñëåñâå÷åíèÿõ íåêîòî-
ðûõ ãàììà-âñïëåñêîâ óêàçûâàþò íà íàëè÷èå ïëîòíîãî, îáîãàùåííîãî òÿæåëûìè ýëå-
ìåíòàìè ãàçà, îêðóæàþùåãî îáëàñòè ôîðìèðîâàíèÿ ãàììà-âñïëåñêîâ.

Â äàííîé ðàáîòå ïðåäñòàâëåíû ýòàïû îäíîãî èç âàðèàíòîâ èçó÷åíèÿ ñâîéñòâ ðîäè-
òåëüñêèõ ãàëàêòèê � ìîäåëèðîâàíèå ñïåêòðàëüíîãî ðàñïðåäåëåíèÿ ýíåðãèè ïî äàííûì
øèðîêîïîëîñíîé ôîòîìåòðèè è ïîòîêîâ â ýìèññèîííûõ ëèíèÿõ íà÷èíàÿ ñ ïîäãîòîâêè ê
íàáëþäåíèÿì è çàêàí÷èâàÿ îñíîâíûìè âûâîäàìè.

2 Ïîäãîòîâêà è íàáëþäåíèÿ íà ïðèìåðå ôîòîìåòðèè
Ðîäèòåëüñêèå ãàëàêòèêè ãàììà-âñïëåñêîâ, ðàñïîëîæåííûå íà êðàñíûõ ñìåùåíèÿõ îò äî-
ëåé åäèíèöû ïî÷òè äî äåñÿòêè, â áîëüøèíñòâå ñâîåì ïðåäñòàâëÿþò ñëàáûå ïî ïîòîêó
îáúåêòû. Òîëüêî äëÿ íåáîëüøîé ÷àñòè èç íèõ ìîãóò áûòü ïîëó÷åíû ñïåêòðû, èìåþùèå

2



Ðèñ. 1: Îñíîâíûå îïòè÷åñêèå òåëåñêîïû ÑÀÎ ÐÀÍ. Ââåðõó: 6-ìåòðîâûé ÁÒÀ + Scorpio
(BV RcIc, äëèííîùåëåâàÿ ñïåêòðîñêîïèÿ, ìíîãîùåëåâàÿ ñïåêòðîñêîïèÿ, ñïåêòðîïîëÿðè-
ìåòðèÿ, ÈÔÏ) [2]. Âíèçó: ìåòðîâûé Zeiss-1000 + UBV RcIc ôîòîìåòð (äðóãîé âàðèàíò
íàáëþäåíèé: UAGS � ñïåêòðîìåòð íèçêîãî ðàçðåøåíèÿ).
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äîñòàòî÷íûé äëÿ àíàëèçà ïîòîê â êîíòèíóóìå. Îáû÷íî æå âîçìîæíî ïîëó÷èòü òîëüêî
ïðÿìûå ñíèìêè (äëÿ ïîñëåäóþùåé ôîòîìåòðèè) è/èëè ýìèññèîííûé ñïåêòð, ãäå âèäíû
íàèáîëåå âûäàþùèåñÿ óçêèå ãàëàêòè÷åñêèå ýìèññèè.

Òàêèì îáðàçîì, äëÿ íàáëþäåíèé ðîäèòåëüñêèõ ãàëàêòèê îáû÷íî òðåáóþòñÿ òåëåñêîïû
áîëüøîé àïåðòóðû (äèàìåòð ãëàâíîãî çåðêàëà áîëüøå 4 ìåòðîâ), à èíîãäà çàäà÷ó ñïîñîáíû
âûïîëíèòü òîëüêî íàáëþäåíèÿ ñ îðáèòû íà êîñìè÷åñêîì òåëåñêîïå èì. Õàááëà.

Óñëîâèÿ íàáëþäåíèé, êàê òî: òåëåñêîï + ôèëüòðû + ïðè¼ìíèê (ñì. Ðèñ. 1), íàèëó÷øàÿ
âûñîòà îáúåêòà íàä ãîðèçîíòîì, ïðèåìëåìîå êà÷åñòâî èçîáðàæåíèé, êà÷åñòâî àòìîñôåðû è
ò. ä., âûáèðàþòñÿ èñõîäÿ èç èìåþùèõñÿ âîçìîæíîñòåé è êîíêðåòíîé ïîñòàâëåííîé çàäà÷è.
Â òå÷åíèå íàáëþäàòåëüíîé íî÷è íåîáõîäèìî ïðîèçâåñòè íåîáõîäèìîå êîëè÷åñòâî êàëèá-
ðîâî÷íûõ ðàáîò, íåîáõîäèìûõ äëÿ ïîñëåäóþùåé êîððåêòíîé îáðàáîòêè äàííûõ. Â ñëó÷àå
ïðåäåëüíî ñëàáûõ îáúåêòîâ ýòà òåõíè÷åñêàÿ çàäà÷à ñòîèò îñîáåííî àêòóàëüíî.

3 Íà÷àëüíàÿ îáðàáîòêà äàííûõ
Â ýòîì ðàçäåëå ïîêàçàíà ìåòîäèêà îáðàáîòêè �ñûðûõ� CCD-äàííûõ íà ïðèìåðå íåñêîëü-
êèõ îáúåêòîâ, èññëåäîâàâøèõñÿ â ÑÀÎ â ðàçíîå âðåìÿ íà ðàçíûõ èíñòðóìåíòàõ (ñì. òàêæå
[5]). Íà÷àëüíàÿ ðåäóêöèÿ äàííûõ ïðîâîäèòñÿ â ñòàáèëüíîé è øèðîêî ðàñïðîñòðàí¼ííîé
ñðåäå ESO-MIDAS (Munich Image Data Analiysis System), äëÿ êîòîðîé íàïèñàíî îãðîì-
íîå ÷èñëî ïðîãðàìì. Îáðàáîòêà, â ïðèíöèïå, ìîæåò ïðîâîäèòñÿ â ëþáîé äðóãîé óäîáíîé
ñðåäå, à ïðåäñòàâëåííûå ìåòîäû ìîãóò âàðüèðîâàòüñÿ, âèäîèçìåíÿÿñü ïîä êîíêðåòíûå çà-
äà÷è è ïðèáîðû, îäíàêî äàííîå ðóêîâîäñòâî ÿâëÿåòñÿ ðàáîòàþùåé íà ïðàêòèêå ïîñëåäîâà-
òåëüíîñòüþ øàãîâ è ìîæåò ñëóæèòü îòïðàâíîé òî÷êîé äëÿ ïîèñêà íàèëó÷øåãî âàðèàíòà.
Òàêæå ïåðå÷èñëåíû íåêîòîðûå ñâîéñòâà CCD ìàòðèö, íà êîòîðûõ ïîëó÷åíû îáðàáàòûâà-
åìûå äàííûå, à òàêæå îïèñàíû íåêîòîðûå ñâîéñòâà ôîðìàòà ýòèõ äàííûõ (îïèñàíèå �ts
ôàéëîâ).

3.1 Ôîðìàò èñïîëüçóåìûõ äàííûõ (FITS)
Îñíîâíîé ôîðìàò ïîëó÷åíèÿ, õðàíåíèÿ è îáðàáîòêè àñòðîíîìè÷åñêèõ äàííûõ � FITS
(Flexible Image Transport System). Â îñíîâíîì ñëóæèò äëÿ ïåðåäà÷è èçîáðàæåíèé ëþáîé
ìåðíîñòè (÷àùå, 2D èëè 3D). Ïîìèìî èçîáðàæåíèÿ (èëè èçîáðàæåíèé) â ôàéëå ïðîïèñû-
âàþòñÿ ò. í. øàïêà ñî ñòðîêàìè îïèñàíèÿ � äåñêðèïòîðàìè (ASCII, äî 80 ñèìâîëîâ â îäíîé
ñòðîêå), ïðåäñòàâëÿþùèìè èç ñåáÿ íåîáõîäèìóþ äëÿ îáðàáîòêè äàííûõ èíôîðìàöèþ.

Íèæå ïðèâåäåíà øàïêà FITS-ôàéëà, ïîëó÷åííîãî íà ÁÒÀ + Scorpio âî âðåìÿ íàáëþ-
äåíèé GRB 110801A (ñóììà íåñêîëüêèõ òàêèõ ôàéëîâ ïîêàçàíà íà Ðèñóíêàõ 4 è 5).

SIMPLE = T / Written by IDL: Wed Aug 10 02:14:46 2011
BITPIX = 16 / No. of bits per pixel
NAXIS = 2 / No. of axes in matrix
NAXIS1 = 1044 / No. of pixels in X
NAXIS2 = 1046 / No. of pixels in Y
CRVAL1 = 0 / Offset in X
CRVAL2 = 0 / Offset in Y
DATE = '2011-08-10' / Creation data of this file
ORIGIN = 'CCDServer v2.1' / ACQUSITION SYSTEM
DATE-OBS= '2011/10/08' / DATE (YYYY/DD/MM) OF OBS.
TELESCOP= 'BTA 6-meter' / TELESCOPE NAME
INSTRUME= 'SCORPIO ' / INSTRUMENT
OBSERVER= 'Dodonov ' / OBSERVERS
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OBJECT = 'GRB 110801A' / NAME OF IMAGE
PROG-ID = 'GRB afterglows' / observational program
AUTHOR = 'Sokolov ' / AUTHOR OF PROGRAM
BSCALE = 1.00 / REAL = TAPE*BSCALE + BZERO
BZERO = 32768.0 /
DATAMAX = 61000.0 / MAX PIXEL VALUE
DATAMIN = 68.0 / MIN PIXEL VALUE
FILE = 'S8960625.FTS' / original name of input file
IMAGETYP= 'obj' / object, flat, dark, bias, scan, eta, neon, push
OBSERVAT= 'SAO RAS ' / observatory
START = '02:14:46' / measurement start time (local) (hh:mm:ss)
EXPTIME = 60.0 / actual integration time (sec)
CAMTEMP = 143.193 / camera temperature (K)
DETECTOR= 'EEV CCD42-40' / detector
RATE = 160.0 / readout rate (KPix/sec)
GAIN = 1.946 / gain, electrons per adu
NODE = 'B' / output node (A, B, AB)
BINNING = '2x2' / binning
PXSIZE = '27.0 x 27.0' / pixel size (mkm x mkm)
UT = '23:17:25.91' / universal time (hh:mm:ss.ms)
ST = '22:15:26.34' / sidereal time (hh:mm:ss.ms)
RA = '05:59:45.91' / Right Ascension (DD MM SS)
DEC = '+80:57:14.3' / Declination (DD MM SS)
EPOCH = 2011.61 / EPOCH OF RA AND DEC
Z = 50.8 / zenith distance
A = -168.5 / azimuth
PARANGLE= 303.0 / parallactic angle
ROTANGLE= 212.1 / field rotation angle
SEEING = ' 1.2 ' / seeing
FILTER = / filter
FOCUS = 38.31 / focus of telescope (mm)
IMSCALE = '0.357x0.357' / image scale ("/Pix x "/Pix)
CAMERA = 1 / camera number
SLITWID = / slit width (")
MIRRTEMP= 16.7 / mirror temperature (C)
DOMETEMP= 11.5 / dome temperature (C)
OUTTEMP = 11.4 / outside temperature (C)
WIND = 0.4 / wind (m/s)
CLOUDS = 0 / clouds (%)
PRESSURE= 595.6 / pressure
MODE = 'Image ' / mode of instrument
DISPERSE= ' ' / disperser, dispersion A/px
SPERANGE= '6620A EW=1500A' / spectral coverage
ORDER = ' 751' / order of dispersion TILTPOS
TILTPOS = ' ' / tilt position
FILTERS = ' R ' / name of both wheels
FILTPOS1= 0 / position of wheel number 1
FILTPOS2= 3 / position of wheel number 2
CAMFOCUS= 3.69 / focus of reducer (mm)
QGCONST = 10.4700 / Queensgate constant
LSCAN = 6598.95 / wavelength of IFP scan
CHANNEL = 40 / IFP channel
END
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3.2 CCD-ìàòðèöû
×óâñòâèòåëüíîñòü äåòåêòîðîâ, ïðèìåíÿâøèõñÿ â ðàçíîå âðåìÿ â àñòðîíîìè÷åñêèõ íàáëþ-
äåíèÿõ:

• ×åëîâå÷åñêèé ãëàç 1 � 2%

• Ôîòîãðàôè÷åñêàÿ ïëàñòèíêà 20 � 30%

• ÔÝÓ 20 � 30%

• CCD 70 � 90%

• ÈÊ äåòåêòîðû (HgCdTe) 30 � 50%

Ïðèáîðû ñ çàðÿäîâîé ñâÿçüþ (ÏÇÑ, CCD = Charge-Coupled Device) áûëè èçîá-
ðåòåíû â 1969. Â 1972 ãîäó ãðóïïà èññëåäîâàòåëåé èç JPL (Ëàáîðàòîðèÿ Ðåàêòèâíîãî
Äâèæåíèÿ, ÑØÀ) îñíîâàëà ïðîãðàììó ðàçâèòèÿ ÏÇÑ äëÿ àñòðîíîìèè è êîñìè÷åñêèõ èñ-
ñëåäîâàíèé. Òðè ãîäà ñïóñòÿ, ñîâìåñòíî ñ ó÷åíûìè Àðèçîíñêîãî óíèâåðñèòåòà, ýòà êîìàíäà
ïîëó÷èëà ïåðâîå àñòðîíîìè÷åñêîå ÏÇÑ èçîáðàæåíèå.

Ïðèíöèï äåéñòâèÿ: ÏÇÑ-ìàòðèöà ñîñòîèò èç ïîëèêðåìíèÿ, îòäåë¼ííîãî îò êðåìíè-
åâîé ïîäëîæêè. Ïîä äåéñòâèåì ïàäàþùèõ íà ïèêñåëè ìàòðèöû ôîòîíîâ âñëåäñòâèå âíóò-
ðåííåãî ôîòîýôôåêòà ñîçäà¼òñÿ çàðÿä, êîòîðûé ìîæåò õðàíèòüñÿ è íàïðàâëåííî ïåðåäà-
âàòüñÿ â ïîòåíöèàëüíûõ ÿìàõ, îáðàçóþùèõñÿ â ïðèïîâåðõíîñòíîì ñëîå ïîëóïðîâîäíèêà
ïðè ïðèëîæåíèè ê ýëåêòðîäàì âíåøíèõ ýëåêòðè÷åñêèõ íàïðÿæåíèé. Äî ýêñïîíèðîâàíèÿ
îáû÷íî ïîäà÷åé îïðåäåë¼ííîé êîìáèíàöèè íàïðÿæåíèé íà ýëåêòðîäû ïðîèñõîäèò ñáðîñ
âñåõ ðàíåå îáðàçîâàâøèõñÿ çàðÿäîâ è ïðèâåäåíèå âñåõ ýëåìåíòîâ â èäåíòè÷íîå ñîñòîÿíèå.
Äàëåå êîìáèíàöèÿ íàïðÿæåíèé íà ýëåêòðîäàõ ñîçäà¼ò ïîòåíöèàëüíóþ ÿìó, â êîòîðîé ìî-
ãóò íàêàïëèâàòüñÿ ýëåêòðîíû, îáðàçîâàâøèåñÿ â äàííîì ïèêñåëå ìàòðèöû â ðåçóëüòàòå
âîçäåéñòâèÿ ñâåòà ïðè ýêñïîíèðîâàíèè. ×åì èíòåíñèâíåå ñâåòîâîé ïîòîê âî âðåìÿ ýêñïî-
çèöèè, òåì áîëüøå íàêàïëèâàåòñÿ ýëåêòðîíîâ â ïîòåíöèàëüíîé ÿìå, ñîîòâåòñòâåííî òåì
âûøå èòîãîâûé çàðÿä äàííîãî ïèêñåëÿ. Ïîñëå ýêñïîíèðîâàíèÿ ïîñëåäîâàòåëüíûå èçìåíå-
íèÿ íàïðÿæåíèÿ íà ýëåêòðîäàõ ôîðìèðóþò â êàæäîì ïèêñåëå è ðÿäîì ñ íèì ðàñïðåäå-
ëåíèå ïîòåíöèàëîâ, êîòîðîå ïðèâîäèò ê ïåðåòåêàíèþ çàðÿäà â çàäàííîì íàïðàâëåíèè, ê
âûõîäíûì ýëåìåíòàì ìàòðèöû.

Äëÿ êîððåêòíîé îáðàáîòêè äàííûõ íåîáõîäèìî çíàòü íåêîòîðûå õàðàêòåðèñòèêè òå-
ëåñêîïà, CCD-ìàòðèöû è ðåæèìà, â êîòîðîé îíà ðàáîòàëà ïðè êîíêðåòíûõ íàáëþäåíèé
[3, 4].

1. Øóì ñ÷èòûâàíèÿ (Readout-noise)
Øóì óñèëèòåëÿ è äðóãèõ ýëåìåíòîâ CCD ïåðåä êîíâåðòàöèåé àíàëîãîâîãî ñèãíàëà
â öèôðîâîé. Âåëè÷èíà ïîðÿäêà ñòàíäàðòíîãî îòêëîíåíèÿ óðîâíÿ ýëåêòðîííîãî �íó-
ëÿ� (ñì. Ïàðàãðàô 3.3). Ìíîãèå ìàòðèöû ìîãóò ðàáîòàòü íà íåñêîëüêèõ ñêîðîñòÿõ
ñ÷èòûâàíèÿ, ïðè óìåíüøåíèè âðåìåíè ñ÷èòûâàíèÿ øóì ðàñò¼ò.

2. Êîýôôèöèåíò óñèëåíèÿ (Gain, ADC factor)
Êîëè÷åñòâî ýëåêòðîíîâ â îäíîì îòñ÷¼òå ïèêñåëÿ (ADU = Analog-to-Digital Units).
Ñîîòâåòñòâóåò êîýôôèöèåíòó â àíàëîãî-öèôðîâîì ïðåîáðàçîâàòåëå (ÀÖÏ, ADC =
Analog-to-Digital Converter) ïðè ïåðåõîäå îò êóëîíîâ (ñîîòâåòñòâóþò êîëè÷åñòâó ýëåê-
òðîíîâ) ÷åðåç âîëüòû â íåïðåðûâíîé øêàëå, âîëüòû â äèñêðåòíîé, ê ADU íà ïîñëåä-
íåì ýòàïå. [gain] = e−/ADU
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Ðèñ. 2: Ñëåâà: Ìàññèâ CCD ìàòðèö 2.5 ìåòðîâîãî òåëåñêîïà îáçîðà Sloan Digital Sky Survey
(SDSS) ñ ôèëüòðàìè r, i, u, z, g. Ñïðàâà: ïðèíöèï ïåðåíîñà çàðÿäà â CCD. Ïàêåòû çàðÿ-
äîâ (ýëåêòðîíû, ïîêàçàíû ãîëóáûì öâåòîì) ñîáèðàþòñÿ â ïîòåíöèàëüíûõ ÿìàõ (ïîêàçàíû
æ¼ëòûì), ñîçäàííûõ ïðèëîæåííûì íàïðÿæåíèåì íà çàòâîðíûõ ýëåêòðîäàõ (G). Ïîäà÷à
íàïðÿæåíèÿ íà çàòâîðíûå ýëåêòðîäû â ïðàâèëüíîé ïîñëåäîâàòåëüíîñòè ïåðåìåùàåò ïàêå-
òû çàðÿäîâ.

3. Äèíàìè÷åñêèé äèàïàçîí, ðàçðÿäíîñòü CCD è ïåðåäåðæàííûå îáúåêòû
Ìàêñèìàëüíîå êîëè÷åñòâî îòñ÷¼òîâ â ïèêñåëå îïðåäåëÿåòñÿ ðàçðÿäíîñòüþ ÀÖÏ (îáû÷-
íî 15 èëè 16 áèò â ïèêñåëå, ÷òî ñîîòâåòñòâóåò 32767 è 65535 ADU). Ñïîñîáíîñòü ÿ÷åé-
êè ìàòðèöû íàêàïëèâàòü çàðÿä íå áåñêîíå÷íà è ïðè ïðåâûøåíèè êàêîãî-òî ïðåäåëà
(saturation, ïåðåäåðæàííîñòü îáúåêòîâ, ñëåíã: �ïåðåêîïëåííîñòü�), çàðÿä â äàííîì
ïèêñåëå ìîæåò �ïåðåòå÷ü� íà äðóãèå ïèêñåëè (blooming) , ÷òî âûãëÿäèò íà èçîáðà-
æåíèÿõ êàê äëèííûå ëó÷è îêîëî ïåðåäåðæàííûõ îáúåêòîâ. Íåçàäîëãî äî íàñûùåíèÿ
ñèãíàëà òåðÿåòñÿ ëèíåéíîñòü ÷óâñòâèòåëüíîñòè, ÷òî íóæíî ó÷èòûâàòü ïðè íàáëþäå-
íèÿõ äëÿ ïîñëåäóþùåé êîððåêòíîé îáðàáîòêè.

Íåêîòîðûå äðóãèå îñîáåííîñòè CCD ìàòðèö óêàçàíû â ïîñëåäóþùèõ ðàçäåëàõ îáðà-
áîòêè.

3.3 Âû÷èòàíèå ýëåêòðîííîãî �íóëÿ� (bias)
Ýëåêòðîííûé �íóëü� (bias), ÿâëÿþùèéñÿ óðîâíåì øóìà CCD-ìàòðèöû, â âèäå àääèòèâ-
íîé ñîñòàâëÿþùåé ïðèñóòñòâóåò âî âñåõ êàäðàõ, ïîëó÷åííûõ íà CCD. Ýòîò èñêóññòâåí-
íûé ïîðîã ââîäèòñÿ äëÿ ïîääåðæàíèÿ ïîñòîÿííî ïîëîæèòåëüíîãî ñèãíàëà ïðè àíàëîãî-
öèôðîâîì ïðåîáðàçîâàíèè, ÷òîáû èçáåæàòü ïîòåðè äàííûõ î øóìå.

Îáû÷íî çà íî÷ü ñíèìàåòñÿ íåñêîëüêî êàäðîâ ñ íóëåâîé ýêñïîçèöèåé, ïîòîì âû÷èñëÿåòñÿ
ìåäèàííûé ñðåäíèé êàäð, à èç âñåõ îñòàëüíûõ èçîáðàæåíèé îí âû÷èòàåòñÿ. Ýòî ïîçâî-
ëÿåò èçáàâèòüñÿ îò ñëåäîâ êîñìè÷åñêèõ ÷àñòèö (ïîïàäàþùèõñÿ íà êàäðàõ ýëåêòðîííîãî
�íóëÿ�) è óìåíüøèòü ñîáñòâåííûå øóìû. Äëÿ âû÷èòàíèÿ ýëåêòðîííîãî �íóëÿ� èñïîëüçó-
þòñÿ ñëåäóþùèå êîìàíäû ïàêåòà MIDAS:
SET/CONTEXT ccdred � ïîäêëþ÷åíèå áèáëèîòåêè ccdred;
SET/CCD BS_MET=mmedian � óñòàíîâëåíèå òèïà óñðåäíåíèÿ êàäðîâ;
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98 99 100 101 102 103 104 23000 23500 24000 24500 25000

-60 -50 -40 -30 -20 -10 0 10 20 1000 1020 1040 1060 1080 1100 1120 1140 1160 1180 1200

900 950 1000 1050 1100 1150 13800 13900 14000 14100 14200 14300 14400 14500 14600

Ðèñ. 3: Master bias ìåäèàííî óñðåäí¼ííîå ïîëå ýëåêòðîííîãî �íóëÿ� (ââåðõó ñëåâà, âèäíû
íå÷óâñòâèòåëüíûå èëè ñëàáî÷óâñòâèòåëüíûå äåôåêòíûå ñòîëáû), Master �at � ìåäèàí-
íî óñðåäí¼ííîå ïëîñêîå ïîëå (ââåðõó ñïðàâà), ïîëå èíòåðôåðåíöèîííîãî �óçîðà� (fringe)
èç íåñêîëüêèõ ñìåù¼ííûõ ìåæäó ñîáîé ðåäóöèðîâàííûõ êàäðîâ îáúåêòà (ïîñðåäèíå ñëå-
âà), ñûðîå èçîáðàæåíèå ïîëÿ (ïîñðåäèíå ñïðàâà, çàìåòíû äåôåêòíûå ñòîëáû, êðèâèçíà
ïîëÿ, èíòåðôåðåíöèîííûé �óçîð�), åäèíè÷íûé îáðàáîòàííûé êàäð (ñíèçó ñëåâà), ñóììà
îáùåãî ïîëÿ íåñêîëüêèõ êàäðîâ (ñíèçó ñïðàâà). Äëÿ ïðèìåðà ïîêàçàíû ýòàïû îáðàáîòêè
ïîëÿ ñâåðõíîâîé SN 2009de, ïîëó÷åííîãî íà òåëåñêîïå Zeiss-1000 ñ ìàòðèöåé EEV 42-40 â
ôèëüòðå Rc.
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CREATE/ICAT biases.cat bias*.bdf � ñîçäàíèå êàòàëîãà;
COMBINE/CCD BS biases.cat Sbias � ïîñòðîåíèå ñóììàðíîãî êàäðà ýëåêòðîííîãî �íóëÿ�;
COMPUTE/IMAGE B_bias.bdf = B.bdf - Sbias.bdf � âû÷èòàíèå ñóììàðíîãî êàäðà ýëåê-
òðîííîãî �íóëÿ� èç îñòàëüíûõ èçîáðàæåíèé.

3.4 Òåìíîâîé òîê (dark frames)
Íåêîòîðûå ìàëîáþäæåòíûå CCD èëè ìàòðèöû áåç ãëóáîêîãî îõëàæäåíèÿ (íàïðèìåð,
ISD017A, Photometrics, PixelVision è ìíîãèå äðóãèå) èìåþò äîñòàòî÷íî áîëüøîé òåìíî-
âîé òîê, ðàçëè÷íûé äëÿ êàæäîãî ýëåìåíòà ìàòðèöû. Òàêîé òîê ÿâëÿåòñÿ ñîáñòâåííûì
òåïëîâûì øóìîì ìàòðèöû � ñàìîïðîèçâîëüíîé ãåíåðàöèåé çàðÿäà � è èìååò ðàñïðå-
äåëåíèå íåîäíîðîäíîå ïî ïîëþ (îò ïèêñåëÿ ê ïèêñåëþ), íî äîñòàòî÷íî ñòàáèëüíûé äëÿ
ïîääåðæèâàåìîé òåìïåðàòóðû õàðàêòåð. Äëÿ êîððåêöèè çà ýòîò ýôôåêò â òå÷åíèå íî÷è
äåëàåòñÿ íåñêîëüêî ýêñïîçèöèé ïðè çàêðûòîì çàòâîðå ñ äëèòåëüíîñòüþ òàêîé æå, êàê è â
ñëó÷àå ýêñïîçèöèé äëÿ èññëåäóåìûõ îáúåêòîâ. Äëÿ ïîíèæåíèÿ øóìîâ ïðîèçâîäèòñÿ ìåäè-
àííîå óñðåäíåíèå ïîëó÷åííûõ êàäðîâ è çàòåì ðåçóëüòàò âû÷èòàåòñÿ èç èñõîäíûõ äàííûõ.
Â ñðåäå MIDAS èñïîëüçóþòñÿ ñëåäóþùèå êîìàíäû äëÿ êîððåêöèè òåìíîâîãî òîêà:
SET/CCD DK_MET=mmedian � óñòàíîâëåíèå òèïà óñðåäíåíèÿ êàäðîâ;
CREATE/ICAT dark.cat dark_200s_?.bdf � ñîçäàíèå êàòàëîãà êàäðîâ ñ òåìíîâûì òîêîì;
COMBIN/CCD DK dark.cat Sdark � ïîñòðîåíèå óñðåäí¼ííîãî êàäðà òåìíîâîãî òîêà;
COMPUTE/IMAGE debias_Sdark = Sdark - Sbias
COMPUTE/IMAGE debias_Sfalt
COMPUTE/IMAGE obj_red = obj - debias_Sdark - Sbias � âû÷èòàíèå óñðåäí¼ííîãî êàä-
ðà òåìíîâîãî òîêà.

Ìíîãèå ñîâðåìåííûå ïðîôåññèîíàëüíûå CCD ìàòðèöû (òàêèõ êàê TK 1024, EEV 42-40,
E2V 42-90 è äð.) ÿâëÿþòñÿ ìàëî-øóìÿùèìè, ïîýòîìó êîððåêöèÿ çà òåìíîâîé òîê ìîæåò
áûòü îïóùåíà.

3.5 Äåëåíèå íà ïëîñêîå ïîëå (�at �eld)
Íåîäíîðîäíîñòè ÷óâñòâèòåëüíîñòè CCD-ìàòðèöû êîððåêòèðóåòñÿ äåëåíèåì êàäðîâ íà
ïëîñêîå ïîëå. Äëÿ ïîëó÷åíèÿ ñíèìêîâ ïëîñêîãî ïîëÿ îáû÷íî èñïîëüçóåòñÿ ÿðêîå âå÷åð-
íåå è óòðåííåå ñóìåðå÷íîå íåáî èëè ëàìïà íåïðåðûâíîãî ñïåêòðà, îñâåùàþùàÿ êðûøêè
ãëàâíîãî çåðêàëà. Äëÿ ïðàâèëüíîé êîððåêöèè, ïëîñêîå ïîëå ñíèìàåòñÿ â êàæäîì ôèëüòðå
íåñêîëüêî ðàç, à çàòåì äëÿ êàæäîãî æå ôèëüòðà âû÷èñëÿþò óñðåäí¼ííûé íîðìèðîâàííûé
êàäð ïëîñêîãî ïîëÿ. Äëÿ óäàëåíèÿ ñëåäîâ êîñìè÷åñêèõ ÷àñòèö è ñëó÷àéíî ïîïàâøèõ â
ïîëå çðåíèÿ îáúåêòîâ, îáû÷íî äåëàåòñÿ íåñêîëüêî ýêñïîçèöèé ñ íåáîëüøèìè ñìåùåíèÿìè,
à çàòåì êàäðû ìåäèàííî óñðåäíÿþòñÿ. Èñïîëüçóåìûå êîìàíäû ïðàêòè÷åñêè òå æå ñàìûå,
÷òî äëÿ ýëåêòðîííîãî �íóëÿ�, êðîìå òèïà äàííûõ: SET/CCD BS_MET=mmedian çàìåíåíî íà
SET/CCD FF_MET=mmedian

3.6 Óäàëåíèå ñëåäîâ êîñìè÷åñêèõ ÷àñòèö (cosmic hits)
Îäíèì èç íåäîñòàòêîâ ïðèáîðîâ ñ çàðÿäîâîé ñâÿçüþ ÿâëÿåòñÿ èõ ÷óâñòâèòåëüíîñòü ê
êîñìè÷åñêèì ÷àñòèöàì, êîòîðûå íà ïîëó÷åííûõ êàäðàõ îäíàêî èìåþò ôîðìó îòëè÷íóþ
îò èçîáðàæåíèé çâ¼çä è äðóãèõ èçó÷àåìûõ îáúåêòîâ. Ñóùåñòâóþò ðàçëè÷íûå ñïîñîáû âû-
÷èòàíèÿ êîñìè÷åñêèõ ÷àñòèö, íàïðèìåð âû÷èòàíèå ìåäèàííîãî ñðåäíåãî íåñêîëüêèõ êàä-
ðîâ èç äàííîãî. Â ðàáîòå ìîæåò áûòü èñïîëüçîâàí àëãîðèòì, ðåàëèçîâàííûé â ïðîöåäóðå
FILTER/COSMIC ïàêåòà MIDAS.
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Ïîëíûé âàðèàíò îáðàáîòêè äëÿ ìàëî-øóìÿùèõ ìàòðèö, âêëþ÷àþùèé âû÷èòàíèå ýëåê-
òðîííîãî �íóëÿ�, äåëåíèå íà ïëîñêîå ïîëå è óäàëåíèå êîñìè÷åñêèõ ÷àñòèö, ïðåäñòàâëåí â
âèäå ïðîãðàììû, àäàïòèðîâàííîé äëÿ äàííûõ ñ Zeiss-1000 (Zeiss_REDUC.prg â Ïðèëî-
æåíèè 3). Äëÿ ñèëüíî-øóìÿùèõ ìàòðèö íóæíî äîáàâèòü ó÷¼ò òåìíîâîãî òîêà, êàê ýòî
óêàçàíî â ðàçäåëå 3.4.

3.7 Âû÷èòàíèå èíòåðôåðåíöèîííîãî �óçîðà� (fringes)
Äëÿ òîíêèõ ìàòðèö (thinned CCD, íàïðèìåð, ÒÊ1024, EEV 42-40) õàðàêòåðíî ïðèñóòñòâèå
â ñèãíàëå èíòåðôåðåíöèîííîãî �óçîðà� (fringes), îñîáåííî â êðàñíîé ÷àñòè ñïåêòðà (R è
I ôèëüòðû). Ýòîò ýôôåêò ïîëó÷àåòñÿ èç-çà èíòåðôåðåíöèè ïðàêòè÷åñêè ìîíîõðîìíîãî
èçëó÷åíèÿ àòìîñôåðíûõ ýìèññèîííûõ ëèíèé â òîëùå ìàòðèöû. Äëÿ êîððåêöèè ýòîãî
ýôôåêòà, â õîäå íàáëþäåíèé îäíîãî ïîëÿ, ïðîèçâîäÿòñÿ ñìåùåíèÿ òåëåñêîïà íà âåëè÷èíó
çàâåäîìî áîëüøå óãëîâûõ ðàçìåðîâ èçó÷àåìûõ îáúåêòîâ íà åäèíè÷íîì èçîáðàæåíèè (ñìå-
ùåíèÿ äîëæíû ïðîâîäèòüñÿ, ÷òîáû îáúåêò â ñëåäóþùåì ñíèìêå íå ïîïàäàë íà îäíó è òó
æå îñîáåííîñòü èíòåðôåðåíöèîííîãî �óçîðà�). Èç ðåäóöèðîâàííûõ êàäðîâ (âû÷òåí ýëåê-
òðîííûé �íóëü�, ïîäåëåíî íà ïëîñêîå ïîëå è óäàëåíû ñëåäû ÷àñòèö) âû÷èòàåòñÿ ôîí è
ïîëó÷åííûå êàäðû óñðåäíÿþòñÿ ñ ïîìîùüþ ìåäèàíû. Òàê êàê èíòåðôåðåíöèîííûé �óçîð�
ÿâëÿåòñÿ àääèòèâíîé ñîñòàâëÿþùåé, ïîëó÷åííûé ñóììàðíûé êàäð èíòåðôåðåíöèîííîãî
�óçîðà� âû÷èòàåòñÿ èç ðåäóöèðîâàííûõ äàííûõ. Àëãîðèòì âû÷èòàíèÿ ðàññìîòðåí â ïðî-
ãðàììå FRINGES.prg (ñì. â Ïðèëîæåíèè 3).

3.8 Ñóììèðîâàíèå êàäðîâ
Ïðèìåíåíèå ìåòîäà ïîñëåäîâàòåëüíûõ ñìåùåíèé òðåáóåò íà ïîñëåäíåì ýòàïå ðåäóêöèè
ñâåäåíèÿ âñåõ êàäðîâ â êàæäîì èç ôèëüòðîâ â åäèíóþ ñèñòåìó êîîðäèíàò. Ýòà çàäà÷à ìî-
æåò áûòü âûïîëíåíà ñ ïîìîùüþ ïðîöåäóð ALIGN/IMAGE è REBIN/ROTATE ïàêåòà ESO-MIDAS.
Ïåðâàÿ ïðîöåäóðà îñíîâàíà íà âû÷èñëåíèè ãåîìåòðè÷åñêîãî ïðåîáðàçîâàíèÿ (ñäâèã, ïîâî-
ðîò, ìàñøòàáèðîâàíèå) äàííîãî êàäðà ê îïîðíîìó ñ ïîìîùüþ íàáîðà ðåïåðíûõ îáúåêòîâ.
Îáû÷íî èñïîëüçîâàëîñü 7− 15 îïîðíûõ îáúåêòîâ. Äëÿ áîëåå òî÷íîé àñòðîìåòðèè èñïîëü-
çóþòñÿ çâåçäîîáðàçíûå îáúåêòû, ÷òî ïîçâîëÿåò äîñòèãàòü òî÷íîñòè 0.2−0.6 ýëåìåíòà ìàò-
ðèöû ïðè âû÷èñëåíèè ñäâèãà. Äàëåå ïðèâåäåííûå îòäåëüíûå èçîáðàæåíèÿ ñêëàäûâàþòñÿ
è êàäðèðóþòñÿ (îòðåçàþòñÿ êðàÿ, íå âîøåäøèå â îáùåå ïîëå ïåðåñå÷åíèÿ îòäåëüíûõ èçîá-
ðàæåíèé) ñ ïîìîùüþ êîìàíä COMPUT/IMAGE è EXTRACT/IMAGE, â äåñêðèïòîðàõ O_TIME,
START, RDNOISE è ò. ï. ïðîïèñûâàþòñÿ íåîáõîäèìûå çíà÷åíèå äàòû íàáëþäåíèé, âðåìå-
íè ýêñïîçèöèè, íà÷àëà êîîðäèíàò êàäðà, øóìà ñ÷èòûâàíèÿ (ïðèáëèçèòåëüíî ðàâíîãî øóìó
ñ÷èòûâàíèÿ îäíîãî èçîáðàæåíèÿ, óìíîæåííîãî íà êîðåíü èç ÷èñëà ñëîæåííûõ êàäðîâ).

4 Àñòðîìåòðè÷åñêàÿ ïðèâÿçêà (WCStools, Aladin)
Äëÿ àñòðîìåòðè÷åñêîé ïðèâÿçêè ñóììàðíîãî êàäðà ìîæåò áûòü èñïîëüçîâàíî íåñêîëüêî
ðàçëè÷íûõ ñïîñîáîâ, íàïðèìåð, êàòàëîãUSNO-B1 (http://nofs.navy.mil/data/fchpix/
(èëè ëþáîé äðóãîé êàòàëîã, ñîäåðæàùèé êîîðäèíàòû çâ¼çä, ïðèñóòñòâóþùèõ íà èçîáðà-
æåíèè) è ïðîãðàììà imWCS ïàêåòà WCSTools. IMWCS - óòèëèòà óñòàíîâêè ñèñòåìû
ìèðîâûõ êîîðäèíàò (world coordinate system � WCS) â FITS/IRAF èçîáðàæåíèÿ. WCS �
ñîîòíîøåíèå ìåæäó íåáåñíûìè êîîðäèíàòàìè è ïèêñåëÿìè èçîáðàæåíèÿ, êîòîðîå îïè-
ñûâàåòñÿ ñòàíäàðòíûì îáðàçîì â çàãîëîâêå (øàïêå) ôàéëà. IMWCS ðàáîòàåò ñ íåçíà-
÷èòåëüíî ðàçâåðíóòûìè èçîáðàæåíèÿìè (íåñêîëüêî ãðàäóñîâ). Ïðîåêöèÿ íà òàíãåíöèàëü-
íóþ ïëîñêîñòü (êîîðäèíàòû öåíòðà (ïðÿìîå âîñõîæäåíèå, ñêëîíåíèå), ìàñøòàá è óãîë
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Ðèñ. 4: Ïîëå ãàììà-âñïëåñêà GRB 110801A, ïîëó÷åííîå íà ÁÒÀ + Scorpio 9.915 àâãóñòà
2011 ãîäà â ôèëüòðå Rc, âðåìÿ ýêñïîçèöèè 2100 ñåêóíä. Íåñìîòðÿ íà õîðîøåå êà÷åñòâî
èçîáðàæåíèÿ (seeing, FWHM = 1�.2), äëÿ îáëàñòåé êàäðà ñ âûñîêîé ïëîòíîñòüþ ÿðêèõ
çâ¼çä âåëè÷èíà ñäâèãà íåäîñòàòî÷íà äëÿ êîððåêòíîãî óäàëåíèÿ ñëåäîâ èíòåðôåðåíöèîí-
íîãî �óçîðà� (ôîí îêîëî ÿðêèõ çâ¼çä ïåðåâû÷òåí). Ê ñ÷àñòüþ, ðÿäîì ñ èçó÷àåìûì îáúåê-
òîì (ðàñïîëîæåííîì â öåíòðàëüíîé îáëàñòè è ïîêàçàííîì íà ñëåäóþùåì ðèñóíêå) òàêàÿ
ïðîáëåìà ïðàêòè÷åñêè íå âîçíèêëà. Îáû÷íî äëÿ ôîòîìåòðèè çíà÷åíèå ôîíà âûáèðàåòñÿ â
íåïîñðåäñòâåííîé áëèçîñòè îò îáúåêòà, ïîýòîìó äëÿ ÿðêèõ çâ¼çä òàêîå óìåíüøåíèå ïîòîêà
ôîíà íå ñòîëü ïðèíöèïèàëüíî, íî äëÿ ïðåäåëüíî ñëàáûõ îáúåêòîâ è â ñëó÷àå òåñíûõ ïîëåé
âàæíî ïðîäóìàòü îïòèìàëüíîå ðåøåíèå (á�oëüøèå ñäâèãè òåëåñêîïà èëè îòäåëüíûå ïóñòûå
ïëîùàäêè äëÿ ñîñòàâëåíèÿ êàäðà èíòåðôåðåíöèîííîãî �óçîðà�). Äëÿ èíòåðåñóþùèõñÿ: ïî-
äðîáíîñòè íåäàâíèõ íàáëþäåíèé ýòîãî èíòåðåñíîãî ãàììà-âñïëåñêà, ïîêàçàâøåãî ïîäú¼ì
áëåñêà íà 3 âåëè÷èíû çà ïåðâûå ïîë-÷àñà, ñì. íà Ðèñ. 5 è â Ïðèëîæåíèè 2.
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Ðèñ. 5: Óâåëè÷åííàÿ îáëàñòü ïîëÿ ãàììà-âñïëåñêà GRB 110801A, ïîëó÷åííîå íà ÁÒÀ +
Scorpio (ñì. ïðåäûäóùèé Ðèñóíîê 4 è Ïðèëîæåíèå 2). Òî÷íîñòü àñòðîìåòðè÷åñêîé ïðè-
âÿçêè ñîñòàâèëà 0�.7, çàìåòíî, ÷òî îáúåêò, ïî âñåé âèäèìîñòè, äâîéíîé. Â ñëó÷àå ñëàáûõ
îáúåêòîâ èëè òåñíûõ ïîëåé òî÷íîñòü ïðèâÿçêè âëèÿåò ñóùåñòâåííóþ ðîëü (ðàâíî êàê è
âûñîêîå êà÷åñòâî èçîáðàæåíèé).

ïîâîðîòà) âû÷èñëÿåòñÿ ïî ñîâïàâøèì çâ¼çäàì èçîáðàæåíèÿ è çâ¼çäàì îïîðíîãî êàòàëî-
ãà. Â êà÷åñòâå îïîðíûõ êàòàëîãîâ ïîääåðæèâàþòñÿ HST Guide Star Catalog, USNO A, SA
è UJ êàòàëîãè, PPM è SAO êàòàëîãè, à òàêæå êàòàëîãè, îïðåäåëåííûå ïîëüçîâàòåëåì
(http://w0.sao.ru/hq/zhe/manuals/usno.html)

Îïîðíûå çâåçäû äëÿ ïðèâÿçêè ê ìèðîâîé ñèñòåìå êîîðäèíàò äîëæíû áûëè óäîâëåòâî-
ðÿòü ñëåäóþùèì êðèòåðèÿì:

• èõ öåíòðû äîëæíû õîðîøî îïðåäåëÿòüñÿ;

• èõ èçîáðàæåíèÿ íå äîëæíû áûòü ïåðåäåðæàíû;

• îíè íå äîëæíû áûòü ñëèøêîì ñëàáûìè, ÷òîáû èõ ïîëîæåíèå íå èñêàæàëîñü ôîíîâûì
øóìîì;

• ñîáñòâåííîå äâèæåíèå äîëæíî îòñóòñòâîâàòü èëè áûòü ìèíèìàëüíûì, ò.ê. èññëåäóå-
ìàÿ îáëàñòü è îïîðíûå êàòàëîãè ïîëó÷åíû â ðàçíîå âðåìÿ, çà êîòîðûå çâåçäû ìîãóò
çàìåòíî ñìåñòèòüñÿ;

• îíè íå äîëæíû íàêëàäûâàòüñÿ äðóã íà äðóãà.

Â êà÷åñòâå àëüòåðíàòèâû wcstools ìîæåò ïðèìåíÿòüñÿ êðîññ-ïëàòôîðìåííàÿ ïðîãðàì-
ìà Aladin.jar, îäíàêî îøèáêó ïðèâÿçêè â òàêîì ñëó÷àå ïðèä¼òñÿ âû÷èñëÿòü âðó÷íóþ, ñðàâ-
íèâàÿ ìèðîâûå êîîðäèíàòû îïîðíûõ çâ¼çä è èõ ôèçè÷åñêèå öåíòðû íà èçîáðàæåíèè ïîñëå
ïðèâÿçêè. Â ëþáîì ñëó÷àå ïîìîùü ìîãóò îêàçàòü òàêèå âñïîìîãàòåëüíûå ñðåäñòâà êàê ds9
èëè skycat.
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5 Ôîòîìåòðèÿ
5.1 SExtractor
Ôîòîìåòðèÿ (èçìåðåíèå ïîòîêà îò èçó÷àåìîãî îáúåêòà) ÿðêèõ îäèíî÷íûõ çâ¼çä ïðåäñòàâ-
ëÿåò ñîáîé çàäà÷ó çíà÷èòåëüíî áîëåå ïðîñòóþ, íåæåëè ôîòîìåòðèÿ ñëàáûõ èëè ïðîòÿæ¼í-
íûõ îáúåêòîâ, òåñíûõ ïîëåé èëè èçîáðàæåíèé, ïîëó÷åííûõ íà ïðèáîðàõ ñ ñóùåñòâåííûìè
àáåðàöèÿìè îïòèêè. Ñóùåñòâóåò íåñêîëüêî îñíîâíûõ ìåòîäîâ ôîòîìåòðèè, îñíîâíûìè èç
êîòîðûõ ÿâëÿþòñÿ àïåðòóðíàÿ è PSF.

Äëÿ ïîèñêà è ìàññîâîé ôîòîìåòðèè îáúåêòîâ â ïîëå ìîæåò áûòü èñïîëüçîâàí ïðî-
ãðàììíûé ïàêåò SExtractor [6]. Êðèòåðèÿìè äëÿ ðàçäåëåíèÿ çâåçäîîáðàçíûõ è ïðîòÿ-
æåííûõ îáúåêòîâ ñëóæèò ïàðàìåòð �STAR CLASS� ïàêåòà SExtractor (äëÿ çâ¼çä �STAR
CLASS� > 0.7).

Ïàêåò ïîçâîëÿåò èçìåðÿòü íåñêîëüêî âèäîâ çâåçäíûõ âåëè÷èí, ñðåäè êîòîðûõ íàèáîëåå
ïîäõîäÿùèìè ÿâëÿþòñÿ:

• Èçîôîòíàÿ âåëè÷èíà îïðåäåëåíà êàê èíòåãðàëüíûé ïîòîê ïî îáëàñòè ñ èíòåíñèâíî-
ñòüþ âûøå çàäàííîãî ïðåäåëà.

• Èñïðàâëåííàÿ èçîôîòíàÿ âåëè÷èíà îïðåäåëÿëàñü ñëåäóþùèì ñïîñîáîì: ïðîôèëü îáú-
åêòà àïïðîêñèìèðîâàëñÿ äâóìåðíîé ãàóññèàíîé è, èñõîäÿ èç íàéäåííûõ ïàðàìåòðîâ,
ââîäèëàñü ñîîòâåòñòâóþùàÿ ïîïðàâêà ê èçîôîòíîé âåëè÷èíå.

• Àâòîìàòè÷åñêàÿ âåëè÷èíà Â ðàáîòå [7] áûëî ïîêàçàíî, ÷òî äëÿ îáúåêòîâ ñî çâåçäîîá-
ðàçíûìè, ñòåïåííûìè è ýêñïîíåíöèàëüíûìè ïðîôèëÿìè, ñâåðíóòûìè ñ ãàóññèàíîé,
ïðèìåðíî 92% ïîòîêà çàêëþ÷åíî â àïåðòóðå ðàäèóñà kr1, ãäå k ≈ 2, à r1 =

∑
rI(r)∑
I(r)

.
Â ïàêåòå SExtractor îïðåäåëÿåòñÿ ýëëèïòè÷åñêàÿ àïåðòóðà ñ ãëàâíûìè îñÿìè εkr1

è kr1/ε, ãäå ε - ýëëèïòè÷íîñòü. Àâòîìàòè÷åñêàÿ âåëè÷èíà îïðåäåëåíà êàê çâåçäíàÿ
âåëè÷èíà â òàêîé àïåðòóðå.

• Àïåðòóðíàÿ âåëè÷èíà îïðåäåëåíà êàê âåëè÷èíà, èçìåðåííàÿ â êðóãîâîé àïåðòóðå,
çàäàííîé ïîëüçîâàòåëåì.

Ïîëíàÿ âåëè÷èíà ðàâíà àâòîìàòè÷åñêîé, åñëè â ñîîòâåòñòâóþùóþ àïåðòóðó äàííîãî
îáúåêòà íå ïîïàäàåò ñîñåäíèé, èçìåíÿþùèé çâ. âåëè÷èíó áîëåå, ÷åì íà 0.1 çâ. âåëè÷èíû.
Â ïðîòèâíîì ñëó÷àå èñïîëüçóåòñÿ èñïðàâëåííàÿ èçîôîòíàÿ âåëè÷èíà.

Ïîñòðîåíèå ôîíà � î÷åíü âàæíàÿ ïðîöåäóðà ïðè àâòîìàòè÷åñêîì ïîèñêå îáúåêòîâ.
Àïïðîêñèìèðîâàííûé ôîí ïðîâåðÿåòñÿ íà îòñóòñòâèå ñòðóêòóð îêîëî ÿðêèõ îáúåêòîâ è
ðåçêèõ ôëóêòóàöèé íà ìàëûõ ìàñøòàáàõ (ìåíüøå, ÷åì 5− 7 FWHM).

Â êà÷åñòâå ïðåäåëà îáíàðóæåíèÿ îáû÷íî âûáèðàåòñÿ 3σ-ïðåâûøåíèå èíòåíñèâíîñòè
íàä ôîíîì, ãäå σ - ôëóêòóàöèÿ ôîíà.

Ïðèìåð íàèáîëåå çíà÷èìûõ ïàðàìåòðîâ â êîíôèãóðàöèîííîì ôàéëå *.sex, íàïðèìåð,
äëÿ èçîáðàæåíèé ñ ÁÒÀ + Scorpio:
PARAMETERS_NAME R_BTA.param # name of the file containing catalog contents
DETECT_THRESH 0.5 # <sigmas> or <threshold>,<ZP> in mag.arcsec-2
ANALYSIS_THRESH 0.5 # <sigmas> or <threshold>,<ZP> in mag.arcsec-2
PHOT_APERTURES 20 # MAG_APER aperture diameter(s) in pixels
SATUR_LEVEL 1485000. # level (in ADUs) at which arises saturation
GAIN 2.00 # detector gain in e-/ADU
PIXEL_SCALE 0.352 # size of pixel in arcsec (0=use FITS WCS info)
SEEING_FWHM 1.3 # stellar FWHM in arcsec

Çàïóñê SExtractor'à: $ sex sub33R2100.fits -c R_BTA.sex
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5.2 DAOPHOT
Ïàêåò DAOPHOT (ñóùåñòâóþò âåðñèè äëÿ MIDAS è IRAF) ïîçâîëÿåò ïðîâåñòè PSF ôîòî-
ìåòðèþ âñåõ îáúåêòîâ ïîëÿ, ïîñòðîèâ ôóíêöèþ ðàññåÿíèÿ òî÷å÷íîãî îáúåêòà ïî íàèáîëåå
ÿðêèì íåïåðåäåðæàííûì çâ¼çäàì. Òðåáîâàíèÿ ê òàêèì çâ¼çäàì: ìàêñèìóì ïîòîêà äîëæåí
áûòü â ïðåäåëàõ ëèíåéíîãî äèàïàçîíà ÷óâñòâèòåëüíîñòè CCD ìàòðèöû, íå äîëæíî áûòü
ÿðêèõ ñîñåäåé, îáúåêòû äîëæíû ðàñïîëàãàòüñÿ äîñòàòî÷íî äàëåêî îò êðà¼â äëÿ ïîñòðîå-
íèÿ ïîëíîöåííûõ êðèâûõ ðîñòà. Äîñòàòî÷íî õîðîøåå ðóêîâîäñòâî ïî DAOPHOT íà ðóñ-
ñêîì ÿçûêå, íàïèñàííîå Ñåðãååì Êîïîñîâûì: http://lnfm1.sai.msu.ru/~math/daophot/
node2.html Ïåðåä çàïóñêîì ïàêåòà íåîáõîäèìî âèäîèçìåíèòü êîíôèãóðàöèîííûå ôàéëû
â ñîîòâåòñòâèè ñ ïàðàìåòðàìè ïðè¼ìíîé ìàòðèöû, õàðàêòåðèñòèêàìè èçîáðàæåíèÿ è òðå-
áîâàíèÿìè ê êàòàëîãó íàéäåííûõ îáúåêòîâ. Íèæå ïðèâîäÿòñÿ ïðèìåðíûå ïàðàìåòðû äëÿ
èçîáðàæåíèé ñ ÁÒÀ + Scorpio (ôàéëû daophot.opt, photo.opt, allstar.opt íàäî ïðàâèòü äî
çàïóñêà DAOPHOT, ëèáî â ïðîöåññå èçìåíÿòü çíà÷åíèÿ êàæäîãî ïàðàìåòðà âðó÷íóþ, îä-
íàêî â èñõîäíûå ôàéëû ââåä¼ííûå çíà÷åíèÿ íå ñîõðàíÿþòñÿ). Íóæíî ñêàçàòü, ÷òî äëÿ
èçîáðàæåíèé ñ áîëüøèìè çíà÷åíèÿìè îòñ÷¼òîâ, DAOPHOT ìîæåò âûäàâàòü îøèáêó èç-
çà ïðîïàäàíèÿ ïðîáåëîâ â âûõîäíûõ ôàéëàõ, ïîýòîìó èõ íåîáõîäèìî ïðàâèòü âðó÷íóþ,
ëèáî èñïîëüçîâàòü óñðåäí¼ííûé êàäð âìåñòî ñóììàðíîãî.

daophot.opt
re = 1.542 ! READ NOISE
ga = 2.04 ! GAIN. Gain in $e^{-}/ADU$.
ex = 5 ! EXTRA PSF CLEANING PASSES
wa = 1 ! WATCH PROGRESS
ps = 24 ! PSF RADIUS = maximal radius of brightest

! star with the wings of profile
LO = 10 ! LOW GOOD DATUM
hi = 45000 ! HIGH GOOD DATUM (normal part of sensitivity

! of CCD * numbers of added image
FW = 9.2 ! FWHM OF OBJECT
TH = 0.7 ! THRESHOLD (sigmas)
FI = 9.2 ! FITTING RADIUS ~ optimal FWHM
AN = 6 ! ANALYTIC MODEL PSF
VA = 2 ! VARIABILITY OF PROFILE

photo.opt
A1 = 2.
A2 = 3.
A3 = 4.
A4 = 5.
A5 = 6.
A6 = 8.
A7 = 10.
A8 = 12.
A9 = 15.
AA = 18.
AB = 21.
AC = 24.
IS = 28.
OS = 34.

allstar.opt
fi = 9.2
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is = 9.2
os = 28
MA = 5

Îñíîâíûå ýòàïû ôîòîìåòðèè èçîáðàæåíèé ñ ïîìîùüþ ïàêåòà DAOPHOT â ñðåäå MIDAS
(ïðåäëîæåííûå ïî óìîë÷àíèþ øàãè îïóùåíû, íàäî ïðîñòî æàòü enter):

1. SET/CONTEXT DAOPHOT � ïîäêëþ÷åíèå ïàêåòà

2. DAOPHOT/DAOPHOT � çàïóñê ôîòîìåòðèè äâóìåðíûõ èçîáðàæåíèé

3. ATTACH aver � ïðèñîåäèíåíèå èçîáðàæåíèÿ �aver.bdf�

4. FIND � ïîèñê îáúåêòîâ íà èçîáðàæåíèè (íóæíî ââåñòè êîëè÷åñòâî óñðåäí¼ííûõ è
ñóììèðîâàííûõ èçîáðàæåíèé)

5. PHOTOMETRY � ôîòîìåòðèÿ â çíà÷åíèÿõ àïåðòóð, çàäàííûõ â ôàéëå photo.opt

6. PICK � âûáîð çâ¼çä äëÿ ïîñòðîåíèÿ PSF ïðîôèëÿ, ìîæíî âûáðàòü çàâåäîìî áîëüøå,
ïîòîìó ÷òî ÷àñòü èç íèõ îòñååòñÿ.

7. âûõîä èç DAOPHOT/DAOPHOT êîìàíäîé EXIT, ÷òîáû ïåðåéòè ê îòáîðó PSF çâ¼çä

8. @@ apercorr aver aver aver photo � çàïóñê ïðîãðàììû âûáîðà íàèëó÷øèõ PSF
çâ¼çä è ðàñ÷¼òà ïîïðàâêè çà êîíå÷íóþ àïåðòóðó, â õîäå ðàáîòû íóæíî ââåñòè êî-
ëè÷åñòâî çâ¼çä, íàéäåííûõ êîìàíäîé FIND. Äàëåå íåîáõîäèìî óäàëèòü çâ¼çäû, ÷üè
êðèâûå ðîñòà óõóäøàþò ñðåäíþþ êðèâóþ (çâ¼çäû ñ ñîñåäÿìè, èñêàæ¼ííûå çà ñ÷¼ò
àáåðàöèé è ò. ï.) è ïåðåñ÷èòàòü ïîïðàâêó çàíîâî. Çàïîìíèòü çíà÷åíèå ïîïðàâêè
aper=m1-m23.

9. DAOPHOT/DAOPHOT → ATTACH aver → PSF � çàïóñê ïîñòðîåíèÿ PSF ïðîôèëÿ.

10. EXIT→ ALLSTAR/DAOPHOT, äàëåå ââåñòè íàçâàíèå èçîáðàæåíèÿ aver è ïîñëå çàâåðøå-
íèÿ ôîòîìåòðèè ïðîêîíòðîëèðîâàòü âû÷èòàíèå çâ¼çä íà äîïîëíèòåëüíîì èçîáðàæå-
íèè *s.bdf

11. WRITE/KEYWORD TRANSF/D/1/4 1,1,1,1 � ïîäãîòîâêà ê âûâîäó ðåçóëüòàòîâ

12. DAOMID/DAOPHOT aver.als � êîíâåðòàöèÿ òàáëèö DAOPHOT â òàáëèöû MIDAS

13. @@ mag_dao averals 60 0 0 2.558 � ó÷¼ò âðåìåíè ýêñïîçèöèè, çåíèòíîãî ðàññòî-
ÿíèÿ, êîýôôèöèåíòà àòìîñôåðíîé ýêñòèíêöèè è ïîïðàâêè çà êîíå÷íóþ àïåðòóðó
aper=m1-m23 (ðåçóëüòàò ðàáîòû ïðîãðàììû apercorr)

14. ASSIGN/PRINT FILE aver.dat � ïå÷àòü â ôàéë èñïðàâëåííûõ äàííûõ.

Äàëåå ìîæíî ïðèãîòîâèòü *.reg ôàéë äëÿ ds9 è, íàíåñÿ îáúåêòû íà îáðàáîòàííîå
*.�ts èçîáðàæåíèå (ïðèãîäèòñÿ MIDAS-êîìàíäà OUTDISK/FITS aver.bdf aver.fits), íàé-
òè îáúåêò è ñòàíäàðòû äëÿ ôîòîìåòðèè.
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5.3 Ðàñ÷¼ò çâ¼çäíûõ âåëè÷èí (íà ïðèìåðå àïåðòóðíîé ôîòîìåò-
ðèè)

Âåëè÷èíà îáúåêòà â èíñòðóìåíòàëüíîé ñèñòåìå âû÷èñëÿåòñÿ ñëåäóþùèì îáðàçîì:

maper = −2.5 · log(
F

Texp

)− k

cos Z
, (1)

ãäå F - ïîòîê îò îáúåêòà (â îòñ÷åòàõ) â çàäàííîé àïåðòóðå, Texp - âðåìÿ ýêñïîçèöèè (â
ñåêóíäàõ), k - êîýôôèöèåíò àòìîñôåðíîé ýêñòèíêöèè è Z - çåíèòíîå ðàññòîÿíèå (â ãðàäó-
ñàõ). Êîýôôèöèåíòû àòìîñôåðíîé ýêñòèíêöèè äëÿ ÑÀÎ ìîãóò áûòü âçÿòû èç ðàáîòû [8]
è ðàâíû ñîîòâåòñòâåííî kB = 0.34, kV = 0.21, kRc = 0.15 è kIc = 0.1. Â ñëó÷àå çâåçäîîáðàç-
íûõ îáúåêòîâ äëÿ âû÷èñëåíèÿ èíñòðóìåíòàëüíîé âåëè÷èíû èñïîëüçóåòñÿ òàê íàçûâàåìàÿ
ïîïðàâêà çà êîíå÷íóþ àïåðòóðó. Òîãäà âûðàæåíèå äëÿ ïîëíîé âåëè÷èíû çàïèñûâàåòñÿ êàê

m = maper − δm,

ãäå δm - ïîïðàâêà çà êîíå÷íóþ àïåðòóðó, îïðåäåëÿåìàÿ ïî êðèâûì ðîñòà (óâåëè÷åíèå
ïîòîêà îáúåêòà ñ ðîñòîì àïåðòóðû) äëÿ ÿðêèõ çâåçäîîáðàçíûõ îáúåêòîâ â ïîëå.

Äëÿ îïðåäåëåíèÿ îøèáîê èçìåðåíèÿ çâ. âåëè÷èí âû÷èñëÿëîñü îòíîøåíèå �ñèãíàë/øóì�:

S

N
=

F√
F/g + A · σ2

,

ãäå F - ïîòîê îò îáúåêòà (â îòñ÷åòàõ) â çàäàííîé àïåðòóðå, g - êâàíò ïðåîáðàçîâàíèÿ
(â ýëåêòðîíàõ/îòñ÷åò), A - êîëè÷åñòâî ýëåìåíòîâ â àïåðòóðå è σ2 - äèñïåðñèÿ ôîíà (â
îòñ÷åòàõ). Çàòåì âû÷èñëÿåòñÿ îøèáêà:

σm =
2.5

ln 10
· σF

F
=

2.5

ln 10
· 1

S/N
.

Ôîòîìåòðè÷åñêàÿ êàëèáðîâêà ìîæåò ïðîâîäèòüñÿ ñ ïîìîùüþ ïðèâÿçêè âòîðè÷íûõ ñòàí-
äàðòîâ â ïîëå ñ ïîìîùüþ êàòàëîãà Ëàíäîëüòà [9], Ñòåòñîíà (http://cadcwww.dao.nrc.ca/
cadcbin/wdb/astrocat/stetson/query) èëè êàêèõ-íèáóäü õîðîøî �ïðèâÿçàííûõ� ïîëåé.
Â ñëó÷àå ñòàáèëüíîé ïðîçðà÷íîñòè íåáà, ÷àñòü íàáëþäàòåëüíîãî âðåìåíè ìîæåò áûòü ïî-
òðà÷åíà íà íàáëþäåíèå òàêèõ ñòàíäàðòîâ èç êàòàëîãà. Äëÿ ïåðåõîäà îò èíñòðóìåíòàëüíûõ
âåëè÷èí ê ñòàíäàðòíûì èñïîëüçóþòñÿ ñëåäóþùèå ñîîòíîøåíèÿ:

B − b = CB
0 + CB

1 · (b− v)

V − v = CV
0 + CV

1 · (b− v) (2)
Rc − r = CRc

0 + CRc
1 · (v − r)

Ic − i = CIc
0 + CIc

1 · (r − i),

ãäå CB,V,Rc,Ic
0 , CB,V,Rc,Ic

1 � íóëü-ïóíêòû è öâåòîâûå êîýôôèöèåíòû, b, v, r, i � èíñòðóìåí-
òàëüíûå âåëè÷èíû è B, V,Rc, Ic � âåëè÷èíû â ñòàíäàðòíîé ôîòîìåòðè÷åñêîé ñèñòåìå.
Íóëü-ïóíêòû è öâåòîâûå êîýôôèöèåíòû îïðåäåëÿþòñÿ èç íàáëþäåíèé è ôîòîìåòðèè ñòàí-
äàðòíûõ çâåçä, à çàòåì ëèíåéíîé àïïðîêñèìàöèåé ñèñòåìû óðàâíåíèé.

Â õóäøåì ñëó÷àå äëÿ ïðèâÿçêè ìîæíî èñïîëüçîâàòü òàêèå êàòàëîãè, êàê SDSS (ïðåäâà-
ðèòåëüíî êîíâåðòèðîâàâ çâ¼çäíûå âåëè÷èíû âûáðàííûõ ñòàíäàðòîâ â íåîáõîäèìóþ ñèñòå-
ìó), USNO è ïîäîáíûå îáçîðû (îáû÷íî èñïîëüçóåòñÿ ïðè íåâîçìîæíîñòè ïðîâåñòè êàëèá-
ðîâî÷íûå ðàáîòû èëè êàê âðåìåííîå ðåøåíèå. Â ýòîì ñëó÷àå ñòàíäàðò(û) óêàçûâàþòñÿ).
Êà÷åñòâî àáñîëþòíîé êàëèáðîâêè â ñëó÷àå ïðèìåíåíèÿ òàêîãî ñïîñîáà çàìåòíî ñíèæàåòñÿ.
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5.4 Ïåðåâîä çâ¼çäíûõ âåëè÷èí â ïîòîêè
Äëÿ ñðàâíåíèÿ ðåçóëüòàòîâ ìîäåëèðîâàíèÿ è íàáëþäåíèé, ïîëó÷åííûå ïîñëå ôîòîìåòðèè
çâ¼çäíûå âåëè÷èíû m è îøèáêè èõ îïðåäåëåíèÿ dm èñïðàâëÿþòñÿ çà ïîãëîùåíèå â íà-
øåé Ãàëàêòèêå â ñîîòâåòñòâèè ñ êàðòàìè ðàñïðåäåëåíèÿ ïûëè [10] è çàêîíîì ýêñòèíêöèè
Ìëå÷íîãî Ïóòè [11] (MWext�ïîïðàâêè), ïåðåâîäÿòñÿ èç ôîòîìåòðè÷åñêîé ñèñòåìû Âåãè
â AB-ñèñòåìó (ñ èçâåñòíûìè êîýôôèöèåíòàìè ABoff äëÿ êàæäîãî ôèëüòðà), à çàòåì â
ïëîòíîñòè ïîòîêà F è îøèáêè ïëîòíîñòåé ïîòîêà dF (âûðàæåííûå â µJy) [12].

F = 10−0.4·(m+ABoff−MWext+48.568)+29 (3)
dF = 0.4 · ln(10) · F · dm

Â ïðèëîæåíèÿõ ê äàííîé ðàáîòå ñîäåðæèòñÿ IDL-êîä ïåðåâîäà èç çâ¼çäíûõ âåëè÷èí
â ïëîòíîñòè ïîòîêà íà îñíîâå âûøåóêàçàííûõ ôîðìóë. Èìåííî ïîëó÷èâøèåñÿ ïîòîêè â
èìåþùèõñÿ ôèëüòðàõ, à òàêæå õàðàêòåðèñòèêè ñàìèõ ôèëüòðîâ, òàêèå êàê ýôôåêòèâíàÿ
äëèíà âîëíû, ïîëóøèðèíà è êðèâûå ïðîïóñêàíèÿ îïòè÷åñêîé ñèñòåìû äëÿ êàæäîé ïîëîñû
â âèäå òåêñòîâûõ ôàéëîâ äâóõêîëîíî÷íîãî ôîðìàòà íåîáõîäèìû äëÿ ìîäåëèðîâàíèÿ.

6 Ìîäåëèðîâàíèå (PEGASE + IDL)
6.1 Ïîäãîòîâêà ê ìîäåëèðîâàíèþ
Äëÿ òîãî, ÷òîáû óìåíüøèòü îãðîìíîå êîëè÷åñòâî ðàññìàòðèâàåìûõ ñïåêòðàëüíûõ ðàñïðå-
äåëåíèé, â êà÷åñòâå äîïîëíèòåëüíûõ íà÷àëüíûõ äàííûõ ìîãóò áûòü èñïîëüçîâàíû ïîòîêè
íàèáîëåå ÿðêèõ ãàëàêòè÷åñêèõ ýìèññèé (è îøèáêè èõ îïðåäåëåíèÿ). Äëÿ ýòîãî íåîáõîäèìî
ïîëó÷èòü ñïåêòðàëüíûå äàííûå, îäíàêî â íåêîòîðûõ ñëó÷àÿõ òàêèå äàííûå ïóáëèêóþòñÿ
â ëèòåðàòóðå (ïîèñê ïî áàçå http://adsabs.harvard.edu/abstract_service.html ïîçâî-
ëèò ýòî âûÿñíèòü). Òàêæå ìîæíî ïðîâåñòè ñðàâíåíèå ïîëó÷èâøåãîñÿ øèðîêîïîëîñíîãî
ðàñïðåäåëåíèÿ ýíåðãèè ñî ñïåêòðàìè ãàëàêòèê ðàçëè÷íûõ òèïîâ, ÷òîáû ïðè äåòàëüíîì ìî-
äåëèðîâàíèè èñêëþ÷èòü íåïîäõîäÿùèå òèïû. Èç ýìèññèîííîãî ñïåêòðà ãàëàêòèêè èëè èç
íàáëþäåíèé ñïåêòðà ïîñëåñâå÷åíèÿ ìû çíàåì êðàñíîå ñìåùåíèå îáúåêòà. Â ñëó÷àå îòñóò-
ñòâèÿ òàêèõ äàííûõ ìîæíî çàðàíåå ïðîâåñòè ìîäåëèðîâàíèå ôîòîìåòðè÷åñêîãî êðàñíîãî
ñìåùåíèÿ ñ ïîìîùüþ ïðîãðàììû HyperZ (ñì. äîêëàä Îñêàðà Áðàâî). Ïðèíèìàÿ íåêîòîðûå
êîñìîëîãè÷åñêèå ïàðàìåòðû (íàïðèìåð, H0 = 75 êì ñ−1 Ìïê−1, ΩM = 0.3 è ΩΛ = 0.7), ìû
ìîæåì ïîëó÷èòü îöåíêó ôèçè÷åñêîãî ðàññòîÿíèÿ äî îáúåêòà (â ïðèíöèïå, íåîïðåäåë¼í-
íîñòè, ñâÿçàííûå ñ âûáîðîì ýòèõ ïàðàìåòðîâ, à ñëåäîâàòåëüíî, íåòî÷íîñòè îïðåäåëåíèÿ
ôèçè÷åñêîãî ðàññòîÿíèÿ, ìîæíî òàêæå âêëþ÷èòü â ðàñ÷¼ò).

6.2 Ðàñ÷¼ò ìîäåëåé â PEGASE
Äëÿ äåòàëüíîãî ìîäåëèðîâàíèÿ ñïåêòðàëüíîãî ðàñïðåäåëåíèÿ ýíåðãèè ðîäèòåëüñêèõ ãà-
ëàêòèê èñïîëüçóåòñÿ ïðîãðàììíûé ïàêåò PEGASE (Projet d'�Etude desGAlaxies par Synth�ese
�Evolutive ftp://ftp.iap.fr/pub/from_users/fiov/PEGASE/PEGASE.2/) [13].

Ïðèíöèïèàëüíàÿ èäåÿ ðàçâèòîãî â íàøåé ãðóïïå ìåòîäà ñîñòîèò â òîì, ÷òî ìîäåëüíûé
ñïåêòð ãàëàêòèêè ïðåäñòàâëÿåòñÿ íå åäèíñòâåííûì ñïåêòðàëüíûì ðàñïðåäåëåíèåì ýíåð-
ãèè [13], à ñóììîé äâóõ êîìïîíåíò [14]. Ïåðâàÿ ïðåäñòàâëÿåò ñîáîé ìîëîäîå íàñåëåíèå
ãàëàêòèêè, òî åñòü ìîäåëèðóåò èçëó÷åíèå îáëàñòåé çâåçäîîáðàçîâàíèÿ (äàëåå âñïûøå÷íàÿ
êîìïîíåíòà), è âòîðàÿ � èçëó÷åíèå ñòàðîãî çâåçäíîãî íàñåëåíèÿ. Àëãîðèòì âû÷èñëåíèé
ìîæíî ïðåäñòàâèòü â âèäå ñëåäóþùåé ïîñëåäîâàòåëüíîñòè øàãîâ:
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Ðèñ. 6: Ñïåêòðàëüíàÿ ýâîëþöèÿ ìãíîâåííîé âñïûøêè çâåçäîîáðàçîâàíèÿ ìàññû, ðàâíîé
1M¯ äëÿ 5, 10 è 20 ìèëëèîíîâ ëåò ïîñëå íà÷àëà. Íåáóëÿðíûå ýìèññèîííûå ëèíèè äîìè-
íèðóþò â ñïåêòðå ïðèìåðíî äî 10 ìèëëèîíîâ ëåò. Ïî îñè îðäèíàò îòëîæåíû ëîãàðèôìû
ìîíîõðîìàòè÷åñêèõ ñâåòèìîñòåé, âûðàæåííûõ â åäèíèöàõ ýðã ñ−1 �A−1 M−1

¯ .

• Âû÷èñëåíèå ìàññèâà ìîäåëüíûõ ðàñïðåäåëåíèé ýíåðãèè ñ ïîìîùüþ ïàêåòà PEGASE.
Âõîäíûìè ïàðàìåòðàìè äëÿ ìîäåëèðîâàíèÿ ÿâëÿþòñÿ íà÷àëüíàÿ ôóíêöèÿ ìàññ, íà-
÷àëüíàÿ ìåòàëëè÷íîñòü è ñöåíàðèé çâåçäîîáðàçîâàíèÿ. Ñàìûì ïðîñòûì âàðèàíòîì
ìîæåò ÿâëÿòüñÿ íà÷àëüíàÿ ôóíêöèÿ ìàññ Ñîëïèòåðà, îïðåäåëåííàÿ â äèàïàçîíå
çâåçäíûõ ìàññ îò 0.1M¯ äî 120M¯. Äëÿ ìåòàëëè÷íîñòè äëÿ ïðîñòîòû ìîãóò áûòü
ïðèíÿòû äâà çíà÷åíèÿ, ðàâíûå ñîëíå÷íîé (Z¯) è îäíîé äåñÿòîé îò ñîëíå÷íîé (0.1 Z¯)
(ìîæíî òàêæå ðàññìîòðåòü è î÷åíü ìàëîìåòàëëè÷íûå âàðèàíòû èëè íàîáîðîò, âà-
ðèàíòû ñ ìåòàëëè÷íîñòüþ áîëüøå ñîëíå÷íîé, îäíàêî êîëè÷åñòâî ìîäåëåé è âðåìÿ
ðàñ÷¼òà óâåëè÷èâàåòñÿ â ðàçû). Â êà÷åñòâå ñöåíàðèÿ çâåçäîîáðàçîâàíèÿ áûëè ïðåä-
ëàãàþòñÿ ïðîñòîé ìãíîâåííûé âñïûøå÷íûé (instantaneos burst) è áîëåå ñëîæíûé
ñöåíàðèé ýêñïîíåíöèàëüíîãî çàòóõàíèÿ (SFR ∼ e−t/τ ). Äëÿ ïîñëåäíåãî òðåáóåòñÿ
çàäàòü òàê íàçûâàåìîå õàðàêòåðíîå âðåìÿ çàòóõàíèÿ τ , òî åñòü âðåìÿ, çà êîòîðîå
òåìï çâåçäîîáðàçîâàíèÿ ïàäàåò â e ðàç. Ìîæíî çàäàòü äèàïàçîí çíà÷åíèé äëÿ τ îò
10 äî 20000 ìëí. ëåò (èëè äëÿ îïðåäåë¼ííîñòè, îãðàíè÷èòüñÿ ñîâðåìåííûìè îöåíêàìè
âîçðàñòà Âñåëåííîé). Íîðìèðîâî÷íûé ìíîæèòåëü äëÿ ýêñïîíåíöèàëüíîãî ñöåíàðèÿ
äîëæåí áûòü âûáðàí òàê, ÷òî èíòåãðàë ïî ïðèíÿòîé ÷èñëîâîé ñåòêå áûë ðàâåí 1. Äëÿ
âñåõ ìîäåëüíûõ ñïåêòðîâ PEGASE âû÷èñëÿåò çíà÷åíèÿ ïîòîêîâ â íåáóëÿðíûõ ëèíè-
ÿõ è êîíòèíóóìå. Çíà÷åíèÿ âîçðàñòîâ ìîäåëüíûõ ñïåêòðîâ ìîæíî îñòàâèòü ðàâíûìè
ïðèíÿòûì ïî óìîë÷àíèþ â ïàêåòå PEGASE, òî åñòü îò 0 äî 20 ìëðä. ëåò (ñåòêà èç
69 çíà÷åíèé). Äàëåå ðåçóëüòàòû ðàñ÷åòîâ âûäåëÿþòñÿ èç âûõîäíîãî ôàéëà PEGASE
â îòäåëüíûå ñïåêòðû, ñîîòâåòñòâóþùèå êàæäûì çíà÷åíèÿì âîçðàñòà, ìåòàëëè÷íî-
ñòè è ïàðàìåòðà τ . Îðãàíèçîâàíî ýòî â âèäå ïîäïðîãðàììû êîäà FIT_MODEL4.pro,
äàííîãî â Ïðèëîæåíèè 3. Ñïåêòðû ïðåäñòàâëÿþòñÿ â âèäå òåêñòîâûõ ôàéëîâ äâóõ-
êîëîíî÷íîãî ôîðìàòà: ïåðâàÿ êîëîíêà � äëèíà âîëíû, âòîðàÿ � ìîíîõðîìàòè÷åñêàÿ
ñâåòèìîñòü.

• Ïàêåò PEGASE âû÷èñëÿåò ñïåêòðàëüíîå ðàñïðåäåëåíèå ýíåðãèè íà êðàñíîì ñìå-
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ùåíèè z = 0, òî åñòü ïðåäñòàâëÿåò ðåçóëüòàòû, âûðàæåííûå â ìîíîõðîìàòè÷åñêèõ
ñâåòèìîñòÿõ, òîãäà êàê èç íàáëþäåíèé ìû ïîëó÷àåì ñïåêòðàëüíóþ ïëîòíîñòü ïîòî-
êà. Òàê êàê ïàêåò PEGASE ïðåäñòàâëÿåò ìîíîõðîìàòè÷åñêèå ñâåòèìîñòè, îòíåñåííûå
ê ìàññå Ñîëíöà, íóæíî çàäàòü è ñåòêó çíà÷åíèé äëÿ ìàññ (íàïðèìåð, ëîãàðèôìè-
÷åñêóþ ñåòêó ñ øàãîì 0.25 â äèàïàçîíå îò 6.0 äî 11.0, òî åñòü ìàññû ìîäåëèðóåìûõ
ãàëàêòèê ëåæàò â ïðåäåëàõ 106− 1011 M¯). Íóæíî ïîìíèòü, ÷òî ýòî ñâåòÿùàÿñÿ ìàñ-
ñà (çâåçäû, ãàç), òî åñòü áåç ó÷åòà òåìíîé ìàòåðèè. Çíà÷åíèÿ ñâåòèìîñòåé âûõîäíûõ
ñïåêòðîâ, ïîëó÷åííûõ â ïðåäûäóùåì ïóíêòå, íåîáõîäèìî óìíîæèòü íà ìàññó è âû-
ðàæåíèå 1/(4πR2), ãäå R - ôîòîìåòðè÷åñêîå ðàññòîÿíèå, ñîîòâåòñòâóþùåå êðàñíîìó
ñìåùåíèþ ìîäåëèðóåìîé ãàëàêòèêè. Äëèíû âîëí äîëæíû áûòü ïåðåâåäåíû â ñèñòå-
ìó îòñ÷åòà íàáëþäàòåëÿ, òî åñòü óìíîæåíû íà ôàêòîð (1 + z). Ýòà æå ïðîöåäóðà
äîëæíà áûòü âûïîëíåíà è äëÿ ñâåòèìîñòåé ðàññ÷èòàííûõ íåáóëÿðíûõ ëèíèé.
Ïî èçâåñòíîìó íàáëþäàåìîìó ïîòîêó â äóáëåòå [OII] 3727�A/3729�A ìîäåëèðóåìûõ
ãàëàêòèê ôèêñèðóåòñÿ âñïûøå÷íàÿ êîìïîíåíòà, òî åñòü ôîðìèðóåòñÿ íàáîð ìîäåëü-
íûõ íåïðåðûâíûõ ñïåêòðîâ âñïûøå÷íîé êîìïîíåíòû, äëÿ êîòîðûõ ïîòîê â ýòîé
ëèíèè â ïðåäåëàõ 1σ îò íàáëþäàåìîãî. Âûáîð èìåííî ëèíèè [OII] 3727�A/3729�A
îáóñëîâëåí òåì, ÷òî îíà ñâîáîäíà îò âëèÿíèÿ çâåçäíûõ àáñîðáöèé â îòëè÷èå îò, íà-
ïðèìåð, ëèíèé áàëüìåðîâñêîé ñåðèè.
Òàêèì îáðàçîì ôîðìèðóþòñÿ äâå áèáëèîòåêè (âñïûøå÷íàÿ êîìïîíåíòà è ñòàðîå íà-
ñåëåíèå) ïðåäâàðèòåëüíûõ ñïåêòðîâ äëÿ êàæäîé èç ìîäåëèðóåìûõ ãàëàêòèê â âèäå
òåêñòîâûõ ôàéëîâ, ñîîòâåòñòâóþùèõ êàæäîìó çíà÷åíèþ âõîäíûõ ïàðàìåòðîâ (òèï
çâåçäîîáðàçîâàíèÿ, âîçðàñò, ìåòàëëè÷íîñòü, ïàðàìåòð τ , ìàññà).

• Îäíîé èç öåëåé ïðåäëîæåííîãî ìåòîäà ÿâëÿåòñÿ îöåíêà âíóòðåííåé ýêñòèíêöèè â ðî-
äèòåëüñêèõ ãàëàêòèêàõ. Äëÿ ïðîñòîòû ìîãóò áûòü âûáðàíû òðè òèïà çàêîíîâ. Ïåð-
âûé ñîîòâåòñòâóåò çàêîíó ýêñòèíêöèè â íàøåé Ãàëàêòèêå [11] (MW-çàêîí); âòîðîé �
çàêîí, ïîëó÷åííûé ýìïèðè÷åñêè èç âûáîðêè ñïåêòðîâ ãàëàêòèê ñî çâåçäîîáðàçîâàíè-
åì â ëîêàëüíîé Âñåëåííîé [15] (SB-çàêîí); òðåòèé � çàêîí ýêñòèíêöèè äëÿ Ìàëîãî
Ìàãåëàíîâà Îáëàêà [16] (SMC-çàêîí). Êðèâûå äëÿ òð¼õ çàêîíîâ ïðåäñòàâëåíû íà
Ðèñóíêå 7. Çàêîíû õîðîøî ïàðàìåòðèçóåòñÿ â øèðîêîì ñïåêòðàëüíîì äèàïàçîíå îò-
íîøåíèåì RV ≡ AV /E(B − V ). Â ïðåäëîæåííîì ìåòîäå èñïîëüçóþòñÿ çíà÷åíèÿ äëÿ
RV , ðàâíûå:
3.1 äëÿ MW-çàêîíà,
4.05 äëÿ SB-çàêîíà è
2.72 äëÿ SMC-çàêîíà.
Ýêñòèíêöèÿ íàêëàäûâàëàñü òîëüêî íà âñïûøå÷íóþ êîìïîíåíòó, èñõîäÿ èç òîãî ôàê-
òà, ÷òî ïîãëîùåíèå â îáëàñòÿõ èíòåíñèâíîãî çâåçäîîáðàçîâàíèÿ ñèëüíåå, ÷åì â ñðåä-
íåì ïî ãàëàêòèêå. Äëÿ ïðîñòîòû áûëà ïðèíÿòà ìîäåëü ýêðàíà äëÿ ðàñïðåäåëåíèÿ
ïûëè (dust-screen model). Òîãäà ìàòåìàòè÷åñêîå âûðàæåíèå äëÿ ïîêðàñíåíèÿ ïðèíè-
ìàåò âèä Fobs(λ) = Fint(λ)10−0.4·Aλ , ãäå Fobs(λ) è Fint(λ), ñîîòâåòñòâåííî, íàáëþäàåìûé
è ñîáñòâåííûé (áåç ïîãëîùåíèÿ) ïîòîêè, Aλ = k(λ)E(B − V ) � ýêñòèíêöèÿ íà äëèíå
âîëíû λ. Äàëåå ñïåêòðû âñïûøå÷íîé êîìïîíåíòû è ñòàðîãî íàñåëåíèÿ ñêëàäûâàëèñü.
Ïîëó÷åííàÿ ñóììà ÿâëÿåòñÿ ãîòîâûì ìîäåëüíûì ñïåêòðîì ãàëàêòèêè. Ñëåäóåò îò-
ìåòèòü, ÷òî â äàííîé ðåàëèçàöèè ìåòîäà ñöåíàðèè çâåçäîîáðàçîâàíèÿ (âñïûøå÷íûé
èëè ýêñïîíåíöèàëüíûé) âñåãäà îäèíàêîâû äëÿ îáåèõ êîìïîíåíò.

• Äàëåå âûïîëíÿåòñÿ ïðîöåäóðà ïîäãîíêè ãîòîâûõ ìîäåëüíûõ ñïåêòðîâ ê íàáëþäàå-
ìûì øèðîêîïîëîñíûì. Ïîëó÷åííûå â ïðåäûäóùåì ïóíêòå ãîòîâûå ìîäåëüíûå ñïåê-
òðû ãàëàêòèêè èíòåãðèðóþòñÿ ñ êðèâûìè ïðîïóñêàíèÿ èñïîëüçóåìûõ â íàáëþäåíèÿõ
ôèëüòðîâ, çàòåì âû÷èñëÿåòñÿ çíà÷åíèå ñòàòèñòèêè χ2:
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Ðèñ. 7: Êðèâûå çàêîíîâ ýêñòèíêöèè, èñïîëüçóåìûå â ìîäåëèðîâàíèè. MW-çàêîí � ýêñ-
òèíêöèÿ â íàøåé Ãàëàêòèêå, SB-çàêîí � ýêñòèíêöèÿ ëîêàëüíûõ ãàëàêòèê ñî çâåçäîîáðà-
çîâàíèåì, SMC-çàêîí � ýêñòèíêöèÿ â Ìàëîì Ìàãåëàíîâîì Îáëàêå

χ2 =
∑

i

(fobs,i − fmodel,i)
2

σ2
i

, (4)

ãäå fobs è fmodel � íàáëþäàåìûé è ìîäåëüíûé ïîòîê â ôèëüòðå i, σi � îøèáêà èçìå-
ðåíèÿ ïîòîêà â ôèëüòðå i.

• Ñðàâíåíèå ñ ëîêàëüíûìè ãàëàêòèêàìè ñî çâåçäîîáðàçîâàíèåì ïîçâîëÿåò ïîëó÷èòü
äèàïàçîí çíà÷åíèé E(B−V ). Äàëåå â çàâèñèìîñòè îò òèïà êðèâîé ýêñòèíêöèè ìîæ-
íî ïîëó÷èòü äèàïàçîí äëÿ AV . Ðàçáèâàÿ ýòî äèàïàçîí íà ñåòêó çíà÷åíèé, è âûïîëíÿÿ
ïðîöåäóðó âû÷èñëåíèé, îïèñàííóþ â ïðåäûäóùèõ äâóõ ïóíêòàõ, ìîæíî íàéòè çíà-
÷åíèå AV , ñîîòâåòñòâóþùåå ìèíèìóìó χ2.

Ýìèññèîííûå ëèíèè ïðîÿâëåíû â ñïåêòðàõ ãàëàêòèêè âïëîòü äî âîçðàñòà ≈ 10 ìèëëèî-
íîâ ëåò (êàê ýòî âèäíî èç Ðèñóíêà 6), ïîýòîìó ýòîò êðèòåðèé ìîæåò ñëóæèòü äëÿ ââåäåíèÿ
äâóõ êîìïîíåíò: âñïûøå÷íîé, îáåñïå÷èâàþùåé íàáëþäàåìûé ïîòîê â ýìèññèîííîé ëèíèè,
è è ñòàðîãî çâ¼çäíîãî íàñåëåíèÿ, âî ìíîãîì îïðåäåëÿþùåãî ñïåêòð. Ýòîò äîïîëíèòåëüíûé
ïàðàìåòð ïîçâîëÿåò îãðàíè÷èòü ÷èñëî øàáëîííûõ ñïåêòðîâ, ó÷àñòâóþùèõ â ìîäåëèðîâà-
íèè.

7 Ðåçóëüòàòû ìîäåëèðîâàíèÿ ñïåêòðà ðîäèòåëüñêîé ãà-
ëàêòèêè

Íà îñíîâå âûøåèçëîæåííîãî àëãîðèòìà â êà÷åñòâå ïðèìåðà áûëî ïðîâåäåíî ìîäåëèðîâà-
íèå ñïåêòðàëüíîãî ðàñïðåäåëåíèÿ ýíåðãèè ðîäèòåëüñêîé ãàëàêòèêè ãàììà-âñïëåñêà GRB 980703,
ðàñïîëîæåííîé íà êðàñíîì ñìåùåíèè z = 0.966. Â ìîäåëèðîâàíèè áûëà èñïîëüçîâàíà
BV RcIc -ôîòîìåòðèÿ, ïîëó÷åííàÿ íà ÁÒÀ â ÑÀÎ ÐÀÍ [14]. Êðîìå òîãî, äëÿ áîëåå òî÷íîé
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Òàáëèöà 1: Ôîòîìåòðè÷åñêèå íàáëþäåíèÿ ðîäèòåëüñêèõ ãàëàêòèê (çâ¼çäíûå âåëè÷èíû â
ñèñòåìå Âåãè è óæå ñêîððåêòèðîâàíû çà ïîãëîùåíèå â Ãàëàêòèêå).

ãàëàêòèêà ôèëüòð òåëåñêîï/ïðèáîð m± dm êîðð. redshift
GRB 980703 B 6.0ÁÒÀ/Photometer [14] 23.15±0.12 0.966 [19]
α2000 : 23h59m06s.67 V 6.0ÁÒÀ/Photometer [14] 22.66±0.10
δ2000 : +08◦35′07′′.09 Rc 6.0ÁÒÀ/Photometer [14] 22.30±0.08
[18] Ic 6.0ÁÒÀ/Photometer [14] 22.17±0.18

J 10.0Keck/NIRC [17] 21.11±0.19
H 10.0Keck/NIRC [17] 20.66±0.31
K 10.0Keck/NIRC [17] 19.78±0.20

Òàáëèöà 2: Íåîáõîäèìûå äëÿ ìîäåëèðîâàíèÿ ïàðàìåòðû ãàëàêòèê: êðàñíîå ñìåùåíèå z,
ïîòîê â ýìèññèîííîé ëèíèè [OII] 3727/3729�A�A èëè Lyα 1216�A, ïîòîêè â ôèëüòðàõ. Â ÷åò-
â¼ðòîé êîëîíêå (m±dm íå êîðð.) ïðèâåäåíû çâ¼çäíûå âåëè÷èíû, åù¼ íå èñïðàâëåííûå çà
ïîãëîùåíèå â íàøåé Ãàëàêòèêå. Ãàëàêòè÷åñêîå ïîãëîùåíèå MWext â çâ¼çäíûõ âåëè÷èíàõ.

Ïàðàìåòðû ãàëàêòèêè ôèëüòð ABoff m± dm íå êîðð. MWext F ± dF , µJy

GRB 980703 B -0.08 23.40±0.12 0.25 2.21±0.24
z = 0.966 [19] V 0.04 22.85±0.10 0.19 3.10±0.29
[OII] 3727�A/3729�A: Rc 0.23 22.46±0.08 0.16 3.63±0.27
(30.4± 3.0) · 10−17 Ic 0.49 22.28±0.18 0.11 3.23±0.53
ýðã c−1ñì−2 [19] J 0.90 21.16±0.19 0.05 6.6±0.95

H 1.37 20.69±0.31 0.03 8.3±1.55
K 1.88 19.80±0.20 0.02 9.6±1.35

Ðèñ. 8: Êðèâûå ïðîïóñêàíèÿ ôèëüòðîâ BV RcIcJHK
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Òàáëèöà 3: Ïàðàìåòðû ìîäåëåé ðîäèòåëüñêîé ãàëàêòèêè GRB 980703, ñîîòâåòñòâóþùèå
ìèíèìàëüíîìó çíà÷åíèþ χ2. Ïðèíÿò MW-çàêîí ýêñòèíêöèè.
Ñöåíàðèé ñòàðîå çâ. íàñåëåíèå âñïûøå÷íàÿ êîìïîíåíòà Z ìîäåëüíûé χ2

min/d.o.f AV

Âîçðàñò, Gyr Ìàññà, M¯ Âîçðàñò, Myr Ìàññà, M¯ ïîòîê [O II]
Ìãíîâåííàÿ 3.00 3.16× 1010 3 1.78× 108 Z¯ 27.8× 10−17 3.86/7 0.51
âñïûøêà 1.8 1.78× 1010 4 1.78× 108 0.1Z¯ 27.4× 10−17 15.19/7 0.45

Ýêñïîíåíò. 6.0 (τ = 350) 3.16× 1010 16 (τ = 150) 5.62× 109 Z¯ 30.7× 10−17 1.78/7 0.64
çàòóõàíèå 13 (τ = 50) 3.16× 1010 40 (τ = 500) 1.00× 1010 0.1Z¯ 31.5× 10−17 4.10/7 0.45

îöåíêè òàêèõ ïàðàìåòðîâ, êàê ìàññà ãàëàêòèêè è âîçðàñò íàáëþäàåìîãî çâ¼çäíîãî íàñåëå-
íèÿ, áûëè èñïîëüçîâàíû èíôðàêðàñíûå äàííûå JHK- ôîòîìåòðèè [17]. Âñå íåîáõîäèìûå
äàííûå ìîãóò áûòü íàéäåíû â Òàáëèöàõ 1 è 2. Êðèâûå ïðîïóñêàíèÿ ôèëüòðîâ ïîêàçàíû
íà Ðèñóíêå 8.

Ïðèìåíåíèå îïèñàííîãî ìåòîäà ïîêàçàëî, ÷òî ñïåêòðàëüíîå ðàñïðåäåëåíèå ýíåðãèè ðî-
äèòåëüñêîé ãàëàêòèêè íå îïèñûâàåòñÿ ìîäåëÿìè ñ èñïîëüçîâàíèåì SB- (òî åñòü ãëàäêîãî)
çàêîíà ýêñòèíêöèè. Øèðîêîïîëîñíûé BV RcIcJHK ñïåêòð õîðîøî îïèñûâàåòñÿ òîëüêî ñ
ïðèìåíåíèåì ìîäåëåé ñ MW-çàêîíîì ýêñòèíêöèè: äåôèöèò íàáëþäàåìîãî ïîòîêà â ôèëü-
òðå B âîçìîæíî îáúÿñíèòü ïîëîñîé ïîãëîùåíèÿ óãëåðîäà (λ ≈ 2175�A), ïðèñóòñòâóþùåé
íà êðèâîé ýêñòèíêöèè äëÿ íàøåé Ãàëàêòèêè (ñì. Ðèñóíîê 7). Ïðè z = 0.966, ýôôåêòèâíàÿ
äëèíà âîëíû ôèëüòðà B (λeff = 4448 �A) ñîîòâåòñòâóåò λ = 2262 �A â ñèñòåìå ïîêîÿ ãàëàê-
òèêè, òî åñòü ïðè êðàñíîì ñìåùåíèè z ∼ 1 óêàçàííàÿ îñîáåííîñòü êðèâîé MW-ýêñòèíêöèè
ïîïàäàåò â B-ôèëüòð. Íàëè÷èå èëè îòñóòñòâèå çàìåòíîãî äåôèöèòà ïîòîêà â êàêîì-ëèáî
ôèëüòðå ñ λeff ≈ (1+z) ·2175�Aïîçâîëÿåò âûáðàòü íàèáîëåå ïîäõîäÿùèé çàêîí ýêñòèíêöèè
(MW-çàêîí ïðè íàëè÷èè ýòîé ñïåêòðàëüíîé îñîáåííîñòè; SB è SMC -çàêîíû ïðè îòñóò-
ñòâèè).

Êàê âèäíî èç ðàñ÷¼òîâ, ðîäèòåëüñêàÿ ãàëàêòèêà GRB 980703 � äîñòàòî÷íî ìàññèâ-
íàÿ ãàëàêòèêà (ñóäÿ ïî ñòàðîìó íàñåëåíèþ), â êîòîðîé óæå óñïåëè íàêîïèòüñÿ òÿæ¼ëûå
ýëåìåíòû. Ýòî ïîäòâåðæäàåòñÿ íàëè÷èåì çíà÷èòåëüíîãî ïîãëîùåíèÿ (AV = 0.45 � 0.64),
ïðèñóòñòâèåì óãëåðîäíîé ïîëîñû (2175�A) è òåì, ÷òî íàèáîëåå ïîäõîäÿùèå ìîäåëè èìåþò
ñîëíå÷íóþ ìåòàëëè÷íîñòü.

Íà Ðèñóíêàõ 9, 10 è Òàáëèöå 3 ïðåäñòàâëåíû ðåçóëüòàòû ìîäåëèðîâàíèÿ. Îðãàíèçà-
öèÿ Òàáëèöû ñëåäóùàÿ. Â ïåðâîé êîëîíêå äàíû ñöåíàðèè çâåçäîîáðàçîâàíèÿ, âî âòîðîé è
òðåòüåé � âîçðàñò (â ìèëëèàðäàõ ëåò) è ìàññà ñòàðîãî çâåçäíîãî íàñåëåíèÿ, â ÷åòâåðòîé è
ïÿòîé � òå æå ïàðàìåòðû äëÿ âñïûøå÷íîé êîìïîíåíòû (âîçðàñò äàí â ìèëëèîíàõ ëåò).
Äëÿ ñöåíàðèÿ ýêñïîíåíöèàëüíîãî çàòóõàíèÿ âî âòîðîé è ÷åòâåðòîé êîëîíêàõ â ñêîáêàõ
ïðèâåäåíû çíà÷åíèÿ ïàðàìåòðà τ � âðåìåíè (â ìèëëèîíàõ ëåò), çà êîòîðîå òåìï çâåçäîîá-
ðàçîâàíèÿ ïàäàåò â e ðàç. Â øåñòîé êîëîíêå ïðèâåäåíû çíà÷åíèÿ ìåòàëëè÷íîñòè, â ñåäüìîé
� ìîäåëüíîå çíà÷åíèå ïîòîêà â ëèíèè [O II]. Â âîñüìîé êîëîíêå ïðèâåäåíî ìèíèìàëüíîå
çíà÷åíèå χ2 è â äåâÿòîé � ïîëó÷åííîå çíà÷åíèå ýêñòèíêöèè AV .

8 Ïðèëîæåíèå 1: ïîëå ðîäèòåëüñêîé ãàëàêòèêè GRB 021004
Äëÿ ïðàâèëüíîé îöåíêè ôèçè÷åñêèõ õàðàêòåðèñòèê ðîäèòåëüñêîé ãàëàêòèêè íåîáõîäèìî,
÷òîáû ïîòîê îò ïîñëåñâå÷åíèÿ îñëàáåë íàñòîëüêî, ÷òîáû èì ìîæíî áûëî ïðåíåáðå÷ü. Â
êà÷åñòâå ïðèìåðà â ýòîì Ïàðàãðàôå ïîêàçàí ñëó÷àé, êîãäà íàçåìíûå äàííûå øèðîêî-
ïîëîñíîé ôîòîìåòðèè áîëåå ðàííèõ ýïîõ, ñîäåðæàùèå âêëàä ïîñëåñâå÷åíèÿ, äàþò âåðíûå
îöåíêè ôîòîìåòðè÷åñêîãî êðàñíîãî ñìåùåíèÿ è õîðîøî îïèñûâàþòñÿ îäíèì èç ñïåêòðàëü-
íûõ ðàñïðåäåëåíèé ýíåðãèè, â òî âðåìÿ êàê äàííûå ñ HST äàþò íåâåðíóþ îöåíêó z è î÷åíü
ïëîõî îïèñûâàþòñÿ ëþáûì èç îãðîìíîãî êîëè÷åñòâà øàáëîííûõ ñïåêòðîâ.
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Ðèñ. 9: Ìîäåëüíûå ñïåêòðû ðîäèòåëüñêîé
ãàëàêòèêè GRB 980703 ñ ìèíèìàëüíûì
çíà÷åíèåì χ2 äëÿ êàæäîãî íàáîðà ïàðà-
ìåòðîâ. Ïðèíÿò MW-çàêîí ýêñòèíêöèè. Ïî-
ìåòêà �inst. SF� ñîîòâåñòâóåò ìãíîâåííîé
âñïûøêå çâåçäîîáðàçîâàíèÿ, �exp. SF� �
ýêñïîíåíöèàëüíîìó çàòóõàíèþ (ñì. òåêñò)

Ðèñ. 10: Íàèëó÷øàÿ ïîäãîíêà ìîäåëüíûìè
ñïåêòðàìè BV RcIcJHK ôîòîìåòðèè ðîäè-
òåëüñêîé ãàëàêòèêè GRB 980703. Ïîêàçàíà
òîëüêî BV RcIc ñïåêòðàëüíàÿ ÷àñòü. Ïðè-
íÿò MW-çàêîí ýêñòèíêöèè. Ïî îñè àáñöèññ
îòëîæåíû íàáëþäàåìûå äëèíû âîëí.

Íàáëþäåíèÿ ðîäèòåëüñêîé ãàëàêòèêè GRB021004 (âñïûõíóë 4 îêòÿáðÿ 2004 ãîäà) íà
ÁÒÀ ïðîâîäèëèñü 29 íîÿáðÿ � 5 äåêàáðÿ, ÷òî ñîîòâåòñòâóåò ôàçå ≈ 18 äíåé ïîñëå âñïëåñêà
â ñèñòåìå îòñ÷åòà ñ íèì ñâÿçàííîãî, òî åñòü ïîòîêè â íåêîòîðûõ ôèëüòðàõ ñêîðåå âñåãî
ñîäåðæàò âêëàä ïîñëåñâå÷åíèÿ, ÷òî çàìåòíî â ñðàâíåíèè ñ äàííûìè HST [20]. Ðåçóëüòàòû
ñðàâíåíèÿ ïîêàçàíû â Òàáëèöå 4 è íà Ðèñóíêå 11.

Îöåíêè z ïî äàííûì HST ôèëüòðîâ + J â HyperZ èìåþò ìàëóþ âåðîÿòíîñòü, à ìè-
íèìàëüíûé χ2 ñ íàèëó÷øèìè ìîäåëÿìè PEGASE ðàâåí 43, ÷òî ãîâîðèò îá îòñóòñòâèè
ïîäõîäÿùåé ìîäåëè äëÿ ñïåêòðàëüíîãî ðàñïðåäåëåíèÿ, çàëîæåííîãî â ìîäåëèðîâàíèå.

Íà äàííûé ìîìåíò âåä¼òñÿ îáðàáîòêà ÈÊ äàííûõ ñ òåëåñêîïà Spitzer äëÿ ðàñøèðåíèÿ
ñïåêòðàëüíîãî äèàïàçîíà, ÷òî, âîçìîæíî, ïîçâîëèò óëó÷øèòü ðåçóëüòàòû ìîäåëèðîâàíèÿ
(ñì. Ðèñ. 12).

Äîïîëíèòåëüíî ìîæíî ñêàçàòü, ÷òî ïðÿìûå îöåíêè ìîðôîëîãè÷åñêîãî òèïà ãàëàêòèêè

Òàáëèöà 4: Ôîòîìåòðè÷åñêèå íàáëþäåíèÿ ðîäèòåëüñêîé ãàëàêòèêè GRB021004. λ � ýô-
ôåêòèâíàÿ äëèíà âîëíû ôèëüòðà (�A); ∆λ/2 � ïîëóøèðèíà ïðîïóñêàíèÿ ôèëüòðà; mV ega

� çâ¼çäíàÿ âåëè÷èíà â ñèñòåìå Âåãè; ABoff � êîýôôèöèåíò ïåðåõîäà îò ñèñòåìû Âåãè â
AB; extGal � ïîãëîùåíèå â Ãàëàêòèêå (ñîãëàñíî êàðòàì [10] è çàêîíó [11]); mAB � çâ¼çäíàÿ
âåëè÷èíà â ñèñòåìå ÀÂ; ∆m � îøèáêà îïðåäåëåíèÿ çâ¼çäíîé âåëè÷èíû;
Ôèëüòð λ ∆λ/2 mV ega ABoff extGal mAB ∆m Äàòà íàáëþäåíèé Òåëåñêîï

V 5505 414 24.45[21] 0.04 0.24 24.25 0.04 2003 Sep. 17.073 4.2WHT
Ic 8060 771 23.82[21] 0.45 0.14 24.13 0.17 2003 Dec. 28.888 2.5NOT
J 12200 1500 23.15[21] 0.90 0.07 23.98 0.38 2004 Jan. 5.805 3.5CAHA
H 16464 1431 >21.5 [21] 1.41 0.04 >22.87 2004 Jan. 7.2775 3.5CAHA

F435W 4297 550 24.39[20] 0.04 2003 Jul. 26.086 2.4HST/ACS
F606W 5907 1250 24.55[20] 0.05 2003 May 31.108 2.4HST/ACS
F814W 8332 1255 24.39[20] 0.04 2003 Jul. 26.009 2.4HST/ACS
F110W 11191 2940 24.62[20] 0.1 2003 Jul. 21.743 2.4HST/NIC3
F160W 16036 1994.5 23.89[20] 0.15 2003 May 26.038 2.4HST/NIC3
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Êðàñíûå òî÷êè è ëèíèÿ � äàííûì íàáëþäåíèé 29 íîÿáðÿ � 5 äåêàáðÿ 2002 ãîäà íà ÁÒÀ
[5], ÷¼ðíûå òî÷êè è ëèíèÿ � íàáëþäåíèÿ 26 ìàÿ � 26 èþëÿ 2003 ãîäà íà HST [20], ñèíèå
òî÷êè è ëèíèÿ � äàííûå èç ðàáîòû [21], çåë¼íàÿ òî÷êà � âåðõíèé ïðåäåë â ôèëüòðå H
[21]. Âñå äàííûå ïðèâåäåíû â Òàáëèöå 4.
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N E
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Ðèñ. 12: Ëåâàÿ ïàíåëü: ïîëå ðîäèòåëüñêîé ãàëàêòèêè GRB 021004, ïîëó÷åííîå íà òåëåñêîïå
Spitzer/IRAC 3.6µm (ïåðâûé êàíàë èíñòðóìåíòà). ×¼ðòî÷êàìè îòìå÷åíî ïîëîæåíèå ðîäè-
òåëüñêîé ãàëàêòèêè. Ñðåäíÿÿ ïàíåëü: èçîáðàæåíèå òîãî æå ïîëÿ íà äëèíå âîëíû 5.8µm
(òðåòèé êàíàë). Ïðàâàÿ ïàíåëü: ïîëå ñ ÁÒÀ â ôèëüòðå B. Îòìå÷åíû îáúåêòû êàòàëîãà
ñëàáûõ ãàëàêòèê èç ðàáîòû [22]. Ñòðåëêîé îòìå÷åíî ïîëîæåíèå ðîäèòåëüñêîé ãàëàêòèêè.
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Ðèñ. 13: Fig. 5. èç ðàáîòû [29] Èçîáðàæåíèå ðî-
äèòåëüñêîé ãàëàêòèêè GRB 021004 ñ HST ACS â
ôèëüòðå F606W, ïîëó÷åííîå 26 íîÿáðÿ 2002. Ðàç-
ìåð ñòîðîíû 2�, ÷òî ñîïîñòàâèìî ñ îáû÷íûì êà-
÷åñòâîì èçîáðàæåíèÿ (seeing) íàçåìíûõ íàáëþäå-
íèé.

â äàííîì ñëó÷àå (êàê è âî ìíîãèõ äðóãèõ) âîçìîæíî ñäåëàòü ëèøü ïî äàííûì ñ âûñîêèì
óãëîâûì ðàçðåøåíèåì (ñì. Ðèñóíîê 8), ò. ê. îáúåêò íàõîäèòñÿ íà äîñòàòî÷íî áîëüøîì
êðàñíîì ñìåùåíèè z = 2.3304± 0.0005 [30].

9 Ïðèëîæåíèå 2: èññëåäîâàíèå GRB 110801A
Â îñíîâíîì òåêñòå â êà÷åñòâå ïðèìåðîâ ïðèâåäåíû äàííûå íàáëþäåíèé â ÑÀÎ ÐÀÍ î÷åíü
èíòåðåñíîãî ãàììà-âñïëåñêà GRB 110801A, ïîÿð÷àâøåãî çà âðåìÿ ïîðÿäêà äåñÿòêîâ ìèíóò
íà íåñêîëüêî çâ¼çäíûõ âåëè÷èí. Óçíàòü ïîäðîáíîñòè îáíàðóæåíèÿ è èññëåäîâàíèÿ ýòîãî
îáúåêòà ïîìîæåò äàííîå Ïðèëîæåíèå.

1 àâãóñòà â 19:49:42 UT ãàììà-òåëåñêîïîì BAT (Burst Alert Telescope) íà áîðòó ñïóò-
íèêà Swift áûë äåòåêòèðîâàí äëèòåëüíûé ãàììà-âñïëåñê GRB 110801A ïðîäîëæèòåëüíî-
ñòüþ îêîëî 70 ñåêóíä (trigger=458521). Ñïóñòÿ ïî÷òè 100 ñåêóíä ïîñëå íà÷àëà âñïëåñêà
òåëåñêîïîì XRT (X-Ray Telescope) òîé æå ïëàòôîðìû áûë äåòåêòèðîâàí ðåíòãåíîâñêèé
èñòî÷íèê, ÷òî ïîçâîëèëî óòî÷íèòü êîîðäèíàòû, óìåíüøèâ êðóæîê îøèáîê ñ 3' äî 4.9�. Íà
òåëåñêîïå UVOT, ðàñïîëîæåííîì íà áîðòó, ñïóñòÿ 108 ñåêóíä ïîñëå âñïëåñêà íà÷àëèñü
íàáëþäåíèÿ â óëüòðàôèîëåòîâîì è îïòè÷åñêîì äèàïàçîíàõ. Áûë íàéäåí îïòè÷åñêèé èñ-
òî÷íèê 18.03 ± 0.14 çâ. âåëè÷èíû (áåç ïðèìåíåíèÿ ôèëüòðîâ, áåç ó÷¼òà Ãàëàêòè÷åñêîãî
ïîãëîùåíèÿ E(B− V ) = 0.08) ñ êîîðäèíàòàìè R.A.(J2000) = 05 : 57 : 44.73, Dec.(J2000) =
+80 : 57 : 21.6 (òî÷íîñòü 0.62�) [23].

Ñïóñòÿ ïîë-÷àñà ïîñëå âñïëåñêà îáúåêò ïîÿð÷àë íà íåñêîëüêî âåëè÷èí, ÷òî ïîäòâåð-
æäàåòñÿ íàáëþäåíèÿìè íà ROTSE-IIId, MITSuME, Swift/UVOT [24, 25, 26] è äðóãèìè
êîìàíäàìè.

Ñîãëàñíî ñðî÷íûì (follow-up) íàáëþäåíèÿì íà ÁÒÀ + Scorpio â òó æå íî÷ü (4.35 ÷àñà
ïîñëå âñïëåñêà), çâ¼çäíàÿ âåëè÷èíà îáúåêòà áûëà ñëåäóþùàÿ: R = 18.10±0.01, B = 19.02±
0.02. Íà ÁÒÀ áûë ïîëó÷åí ñàìûé ðàííèé ñïåêòð, íà êîòîðîì çàìåòåí íàêëîí êîíòèíóóìà
â ãîëóáóþ îáëàñòü, îäíàêî íèçêîå îòíîøåíèå S/N íå ïîçâîëèëî ñðàçó îïðåäåëèòü êðàñíîå
ñìåùåíèå. Ïîçæå, ó÷àñòíèêàìè íàøåé êîëëàáîðàöèè íà 10.4-ìåòðîâîì GTC â Èñïàíèè
áûë ïîëó÷åí ñïåêòð, íà êîòîðîì óäàëîñü äåòåêòèðîâàòü ìíîæåñòâî àáñîðáöèîííûõ ëèíèé,
ñäâèíóòûõ íà z = 1.858 [27]. Íà ãîëóáîì êîíòèíóóìå íàøåãî ñïåêòðà õîðîøî çàìåòåí ëèøü
äóáëåò òðèæäû èîíèçîâàííîãî óãëåðîäà C IV 1548,1550�A�A [28] (ñì. Ðèñ. 14).

9.915 àâãóñòà 2011 ãîäà áûëè ïðîâåäåíû ïîâòîðíûå ãëóáîêèå íàáëþäåíèÿ ýòîãî ïîëÿ â
ôèëüòðå Rc (ñì. Ðèñóíêè 4 è 5). Áûë íàéäåí ïðîòÿæ¼ííûé èñòî÷íèê 23.42±0.05 çâ¼çäíîé
âåëè÷èíû, ïåðåêðûâàþùèéñÿ ïî êîîðäèíàòàì ñ ïîëîæåíèåì ãàììà-âñïëåñêà. Öåíòð îáú-
åêòà èìååò ñëåäóþùèå êîîðäèíàòû: R.A.(J2000) = 05 : 57 : 45.371, Dec.(J2000) = +80 :
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Ðèñ. 14: Ñïåêòð îïòè÷åñêîãî ïîñëåñâå÷åíèÿ ãàììà-âñïëåñêà GRB 110801A, ïîëó÷åííûé íà
ÁÒÀ ñïóñòÿ ∼ 4.5 ÷àñà ïîñëå âñïëåñêà.

57 : 20.65 (òî÷íîñòü 0.7�), 1.78� îò öåíòðà êðóæêà îøèáîê Swift/UVOT (÷òî ñîîòâåòñòâóåò
115±85 êïê äëÿ êîñìîëîãè÷åñêèõ ïàðàìåòðîâ H0 = 75 êì ñ−1 Ìïê−1, ΩM = 0.3 è ΩΛ = 0.7).
Îáúåêò âûãëÿäèò äâîéíûì, íî ìàëîâåðîÿòíûì êàæåòñÿ âàðèàíò, ÷òî ãàììà-âñïëåñê ïðî-
èçîø¼ë íà îêðàèíå äîñòàòî÷íî äîñòàòî÷íî áîëüøîé ãàëàêòèêè. Áîëåå âåðîÿòíûì êàæåòñÿ
âàðèàíò âñïûøêè â êîìïàêòíîé ãàëàêòèêå, ðàñïîëîæåííîé ðÿäîì ñ íàáëþäàåìîé. Ò. ê.
äëÿ íàøèõ íàáëþäåíèé ñ ìîìåíòà âñïëåñêà ïðîøëî âñåãî îêîëî 3 äíåé (â ñèñòåìå îòñ÷¼òà
ãàììà-âñïëåñêà), ïîñëåñâå÷åíèå íåäîñòàòî÷íî îñëàáåëî è îêîí÷àòåëüíûé âûâîä î ïðèíàä-
ëåæíîñòè îáíàðóæåííîãî îáúåêòà ìîæíî áóäåò ñäåëàòü ïîñëå ïîëó÷åíèÿ ãëóáîêèõ ñíèìêîâ
ýòîãî ïîëÿ íà êðóïíîì òåëåñêîïå (ÁÒÀ, GTC, ...) ÷åðåç ïðîäîëæèòåëüíîå âðåìÿ.

10 Ïðèëîæåíèå 3: ïðîãðàììû äëÿ MIDAS è IDL
Ïðîãðàììà Zeiss_REDUC.prg, íàïèñàííàÿ äëÿ ñðåäû MIDAS (êàê è ñëåäóþùèå íåñêîëüêî
ïðîãðàìì ñ ðàñøèðåíèåì *.prg).

DEFINE/PAR P1 ? CHAR "Enter a name of input image catalog:"
DEFINE/PAR P2 ? IMAGE "Enter a bias frame:"
DEFINE/PAR P3 ? IMAGE "Enter a flat field frame:"
DEFINE/PAR P4 red_ CHAR "Enter a prefix of reduced frames:"

DEFINE/LOCAL i/I/1/1
DEFINE/LOCAL mean/R/1/1
DEFINE/LOCAL IN_NAME/C/1/80 ""
DEFINE/LOCAL OUT_NAME/C/1/80 ""
DEFINE/LOCAL CATAL/I/1/1 0

STAT/IMAGE {P3} option=GNNN
mean = {OUTPUTR(8)}
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CAT_LOOP:
STORE/FRAME IN_NAME {P1} 1 END_CAT_LOOP
OUT_NAME = "{P4}{IN_NAME}"
WRITE/OUT {OUT_NAME}
COMP/IMAGE tmp_{IN_NAME} = ({IN_NAME}-{P2})/({P3}-{P2})*{mean}
@@ rmcos_int_Zeiss tmp_{IN_NAME}
MODIFY/COLUMN fc_tmp_{IN_NAME} {OUT_NAME} V @51,@357,@358,@378,@384,
@385,@670,@671,@699,@700,@701,@702,@902,@903,@904
DEL/IMAGE fc_tmp_{IN_NAME} NO
DEL/IMAGE tmp_{IN_NAME} NO

@@ 1cl {OUT_NAME}
GOTO CAT_LOOP

END_CAT_LOOP:

Ïðîãðàììà rmcos_int_Zeiss.prg, èñïîëüçóåìàÿ â Zeiss_REDUC.prg

define/par P1 * IMA "Enter a image:"
define/par P2 2.08 NUM "Enter a gain:"
define/par P3 1.15 NUM "Enter a read out noise:"
define/par P4 5 NUM "Threshold of cosmics, 3 by Timur"
define/par P5 4 NUM "critical ratio for discrim/ of cosmics and objects, 2 by Timur"
define/par P6 * IMA "mask image with cosmic hits, made by mosk"
@@ mean_sigma_clip {P1}

fil/cos {P1} fc_{P1} {{P1},clipped_mean},{P2},{P3},{P4},{P5} mask_{P1}

copy/dd {P1} lhcuts fc_{P1} lhcuts
copy/dd {P1} WINDOW_FROM fc_{P1} WINDOW_FROM
copy/dd {P1} WINDOW_TO fc_{P1} WINDOW_TO
copy/dd {P1} DISPLAY_DATA fc_{P1} DISPLAY_DATA

Ïðîãðàììà 1cl.prg äëÿ âèçóàëèçàöèè èçîáðàæåíèé

!+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
!.COPYRIGHT: (c) 1996 SPbUniversity and Special Astrophysical Observatory
!.IDENT : 1cl.prg
!.AUTHOR : Igor O.Drozdovsky
!.KEYWORDS : Standard CCD reduction
!.PURPOSE :
! Standard CCD reduction:
! program graphics and display windows
! and load image in created windows
!.USAGE :
! Execute as:
! @@ 1cl inframe [low] [high]
!
!.VERSION : $Id:1.0. August,20 1996$
! : $Revision:1.3 June,24 1997$
!-------------------------------------------------------------------------
!
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CROSSREF INAME
!
!
! create graphics and display windows
! and load image in created windows
!
echo/off
define/par p1 ? ima "Enter name of load frame:"
define/par p2 2 N "Enter low -N * sig:"
define/par p3 20 N "Enter high +N * sig:"
define/local np/i/1/2 0,0
define/local dx/i/1/1 1
define/local dy/i/1/1 1
define/local dxy/i/1/1 1
define/local sx/i/1/2 0,0
define/local sy/i/1/2 0,0

IF {{p1},NPIX(1)} .GT. 800 dx = 2
IF {{p1},NPIX(2)} .GT. 800 dy = 2
IF {{p1},NPIX(1)} .GT. 1600 dx = 3
IF {{p1},NPIX(2)} .GT. 1600 dy = 3
IF {{p1},NPIX(1)} .GT. 2400 dx = 4
IF {{p1},NPIX(2)} .GT. 2400 dy = 4

IF {dx} .GT. {dy} THEN
dxy = {dx}
ELSE

dxy = {dy}
ENDIF

np(1) = M$NINT({{p1},NPIX(1)}/{dxy})
np(2) = M$NINT({{p1},NPIX(2)}/{dxy})
create/disp ? {np(1)},{np(2)},490,200
load/itt ramp
load/lut rainbow4
write/key lo/r/1/1 0
write/key hi/r/1/1 0
IF M$EXISTD("{p1}.bdf","STATISTIC") .GT. 0 THEN
comp/key lo = {{p1},STATISTIC(8)}-'p2'*M$SQRT({{p1},STATISTIC(4)})
comp/key hi = {{p1},STATISTIC(8)}+'p3'*M$SQRT({{p1},STATISTIC(4)})
ELSE
create/graph ? 500,300,0,0
sx(1) = M$NINT({{p1},NPIX(1)}/6)
sy(1) = M$NINT({{p1},NPIX(2)}/6)
sx(2) = {sx(1)}*5
sy(2) = {sy(1)}*5
statist/image {p1} [@{sx(1)},@{sy(1)}:@{sx(2)},@{sy(2)}] p5=FX p7=p
comp/key lo = outputr(8)-'p2'*M$SQRT(outputr(4))
comp/key hi = outputr(8)+'p3'*M$SQRT(outputr(4))

ENDIF
set/format F8.3
wri/out "-{p2} * sig ; +{p3} * sig"
wri/out "Low_cuts = {lo}, High_cuts = {hi}"
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IF M$EXISTD("{p1}.bdf","HISTOGRAM") .GT. 0 del/desc {p1} HISTOGRAM
wri/desc {p1} lhcuts/r/1/2 'lo','hi'
load/ima {p1} fix=1,1,0,0 scale=-{dxy},a

Ïðîãðàììà FRINGES.prg

DEFINE/PAR P1 ? CHAR "Enter a name of input image catalog:"
DEFINE/PAR P2 ? IMAGE "Enter a output fringe frame:"
DEFINE/PAR P3 3.0 NUM "Enter a number of sigmas:"

DEFINE/LOCAL i/I/1/1
DEFINE/LOCAL mean/R/1/1
DEFINE/LOCAL IN_NAME/C/1/80 ""
DEFINE/LOCAL OUT_NAME/C/1/80 ""
DEFINE/LOCAL CATAL/I/1/1 0
DEFINE/LOCAL min/R/1/1 0
DEFINE/LOCAL max/R/1/1 0
DEFINE/LOCAL sigma/R/1/1
DEFINE/LOCAL low/R/1/1 0
DEFINE/LOCAL hi/R/1/1 0

CREATE/ICAT tmp_{P1} NULL

CAT_LOOP:
STORE/FRAME IN_NAME {P1} 1 END_CAT_LOOP
STAT/IMAGE {IN_NAME} ? ? ? GNNN
mean = {OUTPUTR(8)}
sigma = {OUTPUTR(4)}
min = {mean}-7*{sigma}
max = {mean}+7*{sigma}
STAT/IMAGE {IN_NAME} ? ? {min},{max} GNNN
mean = {OUTPUTR(8)}
sigma = {OUTPUTR(4)}

min = -{P3}*{sigma}
max = {P3}*{sigma}
IF {min} .LT. {low} THEN
low = {min}

ENDIF
IF {max} .GT. {hi} THEN

hi = {max}
ENDIF
OUT_NAME = "sc{IN_NAME}"
COMP/IMAGE {OUT_NAME} = {IN_NAME}-{mean}
ADD/ICAT tmp_{P1} {OUT_NAME} >/dev/null
GOTO CAT_LOOP

END_CAT_LOOP:

WRITE/OUT {low},{hi}
AVERAGE/IMAGE {P2} = tmp_{P1} ? ? median {low},{hi}

DELETE/ICAT tmp_{P1} NO
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Ïðîãðàììà apercorr.prg

!+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
!.COPYRIGHT: (c) 1998 Special Astrophysical Observatory & SPb University
!.IDENT : apercorr.prg
!.AUTHOR : Igor O.Drozdovsky
!.KEYWORDS : Standard table reduction
!.PURPOSE :
! Program calculate an aperture correction and show
! magnitude rising with the aperture radius
! growing AS A FUNCTION OF FWHM for obtaining full stars magnitude.
!.USAGE :
! Execute as:
! @@ apercorr image.BDF file.AP file.LST [PHOTO_?.opt(default photo_5.opt)]
!
!.NOTE
! You should have photo_?.opt , photoopt.fmt & app.fmt
! in your working directory.
! This version of program compute also FWHM for file.LST stars
! and FWHM-coefficient for the aperture correction.
!
!.VERSION : $Id:1.1 October,30 1997 $
! : $Revision:1.4 July,23 1998 ! Work with Upper case file names $
!----------------------------------------------------------------------------
!
CROSSREF INAME
!
!
!echo/off
define/par p1 ? ima "Enter the name of the image for computing FWHM"
define/par p2 {p1} C "Enter the name of the file of .AP stars photometry"
define/par p3 {p2} C "Enter the name of the file of .LST psf-stars"
define/par p4 photo_4 C "Enter the name of the file PHOTOMETRY_?.OPT "
define/local j/i/1/1 0
define/local j1/i/1/1 0
write/key nrows/i/1/1 0
define/local n/i/1/1 0
define/local ymin/r/1/1 0.0
define/local ymax/r/1/1 0.0
define/local drad/r/1/1 0.0
define/local avfwhmx/r/1/1 0.0
define/local avfwhmy/r/1/1 0.0
define/local k/i/1/1 9
!define/local k/i/1/1 10
define/local ll/i/1/1 10
define/local ex/i/1/1 0
define/local ey/i/1/1 0
define/local sx/i/1/1 0
define/local sy/i/1/1 0
define/local lowp3/c/1/10
! Checking the existence necessary tables
IF M$EXIST("{p4}.opt") .EQ. 0 .AND. M$EXIST("{p4}") .EQ. 0 THEN
write/out "You type the name of Aperture Photometry Options file: {p4}"
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write/out " We cold'nt find this file in current directory !!!"
GOTO END
ENDIF
IF M$EXIST("photoopt.fmt") .EQ. 0 .AND. M$EXIST("app.fmt") .EQ. 0 THEN
write/out "We cold'nt photoopt.fmt and/or app.fmt in current directory !!!"
write/out "Copy it, please, from ~/midwork/fmt/ directory"
GOTO END
ENDIF
lic {p1}
cop/ii {p1} aux
write/desc {p1} start 1,1
write/desc {p1} step 1,1
write/desc {p1} cunit "COUNTS ARCSEC ARCSEC"
!
! Due to DAOPHOT doesn't works with World Coordinates
write/keyw TRANSF/D/1/4 {{p1},START(1)},{{p1},START(2)},{{p1},STEP(1)},{{p1},STEP(2)}
!
! Some strange strings are wrote in order to create MIDAS table from file.LST
$cp {p3}.lst {p3}.add
daomid {p3}.add
lowp3 = M$LOWER("{p3}")
$mv {lowp3}add.tbl {p3}lst.tbl
! Old $mv {p3}add.tbl {p3}lst.tbl
!
! Computing the FWHM of stars from {p3}lst.tbl
copy/tab {p3}lst lst
DO ll = 1 2 1
!
comput/key ex = {{p1},NPIX(1)}-{k}-{{p1},START(1)}
comput/key ey = {{p1},NPIX(2)}-{k}-{{p1},START(2)}
comput/key sx = {k}+{{p1},START(1)}
comput/key sy = {k}+{{p1},START(2)}
!
! select/tab lst :X_COORD.GT.{sx}.AND.:X_COORD.LT.{ex}.AND.:Y_COORD.GT.{sy}.AND.:Y_COORD.LT.{ey}
compute/tab lst :XSTART = :X_COORD - {k}
compute/tab lst :XEND = :X_COORD + {k}
compute/tab lst :YSTART = :Y_COORD - {k}
compute/tab lst :YEND = :Y_COORD + {k}
!
center/gauss {p1},lst LST
!
comp/tab LST :FWHM = (:xfwhm + :yfwhm) / 2.0
stat/tab LST :xfwhm
avfwhmx = {outputr(3)}
stat/tab LST :yfwhm
avfwhmy = {outputr(3)}
set/format F8.3
write/out "AvFWHMX= {avfwhmx} AvFWHMY= {avfwhmy}"
k = ({avfwhmx} + {avfwhmy})
ENDDO
!
! Creating of the table photo_?opt.tbl
!
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creat/tab {p4}opt * 12 {p4}.opt photoopt
del/row {p4}opt @13,14
!
! Prepairing the file.AP to transforming in Midas Table: fileapp.tbl
! if it doesn't exist:
IF M$EXIST("{p2}app.tbl") .EQ. 1 GOTO APRES
!
! a) Cut the header
!
$dd if={p2}.ap of=test bs=126 skip=1
!
! b) Cut the second row for each stars double data rows
!
$wc -l {p2}.coo
write/out " If number above you decrease on 3, you receive number of the stars"
inquire/keyword j "Enter a total stars number in file.AP:"
! Writing a first string to the transforming file.APP
$dd if=test of={p2}.app bs=133 count=1
DO n = 2 j 1
$dd if=test of=test1 bs=267 skip=1
$cp test1 test
$dd if=test of=temp bs=133 count=1
!
! In the file TEMP we write each time a necessary string
! After we gather each string in the result file.APP
$cat {p2}.app temp > temp1
$cp temp1 {p2}.app
ENDDO
creat/table {p2}app * {j} {p2}.app app.fmt
$rm test test1 temp temp1 {p2}.app
APRES:
!
! c) Create table of selected stars (from fileLST.tbl) apertures photometry
!
comput/key nrows = {{p3}lst.tbl,TBLCONTR(4)}
j = {{p3}lst.tbl,:I,@1}
write/out "j= {j}"
copy/tab {p2}app rr
select/tab rr :I.EQ.{j}
write/out "outputi(1) = {outputi(1)}"
IF {outputi(1)} .GT. 0 copy/tab rr ADRR
DO n = 2 nrows
j = {{p3}lst.tbl,:I,@{n}}
write/out "j= {j}"
select/tab rr :I.EQ.{j}
IF {outputi(1)} .GT. 0 merge/tab ADRR rr rrr
write/out "outputi(1) = {outputi(1)}"
copy/tab rrr ADRR
ENDDO
! ++++++++++++ FWHM ++++++++++++++
copy/tt LST :FWHM ADRR :FWHM
!
! Selection for non error LST_stars photometry with given aperture
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!
select/tab ADRR :MAG0012.LT.99.999 .AND. :FWHM.GT.0.0
IF {outputi(1)} .GT. 0 THEN
copy/tab ADRR rr
copy/tab rr ADRR
nrows = {outputi(1)}
ELSE
select/tab ADRR :MAG0011.LT.99.999 .AND. :FWHM.GT.0.0
write/out ":MAG0011 used for selection < 99.999!!!"
copy/tab ADRR rr
copy/tab rr ADRR
nrows = {outputi(1)}
ENDIF
!
sta/tab ADRR :MAG0001
ymax = {outputr(2)} + 0.2
sta/tab ADRR :MAG0012
ymin = {outputr(1)} - 0.2
set/format F7.3
write/out "ymax= {ymax} , ymin = {ymin}"
IF DAZDEVR(11) .LT. 0 THEN
cre/gra 00
ELSE
assign/gra g,0
ENDIF
set/gra STYPE=1
! Ploting :DMAG <-> :FWHM
comp/tab ADRR :DMAG = :MAG0001 - ((:MAG0012 + :MAG0011) / 2.0)
plot/tab ADRR :DMAG :FWHM
! Ploting Stars Labels above the corresponding points.
comput/key nrows = {ADRR.tbl,TBLCONTR(4)}
DO n = 1 nrows
ll = {ADRR.tbl,:I,@{n}}
label/gra "{ll}" {ADRR.tbl,:DMAG,@{n}},{ADRR.tbl,:FWHM,@{n}} ? 0.8
ENDDO
!
IF DAZDEVR(11) .LT. 1 THEN
cre/gra 01 512,740,500,50
ELSE
assign/gra g,1
ENDIF
set/graphics yaxis={ymax},{ymin} PMODE=1 CLEARGRA=OFF stype=0 ltype=1
clear/gra
del/tab rr NO
del/tab rrr NO
!
j1 = {nrows} + 1
create/table {p2}lstap j1 14 NULL
copy/tt {p4}opt :APERRAD {p2}lstap :APERRAD
create/column {p2}lstap :AVEMG F6.3 R*4 "mag"
create/column {p2}lstap :AVEST F5.3 R*4 "mag"
create/column {p2}lstap :AVGRD F6.4 R*4 "mag/pix"
sta/tab ADRR #4
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{p2}lstap,:AVEMG,@1 = {outputr(3)}
{p2}lstap,:AVEST,@1 = {outputr(4)}
DO j1 = 5 15 1
sta/tab ADRR #{j1}
n = {j1} - 3
j = {n} - 1
{p2}lstap,:AVEMG,@{n} = {outputr(3)}
{p2}lstap,:AVEST,@{n} = {outputr(4)}
drad = {{p2}lstap,:APERRAD,@{n}}-{{p2}lstap,:APERRAD,@{j}}
IF {drad} .NE. 0.0 THEN
{p2}lstap,:AVGRD,@{j} = ({{p2}lstap,:AVEMG,@{j}}-{{p2}lstap,:AVEMG,@{n}})/{drad}
ELSE
{p2}lstap,:AVGRD,@{j} = 0.0
ENDIF
ENDDO
{p2}lstap,:AVGRD,@12 = 0.0
DO n = 1 {nrows} 1
j = {ADRR,:I,@{n}}
create/column {p2}lstap :MG{j} F6.3 R*4 "mag"
DO j1 = 1 12 1
{p2}lstap,:MG{j},@{j1} = {ADRR,:MAG{j1},@{n}}
ENDDO
plot/table {p2}lstap :APERRAD :MG{j}
! Ploting Stars Labels right & left from the profiles.
label/gra "{j}" {{p2}lstap.tbl,:APERRAD,@1},{{p2}lstap.tbl,:MG{j},@1} ? 0.8 2
label/gra "{j}" {{p2}lstap.tbl,:APERRAD,@12},{{p2}lstap.tbl,:MG{j},@12} ? 0.8 1
ENDDO
!
IF DAZDEVR(11) .LT. 2 THEN
cre/gra 02
ELSE
assign/gra g,2
ENDIF
ymax = {{p2}lstap,:AVEMG,@1} + 0.2
ymin = {{p2}lstap,:AVEMG,@12} - 0.2
set/graphics yaxis={ymax},{ymin} CLEARGRA=ON
plot/table {p2}lstap :APERRAD :AVEMG
set/graphics yaxis={ymax},{ymin} LTYPE=1 COLOUR=3 LWIDTH=4
over/table {p2}lstap :APERRAD :AVEMG
!
set/gra COLOUR=1 LTYPE=2 LWIDTH=1
DO n = 1 {nrows} 1
j = {ADRR,:I,@{n}}
comp/tab {p2}lstap :DAVEMG = :MG{j} - ({{p2}lstap,:MG{j},@1} - {{p2}lstap,:AVEMG,@1})
over/table {p2}lstap :APERRAD :DAVEMG
ENDDO
del/col {p2}lstap :DAVEMG
set/gra;assign/gra g,0
!
! Here we calculates an aperture correction coefficient from table {p2}lstap
!
define/local m1/r/1/1 0.0
define/local m2/r/1/1 0.0
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define/local m3/r/1/1 0.0
define/local m23/r/1/1 0.0
define/local apercor/r/1/1 0.0
set/format F7.3
m1 = {{p2}lstap.tbl,:AVEMG,@1}
m2 = {{p2}lstap.tbl,:AVEMG,@11}
m3 = {{p2}lstap.tbl,:AVEMG,@12}
m23 = ({m2}+{m3})/2.0
apercor = {m1} - {m23}
stat/tab LST :FWHM
avfwhmx = {outputr(3)}
write/out "AvFWHM= {avfwhmx}"
regr/line ADRR :DMAG :FWHM
write/out "aper=m1-m23= {apercor}"
del/tab ADRR NO
del/tab LST NO
del/tab lst NO
lic {p1}
loa/tab {p3}lst :X_COORD :Y_COORD I ? 10 1
del/tab {p3}lst.tbl NO
$rm {p3}.add
END:
cop/ii aux {p1}
del/ima aux NO

Ïðîãðàììà mag_dao.prg

!
!+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
!.COPYRIGHT: (c) 1996 Special Astrophysical Observatory, SPb University
!.IDENT : mag_dao.prg
!.AUTHOR : Igor O.Drozdovsky
!.KEYWORDS : Standard CCD star photometry
!.PURPOSE :
! Standard table reduction
! program make a reduction of the instrumental magnitude,
! corrected for 1 second, zenit distance, extintion, aperture correction
! and for zero point of magnitude scale.
!.USAGE :
! Execute as:
! @@ mag_dao ALLSTARS_table EXPOTIME ZENIT XAIRMASS APER MAGZERO
!
!.VERSION : $Id:March,12 1996$
! : $Revision:; $
!-------------------------------------------------------------------------
!
CROSSREF INAME
!
! Standard table reduction
! program make a reduction of the instrumental magnitude,
! corrected for 1 second,zenit,extintion,aperture correction and
! for zero point of the magnitude scale
! ( default MAGZERO=-25.0 )
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!
! All inputed parameters will be write to corresponding descriptors:
! EXPOTIME, ZENIT, XAIRMASS, APER, MAGZERO.
!
echo/off
define/par p1 ? tab "Enter the name of the source table with allstar photometry"
define/par p2 ? N "Enter the exposure time (in secunds)"
define/par p3 ? N "Enter the zenit distance (in degrees)"
define/par p4 ? N "Enter the coefficient of atmosphere extinction (xairmass)"
define/par p5 ? N "Enter the coefficient of apperture correction (in magnit)"
define/par p6 -25.0 N
define/local CONST/R/1/1 0.0

compute/key CONST = (2.5 * M$LOG({p2})) - ({p4} / M$COS({p3})) - {p5} + {p6}
compute/tab {p1} :MG00 = :MG + {CONST}
name/column {p1} :MG00 :MG_0 F10.3
set/format F8.3
write/descr {p1}.tbl EXPOTIME/R/1/1 {p2}
write/descr {p1}.tbl ZENIT/R/1/1 {p3}
write/descr {p1}.tbl XAIRMASS/R/1/1 {p4}
write/descr {p1}.tbl APER/R/1/1 {p5}
write/descr {p1}.tbl MAGZERO/R/1/1 {p6}

Äëÿ ðàáîòû ïðåäûäóùèõ äâóõ ïðîãðàìì íåîáõîäèìû ôàéëû app.fmt è photoopt.fmt ñëåäóþ-
ùåãî ñîäåðæàíèÿ.
app.fmt:
! @(#)apercor.fmt 1.1 (SPbU-SAO) 14/3/96 15:22:45

!++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++0
!.Identification: dio_ap.dat
!.Purpose:format file for DAOPHOT option file photo_?.opt [default photo_4.opt]
!.Author: Igor O. Drozdovsky
!.Version: 960314 RHW Creation
!----------------------------------------------------------------------------
COLUMN 15
!
DEFINE/FIELD 2 6 I I4 :I
define/field 9 15 R F7.3 :X_COORD
define/field 18 24 R F7.3 :Y_COORD
define/field 28 33 R F6.3 :MAG0001
define/field 37 42 R F6.3 :MAG0002
define/field 46 51 R F6.3 :MAG0003
define/field 55 60 R F6.3 :MAG0004
define/field 64 69 R F6.3 :MAG0005
define/field 73 78 R F6.3 :MAG0006
define/field 82 87 R F6.3 :MAG0007
define/field 91 96 R F6.3 :MAG0008
define/field 100 105 R F6.3 :MAG0009
define/field 109 114 R F6.3 :MAG0010
define/field 118 123 R F6.3 :MAG0011
define/field 127 132 R F6.3 :MAG0012
END

photoopt.fmt:
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! @(#)photoopt.fmt 1.1 (SPbU-SAO) 14/3/96 15:22:45
!++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++0
!.Identification: photoopt.fmt
!.Purpose:format file for DAOPHOT option file photo_?.opt [default photo_4.opt]
!.Author: Igor O. Drozdovsky
!.Version: 960314 RHW Creation
!----------------------------------------------------------------------------
ROWS 12
COLUMNS 1
!
DEFINE/FIELD 5 9 R F5.1 :APERRAD
END

Äëÿ íåêîòîðûõ ðàñ÷¼òîâ èñïîëüçóåòñÿ ÿçûê ïðîãðàììèðîâàíèÿ IDL (Interactive Data Language,
ðàçðàáîò÷èê Research Systems, Inc.), à òàê æå IDL-ïðîãðàììû ïàêåòà AstroLib http://idlastro.
gsfc.nasa.gov.
IDL-êîä ïåðåâîäà çâ¼çäíûõ âåëè÷èí â µJy:

PRO UBVRIZJHK_to_mkJy
; program for converting U, B, V, R, I, Z, Js, H, Ks magnitudes
; and their errors to Flux density in mkJy for galaxy GRB 000210
; and data from Gorosabel 2003
;
;------------------------------- INPUT DATA ----------------------------------
;
filters = ['U', 'B', 'V', 'R', 'I', 'Z', 'Js', 'H', 'Ks' ]
mag = [23.54, 24.40, 24.22, 23.46, 22.49, 22.83, 21.98, 21.51, 20.94]
err_mag = [ 0.13, 0.13, 0.08, 0.10, 0.12, 0.28, 0.10, 0.23, 0.14]
ABoff = [ 0.73, -0.07, 0.04, 0.23, 0.45, 0.56, 0.94, 1.41, 1.87]
Gal_ext = [ 0.10, 0.08, 0.06, 0.05, 0.04, 0.03, 0.02, 0.01, 0.01]
;
; mag - magnitudes of GRB000210 host in all filters
; err_mag - errors of magnitudes
; ABoff - AB offsets (ABoff = mAB - m)
; Gal_ext - Galaxy extintion for RA: 01:59:15, Dec: -40:39:33 ($ extin)
;
;------------------------------ CALCULATIONS ---------------------------------
;
Fd = 10^(29 - (mag + ABoff - Gal_ext + 48.568)/2.5)
err_Fd = ALOG(10.0)/2.5 * err_mag * Fd
;
; Fd in mkJy (Fukugita 1995)
; error of flux density err_Fd also in mkJy
;
;-------------------------------- PRINTING -----------------------------------
N = size(filters)
PRINT, '--------------------------------------'
PRINT, ' Fd,[mkJy] err_Fd,[mkJy] filter'
PRINT, '--------------------------------------'
FOR i=0, N[1]-1 DO BEGIN
PRINT, Fd[i], err_Fd[i], ' ', filters[i]

ENDFOR
PRINT, '--------------------------------------'
END
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IDL-êîä ïîäãîíêè ìîäåëåé:
FUNCTION GET_INDEX, a, b, eps

;
; Return an indexes of elements in a-vector for which
; the expression ABS(a[i]-b[j]) LE eps is valid.
; b may be either a scalar and a vector.
; Return the only one index for a scalar b.
; This index is one of element closest to b.
;
; NOTE: At this stage return just the closest value index!!!
N = size(b)
index = 0
IF N[0] EQ 0 THEN BEGIN
el = MIN(ABS(a-b),index)

ENDIF ELSE BEGIN
FOR i=0, N[1]-1 DO BEGIN
el = MIN(ABS(a-b[i]),ind)
IF i EQ 0 THEN index = ind ELSE index = [[index],[ind]]

ENDFOR
index = TRANSPOSE(index)

ENDELSE
RETURN, index
END

FUNCTION GET_PEGASE_WAVES, filename, CONT = c
;
; Return the wavelengths vector from PEGASE-spectra file
; (see PEGASE manual)
;
; INPUT: filename - name of PEGASE-spectra filename [string]
; /CONT - return continuum wavelenths
; else return lines wavelength
;

ind = -1
str = ''
time_step = 0
N_cont = 0
N_lines = 0
OPENR, 51, filename
WHILE (ind EQ -1) DO BEGIN ; skip header (see PEGASE manual)
READF, 51, str
ind = STRPOS(str,'***')

ENDWHILE
READF, 51, time_step, N_cont, N_lines
waves = FLTARR(N_cont)
READF, 51, waves
IF KEYWORD_SET(c) THEN BEGIN
CLOSE, 51
RETURN, waves

ENDIF
waves = FLTARR(N_lines)
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READF, 51, waves
CLOSE, 51
RETURN, waves

END

FUNCTION INT_PEGASE_WAVES, spec, PEGASE_waves
;
; Interpolating and extrapolating spec according to PEGASE wavelengths
; (see PEGASE manual).
; The extrapolated values i.e.with wavelengths outside from original
; spec ones will be set to zero
;
; INPUT: spec - two-dimension array, where spec[0,*] - wavelength
; spec[1,*] - flux or the same one
; PEGASE_waves - vector of PEGASE wavelength (see PEGASE manual)
;
; OUTPUT: vector of interpolated values
;

N = size(spec[0,*])
N = N[2]-1
tmp = SPL_INIT(spec[0,*],spec[1,*])
knots = SPL_INTERP(spec[0,*],spec[1,*],tmp,PEGASE_waves)
index = WHERE((PEGASE_waves LT spec[0,0]) OR (PEGASE_waves GT spec[0,N]))
knots[index] = 0.0
RETURN, knots

END

FUNCTION GET_EFF_FLUXES, cont, lines, cont_waves, line_waves, filter
;
; Integrating continuum with filters transmission curves,
; calculating effective flux densities in mkJy.
;
; NOTE: Take into account fluxes of emission lines
;
; INPUT: cont - vector of continuum flux densities [erg/s/A/cm^2]
; lines - vector of lines fluxes [erg/s/cm^2]
; cont_waves - vector of continuum waveslengths
; line_waves - vector of lines wavelengths
; filter - two dimesion (f[i,j]) array with filters
; transmission curves <f[*,j]> - j-th filter
;

c = 2.99792458E+18
N = size(filter)
N = N[2] ; how many filters
eff_flux = FLTARR(N)
FOR i=0, N-1 DO BEGIN
transs = filter[*,i]
index = WHERE(transs GT 0.0)
tmp = cont[index]*transs[index]
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integr = INT_TABULATED(cont_waves[index],tmp)
ind = GET_INDEX(cont_waves,line_waves,0.2)
integr = integr+TOTAL(lines*transs[ind]) ; add lines

; contamination
surf = INT_TABULATED(cont_waves[index],transs[index])
flux = integr/surf
eff_lambda =$
INT_TABULATED(cont_waves[index],cont_waves[index]*transs[index])/surf

eff_flux[i] = flux*eff_lambda*eff_lambda/c*1.0E+29 ; to mkJy
END
RETURN, eff_flux

END

PRO FIT_MODEL4, SFR_scens, SFR_scens_O, OBS_SPEC, FILTERS, z, EXTIN_FILE, OUT_FILE

; ****************************************************************
;
; The fitting of object broadband spectrum by PEGASE model SEDs
;
; INPUT: SFR_scens - name of a text file
; with filenames of
; PEGASE-spectra files
; (see PEGASE manual)
; for burst component.
;
; SFR_scens_O - name of a text file
; with filenames of
; PEGASE-spectra files
; (see PEGASE manual)
; for old component.
;
; OBS_SPEC - name of a text file
; with a broadband spectrum
; of object.Format of spectrum
; is <Wavelenth [A] Flux [mkJy] Err.Flux [mkJy]>
; In the last line of the file it is assumed
; that given flux of emission line in format
; <Wavelenth [A] Flux [erg/s/cm^2] Err.Flux [erg/s/cm^2]>
;
; FILTERS - name of a text file with
; filenames of transmission
; curves of used filters.
;
; z - redshift of object
;
; EXTIN_FILE- name of a text file with extinction law
;
; OUT_FILE - name of output file
; ****************************************************************

RESOLVE_ALL
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; ****************************************************************
;
; Common constant:
;

chi2_cutoff = 0.0 ; cutoff value of chi^2 for output
c = 2.99792458E+18 ; speed of light in Angstroms/s
LOW_MASS = 6.0 ; logarithm of low mass of model
HIGH_MASS = 8.5 ; logarithm of high mass of model
STEP_MASS = 0.25 ; logarithmic step of mass of model

LOW_MASS_O = 8.8 ; logarithm of low mass of model
HIGH_MASS_O = 8.81 ; logarithm of high mass of model
STEP_MASS_O = 0.1 ; logarithmic step of mass of model

EBV_LOW = 0.0 ; low color excess E(B-V) value
EBV_HIGH = 0.1 ; high color excess E(B-V) value
EBV_STEP = 0.01 ; step of color excess E(B-V)

; ****************************************************************

PEGASE_filename = ""
str = ''
ind = -1
time_step = 0
N_cont = 0
N_lines = 0
time = 0.0
filter = 0.0

;
; Reading observed broadband spectrum
;

obs_spec = read_ascii(OBS_SPEC)
obs_spec = obs_spec.field1
N = size(obs_spec)
N = N[2]-1
obs_line_flux = obs_spec[*,N] ; assuming that format of file with

; observed spectrum as described above!!!
obs_spec = obs_spec[*,0:N-1]
WINDOW, 0
PLOT, obs_spec[0,*], obs_spec[1,*], psym=1, $

TITLE='Observed input broadband spectrum', $
XTITLE='Wavelength, [A]', YTITLE='Flux density, [microJy]',$
CHARSIZE=1.5

OPLOTERR, obs_spec[0,*], obs_spec[1,*], obs_spec[2,*], 1

;
; Optimization ...
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;

OPENR, 55, SFR_scens
READF, 55, PEGASE_filename
cont_waves = GET_PEGASE_WAVES(PEGASE_filename,/CONT)
red_cont_waves = cont_waves*(1.0+z)
lines_waves = GET_PEGASE_WAVES(PEGASE_filename)
red_lines_waves = lines_waves*(1.0+z)
index_line = GET_INDEX(red_lines_waves,obs_line_flux[0]) ; get index of

; oserved emis.line
print, 'line index: ',index_line
print, 'observ wavelen OII, 3727+z*3727 = ', obs_line_flux[0]
print, 'Pegase 3727 = ', lines_waves[index_line]
CLOSE, 55

PRINT, 'Reading extinction curve (file: ', EXTIN_FILE, ')'
extin_curve = read_ascii(EXTIN_FILE)
extin = extin_curve.field1
WINDOW, 1
extin_curve = INT_PEGASE_WAVES(extin,cont_waves)
index = WHERE(extin_curve GT 0)
N = size(index)
N = N[1]-1
PLOT, cont_waves, extin_curve, $

TITLE='Extinction curve', $
XTITLE='Wavelength, [A]', YTITLE='k(lambda)',$
XRANGE=[cont_waves[index[0]],cont_waves[index[N]]]

OPENR, 59, FILTERS ; reading filters
WHILE NOT EOF(59) DO BEGIN
READF, 59, str
PRINT, 'Reading filter (file: ', str, ')', '...'
tmp = read_ascii(str)
tmp = tmp.field1
knots = INT_PEGASE_WAVES(tmp,red_cont_waves)
s = size(filter)
IF s[0] EQ 0 THEN filter = knots ELSE filter = [[filter],[knots]]

END
CLOSE, 59

; *********************************************************************
; START FITTING
;

d = lumdist(z,H0=75) ; get lum.distance, [Mpc]
dil = 4.0*!DPI*d^2
burst_spec = 0.0
lines = 0.0
burst_scen = ''

;
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; Fixing burst component using emission line
;

burst_SFH = ''
burst_mass = 0.0
burst_ebv = 0.0
burst_tau = ''
burst_age = 0.0
tau = 0.0
bt = ''

PRINT, ''
PRINT, '----------------------------------------------------'
PRINT, ' START OF FITTING:'
PRINT, ''
PRINT, ' Fixing burst component ...'
OPENR, 59, SFR_scens
WHILE NOT EOF(59) DO BEGIN
READF, 59, PEGASE_filename
PRINT, 'Reading star formation scenarios (file: ', PEGASE_filename,')'
OPENR, 1, PEGASE_filename
str = ''
ind = -1
WHILE (ind EQ -1) DO BEGIN ; skip header
READF, 1, str
ind = STRPOS(str,'Type of star formation:') ; assuming format of
IF (ind NE -1) THEN BEGIN ; PEGASE-spectra file
tmp = STRSPLIT(str,':',/EXTRACT)
N = size(tmp)
burst_SFH_num = FIX(tmp[N[1]-1])
CASE burst_SFH_num OF

0: burst_SFH = 'INST.'
1: burst_SFH = 'CONST.'
2: BEGIN

burst_SFH = 'EXP.'
READF, 1, str
tmp = STRSPLIT(str,':',/EXTRACT)
tau = FLOAT(tmp[1])

END
3: burst_SFH = 'POWER.'

ENDCASE
ENDIF
ind = STRPOS(str,'***')

ENDWHILE
time_step = 0
N_cont = 0
N_lines = 0
READF, 1, time_step, N_cont, N_lines
PRINT, '(Time steps: ', time_step, '; N_cont: ', N_cont,$

'; N_lines: ', N_lines, ')'
cont_waves = FLTARR(N_cont)
model_spec = FLTARR(N_cont)
lines_waves = FLTARR(N_lines)
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lines_lum = FLTARR(N_lines)
READF, 1, cont_waves
READF, 1, lines_waves
FOR i=1, time_step DO BEGIN
READF, 1, time
PRINT, time
READF, 1, str
READF, 1, model_spec
READF, 1, lines_lum

;if time GE 0 AND time LE 700 then begin ; set Burst Age
IF lines_lum[index_line] EQ 0 THEN BREAK ; if line flux

; in PEGASE-
; spectra file
; is 0 then
; break loop

FOR mass = LOW_MASS, HIGH_MASS, STEP_MASS DO BEGIN
lines_flux = lines_lum/3.024E+24/dil*10.0^mass/3.024E+24 ; to observed

; fluxes
ind = GET_INDEX(red_cont_waves,obs_line_flux[0],0.2)
FOR ebv = EBV_LOW, EBV_HIGH, EBV_STEP DO BEGIN

l_f = lines_flux[index_line]*10.0^(-0.4*extin_curve[ind]*ebv)
IF ABS(l_f-obs_line_flux[1]) LE obs_line_flux[2] THEN BEGIN

print, 'OII = ', l_f
index = GET_INDEX(cont_waves,lines_waves,0.2) ; redenning
l_f = lines_flux*10.0^(-0.4*extin_curve[index]*ebv) ; all lines
N = size(lines)
IF N[0] EQ 0 THEN lines = l_f ELSE lines = [[lines],[l_f]]
m_s = model_spec/3.024E+24/dil*10.0^mass/3.024E+24 ; to observed

; fluxes
m_s = m_s*10.0^(-0.4*extin_curve*ebv) ; redenning
N = size(burst_spec) ; continuum
CASE burst_SFH OF
'INST.' : bt = ' --> 0 '
'CONST.': bt = ' --> inf.'
'EXP.' : bt = STRING(tau,FORMAT='(F9.1)')

ENDCASE
IF N[0] EQ 0 THEN BEGIN
burst_spec = m_s
burst_mass = mass
burst_scen = burst_SFH
burst_tau = bt
burst_ebv = ebv
burst_age = time

ENDIF ELSE BEGIN
burst_spec = [[burst_spec],[m_s]]
burst_mass = [[burst_mass],[mass]]
burst_scen = [[burst_scen],[burst_SFH]]
burst_tau = [[burst_tau],[bt]]
burst_ebv = [[burst_ebv],[ebv]]
burst_age = [[burst_age],[time]]

ENDELSE
ENDIF

ENDFOR
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ENDFOR
;endif ; set Burst Age
ENDFOR
CLOSE, 1

END
CLOSE, 59
PRINT, ' Fixing is complited!'

;
; read old population continuum and fitting model to observed spectrum
;

old_SFH = ''
old_tau = ''
tau = 0.0

BEST_chi2 = 1000.0
BEST_params = ''
BEST_spec = 0.0
j = 0L

OPENW, 55, OUT_FILE, BUFSIZE=0
PRINTF, 55, " Generated by FIT_MODEL.pro"
PRINTF, 55, "******************************"
PRINTF, 55, ""
head1 = ' chi^2 | Old pop.SFH | Old pop.tau | Old pop.mass | Old pop.age |'
head2 = ' Burst SFH | Burst tau | Burst mass | Burst age | E(B-V)'
PRINTF, 55, head1+head2
hline1 = "---------------------------------------------------------------------"
hline2 = "-----------------------------------------------------------"
PRINTF, 55, hline1+hline2

PRINT, ' Starting fitting templates ...'
OPENR, 59, SFR_scens_O
WHILE NOT EOF(59) DO BEGIN
READF, 59, PEGASE_filename
PRINT, 'Reading star formation scenarios (file: ', PEGASE_filename,')'
OPENR, 1, PEGASE_filename
ind = -1
WHILE (ind EQ -1) DO BEGIN ; skip header
READF, 1, str
ind = STRPOS(str,'Type of star formation:') ; assuming format of
IF (ind NE -1) THEN BEGIN ; PEGASE-spectra file
tmp = STRSPLIT(str,':',/EXTRACT) ; reading star formation
N = size(tmp) ; scenarios and
old_SFH_num = FIX(tmp[N[1]-1]) ; for exp.case reading
CASE old_SFH_num OF ; tau

0: old_SFH = 'INST.'
1: old_SFH = 'CONST.'
2: BEGIN

old_SFH = 'EXP.'
READF, 1, str
tmp = STRSPLIT(str,':',/EXTRACT)
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tau = FLOAT(tmp[1])
END

3: old_SFH = 'POWER.'
ENDCASE

ENDIF
ind = STRPOS(str,'***')

ENDWHILE
time_step = 0
N_cont = 0
N_lines = 0
READF, 1, time_step, N_cont, N_lines
PRINT, '(Time steps: ', time_step, '; N_cont: ', N_cont,$

'; N_lines: ', N_lines, ')'
cont_waves = FLTARR(N_cont)
model_spec = FLTARR(N_cont)
lines_waves = FLTARR(N_lines)
lines_lum = FLTARR(N_lines)
READF, 1, cont_waves
READF, 1, lines_waves
FOR i=1, time_step DO BEGIN
READF, 1, time
PRINT, 'Current evolv.time: ', time
READF, 1, str
READF, 1, model_spec
READF, 1, lines_lum
N = size(burst_spec)

if time GE 10000 AND time LE 10010 then begin
FOR mass = LOW_MASS_O, HIGH_MASS_O, STEP_MASS_O DO BEGIN
lines_flux = lines_lum/3.024E+24/dil*10.0^mass/3.024E+24 ; to observed

; fluxes
old_spec = model_spec/3.024E+24/dil*10.0^mass/3.024E+24
FOR j=0, N[2]-1 DO BEGIN

template = 0.0 ; CHANGED !
lines_flux = 0.0 ; CHANGED !

template = old_spec+burst_spec[*,j]
lines_flux = lines_flux+lines[*,j]
eff_fluxes = GET_EFF_FLUXES(template,lines_flux,$

red_cont_waves,red_lines_waves,filter)

tmp = (obs_spec[1,*]-eff_fluxes)/obs_spec[2,*]
chi2 = TOTAL(tmp*tmp)
IF chi2 LE chi2_cutoff THEN BEGIN
CASE old_SFH OF
'INST.' : old_tau = ' --> 0 '
'CONST.': old_tau = ' --> inf.'
'EXP.' : old_tau = STRING(tau,FORMAT='(F12.1)')

ENDCASE
str = STRING(chi2,FORMAT='(F6.2)')+' | '+$

STRING(old_SFH,FORMAT='(A12)')+' | '+$
old_tau+' | '+ STRING('10.0^'+$
STRING(mass,FORMAT='(F6.3)'),FORMAT='(A13)')+$
' |'+STRING(time,FORMAT='(F7.1)')+' Myr '+'|'+$
STRING(burst_scen[j],FORMAT='(A10)')+' | '+burst_tau[j]+$
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' | '+STRING('10.0^'+$
STRING(burst_mass[j],FORMAT='(F5.3)'),FORMAT='(A10)')+$
' | '+STRING(burst_age[j],FORMAT='(F7.1)')+$
' Myr '+'|'+STRING(burst_ebv[j],FORMAT='(F6.3)')

PRINTF, 55, str
IF chi2 LT BEST_chi2 THEN BEGIN
BEST_chi2 = chi2
BEST_params = str
BEST_spec = template

ENDIF
ENDIF

ENDFOR
ENDFOR

;endif ; set old Age
ENDFOR
CLOSE, 1

END
CLOSE, 59

PRINTF, 55, hline1+hline2
PRINTF, 55, ""
PRINTF, 55, "The minimal chi^2: ", BEST_chi2, FORMAT='(A19,1X,F5.2)'
PRINTF, 55, "The best fit parameters: "
PRINTF, 55, hline1+hline2
PRINTF, 55, head1+head2
PRINTF, 55, hline1+hline2
PRINTF, 55, BEST_params
CLOSE, 55

tmp = BEST_spec*red_cont_waves^2/c*1.0E+29 ; the BEST template to mkJy
N = size(tmp)
spec = FLTARR(2,N[1])
spec[0,*] = red_cont_waves
spec[1,*] = tmp
str = OUT_FILE+'_best_spec.dat'
OPENW, 1, str ; write on disk the BEST template
PRINTF, 1, spec ; filename is

; OUT_FILE+'_best_spec.dat'
CLOSE, 1
;WSET, 0
;OPLOT, red_cont_waves, tmp
PRINT, '-------------------------------------------------------------'
PRINT, ' DONE!!!'
END
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Ðèñ. 15: Ðåêëàìà :-) Ê ñîòðóäíè÷åñòâó ïðèãëàøàþòñÿ âñå æåëàþùèå, íå òîëüêî ñòóäåíòû!
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