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1 Ââåäåíèå1.1 Èñòîðèÿ ïîèñêà ãðàâèòàöèîííûõ âîëí. Initial LIGO. Ad-vaned LIGO.�ðàâèòàöèîííûå âîëíû � ýòî êâàäðóïîëüíîå èñêðèâëåíèå ïðîñòðàíñòâà, ðàñïðî-ñòðàíÿþùååñÿ ñî ñêîðîñòüþ ñâåòà. Èñòî÷íèêîì ãðàâèòàöèîííûõ âîëí ìîãóò áûòüâçðûâû ñâåðõíîâûõ, ñèñòåìû äâîéíûõ çâåçä, ïóëüñàðû è äðóãèå àñòðîíîìè÷åñêèåÿâëåíèÿ, â êîòîðûõ íàáëþäàåòñÿ êâàäðóïîëüíîå ðàñïðåäåëåíèå ìàññû. �ðàâèòàöèîí-íûå âîëíû íåñóò â ñåáå èí�îðìàöèþ î ïðèìåíèìîñòè îáùåé òåîðèè îòíîñèòåëüíîñòèÝéíøòåéíà, à òàêæå î ïîâåäåíèè è ñâîéñòâàõ ìàòåðèè â ñèëüíûõ ãðàâèòàöèîííûõïîëÿõ.Ïåðâûå ýêñïåðèìåíòû ïî îáíàðóæåíèþ ãðàâèòàöèîííûõ âîëí áûëè ïðîâåäåíû â1967 ãîäó Äæîçå�îì Âåáåðîì èç Ìýðèëåíäñêîãî óíèâåðñèòåòà [33℄. Â åãî ýêñïåðèìåí-òå àíòåííà ïðåäñòàâëÿëà ñîáîé ïîäâåøåííûé íà ñòàëüíûõ ïðîâîëîêàõ àëþìèíèåâûéöèëèíäð äëèíîé 2 ì è äèàìåòðîì 1 ì. �åçîíàíñíàÿ ÷àñòîòà àíòåííû ñîñòàâëÿëà 1660�ö, à ÷óâñòâèòåëüíîñòü ïüåçîäàò÷èêîâ � ïîðÿäêà 10−16 ì. Ïðè ïîïàäàíèè ãðàâèòà-öèîííîé âîëíû íà ýòîò äåòåêòîð â íåì ìîãëè âîçáóæäàòüñÿ ðåçîíàíñíûå êîëåáàíèÿñ àìïëèòóäîé, äîñòàòî÷íîé äëÿ èõ îáíàðóæåíèÿ. ×òîáû èñêëþ÷èòü âëèÿíèå ëîêàëü-íûõ øóìîâ íà ñèãíàë, äâà òàêèõ äåòåêòîðà áûëè óñòàíîâëåíû íà ðàññòîÿíèè 2 êì.Âåáåð ñîîáùèë â ñâîåé ñòàòüå îá îáíàðóæåíèè ðÿäà îäíîâðåìåííûõ ñèãíàëîâ ñ êðàéíåìàëîé âåðîÿòíîñòüþ òîãî, ÷òî îíè ñòàòèñòè÷åñêè ñëó÷àéíû. Ïî åãî ñëîâàì, â íåêî-òîðûõ ñëó÷àÿõ èñòî÷íèêîì âîçáóæäåíèÿ ìîãëè áûòü ãðàâèòàöèîííûå âîëíû.Âïîñëåäñòâèè îïûòû Âåáåðà íåîäíîêðàòíî âîñïðîèçâîäèëèñü, íî áûëè ïîëó÷å-íû îòðèöàòåëüíûå ðåçóëüòàòû: íèêàêèõ ñèãíàëîâ îáíàðóæåíî íå áûëî. Ïðè àíàëèçåâñåõ ïîëó÷åííûõ ðåçóëüòàòîâ áûë ñäåëàí âûâîä, ÷òî ñîáûòèÿ, êîòîðûå Âåáåð ïðè-íÿë çà ãðàâèòàöèîííûå âîëíû, áûëè àðòå�àêòàìè, âîçíèêøèìè èç-çà íåïðàâèëüíîéîáðàáîòêè äàííûõ [34℄. Áîëåå òîãî, ñèëà è ÷àñòîòà Âåáåðîâñêèõ ñèãíàëîâ òðåáîâàëà,÷òîáû îêðåñòíîñòü Ñîëíöà èçîáèëîâàëà ñîáûòèÿìè óðîâíÿ âçðûâà ñâåðõíîâîé. Òåìíå ìåíåå, áëàãîäàðÿ Âåáåðó âíèìàíèå ó÷åíûõ áûëî ïðèâëå÷åíî ê ïðîáëåìå îáíàðó-æåíèÿ ãðàâèòàöèîííûõ âîëí.Ôóíêöèîíèðóþùèå â íàñòîÿùåå âðåìÿ ãðàâèòàöèîííî-âîëíîâûå äåòåêòîðû ìîæ-íî ðàçäåëèòü íà èíòåð�åðîìåòðè÷íûå è òâåðäîòåëüíûå (ñ ðåçîíàíñíîé ìàññîé). Êòâåðäîòåëüíûì îòíîñÿòñÿ: MiniGRAIL, Explorer, Nautilus, AURIGA. [29, 30, 31℄. Äå-òåêòîð, èñïîëüçóåìûé Âåáåðîì, òàêæå áûë òâåðäîòåëüíûì. Èíòå�åðîìåòðè÷íûå äå-òåêòîðû � LIGO, GEO-600, TAMA-300, VIRGO, AIGO [1, 2, 3, 4, 5, 6, 7, 8℄. Â áóäóùåìïëàíèðóåòñÿ âûâåñòè â êîñìîñ èíòå�åðîìåòðè÷íûé äåòåêòîð LISA [32℄.Â ðàìêàõ ïðîåêòà LIGO [1, 35℄ áûëè ñîîðóæåíû òðè ñèíõðîíèçèðîâàííî �óíê-1



�èñ. 1: Ñõåìà ãðàâèòàöèîííî-âîëíîâîãî äåòåêòîðà Initial LIGO.öèîíèðóþùèõ äåòåêòîðà: äâà � â Õàí�îðäå (øòàò Âàøèíãòîí), à òðåòèé � â Ëè-âèíãñòîíå (øòàò Ëóèçèàíà). Â Õàí�îðäå îäèí èç äåòåêòîðîâ èìååò äëèíó ïëå÷ 2 êì,âòîðîé � 4 êì. Äëèíà ïëå÷ äåòåêòîðà â Ëóèçèàíå ñîñòàâëÿþò 4 êì.Îñíîâíàÿ öåëü äàííîãî ïðîåêòà � îáíàðóæåíèå è èçó÷åíèå ãðàâèòàöèîííûõ âîëí,à òàêæå èñïîëüçîâàíèå ïîëó÷åííîé èí�îðìàöèè â èññëåäîâàíèÿõ ïî �èçèêå è àñò-ðîíîìèè. Îñíîâíûìè èñòî÷íèêàìè ãðàâèòàöèîííûõ âîëí, êîòîðûå ó÷åíûå ðàññ÷è-òûâàþò îáíàðóæèòü â õîäå íàáëþäåíèé, ÿâëÿþòñÿ ñëèÿíèå êîìïàêòíûõ äâîéíûõñèñòåì (÷åðíûõ äûð è/èëè íåéòðîííûõ çâåçä), âçðûâû ñâåðõíîâûõ è ïóëüñàðû. Âöåëè ïðîåêòà òàêæå âõîäèò èçìåðåíèå ñëåäóþùèõ ïàðàìåòðîâ ÷åðíûõ äûð è íåé-òðîííûõ çâåçä: ìàññà, ÷àñòîòà ðîæäåíèÿ, ðàñïðîñòðàíåííîñòü âî Âñåëåííîé. Êðîìåòîãî, ïðåäïîëàãàåòñÿ èññëåäîâàíèå âçðûâîâ ñâåðõíîâûõ è î÷åíü ðàííåé Âñåëåííîé.Íà äàííûé ìîìåíò çàâåðøåíà ïåðâàÿ ñòàäèÿ ïðîåêòà � �óíêöèîíèðîâàíèå äåòåê-òîðà ïåðâîãî ïîêîëåíèÿ Initial LIGO. Ñõåìà èíòåð�åðîìåòðà Initial LIGO ïðåäñòàâ-ëåíà íà ðèñ. 1. Çà îñíîâó ïðîåêòà LIGO áûëî âçÿòî èñïîëüçîâàíèå èíòåð�åðîìåòðàÌàéêåëüñîíà, êîòîðûé ïîçâîëÿåò ñ î÷åíü áîëüøîé òî÷íîñòüþ èçìåðÿòü ðàçíèöó äëèíïëå÷. Ïðîåêò Initial LIGO áûë ðàññ÷èòàí íà ÷óâñòâèòåëüíîñòü ê ðàñòÿæåíèÿì è ñæà-òèÿì ïðîñòðàíñòâà ïîðÿäêà 10−21. Ýòî îçíà÷àåò, ÷òî èçìåíåíèå äëèíû ðåçîíàòîðà,êîòîðîå íåîáõîäèìî áûëî çà�èêñèðîâàòü, ñîñòàâëÿåò ïîðÿäêà 10−18 ì, ÷òî â òûñÿ-÷ó ðàç ìåíüøå äèàìåòðà ïðîòîíà. Äëÿ äîñòèæåíèÿ òàêîé òî÷íîñòè â êëàññè÷åñêóþ2



êîíñòðóêöèþ èíòåð�åðîìåòðà Ìàéêåëüñîíà áûëî âíåñåíî íåñêîëüêî óñîâåðøåíñòâî-âàíèé.
• Âî-ïåðâûõ, â êàæäîå ïëå÷î èíòåð�åðîìåòðà áûëè ïîìåùåíû ðåçîíàòîðû Ôàáðè-Ïåðî: äâà çåðêàëà, òàêæå ÿâëÿþùèåñÿ ïðîáíûìè ìàññàìè äëÿ ãðàâèòàöèîííûõ âîëí.Ìàññà êàæäîãî çåðêàëà � 10 êã. Íà âõîäå ðåçîíàòîðà áûëî óñòàíîâëåíî ÷àñòè÷íîïðîïóñêàþùåå çåðêàëî (âõîäíàÿ ïðîáíàÿ ìàññà), à â òîðöå � çåðêàëî ñ âûñîêèìêîý��èöèåíòîì îòðàæåíèÿ (òîðöîâàÿ ïðîáíàÿ ìàññà). �åçîíàòîðû ïîçâîëÿþò óâå-ëè÷èòü ñìåùåíèå �àçû ñâåòà äëÿ çàäàííîé àìïëèòóäû âîëíû. Èõ èñïîëüçîâàíèå âInitial LIGO ïîçâîëÿåò � ïðè ÷àñòîòå âîëíû, ðàâíîé 100 �ö � óâåëè÷èòü ñìåùå-íèå �àçû íà âåëè÷èíó ïîðÿäêà 100 ïî ñðàâíåíèþ ñ êëàññè÷åñêèì èíòåð�åðîìåòðîìÌàéêåëüñîíà.
• Âî-âòîðûõ, äëÿ ðåàëèçàöèè òåõíèêè ðåöèðêóëÿöèè ìîùíîñòè ìåæäó èñòî÷íè-êîì ëàçåðà è äåëèòåëåì ïó÷êà äîáàâëåíî åùå îäíî ÷àñòè÷íî-ïðîïóñêàþùåå çåðêàëî� òàê íàçûâàåìîå çåðêàëî ðåöèðêóëÿöèè ìîùíîñòè (Ç�Ì). Òåõíèêà ðåöèðêóëÿöèèìîùíîñòè èñïîëüçóåò ãàñÿùóþ èíòåð�åðåíöèþ, íà êîòîðóþ íàñòðîåí âûõîä èíòåð-�åðîìåòðà. Ïðè òàêîé íàñòðîéêå ïî÷òè âñÿ ìîùíîñòü èçëó÷åíèÿ, ïàäàþùàÿ íà äå-ëèòåëü ïó÷êà, âîçâðàùàåòñÿ îáðàòíî ê èñòî÷íèêó ëàçåðà. Ïîäáèðàÿ êîý��èöèåíòïðîïóñêàíèÿ äëÿ Ç�Ì â ñîîòâåòñòâèè ñ ïîòåðÿìè â èíòåð�åðîìåòðå è íàñòðàèâàÿðåçîíàòîð ðåöèðêóëÿöèè â ðåçîíàíñ, ìîæíî ñóùåñòâåííî óâåëè÷èòü ìîùíîñòü èçëó-÷åíèÿ â èíòåð�åðîìåòðå.Â LIGO èñïîëüçóåòñÿ ëàçåð Nd:YAG ñî ñâåòîäèîäíîé íàêà÷êîé è ñèñòåìîé óñèëå-íèÿ ìîùíîñòè. Îí èçëó÷àåò ìîíîõðîìàòè÷åñêèé ñèãíàë ñ äëèíîé âîëíû, ðàâíîé 1064íì. Àìïëèòóäà è ÷àñòîòà ëàçåðà àêòèâíî ñòàáèëèçèðóþòñÿ è ïàññèâíî �èëüòðóþò-ñÿ, ïðîõîäÿ ÷åðåç êîëüöåâîé ðåçîíàòîð. Ïîñëå ýòîãî ëó÷ ïðîõîäèò ÷åðåç î÷èñòèòåëüìîäû, êîòîðûé îáåñïå÷èâàåò ñòàáèëüíûé, îãðàíè÷åííûé ïî äè�ðàêöèè ëó÷ è äî-ïîëíèòåëüíóþ �èëüòðàöèþ øóìà ëàçåðà, à òàêæå èñïîëíÿåò ðîëü ïîñðåäíèêà ïðèñòàáèëèçàöèè ÷àñòîòû.Îïòèêà èíòåð�åðîìåòðà, âêëþ÷àÿ ïðîáíûå ìàññû, èçãîòîâëåíà èç ïëàâëåíîãîêâàðöà ñî ñïåöèàëüíûìè ìàëîøóìÿùèìè ìíîãîñëîéíûìè äèýëåêòðè÷åñêèìè ïîêðû-òèÿìè. Ïîâåðõíîñòè çåðêàë îòïîëèðîâàíû íàñòîëüêî, ÷òî ðàçìåðû âñåõ íåðîâíîñòåé,â îñíîâíîì, íå ïðåâûøàþò 2 àíãñòðåì. Óðîâåíü ïîãëîùåíèÿ â ïîêðûòèè � íåñêîëüêî�îòîíîâ íà ìèëëèîí (parts per million, ppm). �àññåÿíèå ïðè îòðàæåíèè îò ïîâåðõíî-ñòè çåðêàëà îöåíèâàåòñÿ â 60�70 ppm.�ëàâíûå îïòè÷åñêèå êîìïîíåíòû è ëó÷è, âêëþ÷àÿ äëèííûå ïëå÷è, íàõîäÿòñÿ ïîäî÷åíü ãëóáîêèì âàêóóìîì (10−8�10−9 òîðð) äëÿ àêóñòè÷åñêîé èçîëÿöèè è óìåíüøå-íèÿ �ëóêòóàöèè �àçû îò ðàññåèâàíèÿ ñâåòà íà ìîëåêóëàõ ãàçà.Êàæäûé îïòè÷åñêèé ýëåìåíò â Initial LIGO ïîäâåøåí íà ñèñòåìå ñòàëüíûõ ïðîâî-3



ëîê. Ïîçèöèÿ è îðèåíòàöèÿ îïòèêè êîíòðîëèðóåòñÿ ýëåêòðîìàãíèòíûìè ïðèâîäàìè.Ìàÿòíèêîâûé ïîäâåñ ïîçâîëÿåò ïðîáíîé ìàññå ñâîáîäíî äâèãàòüñÿ â ïîëîñå ÷àñòîòãðàâèòàöèîííûõ âîëí è îáåñïå÷èâàåò èçîëÿöèþ âèäà f−2 îò âèáðàöèé âûøå åãî ñîá-ñòâåííûõ ÷àñòîò.Îñíîâíàÿ ÷àñòü èçîëÿöèè îò âèáðàöèé â äèàïàçîíå ÷àñòîò ãðàâèòàöèîííûõ âîëíîñóùåñòâëÿåòñÿ ñ ïîìîùüþ ÷åòûðåõóðîâíåâîé èçîëÿöèîííîé ñèñòåìû. Ýòà ñèñòåìàîáåñïå÷èâàåò èçîëÿöèþ âèäà ïðèìåðíî f−8 âûøå 10 �ö. Êðîìå òîãî, äåòåêòîð â Ëóè-çèàíå, íàõîäÿùèéñÿ â çîíå áîëüøåé ñåéñìè÷åñêîé àêòèâíîñòè, ÷åì äåòåêòîðû â Õàí-�îðäå, èìååò àêòèâíóþ ïðåäèçîëÿöèþ ìåæäó çåìëåé è ñèñòåìîé ïîäâåñà. Ýòè èçî-ëÿòîðû àêòèâíî ñíèæàþò óðîâåíü âèáðàöèé â ïîëîñå ÷àñòîò 0.1 - 10 �ö, ïðè÷åì âñåðåäèíå ýòîé ïîëîñû èíòåíñèâíîñòü êîëåáàíèé óìåíüøàåòñÿ ïî÷òè â 10 ðàç.×óâñòâèòåëüíîñòü ïðèáîðà îïðåäåëÿåòñÿ øóìàìè. Îäèí èç îñíîâíûõ øóìîâ â Ini-tial LIGO � ñåéñìè÷åñêèé, êîòîðûé ïðåäñòàâëÿåò ñîáîé äâèæåíèå ïîâåðõíîñòè çåìëè,âûçâàííîå âåòðîì, îêåàíñêèìè âîëíàìè, ÷åëîâå÷åñêîé àêòèâíîñòüþ è ñëàáûìè çåì-ëåòðÿñåíèÿìè. ×àñòîòà ñåéñìè÷åñêîé ñòåíû, íèæå êîòîðîé äîìèíèðóåò ñåéñìè÷åñêèéøóì, ñîñòàâëÿåò ïðèáëèçèòåëüíî 45 �åðö.Ìåõàíè÷åñêèé òåïëîâîé øóì � ýòî áîëåå �óíäàìåíòàëüíûé ý��åêò, âîçíèêàþ-ùèé èç-çà êîíå÷íîñòè ïîòåðü è ïðåäñòàâëåííûé âî âñåõ ìåõàíè÷åñêèõ ñèñòåìàõ. Îíâûçûâàåò øóì äëèíû ðåçîíàòîðà ÷åðåç òåðìàëüíîå âîçáóæäåíèå êîëåáàíèé â ìà-ÿòíèêå ñ ïðîáíîé ìàññîé (òåïëîâîé øóì ïîäâåñà) è òåïëîâûå àêóñòè÷åñêèå âîëíû,êîòîðûå âîçìóùàþò ïîâåðõíîñòü çåðêàë íà ïðîáíûõ ìàññàõ (òåïëîâîé øóì çåðêà-ëà). Áîëüøàÿ ÷àñòü òåïëîâîé ýíåðãèè ñêîíöåíòðèðîâàíà íà ðåçîíàíñíûõ ÷àñòîòàõ,ðàñïîëîæåííûõ íà ìàêñèìàëüíîì ðàññòîÿíèè îò äåòåêòèðóåìîé îáëàñòè. Âäàëè îòðåçîíàíñîâ óðîâåíü òåïëîâîãî äâèæåíèÿ ïðîïîðöèîíàëåí ìåõàíè÷åñêîé äèññèïàöèè,ñâÿçàííîé ñ ýòèì äâèæåíèåì. Äîñòèæåíèå î÷åíü ìàëûõ ïîòåðü â çåðêàëå è åãî ïîä-âåñå óìåíüøàåò øóìû â ïîëîñå îáíàðóæåíèÿ ãðàâèòàöèîííûõ âîëí.Êðîìå óïîìÿíóòûõ ñåéñìè÷åñêîãî è ìåõàíè÷åñêîãî øóìîâ (äàëåå � òåõíè÷åñêèåøóìû), åñòü åùå øóìû, ñâÿçàííûå ñ êâàíòîâîé ïðèðîäîé ëàçåðíîãî èçëó÷åíèÿ (äàëåå� êâàíòîâûå øóìû). Îíè áóäóò ðàññìîòðåíû â ïóíêòå 1.2.Íåñìîòðÿ íà äîñòèãíóòóþ â ðàìêàõ ïðîåêòà Initial LIGO ÷óâñòâèòåëüíîñòü äå-òåêòîðà, ãðàâèòàöèîííî-âîëíîâîìó ñîîáùåñòâó çàäîëãî äî ñîîðóæåíèÿ äåòåêòîðîâïåðâîãî ïîêîëåíèÿ áûëî ïîíÿòíî, ÷òî îíè âðÿä ëè ñìîãóò îáíàðóæèòü ãðàâèòàöè-îííóþ âîëíó. Ïîýòîìó ïàðàëëåëüíî ðàçðàáàòûâàëèñü äåòåêòîðû âòîðîãî ïîêîëåíèÿ.Advaned LIGO [16, 17, 18℄, ïî-âèäèìîìó, áóäåò ïåðâûì äåòåêòîðîì âòîðîãî ïîêî-ëåíèÿ. Ñõåìà äåòåêòîðà Advaned LIGO ïðåäñòàâëåíà íà ðèñ. 2. Åãî ñîîðóæåíèåíà÷àëîñü â 2008 ãîäó.Ïëàíèðóåòñÿ, ÷òî â Advaned LIGO ÷óâñòâèòåëüíîñòü äåòåêòîðà ïîâûñèòñÿ áîëü-4



�èñ. 2: Ñõåìà ãðàâèòàöèîííî-âîëíîâîãî äåòåêòîðà Advaned LIGO.øå, ÷åì íà ïîðÿäîê, ïî ñðàâíåíèþ ñ Initial LIGO. Òàêîå ñóùåñòâåííîå èçìåíåíèå÷óâñòâèòåëüíîñòè âîçìîæíî áëàãîäàðÿ ñëåäóþùèì óëó÷øåíèÿì.
• Â Advaned LIGO áóäåò ââåäåíà íîâàÿ ñèñòåìà àíòèñåéñìè÷åñêîé èçîëÿöèè. Îíàáóäåò èìåòü 3 óðîâíÿ àêòèâíîé èçîëÿöèè è 4 � ïàññèâíîé, ÷òî ïîçâîëèò óìåíüøèòü÷àñòîòó ñåéñìè÷åñêîé ñòåíû ñ 45 �ö äî 10 �ö.
• Ïëàíèðóåòñÿ âìåñòî ñòàëüíûõ ïðîâîëîê, ïðèìåíÿâøèõñÿ â Initial LIGO, èñïîëü-çîâàòü â êà÷åñòâå ïîäâåñà îïòè÷åñêèõ ýëåìåíòîâ êâàðöåâûå íèòè. Ýòî óìåíüøèò òåï-ëîâûå øóìû ïîäâåñà.
• Íà âûõîäå èíòåð�åðîìåòðà ïëàíèðóåòñÿ ïîìåñòèòü äîïîëíèòåëüíîå çåðêàëî ðå-öèðêóëÿöèè ñèãíàëà (Ç�Ñ). Âêëþ÷åíèå òåõíèêè ðåöèðêóëÿöèè ñèãíàëà â ñóùåñòâó-þùåå óñòðîéñòâî äåòåêòîðà îòíîñèòåëüíî ïðîñòî, òàê êàê òðåáóåò äîáàâëåíèÿ òîëüêîîäíîãî çåðêàëà íà âûõîäíîé ïîðò èíòåð�åðîìåòðà. Ýòî çåðêàëî îòðàæàåò âûõîäÿ-ùèå èç èíòåð�åðîìåòðà áîêîâûå ÷àñòîòû ñèãíàëüíîãî ïîëÿ îáðàòíî â ïëå÷åâûå ðå-çîíàòîðû, èëè ¾ðåöèðêóëèðóåò¿ èõ. Òàêèì îáðàçîì, óâåëè÷èòñÿ ý��åêòèâíîå âðåìÿïðåáûâàíèÿ �îòîíà â ðåçîíàòîðå è ñìåùåíèå åãî ïî �àçå. Óñòàíîâêà Ç�Ñ îáîãàùàåòäèíàìèêó èíòåð�åðîìåòðà, îáåñïå÷èâàÿ äîïîëíèòåëüíóþ ñòåïåíü ñâîáîäû â ðåãóëè-ðîâêå êâàíòîâîãî øóìà è ïîäñòðîéêå êðèâîé ÷óâñòâèòåëüíîñòè äåòåêòîðà, ÷òî äà¼òâîçìîæíîñòü ïîëó÷èòü îïòèìèçèðîâàííóþ �îðìó ýòîé êðèâîé äëÿ ðåàëèçàöèè ïî-ñòàâëåííûõ çàäà÷. 5



1.2 Êâàíòîâûå øóìû èíòåð�åðîìåòðà Advaned LIGO.Â èíòåð�åðîìåòðàõ LIGO ëàçåðíîå èçëó÷åíèå ïîäàåòñÿ íà ðåçîíàòîðû ïîñëå ïðî-õîæäåíèÿ ñåðèè �èëüòðîâ, è åãî ìîæíî ñ÷èòàòü ìîíîõðîìàòè÷åñêèì è êîãåðåíòíûì.Íî äàæå â ýòîì ñëó÷àå èçëó÷åíèå, âñëåäñòâèå ñâîåé êâàíòîâîé ïðèðîäû, èìååò �ëóê-òóàöèè �àçû è ìîùíîñòè. Ôëóêòóàöèè �àçû âûçûâàþò äðîáîâîé øóì. Ýòîò øóìâîçíèêàåò âñëåäñòâèå òîãî, ÷òî èç-çà êâàíòîâîé íåîïðåäåëåííîñòè â êàæäûé ìîìåíòâðåìåíè �àçà �îòîíà, ïàäàþùåãî íà äåòåêòîð - ñëó÷àéíàÿ âåëè÷èíà. Ôëóêòóàöèÿ÷èñëà �îòîíîâ, ïàäàþùèõ íà ïðîáíóþ ìàññó, âûçûâàåò �ëóêòóàöèþ ñèëû, ñ êîòî-ðîé èçëó÷åíèå äåéñòâóåò íà íåå. Ýòî ÿâëåíèå íàçûâàåòñÿ øóìîâîé ñèëîé.Äðîáîâîé øóì îáðàòíî ïðîïîðöèîíàëåí èíòåíñèâíîñòè èçëó÷åíèÿ, ïîýòîìó äëÿåãî óìåíüøåíèÿ öåëåñîîáðàçíî óâåëè÷èâàòü èíòåíñèâíîñòü. À øóìîâàÿ ñèëà ïðÿìîïðîïîðöèîíàëüíà èíòåíñèâíîñòè èçëó÷åíèÿ, è äëÿ åå óìåíüøåíèÿ íóæíî ìîùíîñòü,íàïðîòèâ, óìåíüøàòü. Â ýòîì ïðîòèâîñòîÿíèè ñóùåñòâóåò áàëàíñ � íåêîòîðàÿ ìîù-íîñòü, êîòîðàÿ ïîçâîëÿåò ïîääåðæèâàòü îïòèìàëüíûé óðîâåíü øóìîâ. Ïîýòîìó ïðî-åêò Advaned LIGO ïðåäóñìàòðèâàåò óâåëè÷åíèå îïòè÷åñêîé ìîùíîñòè, öèðêóëèðó-þùåé â ïëå÷àõ èíòåð�åðîìåòðà âíóòðè ðåçîíàòîðîâ Ôàáðè-Ïåðî, äî çíà÷åíèÿ 840ÌÂò, ñîîòâåòñòâóþùåãî îïòèìàëüíûì øóìàì íà ÷àñòîòå ñèãíàëà, ðàâíîé 100 �ö.Òàêîå óâåëè÷åíèå ìîùíîñòè óñèëèâàåò îïòîìåõàíè÷åñêîå âçàèìîäåéñòâèå ìåæäóíàêà÷êîé è çåðêàëüíûì ïîêðûòèåì, íàíåñ¼ííûì íà ïðîáíûå ìàññû. Ýòî îêàçûâàåòñóùåñòâåííîå âëèÿíèå íà äèíàìèêó ýòèõ ïðîáíûõ ìàññ, ¾ïðåâðàùàÿ¿ èõ èç ñâîáîä-íûõ òåë â îñöèëëÿòîðû. Òàêîå óòâåðæäåíèå ñïðàâåäëèâî â ïîëîñå ÷àñòîò ∼ 10 ÷ 104�ö, êîòîðàÿ â íàøåì ñëó÷àå ñîâïàäàåò ñ ïîëîñîé îáíàðóæåíèÿ ãðàâèòàöèîííîãî ñèã-íàëà. Äàííûé ý��åêò èçâåñòåí êàê ïîíäåðìîòîðíàÿ æ¼ñòêîñòü [9, 14, 19, 20, 21℄,êîòîðàÿ ïîÿâëÿåòñÿ â ñëó÷àå îòñòðîéêè îò ðåçîíàíñíîãî ïîëîæåíèÿ çåðêàë èíòåð-�åðîìåòðà. Îïòè÷åñêîå ïîëå ñîçäà¼ò ý��åêòèâíóþ âîçâðàùàþùóþ ñèëó, êîòîðàÿÿâëÿåòñÿ �óíêöèåé ñìåùåíèÿ çåðêàë. Òàêèì îáðàçîì, ìîæíî ñêàçàòü, ÷òî íàêà÷êàñîçäà¼ò ÷àñòîòíîçàâèñèìóþ ìåõàíè÷åñêóþ æ¼ñòêîñòü [13, 20, 14, 15, 22, 23℄.Ñóùåñòâóåò òàêîå ÿâëåíèå, êàê ñòàíäàðòíûé êâàíòîâûé ïðåäåë (ÑÊÏ) èçìåðåíèÿâåëè÷èíû äëÿ ïðèáîðà ñî ñâîáîäíûìè ìàññàìè [10℄. Îí îáóñëîâëåí îáðàòíûì äåé-ñòâèåì ïðèáîðà íà ñèñòåìó â ñëó÷àå, åñëè ïðèáîð ðåàãèðóåò íà ìãíîâåííîå çíà÷åíèåêîîðäèíàòû. Â Initial LIGO çåðêàëà íà ÷àñòîòàõ ñèãíàëà âåëè ñåáÿ êàê ñâîáîäíûåìàññû, ïîýòîìó ÑÊÏ áûë �óíäàìåíòàëüíûì ïðåäåëîì åãî ÷óâñòâèòåëüíîñòè. Íà-ïðèìåð, ïðè èçìåðåíèè êîîðäèíàòû, êàê â íàøåì ñëó÷àå, ÑÊÏ ìîæíî ïðåîäîëåòüñ ïîìîùüþ ïîäõîäÿùåé êîððåëÿöèè ìåæäó ñîïðÿæåííûìè íàáëþäàåìûìè ïðèáîðà.Òàêóþ êîððåëÿöèþ âíîñèò âûøåóïîìÿíóòàÿ îïòè÷åñêàÿ æåñòêîñòü. Áëàãîäàðÿ åé âóçêî÷àñòîòíîì äèàïàçîíå ìîæíî äîñòè÷ü ÷óâñòâèòåëüíîñòè íèæå ñòàíäàðòíîãî êâàí-òîâîãî ïðåäåëà. 6



1.3 Âàðèàöèîííîå èçìåðåíèå.Êàê èçâåñòíî, ñîñòîÿíèå èçëó÷åíèÿ, èìåþùåå êàêóþ-òî îòñòðîéêó îò íåñóùåé ÷à-ñòîòû, ìîæåò áûòü ïðåäñòàâëåíî êàê ñîñòîÿíèå êâàíòîâîãî îñöèëëÿòîðà. Íà �àçîâîéïëîñêîñòè ýòî ñîñòîÿíèå ìîæåò áûòü ïðîèëëþñòðèðîâàíî ñ ïîìîùüþ ýëëèïñà è êðóãà,êàê ÷àñòíîãî ñëó÷àÿ ýëëèïñà. Êàæäàÿ îñü íà �àçîâîé ïëîñêîñòè ñîîòâåòñòâóåò êâàä-ðàòóðíîé êîìïîíåíòå, à ïðîåêöèÿ ýëëèïñà íà ýòó îñü � êâàíòîâîé íåîïðåäåëåííîñòèýòîé êâàäðàòóðû (ðèñ. 3). Ïðè ïðîõîæäåíèè èçëó÷åíèÿ ÷åðåç ðåçîíàòîð Ôàáðè-Ïåðîïîä äàâëåíèåì ýòîãî èçëó÷åíèÿ ñâîáîäíûå ìàññû, íà êîòîðûõ êðåïÿòñÿ çåðêàëà, îò-êëîíÿþòñÿ. ×åì áîëüøå èíòåíñèâíîñòü, òåì äàëüøå îòêëîíÿþòñÿ ñâîáîäíûå ìàññûè òåì áîëüøå ñìåùàåòñÿ �àçà. Ýòî ÿâëåíèå, íàçûâàåìîå îáðàòíûì �ëóêòóàöèîííûìâëèÿíèåì â îñíîâíûõ ðåçîíàòîðàõ, ïðèâîäèò ê ïîÿâëåíèþ ñæàòîãî èçëó÷åíèÿ, êîòî-ðîå íà �àçîâîé ïëîñêîñòè ìîæåò áûòü ïðåäñòàâëåíî â âèäå ýëëèïñà. Ïðè ïîäà÷å íàâõîä ñæàòîãî ñîñòîÿíèÿ ýëëèïñ ïîä äåéñòâèåì îáðàòíîãî �ëóêòóàöèîííîãî âëèÿíèÿèñïûòûâàåò äîïîëíèòåëüíîå ñæàòèå è ïîâîðà÷èâàåòñÿ. Êàæäàÿ êâàäðàòóðíàÿ êîì-ïîíåíòà â ýòîé èíòåðïðåòàöèè ïðåäñòàâëÿåò ñîáîé îñü, íàêëîíåííóþ ê �àçîâûì îñÿìïîä îïðåäåëåííûì óãëîì. Èçìåðÿåìàÿ êâàäðàòóðíàÿ êîìïîíåíòà â LIGO îïðåäåëÿ-åòñÿ ãîìîäèííûì óãëîì �îòîäåòåêòîðà. Ïðîåêöèÿ ýëëèïñà íà ýòó îñü õàðàêòåðèçóåòêâàíòîâóþ íåîïðåäåëåííîñòü ïðè èçìåðåíèè ýòîé íàáëþäàåìîé. Êàæäóþ èç ÷àñòîòîñòðîéêè ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ îò ðåçîíàíñà ìîæíî îõàðàêòåðèçîâàòü òàêèìýëëèïñîì, èìåþùèì ñâîé óãîë íàêëîíà ê îñÿì �àçîâîé ïëîñêîñòè (óãîë ñæàòèÿ).�îìîäèííûé óãîë �îòîäåòåêòîðà, àíàëîã óãëà íàêëîíà ê îñÿì �àçîâîé ïëîñêîñòè,îïðåäåëÿåò îäíó èçìåðÿåìóþ íàáëþäàåìóþ äëÿ âñåõ ÷àñòîò. È òàê æå, êàê äëÿ ñæà-òîãî ñîñòîÿíèÿ êâàíòîâîãî îñöèëëÿòîðà îò âûáîðà íàáëþäàåìîé çàâèñèò êâàíòîâàÿíåîïðåäåëåííîñòü, òàê è äëÿ ñæàòîãî ñîñòîÿíèÿ ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ îòãîìîäèííîãî óãëà çàâèñÿò øóìîâûå õàðàêòåðèñòèêè.×òîáû èçìåðèòü îïòèìàëüíóþ êâàäðàòóðíóþ êîìïîíåíòó íà âñåõ ÷àñòîòàõ, ïåðåäãîìîäèííûì äåòåêòèðîâàíèåì íàäî ïîâåðíóòü ýëëèïñû íà âñåõ ÷àñòîòàõ âäîëü îäíîéëèíèè (ðèñ. 4). Ýòî ýêâèâàëåíòíî òîìó, ÷òî äëÿ êàæäîé ÷àñòîòû ñèãíàëà ïîäáèðàåòñÿòàêîé "ãîìîäèííûé" óãîë , ÷òî øóì ìåíüøå, ÷åì â óñëîâèÿõ, êîãäà âàðèàöèîííîå èç-ìåðåíèå íå ïðèìåíÿåòñÿ (ñì. �îðìóëó (58) ). Èëëþñòðàöèÿ âàðèàöèîííîãî èçìåðåíèÿïðèâåäåíà íà ðèñ. 5.Â ïðåäûäóùèõ ðàáîòàõ îïòèìèçàöèþ, ïðîâîäèìóþ ñ ïîìîùüþ âàðèàöèîííîãî èç-ìåðåíèÿ, ïðåäëàãàëîñü ðåàëèçîâàòü ñ ïîìîùüþ äâóõ ðåçîíàòîðîâ. Â ÷àñòíîñòè, âðàáîòå [25℄ ïðåäëàãàëîñü èñïîëüçîâàòü äâà ðåçîíàòîðà äëèíîé 4 êì. Äâà ðåçîíàòîðàáûëè íåîáõîäèìû äëÿ ïðîâåäåíèÿ âàðèàöèîííîãî èçìåðåíèÿ íà âñåé ïîëîñå ÷àñòîòäåòåêòîðà, à çíà÷èòåëüíàÿ äëèíà - äëÿ óìåíüøåíèÿ âëèÿíèÿ îïòè÷åñêèõ ïîòåðü.Ñèãíàë îò ñèñòåìû ñëèâàþùèõñÿ íåéòðîííûõ çâåçä � îäèí èç ñàìûõ îæèäàåìûõ7



�èñ. 3: Ñîñòîÿíèå ñâåòà íà �àçîâîé ïëîñêîñòè.

�èñ. 4: ×àñòîòíî-çàâèñèìûé ïîâîðîò ýëëèïñà ïðè âàðèàöèîííîì èçìåðåíèè.8



�èñ. 5: Ñõåìà âàðèàöèîííîãî èçìåðåíèÿ.ñèãíàëîâ. Ñïåêòðàëüíàÿ ïëîòíîñòü ýòîãî ñèãíàëà èìååò âèä Ssign(Ω) ∝ 1
f7/3

. Ýòî ñèã-íàë íèçêî÷àñòîòíûé. Äëÿ èõ îáíàðóæåíèÿ ïðåäëàãàåòñÿ èñïîëüçîâàòü âàðèàöèîííîåèçìåðåíèå òîëüêî íà íèçêèõ ÷àñòîòàõ. Äëÿ ýòîãî áóäåì èñïîëüçîâàòü êîí�èãóðàöèþAdvaned LIGO ñ êîðîòêèì �èëüòðóþùèì ðåçîíàòîðîì. Òàêàÿ ñõåìà áûëà ðàññìîò-ðåíà â ðàáîòàõ [26℄ è [27℄ â ñëó÷àå áåç æåñòêîñòè â îñíîâíûõ ðåçîíàòîðàõ (δ = 0).Ñõåìà Advaned LIGO ñ �èëüòðóþùèì ðåçîíàòîðîì ïðåäñòàâëåíà íà ðèñ. 6.2 Ïîñòàíîâêà çàäà÷è.Â äàííîé ðàáîòå ïðîâîäèòñÿ èçó÷åíèå êîí�èãóðàöèè Advaned LIGO ñî ñæàòûìñâåòîì íà âõîäå è âàðèàöèîííûì èçìåðåíèåì. �àññìàòðèâàþòñÿ ñëó÷àè èäåàëüíî-ãî âàðèàöèîííîãî èçìåðåíèÿ, �èëüòðóþùåãî ðåçîíàòîðà áåç îïòè÷åñêèõ ïîòåðü èêîðîòêîãî �èëüòðóþùåãî ðåçîíàòîðà ñ îïòè÷åñêèìè ïîòåðÿìè. Èçó÷àåòñÿ âëèÿíèåïîòåðü â �èëüòðóþùåì ðåçîíàòîðå íà ïîëó÷àåìûé â ðåçóëüòàòå îïòèìèçàöèè âû-èãðûø. �åçóëüòàòû ñðàâíèâàþòñÿ ñ òåì, ÷òî ìîæíî ïîëó÷èòü â ñëó÷àå èäåàëüíîãîâàðèàöèîííîãî èçìåðåíèÿ.Êðèòåðèè îïòèìèçàöèè îáñóæäàþòñÿ â 3.Â ðàçäåëå 3.1 îáúåäèíåíû àíàëèòè÷åñêèå ðàññ÷åòû, ñâÿçàííûå ñ îïòèìèçàöèåéAdvaned LIGO. 9



�èñ. 6: Ñõåìà ãðàâèòàöèîííî-âîëíîâîãî äåòåêòîðà Advaned LIGO  îäíèì �èëüòðó-þùèì ðåçîíàòîðîì.Â ðàçäåëå 3.1.1 ðàññìîòðåíà çàäà÷à àíàëèòè÷åñêîãî ïîèñêà îïòèìàëüíîãî óãëàñæàòèÿ íà âõîäå òåìíîãî ïîðòà äåòåêòîðà.Â ðàçäåëå 3.1.2 ðåøåíà àíàëèòè÷åñêàÿ çàäà÷à îïòèìàëüíîãî âàðèàöèîííîãî èçìå-ðåíèÿ.Â ðàçäåëå 3.1.3 ðàññìîòðåí ñëó÷àé êîðîòêîãî ðåçîíàòîðà íà âûõîäå AdvanedLIGO è àíàëèòè÷åñêè ïîêàçàíî, ÷òî ïðè Ω → 0 ýòîò ñëó÷àé àñèìïòîòè÷åñêè ñòðå-ìèòñÿ ê ñëó÷àþ ñ èäåëüíîé âàðèàöèåé, ðàññìîòðåííîìó â 3.1.2.Âñå àíàëèòè÷åñêèå ðàñ÷åòû ïðîâîäÿòñÿ äëÿ êâàíòîâîãî øóìà áåç ó÷åòà òåõíè÷å-ñêèõ øóìîâ.Â ðàçäåëå 3.2 îáúåäèíåíû ÷èñëåííûå ñïîñîáû îïòèìèçàöèè îïòè÷åñêèõ ïàðàìåò-ðîâ. Ïåðâàÿ ÷èñëåííàÿ çàäà÷à ýòîé ðàáîòû çàêëþ÷àåòñÿ â îïòèìèçàöèè γ è δ êîí�è-ãóðàöèè Advaned LIGO ñ îïòèìàëüíûì âàðèàöèîííûì èçìåðåíèåì. Â ðàáîòå òàêæåðàññìàòðèâàåòñÿ êîí�èãóðàöèÿ Advaned LIGO  êîðîòêèì �èëüòðóþùèì ðåçîíàòî-ðîì. Âòîðàÿ ÷èñëåííàÿ çàäà÷à - îïòèìèçèðîâàòü ýòó êîí�èãóðàöèþ ïî ïàðàìåòðàì
γ, δ îñíîâíîãî ðåçîíàòîðà, φ óãëà ãîìîäèííîãî äåòåêòîðà è γf è δf �èëüòðóþùå-ãî ðåçîíàòîðà, è, èñõîäÿ èç ïîòåðü, îöåíèòü ðàçóìíóþ äëèíó äëÿ ýòîãî ðåçîíàòîðà.×èñëåííûå ðàñ÷åòû ïðîâîäÿòñÿ ñ ó÷åòîì òåõíè÷åñêèõ øóìîâ.Â ðàçäåëå 4 ïðèâåäåíû îïòèìàëüíûå îïòè÷åñêèå ïàðàìåòðû è øóìîâûå õàðàê-10



Âåëè÷èíà Çíà÷åíèå äëÿ îöåíêè Îïèñàíèå
c 3 × 108 m/s Ñêîðîñòü ñâåòà.
M 40 kg Ìàññà çåðêàë
ωp 1.8 × 1015 s−1 ×àñòîòà îïòè÷åñêîé íàêà÷êè.
L 4000m Äëèíà èçìåðÿþùåãî ðåçîíàòîðà.
T 2 5 · 10−5 ÷ 1.6 · 10−1 Ïðîïóñêàíèå âõîäíîãî çåðêàëà îñí.ðåçîíàòîðà.
W 840 kW Îïòè÷åñêàÿ ìîùíîñòü, öèðêóëèðóþùàÿ â îñí.ðåçîíàòîðå
Lf 30 ÷ 750 Äëèíà �èëüòðóþùåãî ðåçîíàòîðà
T 2
f 0 ÷ 10−2 Ïðîïóñêàíèå âõîäíîãî çåðêàëà �èëüòð.ðåçîíàòîðà.

A2
f 10−5 Ïîòåðè â �èëüòð.ðåçîíàòîðå çà îäèí ïðîõîä ñâåòàÒàáëèöà 1: Îáîçíà÷åíèÿ, èñïîëüçóåìûå â ýòîì ðàçäåëå

γI =
cT 2

4l
γfI =

cT 2
f

4lf

γfE =
cA2

f

4lf
γ = γI γf = γfI + γfE

δ � ðàññòðîéêà îñí.ðåçîíàòîðà δf � ðàññòðîéêà �èëüòð.ðåçîíàòîðà
J =

4 = ωpW

mcL
κ(ω) = ω

cÒàáëèöà 2: Äîïîëíèòåëüíûå îáîçíà÷åíèÿòåðèñòèêè ðàçíûõ êîí�èãóðàöèé Advaned LIGO: ñî ñæàòûì èçëó÷åíèåì íà âõîäå,ñ èäåàëüíûì âàðèàöèîííûì óñòðîéñòâîì, ñ êîðîòêèì �èëüòðóþùèì ðåçîíàòîðîì ñïîòåðÿìè è áåç ïîòåðü. Êðîìå òîãî, ïîêàçàíà çàâèñèìîñòü ÷óâñòâèòåëüíîñòè äåòåòîðàîò ýòèõ ïîòåðü.Â ïðèëîæåíèè A â îáùåì âèäå âûâîäèòñÿ �îðìóëà äëÿ êâàíòîâûõ øóìîâ â êâàí-òîâîì èçìåðèòåëüíîì óñòðîéñòâå êîîðäèíàòû. Ïðèâîäÿòñÿ ÷àñòíûå ïîäñòàíîâêè, ñî-îòâåòñòâóþùèå Advaned LIGO ñ ãîìîäèííûì äåòåêòîðîì. Â ïðèëîæåíèè B ïðèâî-äÿòñÿ ïîäñòàíîâêè, ñîîòâåòñòâóþùèå êîí�èãóðàöèè Advaned LIGO  ãîìîäèííûìäåòåêòîðîì è �èëüòðóþùèì ðåçîíàòîðîì ñ ïîòåðÿìè. Â ïðèëîæåíèè C ðàññìàòðè-âàåòñÿ ñëó÷àé, êîãäà â �èëüòðóþùåì ðåçîíàòîðå ïîòåðü íåò.Îáîçíà÷åíèÿ, èñïîëüçóåìûå â äèïëîìå, ïðèâåäåíû â äâóõ òàáëèöàõ: 1 è 2.
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3 Îïòèìèçàöèÿ ÷óâñòâèòåëüíîñòè äåòåêòîðà AdvanedLIGO.×òîáû áûëî óäîáíî ñðàâíèâàòü ðàçíûå êîí�èãóðàöèè, öåëåñîîáðàçíî ââåñòè îäíóâåëè÷èíó, êîòîðàÿ áóäåò õàðàêòåðèçîâàòü ÷óâñòâèòåëüíîñòü. Â ðàìêàõ îïòèìàëüíîãîîáíàðóæåíèÿ ñèãíàëà [11, 12℄ è ïðè óñëîâèè ïðèìåíåíèÿ îïòèìàëüíîé �èëüòðàöèè,òàêîé âåëè÷èíîé ÿâëÿåòñÿ îòíîøåíèå ñèãíàë-øóì, ââåäåííîå ïî ïðàâèëó:
(S/N) =

fmerge
∫

0

df

f 7/3Sh(f)
, (1)ãäå Ssign(f) ∼ 1

f7/3
� ñïåêòð ìîùíîñòè ñèãíàëà, îáðàçîâàâøåãîñÿ îò ñëèÿíèÿ äâóõíåéòðîííûõ çâåçä (ns-binary), fmerge � âåðõíèé ïðåäåë ýòîãî ñïåêòðà, Sh(f) � îáùàÿñïåêòðàëüíàÿ ïëîòíîñòü øóìà, êîòîðàÿ íàõîäèòñÿ ïî �îðìóëå:

Sh(f) = Shq (Ω) + Stech(f), (2)ãäå Shq (Ω) � ñïåêòðàëüíàÿ ïëîòíîñòü êâàíòîâûõ øóìîâ â ýêâèâàëåíòå ìåòðèêè, êî-òîðàÿ íàõîäèòñÿ ïî �îðìóëå (54), Ω = 2πf , à Stech � ñïåêòðàëüíàÿ ïëîòíîñòü òåõ-íè÷åñêèõ øóìîâ òàê æå â ýêâèâàëåíòå ìåòðèêè. Â ýòîé ðàáîòå òåõíè÷åñêèå øóìûñ÷èòàþòñÿ çàäàííûìè è áåðóòñÿ èç ïðîãðàììû benh, à øóìû êâàíòîâûå âû÷èñëÿ-þòñÿ â çàâèñèìîñòè îò îïòè÷åñêèõ ïàðàìåòðîâ ñõåìû. Ýòî îòíîøåíèå õàðàêòåðèçóåò÷óâñòâèòåëüíîñòü äåòåêòîðà ê ñïåêòðó ñèãíàëà ns-binary.Ââåäåì íîðìèðîâàííîå îòíîøåíèå ñèãíàë-øóì:
GS/N =

(S/N)

(S/N)0

, (3)ãäå S/N0 � îòíîøåíèå ñèãíàë-øóì íåêîòîðîé êîí�èãóðàöèè Advaned LIGO, âçÿòîåçà ýòàëîííîå (γ = 640, δ = 1860, φ = 1.9017).3.1 Àíàëèòè÷åñêàÿ îïòèìèçàöèÿ.Â ýòîé ñåêöèè áóäåò ïðîâîäèòüñÿ àíàëèòè÷åñêàÿ îïòèìèçàöèÿ êâàíòîâîãî øóìàèíòåð�åðîìåòðà Advaned LIGO ñ ðåöèðêóëÿöèåé ñèãíàëà ñ ìîäè�èöèðîâàííîé îï-òèêîé íà âõîäå è íà âûõîäå: áóäóò íàéäåíû îïòèìàëüíûå ÷àñòîòíî-çàâèñèìûå �óíê-öèè äëÿ óãëà ñæàòèÿ íà âõîäå è ãîìîäèííîãî óãëà íà âûõîäå.3.1.1 Îïòèìèçàöèÿ óãëà ñæàòèÿ íà âõîäå.Êâàíòîâûå øóìû èçëó÷åíèÿ íà âûõîäå îïèñûâàåòñÿ óðàâíåíèåì (54) èç ïðèëî-æåíèÿ A. Åñëè íà òåìíûé âõîä èíòåð�åðîìåòðà âìåñòî âàêóóìà íàïðàâèòü ñæàòûé12



âàêóóì ñî ñòåïåíüþ ñæàòèÿ R è óãëîì ñæàòèÿ 2θ, ýòî óðàâíåíèå ìîäè�èöèðóåòñÿ äîñëåäóþùåé �îðìû, ïðåäñòàâëåííîé â [15℄:
Sx(Ω) =

√

~

2MJγ

Φ+(φ)C(Ω)S(r, 2θ)C+(Ω)Φ(φ)

(γ cos(φ) − δ sin(φ))2 + Ω2 cos2(φ)
. (4)Çäåñü âåðõíèé èíäåêñ x îçíà÷àåò, ÷òî øóì ïðèâîäèòñÿ ê ñìåùåíèþ ïîäâèæíîãîçåðêàëà.Çäåñü

C(Ω) =

(

γ2 − δ2 + Ω2 − j(Ω)δ, −2γδ − 2j(Ω)γ

2γδ, γ2 − δ2 + Ω2 − j(Ω)δ

)

, (5a)
S(r, 2θ) = R+(θ)S(r)R(θ) =

(

cosh(r) + sinh(r) cos(2θ), sinh(r) sin(2θ)

sinh(r) sin(2θ), cosh(r) − sinh(r) cos(2θ)

)

,(5b)
Φ(φ) =

(

cos(φ)

−sin(φ)

)

, (5)
j(Ω) =

MJ

Z(Ω)
, (5d)

Z(Ω) = −MΩ2. (5e)
γ, δ, φ â ýòèõ �îðìóëàõ � îïòè÷åñêèå ïàðàìåòðû èíòåð�åðîìåòðà, J � ïðèâåäåí-íàÿ ìîùíîñòü â ðåçîíàòîðå Ôàáðè-Ïåðî, M � ìàññà îäíîãî çåðêàëà, r � ñòåïåíüñæàòèÿ, 2θ � óãîë ñæàòèÿ. Îòìåòèì, ÷òî â ðàññìàòðèâàåìîì ñëó÷àå ý��åêòèâíîñòü�îòîäåòåêòîðà áåðåòñÿ ðàâíîé åäèíèöå.Âèäíî, ÷òî â ýòîì âûðàæåíèè îò óãëà ñæàòèÿ çàâèñèò òîëüêî ÷èñëèòåëü:

f(θ) = Φ+(φ)C(Ω)S(r, 2θ)C+(Ω)Φ(φ). (6)
Φ(φ) è C(Ω) ìîæíî çàìåíèòü ñëåäóþùèì îáðàçîì:
f(θ) =

(

ψ∗
1 ψ∗

2

)

S(r, 2θ)

(

ψ1

ψ2

)

= cosh(r)|ψ1|
2 + cosh(r)|ψ2|

2+

+ cos(2θ)(sinh(r)|ψ1|
2 − sinh(r)|ψ2|

2) + sin(2θ)(sinh(r)ψ∗
1ψ2 + ψ1ψ

∗
2). (7)13



Óñëîâèå ýêñòðåìóìà äëÿ θ: f ′(θ) = 0.
−2 sin(2θ)(sinh(r)|ψ1|

2 − sinh(r)|ψ2|
2) + 2 cos(2θ) sinh(r)(ψ∗

1ψ2 + ψ1ψ
∗
2) = 0. (8)Óäîáíî íàéòè ðåøåíèå îòíîñèòåëüíî òàíãåíñà 2θ:

tan(2θopt) =
ψ∗

1ψ2 + ψ1ψ
∗
2

|ψ1|2 − |ψ2|2
. (9)Èç ýòîãî âûðàæåíèÿ, ó÷èòûâàÿ, ÷òî ψ1 è ψ2 - äåéñòâèòåëüíûå �óíêöèè, ïîëó÷èìÿâíûé âèä äëÿ ñèíóñà è êîñèíóñà:

sin(2θopt) =
2ψ1ψ2

ψ2
1 + ψ2

2

, (10a)
cos(2θopt) =

ψ2
1 − ψ2

2

ψ2
1 + ψ2

2

. (10b)Òîãäà îïòèìàëüíîå âûðàæåíèå äëÿ êâàíòîâîãî øóìà:
Sx(Ω) =

√

~

2MJγ

(ψ2
1 + ψ2

2)e
−r

(γ cos(φ) − δ sin(φ))2 + Ω2 cos2(φ)
. (11)Âñïîìèíàÿ îáîçíà÷åíèÿ äëÿ ψ1 è ψ2, ïîëó÷èì

Sx(Ω) =

√

~

2MJγ

Φ+(φ)C(Ω)C+(Ω)Φ(φ)e−r

(γ cos(φ) − δ sin(φ))2 + Ω2 cos2(φ)
. (12)Ñðàâíèâàÿ ýòî óðàâíåíèå ñ (4) ñäåëàåì âûâîä, ÷òî ñæàòèå ïðè îïòèìàëüíî ïîäî-áðàííîì ÷àñòîòíî-çàâèñèìîì óãëå ñæàòèÿ äîáàâëÿåò â øóì ìíîæèòåëü e−r.3.1.2 Îïòèìèçàöèÿ âàðèàöèîííîãî èçìåðåíèÿ.Çàïèøåì �îðìóëû (54) è (55), îïèñûâàþùèå êâàíòîâûå øóìû, èç ïðèëîæåíèÿ A:

Shq (Ω) =
8

M2Ω4L2

(

SF + 2ℜ(
[

MΩ2 −K(Ω)
]∗
SxF ) + |MΩ2 −K(Ω)|2Sx

)

, (13)ãäå
14



κ(Ω) =
MJδ

D(Ω)
, (14a)

SF (Ω) =
~MJγ (γ2 + δ2 − Ω2)

|D(Ω)|2
, (14b)

Sx(Ω) =
~

4MJγη

|D(Ω)|2

(γ cosφ− δ sin φ)2 + Ω2 cos2 φ
, (14)

SxF (Ω) =
~

2

(γ + iΩ) sinφ+ δ cosφ

(γ − iΩ) cosφ− δ sinφ
, (14d)

D(Ω) = (γ − iΩ)2 + δ2 . (14e)Äëÿ ñïåêòðàëüíûõ ïëîòíîñòåé êâàíòîâûõ øóìîâ âûïîëíÿåòñÿ ñëåäóþùåå íåðà-âåíñòâî:
SxSF − |SxF |

2 ≥
~

2

4
. (15)Ìîæíî ïîêàçàòü, ÷òî ïîòåðè âî âñåõ îïòè÷åñêèõ ýëåìåíòàõ Advaned LIGO ìîæíîñâåñòè ê íåíåóëåâîìó êîý��èöèåíòó ïðîïóñêàíèÿ òîðöîâîãî çåðêàëà. Ýòè ïîòåðè èêîíå÷íóþ ý��åêòèâíîñòü �îòîäåòåêòîðà ó÷èòûâàåò âåëè÷èíà η. Íåðàâåíñòâî 15 ïðè

η = 1 ïåðåõîäèò â ðàâåíñòâî.�àññìîòðèì ñëó÷àé, ïðè êîòîðîì îòñóòñòâóþò îïòè÷åñêèå ïîòåðè â îñíîâíîì ðå-çîíàòîðå è íà �îòîäåòåêòîðå. �àññ÷èòàåì �îðìóëó äëÿ èäåàëüíîé âàðèàöèè â ïðåä-ïîëîæåíèè η = 1. Äëÿ ýòîãî âûðàçèì èç óðàâíåíèÿ (15) Sx ÷åðåç SF è SxF :
Sx =

~2

4
+ |SxF |

2

SF
.Âûðàçèì ñëåäóþùèå êîìïëåêñíûå âåëè÷èíû ÷åðåç ìîäóëü è �àçó:

SxF = |SxF | e
iξ, (16a)

[

κ (Ω) −MΩ2
]∗

=
∣

∣κ (Ω) −MΩ2
∣

∣ eiψ (16b)Òîãäà óðàâíåíèå (13) ïðèíèìàåò âèä:
Shq =

8

M2L2Ω4

[

SF (Ω) + 2
∣

∣κ(Ω) −MΩ2
∣

∣ |SxF | cos(ψ + ξ) +

+
∣

∣κ(Ω) −MΩ2
∣

∣

2
~2

4
+ |SxF |

2

SF

]

. (17)Çàìåòèì, ÷òî â ýòîì óðàâíåíèè îò φ çàâèñèò òîëüêî SxF . Èëè, ÷òî òî æå ñàìîå,
|SxF | è ξ. Âìåñòî ïîèñêà ýêñòðåìóìà SF ïî φ ìîæíî íàéòè ýêñòðåìóì Shq ïî |SxF | è
ξ. 15



Âèäèì, ÷òî óñëîâèå ýêñòðåìóìà Shq ïî ξ � ýòî cos(ψ + ξ) = −1. Òîãäà èìååì:
Shq =

8

M2L2Ω4

[

SF (Ω) − 2
∣

∣κ(Ω) −MΩ2
∣

∣ |SxF | +

+
∣

∣κ(Ω) −MΩ2
∣

∣

2 ~
2

4SF
+
∣

∣κ(Ω) −MΩ2
∣

∣

2 |SxF |
2

SF

]

. (18)Íàéäåì ýêñòðåìóì ïî âåëè÷èíå SxF :
∂Shq
∂ |SxF |

= −
8

M2L2Ω4

[

2
∣

∣κ(Ω) −MΩ2
∣

∣+ 2
∣

∣κ(Ω) −MΩ2
∣

∣

2 |SxF |

SF

]

= 0, (19)
|SxF | =

SF
|κ(Ω) −MΩ2|

.Ïîëó÷àåì:
Shopt =

8

M2L2Ω4

[

∣

∣κ(Ω) −MΩ2
∣

∣

2 ~
2

4

1

SF

]

. (20)�àññìîòðèì ñëó÷àé, â êîòîðîì îïòè÷åñêèå ïîòåðè â îñíîâíîì ðåçîíàòîðå è íà �î-òîäåòåêòîðå ñóùåñòâóþò, òî åñòü ý��åêòèâíîñòü �îòîäåòåêòîðà ìåíüøå 1. Â ñëó÷àå,êîãäà η 6= 1 íåðàâåíñòâî (15) ñâîäèòñÿ ê óðàâíåíèþ âèäà:
ηSxSF − |SxF |

2 =
~

2

4
. (21)Îòñþäà

Sx =
1

η

~
2

4
+ |SxF |

2

SF
.Òîãäà, èñïîëüçóÿ çàìåíó (16) â óðàâíåíèè (13) ïîëó÷àåì:

Shq =
8

M2L2Ω4

[

SF (Ω) + 2
∣

∣κ(Ω) −MΩ2
∣

∣ |SxF (Ω)| cos(ψ − ξ) +

+
∣

∣κ(Ω) −MΩ2
∣

∣

2
·

~
2

4
+ |SxF (Ω)|2

ηSF (Ω)

]

. (22)Î÷åâèäíî, Shq ìèíèìàëüíî, åñëè âûïîëíÿåòñÿ óñëîâèå:
cos(ψ + ξ) = −1 . (23)Ïîëó÷àåì:

Shq =
8

M2L2Ω4

[

SF (Ω) − 2|κ(Ω) −MΩ2||SxF (Ω)| +

+
1

ηSF (Ω)
|κ(Ω) −MΩ2|

~
2

4
+

|κ(Ω) −MΩ2|2

ηSF (Ω)
|SxF (Ω)|2

]

. (24)16



Óñëîâèå ýêñòðåìóìà SF ïî |SxF |:
∂Shq
∂ |SxF |

= −
8

M2L2Ω4

[

2
∣

∣κ(Ω) −MΩ2
∣

∣+ 2
∣

∣κ(Ω) −MΩ2
∣

∣

2 |SxF (Ω)|

ηSF (Ω)

]

= 0, (25)Ïîëó÷àåì:
|SxF | =

ηSF
|κ(Ω) −MΩ2|

. (26)Çíà÷èò îïòèìàëüíàÿ ñïåêòðàëüíàÿ ïëîòíîñòü ýêâèâàëåíòíîãî øóìà ìåòðèêè:
Shq =

8

M2L2Ω4

[

SF (1 − η) +
1

ηSF

~
2

4
|κ(Ω) −MΩ2|2

]

. (27)3.1.3 Àñèìïòîòèêà äëÿ �èëüòðóþùåãî ðåçîíàòîðà ïðè Ω → 0.Ïîêàæåì æå, ÷òî ïðè Ω → 0 �èëüòðóþùèé ðåçîíàòîð â ïðåäåëå ìîæåò ñòàòüïðèáîðîì äëÿ èäåàëüíîãî âàðèàöèîííîãî èçìåðåíèÿ. Ôîðìóëû, ïî êîòîðûì îïèñû-âàþòñÿ êâàíòîâûå øóìû êîí�èãóðàöèè Advaned LIGO ïðèâåäåíû â ïðèëîæåíèÿõ Bè C. Ïðèâåäåì (14d) íà âûõîäå ýêâèâàëåíòíîãî ðåçîíàòîðà â ïðåäåëå Ω → 0 ê âèäó:
SxF (Ω) =

~

2

γ sinφ+ δ cosφ

γ cosφ− δ sin φ
=

~

2

sinφ+ tan β cosφ

cosφ− tanβ sinφ
=

=
~

2

tanφ+ tanβ

1 − tan β tanφ
=

~

2
tan(β + φ) , (28)ãäå β = arctan( δ

γ
) Ïîñëå �èëüòðóþùåãî ðåçîíàòîðà φ ìåíÿåòñÿ íà φf , çàâèñÿùåå îò

Ω è ñâÿçàííîå ñ φ �îðìóëîé (59) èç ïðèëîæåíèÿ C. Ïîëó÷àåòñÿ, ÷òî
SxF =

~

2
tan(β + φf) . (29)Ïîäñòàâèì φf â tan(β + φf):

tan(β + φf) =
tanβ + tanφf

1 − tanβ tanφf
=

[

(Ω2+X) tan φ+Y
Ω2+X−Y tan φ

]

+ tan β

1 − tanβ
[

(Ω2+X) tanφ+Y
Ω2+X−Y tanφ

] =

=
Ω2(tanφ+ tan β) +X(tanφ+ tanβ) + Y (1 − tanβ tanφ)

Ω2(1 − tan β tanφ) +X(1 − tan β tanφ) − Y (tanφ+ tanβ)
=

=
(Ω2 +X) tanβ+tan φ

1−tan β tanφ
+ Y

Ω2 +X − Y tan β+tanφ
1−tan β tan φ

=
(Ω2 +X) tan(β + φ) + Y

Ω2 +X − Y tan(β + φ)
(30)Ïîñêîëüêó β è φ � êîíñòàíòû è, áîëåå òîãî, âåëè÷èíó φ ìû ìîæåì çàäàòü íà ñâîåóñìîòðåíèå, ìû ïîëîæèì φ = −β. Òàêèì îáðàçîì, ïîëó÷èì:

tan(β + φf) =
Y

Ω2 +X
. (31)17



Òåïåðü ïîäîéäåì ê ýòîìó âîïðîñó ñî ñòîðîíû èäåàëüíîãî âàðèàöèîííîãî èçìåðåíèÿè ïîñìîòðèì, ÷òî ñ íèì áóäåò íà ìàëûõ ÷àñòîòàõ. Íàéäåì àñèìïòîòèêè äëÿ (14e),(14a) , (14b):
D(Ω) = (γ − iΩ)2 + δ2 ≈ γ2 + δ2 , (32a)
κ(Ω) =

MJδ

D(Ω)
≈

MJδ

γ2 + δ2
, (32b)

SF (Ω) =
~MJγ(γ2 + δ2 − Ω2)

|D(Ω)|2
≈

~MJγ(γ2 + δ2)

(γ2 + δ2)2
=

~MJγ

γ2 + δ2
. (32)Òåïåðü ðàçáåðåìñÿ ñ âåëè÷èíîé SxF . Ñîãëàñíî (26), ìû çíàåì åå ìîäóëü. Îïðåäå-ëèì åå �àçó:

[κ(Ω) −MΩ2]∗ ≈

[

MJδ

γ2 + δ2
−MΩ2

]∗

. (33)Èç ýòîãî óðàâíåíèÿ âèäíî, ÷òî [κ(Ω)−MΩ2] � âåëè÷èíà äåéñòâèòåëüíàÿ è îíà ðàâíàñâîåé ñîïðÿæåííîé è ñâîåìó ìîäóëþ. Òî åñòü, ψ â �îðìóëå (16) , �àçà ñîïðÿæåííîéýòîé âåëè÷èíû, ðàâíà íóëþ. Òîãäà èç (23):
cos(ψ + ξ) = cos(ξ) = −1. (34)Îòñþäà, ξ = π, òîãäà èç (16):

SxF = |SxF | e
iξ =

ηSF
|κ(Ω) −MΩ2|

eiπ = −
ηSF

|κ(Ω) −MΩ2|
. (35)Ïîäñòàâëÿåì ñþäà (32):

SxF = −
ηSF

|κ(Ω) −MΩ2|
= −η

~MJγ

γ2 + δ2
·

γ2 + δ2

MJδ −MΩ2(γ2 + δ2)
=

= −
~Jγ

Jδ − Ω2(γ2 + δ2)
=

η~Jγ
γ2+δ2

Ω2 − Jδ
γ2+δ2

. (36)Òåïåðü ïðèðàâíÿåì SxF èç (36) è (29) ñ ó÷åòîì (31):
~

2

Y

Ω2 +X
=

η~Jγ
γ2+δ2

Ω2 − Jδ
γ2+δ2

. (37)Îòñþäà:
Y

Ω2 +X
=

2ηJγ
γ2+δ2

Ω2 − Jδ
γ2+δ2

. (38)Îòñþäà âèäíî, ÷òî ïðè ïàðàìåòðàõ �èëüòðóþùåãî ðåçîíàòîðà, ðàâíûõ:
X = −

Jδ

γ2 + δ2
, (39a)

Y =
2ηJγ

γ2 + δ2
, (39b)18



�èëüòðóþùèé ðåçîíàòîð ñòàíîâèòñÿ óñòðîéñòâîì äëÿ èäåàëüíîãî âàðèàöèîííîãî èç-ìåðåíèÿ.Çàìåòèì òåïåðü, ÷òî â ýòîé ÷àñòè äèïëîìà ìû ïðåäïîëàãàëè íàëè÷èå ïîòåðü âýêâèâàëåíòíîì ðåçîíàòîðå è îòñóòñòâèå èõ â �èëüòðóþùåì. Âñïîìíèì, ÷òî ïîòå-ðè â �èëüòðóþùåì ðåçîíàòîðå âû÷èñëÿþòñÿ ïî �îðìóëå γfE =
A2

f c

4Lf
. Ïîòåðè (γfE)ðàâíû íóëþ, åñëè äëèíà �èëüòðóþùåãî ðåçîíàòîðà (Lf ) áåñêîíå÷íà. Òåïåðü ñäåëàåìîêîí÷àòåëüíûé âûâîä: �èëüòðóþùèé ðåçîíàòîð áåñêîíå÷íîé äëèíû îáåñïå÷èâàåò íàíèçêèõ ÷àñòîòàõ èäåàëüíîå âàðèàöèîííîå èçìåðåíèå.3.2 ×èñëåííàÿ îïòèìèçàöèÿ.Äëÿ ðåøåíèÿ ïîñòàâëåííûõ çàäà÷, íåîáõîäèìî çàäàòü àíàëèòè÷åñêîå âûðàæåíèå

GS/N äëÿ âñåõ óïîìÿíóòûõ â íåé ñõåì: ñõåìû ñ �èëüòðóþùèì ðåçîíàòîðîì ñ ïîòåðÿ-ìè, ñõåìû ñ �èëüòðóþùèì ðåçîíàòîðîì áåç ïîòåðü è ñõåìû ñ èäåàëüíîé âàðèàöèåé.Âåëè÷èíà GS/N , êîòîðàÿ â ñëó÷àå ñ èíòåð�åðîìåòðîì áåç �èëüòðóþùåãî ðåçîíàòîðàè âàðèàöèîííîãî èçìåðåíèÿ îïðåäåëÿåòñÿ ïî �îðìóëàì (3), (1) è (2), â ñëó÷àå ñî ñõå-ìàìè, ñîäåðæàùèìè �èëüòðóþùèé ðåçîíàòîð è èäåàëüíóþ âàðèàöèþ, ñ÷èòàåòñÿ ïîýòèì æå �îðìóëàì. �àçëè÷èå áóäåò çàêëþ÷àòüñÿ â âåëè÷èíå S(Ω), çàäàííîé â �îð-ìóëå (2). Îáîçíà÷èì �îðìóëû, êîòîðûå èñïîëüçîâàëèñü ïðè ÷èñëåííîé îïòèìèçàöèèäëÿ íàõîæäåíèÿ S(Ω)Â ñõåìå ñ �èëüòðóþùèì ðåçîíàòîðîì ñ ïîòåðÿìè çíà÷åíèÿ S(Ω) âû÷èñëÿåòñÿ ïî�îðìóëàì (54), (55), (55f), (55b), (56) è (57).Â ñõåìå ñ �èëüòðóþùèì ðåçîíàòîðîì áåç ïîòåðü çíà÷åíèÿ S(Ω) âû÷èñëÿåòñÿ ïîòåì æå �îðìóëàì, ÷òî è â ñõåìå ñ �èëüòðóþùèì ðåçîíàòîðå ñ ïîòåðÿìè, òîëüêî ñ
γfE = 0.Â ñõåìå ñ èäåàëüíîé âàðèàöèåé çíà÷åíèÿ S(Ω) âû÷èñëÿåòñÿ ïî �îðìóëàì (27) è(14b).×òîáû ïðåäïîëîæèòü îòñòóòñòâèå ïîòåðü â îñíîâíîì ðåçîíàòîðå, â �îðìóëû (55),(27) è (14b) ïîäñòàâëÿåòñÿ çíà÷åíèå η = 1.Âî âñåõ ñõåìàõ çíà÷åíèÿ òåõíè÷åñêèõ øóìîâ Stech áåðóòñÿ èç ïðîãðàììû benh6.1. Â òàêîì âèäå Stech ïðåäñòàâëÿåò èç ñåáÿ 1500 çíà÷åíèé â çàâèñèìîñòè îò ÷àñòîòû
f . S(Ω) âû÷èñëÿåòñÿ äëÿ òåõ æå çíà÷åíèé, äëÿ êàêèõ çàäàí Stech. Ω è f ñâÿçàíûî÷åâèäíûì îòíîøåíèåì Ω = 2πf .×òîáû ïîñ÷èòàòü èíòåãðàë, âõîäÿùèé â (1), áûëà ðåàëèçîâàíà ñõåìà ÷èñëåííîãîèíòåãðèðîâàíèÿ ïî ìåòîäó Ñèìïñîíà.Â ñõåìå ñ �èëüòðóþùèì ðåçîíàòîðîì ñ ïîòåðÿìè åñòü 5 îïòè÷åñêèõ ïàðàìåòðîâ,êîòîðûå ìû ìîæåì ìåíÿòü áåç áîëüøèõ çàòðàò óñèëèé: γ, δ, φ, γfI , δf . Êàæäîìó íà-áîðó ýòèõ âåëè÷èí ñîîòâåòñòâóåò ñâîé ñïåêòð øóìà ýêâèâàëåíòíîé ìåòðèêè S(Ω(f)),19



è, ñëåäîâàòåëüíî, GS/N . Çíà÷èò, ÷òîáû äëÿ êàæäîãî çíà÷åíèÿ ïîòåðü γfE íàéòè îïòè-ìàëüíóþ êîí�èãóðàöèþ, íàì íåîáõîäèìî íàéòè òàêèå çíà÷åíèÿ γ, δ, φ, γfIè δf , ÷òîáû
GS/N áûëî ìàêñèìàëüíûì. Òàêàÿ çàäà÷à â ýòîé ðàáîòå ðåøàåòñÿ ïîñëåäîâàòåëüíûìïåðåáîðîì ýòèõ âåëè÷èí â îïðåäåëåííûõ ïðåäåëàõ ñ îïðåäåëåííûì ÷èñëîì ðàâíîìåð-íûõ øàãîâ è âû÷èñëåíèåì GS/N äëÿ êàæäîãî øàãà. γ ìåíÿåòñÿ â ïðåäåëàõ îò c−1 äî3000 c−1, ñ øàãîì 149,95 c−1; δ â ïðåäåëàõ îò -3000 c−1 äî 3000 c−1 ñ øàãîì 300 c−1;
φ ìåíÿåòñÿ â ïðåäåëàõ îò −π/2 äî π/2 ñ øàãîì π/20; γfI ìåíÿåòñÿ â ïðåäåëàõ îò 0
c−1 äî 1000 c−1 ñ øàãîì 50 c−1; δf ìåíÿåòñÿ â ïðåäåëàõ -1000 c−1 äî 1000 c−1 ñ øàãîì40 c−1. Ïîòîì èç ïîëó÷èâøåãîñÿ íàáîðà çíà÷åíèé GS/N âûáèðàåòñÿ ìàêñèìàëüíîå, àòàêæå ñîîòâåòñòâóþùèé åìó íàáîð çíà÷åíèé γ, δ, φ, γfIè δf . Âû÷èñëÿÿ òàêèì îáðà-çîì GS/N â çàâèñèìîñòè îò γfE è âñïîìíèâ, ÷òî γfE îáðàòíî ïðîïîðöèîíàëüíî äëèíå
Lf �èëüòðóþùåãî ðåçîíàòîðà, ìû ìîæåì íàéòè çàâèñèìîñòü GS/N îò Lf .Â ñõåìå ñ èäåàëüíîé âàðèàöèåé ìû èùåì ìàêñèìàëüíóþ GS/N ìåíÿÿ òîëüêî äâàïàðàìåòðà γ è δ. Îò äðóãèõ ïàðàìåòðîâ ýòà âåëè÷èíà, êàê ìîæíî ëåãêî óáåäèòüñÿ,çàâèñåòü íå áóäåò.Êîä ïðîãðàììû, ïðîâîäÿùåé îïòèìèçàöèþ, ïðèâåäåí â ïðèëîæåíèè D.4 �åçóëüòàòû.�åçóëüòàòû ðàáîòû ïðèâåäåíû â òàáëèöå 3. Ïîñëå îïòèìèçàöèè óâåëè÷åíèå ðàäè-óñà îáíàðóæåíèÿ ñèãíàëà ïðîïîðöèîíàëüíî √GS/N , ïîýòîìó ÷àñòîòà îáíàðóæåíèÿñèãíàëà, ñâÿçàííàÿ ïðîñìàòðèâàåìîé îáëàñòüþ, óâåëè÷èâàåòñÿ â G

3/2
S/N ðàç. Îïòè-ìèçàöèÿ ñõåìû ñ èäåàëüíîé âàðèàöèåé ïîçâîëÿåò óâåëè÷èòü ÷àñòîòó îáíàðóæåíèÿñèãíàëîâ â 1,7 ðàçà. Ê ñîæàëåíèþ, òàêîé õîðîøèé ðåçóëüòàò ñîîòâåòñòâóåò òîëüêîèäåàëüíûì îñíîâíîìó ðåçîíàòîðó è �îòîäåòåêòîðó. Îïòèìèçàöèÿ ñõåìû ñ èäåàëüíîéâàðèàöèåé äàæå ñ íåáîëüøèìè ïîòåðÿìè (η = 0, 9) äàåò óâåëè÷åíèå ÷àñòîòû îáíà-ðóæåíèÿ ïðèìåðíî 1,5. Îñíîâíàÿ äîëÿ ýòèõ ïîòåðü ïîÿâëÿåòñÿ çà ñ÷åò êîíå÷íîñòè÷óâñòâèòåëüíîñòè �îòîäåòåêòîðà. Ïðåîäîëåíèå ýòèõ øóìîâ, òàêèì îáðàçîì, ÿâëÿ-åòñÿ ìíîãîîáåùàþùåé, õîòÿ è ïðîáëåìíîé, îáëàñòüþ äåÿòåëüíîñòè ïî óâåëè÷åíèþ÷óâñòâèòåëüíîñòè äåòåêòîðà.�åçóëüòàò, ïîëó÷åííûé â ðàáîòå â ðåçóëüòàòå îïòèìèçàöèè ñõåìû Advaned LIGOñ �èëüòðóþùèì ðåçîíàòîðîì áåç ïîòåðü, ñ áîëüøîé òî÷íîñòüþ ñîâïàäàåò ñ ðåçóëüòà-òîì îïòèìèçàöèè ñõåìû ñ èäåàëüíîé âàðèàöèåé. Ýòî ñîâïàäåíèå ïîäòâåðæäàåò ïðåä-ïîëîæåíèÿ, ñäåëàííîãî â ðàçäåëå 3.1.3, î òîì, ÷òî ïðè íèçêî÷àñòîòíûõ ñèãíàëàõ, àñèãíàë îò ñëèâàþùèõñÿ äâîéíûõ íåéòðîííûõ çâåçä ÿâëÿåòñÿ êàê ðàç íèçêî÷àñòîò-íûì ñèãíàëîì, �èëüòðóþùèé ðåçîíàòîð áåç ïîòåðü èãðàåò ðîëü èíñòðóìåíòà äëÿèäåàëüíîé âàðèàöèè. 20



Ñõåìà GS/N è ãðà�èêè GS/N è ãðà�èêèãðàâèòàöèîííîãî äëÿ òåêóùèõ äëÿ óìåíüøåííûõäåòåêòîðà. òåõíè÷åñêèõ øóìîâ. òåõíè÷åñêèõ øóìîâ.Èäåàëüíàÿâàðèàöèÿ, 1.45, (ðèñ. 7) 2.02,(ðèñ.13)
η = 1Ôèëüòðóþùèéðåçîíàòîð áåç 1.44, (ðèñ.19) 2.00ïîòåðü, η = 1.0.Èäåàëüíàÿâàðèàöèÿ, 1.32, (ðèñ. 8) 1.56 (ðèñ. 14)
η = 0.9Ôèëüòðóþùèéðåçîíàòîð áåç 1.29, (ðèñ. 9) 1.52(ðèñ. 15)ïîòåðü, η = 0.9.Ôèëüòðóþùèéðåçîíàòîð ñ ðèñ.10,(ðèñ. 11, 12) ðèñ.16,(ðèñ. 17, 18)ïîòåðÿìè, η = 0.9Òàáëèöà 3: �åçóëüòàòû îïòèìèçàöèè äëÿ èññëåäóåìûõ ñõåì ãðàâèòàöèîííî-âîëíîâîãîäåòåêòîðàÈñïîëüçóÿ ðèñóíîê (10), ìîæíî îöåíèòü ðàçóìíóþ äëèíó äëÿ �èëüòðóþùåãî ðå-çîíàòîðà. Ýòà äëèíà ïðèìåðíî 150 ìåòðîâ. Äàëüíåéøåå óâåëè÷åíèå äëèíû ðåçîíàòî-ðà áóäåò íåöåëåñîîáðàçíî.Ñðàâíèâàÿ ðåçóëüòàòû ýòîé ðàáîòîé ñî ñòàòüåé [25℄, ìû âèäèì íåñîîòâåòñòâèå âçíà÷åíèÿõ. Åñëè â ñòàòüå [25℄ áûë ïîëó÷åí âûèãðûø â îòíîøåíèè ñèãíàë-øóì íàïîðÿäîê, òî â òåêóùåé ðàáîòå áûë ïîëó÷åí âûèãðûø âñåãî íà íåñêîëüêî äåñÿòêîâïðîöåíòîâ. Ïîñêîëüêó, â [25℄ áûë ïîëó÷åí âûèãðûø áåç ó÷åòà òåõíè÷åñêèõ øóìîâ,ñêëàäûâàåòñÿ âïå÷àòëåíèå, ÷òî èìåííî îíè ÿâëÿþòñÿ ïðè÷èíîé òàêîãî ñëàáîãî âû-èãðûøà. Åùå îäíî ñîîáðàæåíèå, ïîäòâåðæäàþùåå íåãàòèâíîå âëèÿíèå òåõíè÷åñêèõøóìîâ íà ÷óâñòâèòåëüíîñòü ñõåìû ìîæíî ïðèâåñòè, ãëÿäÿ íà (ðèñ. 7). Íà ýòîì ãðà�è-êå âèäíî, ÷òî ñïåêòðàëüíàÿ ïëîòíîñòü êâàíòîâîãî øóìà, êîòîðóþ ïîçâîëÿåò äîñòè÷üèäåàëüíàÿ âàðèàöèÿ, ãîðàçäî íèæå òåõíè÷åñêîãî øóìà, îñîáåííî íà íèçêèõ ÷àñòîòàõ,êîòîðûå ñîîòâåòñòâóþò ñïåêòðó ñèãíàëà. Â ýòîé ðàáîòå áûëà ñäåëàíà îöåíêà âëèÿíèÿòåõíè÷åñêèõ øóìîâ íà âûèãðûø. Äëÿ ýòîãî òåõíè÷åñêèå øóìû âî âñåõ âû÷èñëåíè-ÿõ (âêëþ÷àÿ âû÷èñëåíèå ýòàëîííîãî ñïåêòðà) áûëè óìåíüøåíû â 3 ðàçà. Êâàíòîâûéøóì â ýòàëîííîì ñïåêòðå áûë îñòàâëåí ïðåæíèì.Ïðè óìåíüøåííûõ òåõíè÷åñêèõ øóìàõ, êàê è ïðè òåêóùèõ, òàêæå ïðîÿâëÿåòñÿ21



âëèÿíèå ïîòåðü â îñíîâíîì ðåçîíàòîðå íà ïîëó÷àåìûé îò îïòèìèçàöèè âûèãðûø.Áûëî ïîäòâåðæäåíî ïðåäïîëîæåíèå î òîì, ÷òî íà íèçêèõ ÷àñòîòàõ �èëüòðóþùèéðåçîíàòîð áåç ïîòåðü èãðàåò ðîëü ïðèáîðà äëÿ èäåàëüíîé âàðèàöèè. Èñïîëüçóÿ ãðà-�èê (16), ìîæíî îöåíèòü ðàçóìíóþ äëèíó äëÿ �èëüòðóþùåãî ðåçîíàòîðà. Ýòà äëèíàïðèìåðíî 150 ìåòðîâ. Äàëüíåéøåå óâåëè÷åíèå äëèíû ðåçîíàòîðà áóäåò, êàê è â ñëó-÷àå ñ òåêóùèìè øóìàìè, íåöåëåñîîáðàçíî.5 Âûâîäû.×èñëåííî ðàññ÷èòàí âûèãðûø ÷óâñòâèòåëüíîñòè ê ñèãíàëó îò ñèñòåìû êîìïàêò-íûõ äâîéíûõ çâåçä êîí�èãóðàöèé äåòåêòîðà Advaned LIGO ñ: 1)�èëüòðóþùèì ðå-çîíàòîðîì áåç îïòè÷åñêèõ ïîòåðü. 2)�èëüòðóþùèì ðåçîíàòîðîì ñ îïòè÷åñêèìè ïî-òåðÿìè. 3) óñòðîéñòâîì äëÿ èäåàëüíîé âàðèàöèè.×èñëåííî è àíàëèòè÷åñêè ïîêàçàíî, ÷òî â ñëó÷àå íèçêî÷àñòîòíîãî ñèãíàëà �èëü-òðóþùèé ðåçîíàòîð - ýòî ïðèáîð äëÿ èäåàëüíîé âàðèàöèè â õîðîøåì ïðèáëèæåíèè.×èñëåííî ïîêàçàíî, ÷òî âûèãðûø, ïîëó÷àåìûé îò èñïîëüçîâàíèÿ �èëüòðóþùåãî ðå-çîíàòîðà, ìîæåò áûòü óëó÷øåí ñ ïîìîùüþ: 1)óâåëè÷åíèÿ ý��åêòèâíîñòè �îòîäåòåê-òîðà è óìåíüøåíèÿ îïòè÷åñêèõ ïîòåðü â ðåçîíàòîðàõ Advaned LIGO. 2)óìåíüøåíèÿòåõíè÷åñêèõ øóìîâ. �àññ÷èòàíî âëèÿíèå ýòèõ äâóõ �àêòîðîâ íà ÷óâñòâèòåëüíîñòü.Îöåíåíà ðàçóìíàÿ äëèíà äëÿ �èëüòðóþùåãî ðåçîíàòîðà ñ ïîòåðÿìè L ≈ 150 ì. Àíà-ëèòè÷åñêè ïîêàçàíî, ÷òî èñïîëüçîâàíèå ñæàòîãî ñâåòà íà âõîäå ïîçâîëÿåò óìåíüøèòüøóìû íà âûñîêèõ ÷àñòîòàõ äî óðîâíÿ òåõíè÷åñêèõ øóìîâ.
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A Êâàíòîâûå øóìû äåòåêòîðà Advaned LIGO ñ ãî-ìîäèííûì äåòåêòîðîì.Â ñòàòüå [15℄ ïîêàçàíî, ÷òî êâàíòîâûå øóìîâûå õàðàêòåðèñòèêè èíòåð�åðîìåòðàÌàéêåëüñîíà ñ ðåçîíàòîðàìè Ôàáðè-Ïåðî â ïëå÷àõ è çåðêàëîì ðåöèðêóëÿöèè ñèã-íàëà ìîãóò áûòü ñâåäåíû ê ñèñòåìå èç òðåõ çåðêàë, çàòåì ê îäíîìó ðàññòðîåííîìóðåçîíàòîðó. Ñïåêòðàëüíàÿ ïëîòíîñòü øóìà ìîæåò áûòü îïèñàíà ñ ïîìîùüþ òðåõ îï-òè÷åñêèõ ïàðàìåòðîâ: îïòè÷åñêîé ðåçîíàíñíîé ÷àñòîòîé ωrez, âðåìåíåì ðåëàêñàöèè τè ìîùíîñòüþ ëàçåðà, öèðêóëèðóþùåãî â ðåçîíàòîðå W0. Â íàøåé ðàáîòå ìû èñïîëü-çóåì äðóãèå âåëè÷èíû, îäíîçíà÷íî ñâÿçàííûå ñ ýòèìè òðåìÿ: ðàññòðîéêó ðåçîíàòîðà
δ = ωrez − ωp, ïîëóøèðèíà ïîëîñû ïðîïóñêàíèÿ γ = 1

τ
è ïðèâåäåííóþ ìîùíîñòü

J = 4ωpW0

cLM
. Â ñòàòüå [14℄ ïîêàçàíî, ÷òî ñîáñòâåííàÿ ÷àñòîòà è âðåìÿ ðåëàêñàöèè ìî-ãóò ðåãóëèðîâàòüñÿ ïóò¼ì èçìåíåíèÿ îòñòðîéêè è îòðàæàþùåé ñïîñîáíîñòè Ç�Ñ. ÂAdvaned LIGO èñïîëüçóåòñÿ �îòîäåòåêòîð, êîòîðûé õàðàêòåðèçóåòñÿ ãîìîäèííûìóãëîì φ.Ïîëó÷èì èç îáùèõ ñîîáðàæåíèé îáùóþ �îðìóëó äëÿ ñïåêòðàëüíîé ïëîòíîñòèøóìîâ, ïðèâåäåííûõ êî âõîäó ñõåìû ãðàâèòàöèîííî-âîëíîâîãî äåòåêòîðà ñ ðåöèðêó-ëÿöèåé ñèãíàëà. Ïîäðîáíûé âûâîä ïðèâåäåí â [26℄ è [27℄.Ñèãíàë, ïîëó÷àåìûé íà âûõîäå - ýòî ñóììà îòêëèêà ñèñòåìû íà ðåàëüíîå ñìåùå-íèå çåðêàëà X(Ω) ñ íåêîòîðûì êîý��èöèåíòîì è øóìà îò âîçäåéñòâèÿ íà äåòåêòîðñâåòà, ñâÿçàííûì ñ êâàíòîâîé åãî ïðèðîäîé:

Ûdetect(t) =
1

i

∞
∫

−∞

[r̂(Ω) + k(Ω)X(Ω)] eiΩt
dΩ

2π
=

=
1

i

∞
∫

−∞

k(Ω) [x̂fluct +X(Ω)] eiΩt
dΩ

2π
. (40)Çäåñü x̂fluct - ýòî îïåðàòîð ðîæäåíèÿ, ïðèâåäåííûé ê âåëè÷èíå ñìåùåíèÿ.Âåëè÷èíà ñìåùåíèÿX(Ω) ñîñòîèò èç ñìåùåíèÿ, âûçâàííîãî âíåøíåé ñèëîé (áóäåìñ÷èòàòü, ÷òî ýòî ãðàâèòàöèîííàÿ âîëíà) è ñìåùåíèÿ, âûçâàííîãî ñâåòîâûì äàâëåíè-åì:

mẍ(t) =
ML

2
ḧ(t) + F̂fl(t). (41)Ôóðüå îáðàçû îò âåëè÷èíû ñìåùåíèÿ çåðêàëà è èçìåíåíèÿ ìåòðèêè:

x(t) =

∞
∫

−∞

X(Ω)e−iΩtdt, (42)
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h(t) =

∞
∫

−∞

h(Ω)e−iΩtdt. (43)Çäåñü h - ýòî èçìåíåíèå ìåòðèêè, âûçûâàåìîå ãðàâèòàöèîííîé âîëíîé.Ïîíäåðîìîòîðíàÿ ñèëà, èëè �ëóêòóàöèè ñèëû ñâåòîâîãî äàâëåíèÿ:
F̂fl(t) = F̂ (t) − F0 = ~

∞
∫

0

κ(ω)E∗V (ω)â(ω)e−i(ω−ωp)tdω

2π
+

+ ~

∞
∫

0

κ2(ω)|E|2W (ω)X(ωp − ω)e−i(ω−ωp)tdω

2π
. (44)Â ýòîì âûðàæåíèè ~ - ïîñòîÿííàÿ ïëàíêà, Å - ýëåêòðè÷åñêàÿ íàïðÿæåííîñòü íàêà÷êèâ Ôàáðè-Ïåðî ðåçîíàòîðå, κ(ω) =

√
ωωp

c
, ωp - ÷àñòîòà íàêà÷êè,  - ñêîðîñòü ñâåòàâ âàêóóìå. V (ω) è W (ω) � ýòî âûðàæåíèÿ èç óðàâíåíèÿ, ñâÿçûâàþùåãî ðàçíîñòüîïåðàòîðîâ ðîæäåíèÿ ïàäàþùåãî (ê) è îòðàæåííîãî (f̂) îò çåðêàëà ñâåòà, îïåðàòîððîæäåíèÿ ñâåòà íà âõîäå â ðåçîíàòîð (â) è äâèæåíèå äàëüíåãî çåðêàëà X(ωp − ω):

ê− f̂ = V (ω)â+ κ(ω)EW (ω)X(ωp − ω) (45)Â âûðàæåíèè (44) ñëàãàåìîå, ñîäåðæàùåå â - ýòî ÷àñòü �ëóêòóàöèè ñèëû, ñâÿçàí-íàÿ ñ êâàíòîâûìè �ëóêòóàöèÿìè êîëè÷åñòâà �îòîíîâ. Îáîçíà÷èì åå ŷF (Ω).Ó÷èòûâàÿ, ÷òî Ω = ωp − ω, ïîëó÷àåì ñïåêòðàëüíîå ïðåäñòàâëåíèå äëÿ (41):
−MΩ2X(Ω) = −

MΩ2L

2
hΩ + ŷF (Ω) + ~κ2(ωp − Ω)|E|2W (ωp − Ω)X(Ω)+

+ ~κ(ωp + ~κ2(ωp + Ω)|E|2W ∗(ωp + Ω)X(Ω). (46)Âûðàçèì â ÿâíîì âèäå êîîðäèíàòó:
X(Ω) = −

−MΩ2L
2

h(Ω) + ŷF (Ω)

MΩ2 + ~|E|2(κ2(ωp − Ω)W (ωp − Ω) − κ2(ωp + Ω)W ∗(ωp + Ω))
. (47)Ñäåëàåì ïåðåîáîçíà÷åíèå:

K(Ω) = −~|E|2(κ2(ωp − Ω)W (ωp − Ω) − κ2(ωp + Ω)W ∗(ωp + Ω)). (48)Ïîëó÷àåì ÿâíîå âûðàæåíèå äëÿ êîîðäèíàòû:
X(Ω) =

h(Ω)MΩ2L
2

− ŷF (Ω)

MΩ2 −K(Ω)
(49)24



Âûðàæåíèå äëÿ ñèãíàëà íà âûõîäå:
Ûdetect(t) =

1

i

∞
∫

−∞

k(Ω)

[

x̂fluct +
h(Ω)MΩ2L

2
− ŷF (Ω)

MΩ2 −K(Ω)

]

eiΩt
dΩ

2π
=

=
1

i

∞
∫

−∞

MΩ2Lk(Ω)

2(MΩ2 −K(Ω))

[

2(MΩ2 −K(Ω))

MΩ2L
x̂fluct + h(Ω) −

2

MΩ2L
ŷF (Ω)

]

eiΩt
dΩ

2π
. (50)Îòñþäà ñèãíàë, ïðèâåäåííûé êî âõîäó:

ĥfl =
2MΩ2 −K(Ω)

MΩ2L
x̂fluct +

2

MΩ2L
ŷf(Ω). (51)Ó÷èòûâàÿ, ÷òî

Shq (Ω)2πδ(Ω − Ω′) =< 0|ĥfl(Ω)ĥ+
fl(Ω)|0 >symm, (52a)

Sx(Ω)2πδ(Ω − Ω′) =< 0|x̂fluctx̂
+
fluct(Ω)|0 >symm, (52b)

SxF (Ω)2πδ(Ω − Ω′) =< 0|x̂+
fluctŷF (Ω)|0 >symm, (52)

SF (Ω)2πδ(Ω − Ω′) =< 0|ŷF (Ω)ŷ+
F (Ω)|0 >symm . (52d)Ïîëó÷àåì â èòîãå âûðàæåíèå äëÿ ñïåêòðàëüíîé ïëîòíîñòè êâàíòîâîãî øóìà ìåò-ðèêè â ðåçîíàòîðå Ôàáðè-Ïåðî:

Sh(Ω) =
4

M2Ω4L2

(

SF + 2ℜ(
[

MΩ2 −K(Ω)
]∗
SxF ) + |MΩ2 −K(Ω)|2Sx

)

. (53)Â ýòîì âûðàæåíèè ℜ îçíà÷àåò äåéñòâèòåëüíóþ ÷àñòü êîìïëåêñíîé âåëè÷èíû. Ýê-âèâàëåíòíûé êâàíòîâûé øóì âàðèàöèè ìåòðèêè � ýòî øóì, ïðèâåäåííûé ê åãî âõîäó(óñëîâíûé øóì ìåòðèêè, êîòîðûé äàë áû íà âûõîäå èç äåòåêòîðà òàêîé æå ðåçóëü-òàò, ÷òî âñå êâàíòîâûå øóìû ðåçîíàòîðà). Â äåòåêòîðå äâà ðåçîíàòîðà Ôàáðè-Ïåðî,ïîýòîìó ìîæíî ïîêàçàòü, ÷òî øóì óäâàèâàåòñÿ. Ïîëó÷àåì:
Shq (Ω) =

8

M2Ω4L2

(

SF + 2ℜ(
[

MΩ2 −K(Ω)
]∗
SxF ) + |MΩ2 −K(Ω)|2Sx

)

, (54)ãäå
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(55a)
κ(Ω) =

MJδ

D(Ω)
, (55b)

SF (Ω) =
~MJγ (γ2 + δ2 − Ω2)

|D(Ω)|2
, (55)

Sx(Ω) =
~

4MJγη

|D(Ω)|2

(γ cosφ− δ sin φ)2 + Ω2 cos2 φ
, (55d)

SxF (Ω) =
~

2

(γ + iΩ) sinφ+ δ cosφ

(γ − iΩ) cosφ− δ sinφ
, (55e)

D(Ω) = (γ − iΩ)2 + δ2 . (55f)Çäåñü η � âåëè÷èíà, õàðàêòåðèçóþùàÿ ïîòåðè â ýêâèâàëåíòíîì ðåçîíàòîðå. Åñëèïîòåðü íåò, η = 1. Òàêèì îáðàçîì, âèäèì, ÷òî êàæäîìó íàáîðó çíà÷åíèé γ, δ, è φ ñî-îòâåòñòâóåò ñïåêòðàëüíàÿ ïëîòíîñòü øóìà (çàâèñèìîñòü S(Ω)), à çíà÷èò, è øóìîâàÿêðèâàÿ.B Ñõåìà ñ �èëüòðóþùèì ðåçîíàòîðîì ñ ïîòåðÿìè.Ïîñòàâèì æå ïåðåä ãîìîäèííûì äåòåêòîðîì �èëüòðóþùèé ðåçîíàòîð ñ ïîòåðÿ-ìè. Åñëè ìû â ñõåìó âêëþ÷èì �èëüòðóþùèé ðåçîíàòîð ñ ïîòåðÿìè, ñîãëàñíî [26℄è [27℄, ñïåêòðàëüíàÿ ïëîòíîñòü øóìà áóäåò ïî-ïðåæíåìó âû÷èñëÿòüñÿ ïî �îðìóëå(54). Âåëè÷èíû SF (Ω), D(Ω) è κ(Ω), âõîäÿùèå â íåå, áóäóò òàêæå âû÷èñëÿòüñÿ ïî óæåçíàêîìûì �îðìóëàì: (55)(55f)(55b), ñîîòâåòñòâåííî. Âåëè÷èíû æå Sx(Ω) è SxF (Ω)áóäóò âû÷èñëÿòüñÿ ãîðàçäî ñëîæíåå:
Sx =

~

4MJγη

1

|Cf(Ω, φ)|2
, (56a)

SxF =
~

2

[

Sf (Ω, φ)

Cf(Ω, φ)

]∗

, (56b)
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ãäå
Sf(Ω, φ) = Rf+(Ω, φ)S(Ω) +Rf−(Ω, φ)C(Ω) , (57a)
Cf(Ω, φ) = Rf+C(Ω, φ) −Rf−(Ω, φ)S(Ω) , (57b)
Rf+(Ω, φ) = Rf+(Ω) cos(φ) − Rf−(Ω)sin(φ) , (57)
Rf−(Ω, φ) = Rf+(Ω) sin(φ) +Rf−(Ω) cos(φ) , (57d)

C(Ω) =
γ − iΩ

D(Ω)
, (57e)

S(Ω) =
δ

D(Ω)
, (57f)

Rf+(Ω) =
X + 2iγfEΩ + Ω2

Df (Ω)
, (57g)

Rf−(Ω) =
Y

Df (Ω)
, (57h)

Df (Ω) = (γfI + γfE − iΩ)2 + δ2 , (57i)
X = γ2

fI − γ2
fI − δ2

f , (57j)
Y = 2γfIδf . (57k)Çäåñü γfI è δf � øèðèíà ïðîïóñêàíèÿ è îòñòðîéêà �èëüòðóþùåãî ðåçîíàòîðà, γfE =

A2

fc

4Lf
� ïîòåðè â �èëüòðóþùåì ðåçîíàòîðå. A2

f � ïîòåðè â �èëüòðóþùåì ðåçîíàòîðåçà îäèí ïðîõîä ñâåòà, ñ � ñêîðîñòü ñâåòà â âàêóóìå, Lf � äëèíà ðåçîíàòîðà.Âèäíî, ÷òî �îðìóëû (56) è (57) íå äîáàâëÿþò â íàøó æèçíü ïðîñòîòû, îäíàêî,êàê áóäåò ïîêàçàíî ïîçäíåå, îíè äîáàâëÿþò ÷óâñòâèòåëüíîñòè â äåòåêòîð.C Ñõåìà ñ �èëüòðóþùèì ðåçîíàòîðîì áåç ïîòåðü.Ñäåëàåì æå øàã ê óïðîùåíèþ óðàâíåíèé (56) è (57), è ïîëîæèì â íèõ âåëè÷èíóïîòåðü (γfE) ðàâíîé íóëþ. Òàêèì îáðàçîì, ìû ïîëó÷àåì �èëüòðóþùèé ðåçîíàòîðáåç ïîòåðü. Öåïüþ íåñëîæíûõ, íî ãðîìîçäêèõ ïðåîáðàçîâàíèé ìîæíî ïîêàçàòü, ÷òîïðè ýòîì ïðåäïîëîæåíèè óðàâíåíèÿ (56) è (57) ñâîäÿòñÿ ê óðàâíåíèÿì, ïðàêòè÷åñêèïîâòîðÿþùèì (55d) è (55e):
Sx(Ω) =

~

4MγJη

|D(Ω)|2

(γ cosφf(Ω) − δ sinφf(Ω))2 + Ω2 cos2 φf (Ω)
, (58a)

SxF (Ω) =
~

2

(γ + iΩ) sinφf (Ω) + δ cosφf(Ω)

(γ + iΩ) cosφf (Ω) − δ sin φf(Ω)
. (58b)Çäåñü:

φf(Ω) =
arctan((Ω2 +X) · tan(φ) + Y )

(Ω2 +X − Y · tan(φ))
, (59)27



ãäå φ � ãîìîäèííûé óãîë, à X è Y âû÷èñëÿþòñÿ ïî �îðìóëàì, àíàëîãè÷íûì (57j) è(57k):
X = γ2

fI − δ2
f , (60a)

Y = 2γfδf , (60b)D Êîä ïðîãðàììû.Ôàéë nashbenhlost6.m, îïòèìèçèðóþùèé ñõåìó Advaned LIGO  �èëüòðóþùèìðåçîíàòîðîì ñ ïîòåðÿìè:funtion nashbenhj(varargin)global f;global J;global beta;global f;global ifo;global ysdim;global intz;global gammaFIMax;global deltaFMax;global gammaFE;global ys;global y1;global queen;time = [0 0 86400 3600 60 1℄;load noises1;ifo = IFOModel1;ys = y1 + y2 + y3 + y4 + y9 + y10;ysdim = ys - y1;% ysdim = ysdim./3;ys = ysdim+y1;gammaFE = 3; 28



Titm = ifo.Optis.ITM.Transmittane;hbar = ifo.Constants.hbar;ro = sqrt(1-.06); = ifo.Constants.;L = ifo.Infrastruture.Length;gamARM = .*Titm./4./L;fiSRC = (pi - 0.09)./2;beta = .78540;Omega = 2 .* pi .* f;tettaSRC = atan((1-ro)/(1+ro)*tan(fiSRC));J = (2*pi*100)^3;intz = zagotovka;etanol = (1./ys)*intz';besta = 0;bestA = 0;X0=0;Y0=0;ind=0;Zagruzhator = 0;gammaMax = 21;fimax = 21;deltaMax = 21;gammaFIMax = 21;deltaFMax = 21;totalp = gammaMax*fimax*deltaMax;stepGammaFI = 1000/(gammaFIMax-1);gammaFI = 0:stepGammaFI:1000;stepDeltaF = 2000/(deltaFMax-1);deltaF = -1000:stepDeltaF:1000;stepDelta = 6000/(deltaMax-1); 29



delta = -3000:stepDelta:3000;fi0a = -pi/2:pi/(fimax-1):pi/2;stepGamma = 2999/(gammaMax-1);gamma = 1:stepGamma:3000;tbeg = lok;l1 = 0;if Zagruzhator == 1,load totalnoises31;endwhile (l1 < deltaMax),l1 = l1+1k1 = 0;while (k1 < gammaMax),k1 = k1+1;ji = 0;while (ji < fimax),ji = ji+1;fi0 = fi0a(ji);a = [℄;Titm = ifo.Optis.ITM.Transmittane;hbar = 1e-34;M = 40;L = 4000;eta = .9;D = gamma(k1).^2 + delta(l1).^2 - Omega.^2 - 2.*i.*gamma(k1).*Omega; kappa = J.*delta(l1)./D;sigma_F = J.*gamma(k1).*(gamma(k1).^2+delta(l1).^2+Omega.^2)./(D.*onj(D));C_1 = (gamma(k1)-i.*Omega)./D;S_1 = delta(l1)./D;bestA = 0; 30



bestA_loss = 0;q = 0;while (q < gammaFIMax),q = q+1;w = 0;while (w < deltaFMax),w = w+1;Y = 2.*gammaFI(q).*deltaF(w);t1 = lok;X_L = gammaFI(q).^2 - gammaFE.^2- deltaF(w).^2;gammaF_L = gammaFE + gammaFI(q);D_f_L = (gammaF_L - i.*Omega).^2 + deltaF(w).^2;R_fMinus_L = Y./D_f_L;R_fPlus_L = (X_L+2.*i.*gammaFE.*Omega+Omega.^2)./D_f_L;R_fMinus1_L = R_fPlus_L.*sin(fi0)+R_fMinus_L.*os(fi0);R_fPlus1_L = R_fPlus_L.*os(fi0)-R_fMinus_L.*sin(fi0);S_f1_L = R_fPlus1_L.*S_1+R_fMinus1_L.*C_1;C_f1_L = R_fPlus1_L.*C_1-R_fMinus1_L.*S_1;sigma_x_loss = 1./(4.*J.*gamma(k1).*eta.*abs(C_f1_L).^2);sigma_xF_loss = 1./2.*onj(S_f1_L./C_f1_L);S_loss = 8.*hbar.*(sigma_F + 2.*real(onj(kappa-Omega.^2).*sigma_xF_loss) + onj(kappa-Omega.^2).*(kappa-Omega.^2).*sigma_x_loss)./(M.*L.^2.*Omega.^4);n_loss = real(S_loss);ys_loss = ysdim + n_loss;a_lossin(q,w) = (1./ys_loss)*intz';if (bestA_loss < a_lossin(q,w))bestA_loss = a_lossin(q,w);bestGammaFI = gammaFI(q);bestDeltaF = deltaF(w);endendenda_loss(ji) = bestA_loss;gamFI(ji) = bestGammaFI;delF(ji) = bestDeltaF; 31



end[bestafi(k1),inda℄=max(a_loss);bestGamFIfi(k1) = gamFI(inda);bestDelFfi(k1) = delF(inda);bestfifi(k1) = fi0a (inda);bestafi(k1);asurf(k1,l1)=bestafi(k1);end[bestagamma(l1),inda℄=max(bestafi);bestGamFIgamma(l1) = bestGamFIfi(inda);bestDelFgamma(l1) = bestDelFfi(inda);bestfigamma(l1) = bestfifi(inda);bestgammagamma(l1) = gamma(inda);bestagamma(l1);l1/deltaMax*100save totalnoises31;end[besta,inda℄=max(bestagamma);bestGamFI = bestGamFIgamma(inda);bestDelF = bestDelFgamma(inda);bestfi = bestfigamma(inda);bestGamma = bestgammagamma(inda);bestDelta = delta (inda);urr = lok;urr - tbegbestasave totalnoises41;bestGamFIgammaFEbestDelFbestGammabestDeltabestfibestgamma = sqrt(bestGamma^2+bestDelta^2);32



bestbeta = atan(bestDelta/bestGamma);noisegraph4 (bestGamFI,gammaFE,bestDelF,bestGamma,bestDelta,bestfi);figure;asurf = asurf/1e20;surf (delta, gamma,asurf);axis on;xlabel('delta');ylabel('gamma');rnew = 9.19e-21.* sqrt(besta)rold = 9.19e-21.* sqrt(etanol)rotn = rnew./roldsave totalnoises4;returnfuntion vdan = zagotovka();fs = 10;fn = 1570;N=3000;for i = 1:NA = fs*(fn/fs)^(-1/(N-1));B = log(fn/fs)/(N-1);vdan (i)= 1/(f1(i)^(7/3))*A*B*exp(B*i);endreturnfuntion yz = f1(n);fs = 10;fn = 1570;N=3000;yz = fs*(fn/fs)^((n-1)/(N-1));returnÔàéë BenhIdeal1.m, îïòèìèçèðóþùèé ñõåìó Advaned LIGO ñ èäåàëüíûì âàðè-àöèîííûì èçìåðåíèåì: 33



funtion nashbenhj(varargin)global f;global J;global beta;global f;global ifo;global ysdim;global intz;tbeg = lok;global ys;global y1;load noises1;ifo = IFOModel1;ys = y1;ysdim = 0;gammaFE =0;Titm = ifo.Optis.ITM.Transmittane;hbar = ifo.Constants.hbar;ro = sqrt(1-.06); = ifo.Constants.;L = ifo.Infrastruture.Length;gamARM = .*Titm./4./L;fiSRC = (pi - 0.09)./2;beta = .78540;Omega = 2 .* pi .* f;tettaSRC = atan((1-ro)/(1+ro)*tan(fiSRC));Gamma = 3250;J = (2*pi*100)^3;intz = zagotovka;etanol = (1./ys)*intz';besta = 0;bestA = 0; 34



X0=0;Y0=0;ind=0;gammaMax = 21;deltaMax = 21;stepDelta = 6000/(deltaMax-1);delta = -3000:stepDelta:3000;stepGamma = 2999/(gammaMax-1);gamma = 1:stepGamma:3000;for l1 = 1:deltaMax;for k1 = 1:gammaMax;ind = ind+1urr = lok;urr-tbeg[a(k1)℄ = optimization(gamma(k1), delta(l1));end[bestagamma(l1),inda℄=max(a);bestgammagamma(l1) = gamma(inda);bestagamma(l1);end[besta,inda℄=max(bestagamma);bestGamma = bestgammagamma(inda);bestDelta = delta (inda);bestabestGammabestDeltanoisegraph2 (bestGamma,bestDelta);
35



save totalnoises4;returnfuntion [bestA℄=optimization(gamma,delta)global J;global gammaFIMax;global deltaFMax;global f;global ifo;global ysdim;global intz;global gammaFE;global ys;global y1;load noises1;bestA = 0;a = [℄;Titm = ifo.Optis.ITM.Transmittane;hbar = 1e-34;M = 40;L = 4000;eta = .9;Titm = ifo.Optis.ITM.Transmittane;hbar = 1e-34;M = 40;L = 4000;eta = .9;Omega = 2 .* pi .* f;D = (gamma - i.*Omega).^2+delta^2;kappa = M.*J.*delta./D;S_F = hbar.*M.*J.*gamma.*(gamma.^2+delta.^2+Omega.^2)./abs(D).^2;S = 8./(M.^2.*L.^2.*Omega.^4).*(abs(kappa-M.*Omega.^2).^2.*hbar^2/4./S_F./eta+S_F.*(1-eta));S = real(S); 36



h = sqrt(S);n = (h).^2;ynew=n;ys = y1;ysdim = ys - y1;ysnew = ysdim + n;bestA = (1./ysnew)*intz';returnfuntion vdan = zagotovka();fs = 10;fn = 1570;N=3000;for i = 1:NA = fs*(fn/fs)^(-1/(N-1));B = log(fn/fs)/(N-1);vdan (i)= 1/(f1(i)^(7/3))*A*B*exp(B*i);endreturnfuntion yz = f1(n);fs = 10;fn = 1570;N=3000;yz = fs*(fn/fs)^((n-1)/(N-1));return
Ôàéë noisegraph4.m, ðèñóþùèé ãðà�èêè:funtion noisegraph4 (gammaFI,gammaFE,deltaF,gamma,delta,fi0)load noises1;ifo = IFOModel1;X = gammaFI.^2-deltaF.^2;Y = 2.*gammaFI.*deltaF; 37



Gamma = sqrt(gamma^2+delta^2);beta = atan(delta/gamma);J=(2*pi*100)^3;intz = zagotovka;Titm = ifo.Optis.ITM.Transmittane;hbar = 1e-34;M = 40;L = 4000;eta = .9;Omega = 2 .* pi .* f;Y = 2.*gammaFI.*deltaF;phi = atan(((Omega.^2 + X).*tan(fi0)+Y)./(Omega.^2 + X - Y .* tan(fi0)));D = Gamma.^2 - Omega.^2 - 2.*i.*Gamma.*Omega.*os(beta);kappa = J.*Gamma.*sin(beta)./D;sigma_F = J.*Gamma.*(Gamma.^2+Omega.^2).*os(beta)./(D.*onj(D));X_L = gammaFI.^2 - gammaFE.^2- deltaF.^2;C_1 = (Gamma.*os(beta)-i.*Omega)./D;S_1 = Gamma.*sin(beta)./D;gammaF_L = gammaFE + gammaFI;D_f_L = (gammaF_L - i.*Omega).^2 + deltaF.^2;R_fMinus_L = Y./D_f_L;R_fPlus_L = (X_L+2.*i.*gammaFE.*Omega+Omega.^2)./D_f_L;R_fMinus1_L = R_fPlus_L.*sin(fi0)+R_fMinus_L.*os(fi0);R_fPlus1_L = R_fPlus_L.*os(fi0)-R_fMinus_L.*sin(fi0);S_f1_L = R_fPlus1_L.*S_1+R_fMinus1_L.*C_1;C_f1_L = R_fPlus1_L.*C_1-R_fMinus1_L.*S_1;sigma_x_loss = 1./(4.*J.*Gamma.*os(beta).*eta.*abs(C_f1_L).^2);sigma_xF_loss = 1./2.*onj(S_f1_L./C_f1_L);S_loss = 8.*hbar.*(sigma_F + 2.*real(onj(kappa-Omega.^2).*sigma_xF_loss)+ onj(kappa-Omega.^2).*(kappa-Omega.^2).*sigma_x_loss)./(M.*L.^2.*Omega.^4);gamFE = gammaFE; 38



gammaFE=0;X = gammaFI.^2 - gammaFE.^2- deltaF.^2;gammaF = gammaFE + gammaFI;D_f = (gammaF - i.*Omega).^2 + deltaF.^2;R_fMinus = Y./D_f;R_fPlus = (X+2.*i.*gammaFE.*Omega+Omega.^2)./D_f;R_fMinus1 = R_fPlus.*sin(fi0)+R_fMinus.*os(fi0);R_fPlus1 = R_fPlus.*os(fi0)-R_fMinus.*sin(fi0);S_f1 = R_fPlus1.*S_1+R_fMinus1.*C_1;C_f1 = R_fPlus1.*C_1-R_fMinus1.*S_1;sigma_x = 1./(4.*J.*Gamma.*os(beta).*eta.*abs(C_f1).^2);sigma_xF = 1./2.*onj(S_f1./C_f1);S = 8.*hbar.*(sigma_F + 2.*real(onj(kappa-Omega.^2).*sigma_xF)+ onj(kappa-Omega.^2).*(kappa-Omega.^2).*sigma_x)./(M.*L.^2.*Omega.^4);S = real(S);h = sqrt(S);n = (h).^2;S_loss = real(S_loss);h_loss = sqrt(S_loss);n_loss = (h_loss).^2;ynew_loss=n_loss;ys = y1 + y2 + y3 + y4 + y9 + y10;ysdim = ys - y1;ysdim = ysdim/3;ys_loss = ysdim + ynew_loss;ys = y1 + ysdim;ysnew = ysdim+ n;etanol = (1./ys)*intz';a = (1./ysnew)*intz'a_loss = (1./ys_loss)*intz' 39



figure;hndls = loglog(f,sqrt(n),'b-',... % New quantum noisef,sqrt(y1),'g-',... % Old quantum noisef,sqrt(ys),'m-',...% Old total noisef,sqrt(ysdim),'y-',...%better tehnial noisef,sqrt(ysnew),'k-',... % New total noisef,sqrt(ynew_loss),'r-',... % Loss quantum noisef,sqrt(ys_loss),'-') % Loss total noiseset(hndls(1:7),'LineWidth',3);dF = num2str(deltaF);gFI = num2str(gammaFI);gm = num2str(gamma);dl = num2str(delta);fi = num2str(fi0);gain_noise = num2str(a_loss/etanol);gain_noisless = num2str(a/etanol);str1 = strat(['\delta_f = ' dF ', \gamma_{fI} = ' gFI ', \gamma = ' gm℄);str2 = strat(['\delta = ' dl ', \phi0 = ' fi ℄);str3 = strat(['gain_{noise} = ' gain_noise , ',gain_{noisless}' gain_noisless℄);legend('New quantum noise',...'Old quantum noise',...'Old total noise',...'tehnial noise',...'New total noise',...'Loss quantum noise',...'Loss total noise',...str1,...str2,...str3);xlabel('{\it Frequeny} (Hz)');ylabel('h(f) / Hz^{1/2}');grid;axis([f(1),f(3000),1e-25,3e-21℄);b = num2str(gamFE); = strat({'\gamma_f_E = '},b); = strat({'Optimisation result for '},);40



title();returnfuntion vdan = zagotovka();fs = 10;fn = 1570;N=3000;for i = 1:NA = fs*(fn/fs)^(-1/(N-1));B = log(fn/fs)/(N-1);vdan (i)= 1/(f1(i)^(7/3))*A*B*exp(B*i);endreturnfuntion yz = f1(n);fs = 10;fn = 1570;N=3000;yz = fs*(fn/fs)^((n-1)/(N-1));return
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�èñ. 7: Îïòèìàëüíàÿ ñïåêòðàëüíàÿ ïëîòíîñòü è îïòèìèçèðîâàííûå ïàðàìåòðû äëÿñõåìû ñ èäåàëüíîé âàðèàöèåé. Ñëó÷àé áåç ïîòåðü â �îòîäåòåêòîðå è ýêâèâàëåíòîì ðå-çîíàòîðå. Êîí�èãóðàöèÿ ñ òåêóùèìè òåõíè÷åñêèìè øóìàìè. Ñâåòëî-çåëåíîé ëèíèåéè ðîçîâîé ëèíèÿìè îáîçíà÷åíû êâàíòîâûé è ïîëíûé øóìû ýòàëîííîé êîí�èãóðà-öèè, êðàñíîé è ãîëóáîé, ñîîòâåòñòâåííî, êâàíòîâûé è ïîëíûé øóìû ðàññìàòðèâàå-ìîé êîí�èãóðàöèè. Òåìíî-çåëåíîé ëèíèåé îáîçíà÷åíû òåõíè÷åñêèå øóìû. gainnoise -ýòî âåëè÷èíà GS/N

�èñ. 8: Îïòèìàëüíàÿ ñïåêòðàëüíàÿ ïëîòíîñòü è îïòèìèçèðîâàííûå ïàðàìåòðû äëÿñõåìû ñ èäåàëüíîé âàðèàöèåé. Ñëó÷àé ñ ïîòåðÿìè â �îòîäåòåêòîðå è ýêâèâàëåíòîìðåçîíàòîðå. Êîí�èãóðàöèÿ ñ òåêóùèìè òåõíè÷åñêèìè øóìàìè.44



�èñ. 9: Îïòèìàëüíàÿ ñïåêòðàëüíàÿ ïëîòíîñòü è îïòèìèçèðîâàííûå ïàðàìåòðû äëÿñõåìû ñ �èëüòðóþùèì ðåçîíàòîðîì áåç ïîòåðü. Ñëó÷àé ñ ïîòåðÿìè â �îòîäåòåêòîðåè ýêâèâàëåíòîì ðåçîíàòîðå. Êîí�èãóðàöèÿ ñ òåêóùèìè òåõíè÷åñêèìè øóìàìè.

�èñ. 10: Çàâèñèìîñòü âûèãðûøà â îòíîøåíèè ñèãíàë/øóì ñõåìû Advaned LIGO ñ�èëüòðóùèì ðåçîíàòîðîì îò äëèíû �èëüòðóþùåãî ðåçîíàòîðà. Ñëó÷àé ñ ïîòåðÿìèâ îñíîâíîì ðåçîíàòîðå. Êîí�èãóðàöèÿ ñ òåêóùèìè øóìàìè.45



�èñ. 11: Îïòèìàëüíàÿ ñïåêòðàëüíàÿ ïëîòíîñòü è îïòèìèçèðîâàííûå ïàðàìåòðû äëÿñõåìû ñ �èëüòðóþùèì ðåçîíàòîðîì  ïîòåðÿìè. Äëèíà ðåçîíàòîðà 30 ìåòðîâ. Ñëó÷àéñ ïîòåðÿìè â �îòîäåòåêòîðå è ýêâèâàëåíòîì ðåçîíàòîðå. Êîí�èãóðàöèÿ ñ òåêóùèìèòåõíè÷åñêèìè øóìàìè.

�èñ. 12: Îïòèìàëüíàÿ ñïåêòðàëüíàÿ ïëîòíîñòü è îïòèìèçèðîâàííûå ïàðàìåòðû äëÿñõåìû ñ �èëüòðóþùèì ðåçîíàòîðîì  ïîòåðÿìè. Äëèíà ðåçîíàòîðà 150 ìåòðîâ. Ñëó-÷àé ñ ïîòåðÿìè â �îòîäåòåêòîðå è ýêâèâàëåíòîì ðåçîíàòîðå. Êîí�èãóðàöèÿ ñ òåêó-ùèìè òåõíè÷åñêèìè øóìàìè. 46



�èñ. 13: Îïòèìàëüíàÿ ñïåêòðàëüíàÿ ïëîòíîñòü è îïòèìèçèðîâàííûå ïàðàìåòðû äëÿñõåìû ñ èäåàëüíîé âàðèàöèåé. Ñëó÷àé áåç ïîòåðü â �îòîäåòåêòîðå è ýêâèâàëåíòîìðåçîíàòîðå. Êîí�èãóðàöèÿ ñ óìåíüøåííûìè òåõíè÷åñêèìè øóìàìè.

�èñ. 14: Îïòèìàëüíàÿ ñïåêòðàëüíàÿ ïëîòíîñòü è îïòèìèçèðîâàííûå ïàðàìåòðû äëÿñõåìû ñ èäåàëüíîé âàðèàöèåé. Ñëó÷àé  ïîòåðÿìè â �îòîäåòåêòîðå è ýêâèâàëåíòîìðåçîíàòîðå. Êîí�èãóðàöèÿ ñ óìåíüøåííûìè òåõíè÷åñêèìè øóìàìè.47



�èñ. 15: Îïòèìàëüíàÿ ñïåêòðàëüíàÿ ïëîòíîñòü è îïòèìèçèðîâàííûå ïàðàìåòðû äëÿñõåìû ñ �èëüòðóþùèì ðåçîíàòîðîì áåç ïîòåðü. Ñëó÷àé ñ ïîòåðÿìè â �îòîäåòåêòîðåè ýêâèâàëåíòîì ðåçîíàòîðå. Êîí�èãóðàöèÿ ñ óìåíüøåííûìè òåõíè÷åñêèìè øóìàìè.

�èñ. 16: Çàâèñèìîñòü âûèãðûøà â îòíîøåíèè ñèãíàë/øóì ñõåìû Advaned LIGO ñ�èëüòðóùèì ðåçîíàòîðîì îò äëèíû �èëüòðóþùåãî ðåçîíàòîðà. Ñëó÷àé ñ ïîòåðÿìèâ îñíîâíîì ðåçîíàòîðå. Êîí�èãóðàöèÿ ñ óìåíüøåííûìè øóìàìè.48



�èñ. 17: Îïòèìàëüíàÿ ñïåêòðàëüíàÿ ïëîòíîñòü è îïòèìèçèðîâàííûå ïàðàìåòðû äëÿñõåìû ñ �èëüòðóþùèì ðåçîíàòîðîì  ïîòåðÿìè. Äëèíà ðåçîíàòîðà 30 ìåòðîâ. Ñëó÷àéñ ïîòåðÿìè â �îòîäåòåêòîðå è îñíîâíîì ðåçîíàòîðå. Êîí�èãóðàöèÿ ñ óìåíüøåííûìèòåõíè÷åñêèìè øóìàìè.

�èñ. 18: Îïòèìàëüíàÿ ñïåêòðàëüíàÿ ïëîòíîñòü è îïòèìèçèðîâàííûå ïàðàìåòðû äëÿñõåìû ñ �èëüòðóþùèì ðåçîíàòîðîì  ïîòåðÿìè. Äëèíà ðåçîíàòîðà 150 ìåòðîâ. Ñëó-÷àé ñ ïîòåðÿìè â �îòîäåòåêòîðå è îñíîâíîì ðåçîíàòîðå. Êîí�èãóðàöèÿ ñ óìåíüøåí-íûìè òåõíè÷åñêèìè øóìàìè. 49



�èñ. 19: Îïòèìàëüíàÿ ñïåêòðàëüíàÿ ïëîòíîñòü è îïòèìèçèðîâàííûå ïàðàìåòðû äëÿñõåìû ñ �èëüòðóþùèì ðåçîíàòîðîì áåç ïîòåðü. Ñëó÷àé áåç ïîòåðü â �îòîäåòåêòîðåè îñíîâíîì ðåçîíàòîðå. Êîí�èãóðàöèÿ ñ òåêóùèìè òåõíè÷åñêèìè øóìàìè.
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