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1 Ïîñòàíîâêà çàäà÷è

Â ïðåäëàãàåìîì îò÷¼òå ïðåäñòàâëåí àëãîðèòì âû÷èñëåíèÿ öåëåóêàçàíèé
äëÿ íàáëþäåíèÿ ìàëûõ òåë Ñîëíå÷íîé ñèñòåìû. Àëãîðèòì âêëþ÷àåò â ñåáÿ
ôîðìóëû ïðåîáðàçîâàíèé ìåæäó ðàçëè÷íûìè ñèñòåìàìè îòñ÷¼òà è ðàçëè÷-
íûìè øêàëàìè âðåìåíè.

Àëãîðèòì èñïîëüçîâàí äëÿ äåòàëüíîãî èçó÷åíèÿ îáñòîÿòåëüñòâ áóäóùèõ
ñáëèæåíèé ìàëîãî òåëà 99942 Àïîôèñ ñ Çåìë¼é.

Çåìíàÿ ñèñòåìà îòñ÷¼òà æ�åñòêî ñâÿçàíà ñ òåëîì Çåìëè è âðàùàåòñÿ âìåñòå
ñ Çåìë�åé. Â çåìíîé ñèñòåìå êîîðäèíàò çàäàíû ïîëîæåíèÿ ïóíêòîâ íàáëþäå-
íèé.

Íåáåñíàÿ ñèñòåìà îòñ÷¼òà çàäàíà ïîëîæåíèåì ýêâàòîðà, ôèêñèðîâàííîãî
íà ñòàíäàðòíóþ ýïîõó J2000.0 (2000.0, ÿíâàðü, 1.5). Îñü àáñöèññ íàïðàâëåíà
â ñðåäíþþ òî÷êó âåñåííåãî ðàâíîäåíñòâèÿ, ñîîòâåòñòâóþùóþ ñòàíäàðòíîé
ýïîõå.

Ïðåîáðàçîâàíèå èç íåáåñíîé ñèñòåìû îòñ÷¼òà (C) â çåìíóþ (T) âûïîëíÿ-
åòñÿ ïî ôîðìóëå:




x′

y′

z′



T

= R2(−xp) ·R1(−yp) ·R ·N ·P ·




x

y

z



C

,

ãäå
P � ìàòðèöà ïðåöåññèè,
N � ìàòðèöà íóòàöèè,
R = R 3(S⊕) � ìàòðèöà âðàùåíèÿ Çåìëè,
R 1(−yp) � ìàòðèöà ïîâîðîòà âîêðóã îñè àáñöèññ ïî ÷àñîâîé ñòðåëêè íà

ýìïèðè÷åñêîå çíà÷åíèå êîîðäèíàòû ïîëþñà Çåìëè yp ,
R 2(−xp) � ìàòðèöà ïîâîðîòà âîêðóã îñè îðäèíàò ïî ÷àñîâîé ñòðåëêè íà

ýìïèðè÷åñêîå çíà÷åíèå êîîðäèíàòû ïîëþñà Çåìëè xp .
Àðãóìåíòîì ìàòðèö ïðåöåññèè è íóòàöèè ÿâëÿåòñÿ âðåìÿ â øêàëå áàðèöåí-

òðè÷åñêîãî äèíàìè÷åñêîãî âðåìåíè TDB . Ìàòðèöà âðàùåíèÿ Çåìëè îáðàçî-
âàíà ïîâîðîòîì âîêðóã îñè àïïëèêàò íà óãîë, ðàâíûé çíà÷åíèþ èñòèííîãî
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çâ�åçäíîãî âðåìåíè S⊕ . Èñòèííîå çâ�åçäíîå âðåìÿ ÿâëÿåòñÿ ôóíêöèåé âñåìèð-
íîãî âðåìåíè UT1. Âñåìèðíîå âðåìÿ, â ñâîþ î÷åðåäü, îáðàçóåòñÿ äîáàâëåíèåì
ïîïðàâêè ∆UT ê çíà÷åíèþ âñåìèðíîãî êîîðäèíèðîâàííîãî âðåìåíè UTC.

Âåëè÷èíû ∆UT, xp , yp íàçûâàþòñÿ ïàðàìåòðàìè âðàùåíèÿ Çåìëè è ìî-
ãóò áûòü îïðåäåëåíû òîëüêî â ðåçóëüòàòå íàáëþäåíèé. Â íàñòîÿùåå âðåìÿ
÷èñëåííûå çíà÷åíèÿ êîîðäèíàò ïîëþñà íå ïðåâîñõîäÿò ïî ìîäóëþ 0.5 ñåêóíäû
äóãè, à àáñîëþòíàÿ âåëè÷èíà ïîïðàâêè âñåìèðíîãî âðåìåíè íå ìîæåò ñòàòü
áîëåå 0.9 ñåêóíäû âðåìåíè. Âî ìíîãèõ ñëó÷àÿõ ñòîëü ìàëûìè çíà÷åíèÿìè
ïàðàìåòðîâ ìîæíî ïðåíåáðå÷ü.

Öåíòðîì O òîïîöåíòðè÷åñêîé ãîðèçîíòàëüíîé ñèñòåìû êîîðäèíàò ÿâëÿ-
åòñÿ ïóíêò íàáëþäåíèé íà ïîâåðõíîñòè Çåìëè. Ïëîñêîñòü XOY ïåðåñåêàåò
ëèíèþ ãîðèçîíòà. Îñü OZ ïåðïåíäèêóëÿðíà ãîðèçîíòàëüíîé ïëîñêîñòè. Îñü
OX íàïðàâëåíà ê ñåâåðó.

Ãåîäåçè÷åñêèå êîîðäèíàòû ïóíêòà íàáëþäåíèé íà ïîâåðõíîñòè Çåìëè, ïðÿ-
ìîóãîëüíûå X̄p , Ȳp , Z̄p è ñôåðè÷åñêèå ϕp , λp , íåîáõîäèìû äëÿ ïðåîáðàçî-
âàíèé ìåæäó çåìíîé è òîïîöåíòðè÷åñêîé ñèñòåìàìè êîîðäèíàò.

Íà÷àëüíûå ïàðàìåòðû äâèæåíèÿ àñòåðîèäà Àïîôèñ èçâåñòíû â âèäå îñêó-
ëèðóþùèõ êåïëåðîâñêèõ ýëåìåíòîâ îðáèòû â ãåëèîöåíòðè÷åñêîé ýêëèïòè÷å-
ñêîé ñèñòåìå îòñ÷¼òà.

10.04.2007 � ýïîõà îñêóëèðóþùèõ ýëåìåíòîâ îðáèòû,
T0 = 54200.0 � ýïîõà â ìîäèôèöèðîâàííûõ þëèàíñêèõ äíÿõ,
a = 0.92226144 � áîëüøàÿ ïîëóîñü â àñòðîíîìè÷åñêèõ åäèíèöàõ,
e = 0.19105939 � ýêñöåíòðèñèòåò îðáèòû,
i = 3.331313 � óãîë íàêëîíåíèÿ îðáèòû â ãðàäóñàõ,
Ω = 204.45925 � äîëãîòà âîñõîäÿùåãî óçëà â ãðàäóñàõ (J2000.0),
ω = 126.385488 � àðãóìåíò ïåðèãåëèÿ â ãðàäóñàõ (J2000.0),
M(T0) = 307.363034 � ñðåäíÿÿ àíîìàëèÿ â ãðàäóñàõ (J2000.0),
H = 19.20 � àáñîëþòíàÿ çâ¼çäíàÿ âåëè÷èíà,
G = 0.15 � ïàðàìåòð íàêëîíà.

×èñëîâûå çíà÷åíèÿ óãëîâûõ âåëè÷èí äàíû â ñèñòåìå ýêëèïòèêè, ôèêñèðî-
âàííîé íà ñòàíäàðòíóþ ýïîõó J2000.0 (2000.0, ÿíâàðü, 1.5).
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Òî÷íîñòü îñêóëèðóþùèõ ýëåìåíòîâ îðáèòû î÷åíü âûñîêà. Ñðåäíÿÿ êâàä-
ðàòè÷åñêàÿ ïîãðåøíîñòü ïîëîæåíèÿ ìàëîãî òåëà ïî íàïðàâëåíèþ äâèæåíèÿ
ñîñòàâëÿåò 0.15 ñåêóíäû äóãè. Îöåíêà ñêîðîñòè óâåëè÷åíèÿ ýòîé âåëè÷èíû
ðàâíà 0.00054 ñåêóíäû äóãè â äåíü.

Ïîãðåøíîñòü ïî íàïðàâëåíèþ ìîæíî ïðåäñòàâèòü â âèäå îøèáêè íà÷àëü-
íîãî ÷èñëåííîãî çíà÷åíèÿ ñðåäíåé àíîìàëèè σM(T0) = 0′′.15 . Ñêîðîñòü óâåëè-
÷åíèÿ ïîãðåøíîñòè ïî íàïðàâëåíèþ îáóñëîâëåíà îøèáêîé â íà÷àëüíîì çíà÷å-
íèè ñðåäíåãî äâèæåíèÿ σn = 3 · 10−9 ðàäèàí â äåíü. Òàêîé âåëè÷èíå îøèáêè
ñîîòâåòñòâóåò îöåíêà ñðåäíåé êâàäðàòè÷åñêîé ïîãðåøíîñòè íà÷àëüíîãî çíà-
÷åíèÿ áîëüøîé ïîëóîñè σa = 20 êèëîìåòðîâ.

Äëÿ ïðîãíîçèðîâàíèÿ ïîëîæåíèé ìàëîãî òåëà ïðèìåíÿåòñÿ ìåòîä ÷èñëåí-
íîãî èíòåãðèðîâàíèÿ. Óðàâíåíèÿ äâèæåíèÿ çàïèñàíû â ãåëèîöåíòðè÷åñêîé
ýêâàòîðèàëüíîé ñèñòåìå îòñ÷¼òà. Öåíòð ñèñòåìû íàõîäèòñÿ â öåíòðå Ñîëí-
öà. Îñü àáñöèññ è îñü îðäèíàò ðàñïîëîæåíû â ïëîñêîñòè íåáåñíîãî ýêâàòîðà,
ôèêñèðîâàííîãî íà ýïîõó J2000.0 (2000.0, ÿíâàðü, 1.5). Îñü àáñöèññ íàïðàâ-
ëåíà â òî÷êó âåñåííåãî ðàâíîäåíñòâèÿ, ñîîòâåòñòâóþùóþ ñòàíäàðòíîé ýïîõå.

Â àïðåëå 2029 ãîäà ìàëîå òåëî Àïîôèñ ïðîéä¼ò íà íåáîëüøîì ðàññòîÿ-
íèè îò ïîâåðõíîñòè Çåìëè. Â òàáë. 1 ïðåäñòàâëåíî èçìåíåíèå ïàðàìåòðîâ
ñáëèæåíèÿ âî âðåìåíè. Ìèíèìàëüíîå ðàññòîÿíèå îáîçíà÷åíî δr , AU � àñò-
ðîíîìè÷åñêàÿ åäèíèöà. Â êîëîíêå m çàïèñàíà âèäèìàÿ çâ¼çäíàÿ âåëè÷èíà.
Çàìåòíî ðåçêîå èçìåíåíèå ÷èñëîâûõ çíà÷åíèé ýëåìåíòîâ îðáèòû àñòåðîèäà.

Òàáëèöà 1: Àïîôèñ 13 àïðåëÿ 2029 ãîäà

UTC a (AU) e i (◦) δr (AU) δr (km) m

19h00m 0.9315 0.2132 3.76 0.00050 74719.8 3.7
20h00m 0.9431 0.2176 3.83 0.00037 55486.5 3.4
21h00m 0.9739 0.2219 3.83 0.00027 40585.5 3.4
21h30m 1.0018 0.2231 3.72 0.00025 36795.4 3.7
21h40m 1.0127 0.2233 3.65 0.00024 36339.7 3.9
21h50m 1.0238 0.2235 3.58 0.00024 36327.6 4.2
22h00m 1.0348 0.2235 3.51 0.00025 36759.4 4.5
23h00m 1.0838 0.2211 3.05 0.00031 47031.4 7.0
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2 Àëãîðèòìû îïåðàöèé ñ ìàòðèöàìè è âåêòîðàìè

2.1 Âû÷èñëåíèå ìàòðèö ïîâîðîòà

Äëÿ ïðåîáðàçîâàíèé ìåæäó ðàçëè÷íûìè ñèñòåìàìè îòñ÷�åòà èñïîëüçóþò
îïåðàöèþ ïîâîðîòà ñèñòåìû êîîðäèíàò è îïåðàöèþ ïåðåíîñà íà÷àëüíîé òî÷-
êè.

Ïîâîðîò ñèñòåìû êîîðäèíàò âûïîëíÿåòñÿ ñ ïîìîùüþ ìàòðèöû ïîâîðîòà.
Ïîëîæèòåëüíûì íàïðàâëåíèåì íàçûâàåòñÿ ïîâîðîò ïðîòèâ ÷àñîâîé ñòðåëêè.

Äàí
óãîë α , äåéñòâèòåëüíîå ÷èñëî, åäèíèöà èçìåðåíèé � ðàäèàíû.
Âû÷èñëèòü
ìàòðèöû ïîâîðîòà íà óãîë α âîêðóã îñåé OX , OY , OZ .
Àëãîðèòì âû÷èñëåíèé.
Ìàòðèöó ïîâîðîòà íà óãîë α âîêðóã îñè OX îáîçíà÷èì Rx(α) :

Rx(α) =




1 0 0

0 cos α sin α

0 − sin α cos α


 .

Ìàòðèöó ïîâîðîòà íà óãîë α âîêðóã îñè OY îáîçíà÷èì Ry(α) :

Ry(α) =




cos α 0 − sin α

0 1 0

sin α 0 cos α


 .

Ìàòðèöó ïîâîðîòà íà óãîë α âîêðóã îñè OZ îáîçíà÷èì Rz(α) :

Rz(α) =




cos α sin α 0

− sin α cos α 0

0 0 1


 .

Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unforfun.c
void forrotmatr
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2.2 Óìíîæåíèå ìàòðèöû íà âåêòîð

Ðåçóëüòàòîì óìíîæåíèÿ ìàòðèöû íà âåêòîð ÿâëÿåòñÿ âåêòîð.
Äàíû
ìàòðèöà

R =




a11 a12 a13

a21 a22 a23

a31 a32 a33


 ,

âåêòîð

~r =




r1

r2

r3


 .

Âû÷èñëèòü
Ïðîèçâåäåíèå 


a11 a12 a13

a21 a22 a23

a31 a32 a33


 ·




r1

r2

r3


 .

Àëãîðèòì âû÷èñëåíèé.

R · ~r =




a11r1 + a12r2 + a13r3

a21r1 + a22r2 + a23r3

a31r1 + a32r2 + a33r3


 .

Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unforfun.c
void multmatrvec
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2.3 Óìíîæåíèå ìàòðèöû íà ìàòðèöó

Ðåçóëüòàòîì ïðîèçâåäåíèÿ äâóõ ìàòðèö ÿâëÿåòñÿ íîâàÿ ìàòðèöà.
Äàíû
ìàòðèöà

Ra =




a11 a12 a13

a21 a22 a23

a31 a32 a33


 ,

ìàòðèöà

Rb =




b11 b12 b13

b21 b22 b23

b31 b32 b33


 .

Âû÷èñëèòü
ïðîèçâåäåíèå




c11 c12 c13

c21 c22 c23

c31 c32 c33


 =




a11 a12 a13

a21 a22 a23

a31 a32 a33


 ·




b11 b12 b13

b21 b22 b23

b31 b32 b33


 .

Àëãîðèòì âû÷èñëåíèé.

c11 = a11b11 + a12b21 + a13b31,

c12 = a11b12 + a12b22 + a13b32,

c13 = a11b13 + a12b23 + a13b33,

c21 = a21b11 + a22b21 + a23b31,

c22 = a21b12 + a22b22 + a23b32,

c23 = a21b13 + a22b23 + a23b33,

c31 = a31b11 + a32b21 + a33b31,

c32 = a31b12 + a32b22 + a33b32,

c33 = a31b13 + a32b23 + a33b33.
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2.4 Âû÷èñëåíèå òðàíñïîíèðîâàííîé ìàòðèöû

Ðåçóëüòàòîì òðàíñïîíèðîâàíèÿ ìàòðèöû ÿâëÿåòñÿ íîâàÿ ìàòðèöà. Ïðîèç-
âåäåíèå ìàòðèöû ïîâîðîòà íà òðàíñïîíèðîâàííóþ ìàòðèöó ðàâíî åäèíè÷íîé
ìàòðèöå.

Äàíà
ìàòðèöà

Ra =




a11 a12 a13

a21 a22 a23

a31 a32 a33


 .

Âû÷èñëèòü
ìàòðèöó

Rb =




b11 b12 b13

b21 b22 b23

b31 b32 b33


 ,

òðàíñïîíèðîâàííóþ ïî îòíîøåíèþ ê ìàòðèöå Ra .
Àëãîðèòì âû÷èñëåíèé.

b11 = a11, b12 = a21, b13 = a31,

b21 = a12, b22 = a22, b23 = a32,

b31 = a13, b32 = a23, b33 = a33.

Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unforfun.c
void transpmatr
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2.5 Ôàéë unforfun.h � ïðîòîòèïû ôóíêöèé

double sqr ( double a ) ;

double frac ( double a ) ;

double datan2 ( double sa , double ca ) ;

double atandegree ( double s , double c ) ;

double scalarmult ( double a[4] , double b[4] ) ;

void forrotmatr ( int iaxis , double angle , double matr[4][4] ) ;

void tomultmatr ( double ma[4][4], double mb[4][4], double mc[4][4] ) ;

void multmatrvec ( double p[4][4], double v[4], double vp[4] ) ;

void transpmatr ( double ma[4][4], double mb[4][4] ) ;
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3 Àëãîðèòìû ïðåîáðàçîâàíèÿ äàòû

3.1 Êàëåíäàðíàÿ äàòà è ìîäèôèöèðîâàííûé þëèàíñêèé äåíü

Îäíèì èç âàæíûõ ïàðàìåòðîâ àëãîðèòìîâ ÿâëÿåòñÿ âðåìÿ. Âðåìÿ ìîæåò
áûòü âûðàæåíî â ñàìûõ ðàçíîîáðàçíûõ ôîðìàõ. Â âû÷èñëåíèÿõ íàèáîëåå
óäîáíàÿ ôîðìà � ñêâîçíàÿ íóìåðàöèÿ ñóòîê. Ñ÷�åò þëèàíñêèõ äíåé èä�åò îò
1 ÿíâàðÿ 4713 ãîäà äî íàøåé ýðû. Þëèàíñêèå ñóòêè íà÷èíàþòñÿ â ïîëäåíü.

Ìîäèôèöèðîâàííûå þëèàíñêèå äíè îáðàçîâàíû ïðîñòûì âû÷èòàíèåì èç
çíà÷åíèÿ þëèàíñêèõ äíåé ÷èñëà 2400000.5 . Ìîäèôèöèðîâàííûå þëèàíñêèå
ñóòêè íà÷èíàþòñÿ â ãðèíâè÷ñêóþ ïîëíî÷ü.

Ñêâîçíàÿ íóìåðàöèÿ ñóòîê, íåîáõîäèìàÿ äëÿ âû÷èñëåíèé âíóòðè âñåõ àë-
ãîðèòìîâ, ñîâåðøåííî íåïðèåìëåìà äëÿ çàäàíèÿ èñõîäíûõ äàííûõ è âûäà÷è
ðåçóëüòàòîâ ðàñ÷�åòîâ. Äëÿ ýòèõ öåëåé èñïîëüçóþò ïîíÿòíóþ è äîñòóïíóþ
âñåì ôîðìó êàëåíäàðíûõ äàò.

Çàäà÷à ïåðâîãî àëãîðèòìà ñîñòîèò â ïðåîáðàçîâàíèè îò êàëåíäàðíîé äàòû
ê ìîäèôèöèðîâàííîìó þëèàíñêîìó äíþ.

Çàäà÷à âòîðîãî àëãîðèòìà ñîñòîèò â ïðåîáðàçîâàíèè ìîäèôèöèðîâàííîãî
þëèàíñêîãî äíÿ ê êàëåíäàðíîé äàòå.

Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìîâ.
Ìîäóëü unfordat.c
double fromdatetomjd
void transmjdtodate
Àëãîðèòìû äàþò ïðàâèëüíûé ðåçóëüòàò íà èíòåðâàëå êàëåíäàðíûõ

äàò ñî 2 ìàðòà 1900 ãîäà ïî 27 ôåâðàëÿ 2100 ãîäà.

3.2 Ôàéë unfordat.h � ïðîòîòèïû ôóíêöèé

double fromdatetomjd ( int nday , int nmonth , int nyear ,
int nhour , int nminute , double second ) ;

void fromsecparttohourminsec ( double secpart ,
int *inthour , int *intmin ,
double *second ) ;
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void transmjdtodate ( double tmjd ,
int *nday , int *nmonth , int *nyear ,
int *nhour , int *nminute ,
double *second ) ;

3.3 Êîíòðîëüíûé ïðèìåð

input
moscow decret winter time

29 day
2 month

2036 year
5 hour

45 minute
0.000 second

output
moment in modified julian day

64752.11458333 day with part in utc scale

input
moment in modified julian day

64752.11458333 day with part in utc scale

output
moscow decret winter time

29 day
2 month

2036 year
5 hour

45 minute
0.000 second
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4 Äâå øêàëû ðàâíîìåðíîãî âðåìåíè

4.1 Âû÷èñëåíèå çåìíîãî âðåìåíè

Íà ïîâåðõíîñòè Çåìëè è â îêîëîçåìíîì ïðîñòðàíñòâå ïîëüçóþòñÿ ðàâíî-
ìåðíîé øêàëîé çåìíîãî âðåìåíè TT .

Äàíî:
òåêóùàÿ äàòà è âðåìÿ â øêàëå âñåìèðíîãî êîîðäèíèðîâàííîãî âðåìåíè

(UTC) â ôîðìå
ãîä � öåëîå ÷èñëî,
ìåñÿö � öåëîå ÷èñëî,
äåíü � öåëîå ÷èñëî,
÷àñ � öåëîå ÷èñëî,
ìèíóòà � öåëîå ÷èñëî,
ñåêóíäà � äåéñòâèòåëüíîå ÷èñëî.

Âû÷èñëèòü
ñîîòâåòñòâóþùèé ìîìåíò çåìíîãî âðåìåíè TT â ìîäèôèöèðîâàííûõ þëè-

àíñêèõ äíÿõ.
Àëãîðèòì âû÷èñëåíèé.
Ñ ïîìîùüþ àëãîðèòìà ðàçä. 3.1 íà ñ. 12 íàäî âû÷èñëèòü ìîäèôèöèðî-

âàííóþ þëèàíñêóþ äàòó mjd , ñîîòâåòñòâóþùóþ çàäàííîé òåêóùåé äàòå è
âðåìåíè.

Òàáëèöà 2: Ïîïðàâêà ê øêàëå âñåìèðíîãî âðåìåíè

mjd ∆T äàòà
49534.0 61.184 1994 07 01
50083.0 62.184 1996 01 01
50630.0 63.184 1997 07 01
51178.0 64.184 1999 01 01
53736.0 65.184 2006 01 01

Äàëåå íà îñíîâå òàáë. 2 íàäî óçíàòü ïîïðàâêó ∆T â ñåêóíäàõ âðåìåíè.
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Ìîìåíò â øêàëå çåìíîãî âðåìåíè ðàâåí

TT = mjd +
∆T

86400
.

Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unfortim.c
void transutctotdt

4.2 Âû÷èñëåíèå áàðèöåíòðè÷åñêîãî äèíàìè÷åñêîãî âðåìåíè

Â ïðåäåëàõ Ñîëíå÷íîé ñèñòåìû ïîëüçóþòñÿ ðàâíîìåðíîé øêàëîé áàðèöåí-
òðè÷åñêîãî äèíàìè÷åñêîãî âðåìåíè TDB .

Â ýòîé øêàëå âû÷èñëÿþòñÿ ïîëîæåíèÿ Ëóíû, Ñîëíöà è ïàðàìåòðû ïðå-
öåññèè è íóòàöèè.

Äàí
Ìîìåíò â øêàëå çåìíîãî âðåìåíè TT , âûðàæåííûé â ìîäèôèöèðîâàííûõ

þëèàíñêèõ äíÿõ.
Âû÷èñëèòü
Ñîîòâåòñòâóþùåå çíà÷åíèå áàðèöåíòðè÷åñêîãî äèíàìè÷åñêîãî âðåìåíè

TDB , âûðàæåííîå â ìîäèôèöèðîâàííûõ þëèàíñêèõ äíÿõ.
Àëãîðèòì âû÷èñëåíèé.
Âñïîìîãàòåëüíûå ïåðåìåííûå:
d � èíòåðâàë âðåìåíè â þëèàíñêèõ ñòîëåòèÿõ, îò ñòàíäàðòíîé ýïîõè

J2000.0, íà÷àëî êîòîðîé ñîîòâåòñòâóåò 1.5 ÿíâàðÿ 2000 ãîäà, äî òåêóùåãî ìî-
ìåíòà,

g � ïðèáëèæ�åííîå çíà÷åíèå àðãóìåíòà ïåðèãåëèÿ Çåìëè â ðàäèàíàõ.

d =
TT − 51544.5

36525.0
,

g = 0.017453 · (357.258 + 35999.050 · d) ,

TDB = TT +
0.001658 · sin(g + 0.0167 · sin g)

86400
.

Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unfortim.c
void transtdttotdb
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5 Ïðåöåññèÿ è íóòàöèÿ

5.1 Âû÷èñëåíèå ïàðàìåòðîâ ïðåöåññèè

Ïàðàìåòðàìè ïðåöåññèè íàçûâàþòñÿ òðè óãëîâûå ïåðåìåííûå: ζa(t) , θa(t) ,
za(t) . Àðãóìåíòîì t äëÿ âû÷èñëåíèÿ ïàðàìåòðîâ ïðåöåññèè ÿâëÿåòñÿ áàðè-
öåíòðè÷åñêîå äèíàìè÷åñêîå âðåìÿ TDB , âûðàæåííîå â ìîäèôèöèðîâàííûõ
þëèàíñêèõ äíÿõ.

Ñ ïîìîùüþ ïàðàìåòðîâ ïðåöåññèè âû÷èñëÿþò ìàòðèöó ïðåöåññèè äëÿ
ïðåîáðàçîâàíèÿ îò ñèñòåìû êîîðäèíàò, ñîîòâåòñòâóþùåé ñòàíäàðòíîé ýïîõå
J2000.0, â ñèñòåìó ïîäâèæíîãî ýêâàòîðà è ìãíîâåííîé ýêëèïòèêè, ñîîòâåò-
ñòâóþùóþ çàäàííîé ýïîõå.

Äàí
ìîìåíò âðåìåíè t â øêàëå áàðèöåíòðè÷åñêîãî äèíàìè÷åñêîãî âðåìåíè

TDB , âûðàæåííûé â ìîäèôèöèðîâàííûõ þëèàíñêèõ äíÿõ.
Âû÷èñëèòü
ïàðàìåòðû ïðåöåññèè, òî åñòü ÷èñëîâûå çíà÷åíèÿ òð�åõ óãëîâûõ ïåðåìåí-

íûõ ζa(t) , θa(t) , za(t) .
Àëãîðèòì âû÷èñëåíèé.
Â ïîñòîÿííîé rs = 4.848136811095 · 10−6 õðàíèòñÿ ÷èñëî äëÿ ïåðåâîäà

äóãîâûõ ñåêóíä â ðàäèàííóþ ìåðó.
Âñïîìîãàòåëüíàÿ ïåðåìåííàÿ tc ñîäåðæèò âðåìÿ â þëèàíñêèõ ñòîëåòèÿõ,

ïðîøåäøåå îò ñòàíäàðòíîé ýïîõè J2000.0, íà÷àëî êîòîðîé ñîîòâåòñòâóåò 1.5
ÿíâàðÿ 2000 ãîäà.

tc =
t− 51544.5

36525.0

×èñëîâûå çíà÷åíèÿ ðàâíû

ζa(t) = rs · (2306.2181 + (0.30188 + 0.017998 · tc) · tc) · tc,
θa(t) = rs · (2004.3109− (0.42665 + 0.041833 · tc) · tc) · tc,
za(t) = rs · (2306.2181 + (1.09468 + 0.018203 · tc) · tc) · tc.

Åäèíèöû èçìåðåíèé.
Ïàðàìåòðû ïðåöåññèè âûðàæåíû â ðàäèàíàõ.
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Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unforpnm.c
void clcprecangles

5.2 Âû÷èñëåíèå ìàòðèöû ïðåöåññèè

Ìàòðèöà ïðåöåññèè íåîáõîäèìà äëÿ ïðåîáðàçîâàíèÿ îò ñèñòåìû êîîðäèíàò,
ñîîòâåòñòâóþùåé ñòàíäàðòíîé ýïîõå J2000.0, â ñèñòåìó ñðåäíåãî ïîäâèæíîãî
ýêâàòîðà è ìãíîâåííîé ýêëèïòèêè, ñîîòâåòñòâóþùóþ çàäàííîé ýïîõå.

Äàí
ìîìåíò âðåìåíè t â øêàëå áàðèöåíòðè÷åñêîãî äèíàìè÷åñêîãî âðåìåíè

TDB .
Âû÷èñëèòü
ìàòðèöó ïðåöåññèè P(t) .
Àëãîðèòì âû÷èñëåíèé.
Ìàòðèöà ïðåöåññèè ñóòü ïðîèçâåäåíèå òð�åõ ìàòðèö ïîâîðîòà:

P(t) = Rz(−za(t)) ·Ry(θa(t)) ·Rz(−ζa(t)).

Íà ìîìåíò âðåìåíè t âû÷èñëÿþòñÿ ïàðàìåòðû ïðåöåññèè ζa(t) , θa(t) ,
za(t) , âûðàæåííûå â ðàäèàíàõ (àëãîðèòì ðàçä. 5.1 íà ñ. 16).

Ñ ïîìîùüþ àëãîðèòìà (ðàçä. 2.1 íà ñ. 7) ïîñëåäîâàòåëüíî âû÷èñëÿþòñÿ
òðè ìàòðèöû ïîâîðîòà

Rz(−ζa(t)), Ry(θa(t)), Rz(−za(t)).

Äàëåå íåîáõîäèìî èñïîëüçîâàòü àëãîðèòì óìíîæåíèÿ ìàòðèö:

P(t) = Rz(−za(t)) ·R, R = Ry(θa(t)) ·Rz(−ζa(t)),

ãäå R � âñïîìîãàòåëüíàÿ ìàòðèöà.
Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unforpnm.c
void clcprecangles
void clcprecmatr
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5.3 Âû÷èñëåíèå óãëà íàêëîíà ýêëèïòèêè

×èñëîâîå çíà÷åíèå óãëà íàêëîíà ìãíîâåííîé ýêëèïòèêè ê ñðåäíåìó ïî-
äâèæíîìó ýêâàòîðó ε(t) , çàäàííîå íà ìîìåíò áàðèöåíòðè÷åñêîãî äèíàìè÷å-
ñêîãî âðåìåíè t , íåîáõîäèìî äëÿ âû÷èñëåíèÿ ìàòðèöû íóòàöèè.

Äàí
ìîìåíò âðåìåíè t â øêàëå áàðèöåíòðè÷åñêîãî äèíàìè÷åñêîãî âðåìåíè.
Âû÷èñëèòü
÷èñëîâîå çíà÷åíèå ε(t) óãëà íàêëîíà ýêëèïòèêè ê ñðåäíåìó ýêâàòîðó.
Àëãîðèòì âû÷èñëåíèé.

ε(t) = rs · (84381.448− (46.815 + (0.0059− 0.001813 · tc) · tc) · tc) .

Ïðîãðàììàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unfornut.c
double togetepsmean

5.4 Âû÷èñëåíèå ôóíäàìåíòàëüíûõ àðãóìåíòîâ

Ôóíäàìåíòàëüíûìè àðãóìåíòàìè íàçûâàþòñÿ ñëåäóþùèå óãëîâûå ïåðå-
ìåííûå:

λ � ñðåäíÿÿ äîëãîòà Ëóíû,
l � ñðåäíÿÿ àíîìàëèÿ Ëóíû,
l′ � ñðåäíÿÿ àíîìàëèÿ Ñîëíöà,
F � ñðåäíèé àðãóìåíò øèðîòû Ëóíû,
D � ðàçíîñòü ñðåäíèõ äîëãîò Ëóíû è Ñîëíöà,
Ôóíäàìåíòàëüíûå àðãóìåíòû ÿâëÿþòñÿ ôóíêöèÿìè áàðèöåíòðè÷åñêîãî

äèíàìè÷åñêîãî âðåìåíè t è èñïîëüçóþòñÿ äëÿ âû÷èñëåíèÿ ïàðàìåòðîâ íó-
òàöèè è â òåîðèÿõ äâèæåíèÿ Ëóíû è Ñîëíöà.

Äàí
ìîìåíò âðåìåíè t â øêàëå áàðèöåíòðè÷åñêîãî äèíàìè÷åñêîãî âðåìåíè.
Âû÷èñëèòü
÷èñëîâûå çíà÷åíèÿ ôóíäàìåíòàëüíûõ àðãóìåíòîâ.
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Àëãîðèòì âû÷èñëåíèé.

rg = 0.017453292519943296 ,

tc =
t− 51544.5

36525
,

λ(t) = rg · (218.31643250

+ (481267.8812772222− (0.00161167− 0.00000528 · tc) · tc) · tc) ,

l(t) = rg · (134.96298139

+ (477198.8673980556 + (0.00869722 + 0.00001778 · tc) · tc) · tc) ,

l′(t) = rg · (357.52772333

+ (35999.05034− (0.00016028 + 0.00000333 · tc) · tc) · tc) ,

F (t) = rg · (93.27191028

+ (483202.0175380555− (0.00368250− 0.00000306 · tc) · tc) · tc) ,

D(t) = rg · (297.85036306

+ (445267.11148− (0.00191417− 0.00000528 · tc) · tc) · tc) .

Åäèíèöû èçìåðåíèé.
Ôóíäàìåíòàëüíûå àðãóìåíòû âûðàæåíû â ðàäèàíàõ.
Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unfornut.c
void clcfundarg

5.5 Âû÷èñëåíèå ïàðàìåòðîâ íóòàöèè

Ïàðàìåòðàìè íóòàöèè íàçûâàþòñÿ ñëåäóþùèå óãëîâûå ïåðåìåííûå:
∆ψ � íóòàöèÿ â äîëãîòå,
∆ε � íóòàöèÿ â íàêëîíå.
Ïàðàìåòðû íóòàöèè ÿâëÿþòñÿ ôóíêöèÿìè áàðèöåíòðè÷åñêîãî äèíàìè-

÷åñêîãî âðåìåíè è íåîáõîäèìû äëÿ âû÷èñëåíèÿ ìàòðèöû íóòàöèè. ×èñëî-
âîå çíà÷åíèå íóòàöèè â äîëãîòå èñïîëüçóåòñÿ ïðè âû÷èñëåíèè èñòèííîãî
çâ�åçäíîãî âðåìåíè.

Äàí ìîìåíò âðåìåíè t â øêàëå TDB .
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Âû÷èñëèòü
ïàðàìåòðû íóòàöèè ∆ψ(t) , ∆ε(t) .
Àëãîðèòì âû÷èñëåíèé.
Íà ìîìåíò âðåìåíè t ñ ïîìîùüþ àëãîðèòìà ðàçä. 5.4 ñî ñ. 18 íåîáõîäèìî

âû÷èñëèòü ôóíäàìåíòàëüíûå àðãóìåíòû

λ(t), l(t), l′(t), F (t), D(t).

Äàëåå íàäî èñïîëüçîâàòü ôîðìóëû:

∆ψ(t) = rs ·
[
(−17.1996− 0.01742 · tc) · sin(λ− F )

+ (0.2062 + 0.00002 · tc) · sin(2λ− 2F )

+ 0.0046 · sin(λ− 2l + F )

+ 0.0011 · sin(2l − 2F )

− (1.3187 + 0.00016 · tc) · sin(2λ− 2D)

+ (0.1426− 0.00034 · tc) · sin l′

− (0.0517− 0.00012 · tc) · sin(2λ + l′ − 2D)

+ . . .
]
,

∆ε(t) = rs ·
[
(9.2025 + 0.00089 · tc) · cos(λ− F )

− (0.0895− 0.00005 · tc) · cos(2λ− 2F )

− 0.0024 · cos(λ− 2l + F )

+ (0.5736− 0.00031 · tc) · cos(2λ− 2D)

+ (0.0054− 0.00001 · tc) · cos l′

+ (0.0224− 0.00006 · tc) · cos(2λ + l′ − 2D)

+ . . .
]
,

ãäå

rs = 4.848136811095 · 10−6 ,

tc =
t− 51544.5

36525
.
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Åäèíèöû èçìåðåíèé.
Ïàðàìåòðû íóòàöèè âûðàæåíû â ðàäèàíàõ.
Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unfornut.c
void clcnut

5.6 Âû÷èñëåíèå ìàòðèöû íóòàöèè

Ìàòðèöà íóòàöèè íåîáõîäèìà äëÿ ïðåîáðàçîâàíèÿ îò ñèñòåìû êîîðäèíàò,
ñîîòâåòñòâóþùåé ñðåäíåìó ïîäâèæíîìó ýêâàòîðó, â ñèñòåìó êîîðäèíàò, ñî-
îòâåòñòâóþùåé èñòèííîìó ýêâàòîðó.

Äàí
ìîìåíò âðåìåíè t â øêàëå áàðèöåíòðè÷åñêîãî äèíàìè÷åñêîãî âðåìåíè.
Âû÷èñëèòü
ìàòðèöó íóòàöèè N(t) .
Àëãîðèòì âû÷èñëåíèé.
Ìàòðèöà íóòàöèè ñóòü ïðîèçâåäåíèå òð�åõ ìàòðèö ïîâîðîòà:

N(t) = Rx(−ε−∆ε) ·Rz(−∆ψ) ·Rx(ε).

Âû÷èñëèòü óãîë íàêëîíà ìãíîâåííîé ýêëèïòèêè ê ñðåäíåìó ïîäâèæíîìó
ýêâàòîðó ε(t) (àëãîðèòì ðàçä. 5.3 íà ñ. 18).

Íà ìîìåíò âðåìåíè t â øêàëå áàðèöåíòðè÷åñêîãî äèíàìè÷åñêîãî âðåìåíè
âû÷èñëèòü ïàðàìåòðû íóòàöèè ∆ψ(t) , ∆ε(t) (àëãîðèòì ðàçä. 5.5 íà ñ. 19).

Ñ ïîìîùüþ àëãîðèòìà (ðàçä. 2.1 íà ñ. 7) ïîñëåäîâàòåëüíî âû÷èñëèòü òðè
ìàòðèöû ïîâîðîòà:

Rx(−ε−∆ε), Rz(−∆ψ), Rx(ε).

Äàëåå íåîáõîäèìî èñïîëüçîâàòü àëãîðèòì óìíîæåíèÿ ìàòðèö

R = Rz(−∆ψ(t)) ·Rx(ε(t)),

N(t) = Rx(−ε(t)−∆ε(t)) ·R,

ãäå R � âñïîìîãàòåëüíàÿ ìàòðèöà.
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Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unforpnm.c
void clcnutmatr

5.7 Ïðîòîòèïû ôóíêöèé

Ôàéë unforpnm.h :

void clcprecangles ( double epoch , double tmjd ,
double *dzita0 , double *teta , double *zet ) ;

void clcprecmatr ( double epoch , double tmjd , double precmatr[4][4] ) ;

void clcnutmatr ( double deltapsi , double deltaeps , double epsmean ,
double matrnut[4][4] ) ;

Ôàéë unfornut.h :

double togetepsmean ( double tmjd ) ;

void clcfundarg ( double tmjd , double fundarg[6] ) ;

void clcnut ( double tmjd , double *deltapsi , double *deltaeps ) ;
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5.8 Êîíòðîëüíûé ïðèìåð

input

59152.0 moment in modified julian day

output

precession matrix P

0.999987104372264 -0.004657817791984 -0.002023813872801
0.004657817791642 0.999989152296765 -0.000004713477259
0.002023813873587 -0.000004713139788 0.999997952075499

nutation matrix N

0.999999995979347 0.000082275361072 0.000035666114213
-0.000082275089649 0.999999996586437 -0.000007611504096
-0.000035666740330 0.000007608569633 0.999999999334997

output

result of multiplication P*N

0.999987555756883 -0.004575558874333 -0.001988112764180
0.004575543743875 0.999989532071017 -0.000012158772523
0.001988147585937 0.000003061924296 0.999998023627948
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6 Çâ¼çäíîå âðåìÿ

6.1 Âñåìèðíîå êîîðäèíèðîâàííîå âðåìÿ

Ìîìåíò âñåìèðíîãî êîîðäèíèðîâàííîãî âðåìåíè UTC ñîîòâåòñòâóåò ìî-
ìåíòó ìîñêîâñêîãî äåêðåòíîãî âðåìåíè, óìåíüøåííîìó íà òðè ÷àñà.

Ìîìåíòó âñåìèðíîãî êîîðäèíèðîâàííîãî âðåìåíè UTC ñîîòâåòñòâóåò ìî-
äèôèöèðîâàííàÿ þëèàíñêàÿ äàòà UTCmjd .

Äàíî:
òåêóùàÿ äàòà è âðåìÿ â øêàëå âñåìèðíîãî êîîðäèíèðîâàííîãî âðåìåíè

(UTC) â ôîðìå
ãîä � öåëîå ÷èñëî,
ìåñÿö � öåëîå ÷èñëî,
äåíü � öåëîå ÷èñëî,
÷àñ � öåëîå ÷èñëî,
ìèíóòà � öåëîå ÷èñëî,
ñåêóíäà � äåéñòâèòåëüíîå ÷èñëî.

Âû÷èñëèòü
ñîîòâåòñòâóþùèé òåêóùåìó ìîìåíòó âðåìåíè ìîìåíò âñåìèðíîãî êîîðäè-

íèðîâàííîãî âðåìåíè â ôîðìå ìîäèôèöèðîâàííîé þëèàíñêîé äàòû UTCmjd .
Àëãîðèòì âû÷èñëåíèé.
Äëÿ âû÷èñëåíèé íàäî èñïîëüçîâàòü àëãîðèòì ðàçä. 3.1 íà ñ. 12.
Åäèíèöû èçìåðåíèé.
Âåëè÷èíà UTCmjd èçìåðÿåòñÿ â þëèàíñêèõ äíÿõ.

6.2 Âñåìèðíîå âðåìÿ

Âñåìèðíîå âðåìÿ UT1 ñâÿçàíî ñî âñåìèðíûì êîîðäèíèðîâàííûì âðåìå-
íåì UTC ôîðìóëîé

UT1 = UTC + ∆UT .

Åäèíèöû èçìåðåíèé.
Ïîïðàâêà âñåìèðíîãî âðåìåíè ∆UT èçìåðÿåòñÿ â ñåêóíäàõ.
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6.3 Ãðèíâè÷ñêîå ñðåäíåå çâ¼çäíîå âðåìÿ

Ãðèíâè÷ñêîå ñðåäíåå çâ�åçäíîå âðåìÿ Sm
⊕ ÿâëÿåòñÿ ôóíêöèåé âñåìèðíîãî

âðåìåíè UT1 .
Ðàçíîñòü ∆UT = UT1 - UTC âñåìèðíîãî âðåìåíè è âñåìèðíîãî êîîðäè-

íèðîâàííîãî âðåìåíè ìîæåò áûòü îïðåäåëåíà òîëüêî íà îñíîâå íàáëþäåíèé.
Äàíû
ìîìåíò âñåìèðíîãî êîîðäèíèðîâàííîãî âðåìåíè UTCmjd è ÷èñëîâîå çíà-

÷åíèå ïîïðàâêè ∆UT, âûðàæåííîå â ñåêóíäàõ âðåìåíè.
Âû÷èñëèòü
ãðèíâè÷ñêîå ñðåäíåå çâ�åçäíîå âðåìÿ.
Àëãîðèòì âû÷èñëåíèé.
Ïåðåìåííàÿ tc ñîäåðæèò òåêóùåå çíà÷åíèå âñåìèðíîãî âðåìåíè â ìîäè-

ôèöèðîâàííûõ þëèàíñêèõ äíÿõ:

tc = UTCmjd +
∆UT
86400

.

Ôóíêöèÿ INT(x) âû÷èñëÿåò öåëóþ ÷àñòü äåéñòâèòåëüíîãî ÷èñëà x :

TU =
INT( tc)− 51544.5

36525
,

ãäå TU � âðåìÿ, îòñ÷èòûâàåìîå â þëèàíñêèõ ñòîëåòèÿõ ïî 36525 ñóòîê â ñèñòå-
ìå âñåìèðíîãî âðåìåíè UT1 îò ýïîõè 2000, ÿíâàðü 1, 12h UT1 (MJD51544.5).

Sm
⊕ â 0h UT1 = 1.753368559233266 + (628.3319706888409

+ (6.770714 · 10−6 − 4.51 · 10−10 · TU) · TU) · TU ,

Ïðîìåæóòîê çâ�åçäíîãî âðåìåíè îò 0h UT1 äî ìîìåíòà, ñîîòâåòñòâóþùåãî
ìîìåíòó âñåìèðíîãî âðåìåíè UT1 , ðàâåí

Sm
⊕ = Sm

⊕ â 0h UT1 + r ·
[
tc − INT( tc)

]
,

ãäå

r = 6.300388098984891 + (3.707456 · 10−10 − 3.707 · 10−14 · TU) · TU .

Ãðèíâè÷ñêîå ñðåäíåå çâ�åçäíîå âðåìÿ Sm
⊕ èçìåðÿåòñÿ â ðàäèàíàõ.



6 Çâ¼çäíîå âðåìÿ 26

6.4 Ãðèíâè÷ñêîå èñòèííîå çâ¼çäíîå âðåìÿ

Ãðèíâè÷ñêîå ñðåäíåå çâ�åçäíîå âðåìÿ Sm
⊕ ÿâëÿåòñÿ ôóíêöèåé âñåìèðíîãî

âðåìåíè UT1 .
Ðàçíîñòü ∆UT = UT1 - UTC âñåìèðíîãî âðåìåíè è âñåìèðíîãî êîîðäè-

íèðîâàííîãî âðåìåíè ìîæåò áûòü îïðåäåëåíà òîëüêî íà îñíîâå íàáëþäåíèé.
Ãðèíâè÷ñêîå èñòèííîå çâ�åçäíîå âðåìÿ S⊕ åñòü óãîë îò èñòèííîé òî÷êè

âåñåííåãî ðàâíîäåíñòâèÿ äî ãðèíâè÷ñêîãî ìåðèäèàíà, îòñ÷èòûâàåìûé âäîëü
èñòèííîãî ýêâàòîðà.

Äàíû
ìîìåíò âðåìåíè UTC è ÷èñëîâîå çíà÷åíèå ïîïðàâêè ∆UT.
Âû÷èñëèòü
ãðèíâè÷ñêîå èñòèííîå çâ�åçäíîå âðåìÿ S⊕ .
Àëãîðèòì âû÷èñëåíèé.
Íà îñíîâå àëãîðèòìà ðàçä. 6.3 íà ñ. 25 ñ ïîìîùüþ èñõîäíûõ äàííûõ UTC,

∆UT îïðåäåëèòü ÷èñëîâîå çíà÷åíèå ãðèíâè÷ñêîãî ñðåäíåãî çâ�åçäíîãî âðåìå-
íè Sm

⊕ .
Äàëåå íà ìîìåíò âðåìåíè t = UTCmjd íàäî âû÷èñëèòü óãîë íàêëîíà ìãíî-

âåííîé ýêëèïòèêè ê ñðåäíåìó ïîäâèæíîìó ýêâàòîðó ε(t) (àëãîðèòì ðàçä. 5.3
íà ñ. 18) è ïàðàìåòð íóòàöèè ∆ψ(t) (àëãîðèòì ðàçä. 5.5 íà ñ. 19).

Ôîðìóëà äëÿ âû÷èñëåíèÿ ãðèíâè÷ñêîãî èñòèííîãî çâ�åçäíîãî âðåìåíè ãëà-
ñèò

S⊕ = Sm
⊕ + ∆ψ cos ε.

Åäèíèöû èçìåðåíèé.
Ãðèíâè÷ñêîå èñòèííîå çâ�åçäíîå âðåìÿ S⊕ èçìåðÿåòñÿ â ðàäèàíàõ.

Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unforsit.c
double togetgmstime
double togetgastime
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6.5 Ìàòðèöà âðàùåíèÿ Çåìëè

Ìàòðèöà âðàùåíèÿ Çåìëè R = Rz(S⊕) ÿâëÿåòñÿ ìàòðèöåé ïîâîðîòà âî-
êðóã îñè OZ íà óãîë, ðàâíûé çíà÷åíèþ èñòèííîãî çâ�åçäíîãî âðåìåíè S⊕ .

6.6 Ôàéë unforsit.h � ïðîòîòèïû ôóíêöèé

double togetgmstime ( double tinutc , double deltaut ) ;
double togetgastime ( double tinutc , double deltaut ) ;
void earthrotmatr ( double utc , double dut , double rz[4][4] ) ;

6.7 Êîíòðîëüíûé ïðèìåð

input
moscow decret winter time

7 day
12 month

1999 year
5 hour

45 minute
0.000 second

universal time correction ut1-utc
0.384 second of time

output
moment in modified julian day

51519.11458333 day with part in utc scale
moment in terrestrial time scale

51519.11532620 day with part in tt scale
84381.481 obliquity in second of arc

-14.939 d(psi) in second of arc
greenwich mean sidereal time

2.036644850536 in radian
greenwich true sidereal time

2.036578399019 in radian
earth rotation matrix

-0.449121697258 0.893470593278 0.000000000000
-0.893470593278 -0.449121697258 0.000000000000
0.000000000000 0.000000000000 1.000000000000
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7 Àëãîðèòìû âû÷èñëåíèÿ ìàòðèö ïðåîáðàçîâàíèé

7.1 Îò ñðåäíåé ýêâàòîðèàëüíîé ñèñòåìû êîîðäèíàò ê íåáåñíîé

Äàíà
ìàòðèöà ïðåöåññèè P(t) .
Âû÷èñëèòü
ìàòðèöó ïðåîáðàçîâàíèÿ îò ñðåäíåé ïîäâèæíîé ñèñòåìû êîîðäèíàò ê

íåáåñíîé ñèñòåìå êîîðäèíàò Mp .
Àëãîðèòì âû÷èñëåíèé.
Ìàòðèöà Mp ÿâëÿåòñÿ òðàíñïîíèðîâàííîé ïî îòíîøåíèþ ê ìàòðèöå ïðå-

öåññèè P(t) .
Äëÿ âû÷èñëåíèÿ íàäî âîñïîëüçîâàòüñÿ àëãîðèòìîì òðàíñïîíèðîâàíèÿ

ìàòðèöû (ðàçä. 2.4 íà ñ. 10).
Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unforrom.c
void frommeanto�xequm

7.2 Îò íåáåñíîé ê èñòèííîé ýêâàòîðèàëüíîé ñèñòåìå êîîðäèíàò

Ìàòðèöà ïåðåõîäà ìåæäó íåáåñíîé ñèñòåìîé êîîðäèíàò è èñòèííîé ýê-
âàòîðèàëüíîé ñèñòåìîé ÿâëÿåòñÿ ïðîèçâåäåíèåì ìàòðèöû íóòàöèè N(t) íà
ìàòðèöó ïðåöåññèè P(t) .

Äàíû
ìàòðèöû ïðåöåññèè P(t) è íóòàöèè N(t) .
Âû÷èñëèòü
ìàòðèöó ïðåîáðàçîâàíèÿ îò íåáåñíîé ñèñòåìû êîîðäèíàò ê èñòèííîé ýêâà-

òîðèàëüíîé ñèñòåìå êîîðäèíàò Mnp .
Àëãîðèòì âû÷èñëåíèé.
Äëÿ âû÷èñëåíèÿ íàäî âîñïîëüçîâàòüñÿ àëãîðèòìîì ðàçä. 2.3 íà ñ. 9.

Mnp = N(t) ·P(t).
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Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìîâ.
Ìîäóëü unforrom.c
void frommeanto�xequm
void from�xtotrueequm

7.3 Îò èñòèííîé ýêâàòîðèàëüíîé ñèñòåìû êîîðäèíàò ê íåáåñíîé

Ìàòðèöà ïåðåõîäà îò èñòèííîé ýêâàòîðèàëüíîé ñèñòåìû êîîðäèíàò ê
íåáåñíîé ñèñòåìå êîîðäèíàò ÿâëÿåòñÿ òðàíñïîíèðîâàííîé ïî îòíîøåíèþ ê
ìàòðèöå ïåðåõîäà îò íåáåñíîé ñèñòåìû êîîðäèíàò ê èñòèííîé ýêâàòîðèàëü-
íîé.

Äàíà
ìàòðèöà Mnp (ðàçä. 7.2 íà ñ. 28).
Âû÷èñëèòü
ìàòðèöó ïðåîáðàçîâàíèÿ îò èñòèííîé ýêâàòîðèàëüíîé ñèñòåìû êîîðäèíàò

ê íåáåñíîé ñèñòåìå êîîðäèíàò Mpn .
Àëãîðèòì âû÷èñëåíèé.
Ìàòðèöà Mpn ÿâëÿåòñÿ òðàíñïîíèðîâàííîé ïî îòíîøåíèþ ê ìàòðèöå

Mnp .
Äëÿ âû÷èñëåíèÿ íàäî âîñïîëüçîâàòüñÿ àëãîðèòìîì òðàíñïîíèðîâàíèÿ

ìàòðèöû (ðàçä. 2.4 íà ñ. 10).
Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unforrom.c
void fromtrueto�xequm

7.4 Ïðåîáðàçîâàíèå èç íåáåñíîé ñèñòåìû êîîðäèíàò â çåìíóþ

Ìàòðèöû ïåðåõîäà îò íåáåñíîé ê çåìíîé ñèñòåìå êîîðäèíàò âû÷èñëÿåò-
ñÿ êàê ïðîèçâåäåíèå ìàòðèöû âðàùåíèÿ Çåìëè, ìàòðèöû íóòàöèè, ìàòðèöû
ïðåöåññèè.

Äàíû
ìàòðèöà ïðåöåññèè P(t) (ðàçä. 5.2 íà ñ. 17),
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ìàòðèöà íóòàöèè N(t) (ðàçä. 5.6 íà ñ. 21)
ìàòðèöà âðàùåíèÿ Çåìëè Rz(S⊕) (ðàçä. 6.5 íà ñ. 27)
Âû÷èñëèòü
ìàòðèöó ïåðåõîäà îò íåáåñíîé ê çåìíîé ñèñòåìå êîîðäèíàò Mct .
Àëãîðèòì âû÷èñëåíèé.
Íåîáõîäèìî âîñïîëüçîâàòüñÿ àëãîðèòìîì óìíîæåíèÿ ìàòðèö (ðàçä. 2.3 íà

ñ. 9)

R = N(t) ·P(t),

Mct = Rz(S⊕) ·R,

ãäå R � âñïîìîãàòåëüíàÿ ìàòðèöà.
Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìà.
Ìîäóëü unforrom.c
void fromtrueto�xequm
void from�xtoterram

7.5 Ïðåîáðàçîâàíèå èç çåìíîé ñèñòåìû êîîðäèíàò â íåáåñíóþ

Äàíà
Ìàòðèöà ïðåîáðàçîâàíèÿ èç íåáåñíîé ñèñòåìû êîîðäèíàò â çåìíóþ Mct .
Âû÷èñëèòü
ìàòðèöó ïðåîáðàçîâàíèÿ èç çåìíîé ñèñòåìû êîîðäèíàò â íåáåñíóþ Mtc .
Àëãîðèòì âû÷èñëåíèé.
Ìàòðèöà Mtc ðàâíà ìàòðèöå, òðàíñïîíèðîâàííîé ïî îòíîøåíèþ ê ìàòðè-

öå Mct .
Äëÿ âû÷èñëåíèÿ íàäî âîñïîëüçîâàòüñÿ àëãîðèòìîì òðàíñïîíèðîâàíèÿ

ìàòðèöû (ðàçä. 2.4 íà ñ. 10).
Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìîâ.
Ìîäóëü unforrom.c
void frommeanto�xequm
void from�xtotrueequm
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void fromtrueto�xequm
void from�xtoterram
void fromterrato�xm

7.6 Ôàéë unforrom.h � ïðîòîòèïû ôóíêöèé

void frommeantofixequm ( double tc , double pf[4][4] ) ;
void fromfixtotrueequm ( double tc , double pn[4][4] ) ;
void fromtruetofixequm ( double tc , double pn[4][4] ) ;
void fromfixtoterram ( double utc , double dut ,

double *tdb ,double ptm[4][4] ) ;
void fromterratofixm ( double ptm[4][4] , double pzm[4][4] ) ;

7.7 Êîíòðîëüíûé ïðèìåð

from terrestrial to celestial system
input
moment in modified julian day

51519.11458333 day with part in utc scale
universal time correction ut1-utc

0.384 second of time
moment in terrestrial time scale

51519.11532620 day with part in tt scale
moment in ephemeris time scale

51519.11532619 day with part in tdb scale
greenwich mean sidereal time

2.036644850536 in radian
greenwich true sidereal time

2.036578399019 in radian
from celestial to terrestrial system matrix

-0.449194954530 0.893433765159 0.000009932203
-0.893433764506 -0.449194953704 -0.000044796575
-0.000035561277 -0.000028996161 0.999999998947

output
from terrestrial to celestial system matrix

-0.449194954530 -0.893433764506 -0.000035561277
0.893433765159 -0.449194953704 -0.000028996161
0.000009932203 -0.000044796575 0.999999998947



8 Àëãîðèòìû ïðåîáðàçîâàíèÿ âåêòîðà ñîñòîÿíèÿ 32

8 Àëãîðèòìû ïðåîáðàçîâàíèÿ âåêòîðà ñîñòîÿíèÿ

8.1 Âåêòîð ñîñòîÿíèÿ

Âåêòîð ñîñòîÿíèÿ ìàëîé ïëàíåòû âêëþ÷àåò â ñåáÿ ñëåäóþùèå êîìïîíåíòû:
íà÷àëüíóþ äàòó:

äåíü � öåëîå ÷èñëî,
ìåñÿö � öåëîå ÷èñëî,
ãîä � öåëîå ÷èñëî;

íàáîð îñêóëèðóþùèõ êåïëåðîâñêèõ ýëåìåíòîâ:
a � âåëè÷èíó áîëüøîé ïîëóîñè îðáèòû â àñòðîíîìè÷åñêèõ åäèíèöàõ,
e � âåëè÷èíó ýêñöåíòðèñèòåòà îðáèòû,
i � âåëè÷èíó óãëà íàêëîíåíèÿ îðáèòû â ãðàäóñàõ,
Ω � âåëè÷èíó äîëãîòû âîñõîäÿùåãî óçëà îðáèòû â ãðàäóñàõ,
ω � âåëè÷èíó àðãóìåíòà ïåðèãåÿ îðáèòû â ãðàäóñàõ,
M0 � âåëè÷èíó ñðåäíåé àíîìàëèè îðáèòû â ãðàäóñàõ.

Ïàðàìåòðû i , Ω , ω äàíû â ãåëèîöåíòðè÷åñêîé ýêëèïòè÷åñêîé ñèñòåìå êîîð-
äèíàò. ×èñëîâîå çíà÷åíèå ýëåìåíòà M0 îòíîñèòñÿ ê íà÷àëüíîé äàòå.

Ïðè ïåðåõîäå îò êåïëåðîâñêèõ ýëåìåíòîâ ê äåêàðòîâûì êîîðäèíàòàì è
ñêîðîñòÿì èñïîëüçóþò òðè óãëîâûå ïåðåìåííûå: ýêñöåíòðè÷åñêóþ àíîìàëèþ
E , èñòèííóþ àíîìàëèþ v è àðãóìåíò øèðîòû u = v + ω . Ñðåäíÿÿ è ýêñ-
öåíòðè÷åñêàÿ àíîìàëèè ñâÿçàíû ìåæäó ñîáîé òðàíñöåäåíòíûì óðàâíåíèåì
Êåïëåðà

M = E − e sin E.

Â ôîðìóëàõ ïðåîáðàçîâàíèÿ èñïîëüçóåòñÿ ãåëèîöåíòðè÷åñêàÿ ãðàâèòàöè-
îííàÿ ïîñòîÿííàÿ fMS , èçìåðÿåìàÿ â AU3/day2 , ðàçìåðíîñòü êîîðäèíàò �
àñòðîíîìè÷åñêàÿ åäèíèöà, ñêîðîñòåé � àñòðîíîìè÷åñêàÿ åäèíèöà â ñóòêè.
Ìàññà èçìåðÿåòñÿ â åäèíèöàõ ìàññû Ñîëíöà. ×èñëîâîå çíà÷åíèå âåëè÷èíû
fMS ðàâíî êâàäðàòó ãðàâèòàöèîííîé ïîñòîÿííîé Ãàóññà

k = 0.01720209895.
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Âû÷èñëåíèÿ ïî ôîðìóëàì ýëëèïòè÷åñêîé îðáèòû äàäóò âåêòîð ïîëîæåíèÿ
~recl è âåêòîð ñêîðîñòè ~̇recl ìàëîé ïëàíåòû îòíîñèòåëüíî Ñîëíöà â ýêëèïòè-
÷åñêîé ñèñòåìå.

Âåêòîð ïîäîæåíèÿ ~recl èìååò êîîðäèíàòû

xecl, yecl, zecl.

Âåêòîð ñêîðîñòè ~̇recl èìååò êîîðäèíàòû

ẋecl, ẏecl, żecl.

Âåêòîð ïîëîæåíèÿ àñòåðîèäà ~r â ãåëèîöåíòðè÷åñêîé ýêâàòîðèàëüíîé ñè-
ñòåìå èìååò êîîðäèíàòû x , y , z , à âåêòîð ñêîðîñòè îïðåäåë¼í ñîñòàâëÿþ-
ùèìè ẋ , ẏ , ż .

Ïåðåõîä îò ýêëèïòè÷åñêîé ê ýêâàòîðèàëüíîé ñèñòåìå âûïîëíÿåòñÿ ïî ôîð-
ìóëàì

x = +xecl,

y = +yecl · cos εA − zecl · sin εA,

z = +yecl · sin εA + zecl · cos εA,

ẋ = +ẋecl,

ẏ = +ẏecl · cos εA − żecl · sin εA,

ż = +ẏecl · sin εA + żecl · cos εA.

×èñëîâîå çíà÷åíèå óãëà íàêëîíà ýêëèïòèêè ê ýêâàòîðó εA ÿâëÿåòñÿ îäíîé
èç àñòðîíîìè÷åñêèõ ïîñòîÿííûõ è âû÷èñëÿåòñÿ ïî ôîðìóëå

εA = 23◦26′21′′.448.

Ïðîãðàììíàÿ ðåàëèçàöèÿ àëãîðèòìîâ.
Ìîäóëü unforkep.c,
double keplerequation � ðåøåíèå óðàâíåíèÿ Êåïëåðà ñ ïîìîùüþ èòåðàöè-

îííîãî ìåòîäà Íüþòîíà,
void fromkeplertocart � ïåðåõîä îò êåïëåðîâñêèõ ýëåìåíòîâ îðáèòû ê äå-

êàðòîâûì âåêòîðàì ïîëîæåíèÿ è ñêîðîñòè,
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void fromcarttokepler � ïåðåõîä îò äåêàðòîâûõ âåêòîðîâ ïîëîæåíèÿ è ñêî-
ðîñòè ê çíà÷åíèÿì êåïëåðîâñêèõ ýëåìåíòîâ îðáèòû.

8.2 Ôàéë unforkep.h � ïðîòîòèïû ôóíêöèé

/* for minor planet
MeanMotion : mean motion n in radian per day
semi-major axis in AU
Sqr(GaussConst) in AU**3/(day**2*SolarMass)
from the formula
n^2*a^3=k^2
or n=k/sqrt(a^3) where k = 0.01720209895 - Gauss const */

double fromaxistomot ( double a ) ; /* semimajor axis in AU */

/* kepler equation M=E-e*sin(E)
to solve with the use Newton iteration method
if fi(x)=0 then iteration may be possible
x_(n+1)=f(x_n) where f(x)=x-fi(x)/(d/dx(fi(x))) */

double keplerequation ( double eleme , double meananom ) ;

/* output ecliptical system
posvar 1,2,3 : a in AU, e, inclination in degree
angvar 1,2,3 : the ascending node in degree

: the argument of perigei in degree
: the mean anomaly in degree */

void fromcarttokepler ( double start , /* input */
double pos[4] , double vel[4] , /* input */
double finish , /* input */
double posvar[4] , double angvar[4] ) ; /* output */

/* output equatorial system
position pos 1,2,3 : x,y,z in AU
velosity vel 1,2,3 : vx,vy,vz in AU/day */
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void fromkeplertocart ( double start , /* input */
double posvar[4] , /* input */
double angvar[4] , /* input */
double finish , /* input */
double pos[4] , double vel[4] ) ; /* output */

8.3 Êîíòðîëüíûé ïðèìåð

initial elements
ecliptic heliocentric

53000.00000000 epoch in mjd
1.91997795 a semimajor axis AU
0.43460482 e eccentricity
11.878789 i inclination degree

171.418697 O ascending node deg.
26.433709 o arg.perihelium deg.

335.308176 M mean anomaly degree

coordinate and velosity
equator heliocentric

54000.00000000 moment in mjd
-1.088981018 x coordinate in AU
0.386338321 y coordinate in AU
0.114106614 z coordinate in AU

-0.002909948721 vx velosity in AU/day
-0.018262604782 vy velosity in AU/day
-0.003687289170 vz velosity in AU/day

the same elements
ecliptic heliocentric

53000.00000000 epoch in mjd
1.91997795 a semimajor axis AU
0.43460482 e eccentricity
11.878789 i inclination degree

171.418697 O ascending node deg.
26.433709 o arg.perihelium deg.

335.308176 M mean anomaly degree
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9 Ïîëîæåíèÿ ïëàíåò

9.1 Ôàéë unephjpl.h � ïðîòîòèïû ôóíêöèé

double factormus[12] ;

double factormuz[12] ;

double tiniteph,tlasteph ;

long nofbyte,ibytemax ;

int coefile, coebyte;

double coefeph[745] ;

void toobtainfmus ( void ) ;

void clcposvel ( int nplanet , /* input */
double tintdb , /* input */
double pos[4] ,
double vel[4] ) ; /* output */

int toopencoefile ( void ) ; /* all variables are external */

void toreadephemeris ( double tintdb ) ;

void clcephearthmoon ( double tintdb , /* input */
double posearth[4] ,
double velearth[4] , /* output */
double posmoon[4] ,
double velmoon[4] ) ; /* output */

void earths ( double tb , /* input */
double x[4] ,
double v[4] ) ; /* output */
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9.2 Êîíòðîëüíûé ïðèìåð

a try to open ephemeris file 0
the first record ephemeris file

16.00 4208557.870944580994000 -0.000000049758453
the first moment and the last moment in ephemeris file

16.00 104496.00

the moment to read ephemeris file 51550.00

2 -0.7124583436473 -0.1497006396575 -0.0224414714450 AU
2 0.0039069435935 -0.0180772977203 -0.0083796368453 AU/day

3 -0.2779139100353 0.8646414950798 0.3750900188822 AU
3 -0.0168203846191 -0.0044149810328 -0.0019135407775 AU/day

4 1.3849915395478 0.0746548334154 -0.0031070951592 AU
4 -0.0001616090105 0.0137836542532 0.0063267005983 AU/day

5 3.9687941271309 2.7661484980882 1.0890153139375 AU
5 -0.0046159401899 0.0058381325777 0.0026148831116 AU/day

6 6.3756485427397 6.1913509059278 2.2828517150820 AU
6 -0.0043004612336 0.0035085223832 0.0016340850254 AU/day

7 14.4394987113804 -12.4954001100514 -5.6768979306772 AU
7 0.0026805086789 0.0024578177110 0.0010385445137 AU/day

8 16.8191802798003 -22.9735014098319 -9.8219137207224 AU
8 0.0025836465122 0.0016630478881 0.0006163741824 AU/day

10 -0.2770524516587 0.8622660573984 0.3741307547728 AU
10 -0.0162906217746 -0.0042223682427 -0.0018847973637 AU/day

11 -0.0071095289382 -0.0026793654791 -0.0009376115142 AU
11 0.0000054239976 -0.0000067173997 -0.0000030164210 AU/day
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10 Èíòåãðèðîâàíèå óðàâíåíèé äâèæåíèÿ

10.1 Ïðàâûå ÷àñòè

Àëãîðèòì âû÷èñëåíèÿ ïðàâûõ ÷àñòåé äèôôåðåíöèàëüíûõ óðàâíåíèé äâè-
æåíèÿ ðåàëèçîâàí â ìîäóëå

unequras.c
void planetsforces
void clcrighthandcoor

Ïðîòîòèïû ôóíêöèé:

void planetsforces ( double teph , /* input moment */
double curp[4] , /* input position */
double forcec[4] ) ; /* output forces */

void clcrighthandcoor ( double ut , /* input */
double rc[4] , /* input */
double force[4] ) ; /* output */

10.2 Àëãîðèòì èíòåãðèðîâàíèÿ

Äëÿ ÷èñëåííîãî èíòåãðèðîâàíèÿ äèôôåðåíöèàëüíûõ óðàâíåíèé äâèæåíèÿ
àñòåðîèäîâ âûáðàí ìåòîä Ýâåðõàðòà 15-ãî ïîðÿäêà.

Àëãîðèòì èíòåãðèðîâàíèÿ äèôôåðåíöèàëüíûõ óðàâíåíèé äâèæåíèÿ ðåà-
ëèçîâàí â ìîäóëå uneverim.c.

Ïðîòîòèïû ôóíêöèé:

void everinit (void) ;
void evercoefnullo (void) ;
void clcvectfrompolinom ( double dstep ,

double zeror[4] , double zerov[4] ,
double vectr[4] , double vectv[4] ) ;

void posvelevergrator ( double stepfull ,
double *tbeg , double zeror[4] , double zerov[4] ,
double *tend , double vectr[4] , double vectv[4] ) ;
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10.3 Øàã ÷èñëåííîãî èíòåãðèðîâàíèÿ

Â àëãîðèòìàõ ÷èñëåííîãî èíòåãðèðîâàíèÿ äèôôåðåíöèàëüíûõ óðàâíåíèé
äâèæåíèÿ âåëè÷èíà øàãà ïî âðåìåíè îïðåäåëÿåòñÿ ýêñïåðèìåíòàëüíûì ïó-
ò¼ì. Ñóùåñòâóåò îäíî ñîîáðàæåíèå îáùåãî õàðàêòåðà: øàã äîëæåí áûòü òà-
êèì, ÷òîáû íà âûáðàííîì èíòåðâàëå âàðèàöèè ïðàâûõ ÷àñòåé óðàâíåíèé ìîã-
ëè áûòü àïïðîêñèìèðîâàíû ïîëèíîìîì ïî âðåìåíè.

Â çàäà÷å î äâèæåíèè ìàëûõ òåë Ñîëíå÷íîé ñèñòåìû ó÷èòûâàåòñÿ ïðèòÿ-
æåíèÿ Ñîëíöà, áîëüøèõ ïëàíåò è Ëóíû. Ïåðèîä îáðàùåíèÿ Ëóíû ìåíüøå
îäíîãî ìåñÿöà, øàã ÷èñëåííîãî èíòåãðèðîâàíèÿ íå ìîæåò ïðåâûøàòü ýòîé
âåëè÷èíû.

Äëÿ îöåíêè âåëè÷èíû øàãà ÷èñëåííîãî èíòåãðèðîâàíèÿ áûëè âûïîëíåíû
ïÿòü âàðèàíòîâ ðàñ÷¼òà. Íà÷àëüíûé âåêòîð ñîñòîÿíèÿ áûë îäèí è òîò æå
âî âñåõ âàðèàíòàõ. ×èñëîâûå çíà÷åíèÿ øàãà ñîñòàâëÿëè 0.5 ñóòîê, 1 ñóòêè,
2 ñóòîê, 5 è 10 ñóòîê. Íà êîíöå èíòåðâàëà èíòåãðèðîâàíèÿ, ÷åðåç 100 ëåò,
âûïîëíÿëîñü ñðàâíåíèå êåïëåðîâñêèõ ýëåìåíòîâ îðáèòû. Ðåçóëüòàòû ýêñïå-
ðèìåíòà ïðåäñòàâëåíû â òàáë. 3. Íà÷àëüíûé âåêòîð ñîñòîÿíèÿ ñîîòâåòñòâóåò
ïàðàìåòðàì äâèæåíèÿ àñòåðîèäà Èêàð.

Òàáëèöà 3: Âûáîð øàãà èíòåãðèðîâàíèÿ

øàã a (AU) e i (◦) Ω (◦) ω (◦)

0.5 1.0778311 0.827372 22.62660 87.43274 31.97429
1.0 1.0778311 0.827372 22.62660 87.43274 31.97429
2.0 1.0778311 0.827372 22.62660 87.43274 31.97429
5.0 1.0778312 0.827372 22.62661 87.43274 31.97429
10.0 1.0784705 0.827371 22.62512 87.43337 31.99429

Äëÿ ÷èñëåííîãî èíòåãðèðîâàíèÿ óðàâíåíèé äâèæåíèÿ áûë âûáðàí ïîñòî-
ÿííûé øàã, ðàâíûé 1 ñóòêàì. Ïðè ñáëèæåíèÿõ ìàëîãî òåëà ñ áîëüøèìè ïëà-
íåòàìè äî ðàññòîÿíèé, ìåíüøèõ 1.5 ìèëëèîíîâ êèëîìåòðîâ âåëè÷èíà øàãà
èíòåãðèðîâàíèÿ ïðèíèìàåòñÿ ðàâíîé 0.1 ñóòîê. Òàêàÿ âåëè÷èíà øàãà îáåñ-
ïå÷èâàåò ñîõðàíåíèå òî÷íîñòè âû÷èñëåíèé ïðè ñáëèæåíèÿõ ñ ïëàíåòàìè äî
ðàññòîÿíèé â 20 ðàç ìåíüøèõ ðàññòîÿíèÿ îò Çåìëè äî Ëóíû.
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11 Àëãîðèòì âû÷èñëåíèÿ öåëåóêàçàíèé

11.1 Ãåîäåçè÷åñêèå êîîðäèíàòû íà ïîâåðõíîñòè Çåìëè

Îáîçíà÷èì êîîðäèíàòû ïóíêòà íàáëþäåíèé â çåìíîé îïîðíîé ñèñòåìå, çà-
äàííûå íà êàêóþ-ëèáî äàòó, ÷åðåç X̄ , Ȳ , Z̄ .

Ïåðèîäè÷åñêèå èçìåíåíèÿ êîîðäèíàò, îáóñëîâëåííûå âëèÿíèåì ïðèëèâîâ
óïðóãîé Çåìëè è îêåàíè÷åñêèõ ïðèëèâîâ, âñåãäà ìåíåå îäíîãî ìåòðà. Ìàêñè-
ìàëüíûå âåêîâûå ñìåùåíèÿ îáñåðâàòîðèé çà äåñÿòü ëåò òàêæå íå ïðåâîñõîäÿò
îäíîãî ìåòðà. Îòëè÷èÿ êîîðäèíàò â ñèñòåìå èñòèííîãî ýêâàòîðà îò çåìíîé
îïîðíîé ñèñòåìû âñëåäñòâèå äâèæåíèÿ ïîëþñîâ íå äîñòèãàþò òð�åõ äåñÿòêîâ
ìåòðîâ. Âî ìíîãèõ ñëó÷àÿõ òàêèìè îòêëîíåíèÿìè ìîæíî ïðåíåáðå÷ü.

Ãåîäåçè÷åñêèå øèðîòà ϕ , äîëãîòà λ è âûñîòà ïóíêòà H ñ ïîìîùüþ ýêâà-
òîðèàëüíîãî ðàäèóñà Çåìëè

ae = 6378140.0 ìåòðîâ

è ñæàòèÿ Çåìëè
f = 0.00335281 =

1

298.257

ñâÿçàíû ñ êîîðäèíàòàìè X̄, Ȳ , Z̄ ôîðìóëàìè

X̄ = (G + H) · cos ϕ · cos λ,

Ȳ = (G + H) · cos ϕ · sin λ,

Z̄ = (G · (1− e2) + H) · sin ϕ,

G =
ae√

1− e2 · sin2 ϕ
,

e2 = 2 · f − f 2.

Äëÿ ïðåîáðàçîâàíèÿ îò ïðÿìîóãîëüíûõ êîîðäèíàò ê ãåîäåçè÷åñêèì âû÷èñëèì
äîëãîòó

P =
√

X̄2 + Ȳ 2, sin λ =
Ȳ

P
, cos λ =

X̄

P
,

è âîñïîëüçóåìñÿ ìåòîäîì ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé:
íà÷àëüíîå çíà÷åíèå

H

G
= 0,
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äàëåå äîñòàòî÷íî òð�åõ èòåðàöèé

Q =

√[
Z̄ ·

(
1 +

H

G

)]2

+

[
P ·

(
1− e2 +

H

G

)]2

,

sin ϕ = Z̄ ·
1 +

H

G
Q

,

cos ϕ = P ·
1− e2 +

H

G
Q

,

G =
ae√

1− e2 · sin2 ϕ
,

H

G
=

P

G · cos ϕ
− 1.

11.2 Òîïîöåíòðè÷åñêàÿ ýêâàòîðèàëüíàÿ ñèñòåìà êîîðäèíàò

Öåíòðîì òîïîöåíòðè÷åñêîé ýêâàòîðèàëüíîé ñèñòåìû êîîðäèíàò ÿâëÿåòñÿ
ïóíêò íàáëþäåíèé íà ïîâåðõíîñòè Çåìëè.

Êðóãîì ñêëîíåíèé íàçûâàþò äóãó áîëüøîãî êðóãà, ñîåäèíÿþùåãî ñåâåð-
íûé è þæíûé ïîëþñû ìèðà è òî÷êó íà íåáåñíîé ñôåðå. Êðóã ñêëîíåíèé,
ïåðåñåêàþùèé èñòèííûé ýêâàòîð â òî÷êå þãà, íàçûâàþò ïåðâûì ìåðèäèàíîì
ìåñòà íàáëþäåíèÿ.

Äëÿ ïåðâîé ýêâàòîðèàëüíîé ñèñòåìû èñïîëüçóþò ñôåðè÷åñêèå êîîðäèíà-
òû ïðîèçâîëüíîé òî÷êè íà íåáåñíîé ñôåðå: δ � ñêëîíåíèå, th � ÷àñîâîé óãîë.
Äëÿ âòîðîé ýêâàòîðèàëüíîé ñèñòåìû èñïîëüçóþò ñôåðè÷åñêèå êîîðäèíàòû
ïðîèçâîëüíîé òî÷êè íà íåáåñíîé ñôåðå: δ � ñêëîíåíèå, α � ïðÿìîå âîñõî-
æäåíèå.

Ñêëîíåíèå δ èçìåðÿåòñÿ â óãëîâîé ìåðå âäîëü äóãè, îòñ÷èòûâàåìîé îò
ýêâàòîðà ïî êðóãó ñêëîíåíèé. Ñåâåðíûé ïîëþñ èìååò ñêëîíåíèå δ = +90◦ .
Þæíûé ïîëþñ èìååò ñêëîíåíèå δ = −90◦ . ×àñîâîé óãîë th îòñ÷èòûâàåòñÿ ïî
÷àñîâîé ñòðåëêå âäîëü ýêâàòîðà îò ïåðâîãî ìåðèäèàíà äî òî÷êè ïåðåñå÷åíèÿ
ýêâàòîðà ñ êðóãîì ñêëîíåíèé. Ïðÿìîå âîñõîæäåíèå α îòñ÷èòûâàåòñÿ ïðîòèâ
÷àñîâîé ñòðåëêè âäîëü ýêâàòîðà îò èñòèííîé òî÷êè âåñåííåãî ðàâíîäåíñòâèÿ
äî ïåðåñå÷åíèÿ ñ êðóãîì ñêëîíåíèé.
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×àñîâîé óãîë th , ïðÿìîå âîñõîæäåíèå α , èñòèííîå çâ¼çäíîå âðåìÿ S⊕ è
äîëãîòà ìåñòà íàáëþäåíèÿ λ ñâÿçàíû ôîðìóëîé:

th = sl − α,

sl = S⊕ + λ,

ãäå sl � ìåñòíîå çâ¼çäíîå âðåìÿ.

11.3 Òîïîöåíòðè÷åñêàÿ ãîðèçîíòàëüíàÿ ñèñòåìà êîîðäèíàò

Öåíòðîì O òîïîöåíòðè÷åñêîé ãîðèçîíòàëüíîé ñèñòåìû êîîðäèíàò ÿâëÿ-
åòñÿ ïóíêò íàáëþäåíèé íà ïîâåðõíîñòè Çåìëè. Ïëîñêîñòü XOY ïåðåñåêàåò
ëèíèþ ãîðèçîíòà. Îñü OZ ïåðïåíäèêóëÿðíà ãîðèçîíòàëüíîé ïëîñêîñòè. Îñü
OX íàïðàâëåíà ê ñåâåðó.

Ãåîäåçè÷åñêèå êîîðäèíàòû ïóíêòà íàáëþäåíèé íà ïîâåðõíîñòè Çåìëè, ïðÿ-
ìîóãîëüíûå X̄b , Ȳb , Z̄b è ñôåðè÷åñêèå ϕb , λb , íåîáõîäèìû äëÿ ïðåîáðàçî-
âàíèé ìåæäó çåìíîé è òîïîöåíòðè÷åñêîé ñèñòåìàìè êîîðäèíàò.

Ïóñòü â çåìíîé ñèñòåìå êîîðäèíàò (ðàçä. 1 íà ñ. 4) çàäàí âåêòîð ïîëîæåíèÿ
îáúåêòà

xc, yc, zc,

ïðèâÿçàííûé ê öåíòðó Çåìëè.
Ýòîò æå âåêòîð â çåìíîé ñèñòåìå îòñ÷¼òà, íî âû÷èñëÿåìûé îòíîñèòåëüíî

ïóíêòà íàáëþäåíèé, èìååò êîîðäèíàòû:

xb = xc − X̄b, yb = yc − Ȳb, zb = zc − Z̄b.

Ïðåîáðàçîâàíèå èç çåìíîé ñèñòåìû ê òîïîöåíòðè÷åñêîé ãîðèçîíòàëüíîé
ñèñòåìå êîîðäèíàò ìîæåò áûòü âûïîëíåíî ñ ïîìîùüþ òð�åõ ïîâîðîòîâ ïðîòèâ
÷àñîâîé ñòðåëêè. Ñ ïîìîùüþ ïåðâîãî ïîâîðîòà âîêðóã îñè OZ íà óãîë λb

îñü OX áóäåò íàïðàâëåíà â òî÷êó, ïåðåñåêàþùóþ ìåðèäèàí ïóíêòà íàáëþ-
äåíèé. Âòîðîé ïîâîðîò âîêðóã íîâîãî íàïðàâëåíèÿ îñè OY íà óãîë 90◦−ϕb ,
ãäå ϕb � ãåîäåçè÷åñêàÿ øèðîòà, ïåðåâåä�åò îñü OZ â ïîëîæåíèå, ïåðïåíäè-
êóëÿðíîå ãîðèçîíòàëüíîé ïëîñêîñòè. Òðåòüèì ïîâîðîòîì âîêðóã íîâîãî íà-
ïðàâëåíèÿ îñè OZ íà óãîë 180◦ îñü OX , ëåæàùàÿ â ïëîñêîñòè ãîðèçîíòà,
îêàæåòñÿ íàïðàâëåííîé íà ñåâåð.
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Îáîçíà÷èì ÷åðåç Mtq ìàòðèöó ïðåîáðàçîâàíèÿ îò çåìíîé ñèñòåìû êîîð-
äèíàò ê òîïîöåíòðè÷åñêîé. Ôîðìóëà äëÿ âû÷èñëåíèÿ èìååò âèä

Mtq = Rz(180◦) ·Ry(90◦ − ϕb) ·Rz(λb).

Â òîïîöåíòðè÷åñêîé ñèñòåìå êîîðäèíàò ãåîäåçè÷åñêèé àçèìóò A îáúåê-
òà íàáëþäåíèé îòñ÷èòûâàåòñÿ îò íàïðàâëåíèÿ íà ñåâåð ïî ÷àñîâîé ñòðåëêå,
0◦ 6 A < 360◦ . Óãîë âûñîòû h îòñ÷èòûâàåòñÿ îò ëèíèè ãîðèçîíòà ïðîòèâ
÷àñîâîé ñòðåëêè, 0◦ < h 6 90◦ . Äëÿ îáúåêòîâ, îêàçàâøèõñÿ íèæå ëèíèè ãî-
ðèçîíòà, óãîë âûñîòû h ïðèíèìàåò îòðèöàòåëüíûå çíà÷åíèÿ: −90◦ 6 h 6 0◦ .

11.4 Óñëîâèÿ âèäèìîñòè

Ïðè îïðåäåëåíèè óñëîâèé âèäèìîñòè íåîáõîäèìî ó÷èòûâàòü âðåìÿ ðàñïðî-
ñòðàíåíèÿ ñâåòà. Èçîáðàæåíèå, çàôèêñèðîâàííîå íà ïðè¼ìíèêå èçëó÷åíèÿ â
ìîìåíò âðåìåíè t , ñîäåðæèò èíôîðìàöèþ î ïîëîæåíèè îáúåêòà â áîëåå ðàí-
íèé ìîìåíò âðåìåíè t′ , ìîìåíò îòðàæåíèÿ ñîëíå÷íîãî ñâåòà îáúåêòîì.

Äàí
ìîìåíò âðåìåíè t .
Èçâåñòåí àëãîðèòì
ðàñ÷¼òà ïîëîæåíèÿ ìàëîãî òåëà íà ïðîèçâîëüíûé ìîìåíò âðåìåíè t′ . Êî-

îðäèíàòû îáúåêòà x(t′) , y(t′) , z(t′) âû÷èñëåíû â ãåëèîöåíòðè÷åñêîé ýêâàòî-
ðèàëüíîé ñèñòåìå îòñ÷�åòà.

Íàéòè
ïîëîæåíèå îáúåêòà îòíîñèòåëüíî ïóíêòà íàáëþäåíèé â òîïîöåíòðè÷åñêîé

ãîðèçîíòàëüíîé ñèñòåìå êîîðäèíàò íà çàäàííûé ìîìåíò âðåìåíè t .
Àëãîðèòì ðàñ÷¼òà öåëåóêàçàíèé ñîñòîèò èç ïîñëåäîâàòåëüíûõ ïðåîá-

ðàçîâàíèé âû÷èñëåííîãî ïîëîæåíèÿ îáúåêòà.
Ñ ïîìîùüþ àëãîðèòìà ðàçä. 9 (ñ.36) íà ìîìåíò âðåìåíè t âû÷èñëèì ïðÿ-

ìîóãîëüíûå ãåëèîöåíòðè÷åñêèå ýêâàòîðèàëüíûå êîîðäèíàòû Çåìëè XE , YE ,
ZE . Â íóëåâîì ïðèáëèæåíèè íà ìîìåíò âðåìåíè t′ = t íàéä¼ì êîîðäèíà-
òû îáúåêòà x(t′) , y(t′) , z(t′) â ãåëèîöåíòðè÷åñêîé ýêâàòîðèàëüíîé ñèñòåìå
îòñ÷�åòà.
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Äàëåå ïî ôîðìóëå

ρ =

√
(x(t′)−XE(t))2 + (y(t′)− YE(t))2 + (z(t′)− ZE(t))2

ìîæíî ïîëó÷èòü îöåíêó ðàññòîÿíèÿ ìàëîãî òåëà îò öåíòðà Çåìëè è âû÷èñ-
ëèòü â ïåðâîì ïðèáëèæåíèè ìîìåíò âðåìåíè t′ :

t′ = t− ρ

c
, c � ñêîðîñòü ñâåòà.

Âû÷èñëåíèå êîîðäèíàò îáúåêòà x(t′) , y(t′) , z(t′) â ãåëèîöåíòðè÷åñêîé ýê-
âàòîðèàëüíîé ñèñòåìå îòñ÷�åòà, ðàññòîÿíèå ìàëîãî òåëà îò Çåìëè ρ è îöåíêó
ìîìåíòà âðåìåíè t′ ñëåäóåò ïîâòîðèòü îäèí èëè äâà ðàçà.

Âèäèìûå ãåîöåíòðè÷åñêèå êîîðäèíàòû îáúåêòà â íåáåñíîé ñèñòåìå îòñ÷¼òà
îïðåäåëåíû ôîðìóëàìè

xf = x(t′)−XE(t), yf = y(t′)− YE(t) zf = z(t′)− ZE(t).

Âåëè÷èíû xf , yf , zf ñ ïîìîùüþ ìàòðèöû Mct (ðàçä. 7.4 íà ñ. 29) ñëåäóåò
ïðåîáðàçîâàòü ê ïîëîæåíèÿì xc(t) , yc(t) , zc(t) â çåìíîé ñèñòåìå îòñ÷¼òà:


xc

yc

zc


 = Mct ·




xf

yf

zf


 .

Äàëåå âûïîëíèì îïåðàöèþ ïåðåíîñà öåíòðà ñèñòåìû êîîðäèíàò â ïóíêò
íàáëþäåíèé:

xb = xc − X̄b, yb = yc − Ȳb, zb = zc − Z̄b,

à ñ ïîìîùüþ ìàòðèöû Mtq è àëãîðèòìà óìíîæåíèÿ ìàòðèöû íà âåêòîð
(ðàçä. 2.2 íà ñ. 8) ïðåîáðàçóåì ïîëîæåíèå îáúåêòà â òîïîöåíòðè÷åñêèå ïðÿ-
ìîóãîëüíûå êîîðäèíàòû xq(t) , yq(t) , zq(t) :


xq

yq

zq


 = Mtq ·




xb

yb

zb


 .

Åñëè âûïîëíÿåòñÿ óñëîâèå zq(t) < 0 , òî îáúåêò íàõîäèòñÿ âíå çîíû âèäè-
ìîñòè, è öåëåóêàçàíèÿ íå âû÷èñëÿþòñÿ.

Åñëè zq(t) > 0 , òî îáúåêò íàõîäèòñÿ â ïîëå çðåíèÿ äàííîãî ïóíêòà íàáëþ-
äåíèé.
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11.5 Âðåìÿ ñóòîê

Óñëîâèÿ îñâåù¼ííîñòè íà ïóíêòå íàáëþäåíèé ìîæíî îïðåäåëèòü ñëåäóþ-
ùèì îáðàçîì.

Ñ ïîìîùüþ àëãîðèòìà ðàçä. 7.5 (ñ.30) âû÷èñëèòü ìàòðèöó Mtc äëÿ ïðå-
îáðàçîâàíèÿ èç çåìíîé ñèñòåìû êîîðäèíàò â íåáåñíóþ.

Ñ ïîìîùüþ ìàòðèöû Mtc è àëãîðèòìà óìíîæåíèÿ ìàòðèöû íà âåêòîð (ñ.8)
ïðåîáðàçîâàòü âåêòîð ïîëîæåíèÿ ïóíêòà íàáëþäåíèé ê êîîðäèíàòàì X̄q(t) ,
Ȳq(t) , Z̄q(t) â íåáåñíîé ñèñòåìå îòñ÷¼òà:


X̄q

Ȳq

Z̄q


 = Mtc ·




X̄b

Ȳb

Z̄b


 .

Ñ ïîìîùüþ àëãîðèòìà ðàçä. 9 (ñ.36) íà ìîìåíò âðåìåíè t âû÷èñëèòü ïðÿ-
ìîóãîëüíûå êîîðäèíàòû Ñîëíöà

XS = −XE, YS = −YE, ZS = −ZE

îòíîñèòåëüíî öåíòðà Çåìëè â íåáåñíîé ñèñòåìå îòñ÷¼òà.
Âû÷èñëèòü êîñèíóñ óãëà H1 ìåæäó íàïðàâëåíèÿìè èç öåíòðà Çåìëè íà

Ñîëíöå è íà ïóíêò íàáëþäåíèé

cos H1 =
X̄qXS + ȲqYS + Z̄qZS√

X̄2
q + Ȳ 2

q + Z̄2
q

√
X2

S + Y 2
S + Z2

S

.

Åñëè cos H1 > 0 , òî íà ïóíêòå íàáëþäåíèé äåíü, åñëè cos H1 < −0.17 , òî íà
ïóíêòå íàáëþäåíèé íî÷ü, èíà÷å � ñóìåðêè.

11.6 Âèäèìàÿ çâ¼çäíàÿ âåëè÷èíà

Èñõîäíûå äàííûå ñîäåðæàò ÷èñëîâûå çíà÷åíèÿ äâóõ ïàðàìåòðîâ: àáñîëþò-
íóþ çâ¼çäíóþ âåëè÷èíó H è ïàðàìåòð íàêëîíà G . Ñ ïîìîùüþ ýòèõ ïàðà-
ìåòðîâ ìîæíî ïîëó÷èòü îöåíêó âèäèìîé çâ¼çäíîé âåëè÷èíû vb ìàëîãî òåëà.

Ïóñòü x(t′) , y(t′) , z(t′) êîîðäèíàòû îáúåêòà â ãåëèîöåíòðè÷åñêîé ýêâàòî-
ðèàëüíîé ñèñòåìå îòñ÷�åòà, à âåëè÷èíû xf , yf , zf � âèäèìûå ãåîöåíòðè÷åñêèå
êîîðäèíàòû îáúåêòà.
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Âû÷èñëèì ãåëèîöåíòðè÷åñêîå ðàññòîÿíèå r

r =
√

x(t′)2 + y(t′)2 + z(t′)2.

Âû÷èñëèì ãåîöåíòðè÷åñêîå ðàññòîÿíèå ∆

∆ =
√

x2
f + y2

f + z2
f .

Ïóñòü β � óãîë ôàçû. Òîãäà

cos β =
x(t′) xf + y(t′) yf + z(t′) zf

r ∆
,

sin β =
√

1− cos2 β,

tg
β

2
=

sin β

1 + cos β
.

Äàëåå ñëåäóåò îïðåäåëèòü ÷èñëîâûå çíà÷åíèÿ äâóõ ôóíêöèé óãëà ôàçû:

Φ1 = Exp
{
−3.33 ·

[
tg

β

2

]0.63
}

,

Φ2 = Exp
{
−1.87 ·

[
tg

β

2

]1.22
}

.

Îöåíêà âèäèìîé çâ¼çäíîé âåëè÷èíû âû÷èñëÿåòñÿ ïî ôîðìóëå

vb = H + 5 lg(r∆)− 2.5 lg
[
(1−G)Φ1 + GΦ2

]
.

11.7 Àçèìóò, âûñîòà, ÷àñîâîé óãîë è ñêëîíåíèå

Àçèìóò A , óãîë âûñîòû h è äàëüíîñòü d äî îáúåêòà âû÷èñëÿþòñÿ ïî
ôîðìóëàì:

cos A = +
xq√

x2
q + y2

q

,

sin A = − yq√
x2

q + y2
q

,

sin h =
zq√

x2
q + y2

q + z2
q

,

cos h = +
√

1− sin2 h,

d =
√

x2
q + y2

q + z2
q .
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Ñèñòåìà óïðàâëåíèÿ òåëåñêîïà ñ ýêâàòîðèàëüíîé ìîíòèðîâêîé òðåáóåò
çíàíèÿ óñòàíîâî÷íûõ ïàðàìåòðîâ: ñêëîíåíèÿ δ è ÷àñîâîãî óãëà th . Äëÿ ýòîãî
íàäî âûïîëíèòü ñëåäóþùèå äåéñòâèÿ.

Ñ ïîìîùüþ àëãîðèòìà ðàçä.6.4 íà ñ.26 âû÷èñëèòü çíà÷åíèå èñòèííîãî
çâ¼çäíîãî âðåìåíè S⊕ .

Òîïîöåíòðè÷åñêèå êîîðäèíàòû xb , yb , zb ñëåäóåò ïåðåâåñòè èç çåìíîé ñè-
ñòåìû êîîðäèíàò â èñòèííóþ ýêâàòîðèàëüíóþ:

xa = +xb cos S⊕ − yb sin S⊕,

ya = +xb sin S⊕ + yb cos S⊕,

za = +zb.

Ïðÿìîå âîñõîæäåíèå è ñêëîíåíèå âû÷èñëÿþòñÿ ïî ôîðìóëàì
cos α =

xa√
x2

a + y2
a

,

sin α =
ya√

x2
a + y2

a

,

sin δ =
za√

x2
a + y2

a + z2
a

,

cos δ = +
√

1− sin2 δ.

×àñîâîé óãîë th , ïðÿìîå âîñõîæäåíèå α , èñòèííîå çâ¼çäíîå âðåìÿ S⊕ è
äîëãîòà ìåñòà íàáëþäåíèÿ λp ñâÿçàíû ôîðìóëîé:

th = S⊕ + λp − α.

11.8 Êîíòðîëüíûé ïðèìåð

Èñïîëüçîâàíû íà÷àëüíûå çíà÷åíèÿ îñêóëèðóþùèõ êåïëåðîâñêèõ ýëåìåí-
òîâ îðáèòû àñòåðîèäà Àïîôèñ (ñ.5). Âû÷èñëåíèå âèäèìîé çâ¼çäíîé âåëè÷èíû
ðåàëèçîâàíî â ìîäóëå unastvam.c.

Ïðîòîòèï ôóíêöèè
double togetmau ( double h , /* absolute magnitude */

double g , /* slope parameter */
double p[4] , /* vector from the Sun */
double r[4] ) ; /* vector from the Earth */
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12 Ðåçóëüòàòû ðàñ÷¼òîâ

Â íàñòîÿùåå âðåìÿ àñòåðîèä Àïîôèñ îòíîñèòåëüíî íàçåìíîãî íàáëþäàòåëÿ
íàõîäèòñÿ íà ñîëíå÷íîé ñòîðîíå.

Î÷åðåäíîé ïåðèîä íî÷íîé âèäèìîñòè ñîñòîèòñÿ ñ ÿíâàðÿ ïî àïðåëü 2012
ãîäà. Â ÿíâàðå 2013 ãîäà îáúåêò, èìåÿ îòðèöàòåëüíîå ñêëîíåíèå, ïðèáëèæà-
åòñÿ ê Çåìëå íà ðàññòîÿíèå 13 ìèëëèîíîâ êèëîìåòðîâ. Ñèòóàöèÿ ïîâòîðÿåòñÿ
ñ äåêàáðÿ 2019 ãîäà ïî ìàðò 2021 ãîäà è â íà÷àëå 2028 ãîäà. Çà ìåñÿö äî
äàòû 13 àïðåëÿ 2029 ãîäà � ìîìåíòà íàèáîëüøåãî ñáëèæåíèÿ àñòåðîèäà ñ
Çåìë¼é � óñëîâèÿ åãî íàáëþäåíèé â ñåâåðíîì ïîëóøàðèè íåáëàãîïðèÿòíûå.
Öåëåóêàçàíèÿ íà íåñêîëüêî ìîìåíòîâ âðåìåíè äëÿ íàáëþäàòåëÿ îáñåðâàòî-
ðèè íà ïèêå Òåðñêîë ïðåäñòàâëåíû â òàáë. 4.

Òàáëèöà 4: Óñëîâèÿ âèäèìîñòè

äàòà UTC α (J2000) δ (J2000) δr (AU) A (◦) h (◦) m

2012 01 16 17h00m +00h20m21s.60 −02◦20′49′′.1 0.61347 228◦.01 31◦.67 20.6
2012 01 17 17 00 +00 25 17.05 −01 53 05.3 0.61408 228.05 32.19 20.6
2012 02 15 17 00 +02 37 32.93 +10 04 07.7 0.67545 231.64 44.61 20.8
2013 01 15 00 00 +08 38 13.62 −21 54 08.0 0.09771 198.83 21.46 15.9
2013 02 12 19 00 +06 52 09.17 −00 43 26.8 0.14386 178.27 44.85 16.8
2013 03 10 18 00 +06 50 43.30 +11 09 46.8 0.22007 197.06 55.71 18.2
2019 12 31 17 00 +23 26 17.43 −09 14 35.9 0.44915 221.77 26.92 20.2
2020 01 18 17 00 +01 02 13.70 −00 29 25.1 0.45968 220.15 37.55 20.1
2020 02 16 17 00 +03 12 45.52 +11 10 43.4 0.54368 222.91 49.70 20.4
2028 02 20 17 00 +04 01 40.53 +12 26 31.7 0.43585 211.90 54.46 19.9
2029 04 01 23 00 +14 12 33.92 −30 14 57.8 0.04106 176.43 15.17 13.7
2029 04 11 22 00 +14 05 22.38 −29 54 40.0 0.00692 173.39 15.29 9.5
2029 04 12 22 00 +13 55 03.11 −29 00 05.3 0.00350 176.54 16.41 8.0
2029 04 13 20 00 +11 19 02.62 −06 18 25.5 0.00035 187.85 38.84 3.3
2029 04 13 21 00 +09 44 09.28 +09 26 10.4 0.00025 241.78 37.79 3.4

Â êîëîíêå α äàíî ïðÿìîå âîñõîæäåíèå îáúåêòà â ÷àñîâîé ìåðå. Â êîëîí-
êå δ ñîäåðæàòñÿ çíà÷åíèÿ ñêëîíåíèÿ â ãðàäóñíîé ìåðå. Â êîëîíêàõ A è h
ïðåäñòàâëåíû, ñîîòâåòñòâåííî, ÷èñëîâûå çíà÷åíèÿ ãåîäåçè÷åñêîãî àçèìóòà è
óãëîâîé âûñîòû îáúåêòà íàä ãîðèçîíòîì.
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