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THE DETERMINATION OF A SPECTROSCOPIC BINARY ORBIT
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Abstract. An efficient analytical method for determining the orbit of spectroscopic binary is presented. The
advantages of the method are: (1) its accuracy, (2) its rapidity, (3) the possibility of making adjustments
in the elements before the final presentation. This method seems to have very definite advantages in
compartson to the other methods. It gives a standard set of velocity curves also, for a set of (e, w) values
with amplitude ranging between +1 K and —1 K. These curves in tabulated, or graphical form can be
used in routine fashion for the determination of preliminary elements preparatory to a least-squares
correetion. Application to the velocity curve of o And and é Ori is given.

1. Introduction

The determination of the elements of a spectroscopic binary system is usually
facilitated by the fact that observations have been made over a time long enough
to find the period with sufficient accuracy and with enough care in the distribution
of them to make known fairly precisely the extreme range in the variation of the
radial velocity. With these data it is very simple matter to determine from the
velocity curve the other orbital elements. A large number of practical methods
have been proposed. The method which gives the best results in one case may not
yield in another. Under unfavourable circumstances any method by itself is liable
to give untrustworthy results. The best plan would be to determine the
approximate elements in several independent ways. The degree of agreement
between the results so obtained will be a valuable guide to the judgement.

Wilsing (1893) developed an analytical method applicable to very small
eccentricity. Russell (1902) extended this method so that it may be generally
available. In this method the observed radial velocity is developed into a
trignometric series (Fourier series) and the elements are found by comparing this
series with the corresponding analytical expression (Fourier series) for the velocity.
In this method the time consumed is considerably longer.than the geometrical
methods of Lehmann-Filhés (1894), Schwarzschild (1900), and Zurhellen (1907a, b).
But is should be very useful in special cases. One such case would occur when a
star had a period of about a year, and the maximum or minimum velocity fell in
the interval when 1t was near the Sun. This phase being unobservable, the
geometrical methods will give results, which might be seriously in error. Another
case in which this method is useful is that of a star attended by two dark
companions with commensurable periods. In this case the resultant velocity curve
may have several unequal maxima and the geometrical methods fail altogether.
This method, however enables us to separate the resultant motion into the two-
component orbital motions, except when the perturbations are large.
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In the present paper we present a method for determining the orbits of
spectroscopic binaries. The approach is similar to that of Wilsing (1983) and
Russell (1902), as for as the expansion in trignometric series is concerned, but
differs in certain aspects. In this method instead of expanding the radial velocity V,
we expand (V —V,)K, where V,, = 3(V, o+ Viain) = Vo + Ke cos w.

2. Theory of the Method

The conditions of the problem are shown in Figure 1. The X Y-plane is taken as the
plane tangent to the celestial sphere at the center of motion, the Z-axis being the
line-of-sight in which the velocities are measured and perpendicular to X Y-plane.
The orientation of the X- and Y-axes in space remain unknown.

Fig. 1. Schematic diagram of the orbit, and axes of coordinates.

The following notation will be used:
P = period;
= mean daily motion;
ascending node on X Y-plane;
semi-major axis of.true ellipse;
semi amplitude of the velocity curve;
angular distance of periastran from ascending node;
v+ = argument of the latitude;
= radius vector of the star;
= time;
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= the time of periastron passage;

= true anomaly;

= mean anomaly;

eccentric anomaly;

= eccentricity = sin ¢, ¢ = eccentric angle ;
= velocity of center of mass of the system;
= radial velocity of the bright star;

the projection of r on the line-of-sight.

N="®mg= S
I

Then we must have

V =V,+ dz 1
v+ S ()
= Vy+K[ecosw+cos(r+w)]. (2)

The mean velocity V,, is defined by
Vie = 3(Vnax + Vinin) = Vo + Kecos w. (3)
Therefore

= —ecosw+coswcos® P Y {J,_ (pe)+J, . (pe)} cos pM —

p=1

—sinwcos¢ Y {J,_(pe)—J,, (pe)jsinpM, (5)

p=1

= Ao+ ), (A,cospM —B,sinpM), (6)

p=1

where Jp(pe) is the Bessel function of order p and argument pe,

cos? ¢ = (1 —e?), (7)
A, = —ecosw, (8)
A, = coswcos’ ¢ C,, 9)
B, =sinwcos¢S,. (10)

Now from (7), (8), (9), and (10) one can find out ¢ and w. That is

A7+ B? = cos* ¢ cos> w C?+cos? ¢psin’w S3, (11)
eZ

C,=1-5 4. (12)
8

S, =1-32+.... (13)

The accuracy of the values of ¢ and « depends upon the number of terms
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retained 1n the Bessel functions

; X x? x* B } (14)
P = T T 20p12) T 2axpiptd)

(A7 +B1)+0547 -1
T 012542 —(42+B2)-0.75"

2

As a first approximation and next approximation

e? = —{0.12543 — (A3 +B})—0.75] &
+[{0.12542— (434 B3)—0.75} —(1-0.545 — 4] — B}) x
x (1% —(A3/16)—4(A7+B7)} ]~ "% /(z5) —(A3/32) = 2(A7 + BY). (16)

Further accurate value of e can be obtained by matrix iteration method for
solving a polynomial in powers of e as represented by (11).

In order to find A,, 4,, and By, let us divide the period into any even number
p = 2N of equal parts, beginning at the epoch to. Let vy, vy,....0,y_; be the
corresponding values of (V —V,,)/K (v, corresponding to t,), then

1
Aozﬂ(vo—l—L,‘l—F...‘szN—l)’ (17)

1 i3 2n 2N—-1)n
Ay =— vo+vlcosﬁ +0,C08— +... 40U,y COs ——— |, (18a)

N N N
1 . .2 . N—-1)n
B, = N<Uo+01 sm% +v, smﬁ7I +.. 4N sm( N L) (18b)

Procedure. The importance of the method lies in its simplicity and accuracy.
From the observed radial velocities at different epochs, one has to determine first
period by the well-known procedures. The mean velocity

V= Vour + V,

m max min)

(19)

is obtained and by plotting the radial velocity curve (velocities at different phase),
the half amplitude of the curve, K is obtained. As a next step the curve is plotted
again as (V' —V,)/K at different phases. In this presentation the ordinate will be
from +1 K to —1 K (as shown in Figure 2). This radial velocity curve, is
applicable to any set of observed radial velocities, provided, ¢ and w are the same.
Now divide the period into any even number 2N of equal parts, beginning at the
epoch to. Let v, vy,...,0,5_; be the values of (V—1V,,)/K at different epoch (v,
corresponding to t,). Then

(V—-V,)/K at t,=uv,=A4y+ ) (A,cospM—B,sinpM), (20)

p=1
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Fig. 2. Radial velocity curve for e = 0.5, w = 180°.
where
M = Qn/P)t—t,). 1)

By comparing this series with (5) we get Ay, A,, B, as given by Equations (8), (9),
and (10). For calculating e and w only A, and A, are necessary. The expressions
for A, and A4, in terms of vy, vy,...,v,5_; are given by (17) and (18). From (15)
and (16) one gets the value of e and then from (8) value of w.

Now to check at the values of e and w, use expression (5) at M/2xr =0,...,1 to
calculate (V —V,,)/K at different M/27 and plot the curve (V —V, /K vs M/2xn. If the
values of e and w are correct, this curve should be exactly the same as given in
Figure 2. Some improvement can be made in the values of ¢ and therefore of w, to
arrive at the correct curve.

At the time of passing through periastron, (V —V,,)/K =cos w, where V = radial
velocity at the time of periastron passage T. The velocity of the system V, is now
obtained from

Vo = V,,—Kecosw. (22)
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3. Application to o And

Figures 3 and 4 give velocity curve as radial velocity observed vs phase and as
suggested above, respectively, for the determination of the orbit of the
spectroscopic binary o And. The observations used are as given in Table 1. These
were taken from 15 October, 1981 to 5 October, 1982 using a 100 cm reflecting
telescope of Kavalur Observatory on 09802 Kodak Plates at Cassegrain focus at a
reciprocal dispersion of 172 A mm~™! at 16562.817 A. The phase has been
calculated from JD 2444 948.147 and a period of 1.674 58 days. We have arrived at
the following orbital elements:

K = 34.165 km,

V,= 13.50 km s~ ',

e = 0.53943,

w = 177.046°,

T, = JD 2444 894.0905,
P = 1.67458 d,

asini = 662437.8 km,
f(m) = 0.004 13 solar masses.

The radial velocity curve indicates the presence of gas stream and effect of
rotation. This is indicated by the large difference between the computed and
observed radial velocities just before and after the primary eclipse. This has been
observed by Struve (1949) to be between phase 0.8 and phase 1.0 in U Cephei, SX
Cassiopeiae, RX Cassiopeiae, and U Coronae Borealis. The position of the primary
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Fig. 3. Radial velocity curve of o And.
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Fig. 4. Radial velocity curve of o And.

TABLE 1
Date JD Phase Radial Radial O-C
velocity velocity
observed calculated
(kms™1) (kms™ 1)
15 Oct. 1981 4893.166 0.167 —41.13 - -
16 Oct. 1981 4894.094 0.278 —39.07 —39.06 —0.01
& Dec. 1981 4947.092 0.369 — 0.66 -~ 595 +5.29
8 Dec. 1981 4948.109 0977 22.00 21.98 +0.02
9 Dec. 1981 4948.132 0.991 29.26 - -
9 Dec. 1981 4948.147 0.000 38.26 - -
9 Dec. 1981 4948.157 0.006 22.00 23.71 1.71
11 Dec. 1981 4950.063 0.144 1.12 6.97 5.85
9 Jan. 1982 4979.102 0.485 21.59 22.34 —0.75
23 Jan. 1982 5144.430 0.213 —11.85 —14.74 +2.89
5 Oct. 1982 5248.188 0.174 —27.06 - -
5 Oct. 1982 5248.261 0.217 —19.11 —15.97 —3.14
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eclipse is, where V,, axis cuts the steeper side of the velocity curve. This behaviour
is very clear in Figure 3, (o And). This shows that o And is a very close binary so
that interaction like tidal waves or more violent phenomena is taking place. In the
orbit determination we have left four observed velocities from taking into
calculation. These velocities differ from the assumed radial velocity curve.

4. Application to ¢ Orionis

The observations used are as given in Table Il (Singh, 1982). The observations
were taken from 19 February, 1981 to 26 February, 1981; 3 April, 1981 to 8 April,
1981; using a 50 cm reflecting telescope, and 13 October, 1981 to 15 October,
1981; 10 November, 1981 to 11 November, 1981; and & December, 1981 to 11
December, 1981, using a 100 cm reflecting telescope of Kavalur Observatory on
09802 Kodak plates, at Cassegrain focus, at a reciprocal dispersion of 17.2 A
mm ™' at 16562.817 A. For radial velocity measurements 23 spectra have been used
(Singh, 1982). The phase has been calculated from JD 2428 382.263. By applying
the present method we have arrived at e = 0.25 and w = 136.88°, where as our
previously determined values were ¢ = 0.254, w = 139.07°.

5. Radial Velocity Curve Sets

Table Il represents a set of radial velocity curves for different ¢ and w. These have
been computed from expression (5). These curves can be used in routine fashion for
the determination of preliminary elements preparatory to a least-squares
correction, in the following way. First of all one has to determine the period of the
orbit by known methods. As a second step one has to plot observed radial velocity
curve. From this curve one has to find out K, and V,, and then again plot the
observed radial velocity curve as described earlier, and then match this curve with
the radial velocity curve given in the set, taking a guide from these values of e and
.

6. Conclusions and Discussion

The present method appears upon trial to be somewhat less expeditious in practice
than that of Lehmann-Filhés, which is in general use. It should be more accurate
as the elements are deduced from twelve or more points of the velocity curve,
instead of four. There are some cases, to which the geometrical methods are
inapplicable, and in these cases the present one may be found useful.

One such case would occur when observations are incomplete because certain
phases could not have been observed. Another case in which this method is useful is
that of a star attended by two dark companions with commensurable periods. The
analytical method enables us to separate the resultant motion into the two
components orbital motions.
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The advantages of this method are: (1) its accuracy; (2) its rapidity; (3) the
possibility of making adjustments in the elements before the final presentation. The
standard set of curves for (e, ) given by this method can be used in routine
fashion for determination of preliminary elements preparatory to a least-squares
correction.

This method presented here is based on techniques somewhat similar to those to
be found by Russell’s (1902) method and Irwin’s method (1952).

This method can be used for synthesising radial velocity curves for (e, w) sets, for
studying different effects such as gas streaming, rotational etc in binaries, by adding
additional terms to the expression (5).

Appendix 1

In this appendix we will prove that radial velocity curves for different sets of (e, w)
with amplitude 1 K to —1 K can be drawn by using tables given in Irwin’s (1952)
paper on ‘The Determination of a Spectroscopic Binary Orbit’. The procedure is as
follows.

With reference to Figure 2 (Figure I, Irwin, 1952), the amplitude and phase at

points ¢, d, e, f, g, h, i = a, b, ¢ are as given below
Amplitude Phase
¢ 1 K 0
d 0.7 K P,—P,
e 0 S,+P,—P,
f —07K S,+S,+P,—P,
g — K S;+S,+P;+P,—P,
h 07K S,+S,+P,+P,—P,
il=a 0 S4+S3+S2+P4+P2_P1
b 0.7 K Sy+S3+S,+S,+P,+P,—P,
¢ 1 K 1
where
t,—1t t,—t [-—t t.—t
Sy=t e s,=e g =L e g =k
P P P P
Pr="%" Pr=—5— P3="p,  Da=—p
P P P P

Here t,, t, and t; refer to points on the V,, axis, t, and ¢, refer to points where
(V—=V,)/K = 0.7 and t, and t, refer to points where (V—1V,)/K = —0.7 and ¢, and
t, refer to the times of maximum and minimum velocities, respectively. The points
are shown in Figure 2 (Figure 1 by Irwin, 1952). These parameters defined here
are tabulated by Irwin (1952) with an accuracy of better than 0.0006. In these
tables values are given at each 15° of w from 0° to 360°, and e at 0.1 intervals from
0 to 0.95.

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1984Ap%26SS.100...13S

€LV0  9080— LITO  881'0— TLYO  ¥P80 8860  I8360 9980 6590  8S€0  €400— LISO— SP60— 998°0—  LI¥0 0STO
6180  S9P0— STI0  8TEOD 0S80 6660  pE60  €SL°0  00SO  b6IO  LSIO— LESO— T8Y0— T860— 00S0—~  €€€0 0ST0
960 0000  0000— LSLO 6660  L880 0£90  TIEO  0000— TTE0O— 0€90— L8Y0— 6660— LSLO— 0000 0ST0 0ST0
6180  S9¥0  STI'0— T860  T880  LESO LSI'0  LSIO  00SO— €SL0— 60— 6660— 0S80  8TE0— 0050 L910 0STO
€LF0 9080  LITO— SPE0  LTSO €400  8SE€0— 659°0— 9980— 1860— 8860— 80— TLYO— 8810 998°0 €80°0 0ST0
0000  0€60  0STO— $S90  TEOO  €9¥0— LLLO— L¥60O— 0001 — LP60O— LLLO— €9¥0— TEO0  ¥S9°0 0001 0000 0ST0
88Y°0— 6£80  bPI0O— 91€0  T1€0— TSLO— $960— 0660— 9980— 9190~ 95T0— S6I0 L9900 0860 998°0 LI60 L9T0
9Z60— 0000— 0000  €990— 6L60— 1860~ L960— L8LO— 00S0O— OvI'0— T9T0 6590 0S60  6¥6°0 00$°0 €€8°0 L91°0
9760~ 0000— 0000  £€990— 6L60— LV6O— 60L0— vLEO— 0000  PLEO  60L0  LV6O  6L60 €990 00000—  0SL'0 L9T°0
SPR0— P8F0O— €800  6¥60— 0S60— 6590 T9TO— ObI'0  00SO  L8LO  L960 1860  SHLO  00T0 00S0— L9900 L91°0
88V°0— 6€8°0— tPI'0  0860— L990— S61'0— 9ST0 9190 9980 0660  $960  TSLO  1I€0  LIEO— 998°0— €850 L91°0
0000  6960— L9T0  8¥L0— SOTO— TTEO SOL'O 8260 0001  8Z60  SOL'O  TTEO  90TO— 8vLO— 000T— 0050 L910
88¥°0  6e8B0— P10 9IE€0— II€0. TSLO 6960 0660 9980 9190  9ST0  S6I'0— L990— 0860~ 998°0—  LIY0 L9T0
SY80  ¥8YO— €800  00C0  SPLO 1860 1960  L8L0  00SO  OPI'0  T9TO— 6S90— 0S60— 6¥60— 00S0—  €€€0 L9T0
90,60 0000  0000— €990  6L60  LV60 60,0 pLEOD  0000— PLEO— 60L0— LV60O— 6L60— €990~ 0000 0ST0  L91°0
SY80 80 €800— 6¥60  0S60 6590 7oz OpI'0— 00SO0— L8LO— L960— I860— SPLO— 00T0— 0050 L9T0 L9110
370 6€8°0 10— 0860 1990 S6T0  95z0— 9190~ 9980— 0660— S960— TSLO™ 1I€0  LIEO 998°0 €800 L91°0
0000 6960  L910— 8PL'0  SOTO  TTEO— <OLO— 8T60— 000 T— 8T60— SOLO— TIE0— SOTO  8PLO 0001 0000 L9T°0
g L6Y0— 6580  TLOO— 6IF0  ISI0— 9£90— 9T60— L660— 9980— S9S0— 9€I'0— 0SE0  I18L0 9660 998°0 L160 €800
N 198°0— 96v'0  THO0— 1600~ S$T90— LE60— 1660— ST8O— 00S0— 9L00— LLEOD  TLLO 6860 8060 0050 €680 €800
= p660— 0000— 0000  LLSO— TEE0— 9860— 06L0— TEHYO— 0000  TEFO  06L0 9860  TE60  LLSO 0000—  0SL0 €800
1980~ 96F0— THOO  8060— 686'0— TLLO— LLEO— 9L00  00SO  ST80 1660  LE60  ST90 1600 00S0—  £990 €800
L6FO— 6S80— TLOO  9660— I8L0— 00~ 9€1'0  S950 9980  L660 9260  9€9°0  ISI0  6I140— 998°0— €850 €800
0000  T66'0— €800  LI80— €9€0— S9I0 €190 TO60 0001  TO060 €190  S9I'0  €9€0— LISO— 000T— 0050 €800
L6¥0  6S80— TLOO  61'0— ISI'0  9€90 9760  L660 9980  $950  9€1'0  0SE0— I8L0— 9660— 9980~  LIY'0 €800
1080 96¥0— TPOO 1600  ST90  LE60 1660  ST®O  00S0  9L00  LLEO— TLLO— 6860— 8060— 00S0—  €€€0 €800
v66'0 0000  0000— LLSO  TE60 9860  06L0  TEP0  0000— TEFO— 06L0— 9860— TE60— LLSO— 0000 0ST0 €800
1980 96v°0  TPO0— 8060 6860  TLLO LLEO  9L00— 00S0— ST8O— I1660— LE6O— ST90O— 1600— 0050 L9T0 €800
L6FO 6580  TLOO— 9660  I8L0  0SE0  9EI'0— $950— 9980— L660— 9T60— 9£90— ISI'0— 610 998°0 €800 €800
0000  T66'0  €80°0— LI®0  €9€0  S9I0— €190— T060— 000T— T060— €190— S9I0— €9¢0  LISO 0001 0000 €800

174

LI60  €€8°0  0SL0  L990 €850  00S0  LIFO  €€€0  0STO  L91'0 €800 ooo.oum
'q 'y oy ug/m 2

/A = A)

N I19719vL

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1984Ap%26SS.100...13S

o] €680 6090~

o
1890  €9€0—
LSLO 0000
1890 £9€°0
£6€0 6790
0000  LTLO
STHo— 00L0
LELO— $OVO
1$8°0— 0000~
LELO— POP0—
0000 6080~
0000 6080~
4 S0 00L0—
z LELO POV O~
S 1ST0 0000
m LELO  POVO
z STFo  00L0
@ 0000 6080
Y
Ay
e SP0— 65L°0
m €8L°0— S8EF0
> $06'0— 0000~
& €8L°0— S8EF0—
i SY0— 6SL0—
0000  LL8O—
PO 65L°0—
€8L°0 80—
v06'0 0000
€8L°0  8€¥0
Y0 65L°0
0000  LLRO
€LF0— 9080
618°0— S9¥0
96'0— 000°0—
6180~ S9P 0~
€LV0— 908°0—
0000  0£60—

(3340
0520
0000—
0sT0—
€ero—
00S0—

19€°0—
8070~
0000
80C°0
LTYO
LIYO

19€°0
80C°0
0000—
80C¢°0—
19¢°0—
LIY0—

68C0—
L910—
0000
L91°0
68C°0
€ee’o

68C°0
L91°0
0000—
L9T0—
68C0—
£ee0—
LITO0—
sero—
0000
STro
L1CTO
0ST0

¢9¢0
18L°0
L86'0
6C6°0
790
6v1°0

LST0—
0£9°0—
Pe6’0—
L860—
LSE0—
LSE0—

LSTO
0€9°0
€60
L860
9LLO
LSE0

0£00

YLy O—
168°0—
0001 —
188°0—
97s0—

0£00—
YLy O
1680
000°1
1880
9Cs0

881°0

80—
LSLO—
86'0—
Sv6'0—
P$90—

6580
6660
SL8O
LIS0
0200
8y 0—

SL0—
186'0—
LY6'0—
659°0—
(4420
e0
sL0
1860
L¥60
6590
y61°0
00—

90—
0£6'0—
686'0—
£€8L°0—
L9¢0—
810

90
060
6860
€8L°0
L9E°0
8Y1°0—
[45 2V
0$80—
666'0—
7880—
LTS0—
00—

€860
8¢6°0
0¥9°0
0LTO
Sve0—
89L°0—

856'0—
€L60—
8CLO—
88C'0—
0€T0
9890

8560
£L6°0
8CLO
8870
0£C0—
9890—

c160—
S660—
7180~
1y0—
0010
$8G°0

16’0
$660
ZI80
R840
0010—
860 —
80—
666'0—
L880—
LESO—
ev00—
£€9v°0

$66°0
€180
y1v0
L600—
186°0—
016'0—

000 T—
Ge80—
1870 —
00
6150
LL8O

000°1
$S8°0
18¥°0
00—
6150~
LL8O—

8660~
9680~
€650~
7900~
Svy0
£€8°0

8660
968°0
€650
7900
Svr'o—
£E8°0—
886'0—
PE6’0—
0£9°0—
LST'O—
86¢€0
LLLO

6v6°0
€990
£0C0
PIe0—
9pL0—
6L60—

0960 —
2690~
8¢C0—
6LT0
Lo
1L60

0960
2690
8¢C0
6LT0—
L0~
1L6'0—

1L60—
12L0—
8LT0—
0vyco
£69°0
1960

1L6°0
12L°0
8LT0
ovco—
£69°0—
1960 —
1860—
€SL0—
(44N
v61'0
6590
LY6'0

6980
0050
0000~
00S°0—
$980—
6660 —

9980—
0050—
0000
00S°0
9980
000°T

9980
00S°0
0000—
0050—
998°0—
000'T —

998°0—
00S°0—
0000
0050
9980
0001

998°0
0050
0000—
00S0—
998°0—
0001 —
998°0—
00S0—
0000
0050
998°0
000°T

L0
P10
£0C0—
§990—
6v6'0—
6L60—

L0~
6LC0—
8¢C°0
7690
0960
1L6°0

Lo
6LC0
8¢C0—
69°0—
096'0—
1L60—

£69°0—
o¥T0—
8LT0
ICLO
1L6°0
1960

€690
740
8LTO—
12L0—
1L60—
196'0—
6590—
¥160—
[44 %0
€SL0
186°0
LY6°0

185°0
L600
PIv0—
€18'0—
S66'0—
016'0—

6510—
00—
18%°0
G680
000°T
LL8O

6150
00
18y0—
Gs80—
000T—
LL8O—

Syy'0—
2900
€550
9680
8660
££8°0

9440
2900~
£Ss0—
968°0—
8660 —
€e8’0—
8SE0—
LSTO
0€9°0
y£6°0
8860
LLLO

SPe0
0LT0—
090 —
8¢6'0—
G86°0—
89L0—
0£T0—
88C°0
8CLO
€L60
8560
989°0

0£C0

88C0—
8CLO—
€L60—
8560 —
989°0—

0010—
190
C180
$66°0
160
¥8S°0

001°0
wro—
CI80—
S660—
60—
¥86°0—
o
LESO
L880
6660
v¥8°0
€910

0200~
LIS0—
SL8'O—
6660 —
GS80—
8Y'0—

y61°0
6590
LY6'0
1860
sL0
(4430

y61°0—
6590—
LY6'0—
186'0—
SL0—
weo—

L9¢0
£8L°0
6860
0£6°0
90
8v1'0

L9t°0—
£8L0—
6860—
0£6'0—
90—
10—
LTS0
7880
6660
0580
LYo
00—

90—
6260~
L860—
18L0—
$9¢0—
6¥1°0

9LLO
L86'0—
P£60
0£9°0
LSTO
LSE0—

9LL0—
L86O—
ye6'0—
0£90—
LSTO—
LSE0

188°0
000°T
1580
yLY'O
0£00—
9ts0—

188°0—
000'T —
[68°0—
pLY'0—
0£0°0
97s0

Sv6'0
7860
LSLO
8CL0
881°0—
¥$9°0—

$98°0—
66v'0—
0000
660
¥98°0
L66°0

9980

00S°0—
0000—
00S°0—
998°0—
0001 —

998°0—
0050—
0000
00s°0
998°0
0001

9980
005°0
0000—
00S°0—
998°0—
0001 —

9980 —
005°0—
0000
00S°0
9980
000°T

9980
00S°0
0000—
00S°0—
998°0—
0001 —

LTYO
£ee0
0ST°0
L9T°0
£80°0
0000

L160
££8°0
0SL0
L99°0
£86°0
0050

LIY0
£€€°0
0570
L9T0
£80°0
0000

LT16°0
££8°0
0SL0
L99°0
€850
0050

LTY0
eeeo
0SC0
L9T°0
€800
0000

LT60
££8°0
0SL°0
L990
€850
005°0

00$°0
00€°0
0050
00S°0
0050
0050

L1¥0
LIY0
LY O
LI¥'0
LT¥0
L1¥0

L1¥0
LIVO
LIY0
LI¥0
L1v0
LTF 0

£ee0
£ee0
gee’o
£eeo
£ELo
£ee0

£ee’0
£ee0
£ee0
£eeo
€ee’o
eee’o

0ST0
0ST0
050
0ST0
0520
0ST°0

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1984Ap%26SS.100...13S

e1e0— €5v0 LLS0— 6FL0— 9960— 0660— 9960— 1Z60— 0980— 18L0— 8L90— ¢€£50— COE0— 6910 L18°0 L160 L990
s 0— €970 ¢EC0— £960— OP60— SER0— $TL0— TI90— 96V 0— OLEO— STTO— $PO0— 60C0 8790 Ly 0 £€8°0  L99°0
§Z9°0— 0000— 0000 6160— €990— LSYO— 88T0— OPI'0— 0000 or10 8870 LSY0 £99°0 6160 0000— 0SL°0 L990
rS0— €970— ¢€€£0 879'0— 80C0— ¥¥0°0 §CT0 0LE0 L6Y'0 190 YL 0 GE’0 ov6'0 £96°0 Ly 0— L99°0 L99°0
gle0o— SSPO0— LLSO 691°0— T0E0 £eso 8L9°0 18L°0 0980 1260 9960 0660 9960 6vL°0 LI80— €860 L99°0
0000 GCS0— L990 SEE0 eL’o 0880 0560 £86°0 £66'0 £86°0 0560 6L8°0 Lo See0 Ye6'0— 000 L990
€1e£0 SSP0— LLSO 6vL0 9960 0660 9960 1260 098°0 I8L°0 8L9°0 €€5°0 20g0 6910— L18°0— L0 L99°0
s o £970— €¢£€0 £96°0 or6'0 gE]’0  PTLO 7190 L6v0 0LEQ GeTo Yy 0 60C0— 8790— wyo— £ee’0 L990
§29°0 0000 0000— 6160 £99°0 LSY'0  88T0 ov1°0 0000— OPI'0— 88T0— LSPO— €990— 6160— 0000 0ST0 L99°0
wso €970 £ee0— 8790 8070 00— STTO— OLEO— L6V0O— TI90— $TLO— SE80— Ov60— £960— LYo L9T'0 L9990
€1¢o GSto LLSO— 6910 Z0€0— €€S0— 8L9°0— I8L0— 0980— 1T60— 9960— 0660~ 9960— 6VL0— L18°0 €800 L99°0
0000 ¢TS0 L99°0— SEE0— TELO— 6L80— 0S60— €860— €660— €860— 0S60— 6L80— TE€LO0— SeL0— £v6'0 0000 L9990
9¢€0— LPSO SO0S0— TLSO— 9Z60— S660— PRE0O— 9£60— +980— 99L0— +€90— 9py0— LYI0O— 9I¥0 PS80 L160 €850
919'0— 9I¢0 26T0— 1060— €860— T680— OLLO— 6£90— 66V 0— trt'0— S¥1'0— 0900 §9¢°0 118°0 £6v'0 £€8'0 €850
T1L0— 0000 0000 8860— 6LL0— 6¥S0— 0S¢0~ OLI'0O— 0000 0LT0O 0S¢0 6vS0 6LL0 8860 0000—  0SLO0 ¢€8S0
919°0— 9I¢0— T6CO T180— S9¢€0— 0900— +91°0 vre0 66v°0 6€9°0 0LLO 7680 $86°0 1060 g€6t'0— L99°0 €850
96€0— LYSO— S0S0 91¥'0— L¥1°0 90 +E9°0 99L°0 Y980 9€6'0 860 $66°0 9260 LSO PS80~ €860 €850
m 0000 789°0— €850 0600 02790 €80  vE6'0 £86°0 8660 £6°0 P60 €80 0790 0600 986'0— 0050 €850
w 96¢0 LPS0— S0S0 TLS0 9760 S660  $86°0 9¢6'0 980 99L°0 $£9°0 90 Ly1'0 91v'0— $$80— LIP0 €850
= 9190 91¢'0— T6C0 1060 G860 7680 0LLO 6£9°0 660 Preo $91°0 0900— S9¢0— TI80~ £6v’0— £ee’0 €890
I1L°0 0000 0000— 8860 6LL°0 6vS°0 08¢0 0LT0 0000— OLI0— 0SE0— 6vS0— 6LL0— 8860— 0000 0ST0 €850
9190 91¢0 6C0— 1180 S9¢°0 0900 PII0O— tvPE0— 66V0— 6£90— OLLO— CT680— S860— T1060— £6v'0 910 €890
9¢E0 LSO C0S0— 9I¥0— LYI0— 90— $E90— 99L0— P980— 9¢60— 860~ S66'0— 9C60— TLSO— PS80 €800 €850
0000 €90 €86°0— 0600— 0T90— TE80— +E60— €860— 8660— €860— PE60— CTESO— 0T90— 0600— 9860 0000 €850
£6£0— 6790 €EF0— S9E0— 6S80— G860— S680— 6F80— S980— 9pL0— 1850— SPEO— 0C00 7790 $98°0 L16'0 0050
189°0— ¢€9¢°0 0ST0— I8L0— 6660— 8€60— €I80— 6990— 00S0— +IE0— L600— OLIO LISO0 6760 66t°0 €€8°0 0050
L8L°0— 0000— @000 L86'0— SL80— 0P90— ¥IPO— €0T0— 0000 £0T0 1AVAY or90 SL8O L86°0 0000— 0SL0 0050
189°0— €9¢€0— 0STO 626'0— LISO— OLI'0O— L600 vI1€0 0050 §99°0 £18°0 8¢6°0 6660 18L°0 66v°0— £L99°0 0050
€6€0— 6790— €£v0 TT90— 0T00— SPE0 1850 L0 $98°0 660 660 G860 ¢80 §9¢°0 $98°0— £86°0 0050
0000 LTLO— 0050 6v1'0— T8Y0 89L0 0160 6L6°0 0000 6L60 0160 89L°0 (4140 6v1'0— L66'0— 0050 0050

174

L1160 £€8°0 0SL°0 L99°0 £8S°0 00S°0 L1Y0 £ee0 0ST0 L9T°0 £80°0 0000 = M
'q v oy uz/m 2

N4 = A)

&

(panuzuod }I ] 219V

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1984Ap%26SS.100...13S

25

wI0— ¥71°0
PYC0—  TLOO
7870~ 0000—
PYCO— TLOO—
10— $TI0—
0000  PPI0—
W10 pTI0—
Pr0  TLOO—
78T0 0000
PPT0  TLOO
w10 $TI0
0000 ¥¥1°0
£ 8070~ THTO
2 09¢0— 0pI0
© 90— 0000
% 09€0— OPI0—
Z 8070~ THTO-
o 0000 08T0-
S sz Tro-
g 09E0  OP1I0-
£ 91v0 0000
2 09€0  0p10
7 80T0 IO
0000 08T0
P9T0— €5£0
LSPO— $0T0
8250~ 0000~
LSV O~ $0TO—
P9T0— €SE0—
0000  LOKO—
P9T0  £SE0-
LSYO  $OTO—
820 0000
LSYO  $0T0
v9T0  €S€°0
0000  LOFO

YoL 0~
3SY'0—
0000
8SP°0
P6L°0
L16°0

y6L0
8SY°0
0000
8SY'0—
PoL0—
L160—
Lo—
LTYO—
0000
L1Y'0
Lo
£e8°0

Lo
LIYO
0000—
LIYO—
Lo~
€e8'0—

0590—
SLEO—
0000
SLED
0590
0SL°0

0590
SLED
0000—
CLEO—
0590—
0SL0—

360 —
L 0—
SSE0—
cero
¥8S°0
6L8°0

8¢6°0
L0
Geeo
¢elro—
P8¢0 —
6L80—
LT60—
898°0—
9LS0—
0€10—
15€°0
3¢L0

LT60
898°0
9LS0
010
[se0—
8¢L0—

0L80—
056'0—
SLLO—
€680~
S6°0
8650

0L80
0560
SLLO
£6£°0
S600—
866°0—

PE6'0—
6L90—
To—
0920
2690
6£6'0

60
6L9°0
o
0970—
690~
6£60—
6560—
8LLO—
880 —
Soro
[LS0
£88°0

6560
8LLO
88¢°0
So10—
1LS0—
£88°0—

PL6O—
698°0—
[€5°0—
1S00—
(4240
8180

L60
6980
1€5°0
1500
evro—
8180—

SI60—
€90 —
S91o0—
8¢€0
0SL°0
1960

S160
€290
$91°0
8EE0—
0SL°0—
19610~
EP60—
L690—
$9T0—
0¥z 0
6L9°0
9560

£ev6’0
L690
970
0PT0—
6L90—
960 —

1L60—
69L0—
19¢°0—
12480
0190
el60

1L6°0
69L°0
19¢€°0
124
0190—
e160—

680 —
9L5°0—
YOI'0—
96¢°0
06L0
L60

¥68°0
9LS0
v01°0
96£0—
06L0—
L6'0—
9160—
Y290 —
991 0—
8¢E0
0SL0
960

9160
¥79'0
9910
8EE0—
0SL°0—
796 0—

60—
SLY0O—
LTCTO0—
8C0
91L0
LS60

£r6'0
SL90
LTTO
8C0—
91L0—
LS6'0—

L80—
(452
0s00—
Svro
80
8L6°0

°L80
[4394
0$°0
Stv'0—
[44 1V
8L60—
P88°0—
LSS0~
080°0—
8Iy°0
$08°0
L6

$88°0
LSS0
0800
81V 0—
y08°0—
PL6O—

€060—
G850~
or1ro—
P6€0
£6L°0
6L6°0

€060
G8s0
0110
v6£0—
t6L0—
6L60—

8¥8'0—
06¥0—
0000
0610
8r8°0
6L60

8780
06¥°0
0000—
06v'0—
8y8'0—
6L60—
LY8°0
6870 —
000°0
6870
LY80
8L60

LY80
68¥°0
0000—
6810~
Ly80—
8L60—

€580—
cor'0—
0000
c6v’o
€680
G860

€680
covo
0000—
cov'0—
€580~
$86'0—

80—
Svro—
0500
(430
¢L80
8L60

80
9440
0500—
S0~
80—
8L60—
080 —
8Iv'0—
0800
LSS0
$88°0
yL6'0

$08°0
81v0
0800—
LSS0~
880 —
YL6'0—

€6L0—
P6€0—
0110
6850
€060
6L60

€6L'0
y6£°0
01ro—
¢8¢°0—
€06 0—
6L60—

06L°0—
96£0—
010
9LS°0
¥68°0
<L60

06L°0
96¢°0
$010—
9LS0—
$68°0—
L6'0—
0SL0—
8EL0—
991°0
y79°0
9160
2960

0SL0
8EL0
991'0—
Y290 —
916'0—
796'0—

9I1L0—~
80—
LTTO
SL90
£v6’0
LS60

91L0
8T°0
LTTO—
SLY0—
ev6'0—
LS6'0—

05L°0—
8ee0—
$91°0
€290
160
1960

0SL°0
8eE0
Soro-—
€090~
SI60—
1960—
6L90—
0oyTo—
Y970
L69°0
V6’0
9¢6'0

6,90
0rco
Yo 0—
L690—
eve'0—
9€6'0—

019°0—
1249
19¢°0
69L°0
1L6°0
€160

0190
124%Y
19¢°0—
69L°0—
1L60—
e160—

690—
0970~
o
6L9°0
PE6'0
6£6°0

2690
0970
WwTo—
6L9°0—
PE60—
6£60—
1L5°0—
010~
88€°0
8LLO
6560
£88°0

1LS0
SO1°0
88¢0—
8LLO—
6560~
£€88'0—

ey 0—
1500
1eso
6980
YL60
8180

(3240

160°0—
1€6°0—
698 0—
YL6'0—
818°0—

860 —
ero—
Gee0
L0
8¢6°0
6L8°0

$8S°0
(43N0
Gee0—
L0~
8¢6°0
6L80—
16e0—
0el'o
9LS0
898°0
LT60
8¢L0

15€°0

0ero—
9L5°0—
898°0—
LT60—
8€L0—~

600—
£6£0
GLLO
0S6°0
0L80
8660

S60°0

£6t0—
SLLO—
0S60—
0L8°0—
8S50—

9900 —
LT00—
0000
L200
9%'0
€500
9v00
L200
0000—
LTO0—
9%00—
£S00—
12944
2970
0000—
90—
1234 %
pes0—

1234 %
90—
0000
9T0
12544
S0

60L0
60v°0
0000—
60v°0—
60L0—
818°0—

60L0—
60P'0—
0000
60v'0
60L0
8180

L160
££8°0
0SL0
L99°0
£85°0
005°0

LI¥0
£ee’0
0sT0
L9T°0
£80°0
0000

L160
£e80
0SL°0
L99°0
£85°0
0050

LIY0
£ee’0
0sT°0
L9T°0
€800
0000

L160
£€80
0SL'0
L99°0
£86°0
005°0

L1Y0
£eeo
0ST0
L91°0
£80°0
0000

LT60
L1670
LT60
L16°0
L160
L160

L160
L160
L160
L160
LT60
L160

£€80
£€8°0
€eg80
££8°0
£€8°0
£E80

£€8°0
££8°0
£€8°0
£€80
£e80
£€80

0SL°0
0SL0
0SL0
0SL0
0SL0
050

0SL°0
0SL°0
0SL°0
0SL°0
050
0sL0

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1984Ap%26SS.100...13S

&SS- I00: ©.-13%0

]

rT982A

26 M. SINGH

For a given (e, w)-set one can determine amplitude and phase as shown above,
and draw radial velocity curve similar to Figure 2, this can be matched with the
observed radial velocity curve drawn +1 K to —1 K amplitude, in order to
determine preliminary elements preparatory to a least squares correction. But the
accuracy of e and w values will be limited to 0.1 and 15°, respectively.

As an example for e = 0.5, w = 180°, we have obtained:

Amplitude Phase
¢ 1 K 0
d 0.7 K 0.276
e 0 0.402
f —-07K 0.460
g - K 0.499
H —-0.7K 0.539
i=a 0 0.597
b 0.7 K 0.723
c 1 K 1.00

The radial velocity curve drawn from these values i1s shown in Figure 2. For 0
And we have obtained e = 0.53943, w = 177.046° which are very near to these
values. A comparison of this curve and for 0 And, Figure 4 reveals the technique.
This modified procedure for determining e and w from Irwin’s tables will be better
than graphical method of finding out ¢ and w, by using the Irwin’s tables.

Appendix 2

The coefficients of the Fourier series

f(x) =a,+ i (a, cos px + b, sin px), (1)

p=

are given by

2
1 .
o = 5— jf(X)dx, (2)
0
2n
1 nd
a, = - f(x)cos px dx, (3)
0
27
I
b,= - f(x)sin px dx. (4)
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SPECTROSCOPIC BINARY ORBITS 27

In particular problems (as the present one) functions which have to be expanded in
Fourier series are given as tables or graphs. In this case to obtain the coefficients,
one has to use the technique of approximate integration. The rectangular rule
reduces to the following procedure.
Let the interval (0, 2n) be divided into m equal parts by the points
2n 2nm

2n
0,—.,2—, ., (m—1)—,2nx, (5)
m m m

and suppose that the values of the function f(x) at these points are known to be
Cos Uts Uy v osli— 15 Uy (6)

Then we have

1m71

ap = k;} Uy (7)
2 mt 2nk

a, =y 1"kcosi p. (8)
M=o
2m-t 2nk

b,== Y uvsin—p 9)
m =0

Calculation of Ay, A,, By, for 12 points program

12 A4, 64, = 6B, =
Lo to—le [to—16]1 [y —t5)+ (s =1,)]0.5
+v, v, — U5 +[(ty—v9)—(vs—17,)]0.866  [(1,—1rg)+(rg—1,0)]0.866
+ [, —vg)—(ty—119)]0.5 +[ (35—l
+uv, U, —Ug
+u, U3 — g
+uv, Uy — Uy
+ v, Us — Uy
+ g
+ 04
+vg
+ g
t2l10
+ 04

Appendix 3

This is the program (Fortran IV) used for calculating the series given by (5) and
coefficients A, and A4,. In Table IT we have presented the numerical values, for 12
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28 M. SINGH

points. Further accurate values can be obtained by this program, by taking more
small steps, in e and w. The present table gives values at 4e = 0.083 and 4w = 30°.
The table presenting values at de = 0.01, 4w/2n = 0.01 can be supplied on request.

1 PROGRAM ORBIT METHOD
C ORBITAL SOLUTION: SPECTROSCOPIC BINARY
2 DIMENSION XX(13, 13, 13), E(13), §(13), A(13),
AO(13, 13), AP(13, 13, 13)
3 D=1D-5
4 E(1) =0—0
5 0(1) = 0.0
6 A(l) = 0.0
7 N =12
8 DP10I=1,N
9 FI = DSQRT(1.0— E(I)*E(1))
10 Dp11J=1N
11 DY 12K =1, N
12 CF =00
13 SF = 0.0
14 D@ 131P = 1, N
15 P=1IP
16 Z1 = DCPS(P*6.28318*A(K))
17 72 = DSIN(P*6.28318*A(K))
18 JP=1P—1
19 KP =IP+1
20 X = P*E(I)
21 CALL BESJ(X,JP, B1, D, IER)
22 CALL BESJ(X,KP, B2, D, IER)
23 CF = CF +(B1+B2)*Z1
24 SF = SF + (Bl — B2)*Z2
25 73 = DC0S(6.28318*0(J))
26 74 = DSIN(6.28318*0(J))
27 AQ(LJ) = —E(1)*Z3
28 AP(L J,IP) = (Bl + B2)*Z3*FI*FI
29 13 CONTINUE
30 XX(L J,K) = —E(I)*Z3 + Z3*FI*FI*CF — Z4*FI*SF
31 AK+1) = A(K)+1./12.
32 12 CONTINUE
33 PRINT 201, E(I), (), (XX(L, J, K), K = 1, N), AQ(L, J),
AP J, 1)
34 201 FORMAT (1X, F4, 3, 1X, F5.3, 1X, 12(F6.3, 1X). 1X, F6.3,
1X, F7.3)
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11
10

202

10

20
30

31
32

34
36
38

40

oNONe!

50

60
70

oNONe

NON s

SPECTROSCOPIC BINARY ORBITS

0J+1) = 0)+ 1./12.

E(I+1) = E)+ 1,/12.

PRINT 202, (A(K), K = 1, N)
FORMAT (10X, ‘M =, 12(F6.3, 1X))
STOP

END

SUBROUTINE BESJ(X, IP, BJ, D, IER)
BJ = 0.0

IF(IP)10, 20, 20

IER = |

RETURN

IF(X)30, 30, 31

IER =2

RETURN

IF(X—15.)32, 32, 34

IPTEST = 20. 4+ 10.¥X — X**2/3
GO TO 36

IPTEST = 90. + X/2.
IF(IP — IPTEST)40, 38, 38
IER = 4

RETURN

IER = 0

IPl = IP+1

BPREV = 0.0

COMPUTE STARTING VALUE OF M
IF (X — 5.)50, 60, 60

MA = X +6.

G0 T0 70

MA = 1.4*X +60./X

MB = IP + IDINT(X)/4 +2

MZERO = AMAXO(MA, MB)

SET UPPER LIMIT OF M

MMAX = IPTEST
D@ 190 M = MZERO, MMAX.3

SET F(M), FM—1)

FM1= 1.0E-28
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30 M. SINGH
28 FM = 0.0
29 ALPHA = 0.0
30 IF(M —(M/2)*¥2)120, 110, 120
31 110 JT = —1
32 G T@ 130
33 120 JT =1
34 130 M2=M-2
35 D0 160 K = 1, M2
36 MK = M—-K
37 BMK = 2*FLOAT(MK)*FMI1/X—-FM
38 FM = FM1
39 FM1 = BMK
40 IF(MK —1IP —1)150, 140, 150
41 140 BJ] = BMK
42 150 JT = —-JT
43 S=1+4+JT
44 160 ALPHA = ALPHA + BMK*S
45 BMK = 2*FM1/X-FM
46 IF(IP)180, 170, 180
47 170 BJ = BMK
48 180 ALPHA = ALPHA + BMK
49 BJ = BJ/ALPHA
50 IF(ABS{BJ —BPREV)—ABS(D*BJ))200, 200, 190
51 190 BPREV = BJ
52 IER =3
53 200 RETURN
54 END
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