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We demonstrate optimal curve-fitting procedures to the
parametrization of a selection of 25 visual-binary-star orbits from
F. W. Dyson’s! catalogue. We compare our findings with other
published results, which reveal uncertainties, real and formal,
affecting the parameters. The extent of data coverage for any one
system can have a substantial impact on the modelled results, with
various orbital solutions sometimes possible for a single system.

Introduction

Comparative study of the properties of binary stars started in the late-18th
Century, notably with the work of the Herschel family. In his classic review of
wide double stars, W. Herschel? was able to confirm Newtonian gravity as the
agent for their apparent motions in Keplerian ellipses. Visual binaries at known
distances are thus able to reveal useful physical characteristics of stars, namely
their masses and luminosities. However, the proportion of visual binaries for
which elliptic orbital motion was clearly established has been low, usually
involving periods of up to just a few hundred years, i.e., separations of a few
score AU.

Background

To scale the observed angular separation on the sky of the two components
of a visual binary to absolute units, it is necessary to know the system’s mean
parallax. Historically, this was difficult to derive with high accuracy, even for
the nearest stars®>. This point has limited the extent to which the astrometry
of visual pairs could bear on general astrophysics until relatively recent times.
Even though there may be a few-hundred binaries with parallaxes greater than
0°I arcsec, such is the increase in numbers of stars of low mass that ~90% of this
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nearby population would be made up of stars with less than half the mass of the
Sun. Increased precision of double-star data, including parallaxes, obtained from
modern space-based platforms is likely to change this perspective considerably
over coming years®. The present juncture offers opportunities to look back over
historical data and check on methods for accurate parametrization of datasets.

The elliptical form of an orbit is written in the standard arrangement as given
by Smart’:

Ax?*+ 2Hxy + By? + 2Gx + 2Fy + 1 = 0. (1)

The essence of the inverse problem for the visual-binary orbit is to relate the
five coefficients A—H to the five regular orbital parameters a, ¢, 7, ®, and Q. The
values of A-H can be derived from an appropriate selection of x and y values
on the observed ellipse. Meanwhile, the orbital parameters in their own natural
frame of reference (&, 57) of reference, centred on the primary focus, satisfy
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This would correspond directly with the apparent orbit only in the ‘face-
on’ conditions that Q = /2, 7 and w = o. In general, these three ‘Eulerian’
angles are associated with coordinate rotations about, progressively, the z, x,
and z (again) axes, with the result that for a point on the orbit where the true
anomaly is v, the x, v, and 2 (i.e., line of sight) coordinates satisfy the following
equations®:

a(1—e?)

= m[eos(v + @) sinQ + sin(v + w)cos 2 cosi],
y = _a1-e?) [cos(v + w) cos Q2 —sin(v + w)sin 2 cosi]
(1 + e cosv) ,
_ at-e» . o
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Various methods exist to relate the five constants in (1) to those in (3).

Classical methods involve reversing the three rotational coordinate
transformations that gave rise to (3) from the natural, un-rotated, forms for &
and 7. The set of equations (3) is inverted to find forms for & and # in terms of
x and y. These can be substituted into (2) and then comparison of the terms
in x2, xy, 32, etc., allow the relations between the five observationally derived
coefficients A-H to be related to the parameters a—Q. There are still the two
time-related parameters that fix the position of the secondary with respect to
the primary for any particular time, namely the orbital period P and reference
epoch T. A pair of points on the ellipse, at known times, are sufficient to derive
these, their true anomaly values being determined from (3) with the known
geometric parameters. Both these v values have a corresponding mean anomaly,
which, taken together, fix the values of Pand 7.

With the use of modern computers, it becomes easily practicable to deal
with the parametrization of the fitting function by programmed optimization
methods. Instead of carrying out linear operations with A—H determined from
selected points on the apparent orbit, the ellipse that corresponds to (2) is
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progressively matched to the full x and y datasets to minimize residuals.

The fitting functions will contain the full seven constants discussed above, as
well as small fiducial corrections, Ax;, Ay, in the position to be assigned to the
origin. Formally, we can write for the solution of the inverse problem set out in
this way®':

2, = [P Min[(2)], @

where a,, is the vector of best estimates of each parameter in the adjustable
set {a;; a, a, . ... a_}. The observed values of the variable, either x or y, or
both, are matche({ by the values of the fitting function, calculated from (3). The
z values, that may be available in certain cases, can be treated in the same way.

The quantity y*> depends on the squared differences of observed and calculated
quantities, and the optimal estimate for each a, is taken to occur when y? is
minimized. The quantity [¥?]~' expresses the idea of inversion of the dependence
of y> on a. Posed in this way, parametrization of the orbit model becomes a
standard optimization problem. The inversion can be regarded as a guided
trial-and-error process, in which exploration of the (3%, @) hypersurface locates
the appropriate minimum. The search direction is optimized by its alignment
with the local gradient of the fitting function, and the extent of movement in
this direction can be ascertained from a local grid-search. The well-known
Levenberg—Marquardt procedure carries out these two operations in a suitably
weighted combination'!. The numerical value of the gradient (‘steepest descent’)
applies to a short path-length in the (¥?, @) hypersurface, where we can regard
the fitting function as the application of Eqns (3) to match the observations of
the separation and position angle. This is effectively linearized as the leading
terms in the corresponding Taylor series. Linearization of the fitting function is
equivalent to a parabolization of the local (%, @) hypersurface. This will allow
that grid-searching with small steps determines both the search direction, from
the available conjugate axes of local (¥, @) elliptical contours, and the distance
to travel in that direction, i.e., to the centre of such a contour!?.

This is essentially the approach of Bevington’s!> CHIFIT program, where the
position of, and direction to, the optimum are calculated from the behaviour of
¥* in response to parameter variation. Convergence implies a Newton—Raphson
closeness of priors to their posterior counterparts. This method has been
implemented by the authors as FITASTROMETRY.

FITASTROMETRY is thus an inherently iterative procedure, continuing until
fit improvements have fallen below a pre-set small quantity, if that happens
before a pre-set maximum number of iterations. After each fourth iteration, in
the current version, conjugate-axis and centring calculations are carried out to
locate the current estimate of the Min(y?, @) position. This combination of grid-
search and elliptical contour fixing are usually productive for rapid orbit model
parametrization. But occasionally we have the ‘long valley’ problem where
a group of parameters are close to linear correlation, and the trend of model
improvements becomes slow, or ineffective. An example of this was found in
modelling the orbit of 36 And (WDS 00550+2338). This application is discussed
below. The general usefulness of modelling procedures is circumscribed by the
extent and accuracy of the orbital data. Uncertainties in the parametrization
arise with observational scatter and limited coverage of the orbit.

Our main purposes in what follows are (z) to demonstrate optimal curve-
fitting procedures to the parametrization of a selection of visual-binary-
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star orbits from Dyson’s catalogue; and (i7) to compare findings with other
published results. This should reveal uncertainties, real and formal, affecting
the parameters. Consequently, (27) we offer updated quantities of physical
interest. FITASTROMETRY is now an option in WINFITTER and freely available to
researchers. Further information is given by Budding & Demircan.!*

Selection of data and method

The work of Dyson and his colleagues! published in the section titled Orbizs
of 25 Double Stars represents a fairly complete and homogeneous data set. The
observations span an interval from the early 1800s to 1921. Twenty-three orbit
models were published by Jackson'®. The system 73 Oph (WDS 18096+0400)
was added later and BD+183182 (WDS 16289+1825) was recomputed
including observations from the Yerkes Observatory. Such a data set was ideal
for the purpose of testing FITASTROMETRY, with the added advantage that we
had available an additional hundred years of data (sourced from the Washington
Double Star Catalogue'® courtesy of the USNO) compared to Dyson. We could
therefore contrast solutions based on just the Dyson data with those including
the more recent data, acting as an update and hopefully a validation of Dyson’s
work.

Table I summarizes the values of the orbital parameters of these 25 binary
stars taken from Dyson (D), the Washington Caralogue (W), and the optimized
values from the FITASTROMETRY program (F).

Table IT summarizes the calculated values of the dynamical parallaxes using
orbital parameters of the 25 binary stars taken from Dyson (D), the Washington
Catalogue (W), and the optimized values from the FITASTROMETRY program.
Parallax values obtained from the Hipparcos and Gaia satellite data are shown
for comparison.

Results and comparison with Dyson and WDS parameters

We ran FITASTROMETRY on each of the 25 Dyson visual binaries, using the
full data sets including the WDS data. In Table III we present only the results
of the fitting for the first system, WDS 0055042338 (36 And). Orbital plots
from Dyson, WDS, and FITASTROMETRY are shown in Figs. 1, 2, and 3. An
appendix maintained at https://michaelrhodesbyu.weebly.com contains the
FITASTROMETRY findings for all 25 of the Dyson (1921) collection.

The final parameter estimates for the 25 systems from WDS and
FITASTROMETRY are in close agreement, as demonstrated by the high correlation
values (see Table IV) together with the gradient of these linear models being
close to unity. However, the Dyson values differ significantly from WDS and
FITASTROMETRY values, as shown by the R? values for two selected parameters
(7 and w). This significance was reduced by recognizing that Dyson restricted
inclination values to be less than or equal to 9o degrees and that w be less than
180 degrees. These are ambiguities rather than actual errors since w + 180 will
produce the same result as w. Making these changes led to improved agreement
between the solutions, as evidenced by the correlations shown in the column
“WDS to adjusted Dyson” in Table IV. Once these adjustments were made, the
agreement between WDS (and by proxy FITASTROMETRY) and Dyson’s values
is reasonable (see Figs. 4a and b), particularly given that Dyson’s fits cover a
shorter time period.
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These systems have long periods, and in many cases Dyson’s data had not
covered a complete orbit. A more representative comparison against the Dyson
parameter estimates is therefore to model only the data available to Dyson.
Below are the results of following that procedure with the first Dyson binary,
WDS 00550+2338. Table V shows the results using only the Dyson values of
the orbital parameters and Table VI shows the result using the WDS values of
the orbital parameters. Fig. 5§ compares the orbital plots of the corresponding
results.

TABLE 1

A comparison of the orbital elements given in Dyson’s catalogue' (D), the Washington
Double Star Catalogue'® (W), and the FITASTROMETRY (F) optimized values of the 25
Dyson binary-orbit fittings. P is in Besselian years, a in arcseconds, w, 1, and Q are in
degrees, and T, is in decimal tropical years AD. The precision suggested by the number of
digits rerained after the decimal point slightly exceeds its real value.

P a e ® ) Q T,
D-1 1242 0970 07708 765 412 1057 18169
w 1674 0984 0306 3586 446 1737 19562
F 1686 1014 0308 3586 452 1738 19563
D-2 1674 0974 0313 3037 613 997 1894’5
w 1454 0890 0263 3227 638 991 18991
F 1450 0844 0254 3260 608 996 190I'2
D-3 2169 0407 0545 3500 370 1065 19194

5222 0625 0679 2381 1572 130 IQII'6
4950 0619 0670 2340 1530 I0'0 IQI2'0

v
S

952 0440 0050 1748 582 553 19172
1880 0549 0450 3I0 527 729 18870
189-0 0568 0430 320 570 740 18880

882 0627 0519 3163 504 1220 18829
98-0 0743 0592 3123 503 1426 18825
940 0751 0620 3070 53'9 1437 19820

T
(%3

T
[=))

596 0350 O6II II49 746 352 186I'1
580 0343 0672 24T10 72'5 95 19442
570 0326 0680 2360 690 70 19430

1101 0319 0473 44'S 322 1246 18836
1046 0329 0436 332 194 132’5 19875
1050 0353 0443 280 280 1390 19870

T
(o]

3610 1:000 0926 591 436 784 18881
4213 1071 0901 I7°9 1124 1477 18929
4860 I'I130 0909 140 131'0 1460 18930

2204 1205 0856 2414 474 528 18603
2450 I'III 0833 1400 1600 650 18650
2420 11005 0820 1400 1600 1480 18630

T
=)

T
-
o

1936 2549 0460 1805 394 1563 19133
1560 2443 0447 2000 477 1566 19167
157°0 2438 0446 199-0 472 1558 19160
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Estimation of Visual-Binary Orbital Elements

TABLE 1 (concluded)

P a e w i

2380 1060 0700 2086 576
2530 I'III 0699 3280 1180
2500 I'IO0 0700 3270  II70

885 0330 0'553 2223 256
890 0327 0523 I7I'0 1650
89:0 0315 0529 17I'4 1730

2348 1271 0560 231 409
2570 I'450 0579 3390 1340
2610 1466 0591 3360 1350

3175 2870 0770 2455 750
2290 2231 0758 131°0 1083
2240 2250 0762 1290 1080

11000 1328 0860 967 532
1290 0898 0615 1489 240
1290 0951 0'6I1 1490 252

1261 0935 0435 2130 593
1200 0975 0418 1497 1182
1220 0956 0399 1540 II70

154°5 0783 0387 3167 342
2740 1039  0'579 2500 320
2670 1-0I3 0567 2430 312

88-0 0278 0653 123 573
870 0265 0643 80 570

4235 1330 0700 60T 737
2040 I'I90 0610 307°0 1030
2880 I'I51 0620 3050 1029

3549 1205 0933 934 375
5100 1424 0886 3520 1220
5140 1420 0889 3500 1238

3210 2’120 0188 1590 478
6570 2689 0440 I5I'0 1540
6260 2540 0406 1520 1640

1280 0566 0179 550 51°5
1780 0688 0081 412 1294
1630 0635 0070 1000 1310

1517 0695 0375 597 674
2010 0816 0535 459 641
1990 0834 0522 450 648

857 0790 0773 2889 430
970 0743 0770 2870 270
960 0722 0769 2870 230

408 0500 0350 II42 697
2170 0879 0630 1480 1280
2640 0885 0656 1480 1280

Q

741
2513
2510

417
710
710

174°5
1760
1730

931
943
940

1100
610
610

1471
1456
1490

06
460
530

1464
149-0

711
71°0
710

10
980
970

879
1390
1380

1464
1522
1540

167-8
1743
1751

1741
177°0
1770

1191
1470
1450

T,

0

18683
1866-0
18670

18826
20607
20610

18650
18940
18940

19202
19210
19210

19274
1939°5
19390

18945
18950
18940

19004
18962
18960

19682
1968-0

19100
1912-8
19140

18873
18800
18800

1941°6
1866-0
1866-0

19467
18314
19510

18972
18970
18968

19047
19053
1905°0

19154
19030
19030



2024 February M. D. Rhodes et al. 7

TaBLE II

A comparison of the calculated dynamical parallaxes of the 25 Dyson binary stars
utilizing the orbital elements given in Dyson’s catalogue' (D), the Washington Double Star
Catalogue'® (W), and the FITASTROMETRY program (F) optimized values of the
25 Dyson binary-orbit parameters. P is in years, a in arcseconds. The two values of parallax
7(H) and n(G) are in milliarcseconds (mas) and are taken from the Hipparcos catalogue'’
(H) and from the Gaia catalogue® (G). Note that the Gaia catalogue did not have values for
several of the binary systems. The dynamical parallaxes are calculated using the formula

M= — 1000a -
P3(M, + M,)3
which is equation 52 in Chapter 14 of Smart’, where 7, is in milliarcseconds, a is in
arcseconds, P is in Besselian years, and the masses are in solar masses. The masses were
estimated from the spectral classes of the two stars when they were available in the literature.
If only the spectral class of one star was known, then M| + M, was replaced with 2-o solar
masses in accordance with Smart’.

M

P a M +M, (M) T, 7(H) 7(G)
D-1 1242 0'970 2'10 3043 2633 2331
w 167°4 0984 2'10 2530 2633 2331
F 1686 1-014 210 2595 2633 2331
D-2 1674 0974 301 2221 2526 2400
W 1454 0-890 301 2229 2526 24°00
F 1450 0844 301 118 2526 2400
D-3 2169 0'407 2°00 895 7:60 550
w 5222 0625 2'00 7:65 7:60 550
F 4950 0619 2'00 7-85 7:60 550
D-4 952 0'440 2'00 1675 9:85
w 1880 0'549 2'00 1328 9:85
F 1890 0'568 2:00 13-69 985
D-5 882 0627 2:00 2512 2456 2267
w 98-0 0743 2'00 2774 2456 2267
F 940 0751 2'00 2883 2456 2267
D-6 596 0350 200 18-21 16°14
w 580 0343 2'00 1817 1614
F 570 0326 2:00 17°47 1614
D-7 1101 0319 2'00 11-02 641
w 1046 0329 2:00 1176 641
F 1050 0353 200 1259 641
D-8 3610 1-000 324 1333 11-08 11-81
W 4210 1-071 324 12:89 11-08 11-81
F 4860 1’130 324 1235 11-08 11-81
D-9 2204 1-205 356 2163 16:42 1772
w 2450 I'III 356 18:58 16°42 1772
F 2420 1-005 356 1695 16°42 1772
D-10 1936 2°549 148 6684 74'58 7409
w 156-0 2443 148 73'98 7458 7409
F 1570 2438 148 7351 74'58 7409
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2380
2530
2500

885
890
890

2348
2570
2610

3175
2290
2240

1100
1290
1290

1261
1200
1220

1545
2740
2670

880
870

4235
2940
2880

3549
5100
5140

3210
6570
6260

1280
1780
1630

1517
2010
1990

857
970
96:0

408
2170
2640

a

1060
I'1I1
1'100

0330
0327
0315

1271
1450
1-466

2-870
2231
2:250

1328
0898
0951

0935
0975
0956

0783
1039
1013

0278
0265

1330
1'190
I'I51

1205
1424
1'420

2120
2'689
2540

0566
0688
0635

0695
0-816
0834

0790
0743
0722

0500
0-879
0-885

TaBLE II (concluded)

M +M,

217
217
217

2-80
2-80
2-80

1-63
1-63
163

4'52
4'52
452

2'51
2:51
2'51

437
437
437

273
273
273

2:56
256
256

1-66
166
1-66

1-81
1-81
1-81

M
aM,)

200
2'00
2:00

200
200
200

200
200

200
200
200

200
200
200

2132
2145
2141

I3-19
1302
1254

2369
2545
2547

52:40
5065
5183

3499
2127
22'53

2951
31-81
3085

2001
1812
1798

1I'15
1071

1872
2136
2095

1908
1771
17'56

2766
2176
2123

1594
1556
1523

17-86
17:38
1789

3432
2972
2908

34'62
1997
17:65

7(H)

2314
2314
2314

I1-93
I1'93
1193

2893
2893
28:93

5087
5087
5087

18:84
18:84
18-84

37:00
3700
3700

1712
1712
17°12

1158
1158

1825
1825
1825

1550
1550
1550

1977
1977
1977

1570
1570
1570

16°47
16°47
16°47

3120
3120
3120

2015
2015
20'15

Vol. 144

(G)

2277
2277
2277

2658
2658
2658

5174
5174
5174

1574
1574
1574

1632
16-32
1632

2I'I5
2I'15
2I'I5

1651
16-51
16°51

3055
3055
3055

2003
2003
2003
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Apparent Orbit of T 78. UIS 005502338 STF 738 (H3t2010b)

+ observations
- fitted orbit

y (arcseconds)
0.5 0.0

1.0

1.5

-02 04

Residual (arcs)

Phase

FiGs. 1, 2, AND 3

Orbital plots of WDS 0055042338 from Dyson (1), WDS (2), and FITASTROMETRY (3) for
comparison. The lower panel shows the residuals for the orbit immediately above it.

This highlights the potential problem that an ambiguity in the optimized
solution can arise if the data set covers only a fraction of the total orbital period
and/or if there is an appreciable scatter in the data set. Two other binary systems
(2 and 17) exhibited the same difficulty. The optimized solutions of these other
two systems are also found in the on-line appendix at: https://michaelrhodesbyu.
weebly.com.
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TaBLE III

Results of the astrometric fittings of WDS 00550+2338. The three methods are Dyson (D),
WDS (W), and FITASTROMETRY (F). P is in years, a in arcseconds, w, i, and 2 are in
degrees, and T, is in decimal tropical years AD. y*[n is the normalized y* goodness of fit

measure, where n is the number of observations. Al is the recalculated error estimate, where

the initial error estimate is multiplied by the term +/y*/n.

P a e [0} 7 Q T, o x¥n Al
D 12420 097 0708 765 412 1057 181593
W 167510 09837 0306 35862 44'57 173:66 19562

F 1686103 1014 £ 0003 0308 %0002 3586*06 452%03 1738+ 04 19563+02 2695 37 oI

TABLE IV

Statistical coefficients of determination (R?) for all 25 Dyson binary systems by fitted
parameter comparing the WDS values to those derived by FITASTROMETRY, WDS
to Dyson, and then WDS to adjusted Dyson in turn. P is in years, a in arcseconds, w, 1, and
Q are in degrees.

Parameter WDS to WDS to WDS to adjusted Linear regression

FITASTROMETRY Dyson Dyson gradient (WDS to

FITASTROMETRY)

w 099 007 076 0971 * 0021

i 099 0-00 053 1102 * 0022

Q 092 050 o051 0945 * 0059

P 098 085 085 0991 * 0025

a 099 0'95 084 0987 * 0006

e 0°99 0'50 0'50 1022 * o014
TABLE V

Fitting results for the WDS (W) and FITASTROMETRY (F) methods for the system WDS
00550 +2338, where the initial parameter values B a, e, o, 1, 2, and T were taken from the
Dyson (D) fit. The Dyson parameter values are given for easy reference. P is in years. a is

in arcseconds. o, 1, and Q are in degrees. T is in decimal tropical years AD.

r a e w ) Q T, v wn Al
D 12420 097 0708 76'5 412 1057 181593
W 167510 09837 0306 35862 44'57 173:66 19562 1574
F 16+8 r10t02 0751009 73+9 43+13 106+10 181745 83 30 009
TaBLE VI

Firting results for the FITASTROMETRY (F) method for the system WDS 00550 +2338, where
the imitial parameter values I a, e, @, 1, Q, and T, were taken from the WDS (W) fiz. Units
and measures are the same as in Table V. The WDS and Dyson (D) optimal parameter
values are given for reference.

r a e w 7 Q T, b vin Al
D 12420 097 0708 765 412 1057 181593
W 167510 09837 0306 35862 4457 173:66 19562

F 170+60 r1o+o03 03+ 03 358+9 46+16 172 + 10 1954 +20 89 30 OI
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Comparison of Dyson and WDS Longitude of Periastron ()

Comparison of Dyson and WDS Semi-major Axes

D3
[ ]
D-5
[ ] © po
300- D17 D
6,
L group group
c  200- D-11 =
3 ® <100 2 ® <100
a A 100-200 & A 100-200
W 200+ W 200+
100-
0- i i . i i
0 100 200 300 1 2
WDS WDS

Fi1G. 4

2024 February

The left-hand chart is a comparison of the longitude of periastron (w, in degrees) estimates of the Dyson solutions versus those of WDS, while the right-hand chart compares
the Dyson semi-major axis estimates (a, arcseconds) against those from WDS. The WDS solution used all available data to the current day. Systems have been classed into
three groups based on their WDS periods.
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Dyson 1 BD+22 146
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Phase
FiG. 5

Plots of FITASTROMETRY model apparent orbits of WDS o00550+2338 (BD+22 146, 36 And)
comparing the curve obtained using Dyson or WDS values of the orbital parameters as starting values.

Conclusions

The main findings from our analysis of the 25 datasets in Dyson’s (1921)
catalogue can be summarized as follows:

(#) There is a good general agreement between the parameters of WDS and
FITASTROMETRY when applied to the fuller WDS datasets, confirming that
FITASTROMETRY’s optimization algorithm performs satisfactorily where the prior
parameters are not far from optimal. Such agreement has given us confidence
to apply FITASTROMETRY to the previously unmodelled system V410 Pup!®, and
to make this facility part of our ‘analysis toolkit’ for future systems.
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(1) The degree of agreement between the results of Dyson and later findings
reflects the quantity and quality of available data. In this connection, the issue of
local minima in the (¥?, @) hyperspace manifests itself, giving rise to alternative
best-fit parameters, particularly with incomplete coverage or scattered data.

(z12) If the data set only covers a fraction of the complete orbit or there is
significant scatter, FITASTROMETRY can often find at least two good model fits,
depending on the choice of priors. This does not occur if the dataset covers a
complete orbit and, as expected with more recent data, the scatter is low.

(v) The analysis of 36 And, concentrated on in this presentation, allows a few
general inferences. Thus, we found from fitting the Dyson datasets that, starting
from their adopted priors in either case, both the Dyson and WDS posterior
parameters were compatible, although the latter have large uncertainties and
approach a ‘long valley’ with a noticeable w—Q correlation. In fact, the sum
w + Q = 170° is about the same for either result. This can be understood, as for
small 7 the two angles merge into one — the position angle of the major axis
of a near face-on orbit. The large error estimates of the WDS posteriors at the
cessation of iterations are associated with a decline in convexity of the (3% @)
hypersurface. Numerical procedures become less accurate as the divisors become
small, while the value of y? hardly changes through many iterations. Although the
angular parameters from the two fittings are markedly different, there is better
consistency in the mass-related quantities, particularly a, the semi-major axis in
arcseconds (Table III).

Acknowledgements

This research has made use of the Washington Double Star Catalogue
maintained at the U.S. Naval Observatory. We thank Prof. Talar Yontan for
discussion on Gaia and Hipparcos measurements.

References

(1) F.W. Dyson, Catalogue of Double Stars (H.M. Stationery Office, London), 1921.
(2) W. Herschel, Phil. Trans. Royal Soc., 93, 339, 1803.
(3) N. Shatsky & A. Tokovinin, A&A4, 382, 92, 2002.
(4) S. Soderhjelm, A&A4, 341, 121, 1999.
(5) M. A. Al-Wardat et al., PASA, 38, 2002.
(6) DR3, A&A, 674, A1, 2023.
(7) W. M. Smart, Textbook on Spherical Astronomy, 6th Edition (Cambridge University Press), 1977.
(8) I.Ribas, F. Arenou & E. F. Guinan, 4%, 123, 2002.
(9) I.].D. Craig & J. C. Brown, Inverse Problems in Astronomy, A guide to inversion strategies for remotely
sensed data (CRC Press), 1986.
(10) E. Budding & O. Demircan, A Guide to Close Binary Systems (CRC Press), 2022.
(11) W. H. Press et al., Numerical Recipes: The Art of Scientific Computing (Cambridge University Press)
1986, p. 523.
(12) P.R.Adby & M. A. Dempster, Introduction to Optimization Methods, (Chapman and Hall Limited)
1974, p. 204.
(13) P. R. Bevington, Data reduction and error analysis for the physical sciences (McGraw-Hill), 1969, p.
228.
(14) E. Budding & O. Demircan, loc. cit., 2022, ch. 5.
(15) J.Jackson, MNRAS, 80, 543, 1920.
(16) B.D. Mason, G. L. Wycoff & W. I. Hartkopf, The Washington Double Star Catalogue, 2022.
(17) M. A. C. Perryman et al., The Hipparcos Catalogue, A&A, 323,149, 1997.
(18) A.Erdem ez al., MNRAS, 515, 6151, 2022.



