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Abstract: In 2008, double star WDS 07106 +1543 was classified as a binary having an
orbital solution with a period of 1360 years. The research here, consisting of new observations
as well as analysis of historical data, presents evidence against this classification. Based on
the proper motion and newly released Gaia parallax data for these stars, we conclude that the
system is an optical double. We propose a linear solution with R2 of 0.997 for the relative
motion of the stars.

Introduction
Double stars have been studied since the 18th century, in search of gravitational relationships. If the orbits of gravitationally-bound stars can be determined,
their combined masses can be calculated using Kepler’s
third law. With more data, such as radial velocities, the
masses of the individual stars can be determined, along
with each star’s luminosity. The masses and luminosities in turn can be used to refine the mass-luminosity
relationship for stars in general.
Because gravitationally-bound systems are so useful and interesting to astronomers, it is tempting to calculate an orbital solution at the first signs of possible
curvature in the trajectory of the secondary star relative
to the primary. Sometimes, subsequent observations
show this conclusion to have been premature, as in the
recent study by Parent et. al. (Parent, 2017). For this
reason, continued measurement of double star systems
remains essential. This is especially true for systems
such as WDS 07106+1543 whose periods exceed greatly the length of time over which the system has been
observed.

Target Selection
There were several restrictions on the stars our
team could study. First, the star system needed to have
a right ascension between 5 and 15 hours in order for it
to be visible during the months when this study was
conducted. Second, the stars needed to be more than 5"

apart in the sky and have a difference in magnitude

(Δmag) less than 3 so they would be both visible and

easily resolvable as two separate stars in images taken
by the Skynet telescopes.
These constraints were entered into the website
Stelledoppie, which allows users to search the Washington Double Star Catalogue for star systems with specific characteristics. Of the returned stars, WDS
07106+1543 was chosen for several reasons: 1) Although it had a solved orbit, the most recent measurements seemed to be deviating from that orbit, 2) the
movement of the secondary star in relation to the primary was almost exactly along a straight line, suggesting that the star system might be an optical double, and
3) six years had passed since the most recent measurement of the star, providing some time for the two stars
to have moved relative to each other.

Background
WDS 07106+1543 has coordinates of 07H 10'
37.92″ +15° 43' 14.2″, and is located in the constellation Gemini. Its position is shown in Figure 1.
WDS 07106+1543 was first discovered in 1912 by
the French astronomer Robert Jonckheere, depicted in
Figure 2. Despite many setbacks, including having his
entire observatory ransacked and destroyed in World
War 1, Jonkheere discovered 3,350 new double stars
from 1906 to 1962, which he published in a catalogue
with the assistance of the International Astronomical
Union (The Royal Observatory Greenwich, 2018; Trimble, et al. 2007). Jonckheere discovered WDS
07106+1543 in his self-built observatory near Lille,
France (Heydari-Malayeri et al. 2009).
In 1912, Jonckheere recorded position angles (PAs)
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Figure 1. Location of WDS 07106+1543 in the constellation Gemini (left); image of the surrounding
starfield, as shown in Stellarium (right).

of 153.1° and 149.3° for this star, but the Washington
Double Star Catalog records show PAs of 333.1° and
329.3° for his measurements. This is because Jonkheere
was using a different convention for reporting PA. According to the current convention, the PA of a secondary star relative to a primary is measured as counterclockwise degrees from celestial north. Figure 3 depicts Jonckheere’s original observation (Jonckheere,
1912).
As shown in Table 1, the PA and separation of
WDS 07106+1543 have been observed 21 times since
its discovery. In the table, the letter “q” before the
measurement signifies that the quadrant was flipped
180o from the original record.
Figure 4 contains a plot of the historical measurements along with the orbital solution proposed in 2008
by Cvetković et. al (Cvetković, 2008). The more recent
measurements shown in pink appear to deviate from the

orbit. In the figure, the green data points represent older measurements made visually, while the pink data
points are photographic.
According to Cvetković’s orbital solution, the orbital elements for this system are those given in Table
2. As shown, the proposed period of the system is on
the order of a millennium. Because the period greatly
exceeds the amount of time over which the system has
been observed, it is important to continue to monitor
the relative positions of these stars.

Methods and Observations
The Skynet Robotic Telescope Network’s R-COP
was the first telescope our team used to image WDS
07106+1543. It has an aperture of 0.4 meters, a focal
length of 2000 mm, an F-Ratio of 5.6, and a field of
view of 25.5″ by 17.2″. R-COP is located at Perth
Observatory in Bickley, Australia (Skynet, 2018).
Unfortunately, the images produced by the R-COP telescope were extremely pixelated, as shown in Table 3.
Because of this, we did not use the R-COP images in
our analysis.
We then turned to using the PROMPT2 and
PROMPT5 telescopes, again through Skynet. Both of
these telescopes had an aperture of 0.4 meters, a focal
length of 4565.0 millimeters, and an F-ratio of 11.2. We
took a total of 6 images with the PROMPT5 telescope,
and 2 images with the PROMPT2 telescope. Each image used a 10-second exposure time, as this produced
clear images for which the centroids were easily identifiable.
(Text continues on page 122)

Figure 2. The discoverer of WDS 07106+1543,
Robert Jonckheere (Fehrenbach 1975).

Figure 3. Robert Jonckheere’s original observation of WDS
07106+1543.
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Table 1. Past measurements of WDS 07106+1543.
Date

PA (degrees)

Separation
(arcseconds)

Aperture

Total
Observations

Reference
Code

Technique
Code

1912.01

q 333.1

2.31

0.4

1

J__1912a

Ma

1912.01

q 329.3

2.51

0.4

1

Vdk1912a

Ma

1949.74

303.8

5.28

2.1

4

VBs1954

Mb

1952.15

q 303.9

4.91

0.4

2

Cou1952a

Ma

1957.31

302.1

5.74

0.3

3

Wor1960

Ma

1962.953

q 298.9

6.56

0.9

1

VBs1965

Mb

1965.122

q 299.2

6.53

2.1

2

VBs1965

Mb

1983.095

q 295.81

7.806

1

1

Tor1985

Po

1997.68

q 295.0

8.85

0.4

1

Elt1997

C

1997.82

294.9

9.09

1.3

1

TMA2003

E2

2000.97

294.7

9.368

0.2

7

UC_2013b

Eu

2002.869

294.5

9.522

0.2

4

UC_2013b

Eu

2006.9583

293.86

9.736

2

1

Pop2007

C

2006.9583

294

9.869

2

1

Cve2007b

C

2006.9583

294.09

9.729

2

1

Pal2007a

C

2006.9583

294.11

9.725

2

1

Nov2007e

C

2010.5

293.6

10.1

0.4

1

WIS2012

Hw

2011.62

293.77

10.23

2

1

Rdv2013

C

2011.823

q 293.66

10.27

2

2

Pal2013

C

2011.8422

q 293.39

10.26

0.6

1

Pal2013

C

2012.8558

q 293.55

10.36

2

1

Cve2015

C

Table 2. Orbital elements of WDS 07106 +1543 (Cvetkovic et. al. 2008).
Longitude
Period
Year at
of peri(yrs) Periastron
astron
(deg)
1360.2
± 62.9

Figure 4. Orbital solution for WDS 07106+1543 proposed in 2008 by Cvetković et. al.

3235.4
± 4.2

177.
± 2.4

Semimajor
axis
(AU)

Eccentricity

12.7
± 0.59

0.85
± 0.042

Inclina- Orbital
tion
Node
(deg)
(deg)

113.4
± 0.5

96.2
± 0.8

Yr of
Equinox

2000
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Table 3. Telescopes used to image WDS 07106+1543 and sample images.

Telescope

Sample Image

R-COP, Perth Observatory (Perth 2018)

PROMPT Telescope Array, Chile (Skynet 2018)

(Continued from page 120)

Data Reduction
The images were analyzed using AstroImageJ software. The bullseye photometry tool computes the centroid of each star as a weighted average of the brightnesses of pixels within a radius controlled by the aperture size. The positions of the star centroids are used to
determine their PA and separation. The aperture size set
by the user is extremely important, because this influences the accuracy of the centroid computation. If the
aperture is too small, then the centroid measurement
will rely too heavily on where the user clicks on the
star. If it is too large, then the background will be included in the centroid computation, which could be particularly problematic if the stars appear very close in
the image, and one star’s light leaks into the other. The
goal is to set the apertures to cover the star while mini-

mizing the amount of background that is included, as in
the PROMPT sample image displayed in Table 3
above.
The reduced image data are summarized in Table 4
below. All images were taken on January 28, 2018, using a 10-second exposure time.

Proper Motion
The orbital motion of the secondary star relative to
the primary in a binary system is generally very small
compared to the proper motion (PM) of either star
across the sky relative to Earth. Therefore, as a general
rule, if the PMs of two stars are very different, it is unlikely that they are gravitationally bound. If the PMs
are similar, then it is likely that either the stars have a
physical relationship, or that they were born in the same
stellar nursery and ejected from the gas cloud at the
same time. Because of this, showing that two stars have
different proper motions provides evidence for the lack
of a physical relationship between them. To evaluate
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Table 4. Position angles and separations for WDS 07106+1543 from 10-second
exposures on PROMPT telescopes on Jan 28, 2018.
Telescope used

Image number

PA

Separation

PROMPT2

1

293.78

10.72

PROMPT2

2

293.75

10.73

PROMPT5

3

293.64

10.74

PROMPT5

4

293.50

10.84

PROMPT5

5

293.42

10.90

PROMPT5

6

293.59

10.81

PROMPT5

7

293.55

10.84

PROMPT5

8

293.59

10.85

Mean

293.60

10.80

Standard error of the mean

0.043

0.023

how different the proper motions are, we take the ratio
of the magnitude of the PM vector difference to the
length of the longer of the two PM vectors, as shown in
equation [1] below.

( PM RAprimary − PM RAsecondary ) + ( PM Dec primary − PM Decsec ondary )
2

PM ratio =

2

length of thelonger vector between primary and secondary net PM

[1]

If the PM ratio evaluates to a number less than 0.2,
then it is possible (but not certain) that the stars’ proper
motions are conjoined, and the stars are in a gravitationally bound orbit. If the result is greater than 0.6,
then it is likely that the stars are not gravitationally
bound (Harshaw, 2016).
Unfortunately, the proper motion data available for
the two stars at the time our study commenced was limited and conflicting. The only complete sets of PM
measurements for these stars came from the WDS and

the fourth US Naval Observatory CCD Astrograph Catalog (UCAC4). The fifth US Naval Observatory CCD
Astrograph Catalog (UCAC5) had PM for the primary
star but not the secondary. As we were finishing our
study of the system in April of 2018, the second data
release from the European Space Agency’s Gaia satellite became available. The PM values from all of these
sources are shown in Table 5.
The newly released Gaia DR 2 data provide the
most accurate measurements of the proper motions of
our stars. With Gaia’s PM numbers, Equation 1 gives a
PM ratio of 0.89, which is greater than 0.6, confirming
the different proper motions of these stars. A graphical
representation of the PM vectors is shown in Figure 5.
Because they are moving in different directions across
the sky, these stars are unlikely to have a physical relationship to each other.
It is instructive to evaluate the UCAC4 and UCAC5
measurements in light of the more recent and more accurate Gaia data, to investigate what can be learned

Table 5. PM data for WDS 07106+1543 (units of milliarcseconds / year).
Source

Gaia DR 2
(Released April
2018)

UCAC5

Primary PM RA (mas/yr)

-12.119

Primary PM DE (mas/yr)

-5.208

Secondary PM RA (mas/yr)
Secondary PM DE (mas/yr)

UCAC4

WDS

-11.6

8.9

+009

-6.1

-16.9

-017

-93.538

Unknown

-23.0

-023

14.491

Unknown

15.8

+016
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Figure 5. Gaia PMs for WDS 07106+1543.

both about PM and about these older catalogs.

PM Ratio from UCAC4 and WDS
The PM values from the UCAC4 and WDS catalogues are very similar and it seems likely that the
WDS values are rounded versions of the UCAC4 data.
Dr. Brian Mason of the US Naval Observatory confirmed this. He explained that while the WDS catalogue does not keep records of all of its sources, the
UCAC4 is one of the WDS source catalogues (Mason,
2018).
Figure 6 shows a vector representation of the
UCAC4 PM data, which despite being older and generally less reliable, is at least complete for this system.
For the primary star, the net proper motion vector has a
length of approximately 19.1 milliarcseconds per year
(mas/yr) while for the secondary, the net motion is 27.9
mas/yr.

When compared to the Gaia PM vectors of Figure
5, the secondary’s UCAC4 PM shown in Figure 6 is at
least in the correct quadrant, and the primary’s PM is
oriented roughly correctly in Dec though not in RA.
Despite the numerical differences, the UCAC4 measurements do lead to the correct conclusion that the two
stars are moving in different directions. Since the PM
vector of the secondary has a greater magnitude, that
vector’s magnitude is used in the denominator of Equation 1, and the PM ratio comes out to 1.64. This value is
well above the 0.6 threshold for different proper motion.
According to the historical data together with our
measurement of this system, the separation between the
stars has changed approximately 8.5″ over the 100
years for which the system has been observed. If the
UCAC4 PM values were correct, however, the separa-

Figure 6. UCAC4 PM vectors for WDS 07106+1543.
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Figure 8. UCAC5 PM of Primary and inferred PM of secondary
for WDS 07106+1543.
Figure 7. Positions of WDS 07106+1543 secondary star relative
to primary based on first observation in 1912 and our observation
in 2018.

tion would have changed only 4.6" over 100 years.
While this is only an estimate, it nevertheless confirms
some amount of error in the UCAC4 values (Harshaw,
2018).

UCAC5: Inference of Secondary PM Based on
Primary PM Plus Historical Observations of
Relative Motion
Using the incomplete UCAC5 PM data and the relative motion of the secondary given by its PA and separation measurements over time, we can make a rough
estimate of the secondary’s PM. This technique is generally applicable if PM data is lacking for one of the
stars in a pair but their relative motion has been wellstudied over time.
The following analysis is based on Richard
Harshaw's method for evaluating the reliability of WDS
PM values (Harshaw, 2018). Since the PM of the primary is known and the change in PA and separation of
the secondary over the last hundred years is also
known, we can make a rough inference regarding the
PM of the secondary star. To do this, we use the vector
formed by the final and initial positions of the secondary relative to the primary in RA and Dec over time, as
shown in Figure 7.
In the case of WDS 07106+1543, the time between
the first observation (made in 1912.01) and our most recent observation (made in 2018.077) is 106.07 years.
The change in RA of the secondary relative to the primary during that time is 8.85" in the negative/west direction. The change in Dec relative to the primary between first and last observation is 2.26" (in the positive/
north direction) over the course of those 106.07 years.
This amounts to -83 milliarcseconds per year (mas/yr)
in RA and 21 mas/year in Dec. Therefore, the UCAC5

values imply that relative to the primary star, the secondary is moving northwest with a net tangential speed
of .

(83mas/yr )2 + ( 21 mas/yr )2

= 86 mas/yr

Using this result, it is possible to estimate the net
PM of the secondary star as the sum of the PM vectors
for the primary star and the motion of the secondary
with respect to the primary. This results in a PM for the
secondary star of -95 mas/year in RA and 15.3 mas/yr
in Dec. Using these new values, the net PM magnitude
would be 96.2 mas/yr in a northwest direction. This estimated net PM for the secondary is plotted alongside
the UCAC5 PM of the primary in Figure 8. The similarity between this plot and that of the Gaia measurements of Figure 5 implies that the UCAC5 measurements for the primary star, in combination with the historical data for this system, provide an accurate means
of estimating the PM of the secondary.
As is evident from the PM ratios generated by all of
these data sets, the secondary star is estimated to be
moving much faster than the primary in a relatively different tangential direction, strongly suggesting that the
two stars are not gravitationally bound.

Investigating the Appropriateness of a Linear
Solution Using Excel and Desmos
Using Excel, the x and y coordinates of the secondary star’s position relative to the primary fit a nonweighted linear trendline with an R2 value of 0.995.
The best fit second-degree polynomial trendline for the
data was also computed in Excel, and was found to
have an R2 value 0.995 as well. However, the polyno-
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came out in April, however, the primary star in this system was found to have a parallax of 2.7841 ± 0.0389
mas, and the secondary to have a parallax of 12.1025 ±
0.0391 mas. Since the inverse of parallax in arcseconds
is the distance in parsecs from Earth, the two stars are
359.18 parsecs (1171 lightyears) and 82.63 parsecs
(269 lightyears) from Earth, respectively. To estimate
the error for these distance measurements, we use the
tangent line approximation on the function relating the
distance from earth, D, to the parallax P. In general, if
D = f(P) then
e( D) = e( P)

Figure 9. Best fit linear and polynomial trendlines for WDS
07106+1543.

mial trendline curved away from the primary star rather
than around it as would be expected if the two stars
were in fact orbiting. The linear and polynomial trendlines are shown in Figure 9. When the quadratic trendline is plotted on the same scale as the linear trendline,
the corresponding regions of the plots containing the
data points are virtually indistinguishable.
In addition, an orbital solution R2 value calculator
was used to find a best fit orbital solution (Hensley
2018). Without weighting the residuals, the orbital parameters shown in Table 2 give an R2 value of approximately 0.98. The highest R2 value found for an orbital
solution using the calculator was 0.995. While this solution fits the data very well, it has extreme parameters:
a period of 7,500 years and an inclination of 91 degrees. These improbable characteristics essentially represent an ellipse modeling a line. A sample orbit with
adjustable parameters for this system can be found at
https://www.desmos.com/calculator/jpi7whu83s.

dD
dP

where e(D) is the error on D and e(P) is the error on P.
Because D(P) = 1/P, dD/DP = -1/P2 , the error in D is e
(P)/P2 which gives 0.0000389/(.0027841)2 = 5 parsecs
(16 lightyears) for the error on the parallax of the primary and 0.0000391/(.0121025)2 = 0.3 parsecs (1
lightyear) for the error on the parallax of the secondary.
This means that the distance between the two stars is
902 ± 17 light years, as shown in Figure 10.
Taken together, the Gaia parallax and PM data imply that in units of m/s, the primary star has a proper
motion of (-20649.65 m/s, -2041.39 m/s) and the secondary star has a proper motion of (-36664.32 m/s,
24691.31 m/s). The system escape velocity is
ve =

2GM
R

where M is the mass of the primary star, R is the dis-

Parallax
At the time our study commenced, parallax data
were not available for this system. When Gaia DR2

Figure 10: Primary star and secondary star of WDS 07106+1543
relative to Earth.
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tance between the primary and secondary star, and G is
the gravitational constant. The mass of the primary
must exceed v2R/2G in order to bind the secondary,
where v is the relative velocity of the stars. The stars’
proper motions capture the tangential component of this
relative velocity, but the radial component is unknown.
However, since the tangential motion of the secondary
relative to the primary is (-16014.68 m/s, 26732.71 m/
s), then, even if the relative radial motion of the stars
were zero, the secondary star would exceed the system
escape velocity unless the primary star were unrealistically massive. This is demonstrated in Figure 11.
For comparison, one of the most massive stars ever
observed is 315 Mʘ (Ghez et. al. 2008), and the mass of
the supermassive black hole in the center of the Milky
Way is 4.3 x 106 Mʘ (Crowther et. al. 2016). Therefore, it is safe to conclude that the proper motion and
Excel analysis have indeed led to the correct conclusion
that the stars of WDS 07106+1543 cannot be gravitationally bound. With its unprecedented accuracy and
its gold mine of parallax data, the Gaia catalogue second data release is likely to make optical doubles of
many more presumed binary star systems, as it has
done with this one.

Figure 11. Calculation of the mass of a primary star that could
bind the secondary given the distances and relative tangential velocities of the stars in WDS 07106+1543.

WDS 07106+1543, we coded a gradient descent algorithm in Python and used it to maximize the R2 value of
the solution. The algorithm adjusts each of the four parameters and uses the change in the output to approximate the gradient of the residuals. The parameters are
then adjusted in the direction of the gradient, and the
process is repeated.
Calculating a Linear Solution
After running the gradient descent algorithm, the
The five parameters typically used to fully describe best linear solution gave the point of closest approach
a linear solution are the RA and Dec coordinates at dis- to be (0.418", -1.694") relative to the primary star in
covery (RAdisc and Decdisc), the time at discovery (tdisc), the year 1890.71, and a relative motion vector for the
and the RA and Dec motion of the secondary star rela- secondary star of (-81 mas/year, -20 mas/year). The R2
tive to the primary over time (dRA/dt and dDec/dt). value of the fit was 0.997. The solution is shown in FigWith these five parameters, the expected position at a ure 12, and the ephemerides are shown in Table 6. In
time t1 is given by Equation 2.
Figure 12, the x-axis represents the RA component of
the stars’ separation, in arcseconds, and the y-axis repdRA
dDec
( RA, Dec ) =  RAdisc +
( t1 − tdisc ) , Decdisc +
( t1 − tdisc )  resents the Dec component of the stars’ separation, in
dt
dt

 arcseconds, with north down. The colors used for the
[2]
data points have no significance, and instead are meant
to help distinguish between the points on the graph.
Since tdisc is fixed, only 4 parameters are truly necessary to describe the linear solution. Only the necessary 4 parameters were varied in determining the best
Table 6: Ephemerides for the linear solution for WDS
linear solution for this double star.
07106+1543.
How well a model fits a given data set is measured
2
2
with what is known as the R value. The R value of a
Rectilinear
Linear Ephemerides
Ephemerides
model is equal to 1 - SSres / SStot, where SSres is the sum
of the squares of the residuals (the straight line distancPosition
Year
Separation
X
Y
es from each point to the corresponding point predicted
Angle
by the model), and SStot is the sum of the squares of the
2020
293.058
10.927
-10.054
-4.280
distances from each datapoint to the mean of the data
2025
292.721
11.339
-10.459
-4.380
points. Measurements were weighted according to the
2030
292.408
11.752
-10.864
-4.480
US Naval Observatory's orbital grading method
(Hartkopf 2001).
2035
292.116
12.165
-11.269
-4.580
To find the best fit linear solution for the data on
2040
291.844
12.578
-11.674
-4.680
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Figure 12. All observations of WDS 07106+1543, with dates and the line of best fit.

Conclusion
Observations of the deviation of recent data from
the published orbit, together with proper motion data
and Excel trendline analysis, led us to reclassify WDS
07106+1543 from a binary system to an optical double.
As part of our study of the stars’ proper motions, we
present a technique for making inferences about proper
motion where the data are incomplete. Gaia DR2 parallax data, released during the course of our investigation,
confirmed that our findings had led us to the correct
conclusion regarding the non-physical status of this system. We present a linear solution with R2 of 0.997 for
the motion of these stars.
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