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Abstract

This document is a study report produced by Gabriel Malchirand and Liv Sivet on the principle of
double stars discovery. This report was made possible thanks to the support of our project tutor, Jean
Frangois Coliac, amateur astronomer and professor of physics and chemistry in a high school, who
discovered the CJF1 couple in 2019.

We present below is the result of our study about the process that we have put in place to carry out
new measurements through an astrometric reduction method. Compared to the previous result, we
noticed no variation compared to the 2019 measurements.

Introduction : lIdentification of the binary system in 2019 by our tutor

« In the depths of the heavens, among the various stars which shed their silent light from the heights
of the beaches of the starry night, the inquiring eye of the telescope has discovered stars of a peculiar
character, which differ from ordinary stars in their aspect as well as in their appearance and their role
in the universe. Instead of being single, like the great majority of stars in the sky, these are double,
triple, quadruple, multiple. Instead of being white, they often shine with a light of color, offering in
their strange couples admirable associations of contrast, where the astonished eye sees marrying of
the fires of emerald with those of ruby, the topaz with those of sapphire, diamond with turquoise, or
opal with amethyst, thus sparkling with all the shades of the rainbow.

[...] What role does attraction play in these solar families, so different from ours? What is the
numerical importance of these systems in the sidereal world? What is their mode of distribution in the
universe? What links can they have with simple suns like ours? What is the nature of their strange and
fantastic light? Up to what distances can the respective stars be associated and carried away by a
common proper motion in space! What is the condition of planetary systems that can orbit these dual
suns? [...] And finally, what are the astonishing and extraordinary conditions that can be made for life
on these unknown worlds, lost in the depths of the unfathomable heavens?... Such are the questions
that now present themselves here to our curiosity and to our study. »

Excerpt from the text of CAMILLE FLAMMARION
"Astronomie populaire” Chapter VIl « The Double Stars », 1884

Our knowledge of the double stars a well has evolved since the 19" century.
A large majority of stars are double. Double stars are pairs of stars bound together by the force of

gravity (note that we are only interested here in the pair bound by gravity and not in the optical
binaries, which are stars that are visually close in the sky but without any interaction). We can visually
characterize the binary system in the sky by two parameters : the angular separation between the two
stars

(rho noted p) and the position angle of one star related to the other (theta noted 0), which is
generally, the weakest compared to the brightest. The angular separation Rho represents the
apparent distance by which the two stars of the couple are separated and is expressed in seconds of
arc in our case. The position angle Theta, on the other hand, represents the position of the companion
star related to the primary star, measured from the North Celestial Pole eastward.
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Fig. 1 Theta and Rho

These last values are essential to define the characteristics of the couple but also necessary to
formalize its discovery in the WDS catalog (Washington Double Star). Indeed, it is in this catalog that
the potentially binary stars are listed, according to their position, their magnitude, their proper
motion, and their spectral type. This catalog includes truly binary stars for which the period of
revolution is short enough to have been measured (70 Oph, Sirus B, Xi Uma ...) and "suspected" binary
stars, whose period of revolution has not yet been accomplished.

Our objective, in this report, will be to measure the characteristics (0 and p) of a visual double star.

We will use the results obtained by our tutor Jean Frangois Coliac in his discovery of the CJF1 binary in
2019 to compare them with a new observation that we carried out in January 2022, and to
determine, or not, an evolution in the movement of stars which form the CJF1 couple, over a period
of 2 years.

The star couple CJF1 was discovered on November 14, 2019, during a photometric analysis of the star
Mu Cassiopeia. Thanks to the image necessary for this analysis, our tutor noticed a semblance of
superposition of two stars in the field. He then used the Aladin software (which references
astronomical catalogs, including that of the WDS but also that of the Gaia eDR3 satellite) to determine
whether this couple already belonged to the WDS catalog, and the opposite case, to measure the
angular separation and the angle of position between these two stars. He used this Aladdin tool on the
suspected couple and noticed that this possible binary wasn’t registered with the WDS. Following this,
he used the Gaia eDR3 catalog to compare the proper motion and the parallax of the two stars with
each other.



DSS2 color

Fig. 2 Aladin Capture

Thus, thanks to the data taken from Aladin, he found that the proper motions (pmRA and pmDE) are
relatively close both in Right Ascension and in Declination (1.591 “/year and 4.861 “/year for the
primary, 1.486 “/year and 4.808 “/year for the companion) as well as their parallax (2.6835 mas for the
primary and 2.663 mas for the companion). It is therefore now possible to reference this star system
as potentially binary. The study carried out by our tutor, published in the review “etoilesdoubles.org”
made it possible to reference this system in the WDS catalog under the name of CJF1.

His study determined the values of Theta and Rho of the couple in November 2019 :

8 =298,9+1,3°
p=34+01"

Our personal contribution was to make a new observation in January 2022, in order to measure new
values of the angle of position and the separation, in order to carry out a comparison with the results
of the study carried out by our tutor in 2019.



1. Our astrometric measurements of position angle and separation in
January 2022

We will now describe the method that will allow us to measure the new characteristics (6 and p) of
this couple. Indeed, using a photograph of the pair of stars, we can measure the angular separation
and the position angle of the companion, but it is essential to correctly align the relative north of our
image with the celestial north pole. The measurement of the position angle must be preceded by
aligning the vertical axis of the image with the celestial north pole, because there is no guarantee that
the camera was aligned in this direction.

1.1 Acquisition of our images

Nevertheless, the two stars being extremely close, we used the T11 telescope (500mm in diameter
and 2280mm in focal length) from the company Itelescope.net located in New Mexico at an altitude
of 2225m, which benefits from a site with turbulence weak enough to separate the two stars. Indeed,
our tutor used an instrument of equivalent focal length on site with higher turbulence, without
managing to separate the stars. The discovery of this couple having been made in 2019 on a
photometry picture of the star Mu Cassiopeia, so, we are now ordering new images on 2022 January
14™. We are going to use the Itelescope.net network to make the images, but a problem arises : the
minimum exposure time of this remote telescope is 60 seconds, and we must avoid that the stars are
overexposed, which would make any measurement impossible. So, with Johnson-Cousins UBVRI
photometric filters, we had to choose images with the filter giving separate, and therefore
measurable, stars.

After analyzing the images with UBVRI filters, we kept those with the blue filter, the others being
unusable. From this, we stacked the dozen images we collected, but noticed that the final resolution
was worse than a single image, perhaps due to variable turbulence during the shot. Here is the image
provided by the telescope :
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Fig. 3 reference image

1.2 Calibration of the image preceding our measurements

Now a new problem surfaced. Indeed, we don’t know with certainty the position of the celestial north
on our image, which is essential for our measurements since the position angle of the companion star
is intrinsically linked to the position of the celestial north pole.

Thus, to solve this problem, we can use the “automatic calibration” function in the “astrometric
reduction” menu available in the PRISM software. This function allows, by identification of the stars in
the field then compared with the NOMAD catalog (a catalog that gathers stars of magnitude lower
than 18, which is largely sufficient for this manipulation) to find the position of the celestial North of
our image, which must be equal to 0° or 180°, but also the exact focal length of the instrument when
it was shooting (required for our calculations). However, this function requires several important
parameters to perform this astrometric calibration :



- The approximate position of the center of the field, obtained by using the "Cartes Du Ciel"
software, i.e., the coordinates of Mu Cassiopeia (J2000):

AD : 1h08m16.385s
DEC: +54°55'13.21"

- The size of the pixels of the camera used to produce our image: the camera of the T11
telescope used has a sensor with pixels of 9 um side, we therefore enter this data.
- The approximate focal length of the telescope (i.e., 2280 mm)

Thanks to this, we obtain the angle between the north celestial pole and the vertical direction on our
image :

SIN1-W-060-001 | 400RX2672 - Monechrome - Réels(12bits) [Zoom = 1/3

Fig. 4 First pass alignment

PRISM therefore used 54 stars in the catalog, matching the stars in the image, with a residual of
0.161”, which is a good value. The result of the astrometric function gives an angle of 179.6° from
north of the image compared to the celestial north pole as well as a focal length of the instrument :
2268.6 mm. There is a difference of 11.4 mm compared to the manufacturer's focal length, which can
be explained by the temperature conditions during the shooting.
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Fig. 5 First pass (degrees)

At the end of this first pass, we see that the North is at the bottom of the image.

We are thus trying to straighten our image to obtain an angle of 180° between the north of the image
and the true north. To put it back up, we perform a vertical reversal of the image and then, we repeat
an astrometric pass to confirm our manipulation :

calibrated-T11-colac-mu_cas-20220114-202059-8-BIN1-W-060-001 | 4008x2672 - Monochrome - Réels(32bits) [Zoom = 1/3]
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Fig. 6 Second pass alignment

Thanks to a second pass of the astrometric function, we now obtain an angle of 180.4° different from
north.
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Fig. 7 Second pass (degrees)

To refine the calibration of the image, we make a field rotation of 0.4° to obtain a result of 180.0°,
then we repeat a new pass of astrometric function :
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Fig. 8 Third pass alignment
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The final residual alignment displayed by PRISM, which corresponds to the difference between the
images of the NOMAD catalog used for the alignment and our image, is 0.223 arcseconds. Our
alignment is therefore precise with a final margin error of 0.223 arcseconds, which is a tolerable value
for our measurement.

1.3 Focus on CJF1

Now that our image is calibrated on the celestial North Pole, we will be able to perform our
measurements.

First, we localize by visual identification the position of the CIF1 pair on the image in relation to Mu
Cassiopeia. Then we perform windowing to recenter and enlarge (by a factor of x16) the object.

Following this, we add a high pass filter, to improve the distinction between the centroids of the two
stars of the system.

Fig. 10 Picture of CJF1
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1.4 Calculation of angular separation and position angle

We are now trying to determine the position angle (8) and the angular separation (p) between these
two stars :

Fig. 11 Theta and rho

Nevertheless, the difference in position of the centroids on our image being measured in pixels, it is
therefore necessary to transform the result obtained into arc second, the unit of p. For this, we use
the sampling calculation for the telescope/camera pair as follows :

Basic sampling formula :

pixel size (um)
focal length (mm)

sampling (arcsecond per pixel) = 206

The shooting camera has pixels 9 um wide, and the focal length calculated by PRISM being 2268.5 mm,
the sampling of our system is therefore :

sampling = 206 = 0.82"/pixel

2268.5

Thus, to obtain the real value of rho, we will multiply the result obtained by the value of the sampling
:0.82 “/pixel
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1.4.1 Problematic of the precision of our measurements

On the other hand, to refine the exact position of the centroids and improve the precision of our
measurement, we will use the pixel coordinates of the centroids stars rounded to the nearest tenth
of a pixel. Indeed, such precision is necessary because a simple pixel measurement would result in a
precision of :

082 _ 23%
334 77

(Here, 0.82 represents the sampling value, i.e., the distance in arcseconds captured by 1 pixel. 3.4 is
the estimated separation value in arcseconds. This operation therefore allows us to get an order of
magnitude of the accuracy of our measurements.) Which is not enough. So, it will therefore be
necessary to strive to measure to the tenth of a pixel, to obtain an accuracy 10 times greater : 2.3%

1.4.2 Calculation of angular separation (rho)

Thanks to the figure 11, we can deduce, using the Pythagorean theorem :

p (arc second) = \/((AX)2 + (AY)?) %X 0.82

Where AX represents the horizontal position difference in pixels between the centroids of the two
stars, and AY the vertical difference.

These measurements are subject to uncertainties, because the centroid of the primary star is not
located on a precise pixel. But on the other hand, the centroid of the companion is localized on only
one pixel. Therefore, the measurement uncertainty of theta and rho is mainly due to the
measurement uncertainty of the centroid of the primary star. We carry out several measurements of
which we will average and calculate the standard deviation.
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STAR 1 | STAR 2 ~| Delta X -

COORDINATES X 1 { Pixels ) 13,8 L7 3,7
COORDINATES X 2 ( Pixels ) 153 L7 3,8
COORDINATES X 3 ( Pixels ) 13,9 L7 b
COORDINATES X 4 ( Pixels ) 14,1 L7 3,4
AVERAGE AX 3,6
STAR 1 STAR 2 Delta Y
COORDINATES Y 1 { Pixels ) 13,5 15,5 2
COORDINATES Y 2 { Pixels ) 13,5 15,5 2
COORDINATES Y 3 ( Pixels ) 13,5 15,5 2
COORDINATES Y 4 ( Pixels ) 13,5 15,5 2
AVERAGE AY 2
| AVERAGERHO = | 24 ]
|5tandard Deviation : 0.1 |

Fig. 12 Rho calculation
P2022=3.4+0.1"

1.4.3 Calculation of position angle (6)

The trigonometric numerical application of the tangent function allows us to obtain the value of Theta:

AY
0 (degrees) = arctanﬁ + 270

We add a constant of 270° to the position angle, the companion star being in the upper right corner of
our image.

Fig. 13 Constant explanation
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We therefore realize :

STAR 1 ~ | 5TAR 2 ~|Delta X -

COORDINATES X 1 ( Pixels ) 13,8 17,5 3,7
COORDINATES X 2 { Pixels ) 13,7 17,5 3,8
COORDINATES X 3 ( Pixels ) 13,9 17,5 3,6
COORDINATES X 4 ( Pixels ) 14,1 17,5 3.4

AVERAGE AX 3,6

STAR 1 STAR 2 DeltaY

COORDINATES Y 1 { Pixels ) 13,5 15,5 2
COORDINATES Y 2 ( Pixels ) 13,5 15,5 2
COORDINATES Y 3 ( Pixels ) 13,5 15,5 2
COORDINATES Y 4 ( Pixels ) 13,5 15,5 2

AVERAGE AY 2

| AverAGETHETA=  [9088 ]

|5tandard Deviation : 1,2 |

Fig. 14 Theta calculation

. th . .
Our observation on 2022 January 14" and our calculations allows us to obtain a measure of :

RHO (p) =3.4 % 0.1”

THETA (0) = 298.9 + 1.2°
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2.Verifying the consistency of our measurements

2.1 Using a WDS pair similar to CJF1

We will now attempt to verify the consistency of our results.

To do this, we will take the example of the binary star Mu Canis Majoris (Mu CMA). Indeed, it has a
parallax (and therefore a distance) like our CJF1 couple: 2.620 mas for 1244.9 light years for Mu CMA,
and 2.659 mas for 1219.51 light years for CJF1.

On the Aladin software, the WDS catalog is displayed, and it is noted that, based on two separate
observations over a lapse of time of 187 years, a variation in the angle of separation of 0.7 arcseconds
(3.6” in 1830 and 2.9” in 2017).

Fig. 15 Mu CMA information on Aladin

It is also interesting to note that the position angle of Mu Cma has only varied by 2 degrees in 187

years.
Our result therefore appears quite plausible given that in the space of 2 years, the measurements of

P and 0 have not varied.
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2.2 Using the equatorial coordinates of the stars

We now use another method using the equatorial coordinates of the stars provided by the eDR3
catalog of the Gaia satellite to make a new calculation of the angular separation as well as the
position angle which separates the stars using the following formulas :

cos(p) = sin(8p) sin(6c) + cos(6p) cos(8c) cos(Aa)

cos(8p) cos(6¢) sin(Aa)
sin(6c) — cos(p) sin(6p)

tan(0) =

Here, the indices “6p” and “6c¢” represent the coordinates in Declination of the primary star (p) and
the companion (c). As for it, “Aa” represents the difference in Right Ascension coordinates between
the two stars.

Gaia RA (%) DEC (*) DELTA ALPHA
| STAR1 [17.42121032469 54,94542280685 -2.62935E-05
Gaia RA (%) DEC (°)

| STAR2 |17.41970381806 54.94581903502

ACOS (degrees) 0.000951675
RHO (arc sec) 34
ATAN (degrees) -65.39512702
THETA (degrees) 294.6

Fig. 16 Calculation of theta and rho

This method of calculation is certainly functional but remains imprecise. Indeed, although the eDR3
catalog was published on December 3, 2020, it is in fact the result of an analysis based on much older
images, carried out between July 25, 2014, and May 28, 2017. This method therefore allows us to
globally find similar theta and rho data.
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3. Interpretation of our results

3.1 Comparison of measures 2019-2022

The previous measurement as well as the checks that followed allowed us to determine that there is
no variation between the Theta and Rho measurements obtained by our tutor in 2019 and those we
have just obtained :

Theta (degrees) Rho (arc seconds)
Measure of November 2019 298.9 3.4
Measure of January 2022 298.9 3.4
Difference 0 0

3.2 Explanation of the results by Kepler's 3rd law

We are now trying to
understand the reasons for the
lack of variation. For this, we

i=0 seek to calculate the
theoretical period of
revolution of the companion
star around the primary by
assuming (but it’s perhaps
false) that the inclination of the
angled view orbit (noted i) would be seen in
the plane of the sky.
(i=0°

front view

Fig. 17 Different points of view of a couple

We use for this the Newtonian form of the third Kepler law, allowing us to calculate the period of
revolution T of the companion star around the primary, thanks to the following formula :
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T? 4 *

- G (my + my)

With :

* T is the period of revolution of the object, in seconds
® ais the semi-major axis of the trajectory, in meters

e G is the universal gravitational constant, in N m2 kg™
e m1lis the mass of the main star, in Kg

* m2 is the mass of the companion star, in Kg

We are doing the approximation that the semi-major axis (a) of the CJF1 pair is equal to the linear
separation between the two stars.

We also make the approximate assumption that each star has a mass equivalent to a solar mass, i.e.,
1.99 x 10*° kg.

We use the tangent function to calculate the approximation of the semi-major axis :

d=121951ly

Fig. 18 Semi-major axis calculation

(d = distance)
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. 3.4 _ a
M3600 121951

)

3600

a = tan

X 1219,51

We convert the distance from light-years in meters :

)

3600

a = tan

X 1219,51 x 9,46 10°

a=187 x 10 m

Calculation elements Value and Expression 1sec = 3,1709791983765° 108 year |
G Universal gravitational constant (N m2 kg-2) 6,6742E-11
a Semi-major axis of the star CIF1 {m) 1,87123E+14 [T (sec) | 986797E+11|
M Two times the mass of sun (Kg) 3,98E+30
T Period of revolution [sec) VI[P 2)/(G*M))*a"3) [T (years) | 31201 |

Fig. 19 Period of revolution calculation

This calculation allowed us to determine that the period of revolution of the companion star around
the primary one is approximately 31 000 years, so it seems normal to obtain no variation in the
angular separation and the angle of position over a period of 2 years.

19



Conclusion

Our measurements and calculations realized on the images of 2022 January 14" concerning the WDS
CJF1 couple have determined that there is no variation of the separation and of the position angle
compared to the measurement of our tutor made in 2019. This corroborates his results, as we were
waiting for. To detect a movement between the stars over a few decades, it would have been
necessary that the distance of the couple was much smaller than 1,200 light years.

Nowadays, it is now possible to try to give an answer to the questions that Camille Flammarion asked
himself in 1884 about the nature of planetary systems that revolve around the pairs of binary stars :

"What is the condition of planetary systems that can gravitate around these double suns?

What can be the physiology of these planets governed, illuminated, heated, alternately or
simultaneously by suns of different masses ? "

Indeed, an article published in the newspaper « L'Astronomie » in February 2022 already provides a
beginning of an answer : astronomers discovered a hot Jupiter around a binary star. (Frederic
Deschamps)

Finally, we leave it to future generations of astronomers to make new measurements on the CJF1
couple and on all other potentially binary stars, which we know so little about, because of the periods
of astronomical revolutions of these. We wish them good luck.
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Pedagogical evaluation by the teacher

At the end of the study, the students get the following skills in...

e Using a telescope and a CCD camera of Itelescope.net

e Using astronomical software PRISM, Aladin and Cartes du Ciel
e Doing astrometric reductions

e The field of double stars research

During the project, the students managed to...

e Perform astrometric reduction on binary stars

e Get a measurement of theta and rho of a double star

e Use Excel spreadsheet

e Draw figures with Paint 3D

e Use of scientific language

e Perform research in history books about double stars science
e Analyze of measures uncertainties

e Using trigonometry formulas

e Using different ways to check a scientific result

e Use a distant telescope in New Mexico from France

21



