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O-C Study of 545 Lunar Occultations from 13 Double Stars

Keywords: Lunar Occultation, Occult 4, O-C

In this article, we have studied the reports of lunar occultations by this project observation's teams (named APTO) in comparison with other observations of the objects. Thirteen binary stars were selected for this study. All the previous observations of these stars were also collected. Finally, an analysis of O-C of all reports were performed.

Introduction

A lunar occultation occurs when the Moon passes in front of stars, planets or other objects in the sky. Many astronomers have been observing occultations over the past two centuries. However, observations made from the Earth has its limitations. Larger telescopes are able to provide data on fainter stars, thus the more the optical device is capable of collecting the light and the higher its resolution, the more stars and fainter objects can be observed. However, it would also depend on the degree of the sky darkness, atmospheric extinction, and seeing conditions. Apart from that, the lower amount of humidity or dust along the horizon or sky during the observation would lead to a better recognition of fainter objects [START_REF] Poro | Introducing some effective parameters in the types of Occultations[END_REF]. The higher the lunar elevation the better the sky conditions might be expected.

The accurate timing of lunar occultations is performed regularly by astronomers using different methods. Visual observations are the least accurate but can be timed to an accuracy of a few tenths of a second. These so have a benefit in helping to refine our knowledge of lunar topography. Since human reaction time is involved, a personal equation (PE) needs to be developed and incorporated for each observer.

Our measurements of the Moon's topography is related to those made by a spacecraft called KAGUYA. The Japanese lunar explorer KAGUYA (also called SELENE) was launched successfully on September 14th, 2007 by the Japan Aerospace Exploration Agency. KAGUYA is in polar orbit around the Moon and uses onboard sensors to research gravity and topography (S. [START_REF] Sasaki | KAGUYA topography gravity team, Global Topography and Gravity of the Moon Observed by KAGUYA[END_REF].

Since the "edge of the Moon" is what is being observed from the Earth when an occultation occurs, it is possible that due to erosion, there are likely to be some very minor changes over long periods of time. The amount of change is calculated from the profiles produced by KAGUYA. Therefore, the calculations are based on the occultation timing by observations compared against KAGUYA profiles which is shown by what we refer to as the O-C parameter. O-C (Observed minus Calculated) implies a temporal aspect which is used when discussing cyclic phenomena where the times of occurrence of a given event are subject to irregularities (C. [START_REF] Sterken | The O-C Diagram: Basic Procedures[END_REF]. Before KAGUYA profiles began being provided, the reference for calculated O-C for lunar occultation reports was from a document popularly known as the Watt's charts published in 1963. They are presented in the form of charts of the liberation frame each 0.2 degrees of position angle measured from the Moon's axis of rotation. Since the Moon is not a sphere but presents a roughly spherical shape with continuing limb irregularities, these features are presented to the Earth at different aspect angles over time.

Occult 4 software is used to make predictions for the occultation observation as well as the reporting and O-C calculation based on KAGUYA profile. Occult 4 is a software program for predicting the circumstances of many types of astronomical occultations. Occult 4 will predict the circumstances of lunar occultations (total and grazing), asteroid occultations, occultations of planetary moons, etc. [START_REF] Poro | Astronomical Occultation Book[END_REF]. This openaccess software was developed by David Herald. This article is based on the results of a project called "Astronomical Project on Timing Occultation" (APTO). The project was started in February 2019 in partnership with nine Iranian teams and observatories. The first purpose of this project was to time lunar occultations comparing O-C with previous timing reports of those stars. For this purpose, we selected thirteen binary stars as targets. We extracted observations and timing reports from Occult 4 software going back in time to the year 1833 to compare against APTO's observations.

Data Sets

The following targets for the APTO observations are: SAO 139834, SAO 139794, SAO 187426, SAO 118892, SAO 98511, SAO 99185, SAO 98265, SAO 98488, SAO 139427, SAO 98673, SAO 79480, SAO 119447, XZ 43302. These targets and their occultation opportunities were selected given the following limitations: The stars are defined to be double (Table 1); the lunar phase for predictions is between 10% to 90% and -90% to -10%; lunar elevation above the local horizon during the occultation period should be more than 20 degrees; star visual magnitudes are between +5 and +9; only the occultation disappearances were timed (reappearances were not measured). Comparative observations based on selected double stars collected from Occult 4 (Version 4.7.2.0) software. These 528 observation reports are from 1833 to 2018 (Table 3). Details of the selected observation reports are also included in appendix A. 

Timing Method

Lunar occultation timing measurements can be useful when there is an overall accuracy of a few tenths of a second in order to provide confirmation or improvement of knowledge of lunar topography. The methods of timing used by the APTO teams and observatories who gathered this data were primarily visual though there were a few video observations.

The base time references used in this project have been both the Network Time Protocol (NTP) and The Global Positioning System (GPS). NTP observers used the North American Asteroidal Occultation Program website2 and the SkyTiming.1 mobile application3 was used for GPS based time. Timing for a successful observation of occultation events has a long history. Since the early 1960s, scientists were using cassette tape recorders to record the sound of short-wave time signal broadcasts from radio station WWV, WWVB, CHU, WWVH or some other stations as well as the sound of their voice calls as occultations were seen to occur. Stopwatches were also used. Today, there are other methods for timing an occultation such as using NTP servers or GPS as time references. However, each one has some problems [START_REF] Lesani | SkyTiming; A New Mobile Application for Submit and Timing[END_REF].

The NTP and GPS based time was used for visual timing. Observers in this project used each of them for timing by stopwatch or voice record ways. In many of the observations, both have been used by observers to reduce the error rate. In two reports, the video method was used by Kerman team. This method uses a DSLR camera. Both NTP and SkyTiming application (GPS) were used for the base time, which it was found that the SkyTiming application based GPS time was less error.

The GPS is the best time reference base. The whole system's rationale is based on time. Most (but not all) GPS receivers have a feature called One Pulse Per Second (1PPS) referenced to Universal Time (UT) to an accuracy measured in microseconds and that if this signal is used appropriately, a GPS receiver can be used to give times to an accuracy of ±0.001 seconds or better [START_REF] Gault | Applying UT to Visual Timing in Occultation Observations[END_REF]. However, even video measurements cannot achieve an accuracy better than .033 based on frame rate recording and this has no impact on visual measurement accuracies.

The most important errors in observation and timing are the base time error and the Personal Equation (PE) error. PE is the time the observer takes to react to the occultation. It is required for visual observers. Typical values are 0.3 to 0.5 for a disappearance as the star is first occulted by the Moon. The term D (or d) is used for disappearance and R (or r) for reappearance. Experienced observers always try to improve PE in their visual timing. If the star is not easily visible, or the observer is inexperienced, the value will be at the larger end. A visual observer should enter into the PE field a numerical value, which is a best estimate of their personal reaction time. It is only an estimate and not 100% accurate.

The estimated uncertainty (± time range) in the reported time, after any PE, has been applied. Usually, the uncertainty will be smaller than the PE. The ultimate goal is to decrease PE in visual observations. Initially, for observers to gain experience, they must use visual methods to see an occultation with their eyes as it takes place. This is the reason for understanding the concept of PE since it demonstrates that no matter how 'good' an observer thinks he or she is, there is always a delay in estimating a D or (especially an R) in lunar occultations. To eliminate PE entirely one must transition to a more accurate method that does not require the human eye to interpret when a D or R has taken place. Nowadays, video timing methods are used with GPS time embedded in each frame. As mentioned here, two reports of this project used a creative approach based on video timing, based on available facilities [START_REF] Poro | Introducing some effective parameters in the types of Occultations[END_REF].

Analyses and results

The most important problem in the visual observation part of the project was the reduction of the PE for each observer. This error can occur for a variety of reasons. Some of the things that have been reported to have caused this error, according to observers, are: -Effect of cold temperatures lowering the timing accuracy -Response of the eye/brain to an occultation impacted by the age of the observer -Observer's hands are not free for controlling the telescope.

-Observer cannot comment on some conditions concerning the observation directly.

-Eye fatigue and lack of consistent focus -PE even for the same observer can vary -Other problems which reduce the accuracy of timing such as instrumentation issues Despite the low experience of observers at the beginning of this project, the average PE for the observations is calculated: 0.3901. This error rate is within the range of 0.3 to 0.5.

Once we have found that the PE of reports was acceptable for this project, we proceeded to comparative study of O-C. As mentioned earlier, O-C can be an indicator of timing accuracy, according to the KAGUYA satellite profile. If this parameter's range for visual timing is between +0.1 to -0.1 it means that the observer has done an accurate time measuring.

Figure 1 shows O-C parameters during over years for all of the reports that studied in this project. This chart is based on a fit where a "Curve-Fit Robust Straight Line" was drawn. We analyzed the reports of this project, and a similar fit was done to obtain the line equation (figure 2).

According to this fit for our observation, it started at +0.07 and ended at -0.16. The specifications of the fits of figures 1 and 2 are given in Table 4. 

Conclusion

Thirteen binary stars were selected for observation and comparison. Only disappearances were timed. Apart from the observations by the teams involved in this project, historical observational reports on these 13 stars were also collected from the Occult 4 software. As with other observations extracted from Occult 4, different timing methods were used, though 89.5% of these observations were visual with 0.3901 Personal Equations. In all the observations of this project, we used NTP or GPS for based time.

Based on the fits and calculations for O-C (table 4), the mean error of deviation from zero for total observations (figure 1) is 0.255 and for observations in this project (figure 2) is 0.115. Therefore, given a similar fit, it can be concluded that the average timing accuracy in this project reports was acceptable than average timing accuracy for total O-C diagram for previous observations. It should be noted that although total previous observations have used more of the visual timing type, the average error rate of them is acceptable. 

Appendix

Figure 1 .

 1 Figure 1. O-C parameter for all reports over time

Figure 2 .

 2 Figure 2. O-C changes derived from this project reports

Table 1 . Details of all observed stars collected from the Simbad database 1

 1 

	Star	RA.	Dec.	M(v)	Sp.	Dia. (")
	SAO 139794	14 13 18.6579408076	-08 26 40.683175535	7.15	K0	0.0007
	SAO 187426	18 54 10.1776767186	-22 44 41.427261350	4.84	K1	0.0035
	SAO 98673	09 37 02.5811258036	+16 26 16.627284928	5.73	K1	0.0011
	SAO 119447	12 31 14.61	+01 19 37.0	7.63	A5	0.0002
	SAO 79480	07 32 22.7663411126	+21 06 15.249116287	8.11	A2	0.0001
	SAO 139427	13 35 24.48454	-04 56 03.5580	8.7	F3	0.0001
	SAO 98488	09 18 58.8570535656	+17 42 18.952268371	6.64	F5	0.0003
	SAO 98511	09 20 38.1911603913	+17 07 38.430767874	7.76	F2	0.0002
	XZ 43302	18 4 17.4234	-22 29 39.961	8.71	B3	0.0001
	SAO 118892	11 29 39.9952266114	+07 35 57.748681014	6.73	F5	0.0003
	SAO 98265	08 58 18.2919146861	+18 18 29.789018923	6.55	A0	0.0002
	SAO 99185	10 34 07.2818934159	+12 22 27.974286167	7.86	A3	0.0001
	SAO 139834	14 16 48.7344774535	-08 53 04.109883483	6.47	K1	0.0012

Based on these limitations, predictions and observations for the 13 target stars by the teams and observatories from March to July 2019 were made in different parts of Iran. A total of 19 observations were report (Table

2

).

Table 2 . Details of lunar occultation observations during APTO

 2 

	Date	Star	Observer	City	Location Longitude	Latitude	Alt. (m)	Tel. (cm)	Timing method	Time source	O-C	PE or Accuracy
	2019 3 17	SAO 98265	I. Safaei	Kashan	+ 51 8 26.9	+33 58 19.3 1774	25	Stopwatch	NTP	-0.08	0.4
	2019 4 12	SAO 79480	I. Safaei	Kashan	+ 51 8 26.9	+33 58 19.3 1774	25	Stopwatch	NTP	-0.14	0.5
	2019 4 14	SAO 98673	S. Paknejad	Tabriz	+ 46 19 44.8	+37 52 23.8 2343	20	Tape recorder	GPS	0.19	0.4
	2019 4 14	SAO 98673	S. Memarzadeh	Tabriz	+ 46 19 44.8	+37 52 23.8 2343	20	Stopwatch	GPS	0.11	0.4
	2019 4 15	SAO 99185	I. Safaei	Kashan	+ 51 8 26.9	+33 58 19.3 1774	25	Stopwatch	NTP	-0.17	0.5
	2019 4 16	SAO 118892	A. Halavati	Kerman	+ 57 1 11.8	+30 16 56.0 1782	25	Video	GPS	0.08	0.016
	2019 4 16	SAO 118892	H. Khezri	Bushehr	+ 51 3 21.1	+28 56 53.4	15	41	Stopwatch	NTP	-0.66	0.5
	2019 4 24	XZ 43302	S. Hamedian	Tabriz	+ 46 19 37.0	+38 3 5.3	1500	18	Tape recorder	GPS	0.35	0.3
	2019 4 24	SAO 187426	A. Halavati	Kerman	+ 57 1 11.8	+30 16 56.0 1782	25	Video	GPS	-0.16	0.016
	2019 4 24	XZ 43302	J. Ebrahimzadeh	Tabriz	+ 46 19 37.0	+38 3 5.3	1500	18	Stopwatch	GPS	0.38	0.4
	2019 5 11	SAO 98488	M. Piri	Tabriz	+ 46 19 36.3	+38 3 5.2	1524	15	Tape recorder	GPS	0.60	0.3
	2019 5 11	SAO 98488	J. Ebrahimzadeh	Tabriz	+ 46 19 36.3	+38 3 5.2	1524	18	Tape recorder	GPS	0.37	0.3
	2019 5 11	SAO 98511	S. Ebadi	Tabriz	+ 46 19 36.3	+38 3 5.2	1524	18	Tape recorder	GPS	-0.25	0.3
	2019 5 11	SAO 98511	S. Hamedian	Tabriz	+ 46 19 36.3	+38 3 5.2	1524	18	Stopwatch	GPS	-0.28	0.3
	2019 6 12	SAO 139427	H. Khezri	Bushehr	+ 51 3 21.1	+28 56 53.4	15	41	Stopwatch	NTP	-0.04	0.3
	2019 7 8	SAO 119447	A. Mohandes	Kashan	+ 51 8 26.9	+33 58 19.3 1774	25	Stopwatch	NTP	-0.32	0.4
	2019 7 8	SAO 119447	H. Khezri	Bushehr	+ 51 3 21.1	+28 56 53.4	15	41	Stopwatch	NTP	-0.22	0.4
	2019 7 10	SAO 139794	M. Kazemi	Ahvaz	+ 48 42 10.5	+31 21 54.8	30	25	Stopwatch	NTP	-0.18	0.5
	2019 7 10	SAO 139834	F. Hesampor	Shiraz	+ 52 34 50.	+29 34 19.	1528	20	Stopwatch	NTP	-0.04	0.4

Table 3 . List of occultation reports based on Occult 4 without APTO observations reports

 3 

	Star	Mv	Number of Reports	Year of First Report	Year of Last Report
	SAO 139794 7.15	39	1944	2001
	SAO 187426 4.84	85	1898	2010
	SAO 98673	5.73	81	1833	1988
	SAO 119447 7.63	30	1927	2002
	SAO 79480	8.12	30	1982	1991
	SAO 139427 8.70	10	1998	2001
	SAO 98488	6.64	35	1852	2007
	SAO 98511	7.77	8	1970	1981
	XZ 43302	8.71	8	1982	1982
	SAO 118892 6.73	48	1926	2018
	SAO 98265	6.56	92	1934	2008
	SAO 99185	7.87	5	1968	1982
	SAO 139834 6.47	57	1907	2001

Table 4 . Fit specifications for data

 4 

	Reports	Line equation	r 2	Adj r 2	FitStdErr
	Total	Y= -0.0027803391 x + 5.4629043	0.0049850001	0.0013268567	1.0292405
	This project	Y= -0.048778689 x + 0.22512559	0.050501821	0	0.303635

http://simbad.u-strasbg.fr/simbad/

www.asteroidoccultation.com/observations/NA

http://iota-me.com/skytiming.html
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