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Abstract:
The basis of this project is to assist in the preliminary calibration of the Rapid Response Robotic Telescope (RRRT) at Fan Mountain Observatory, Charlottesville, VA. The goal of this calibration is to provide pointing corrections based on mechanical misalignments and distortions of the telescope. The calibration is done by developing an analytical model of the telescope, and tuning its parameters by fitting this model to the observations. The obtained parameters should result in the best possible match between the corrected telescope readout and the actual (cataloged) star positions. This procedure will also provide us with an estimate of the pointing uncertainties. In order to complete this project we plan to utilize commercially available T-Point software and fitting routines in C/C++. 

Description of the Problem

Though they were first discovered forty-five years ago, still relatively little is known about the elusive astronomical phenomena of gamma-ray bursts (GRBs).  GRBs are highly energetic bursts of gamma-rays, on the order of 1053 ergs or 6.24x1058 MeV in energy, which originate randomly from all regions of the sky. They were first inadvertently observed during the Cold War between 1969 and 1971 by the Vela military satellites which were intended to monitor nuclear explosions for violations of the Nuclear Test Ban Treaty. Upon comparing the event data from various individual satellites, it was found that many of the events recorded occurred in coincidence with those recorded by other satellites and based on timing delays, could not have occurred on Earth. Once it was discerned that these high bursts of energy where originating from deep space rather than hostile nuclear testing on Earth, attentions turned to scientific inquiry into the events (Mészáros, 2001).

These intense bursts typically last between a few milliseconds to several minutes and are more luminous than any other gamma-ray source in the observable sky. Each burst is classified as either “long” or “short” based upon burst duration and energy. Short duration bursts are typically less than two seconds in length, while long duration bursts are longer than two seconds. Initially only ten to twenty bursts were observed each year due to technological limitations; nearly all telescopes and observational tools took far too long to slew to the location of the event to actually observe it in progress. With technological progress and increased funding for satellite missions more focused on GRB study, this observation rate has increased to about one per day. Bursts have been found in all regions of the sky and they appear to occur at random. Presumably there are many more bursts which do occur throughout the universe at any given time, but we are only able to observe those few which are oriented towards Earth. Thus far all known and recorded GRBs have occurred outside of our own Milky Way galaxy (Fishman, 1995; Gamma-Ray Bursts, 2008). 
More recent satellite missions have found and measured fading x-ray, optical, and radio afterglows which seem to follow most typical long duration bursts, which in essence act as a smoking gun, confirming that a GRB has occurred recently in that region of space. These afterglows typically fade through the full electromagnetic spectrum (gamma rays, x-rays, UV, optical, infrared, and radio) within a few days of the actual burst. The measurement of these afterglows in long duration bursts has since allowed astronomers to determine host galaxies of bursts, measure redshift distances, and confirm suspicions that these events occur on the order of billions of light years away from our location in space. These measurements have not yet been made for shorter duration bursts (Fishman, 1995). 
The progenitor(s) of GRBs is yet another unknown piece to the puzzle. None have been definitively identified at this point, thus making it difficult to model or simulate these events, but there are several likely candidates. Many believe GRBs to be the result of stars undergoing significant energy releasing events near the end of their evolution. This includes the core collapse of massive stars as they end their lives as hypernovae, as well as the merger of neutron star binaries or neutron star- black hole binaries. Hypernovae are a unique class of supernovae which involve the gravitational collapse of the core of extremely massive stars. The result of any of these is an immense release of energy in the form of radiation and a black hole of a few stellar masses. Other potential candidates are the collapse of fast-rotating very high magnetic field neutron stars and the tidal disturbance of compact stars by a large black hole. Some studies have also found evidence indicating that many GRBs are associated with star forming regions of space and possibly supernovae. Thus far observations related to determining progenitors have been limited to longer duration bursts (Mészáros, 2001). 
In an effort to objectively and thoroughly study these irregular and elusive events, the GRB Coordinates Network (GCN) has been set up and maintained by the NASA Goddard Space Flight Center in Greenbelt, Maryland. This network consists of the SWIFT, the BATSE experiment onboard the Compton Gamma-Ray Observatory, as well as other satellites, and a multitude of ground based optical and other telescopes. When an event is detected by one of the satellites, the relative positional data is quickly transmitted to the ground based telescope network; at present this initial detection- transmission process takes only seconds. The available ground based telescopes then slew relatively rapidly to the burst location and begin taking light curve observations, sometimes even as the burst is still in progress (The GCN, 2008). 


The Rapid Response Robotic Telescope (RRRT) will be apart of this ground based network. The RRRT itself has been designed as a low inertia (i.e. fast slewing) telescope, and is maintained and operated by Norfolk State University and the Back Bay Amateur Astronomers Association. Once fully functional and automated, this telescope will be added to the GRB Coordinates Network of fast-slewing ground based telescopes used to make observations of these gamma-ray burst afterglows as they occur. One of the more unique aspects of this telescope is that is it fully automated and will be controlled remotely via the Internet. It is also slightly smaller in size so it is able to reposition at a faster rate (Norfolk State Univ., 2008). 


The telescope itself is a twenty-four inch reflecting scope with an equatorial fork mount system. Equatorial mounted systems are built in such a way that one axis is parallel to that of the rotation of the earth. Fork mounted systems have their declination axes through the midpoint of the scope, right ascension or hour angle axis bearings at the top and bottom,  and have no counter weight as many other conventional telescopes do. A commercial CCD camera is mounted on the back of the telescope and is used for all imaging and data measurements. The entire system is housed in a clamshell dome, which opens and yields a full view of the visible sky, nearly horizon to horizon; this dome design also aids in the rapid slewing of the telescope as one does not need to wait to move a traditional dome when pointing to a different region of the sky (Norfolk State Univ., 2008).
Pointing, Tracking, and Slewing Specifications for the RRRT:

Positioning specifications

20 arcsec (absolute) pointing precision within 45 deg zenithal distance.

5   arcsec (relative) pointing precision for more than 10 degrees.

1   arcsec (relative) pointing repeatability for offset move of less than 2 degrees

Tracking specifications
Track objects at sidereal rates (open-loop) better than 0.3 arcsec in Right Ascension and Declination per 100 seconds

Tracking jitter less than 0.3 arcsec (rms) in Right Ascension and Declination

Slewing specifications

Fast Slew rate: greater or equal to 5 deg/sec (better than 90 degree in 18 seconds)
Slow Slew Rate Selectable from 0.1 deg/sec to 0.5 deg/sec

Fine Set rate: Selectable 0.01 deg/sec to 0.05 deg/sec

Guide rate 1 arcsec nominal, adjustable zero to 10 arc/sec
Accelerations

0.5 degree/sec2 nominal

1 to 2 degrees/sec2 in special applications

(Norfolk State Univ., 2008)

Telescope pointing is largely based on the known positional coordinates of an object of interest; these coordinates being the hour angle and declination. Hour angle is an angular measure (East-West) of the distance of the object of interest from the meridian position of the observer. Declination is an angular measure (North-South) of the distance of the object of interest from the equator. These measurements are analogous to the longitudinal and latitudinal coordinates for positions on Earth. These coordinate angles are directly related to the two movable axes of most telescopes. There is some pointing error inherent in all ground based optical telescopes of this type. For such a preliminary alignment calibration of an equatorial fork mounted telescope, only six geometric and two flexure parameters will be considered in deriving the fit functions for the pointing stability (Roy, 1991). 
	Term
	Description
	Δ Hour Angle
	Δ Declination

	Geometric Parameters

	IH
	Hour Angle Index Error (h)
	IH
	

	ID
	Declination Index Error (δ)
	
	ID

	CH
	Collimation Error
	CH sec δ
	

	NP
	h/δ non-perpendicularity
	NP tan δ
	

	MA
	Polar axis left-right misalignment
	-MA cos h tan δ
	MA sin h

	ME
	Polar axis vertical misalignment
	ME sin h tan δ
	ME cos h

	Flexure Parameters

	TF
	Tube Flexure
	TF cos φ sin h sec δ
	TF(cos φ cos h sin δ –sin φ cos δ)

	FO
	Fork Flexure
	
	FO cos h


(Wallace, 2008)

Some of these parameters are self explanatory, such as the hour angle and declination index errors and the fork and tube flexures caused by gravity acting on the scope, while others are less so. The degree of non-perpendicularity between the designated pointing direction and the declination axis is the collimation error. The h/δ non-perpendicularity term gives the deviation in perpendicularity of the polar and declination axes. The polar axis of the scope can be misaligned in two directions which give rise to the final two geometric parameter terms; the left-right alignment deals with the axis being shifted to the left or right of the true pole while the vertical alignment deals with the east-west rotation about the true pole. By incorporating each of these parameters into equations for both the hour angle and the declination, one can produce functions of fit for these two coordinate location components and determine the relative error in the telescope’s pointing compared to a known, cataloged coordinate. There are certainly other errors present in the mechanical workings of any given telescope, for instance the servo motors and gears, but as these cannot be mathematically modeled, and they are not included among the fitting parameters (Wallace, 2008). 

The purpose of this project is to provide a preliminary calibration of the new Rapid Response Robotic Telescope located at the Fan Mountain Observatory in Charlottesville, Virginia. This calibration is meant to measure the inherent error in the pointing of the RRRT telescope and compare this to the fits produced by both the manufacturer and the commercial TPOINT software which will be used routinely to operate the telescope. As a part of the installation, the manufacturer is performing their own calibration of the telescope and assuring that it meets the pointing and slewing specifications indicated in the contract. Our calibration is meant to supplement this as the manufacturer is unwilling to share the details of the fit they are performing and of the pointing error which they will determine. By performing our own calibration of the telescope we gain insight into the finer mechanical mechanisms of the scope; that is, which typical parameters that produce pointing errors are most significant in this individual telescope and the reasons for these. Having our own accurate means for calibration will also provide an essential tool for the general up-keep of the telescope and software, and in maintaining the tight error bars desired within the data taken. 
Plan for a Solution

The fitting model we intend to follow is based on standard calibrations for equatorial fork mounted telescopes and the procedures implemented by the TPOINT software written by Patrick Wallace. Telescopes are mechanical, man-made things and as such all have some amount of error inherent in the results they are able to produce that must be accounted and corrected for in order to produce the accurate data needed by modern observers. While small amounts of error present in the hour angle and declination parameters of telescope pointing may not make a significant impact on close observations, say those of objects within our own solar system, this “small” amount of error has a greater and greater impact on accurately locating and observing objects farther out in the observable universe (Wallace, 2008). 

The general method for such a calibration is to develop fit functions for the hour angle and declination components of pointing coordinates by selecting the most relevant and influential geometric and flexure parameters. A full sweep of the sky is made, taking observations of the positions of one hundred or more known stars. These data points are then passed through the functions developed from the various fit parameters. A comparison this then made of the known cataloged position of each given star and the coordinate position observed by the telescope, and the relative error between these quantities is measured and plotted. 


The data required for us to produce our fitting model for the RRRT was gathered and provided to us by Dr. Carlos Salgado of Norfolk State University. He also indicated the parameters which he would like us to include in our preliminary fit. We planed to construct our fitting functions in the C programming language and run the functions with the ROOT software at Jefferson Lab. Using ROOT has enable us to produce a number of nice fitting plots of our data and the determined errors. From this we were able to draw preliminary conclusions about the alignment of the telescope and compare our results with those of the manufacturer’s calibration and the TPOINT software.

Implementation of the Plan

A significant portion of the fall and early spring semesters was spent acquiring the astrophysics background needed to complete this project. Research was completed regarding what is presently known about gamma-ray bursts, the GCN network observing these phenomena, equatorial fork mounted reflecting telescopes, C coding, and the TPOINT and ROOT software packages. In November of the fall semester, Dr. Prok and I made a trip out to the Fan Mountain Observatory to meet with Dr. Carlos Salgado and discuss the details of the calibration. While at the observatory we were able to tour the facilities, examine the new RRRT, and watch as actual observations where made with the scope at night. 

The next phase of our work involved familiarizing ourselves (myself in particular) with the ROOT software and the C programming language. From here we developed the necessary code to first manipulate the given data file into the proper form (changing of units and representations) and then process the data with the desired functions. Once complete, plots demonstrating the closeness of our fit with the data were produced with the ROOT software. From here we were then able to draw some preliminary conclusions as to the alignment stability of the RRRT, and compare these to those provided by the manufacturer and the TPOINT analysis provided by Dr. Salgado. 
Fit Functions at Present:

Hour Angle:

 Δh = IH+ CH sec δ+ NP tan δ-MA cos h tan δ+ ME sin h tan δ+ TF cos φ sin h sec δ

Declination: 

Δδ = ID+ MA sin h+ ME cos h+ TF(cos φ cos h sin δ –sin φ cos δ)+ FO cos h
Plots demonstrating the relationship between the data and these fit functions are shown in pages 16-19 of the Appendices section. 
Design alternatives and Constraints

The method we have chosen to follow is the generally accepted method for modeling and correcting the pointing in equatorial fork mounted telescopes. In more detailed analyses additional fitting parameters (up to twenty-four) are incorporated into the fitting functions and there by produce more and more accurate fits and allow the telescope to produce observations which very closely match known standards. The six geometric and two flexure parameters which we are considering do provide a decent fit which allows us to gain a feel for the instrumentation and inner workings of the telescope, but by no means is this the best possible fit or will it allow us to definitively tune all of the alignment parameters for the telescope. As noted earlier, the calibration we have performed is meant to serve as a general check of both what the manufacturer and the TPOINT software have performed, and to provide a basis for building a more complicated and precise means for recalibrating and fine tuning the telescope later on as it is used. 
Evaluation and Conclusions

As a whole, the project was a success. While a full calibration of such a telescope is a very complex and lengthy task, this preliminary calibration provided an excellent opportunity to learn the fundamentals of ground based telescope operation. 

Through our analysis we were able to build functions which described the given data quite well. The fit we were able to produce for the hour angle coordinates matches very closely with the data as observed in the bottom two plots shown on page 18 in the Appendices section. Similarly, the fit produced for the declination coordinate is fairly close but does not show as tight a fit to the data as seen in the hour angle fit (shown in the bottom two plots on page 19 of the Appendices section). Further adjustment and analysis of the declination function is needed in order to produce a closer fit to the data. Our results also appear to be in good agreement with those produced by the commercial TPOINT software which will be used from now on to make observations and perform data fits. Results and findings from the manufacturer’s calibration have not yet been made available to us, as it has not been completed, so we cannot compare our fitting results to this yet. At this point there still appears to be a significant amount of instability in the pointing parameters of the telescope which must be addressed by a more thorough calibration of the instrument before it is brought online for observation in the GCN network. 
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Appendices
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The Rapid Response Robotic Telescope (RRRT)
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The RRRT at night, slewing to a selected point for observation
[image: image3.jpg]



The clamshell dome housing the RRRT
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The Fan Mountain Observatory
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Dr. Prok and I in front of the 40” telescope at Fan Mountain
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Data plots for the Hour Angle
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Data plots for the Declination 
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Fitting plots produced for the Hour Angle
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Fitting plots produced for the Declination

C Minimization Code used to obtain the parameters for the hour angle and declination fit functions, and to create the data plots show previously is included on the following pages.
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