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Major Advances Over Occular and similar
‘frequentist’ occultation signhal analysis tools

= Cross-platform implementation —Windows,
Mac, Linux —anything that will run R-code
(current release requires Google Chrome,
Firefox, Safari, or Fast Browser web browser — |E
does not work)

= Uses maximum likelihood estimation (MLE) for
evaluation of model fit to light curve

= D and R solutions are independently determined

= Uses Akaike Information Criterion (AIC) to select
‘best’ model solution, comparing a square wave
solution against a gradual transition, for example



Major advances

(cont.)

* |mplementation of error confidence intervals
based on noise SNR and noise symmetry

= Allows estimation of stellar diameters and
occultation limb angles

* |Incorporates stellar limb darkening models in the
estimation of stellar diameters
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Special features

* Trimming, detrending and block integration
of light curve data

= Noise analysis to assure data is independent
and identically distributed

* Multipurpose synthetic light curve generator
= Graze analysis capability
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Explanation of Program Advances and Special
Features - Types of Light Curves Supported
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file: C:/Program Files/RIR-OTE/Test Files/HIGH-SNR SQUARE WAVE.csv
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file: C:/Program Files/RIR-OTETest Files/LOW-SNR SHORT TEST FILE csv
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Star disk intersecting asteroid edges: sample data generated by R-OTE 3.1.1

High SNR square
wave

Low SNR square
WENS

High SNR gradual
transition




Explanation of Program Advances and Special Features
— Uses maximum likelihood estimation (MLE) and Akaike
Information Criterion (AIC) for light curve fit and

model selection

= How does an observer decide if the best solution to a light curve is a
square wave or a gradual transition light curve?

= QOccularand other ‘frequentist’ methods require the observer use
‘jludgment’ as to what looks best.

= Different light curve models have differing ‘degrees of freedom’ that
must be considered, otherwise the model with the greatest number
of degrees of freedom will always have the best ‘least squares’ or
similar fitting correlation coefficient — all other things being equal.



Explanation of Program Advances and Special
Features - Uses maximum likelihood estimation
(MLE) and Akaike Information Criterion (AIC) for
light curve fit and model selection

= R-OTE solves this problem by using MLE and AIC. MLE delivers a
repeatable model fit statistic — the logLikelihood of the solution. AIC
compares the logLikelihood of each model solution and adjusts the
rating of each model based on the degrees of freedom in the model.

= R-OTE compares all solutions to a straight line with noise added to
ensure that the event detect is not mistaken for a ‘miss’ with just a
noisy light curve.

= AlCthen provides a rating of each model in the form of a percentage
relative likelihood. Users can easily evaluate the relative likelihood
rating to select the best model.



Explanation of Program Advances and Special Features
Uses maximum likelihood estimation (MLE) and Akaike

Information Criterion (AIC) for light curve fit and
model selection

Square Wave AIC parameters
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Explanation of Program Advances and Special

Features - confidence intervals based on noise
SNR and noise symmetry

Symmetry = (.1 Symmetry = 1.

J,
R

Left panel: symmetry =o0.1 Right panel: symmetry = 1.0

Future enhancement of error bar simulation tables should improve (reduce) error bar estimates




Explanation of Program Advances and Special

Features - estimation of stellar diameters and
occultation limb angles

The astercid is moving from right to left in this diagram
The red line is the disappearance edge.

Computations results

star diameter (readings) = 5.88 (+/-) !

theta ¢ (degress)

theta R (degrees) = 45.78 (+15
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For comparison: limb profiles have been normalized (by adjusting 1(0))
so that each star has the same total intensity.

linear law: 1 = 1(0) * (1-¢c1+c1*mu)

sgrtlaw: 1=1(0)* (1-c1-c2+ c1*mu +c2*sqgrt(mu) )

mu = cos( angle between viewing direction and normal to star )
mu = sgrt( 1 - fr*fr ) where fr = r/R

black = penumbral (no limb darkening)

red = sqgrt law [c1= 0.86383 c2= -0.15728] K lll @ 4200K V band

green = linear law [c1= 0.7215] (from Kepler data) @ 4250K

Sing, A&A 510, A21 (2010) for linear coef

Fields, Astrophysical Journal, 596:1305-1319, 2003 Oct 20 for sqgrt law coef

R. Anderson (Tue Jun 25 17:45:41 2013)

0.0

0.2

|
0.4

radial offset

|
0.6

|
0.8

Explanation of
Program Advances and
Special Features -
Stellar Limb
Darkening Models
Supported

Left image: linear law model
Middle image: sqrt law model

Right image: no limb darkening

Note: Future improvements to R-
OTE will be able to support
irreqular star shapes and star spots




Explanation of Program Advances
and Special Features - Multiple
Square Wave Solutions
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The window at the upper right shows a plot of the relative likelihood of a
solution for various possible solutions (readings) in the light curve.

The highest peak at 149.20is the most likely solution to a ‘synthetic event
with a D of 150. The secondary peak to the right at 150.56 is another
possible solution with a relative likelihood of around 0.75

The weighted average of both peaks is 149.77.

R-OTE allows the user to report the highest peak, or any secondary peak,
or the weighted average of the peaks, as the D event.

Which one is the correct solution? Ah, good question. Normally, we will
pick the one with the highest relative likelihood, however, if there is a
secondary peak, like with this example, we might want to report both as
possible solutions, or the weighted average of both.



Explanation of Program Advances and Special Features --
MLE and AIC to analyze low SNR light curves

Is this a
possible
event?

500 1000 2000

file: C:/Program Files/R/IR-OTE/Mest Files/Low SMNR Straightline Testing/Low SNR Straightline 3longnoisier.csv

Here is a straight line with noise added. There is no occultation event in the data. Our eye sees a possible
event. Could an event be hiding in the data? R-OTE searched all possible combinations of event durations
and magnitude drop to find an event. It doesn’t. At 99.9% confidence level the AIC test indicates there is

no occultation embedded in the data.
Table of candidates

Status

1 Mo significant feature meeting the supplied limits on magDrop and event size was found



Explanation of Program Advances and Special Features --

MLE and AIC used in False Positive Calculator

Is this a
possible
event?

Here is the same straight line with noise
added as used in the last slide. There is no
occultation event in the data. We can force R-
OTE to find a solution. The most likely event
has a 42 reading duration and 0.22 mag drop.
We can use the False Positive Calculator to
evaluate if this might be due to noise.

After running 5000 simulations, the False

_ Positive Calculator returns a histogram of
T e s ponabiny =00ts SEpE———p cSUlts and a false positive probability. The

results show the probability of a 42 duration

event with mag drop of 0.22 being found

The red bar _ : ) ~no _
represents the ‘randomly’ in a straight line with similar noise
‘event’. The added.

histogram shows The probability is 0.014, or 14 times in 1000
other events of tries. The authors recommend that any event
equal duration that scores 0.001 or higher be rejected as a

found in noise. probable false positive.




Explanation of Program Advances and Special
Features - Trimming




Explanation of Program Advances and Special
Features - Detrending
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Explanation of Program Advances and Special

Features - Block Integrating
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Explanation of Program Advances and Special
Features - Noise analysis

R-OTE uses maximum likelihood estimation to find the best light curve model
to fit the light curve data. MLE requires the data to be ‘independent and
identically distributed.’ If adjacent data points are uncorrelated, then the data
is independent. If the noise fits a Gaussian distribution, it is identically
distributed. R-OTE uses the Pearson’s r test to verify the data is uncorrelated
and uses the Gaussian Q-Q plot to verify the distribution is Gaussian.

Pearson r = 0.007379 Normal Q-Q Plot Noise histogram

1

Theoretical Quantiles readings



Explanation of Program Advances and Special
Features - Synthetic Light Curve Generator

Graphs at right show a synthetic
square wave and the same light
curve with Gaussian noise added
(noise level is user selectable)

Graph at bottom shows a similar
synthetic event with gradual
transitions. Gaussian noise can
be added to this curve as in the
square wave.
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Noise levels can be adjusted at
different levels: baseline noise can
be higher than event bottom noise
(noise symmetry can be < 1.0)




Explanation of Program Advances and Special
Features -- Grazing Occultation Analysis

The asteroid is moving from right to left in this diagram
The red line is the disappearance edge.

The graze analysis
in R-OTE is not an
exact solution
when the graze
geometry is less
than 50% of the
diameter of the
star. This issue will
be corrected in a
future upgrade of
0 0 R-OTE.

file: C:/Program Files/R/R-OTE/Test Files/IMED-SNR EDGE-ON-DISK WITH GRAZE SD-15 TD-53 TR-49.csv

brightness

Aaahg b A h R
\'V\'H[\f\.f h"\f\l‘/ iw \,I'\/W\/V\/v

brightness

T
50 150

file: C/Program Files/R/R-OTE/Test Files/IMED-SNR EDGE-ON-DISK WITH GRAZE SD-15 TD-53 TR-49 csv




Let’s look at a real world
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Boliviana occultation of
2UCAC 39081155 0n
September 28, 2013 by
Aart Olson
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Calculate model probabilities

Square wave model probability = @.@24925

Edge on disk medel probability = 8.975@875

Straight line model not applied




Who should download R-OTE?

* |Individuals who have been consistent past
users of Occular 4.0

= Experienced observers who collect lots of data
with hard to extract low SNR light curves —
someone like Scotty Degenhardt

= Software programmers who would like to
consider implementing R-OTE approaches
into their software.

= Otherinterested IOTA observers who have
good technical software skills, who can follow
detailed complex instruction manuals, and
who have lots of time and lots of patience.



Future work

R-OTE is a work in progress. Future work is planned to
improve the concepts and to make the program accessible to
software programmers who can make the program more user
friendly

= Error confidence intervals will be reprogrammed to allow
user-selectable intervals

= Development of exact solutions for all graze events

= Sharing methodology with software programmers so that
R-OTE advances can be incorporated into other popular
software programs

= Implementation of a multi-chord version of R-OTE to
enable the complete solution of asteroid size and shape
profiles, stellar diameters, and stellar limb darkening model
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