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Final Report for the NASA/MIT ETC Program

Since the inception of the ETC program in 1981, the MIT research team has developed
a wide range of new technologies to support this novel astronomical instrument. The
prototype unit was installed at ETC Site 1 on the summit of Kitt Peak in October, 1984,
The first partially-automated observations were made in Spring, 1985. During CY 1986,
major renovations were made to the ETC hardware.

During 1986-1989, the ETC was outfitted with new, thermoelectrically-cooled CCD
cameras and a sophisticated vacuum manifold, which, together, made the ETC a much
more reliable unit than the prototype. The ETC instrumentation and building were placed
under full computer control, allowing the ETC to operate as an automated, autonomous
instrument with virtually no human intervention necessary. The first fully-automated
operation of the ETC occurred in the spring and summer of 1987, during which time the
ETC monitored the error region of the repeating soft gamma-ray burster SGR1806-21. In
addition, the original Trigger Processors of the prototype were replaced with faster and
more efficient single-board computers, with which the ETC improved its time resolution by
100%.

During the same period, construction of new camera systems for the ETC proceeded at
MIT. By March, 1990, sixteen (16) of these "second generation" cameras were ready for
installation at ETC Site 1. At the same time, new, more efficient observing software was
prepared for installation and use at ETC Site 1. A list of the accomplishments of the ETC
program is given below.

Summary of Accomplishments of the ETC Program

1. Construction and installation at ETC Site 1 of a 1/2 steradian test unit. This unit
was capable of monitoring the night sky under computer control, with only
minimal human interaction.

2.  Establishment of a new upper limit on the rate of celestial optical flashes of
magnitude V<10 during observations with the 1/2 steradian test unit. The new
upper limit is a full order of magnitude lower than *he one determined using
standard astronomical methods.

3. Observations of the mysterious "Perseus Flasher”" were made during tests of
automatic observations. The ETC monitored the error box of the Perseus Flasher
for .70 hours and saw no flash events. (The original source of the optical flashes
was 1{ater determined to have been sunlight reflected from a Soviet Cosmos-series
satellite).




10.
11.

12.

13.

Refurbishment of the original 1/2 steradian test unit with new, thermoelectrically-
cooled CCD cameras and a new vacuum manifold. The cameras, developed at
MIT, are significantly more efficient and reliable than the cameras used in the test
unit; the vacuum manifold allows up to eight cameras to be mounted on a single
telescope drive, and improves the integrity of the vacuum system as a whole.

Complete automation of the ETC hardware and environment. The ETC is
equipped with weather sensors and the ability to determine observing conditions:
its rule-based, Al-style software uses these capabilities to make decisions about
observing in the same manner as would a human observer.

Observations spanning ~150 hours of the error region of the soft gamma-ray
repeater SGR1806-21. Preliminary analysis has revealed no optical transients.
(The southern declination of this object, combined with its "observing season"
occurring during the summer Arizona monsoon, has severely limited the number
of useful ETC observing hours on SGR1806-21.)

Detailed modelling of the contamination of ETC observations by artificial Earth
satellites. This modelling has led to the development of a successful scheme,
based upon observing into the earth's shadow, to dramatically reduce the rate of
false events due to reflections of sunlight from artificial Earth satellites.

Upgrading of the original Trigger Processors to more sophisticated and flexible
single-board computers. The new Trigger Processors allow the full dynamic
range of the CCD electronics to be utilized.

Restructuring of the original ETC computer system architecture, introducing an
Intermediate-Level Processor (ILP) between the Overseer Computer and the
Trigger Processors. The use of the ILP, along with improvements in the real-
time data analysis code, allowed the time resolution of ETC observations to be
improved by 100%.

Construction of sixteen (16) "second generation” CCD cameras for use at Site 1.

Selection of 16 CCDs (TI 4849) for use at Site 1. The installation of the last of
the CCDs in cameras occured in Fall 1990.

Replacement of the dome on the ETC building at Site 1 by AutoScope, Inc. A
computer-controllable replacement roof was installed in Spring, 1990.

Development of automated data post-processing software at MIT. The post-
processing supplemented the real-time analysis code by examining flash data for
subtle indications of a non-celestial origin, significantly improving the
background rejection capability of the ETC system. This work was completee in
Summer, 1990

An important long-term, unexpected spin-off of the ETC Grant program
was the necessary teclmoloéy development for reliable, compact, low noise,

thermoelectrically-cooled C

D cameras. This technology development was an

essential precursor for the MIT-developed X-ray CCD camera to be flown as
a US contribution to the Japaneese Astro-D mission in 1993, and for the UV
CCD camera to be flown on the USA/France/Japan High Energy Transient
(HETE) mission in 1994.




In 1989, one major stumbling block in the way of a completed ETC Site 1 was
removed: after over two years of searching, we found a competent vendor willing to
replace the dome on the ETC Site 1 building with a reliable, automated roll-off roof. The
original dome roof on the ETC building had a useful field-of-view of only ~.5 steradians,
and thus prevented the ETC from performing true wide-field observations. AutoScope,
Inc, of Mesa, AZ, was selected to install a computer controllable roll-off roof at Site 1; the
work was completed in 1990. ETC Site 1 was ready for integration and testing in the
Summer of 1990, and was fully operational in time to carry out a 6 month "minisurvey"”
prior to beginning simultaneous observations with the Gamma-Ray Observatory (GRO) in
May 1991.

The efforts of the ETC team in CY 1990 were concentrated on the completion and full
operation of ETC Site 1. By Winter 1990, ETC Site 1 was equipped with sixteen (16)
wide-field CCD cameras with a full complement of data generation and reduction hardware
and software, and that the site was operating in an automatic fashion. In addition, a SUN
4/60 workstation was installed at ETC Site 1 to act as a server for Internet communications
to MIT and to GSFC (joint support for the Rapidly-Moving Telescope (RMT)), as well as
to support the post-processing of ETC data.

A timetable of events for CY 1990 is given below.

Schedule of events for 1990

March: Continued construction of CCD cameras. Construction of replacement roof
for ETC Site 1.

April: Final construction and checkout at MIT of the last of sixteen CCD cameras
intended for use at ETC Site 1. Completed development of new real-time
data analysis software at MIT using these cameras. Partially dismantled
ETC Site 1 in anticigation of the replacement of the roof structure. Returned
ETC cameras from Site 1 to MIT for cleaning and checking.

May: Constructed computer hardware for control of the new roof structure.

May/June: Installation of roll-off roof at Kitt Peak completed. Installation and
integration of roof-control hardware and software completed. Began
installation and on-site checkout of CCD cameras.

June/July Installation of new Trigger Processors and full checkout of the complete
ETC software system. Establishment of a data interface to the Rapidly
Moving Telescope (RMT). Full checkout of the ETC weather system,
including lightning detection during the Arizona monsoon season,

completed.




July/August:
December:

As appendices to this final report, we include a set of technical and scientific papers completed

Completion of data post-processing software.

Full wide-field, routine automatic ETC observations began; establishment of
an Internet node at ETC Site 1.
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CAREER HIGHLIGHTS

In collaboration with other members of the MIT X-ray Astronomy Group,

Dr. Ricker has had a leading role in the:

Discovery of the first of the slow X-ray pulsars, GX 1+4 (1970). .

Discovery of the size and shape of the hard X-ray emitting region of the Crab
Nebula (1974).

Establishment of the pulsed character of the hard X-ray emission from the
transient source A0535+26 (1975).

Establishment of a new class of X-ray galaxies typified by NGC5506 (1977)
Discovery of the first "X-ray QSO," MR2251-178 (1977).

Development of a highly efficient ground-based, solid state imager/ spectrometer
constructed using silicon charge-coupled devices (the MIT Astronomical
Spectrometer/Camera for Optical Telescopes, [MASCOT], first deployed at the
McGraw-Hill Telescope on Kitt Peak, 1980).

Development of the first practical wide bandgap semiconductor detectors for use
in X-ray Astronomy (mercuric iodide detectors, flown by the MIT Balloon
Group, 1980).

Conducting the first astronomical observations with adequate sensitivity to
directly image objects near the Galactic Center using the MASCOT CCD system
(1981).

Development of an advanced X-ray imager/spectrometer using silicon charge-
coupled devices (CCDs) which were successfully tested at MIT in 1978 and
accepted for flight on the NASA Advanced X-Ray Astrophysics Facility [AXAF]
(1984).

Development of a novel, wide field instrument, the Explosive Transient Camera
(ETC), for surveying the entire sky for suspected flashes of light associated with
gamma ray bursts (deployed in its initial configuration at an AURA-approved
new observatory on Kitt Peak, 1984). The completed ETC became operational
in 1990.

Conception of the first practical multiwavelength observatory for the dedicated
study of gamma-ray bursts — the High Energy Transient Experiment (HETE) - in
1987.

Proposal and acceptance in 1987 of the first practical X-ray CCD imaging
spectrometer which will fly on a satellite (Astro-D, February 1993 launch).




Beginning in 1972, Dr. Ricker served as Project Scientist for the MIT Balloon
Group. In that role he was responsible for the development of four generations of balloon
gondolas and participated in twelve flight expeditions. At the present, Dr. Ricker directs
the efforts of the CCD Laboratory in the MIT Center for Space Research.

From 1987-1989, Dr. Ricker chaired the international Small Attached Payloads
Working Group for Space Station Freedom. From 1987-1990, Dr. Ricker served as a
member of NASA's High Energy Management Working Group. In 1990, he chaired a
NASA Panel Workshop on Space Borne Data Processing for the 21st Century. He has
served on numerous NASA advisory and mission review panels, including the adhoc
U.S.-U.S.S.R. High Energy Astrophysics Cooperative Programs Panel.

Since 1980, Dr. Ricker has served as Undergraduate Research Opportunities
Program (UROP) Coordinator for the Center for Space Research. The CCD Laboratory
has provided research projects for more than 200 undergraduate students over the past
decade. Dr. Ricker has supervised more than 50 senior thesis students during his tenure at
MIT. Four graduate students have earned their Ph.D.'s in Physics in his group over the
past decade.

Currently, Dr. Ricker is P.L for the Explosive Transient Camera (ETC), a NASA-
funded program, and is Deputy -P.I. for the AXAF CCD instrument, a core instrument for
the NASA orbiting observatory (launch 1998). Dr. Ricker is Director of the National
Transient Observatory (NTO), jointly operated by MIT and Goddard Space Flight Center at
Kitt Peak National Observatory. He is the lead U.S. Co-Investigator for the detector effort
on the Reflection Grating Spectrometer (RGS) on the European X-Ray Multi-Mirror
Mission (XMM; launch 1999), and an RGS Science Working Group member. He also is
the P.IL for the CCD Solid State Imaging Spectrometer on the Japan/USA ASTRO-D
mission (launch February 1993), as well as the P.I. for the International High Energy
Transient Experiment (HETE) — a dedicated small satellite incorporating instruments from
France, Japan, and the USA — scheduled for launch in July 1994. During 1991, he heads
(as P.L} an international team utilizing the ROSAT orbiting observatory to study gamma-
ray burst positions. In addition to gamma-ray burst sources, his current astronomical
interests also include studies of active galactic nuclei.
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A dual charge-coupled device (CCD), astronomical spectrometer
and direct imaging camera
{. Optical and detector systems

S. S. Meyer, G. R. Ricker
Massachusetts Institute of Technology
Department of Physics and Center for Space Research
Room 37-527, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139
Abtstract

The MASCOT (MIT Astronomical Spectrometer/Camera for Optical Telescopes) is an in-
strument capable of simultaneously performing both direct imaging and spectrometry of
faint objects. The optical design is dictated by the characteristics of the charge
coupled device (CCLC) detectors and the observational requirements for the instrument. The
mechanical configuration of the instrument allows maximum flexibility in the choice of
angular scales for the imager and resolution for the spectrometer. The sensitivity of the
device is limited by the sky brightness, the overall quantum efficiency, the resolution,
and the readout noise of the CCL. This is the first of two papers describing the MASCOT.

Introduction

The high quantum efficiency, linearity, and stability of charge coupled devices (CCCs)
allow an accurate measurement of the light of the nignht sky and its subsequent subtrac-
tion. This light often limits the precision of photometry and spectrophotometry of faint,
low-surface brightness astronomical objects.

Two CCLs are used in the instrument. Both are Texas Instruments 245x328 virtual phase
CCCs with square pixels 25 microns on a side. The detectors are mounted on a common
liquid nitrogen cooled block. The detector's operating temperature is at about 130 K.
Cne CCC is the spectrometer detector which receives light that passes through a slit and
is dispersed by a diffraction grating. The optics are arranged so that the monochromatic
slit image is exactly 25 microns wide at the CCD. The second CCD images the 1light
reflected from the jaws of the spectrometer entrance slit. It can function as an area
photometer through the use of a filter set and is also helpful in positioning faint
objects onto the slit. Figure 1 is a photograph of the MASCOT in the laboratory.

All the optics are mounted on optical benches so that different lenses can easily be
introduced into the system. This makes the instrument very flexible and capable of being

.adapted to many different problems in astronomy.

Cptics

Figure 2 is a schematic of the optical layout for the MASCOT. The light enters from
the upper left. The entrance slit, where the imager and spectrometer beams split, is at
the focal plane of the telescope. The instrument is designed to accept the beam from an
f/7.5 or slower telescope (specifically the 1.2m /7.6 McGraw-Hill telescope at Kitt Peak,
Arizona).

The light which passes through the slit is collimated by an /3.2 300 mm lens. This
lens can accept the beam from a 2 inch long slit. The parallel beam is then dispersed by
the grating and imaged by an f/0.95 50 mm camera lens onto the CCD. Since the camera lens
is the limiting optic in the spectrometer beam, the collimator is placed so that it images
the telescope entrance aperture onto the camera lens.

The slit jaws are mounted at a U5°angle to the incident beam so that the light is
reflected from the jaws at a right angle. This beam passes through a 317 mm f/4.8 field
lens, and is reflected by a folding mirror. It then passes through a filter to the 55 mm
£/1.2 transfer lens. The transfer lens reimages the telescope focal plane onto the imager
cceL. Transfer lenses of different focal lengths give different magnifications of the
telescope image at the CCLC.

The denagnification of the spectrometer beam is 1:6. The slit width is 150 microns, so
that it exactly images onto one row of pixels (25 microns wide). This corresponds to 3-1/2
arc seconds on the sky at the McGraw-Hill telescope. Various other slit widths can be
accomodated by the spectrometer. In the same way the pixel size of the imager is 3 arc
sec with the 55 mm transfer lens or 0.7 arc sec with an /2.0 90mm lens.
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FIGURE 1. The MASCOT in the laboratory. FIGURE 2. A line drawing of the MASCOT op~-
At the top are the slit holder tics In the same orientation as
and folding mirror mount, both Figure 1. The components are
at a 45° angle to the vertical. labeled as follows: A, entrance
on the left side is the spec- slit/beam splitter; B, 300mm
trometer collimator lens, with f/3.2 spectrometer collimator
the grating mount at the bottom lens; C, diffraction grating;
left. The spectrometer camera D, S50mm £/0.95 spectrometer
lens is at bottom center, next camera lens; E, 317mm f/4.8
to the grating. The imager imager field lens; F, folding
transfer lens is at right center. mirror: G, 55mm f/1.2 imager
The pentagonal structure at transfer lens; H, 130 K tempera-
lower right is the vacuum ture controlled CCD mount.

housing which contains the two
CCD detectors.

Detector Mount

Because of the way the beams are folded, both CCLCs can be mounted on the same
temperature regulated detector block. The block is cooled by a liquid nitrogen dewar
which is outside the optical instrument itself. The nitrogen dewar and the detector block
share a common vacuum system which is pumped by a molecular sieve pump. Both the dewar
and the detector block are insulated with aluminized mylar to minimize the heat loss. The
dewar accomodates 4.5 liters of liquid nitrogen, and has a hold time of about 20 hours.

The detector block is maintained at about 130 K by a temperature control circuit. It
is connected to the nitrogen dewar through an adjustable heat resistor and a copper cold
finger. The temperature control circuit dissipates less than S watts and maintains
regulation to better thar. C.1 K,
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Signal to Noise

There are two sources of noise on the signal: 1) the CC[l readout noise, which results
in a ccrstant uncertainty in the number of electrons collected from each pixel; and 2) the
pheton counting noise. The photon counting noise is the uncertainty in the estimate of a
flux whizh is proportional to N*, where N is the number of electrons arriving in the

measurement interval,

Ficure 1 sn:zws “he s:ignal tc nolse ratic for typical ~bserving conditions at usﬂ reso=-
luticn cn a3 J.th Tagritude otject for several viaiues of CCL readout noise. The top line
applies %c 3an i2eal IJl with no readout ncise. lMote that the readout noise becomes less

important at higher signal to noise ratics.

Figure 4 shows “he sigral to noise rati: 35S a function of object magnitude for a one
hcur integratiorn for the srectrometer arz: for the imager, The two curves differ because
tre tan:zwiith and focal plare scale =f “re =pectrcmeter and imager are cdifferent. In this
example tne btandwidth is a3assumed tz te 1I0CA for the imager. ''nder these conditions the

readcut noise is unimportant for the (magzer for integration times longer than 4 minutes
and so the sigral to noise ratio scales as the square root of the integration time.
keference 1 describes the signal tc nolse -3l2ulations in more detail.
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INTEGRATI TIME (SEC)
EGRATION MAGNITUDE
FIGURE 3. The signal to noise ratio as a func- FIGURE 4. The signal to noise ratio as
tion of integration time for a 20th a function of object magnitude
magnitude object ojserved with the for a one hour integration near
spectrometer at 45A resolution. € 70008. The bottom curve is
is the system guantum efficiency. for the spectrometer with 458

The top curve is for an ideal pho- resolut:on and the top curve is
ton counting detector with no read- for the direct imager with a
out noise and the lower curves are 10008 bandpass filter.

for two values of readout noise.

For observations at high signal to

noise ratios the CCD photon counting

noise dominates the CCD readout noise.
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Juantum Efficiency

The sensitivity of the instrument depends on the total juantum effiziency »f the
system. The total quantum efficiency in turn depends on several factors: the (Tl juantum
efficiency, the throughput of the optics, and the transparency of the atmosphere. The I77
quantum effiziency as a furctizn cf waveiength is shown in Figure 5. This grapn is %“icen
from fata supplied by Texas Irnstruments. cLosses in the telesasre mirrors, the lenses, ‘ne
grating, ar: “re vacuum Wwinidw reluce "ne cptical throughput t< about 0%, The imager nas
about tne same trr-oughput as the spectrometer, sirce the light lcss of the filter 15

comparable to -3t f the arating, ard tre other =<ptical elements are similar. et
atmospheric coniit:isrs result 1n atout *f% transmission at 7C2CA 3lthough this can vary
greatly. Thus the %2tal system effl:.er2y (5 2abtdut 15%. Figures 2 and 4 were 2al:ulated

for a total efficiency cf 15%.

80

70}
60K
SOr
40

SOr-

QUANTUM EFFICIENCY (%)

20
10 -

A .

] ' 1
4000 5000 6000 7000 8000 9000 (0000
WAVELENGTH (A)

FIGURE 5. The Texas Instruments virtual phase CCD quantum ef-
ficiency as a function of wavelength. After including
the losses from the atmosphere and the MASCOT optics,
the overall gystem quagtum efficiency is about 15%
between 5000A and 8500A.

Summarx

The MASCOT is designed to match the ability of CCL detectors to a wide variety of
astronomical problems. In conjunction with the MASCOT data handling system, the instru-
ment will make maximum use of telescope time through its high quantum efficiency, area
detection, and ease of use.
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Dual charge-coupled device (CCD), astronomical spectrometer
and direct magmg camera
il. Data handling and control systems

D. Dewey. G. R. Ricker
Massachusetts Institute of Technology. Department of Physics and Center for Space Research
Room 37-527. 77 Massachusetts Avenue, Cambridge, Massachusetts 02139

Abstract

The data collection system for the MASCCT (MIT Astronomical Spectrometer/ Camera for
Optical Telescopes) is described. The system relies on an RCA 1802 microprocessor-based
controller, wnich serves to collect and format data, to present data to a sScan converter,
and to operate a device communication bus. A NOVA minicomputer is used to record and
recall frame images and to perform refined image processing. The RCA 1802 also provides
instrument mode control for the MASCOT. Commands are issued using STOIC, a FORTH-like
language. Sufficient flexibility has been provided so that a variety of CCDs can be
accomodated. At present, Texas Instruments virtual phase CCLs are utilized. This is the

second of two papers describing the MASCCT.

Intrcduction

Various reguirements and constraints nave led to the adoption of the specific control
and data handling system for the MASCCT (MIT Astronomical Spectrometer/Camera for Cptical
Telescopes). The following is a list of those that most influenced the present design:

1. The system must be able to handle the large volume of high speed data present when
a CCC is readout.

2 The many frames from an observing run must te stored in a convenient, retrievable
form.

3. Each frame should be labelled with time of day, CCL exposure time, CC[ temperature
and other instrument status information, as well as operator comments (such as the
name of the source, right ascension, declination, etc.).

4. A hard copy log of the evening's observations should be produced.

g Capability for real time picture processing should exist to aid in focusing and
alignment and assessing the quality of data taken.

£. CCL dependent hardware and software should te kept to a ~=inimum to allow for the
use of different CCLCs as the technology improves.

7. The system should be easy to work with and transport.

With these ideas in mind the system of Figure 1 was chosen. The system is physically
segarated into three assemblies: The "upstairs" electronics, attached to the instrument,
consisting of the necessary clock generators and analog processing circuitry to run the
CCL and produce digital data; the "downstairs" rack of electronics consisting of an RCA
1802 microprocessor with associated peripherals and a scan converter capable cf storing
128K, 16 bit words of data; and finally a NOVA minicomputer system. In practice only the
first two assemblies are transported when an on-site NOVA system is available,

The single most important feature of the system is the division of tasks between the
two computers. When observing, all commanas to the 1nstrument originate at the 1802
teletype keyboard. These ccmmands are sent serially along a single cable to the clocking
unit of the "upstairs” electronics where tney initiate reagouts, change desired
temperatures, control shutters, etec. Lata ana status information {rom the CCLCs are also
sent serially along a single cable and loaced into the scan converter under the 1802's
oversight. Again under 1802 contrcl the NUVA can he called on to “ransfer frames from the
scan converter to magnetic tape. ihus the 1t(2 microcomputer handles the mechanics of
data collection and the MUVA miniccmputer provides real time pisture processing

capabilities and bulk storage.
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FIGURE 1. Overall block diagram of the MASCOT data handling and control system.
An RCA 1802 microcomputer, using the STOIC language, controls the in-
strument and collects and formats the data. A NOVA minicomputer pro=-
vides data storage and real time data analysis capabilities.

"Upstairs" Electronics

The "upstairs" electronics consist of a single card cage mounted on the MASCOT.
Commands to and data from the unit are carried on two shielded two-conductor cables in
order to minimize cable clutter at the telescope. The circuit cards in the cage each
perform a specific function as shown in Figure 2. In particular, the clocking unit card,
which produces the required TTL clocking signals, and the regulator/driver card, which

converts the TTL signals to the proper CCL analog levels, are the only CCC dependent elec-
tronies in the whole system.
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FIGURE 2. Block diagram of "uypstairs"” electronics. Mounted
in a card cage on the MASCOT, this system clocks
the CCDs and transmits digital video and status
informacion to the "downstairs" system. The
clocking unit and regqulator/driver board are the
only CCD dependent components .n the system.

To accomodate the two CCDs used in the MASCOT and keep hardware to a minimum, a single
CCL is readout at any one time, The CCLs are kept in an integrating mode until a readout
command is received by the clocking unit., This upit then clocks the selected CCD at a 100
K pixel/second rate and sends control signals to the processing board. This board uses an
FCLS (Filtered Correlated Double Sampler) circuit, shown in Figure 3, to achieve low noise
readout. when the frame is finished an additional line of data consisting of status
information is added. The data is transmitted with flags at the end of each line and at
the end of the frame, thus allowing for various sizes of CC[s and CCD operating modes.

"Downstairs" Electronics

The function of the "downstairs" electronics is to convert an operator's requests into
commands to the "upstairs" electronics and receive and channel the resulting data. At the
center of this electronics is an RCA 1802 microcomputer. This computer uses the STOIC
(Stack Oriented Interpretive Compiler) languag: which is much like FORTH in that pre-
viously defined commands are executed when entered and new commands can be easily defined
in terms of old commands. The system has 24K bytes of memory, a floppy dise unit, a
real-time clock and two programmable timers, These timers are used to keep track of each
CCL's integration time and generate interupts to the processor when a CCD should be

readout.

A scan converter {s the second piece of essential equipment in the "downstairs" system,
Its 128K x 16 bit semiconductor memory, arranged into 341 lines of 384 pixels each, 1is
able to quickly store one frame of CCL data. The contents of the scan converter are

continuously displayed on a monitor allowing evaluation of the raw data.
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FIGURE 3. Filtered correlated double sampler (FCDS). Low readout noise is achieved by using
a one microsecond RC filter, which provides high frequency noise rejection and a
double sampling circuit, which attenuates low frequency noise. Pixel-to-pixel
memory is eliminated by resetting the RC filter after each pixel.

Finally, a communications bus is provided to allow data to be read from and written to
the scan converter. The 1802 computer, limited in storage capacity, can examine 32x32
subarrays of the frame and perform some data analysis. More importantly, after a frame
has been loaded into the scan converter from the CCL, the 1802 can write on an unused line
the time-of-day, the integration time, and user comments. This, together with the status
information, provides efficient, permanent marking of the data. The communications bus is
also critical in transferring the frames to the NOVA where they are stored on tape and
processed. The bus is bidirectional so that processed pictures can be loaded into the
scan converter for real time examinrnation.

The NCVA System

The NOVA system provides data storage and reduction capabilities for both realtime and
post-ocbservation analyses. To analyze the data a large FCRTRAN program has been devel-
oped. This program accepts user commands, which call subroutines to manipulate frames of
data on disc and tape. Many internal variables specify parameters such as CCC size,
electrons per A/C unit, windows of interest, etc. and allow the passing of results from
one routine to another.

During observations a subset of this software is resident on the NOVA system and,
except for occasional requests by the 1802 system to store new data on tape, on-line data
analysis is continuous. A sample of the commands available is given below:

1. Ingut/Outeut: Transfer data between scan converter or magnetic tape and the
program's work file.

2. Type: Type out the pixel values in a selected window of the array.

3. Picture Arithmetic: Pixel-by-pixel arithmetic operations used for dark frame

subtraction, field flattening, etc.
4. Spectrum: Produce a background-subtracted spectrum from a spectrometer picture.
5. Plot: Plot on CRT: spectra, surface brightness distributions, etc.

CperatingVVodes

The system just discussed can be operated in various data-taking modes. The MASCOT
uses two CCLCs, a direct imager and a spectrometer, which are given equal treatment by the
hardware. Thus the data taking sequence and the assignment of CCL priorities are left up
to the 1802 software. This software (s stored on the 1802's floppy disc drive and is
readily available and easily changed.
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Example of controller printout
during stand-aione operation.

A lJ0 second :ntegration time
for the direct CCD 1s spec:fied
(100 JINT). An exposure .s re=-
juested and the resulting frame
loaded into the scan converter
(DSINGLE). Some pixels are
examined on the teletype. A
one second integration time is
chosen (1 DINT) and the direct
CCD output wiil be continuously
loaded into the scan converter
after each integration (DLCONT).

NCVA

DEWEY. RICKER
9/23 17343112 ¢ 100 DINT FIGURE 4.
9/23 12:43:21 8 DSINKE
9/23 17143133 4
/23 12143106 «os DIRECT LOADED soe
9/23 12:45002 0 31 32 LINE 23 39 SERIAL TYPE
S1. 254 182 173 183 188 1190 A8 181 179 186 182
$2. 251 183 177 179 187 1093 482 179 183 180 103
9/23 17146305 % 1 DINT
9/23 17346114 & DLCONT
9723 17146123 ¢
For testing, aligning and debugging, the system can be
computer. In this stana-alone mode the 18C2 system can type out pixel values and perform

frame subtracticns and pulse height analyses on 22x32 subarrays of the data.
gquantitative data on dark current,
shows an example of

seconds, a single frame is readout and loaded
pixels .:s examinec. The CC[ is then put into a
readout and loaded into the scan converter,

commands in this mode.

effects of adjusting lenses, moving the telescope, etec.

when the NCVA system is present and observations are being made, the
specific

cutes

more

complex

commands designed to collect

system noise and alignment can be obtained.
The direct integration timer is set to

In this way
Figure U4
100

into the scan converter and a group of
1 second integration mode and continuously
This now allows the operator to see the

1802 system exe-

sets of data. Thus a

pregrogrammed observation or calibration sequence can be initiated and carried out effic-

ienti

to provide quick feedback on
during an observation is shown.

72

/24

45

y. Wwhile
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2318344
2331
23319122
23119 02

23e28202
23124319
23124¢001 8

13128012

23124504

23326334 0

other data is being taken,
instrument performance.

3500 SPECIRUR

40 FLTRSET

EIPOSURE STARTED

EXPOSURE COMPLETE, CHMAENTS: FILTER A, CALID STAR 17 FIGURE 5.
FRANE TRANSFERRED 10 NOVA. TAPE RECORD: 19

NEXT FILTER

EXPOSURE STARTED

FRARE TRANSFERRED T NOVA. TAPE RECORDs 23

NEXT FILTER

ses SPECTRONETER EXPOSURE CONPLETE ose
CONNENTS: SOUACE 12, SEEING POOR
FRARE TRANSFERRED TO ROVA. TAPE RECORD: 20
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these frames can be examined by the NOVA system
In Figure S5 a3 sample
A 5C0 second spectrometer integration is initiated and

1802 output

Example of controller printout
during operation with NOVA
present. A 500 second spec-
trometer integration is re-
quested (500 SPECTRUM) and
during this integration a series
of 40 second exposures with the
direct CCD is taken (40 FLTRSET).
The frames of data, including
user comments, are transferred
to NOVA tape storage. The fil-
ter sequence is terminated by
the operator and later the spec-
trometer CCD is automatically
readout and stored by the NOVA
on tape.
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then a series of 40 second exposures through a set of filters is taken with the direct
system. Here 20 seconds has been allotted to manually change the filters. Each frame is
subsequently transferred to the NOVA for storage. After 500 seconds the spectrometer is
also readout and stored. Note the possibility of the 1802 system being busy with one CCD
when the other should be readout. In this case the integration counter continues counting
until the CCD is finally readout. The actual integration time is thus always recorded,
By choosing appropriate interrupt software, no data need be lost.

Summary

The MASCOT control and data handling system combines the control capabilities of an
1802 microprocessor and the storage and processing capabilities of a NOVA minicomputer.
The separation of tasks allows efficient data collection and simultaneous data analysis.
The examples of the MASCOT software given above are meant to Show the capatilities of the
system. Modifications and evolution are expected to follow as operating experience with
the MASCOT accumulates.
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Optical studies of x-ray sources with the MASCOT—a charge-coupled device
(CCD)-based astronomical instrument

G. R. Ricker, M. W. Bautz, D. Dewey, S. S. Meyer
Massachusetts Institute of Technology. Department of Physics and Center for Space Research
Room 37-527 77 Massachusetts Avenue. Cambridge. Massachusetts 02139

Aty aoe

The first zhserving run with the VASCTT (MIT As«ronomical Spectrometer/Camera fzor

® telescize 1% tha Y“oTraw-Hilt Tbservatory in Marcn 17en

sersitivity and stability of the instrument :s

r and frower /77°1Y and Pewey and Ricker (1277

rv c=z2librations. A pair of Texas Instruments
\

Tptinal Telesncres! on tne 1.7
demenstrated <hat the
consistent witw the
based cn their <3l

virtugl rhgse p ] Y 2777 sptical detectors. In the 4 ©btarnz
(4n"n im0 i) ) the MASTCT achieved 3 sky-limited sensitivity of +24,.4 mag arc sec © in an
15°7%s integraticn (' 2rc sec rnivel size; 57 level of siegnificance), The ability ==z
"flatten” pictures to a2 level consistent with /sy + source) photon statistics and readout
noise was dfemonstrated, As 3r evampl=s of the -carabtilities which the MASCOT has demcr~
strated, we discuss o2ur prelimirary results frcm optical observations of four hign
galactic latitude Sinsteir x-rav sources wWwithout otical counterparts (i.e. "empty fiela”
sources', For the four socurces we observed, we established an optical counterpart for ane
source (18172417 based on positional coincidence (better than 1.2 arc sec); detected four
possible candidates in the error bex of another source (1009+35); and established sensi-
tive upper limits (>Z7°,3 mag; 4°rC A - 77°7°C 4, © upper limits) for optical counterparts
in the error boxes for the other two sources (092C+28 and 0831-11)Y,

1. Intraduction

is astroncmical detectors, charge-coupled devices (CCDs) hold forth the promise of high
quartum efficiency =and broad dynamic r2ree, coupled with excellent linearity and stzbil-
ity. These properties should permit the accurate measurement of the light of the night
skv and its subsequent subtrsction from an astrencmical "picture" (e.g. narrow or br:cad-
band optical imsese, polarization map, spectrum, etc.). Ideally, the signal-to-noise in
such picturses sheculd not suffer in the subtraction prccess. The VASCCT (MIT Astronomical
Spectrometer/Camera for “ptical Telescopres) has been desiqned to facilitate the simulta-
necus acouisition of such "sky {(photon noise'-limited" spectral and spatial images with
CCD detectors.

The opotical 3nd mechanical details of the YASCOT hsve heen described in some detail by
Meyer and Ric%er (19%7}, 4hile Cewey and Ricker (16%72) have Zescribed the manner in which
the MASC™T nrovides for image data acquisition and processing, as well as instrument
control. Tn this paper, we briefly review %he instrument configuration, describe the
actual rerformance levels achieved by the MASTTT in its first observing run on the 1.3m
telescope at the ™cGraw-Hill “Zbservatory, and present preliminary data obtained in
searches for optical ccunterparts to four "emnty~fieli" Y-ray sources. Primary emphasis
will be placed on discussions of the "area photometer™ YASCOT channel; the "spectrometer”
MAZC2T channel will be discussed in a subsequent paper. A fairly detailed review of the
performance of the two Texas Instruments (TI) 490x32% "virtual phase" CCDs used in the
MASCOT will be given, as this application marks their first reported operational use in a

ground-based observatory instrument.

2. MASCCT “perational Characteristics

The MASCOT is designed to be a "standalone" instrument, capable of performing both
sky-limited area photometry and spectroscopy. It is optimized for use at the Cassegrain
focus of telescopes having focal ratios of f/7.5 or larser, Figure la shows the optical
and detector assemblies of the MASCCT in the latcratory. (The top cover has been re-
moved.) Fiqure 1b gives the “ASCTT osptical lavout in schematic form. Light from the
telescope secondary is shown enterine from above, ccming to 3 focus at A, the location of
the entr2nce slit/beam splitter. Light which passes throuzh the slit (i.e. the left-hand
path ) is fed to the spectrometer channel (770" lJetector fcllowing element T), while the
reflected light from the slit jaws is fed into the area photometer channel (CCLC detector
f>llcwing element 5). In order to pruvide f2r 23 broad range of focal plane scales, the
various refractive elements are mounted on optical benches to facilitate rapid inter-
chances, Additional optical details =2re civen in Mever and Ricker (1980). A photograph
of the MATCOT being prepared for use on the 1,7?m telescope at Mclraw Hill Zbservatory is

shown in Ficure 1¢.
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we present additional information ccncerni
ometer, and spectrcmeter., In crdes te enharco
»ww Hill observing run (March 16713}, the CT7 =2

rstely sheosen %o be =177°3C, At ‘hls femcqr at
mo=gyrible d3r ourrent !/ " 7% elactrons s ni

RS I3 L Ealal =
w23 Juite “1*“ RTINS - 0
i d ”

We =lz:z coregant perfsrmance
spentrsmeter in Table 7, Sf oc=r
far %he 13rea czhotometer I various
iimi%ins »rozd nand sensitivity
W28 Juita s=3tisfyins teinr cIngistent
resizcut noise facie in suadrature?
cusser further in z later pater.

The total 7T readout noise feor 3 picture may be due to several contributiczns, in-
cludinT:

° “re2nip FET ncoise
) “ffachin nrezmplifier noise
[} “"~ise zn olzew siwnals and TC veoltazes

° Swot noise due to source and sky rhotons, and dark current

o “oise of poorly-understocd orisin ("excess ncise", etc.®

Tn separate these contributions, the noise was measured in a variety cf CCD confizura-
tions:

1% "yisscent “oice: with the reset clock on and 3l! other colocks neld =2t 77
levels; we expect the first 3 noise sources to dominate.

2Y Zlockina Yaise: Wwith the reset clcexk and the serial clcc4 operating, but nz2
parallel transfers taking place; we Dresume that the
additional noise is due to the dynamics of clocking.

7Y Tyerclocked “oise: with the CC[’ operatine under norma2l conditions, the noise of

the "overclocked pixels" (i.e. those ccrrespendine te column
numbers >23%) is measured.

4y Zern Sienal Re2l
Noise : With no lieht illumirating the 7CI and fre:ueqt reacdcuts, the
noise of "real pixels"™ (i.e. those corresponding to column
numbers ¢-235) is measured.

5Y Extrapolated Zero
Real ‘loise : Wwith lirht illuminatine the (70, the sirnal variance vs.

signal level is measured and plotted. From the y-intercept of
this plot, a zero signal variance is czlculated. The square
root of this quantity is the real readout noise expected
while observinz. The actual sienal and variance values (in
A/D converter units) obtained in our testing procedure in
this conficuration are shown in Ficure 2,

Ideally, if the FFT and preamplifier noise dominated, then all five of these configura-
tions would zive the same noise level, In reality, the readout noise was actually
observed to increase as each of the above five configqurations was considered successively.
In Table 2, we summarize the result of five such noise measurements® for each of two
4oNx2R vertical phase CCD's (residing in the area photometer and the spectrometer,

¥ hese noise measurements were macde aftar 2 source of "excess charg ncise assocliated
with the serial clock amplitude and 7TC levels was eliminated. Jaresick (private com-

munication) haz accounted for this noise as arisine from leakase ~r--rvre ccllecting in the
Cl potential wells as a result of zate oxide breakdown when the necstive level of a phase
clock woes below a certain critical level, The rhenomencn is rect fully understood.
Janesick, Yynecek, and Rlouke (19%1) also discuss this problen.
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Table 2: Noise Characterization of Two Texas Instruments
490x328 Virtual Phase CCDs

weasurement* ) Area Photometer 77D Spectrometer 77D
(AZ5) (e"rms)"  (ADU)  (e"rms)"
Juiescent Readout Noise 1.35 42 1.35 33
Clocking Readout. Noise 1.57 52 1.50 37
Jverclocked Readout Noise 1.39 56 1.60 39
Zero Signal Readout Noise 2.25 70 1.32 us

Extrapolated Zero Signal
Readout Noise (see Fig. 2) 2.95 92 2.21 57

+ . X

See text for description of measurement technique. The extrapolated zero
signal readout noise is the appropriate value to use in sensitivity
calculations, since it represents the value one measures under normal imaging

conditions (see Figure 2).

»*
During the March 1981 observing run at the McGraw-4ill Observatory, the noise
levels for both_CCDs were in the range ~100-150 e“rms. The gain factors for
both were .50 e /ADU, A reoptimization of the serial clocking levels in May
1981 resulted in the above improveil values.

respectively). We do not fully understand the origin of the increases observed at each
configuration change, and are continuing to investigate the problem.

4. Photometric Calibrations

Calibration of the MASCOT area photometer channel was carried out using both individual
standard stars previously adopted (Strom 1977; Landolt 1973), as well as globular cluster
star fields recently suggested for this purpose (Christian 1981). Generally, "IIDS®
{(Srrom 1277) or "Landolt" standards were observed shortly after dusk, near midnite, and
shortly before dawn during each night's observing. Tn addition, two selected fields near
the elobular cluster NGC241G (Christian 1631) were observed extensively (through standard
8, V¥V, R, and I filters, as well as through special broad and narrow band filters) and
reobserved each time the MASCOT optical configuration was changed in a major way (e.g.
substitution of a different transfer lens). A preliminary analysis of data from the IIDS
standards (including observations of Hiltner A0Q, Feige 98, and Kopff 27) resulted in the
following transformation relations for various apparent color magnitudes (Kron/Cousins

system; Bessel 1979):

mg = -2.5 log S (ADU/S) + (17.98:0.03)
my = -2.5 log S (ADU/s) + (18.37£0.02)
me = -2.5 log S (ADU/S) + (19,0420.05)
mI = 2.5 log S (ADU/s) + (18.u4820.08)

In these relations, S is the source counting rate (summed over the seeing disk) expressed
in analog-to-digital converter units per second (1 ADU/s =50 e-/s during the March '81
MeGraw Hill run). The errors given are 1o values, calculated by repeated observations of
the same set of standards. Systematic errors are currently estimated to be ~£0.1 magni-
tude. Atmospheric absorption (air mass) corrections have not yet been made in the above
relations,. Currently, we are using the NGC2U19 fields to extend the directly measured

MASCCT photometric sequences to > +29 magnitude,.
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flattening). 1In an attempt to achieve an even higher degree of field flattening, we used
the relation:

FF(1) = F(1) = OCL(1) = DF(1') = OCL(1") .
1712 - erd = v -
where:
F(1) z Sky frame of interest (iatedration time T.)
F(e) = Another sky frame (intezration time T - T1, taken within a few hours of

sky frame (1))

OCL(i) = Jverclocked level (measured for each frame)
CF(1') = Cark frame (integration time T =z T1)
FF(1) s Flattened sky frame
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In the nasshand Jﬁﬂﬁﬂ-70°"5 this relation results in fields which are flat to 1,89,

consistent with (signal photon + sky) noise plus readout noise (added in quadraturey for

the longest integration time we used (39 minutes), Thus, the degree ~f flattening

achieved 1s consistent with theoretical (i.e. Poisson noise) limitations. O2f course, for
lower reaiout noise lsvels an+ lonver intearitions, this 2o0n1ition =may n5 lonver hsld.

Further study of this imoortaat prodlem is nlanned in future ghservins runs,

In Figure 2, wa demonstrate the {(somewhat) subtle effect of our field flattening
procedure. We show 3 2ross section along 3 sinele row 5f an image obtalned 2f the optical
counterpdart to the YX-ray source 1413412, (Surther details resarding this object are given
in Se2tion %.) The 1aft panel shows 1ata from 3 raw {uaflatten2d) image, while the rignt
pan:} shows data from a processed (flattened) image. Futher details are given in the
caption.
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z srfeel o valuwe Sin 30 aomveptor s alom;
S 2l (7.3, Surrressed zer2s on 2257 1Xea.
or +12 Ig remteped 2t (pow 188, »clumm 11I)
¢ ine. (Field stars were 1l30 "sliced
4 The "ynflattened Ficli" >ross gecotion
im ! g rosure taken threugh in HA-il
: afodo) and an 1300 3 Jark frame
ne "Flzt decricn wis obtained by
troned c@rosure 2 motazp rorticn
5 aours | iznt The degree 57 Ffield
4 {8 rarti: tne rizat of8 1413+15, ani
sl that ex:- urre) rhrton gtatisticos
i iera::or readout ncige. rs Timis w23 1.04% oF the
3K+, fut Jurther relixcotions Jor lomgep Incorrprtions nl
lcuer reaicut notse (aee T

5. MASCAT Studies of Tour Finstein "Empty Field" Y-ray Sources

In studies of Y-ray sources with the finstein Observatory (Giacconi et al. 1979), there
have been several instances of X-ray ohjeats discovered which 1o not have ontical counter-
parts down to the limit of the Palcmar Observatory Sky Survey (POSS). Such objects are of
great potential intarest heciuse Hf *heir larse values of L Al (X-ray to optical
luminosity ratio), possxbly implvine that they may comprise (or 138fude) new classes of
astronomnical obin*‘

in order to illustrats the cananhilities of an instrument like the MASZAT mgunted on a
moderate-sized (1,3m) telescope, we will discuss our preliminary results on searches for
optical counterparts of four such Y-ray ohiects 3t hisgher sensitivities than tha PASS
plate limits, Fiqures 4, S, &, and 7 show the optizal fields for the X-ray objects
N927%,20, MM1211, 1707477 a4 1017417 respectively, in each Sf the I finures the left
hand panel ("a" in each fizure) 1s a raproduction of the °3SZ "E" print, while the right
M314 panel is a 77" picture taken 4ith %ne MASTOT,  Additional tetails are siven in the
figqure 2aptionns.
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Three of the four Y-rayv objects are 3lso flat spectrum radio sources((Conion et al,
1977, 1a07%), for which the radio error circles are very small (radius ~2"), <hile the
fourth object (1739435 has onlv an approximate (~47" error radius) Y-ray position, We
nave searched these error circles for optical candidates down to the CCD "plate limit"
(somewnhat arhitrarily taken as corresponding to a3 “g level »f confidenze for scurce
jetactian}, Ta Table I, we summarize the results of these searches. Sor 752773 ana
T, e Fint nn mamiidates within the 7" error cirzles, iown to limiting =izrnitues
t4annf_7anmRYy of 49°,4 3ad +22.7, respectively. For 1772435, there are 4 oossible oprical

From #1755 oo &7,

sandidates withnin th2 Yeray error circle, witn " magnituies ranzing
Tm the ~a3se of 113417, wa wave found what e helieve to he the optical cocunteroart 3t s
lacation 1" from the radio pasitioan, which is within the 2¢ error circle racdius given by
Zcndan e a3l 1277, Te is lizely %tha3t this is “he s3me »ohject reported hy Zonizn et al,
1077 36 3 Ffaint red stellar object® near the 2153 plate limit. (There was no object
visible 3n the set ~f 2797 prints we used, so2 that TCZ" phuotometry of the ratio position
seemed warranted,) PRieke e% al. (1778) have also reported an IR object near the radio
position.

7. ronclusions

Tn the first run o>f the ™MASZZT o5n the 1.2m Melraw Hill telescope, the following
features of the i~strument "ave haan demgongtirated,

° High throucshput (~15% over 32028-7737%),

[ 5004 Phatometric stahility (£7.CY4 mag, even for >?7 maz osbjects, over pericds
of several tays).

° Ralatively "flat” unprocassed pictures {27 uniformity).

) Additional field flattening is straightforward (A field uniformity of 1.4% of

the sky bri~htness has haen scniesved, This dearee of flattening is consistent
with sky shot noise plus readout noise for integrations up to 30 minutes (i.e.,
the lonrest 2105 attemnted so Far'),

-2 ) )
® Fxce}lent sansitivity (+24,% -3z arc sec - in 3an 1%07 s inteqratjon, over a
nan~fo7omng handnass, 3t 1 o level of sianificance),

Twe preliminary astronomical results attained with the “ASIDT include the following
information znanzerair~ fcur "emptv fielAd" Yerav sources:

° 1417+13: Tdentifization of an optical counterpart (1v3 from the radio position).
° 1N29%+2?5:  Tsolation o2f /I caniitates for further stuldy.
Py NG20.39, MN21.11: Still empty %o m, > 22.% magnitude.

Arone the areas of furthar study Wwhich we have idzntified within the “ATCAT system are:
operatisn at the telescope with newly-reduced CCT readsut noise (~? times lower than
Ayuring Maren 1221 ru-s); more sophisticatet field flarteniny 7i€ necessary); 3nd 3 syste-
matic evaluntion of the spectrometer channel performance,
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THE EXPLOSIVE TRANSIENT CAMERA (ETC):
An Instrument for Identification
of
Gamma Ray Burst Optical Counterparts

5.8. Ricker, J.P. Doty. J.V. Vallerga. and K.K. Vanderspek

M. I

.T. Department of Physics and Center for Space Research

ABSTRACT

The Explosive Transient Camera (ETC) is a wide field (~3 steradisns) electronic camera array which can
detect coincident optical flashes with durations of <107 to 10 © seconds. It is anticipated (but not
yet conclusively demonstrated) that simultaneous optical flashes will be associated with certain classes
of gamma ray bursts {GRBs). For the ETC, each array element is a 20° x 30° FOV, cooled CCD detector.
develored at MIT., An optical transient as faint as B = +11 (1 second duration) can be detected v%th /N
> 20, and i*s position determined to an accuracy of + 10 arc seconds. Thus, candidate events ~10° times
fainter than the archived event (plate taken in 1928) reported for the 19 November 1978 gamma ray turst
(GRB) by Schaefer (1981) should be detectable in real time. In addition to detecting GRBs, the ETC is
expected to catalog large numbers of flare stars, as well as potentially new classes of astronomical
transients.

The coordinates established by the ETC will be immediately transmitted (-1 second delay) to the
Rapidly Moving Telescope (RMT) under development at NASA/GSFC (Teegarden, Cline and von Rosenvinge
1982), which can further refine the position of a flash and follow its (presumed) subsequent decline.
Communications to other rapid response radic or IR instruments will also be provided for, as well as
time comparisons to gamma ray events detected by the International GRB Satellite Network (Hurley 1981).

A prototype camera element was first tested in April 1982 to establish sky background levels and
spurious event relection schemes. A 1/2 steradian test version of the ETC is planned for operation in
early 198L. Expansion to the full 3 steradian complement of 16 detectors at each of two sites is
plarned during the 1984-1985 period.

1. Introduction

In the past two decades, our perception of the "violent universe" has resulted from the discovery of
quasars (1962), pulsars {1968), gamma-rsy bursters (1970), and X-ray bursters (1973). For each of these
classes of objects, the initial discovery was made by non-optical means, and optical counterparts were
subsequently established. Curiously, the prototyprical example for each class of optical counterpart has
surred out to be rather bright, at least at the peak of its time-variable emission (e.g. the quasar 3C273,
m, =+13 le.g., Hewitt and Burbidge 1980]; the pulsar NP0532+21, > +15 [e.g., Smith 1981]; the gamma ray
burst source GRB 0116-289, m = +3 [Schaefer 1981]; the X-ray bur:¥er MXB1636-53, m = +17 {Pedersen et al.
1982)). Thus, one might reaonably ask the question: "Are there in fact biases agdinst the ab initido
discovery of violent optical transients inherent to current optical inetrumentation or observing methode
used by astronomers?” To such a question, the answer would appear to be: 'Yes: Current gtandamd optical
survey methode rely on either long intggrutiona ( ~minutes to hours) and/or study rather limited areas of
the sky ( ~100 deg” out of ~ 40,000 deg” accessible).”

Hence, it is not surprising that standard optical surveys fail to detect short duration phenomena
occurring with low duty cycles. An instrument which circumvents those limitations is the Explosive
Transient Camera (ETC), gescribed below, which integrates for short times (~ 1 s) while imaging a very wide
fleld-of-view ( ~ 10 deg”) with good source location accuracy (* 10 arc seconds). The ETC is well-suited to
discovering optical burst sources with time profiles and duty cycles of the type exhibited by gamma ray
bursters (in gamma rays) as well as "ultra rapid" flare stars. As such, it will explore a new "window" into
the parameter space of optical sources. Since, based on historical experience, the opening of such a new
"window" in astronomy often reveals entirely unexpected new phenomena, the prospects for serendipitous
discovery are very attractive.

In the following section. we discuss the sensitivity considerations relevant to the ETC, as well as the
importance of anticoincidence techniques in its design. The specific design we have chosen for the ETC is
described, along with the provisions for linking it to other rapid response detectors. Results from
prototype tests are presented. We also compare the particular approach we have chosen for the ETC with
other optical flash detection methods. Finally, we attempt to estimate the type and frequency of flashes
which we might detect, and discuss areas of further development for ETC~like instruments.
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2. Sensitivity Considerations in Wide Field Searches

In this section. we derive a set of general expressions for the sensitivity {i.e. minimum detec-able
flux for a given S/N ratio) of an instrument for detecting brief bursts of optical radiation. Since these
expressions differ significantly from those traditionally used in evaluating sensitive "long integra%ion"
astronomical detectors. it follows that the optical transient system design is quite 1ifferent from a
standard telescope-detector arrangement.

The two principle assumptions which lead to Ehe g&ffereng lesign constraints are:

® The briefness (~Sls) apnd low duty cycle (~ 10 to 10 ) of burst events for <ypical survey
program durations (~ 10 ° - 10's)

. $ 5 A2 -1
® The low surface density of burst events on the sky {possibly ~ 10° events yr

sterad ).

To assess the effect of various limiting values of these two assumptions, we will evaluate a very
general form of the fundamental signal-to-noise relation for a "background limited" astronomicali detector.
The fundamental relation for the signal-to-noise ratio for an imaged event in the "background-limited"” case

g g

is given by:
m= ;T7§ (1)
- Omin® AN (2)
1/2
{1eAtQ A1)
3
Where:
significance level of a detection, or signal-to-noise ratio
number of source photons detected
number of background ("sky") photons detected
: source flux which vilé risuit in a detection at a signal-to-noise
of m; uanits of ph cm s A
system photon efficiency (or "throgghput")

M3

w

@
=]
-
=]

system geometric area; units of cm

burst duration; units of seconds

system passband; units of A 2 1.1 -1

sky brightness; units of phecm ~ s ~ A sr

system integration time; units of seconds

solid angle subtended by a single pixel of a rultielement system;
units of sr.

Q9 >
MmoAE > M
Bowowownwunu

Equation (2) can be solved for ¢ n the "minimum detectable flux", for a signal-to-noise ratio of m
obtained for a burst of duration t duging an integration time 1:
¢ 1/2
1
(omin(m,t.‘t) =my (E—A-zf) (3)

In the "steady source"” limit (t=tr), equation (3) reduces to the more familiar form:
¢ Q 1/2
—
0min(m't-t) = "(eAtAk) (1)

The total number of bursts, £, detectable at a level of significance of "m sigma" expected for a total
observing time T is given by:

L o= N(> ),;i—’r (s)

min

vhere:
N(>0mi } = occurence rate for bursts brighter than ¢ .
over the entire sky; units of s
Q. = system solid angle; units of steradians

= observing time; units of seconds

n

Our present knowledge of N(>

n) for gamma ray bursts is quite uncertain. However, we can bound the
. plausible range of N(> 1n) for angicipated optical bursts by using L__ /ly assumptions derived from the

burst observation of Schaefer (1982) and the "LogN - LogS" calculatioggtof Jennings (1982)., There are three
interesting special cases for Eq. (5). These are:

n




Cage 1 "Distance Limited Population"
QS
F’DL =y B;T (6),

corresponding to the situation in which all sources in the Galaxy are detectable at S/N > m. For this case,
vy is the total number of such sources in the Galaxy.

Case 2 "Infinite-Disk Population"
1/2
= E— {———EAAX &S_ {7
" Y Gl @ ! 7,
P
corresponding to N(»min) =y Om‘n 1-
Case 3 "Infinite-Halo Population"
L
. =Y(3)3/2(“_\4}\)3/ Q, . (&)
> TH m ¢rgp ™3 °
corresponding to N(>_. ) =y ¢ -3/2,

For each of thesgighree li%iging expressions for §, it is clear that both large solid angle coverage
and a long observing time are extremely important for maximizing the number of detected bursts, since § is
linear in both. On the other hand, large detecting area and small pixel solid anglegare less égggrtant
since & varies more slowly as they are changed. For burst gamma fluences S e < 10 7 ergs cm ~, the Log N -
Log S relations considered by Jennings (1982) indicate that Case 1 ("Distancd Limited Population") will
result in the smallest number of total bursts. Therefore, we will be conservative and adopt Eq. 6 for the
remaining discussion. Furthermore, recent measurements of faint gamma ray bursts by Fishman (priv_ e
commgnication) indicate that the Galaxy population may very well be cutoff below SV ~ 107 ergs cm , withy
~ 10°. Hence, if we adopt Soptlsv ~ 1077, (Schaefer 1981), then Eq. (6) predicts:

events, (2.7 sterad,

_ 3
= (10 year ' ‘kn sterad’

oL {0.1 year)

z 20 events detected,

where we have assumed a 2.7 sterad instrument operating for a year with a duty cycle of 10% (i.e. oggerving
only when it is dark [0.5x], clear [0.5x], and there is no moon |0.5x]). The optical fluence of 10’ ergs
cm  corresponds to a visual magnitude m, = +9.5, for 1 second flash durations.

3. ETC Configuration and Characteristic

In Section 2 we estimated the level of sensitivity needed by the ETC to detect optical flashes from
gamma ray burst counterparts. A number of questions then arise: namely, given such an instrumental
gensitivity, how should the instrument be configured to provide the solid angle coverage and to reject
non-astronomical light flashes? Also, is it possible to obtain sufficiently accurate (~ 10 arc sec) burst
positions to permit detailed study of a quiescent object? In this section, we present a configuration which
appears to satisfy these needs.

The ETC configuration we have chosen consists of two independent, "flys eye" arrays of short focal
length CCD optical cameras, operated in coincidence. Figure 1 shows such a configuration as it will appear
when deployed at Kitt Peak, Arizona. As shown, one array (and the control center) is located on the
southwest ridge of the mountain, while the other is located near the summit. By requiring that a candidate
flash be recorded simultaneously (+ 0.5 sec) at both sites and that its arrival direction appear the same (+
2 arc minutes) at both sites, we can distinguish flashes of astronomical origin (type "A", see Figure 1)
from those of local origin (type "B" or "C"; see Figure 1).

A detailed listing of instrument characteristics is shown in Table 1. The parameters given include
both specifications, as vell as previously measured values, indicated by an asterisk (see Section 6). All
of the above-mentioned requirements for the ETC will be satisfied by such an instrument.
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4. Camera Module Design

As listed in Table 1, the ETC will eventually consist of an array of 16 CCD cameras at each of 2 sites,
At each site. the 16 cameras will be organized into 4 modules, each bearing b ccp ramqgas. The 4 cameras on
each module will be mounted on a sidereal drive and arranged to view adjacent 20 x 327 pa“ches of sky. as
shown in Figure 2. B8y adlusting a system of mounting bragkets on each module mount. *he cameras on
neighboring modules will be iirected to iistinct 2400 deg” areas of sky. {Recause of the well-ikncwn
difficulty of maprirg rectangles cnto the surface of 3 sphere, a small amount of overlagpirg and a few srall
g@aps in coverage are unavoidable.) In all, ~000C deg™ will be viewed, wi<h the sky coverage extendirg from
the zenith down to an =levation angle of ~35 .

fach CCC is meunted within a magnesium cryostat, and is cooled to -60°C. A 25 mm £/2,35 lens is

Table 1

Characteristics of An
EXPLOSIVE TRANSIENT CAMERA {ETC)
Array To Search For Gamma Ray
Burst Counterparts And Cther
Astronomical Flash ZSources

Farameter Expected Value
Field of View: 2.7 3terad (i.e. 43% of sky)
»
Sensitivity : S/N=20 for B=+11 magnitude event

{1 s duration, 4000 A BW)

Source Location Accuracy: +10 arc-seconds (for a
5/N=40 burst)

Expected Optical/Gamma

Burst Cetection Rate: ~ 20 per year
Pixel Size: 3" x 3
Number of Detectors: 4 per module
Number of Modules: 4 per site
Number of Sites: 2
Spacing Between Sites: ~ 1 km
External Bit Rate: ~ 10 bits/sec
Optical Throughput‘: 50 per cent
Optical Elements: 25 mm £/0.85 CCTV lenses
Detector Elements: TI 584x390 CCDs
Readout Noise (per pixel): ~ 20 e rms
Sky Noise (per pixel): ~ 20 e rms
Operating Temperature: ~60 degrees Celsius
Weight (per module): ~ 70 kg
Size (per module): ~ 60 cm x 60 cm x 60 cm

Estimated from actual values measured with an improvised prototype
array element at Mauna Kea Observatory on April 2, 1982,

%

If indeed B g = *9e5 mag. as would be implied from L /L ~ 1073 6
(Schaefgg 198354 85 a Log N(>S) ~ Log S rolloyer for the Ga?gxy ear S ~ -
ergs cm (Fishman 1982], then we expect S/N < BO for every detected Y flash.
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T3URE 1. Zzplosive Transient Camera shown deployed at Kitt Peak, Arizoma.

threaded directly into the cryostat face. Filters are mounted directly over the first element of each 25 mm
lens, while a rotary shutter (not shown) in front of each 25 mm lens determines integration times.

The German equatorial mount (with its 4 CCD cameras) will track at the sidereal rate from 7.5 degrees
Fast of the meridian to 7.5 degrees West of the meridian., and then slew back under the control of an
Overseer Computer {see below). The slewing motion requires about 30 seconds to complete.

The analog electronics for the ETC are derivatives of systems previously constructed for the MIT
"MASCOT" observatory instrument (Ricker et al. 1981). In Fig. 3, we shov an overall block diagram of the
ETC control and data handling electronics. As indicated in the figure, each CCD camera will be connected to
its own trigger processor through a 3 Mb/sec serial link. The trigger processor is based on a Motorola
68000 microprocessor and 1.0 Mbyte of random access memory. Its function is to detect changes in the
optical images by subtracting two successive CCD frames, This operation will be performed continuously as
the nevest frames vill overvrite the earliest in the memory until a difference greater than a preprogrammed
value (an "event") occurs in any pixel location. {Further details on event processing are given in Section

5.)

Events detected by the trigger processors will be passed to the Overseer Computer (Figure 4). The
Overseer Computer controls the sidereal drive, heaters, shutters, and all the CCI' cameras (through the 1802
microprocessor), as well as servicing the trigger processors. This computer is 180 based on a Multibus
compatible Motorola 68000 microprocessor board, and operates under UNIX. A similar design has been
successfully used in the X-ray CCD development program at M.,I.T. for image acquisition and processing. The
Overseer Computer is extremely cost effective, as it achieves "VAX-level" speeds in integer operations on
CCD image data, yet can be purchased and assembled for only 1/10 the cost of a VAX/780 minicomputer system.

5. Event Processing and Links to Other Rapid Response Detectors

The ETC will be sensitive to an optical flash with a fluence equal to or greater than that of an ~ 1llth
magnitude star. Because of the large number of anticipated spurious sources of optical flashes of at least
this brightness, the EIC software has been designed to recognize most terrestrial sources and further
analyze only those flashes which might possibly have cosmic origins. In Table 2, we categorize the
successive event sifting which {s to be carried out by the CCD Trigger Processors and the ETC Overseer
Computer, working in tandem to reject terrestrial flashes while retaining cosmic flashes. After a CCD image
is loaded into a Trigger Processor, the sifting proceeds by the asking of a series of questions concerning
the magnitude and clustering of high amplitude pixels (First, Second, and Third level sifting; see table).
Based on data obtained in an ETC prototype test carried out at Mauna Kea Observatory in April 1982 (see
Section 6}, we have established approximate "passthrough fractions" for the first two levels of sifting. To
estimate the passthrough fraction for the third sieve, we have used CCD cosmetic characterization data
obtained in the laboratory and in long term studies with the MASCOT system (Ricker et al, 1981)., If a
cluster of high pixels passes these sieves, the 32x32 subarray in which it is contained i{s sent from the
Trigger Processor to the Overseer Computer. Two further, more elaborate sifting operations occur in the
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Overseer Computer, based on profile fitting and statistical testing, respectively. We estimate tha% ~ 2
"candidate triggers” per minute from a single 3 sterad ETC site will successfully pass these 5 %ests. The

vast majority of these successful candidate triggers will be cosmic rays or local optical events, and will

be relected as a result of the coincidence check with the second ETC site. Of those which pass the
coincidence checﬁ and are cosmic in origin, we estimate that ~ 107" to 10°° will be due to flare stars,
while only ~ 10" mey correspond to gamma ray burst-related optical flashes {(see Sections ” and 8).

For,each "single ETC site event,"” a location centroid can be calculated to an accuracy of ~ pixel angle
x !5/¥]77, based on our experience with the MASCCT software autoguiier (Ricker et al. 1321}, <Talibra-ion
difficulties limit the achievable accuracy to ~ C.02 pixels. Thus, for an = +10 flash, a realizable
positioning accuracy of :10 arc seconds can be expected. The excellent centroiding capability of each Z7C
site on its own will also permit rejection of flashes due to near earth phenomena in all but the highest
satellite orbits (> 10,000 km).

Although the +10 arc second error boxes expected from the ETC will be sufficient for many types cf
follow-up observations, even smaller error boxes may prove necessary if the guiescent counterparts turn cut
t0 be extremely taint. Tyson and Jarvis (1979) find that the density of mg ~ +23 oblects (galaxies plus
stars) is ~ T x 10 per square arc second near the North Galactic pole. or such faint oblects, ~ ." errcr
boxes would be required ro§ identification based strictly on positional grounds.

Such a factor of ~ 10" reduction in error box area from the ETC results can in principal be achieved
with an instrument called the Rapidly Moving Telescope (RMT), operating in tandem with the ETC. The RMT thas
been discussed by Teegarden, Cline, and von Rosenvinge (1982). It will consist of a single 17 cu agerture
telescope with the capability of slewing to any region of the sky in 1 second or less and remaining stable
thereafter to +2 arc seconds for a period of at least several minutes. A CCD focal plane detector (with ~
1" - 2" pixels) can read out selected subarrays of its ~ 0.2 degree FOV every ~ 0.l second.

Table 2

.
ETC EVENT SIFTING PROCESSES (PER SITE)

Fraction Of Entering Number Of Events
Events Exiting Remaining Per
Sifting Process Process Per Second Second
7CD readout into 1.0 bx10® pixels (58Lx390
trigger memory CCDs; 16 required)
. * L [ 2]
First level sifting: .01 accepted 4x10" events
Pixel value above
certain pre-set
threshold?
Second level sifting: .001 accepted+ 40 events
No corresponding
event in previous
frame?
Third level sifting: ' .1 accepted L events
No known defects in
CCD at event site?
{Table look up)
Fourth level sifting: .1 accepted .4 events
Does image have a
PSF-1like profile?
Fifth level sifting: +1 accepted .04 events

Statistical significance
of image greater than
some preset value?
(variable threshold)

These processes are a sieve to determine the onset of an optical burst. Once a burst has been determined
to be in progress, a separate list of selection criteria will be followed.

i For this and the following levels, an "event" is a selected cluster of
pixels.

* Criterion established in April 1982 ETC prototype test at MKO.
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The time line for the interaction between the ETC and the RMT is shown in Table 3. As indicated, it
will require that the ETC test an event for validity as quickly as possible, and transmit the sky
coordinates of the event to the RMT (via a modem link). By utilizing parallellism as much as posszble the
notification delay can be reduced to a most probable value of 1.2 seconds, and can range from 0.2 seconds to
2.3 seconds, depending upon where in the ETC field of view the event occurs and when it occurs with respect
to the ETC shuttering cycle.

In addition to facilitating a ready exchange between the ETC and the RMT, an attempt will be made to
link the ETC (via modem) to other "rapid response" facilities capable of utilizing positions and times of
occurrence of optical bursts detected by it. Such other facilities might include, among others, IR and
radio instruments.

6. Prototype Tests

the April 1982 observing run with the MASCOT CCD system (Ricker et al., 1981) at Mauna Kea
{MKO), ve carried out a trial experiment to measure the optical burst sensitivity of a Texas
virtual phase CCD det ctor SMeyer and Ricker 1980). In this experiment, a 50 mm £/0.95 TV
camera lens was used to image a 6 5 x 876 field onto one-half of the CCD. With this lens, a single pixel
subtended a solid angle of 1!7 x 1i7. Figure 5 is a photo of the test apparatus, shown mounted on the back
plate of the 61 cm Air Force telescope at MKO. (The telescope was used only as a sidereal drive for the
test apparatus, vith the TV lens actually viewing the sky at right angles to the telescope viewing
direction). The TV lens and CCD mounting head are at the left edge of the photo, about one-third of the way
up from the bottom edge. During the observing period, we obtained unfiltered exposures, each of 2 seconds
duration, of two fields near the North Galactic Pole. The image from one of these 2 second exposures is
shown in Figure 6. Figure 7 (adjoining) is a plot of the SAO catalog stars for the same field. There are
221 SAO stars plotted in Figure 7, while the number of stars detected in the 2 second CCD exposure is > 300.
The contour plot threshold in Figure 6 was set at a statistical S/N level of 10:1, This level
corresponds to a brightness of ~ +12 magnitude (B) per pixel. Because the lens vas used without a filter,

During
Observatory
Instruments

3rs




chromatic aberration (and to a lesser extent, the lens/CCD point spread function) blurred all o
imeges so that only ~ 25% of their total energy vas within a single pixel,

Thus, if we add together -lLe

energy dispersed in neighboring pixels, the detection criterion can be re-expressed as 3/N~ 20 far 3 =

+11.5 ¢ .7 magnitude objects.

will use with the ETC,

For the lens which ve plan to use with the operatinnal ETC, the limiting
magnitude will be reduced to B = +11 for S/N = 20, given in Table 1.
established values for sky noise contributions and optical throughput for CCTV lenses of “he generic tyre we
These values are also given in Table 1.
The issue of an optimum fil%er choice for the ETC cptical system is a complex one,

From the Mauna Kea %ests, we also

“J

There are

theoretical arguments for choosing a U or B band for the optical burst searches with the ETC, sirce <he
optical radiation is expected to lie on the Rayleigh-Jeans %tail of reprocessed vy -, X-, or hard UV radiaticn

(Schaefer and Ricker 19R2).
debatable point!
to use as broad a passband as possible.

>f course, whether one should prejudice an initial survey by such a choice is 2
Our inclination at this time would be to strive for optimum sensitivity, so tha% we plun
Limitations on filter bandwidths will arise from chromatic

aberration in the camera lens, from ozore absorption in the UV, and from excessive sky brightness
principally due %o OH band emission in the near IR,

7. Compariscn with Cther “ptical Flash [etection Metheds

In Section 2, we discussed the design considerations for an optimally sensitive flash detector for

optical phenomena with characteristic durations of ~
of non cosmic flash phenomena.

method.

N
i

second.

An additional consideration is the relecticn
{For the ETC, such non cosmic flashes are rejected by an anticoincidence
A third consideration relates to contributions expected from various non-GRB cosmic phenomena.

Schaefer (1983) has estimated the contributions of various cosmic optical flash phenomena to a number
of different survey instruments, iniluding t?e ETC.
|

expected flash rates. R !events hr

t In Figure 3, we show these estimates in the form of
sterad "|, versus apparent magnitude, m, of the flash.

Of the four
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Expected background rate, R, as a
function of apparent magnitude, m,
for 4 different optical flash search
techniques (Schaefer, 1983). For
the panel labeled "ETC", a dashed
line gives the upper limit om R (3@
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be deduced from a one-year search
that detected no flash events.

FIGURE 3.

4 s
- 2\ 2 -
l 1
o | w
E o :
@

o
2 -2&— v -
Nemmem-ETC-= Y-
421086420
Mg

Upper ilimits (30 level of confidence)
on the optical background flash rate
deduced from the null results repor-
ted from vartous searches (Schaefer,
1983). The rate, R, is plotted as a
function of B magnitude for the
results of: (1) a search using two
Schmidt telescopes (Ricker, et al.
1982; Schaefer, et al., 1983); (3)
Harvard archival plate searches
(Schaefer, 1383); (3) Variable star
gearcheg (J. Graham, M. Liller (un-
publighed)); (4) "Problicom" searches
(amateur groupe); (5) Statiomary
meteor records (amateur groupe); (6)
Galactie Center flash search (Byrme
and Wayman, 1975); (?7) Silicon Inten-
8ified Target TV gsearches (Hurley,
1983). The dashed line marked "ETC"
gives the upper limit on R (3@ level
of eonfidence) which would be deduced
from a one-year search that yielded a
null result.
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Table &

CALCULATED NUMBER OF OPTICAL BURST EVENTS
DETECTABLE WE?H THR PYPLASIVE TRANSTENT CAMERA [ETC)
AND WITH A PAIR OF 1 METER-CLASS SCHMIDT TELESCOPES (PST)

FOR THREE ZIMPLIFIED SOQURCE DISTRIAUTICH ™MCIELS i

e ++
Mcdel for Source T3 {sec) £ '# of Teteastable
Cistributions Irstrurent B . __Events Fxzected.
Cistance-Limited ETC: 1 Year 3 x 106 20
Porulation
A
{2.2.. cutoff S'g,o PST: 1 Year 3 x 19° 9.065
or cuteff S”°/°)
Infinite Tisk ETC: 1 Year 3 x lO6 55.8
-1 6
(s™) ‘ PST: 1 Year 3 x 10 2.0
Infinite Halo LETC: 1 Year 3 x 106 95.1
(s~3/2) PST: 1 Year 3 x 105 9.3
+
NB: Two such 1 meter Schmidt Telescopes at two sites are required for an optical flash

search, just as there are *wo sites for the ETC system.
++

Detected at S/N > 20,
(1)

Assu?es ~ 10% duty cycle for observations (i.e., nighttime, clear, moon less than half

full).

techniques considered (1 visual, 2 photographis, and 1 electronic), the ETC should be effected the least by
known non-GRB phenomena. Nonetheless, it is apparent ;romQFigure 8 that the ETC, with a coverage factor of
by 30 hr-sterad per night of observing., should discover %~ 10% flare §tars Pgr night with peak brightnesses of
~ +11 magnitude. An extensive catalog of new flare stars with ~ 10° to 10 entries {depending on the
recurrence rate; Gurzadyan 1980) will thus be a byproduct of a 1 year ETC survey. In addition. there is
also the important promise of serendipitious discovery of new classes of astronomical phenomena.

From t<he point of view of comparison with alternative search methods, it is interesting to consider the
relative advantages of the ETC and the "Two Schmidt" Search method. The later method relies upon a "matched
pair" of widely-separated Schmidt telescopes simultanecusly observing the same patch of sky. It was first
attempted by our group at MIT in 1982 (Ricker et al. 1982; Schaefer et al. 1983), using the Burrell Schmidt
at Kitt Peak, Arizona, and the Curtis Schmidt at Cerro Tololo, Chile. Although no bursts vere detected in a
short (9 night) observing period, interesting upper limits to burst rates were obtained, and it is
interesting to consider how well a dedicated pair of such telescopes would perform ove~ an extended period.
In Table 4, we have compared the ETC and the Schmidt Pair, in terms of the number of expected GRB-related
flashes which might be detectable in a year's observing. A comparison for each of the three different
source distribution models discussed in Section 1 ia given. For each source distributon, the ETC expected
rate exceeds that of the Schmidt Pair by a wide margin, ranging from ~ 10:1 to ~ 300:1. Thus, for the
"distance-limited" population model which the current gamma ray evidence seems to favor (Fishman 1983), more
than 100 years of Schmidt Pair operation might be required to detect the same number of bursts which the ETC
might detect in a single year.

To further evaluate the potential of the ETC as a means of investigating unexplored regions of
astronomical “parameter space,” it is interesting to consider the sensitivities of previously reported
searches for optical flashes. In Figure 9, ve display a compilation of previous work from Schaefer (1983).
Since none of the searches to date have reported positive detections, only "3o" upper limits for detected
rates, R, are shown from the seven surveys as a function of apparent blue magnitude, (a code number for
each of the seven is given in the caption to the figure; search 2 refers to the "non GRB error box" field
areas which Schaefer examined). For comparison, the rate sensitivity of a "null result”" ETC search (i.e.,
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(FIGURE 10. Ezrloeive Transien:t Jumera (ETT): Space Shuttle 3crme Version

30 upper limit) is also shown (dashed line). Compared to the previous most sensitive search at fain
magnitudes (Ricker et al. 1982; Schaefer et al. 1983), a one year survey with the ETC should be ~ 10  <imes
more sensitive.

8., Future Developments

Given the necessary resources, it should be possible to deploy a "full up" version of the ETC in 198S.
Thus, it should be possible to obtain 1-2 years of observations prior to the launch of the GCamma Ray
Observatory (GRO; scheduled in 1988). Positive detections of gamma-ray burst related optical flashes could
well bear upon the scheduling of pointings for GRO.

Recently, attention has been drawn to the possible detectability of extragalactic gamma ray bursts from
M31 by Jennings (1983), based on the contention that the sources in our Galaxy might have a characteristic
halo distribution with a radius of ~ 100 kpc. If we assume that the M3l halo sources have comparable

t/L ratios to those in the Milky Way, then they iygglgl?gpear to be ~ 4.2 magnitudes dimmer. Since for
BB Efb. the burst detecting sensitivity scales as A (A = collecting area, Q_ = pixel solid angle),
we could achieve the increased sensitivity by equipping gach of its CCD cameras with & 75 mm f/1 lens,
rather than with the 25 mm £/0.85 lenses currently used. Of course, this would reduce its field-of-view by
a factor of 9, vhich would be inappropriate for "all sky" studies. Nonetheless, for dedicated studies of
M31, only U such CCD cameras would provide coverage of the entire galaxy. Using the scaling relations
developed in Section 1, we estimate that ~ 10 flashes might be detected in a L4 month observing period. The
prgnise of this observation is such that we are contemplating a devoted ETC observation in late 1984 or
1985.

On a longer time scale, it is interesting to consider the prospect of operating an ETC optical array
and a gamma-ray burst detector on the same space-borne platform. We first proposed such a combined
instrument in 1982, with the form shown schematically in Figure 10. The major advantage of such a
configuration is that a combined instrument would permit investigation of detailed relations in time between
the rise and fall of the gamma-ray and optical light for the very same burst. The wealth of physical
information which can be obtained by such means has been amply demonstrated in sirultaneous optical/X-ray
observations of X-ray bursters (see e.g., Pedersen et al. 1982), For example, should an optical flash arise
from the fluorescing of a companion object by the gamma ray burst, then the separation (in light-seconds) of
the twvo objects is directly measured by the time delay from the GRB to the optical flash. Furthermore,
"cross triggering" of the twvo instruments can be used to study gamma bursts which emit no optical light, and
vice versa, at mich lover thresholds than are practical for disconnected instruments. Finally, the optical
array can provide much more accurate (+10 arc second) positions than can a single gamma ray instrument. In
the future, such an optical transient detector might be appropriate for inclusion in an Explorer-class
mission dedicated to studies of gamma ray bursts (such as the High Energy Transient Explorer |[HETE]).
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lSize of a y-ray burster optical
emitting region
Bradley E. Schaefer & George R. Ricker

Department of Physics and Center for Space Research,
Massachusetts Institute of Technology. Cambridge,
l Massachusetts 02139, USA

Most models of v -ray bursters require the formation of a thermal
plasma, whose properties are relatively insensitive to its mode
l of formation. Radiation at iower photon energies or during
quiescence may be more diagnostic of the underlying cause of
the y-ray bursters. Searches for quiescent y-ray bursters at
low photon energies require an accurate position. Recently,
l three such accurate positions have been published'® which have
allowed X-ray*>*, optical*?, IR'® and radio* searches for the
GRB counterpart. We present here new limits on the quiescent
optical and IR fRux of the 19 November 1978 burster’. We shall
use the measurement of the optical flux during outbarst® to
place a lower fimit on the size of the optical emitting region.

This measurement of the optical flux during outburst was
made from a blue emulsion archival photographic plate exposed
in 1928°. On this plate was an image that was presumably
formed by optical radiation during a burst by the 19 November
1978 y-ray burster. The small (8 by 18 arc s) error box for the
1928 image allows for very deep searches for the quiescent
optical counterpart.

We observed the region around the 1928 optical error box
with the MASCOT CCD camera'? on the McGraw-Hill 1.3-m
telescope on the first two nights of November 1981. The band-
pass used was defined by the UV cutoff of the CCD (~ 3,700 A)
and by an HA-11 filter (~ 6,250 A) which is similartoa B + V
magnitude system. The pixel size was 1.2 arc s which was smaller
than the seeing disk due to the relatively large zenith angle for
the observations. We obtained a total of 305 min of exposure.
The telescope was shifted slightly between each exposure, and
each frame was independently dark field subtracted and
flattened. When the 21 frames were co-added, no image was
visible above the 2 o confidence level in or near the 1928 optical
error box. This limit corresponds to 6.7 mag fainter than star
number 11 of Fishman et al.® (m,=17.13 mag, my~m, = 1.64
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mag) in the 3,700-6,250 A bandpass. The exact magnitude
limit is uncertain due to a lack of measured comparison stars
in the passband. Our procedure flattened a starless area of the
sky to 0.3% (r.m.s.) of the background. (A ~23 mag object
appears in a position which is consistent with the polarized
radio source ‘B which was reported by Hjellming and Ewaid’'.)
For a reasonable upper limit on the distance of 1 kpc iref. 13)
(the burster is at high galactic latitude), the absolute magnitude

of the system is fainter than roughly + 15 in the bandpass used.

With this limit, it is hard to see how any non-degenerate star
can be in the burster system'.

M. H. Lilier obtained deep B and V plates on the CTIO
4-m telescope on 1 October 1981, both of which appear to
show a faint object at the same location within the 1928 optical
error box®. Thesc images were measured with a PDS micro-
densitometer; detections were at confidence levels of 3.20 and
4.9¢ above the grain noise for the B and V plates respectively.
We have re-examined both of these plates after it was learned
that they were exposed with a Racine wedge, which creates a
secondary image for each star which is 6.8 mag fainter than
the primary image. No star is positioned such that its secondary
image will appear near the 1928 optical error box. The secon-
dary images allow the magnitude sequence of Fishman et al.$
to be extended to the plate limiting magnitude. The image on
the B plate has an apparent magnitude of 22.9 + 0.3 mag, while
the apparent magnitude on the V plate is 21.5 £ 0.4 mag, which
would indicate a red object. If the object on Liller’s plate is
real, then it must be highly variable (Am = 2). This variability
would be strong evidence that the object is the true counterpart
and not just a background star. However, when viewed by eye,
these images do not inspire confidence in their reality. Hence,
despite the low probability of two significant grain enhance-
ments occurring in the same place (within 1 arcs) in a small
error box, we prefer to think of the images on Liller's plates
as possible detections.

On the night of 1-2 December 1981, C. Teiesco and one of
us (G.R.R.) examined the 19 November 1978 error region in
the IR at 2.2 um. The InSb photometer on the Infrared Tele-
scope Facility (IRTF) 3.0-m telescope was used. They searched
to a K magnitude of 18.8 mag and found no object in the 1928
optical error box to the 3 o level of confidence. Once again,
for a reasonable upper limit on the distance of 1 kpe, we find
My >8.8 mag; a faintness achieved by few stars's.
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Fig. 1 Spectrum during outburst and quiescence of the 19
November 1978 vy-ray burster. 'V' indicates an upper limit, while
*?" indicates a possible detection. The outburst data have been
collected from refs 8, 16, 17. The data for the quiescent y-ray
burster have been collected from refs 6, 8, 9, 11, 18 and this work.

From a variety of sources®®®!'*'% we have collected

observations of the 19 November 1978 burster during both
outburst and quiescence. For each observation, the measured
flux has been plotted versus frequency in Fig. 1. Unfortunately,
most of the observations are either upper limits or questionable
detections.

If the y-ray bursters have a high space density, then they
would contribute significantly to the local invisible mass density.
However, the y-ray burster density cannot exceed Oort's upper
limit on the local invisible mass density'®. This fact can be used
to limit the scale of distances to y-ray bursters, or equivaiently,
to limit the average y-ray burster luminosity;

Nm M@
(411D<’3/3)s0'088 oe 1)

The mass of an individual y-ray burster is m. Do, is the average
distance to a y-ray burster which is observed with a fluence of
So. N is the total number of y-ray bursters inside a volume of
radius Do. N will be greater than the total number of observed
y-ray bursters with a luence greater than So (this statement
can be confirmed for any luminosity function and any reason-
able distribution in race) With So equalling2x 10™* ergcm™2,
a literature search’ reveals 17 bursts with a greater or
equal y-ray fuence. It is thought that the y-ray burster
phenomenon is related to neutron stars***, so that most prob-
ably m > 1.4 M (ref. 27). The mean y-ray burster lJuminosity,
Lo is 41rD5$o. The distance D to a y-ray burster with observed
fluence § is given by

D -Do(ss—° L)”2 2)

where L is the luminosity of that y-ray burster in units of Lo.
From equations (1) and (2) and the limits on N and m, the
distance to the 19 November 1978 y-ray burster is constrained

by
D »3.2pelL)'? (3)

Similarly, the average y-ray burster luminosity is constrained
to be >4x10% erg.

With the assumption that the optical radiation from the 1928
flash is the result of a thermal process, we can derive a lower
limit on the size of the optical emitting region. The observed
optical fluence (f) from the 1928 flash can be related to the
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emittance (F) on the surface of the optical emitting region by

D\ f
(R) AA F @
In equation (4), AA is the bandpass (9.8 x107*cm) and R is
the radius of the optical cmmmg rcglon The opucal flux f is
observed® to be (4.2x 1077 erg cm™%)/1, where ¢ is the duration
of the optical flash. We do not know the value of F; however,
we know that it cannot exceed the Rayleigh-Jeans emittance
provided that the optical light is being emitted by a thermal
process;

Fs—— (5)

A is 4.4x107°cm and ¢,/c; equals 2.60x 10" ergems™ K™'.
T is the temperature of the optical emitting region, which must
be equa] to or less than the temperature of the y- ray emitting
region. For the 1978 burst, Teegarden and Cline®* found a
y-ray temperature of 500 keV (5.8 x 10° K). The equality sign
in equation (5) is valid when the optical light comes from a hot,
optically thick region. With the limit on T, equation (5) becomes

F=40x10?ergscm™ {6)

From equations (3), (4) and (6), we can place a lower limit on
R of
R =100 km(L/¢)'? M

Equation (7) is based on the conservatxve distance limit from
equation (3). If instead, a reasonable'® distance of 100 pc is
adopted, then the radius of the optical emitting region must be
>3,000 km¢~V2,

In a physical situation which may be similar to y-ray bursters,
the duration of optical flashes from X-ray bursters nearly equals
the X-ray duration®®. This leads us to believe that the y-ray
burster optical and y-ray durations are similar® (the 1978 burst
had a FWHM duration of 3s in y-ray energies). By further
making the assumption that L ~1, we deduce that the size of
the optical emitting region is more than an order of magnitude

larger than that of a neutron star. This is a conservative lower—

limit, because for the equality in equation (7) to hold, the entire
local invisible mass must be composed of y-ray bursters and
kT of the optical emitting region must be ~ 500 keV. Another
way of stating this result is that the y-ray emitting region is
evidently too small to emit the observed optical flux. This
suggests that the optical flux comes from eisewhere in the
system, perhaps from an accretion disk or a companion star.
Any such system component must satisfy the severe optical and
IR limits on the absolute magnitude which were reported above,
The presence of an accretion disk or a companion star would
suggest that the energy source for the 19 November 1978
burster is not inside the neutron star.
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and P. C. Joss for helpful discussions. This work was supported
in part by NASA grant NSG-7643 and NSF grant AST-
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First detection of radio
emission from a dwarf nova

A. O. Benz*, E. First® & A. L. Kiplinger:z

* Institut of Astronomy. ETH. Zurich, Switzeriand

* Max-Planck-Institut fiir Radioastronomie. Bonn, FRG

= Applied Research Corp.. Landover. MD and NASA/Goddard
Space Flight Center. Greenbeit, Marviand 20771, USA

The dwarf novae represent a class of cataclysmic variable stars
that typically exhibit random optical outbursts of 2-6 mag with
mean outburst periods of 10-150 days. Dwarf novae gre close
binary systems composed of a late-type star which fills its critical
Roche lobe and a white dwarf companion. The white dwarf is
surrounded by a luminous accretion disk sustained by mass
transfer from the late-type star. The disk is the seat of the
eruptions. Although radiation has been detected from dwarf
novae from IR through X-.ray energies. radio emission has
never been reported from these objects. We describe here a
search for radio emission at 4.75 GHz from dwarf novae that
has been carried out with the 100-m telescope at Efielsberg,
West Germany. We have searched for radio emission from six
dwarf novae and a source was discovered at the position of SU
UMa. The source couid only be detected during optical out-
bursts and was below the threshold during quiescence. We
suggest here that the radio emission arises from a non-thermal
process.

SU UMa was observed with a double horn receiver system.
System parameters and times of observation are listed in Table
1. The observations consist of scans in elevation, 15 arc min
long. that are centred on the optical position of SU UMa, with
the offset horn situated 8 arc min east. In fair weather condi-
tions, effects of clouds are mostly cancelled out with the double
horn system, but the scans suffer from source confusion by
neighbouring sources. At the galactic lattitude of SU UMa
{+30°) most confusion sources can be expected to be of
extragalactic origin. Source counts' near S GHz suggest a proba-
bility of 16=9% for finding a source stronger than 1 mly in
the Effeisberg beam. To smooth the effects of source confusion
we scanned the optical position with different parallactic angles.
Due to the siderial time periods available for observation, the
directions of the scans varied by =35° with respect to the
celestial meridian. After rejecting poor scans obtained in unac-
ceptable weather, 123 scans of SU UMa were found to be
suitable for further analysis.

Each scan consists cf thirty-one 3-s integrations separated
by 30 arcs. A linear baseline was subtracted from all scans by
using a mean of eleven data points at both ends of the scans.
This subtraction would be expected to fail if strong confusion
sources exist; however, inspections of the individual scans do
not show such sources around SU UMa. The scans were then
combined by averaging data points as a function of distance
from the optical position, thus minimizing source confusion.

The average flux per beam position as a function of distance
from SU UMa is shown in Fig. 1. For comparison the measured
antenna response of a point source is also given. A source was
detected at the optical position with a flux corresponding to
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Fig. 1 Radio flux plotted against distance from optical source
SU UMa. The antenna response of a point source (3C84 is shown
for comparison.

Table 1 Svstem parameters and observing periods

Frequency 4.75GHz
System temperature 65K
Bandwidth 600 MHz
Half power beam width 2.4 arc min
Observing periods (1982
22-23 April Outburst idecline) 36 scans
13 June Outburst (decline: 18 scans
258-27 June Quiescence 69 scans

about 6 s.d. of the background noise at distance 3 arc min from
SU UMa. The noise is close to the expected ievel from the
receiver. Background sources seem to be weak and effectively
smoothed out. The field is apparently not rich in extragalactic
sources. The half power width of the detected source is close
to the actual beam size. No corresponding peak in the polarized
intensity could be detected, suggesting that linear polarization
is <30%.

In a second analysis we divided the observations according
to the optical activity of SU MUa. The first two observing
periods were obtained 1 or 2 days after the peak of optical
brightness as determined from the visual light curve of SU UMa
supplied by the American Association of Variable Star Ob-
servers (AAVSO). Similar to Fig. 1, Fig. 2 shows two radial
intensity profiles of SU UMa corresponding to the outburst and
quiescence observations. Although the noise properties at dis-
tance: beyond 2 arc min are comparable during the two states,
a peak flux of 1.3 mly is found at the position of SU MUa only
during outburst. The probability of a chance coincidence with
a source of 1.3 mJy or more is about 10%. However, the radio
flux dependence on optical activity suggested by Fig. 2 strongly
supports the idea that the detected emission during peak optical
brightness can be attributed to SU UMa.

X-ray observations of SU UMa in quiescence® yield an
emission measure of 7.6x10** cm™ in the 0.1-4.5 keV band
assuming a temperature of 10* K and a distance of 220 pc ref.
3). Independently of whether this hot plasma is optically thick
or thin to radio waves, the estimated free-free emission turns
out to be more than 3 orders of magnitude iower than the
observed flux. Alternatively, the mass loss observed in UV lines
of dwarf novae in outburst may be expected to emit free-free
emission at a temperature of a few 10* K. The radio flux was
calculated following the derivation of ref. 4. For an outflow
velocity of 3,000 kms™' and a mass loss rate of 10°*' Mpyr™
observed in similar systems®, the calculated flux is 7 orders of
magnitude below the observed value. It is therefore more
reasonable to propose suprathermal electrons as the origin of
the radio emission of SU UMa.




Appendix F

A Search for High Proper Motion Objects in Two Gamma-Ray Burst Error
Regions, Ricker, G. R., Vanderspek, R. K., and Ajhar, E. A. 1986,
Adv. Space Res., 6, 75.




Adv. Space Res. Vol. 6. No. 3, pp. 75-78, 1986 0273117786 $0.00 + S0
Pnnted in Great Bntain. All nghts reserved. Copynght © COSPAR
A SEARCH FOR HIGH PROPER
MOTION OBJECTS IN TWO y-RAY
BURST ERRGR REGIONS

George R. Ricker,** Roland K. Vanderspek** and
Edward A. Ajhar*

* Department of Physics and Center for Space Research, Massachuserts
Institute of Technology, MA, U.S.A

**Visiting Astronomer, Kitt Peak National Observatory, National
Optical Astronomy Observatories, which is operated by the
Association of Universities for Research in Astronomy, Incorporated
under contract with the National Science Foundation

ABSTRACT

Peepopdcalinuguofsmlly-nybnmmmiuummlnymuledinlhedmﬁouofmu:lfaim(n\szz)soums
in each error region. It may be possible to identify the neutron star source of a GRB on the basis of a high wansverse peculiar
velocity if the sourcs is at moderae distance (" 100 pc). We report the results of searches for high proper motion objects in the
error regions of GBS1412+78 (13 Juns 1979 /1,14/) and GBS2251-02 (S November 1979 /2/).

INTRODUCTION

The identification of a quiescent counserpart t0 most y-ray bursts (GRBs) is difficult because of their large error regions (typically
measured in square degrees). Deep optical susveys of ~ 10 small GRB error regions have generally revealed several objects of m,
2 20 - 23 in each error region /3,4,5,6,7,8/. Further measurements of the color and variability of the detected objects have failed
to resolve the ambiguity in the identification of the quiescent GRB source.

In the work discussed here, we pursue an alemative method of identifying possible candidates for the optical counterpart of 2
quiescent GRB source. Because (1) GRBs are widely belisved 10 originate at or near the surface of a neutron star /%, and (2)
neucron stars have been sesn % have high peculiar velocities (100 - 300 kmvs), it may be possible 0 locate a quiescent GRB
source by detecting its proper motion if the source is neasdy. A neutron star at a distance of 100 pc with a trangverse velocity of
300 knvs will have a proper motion of “0.6"/year. Such large proper motions should be measuresble using images taken at
epochs separated by just a few years.

The high proper motion 1 of an object suggests the following about the source’s distance 4 and burst energy E:

. S TRV S
4 =100 pe (T 7™ o™ M
d 2 f
E =1.2x10% erg ( 100 pe )( 10%erg om? ) (vl

where v is the transverse velocity of the source and f is the fluence of the burst.

We report here the results of a search for objects with high propar motions in the arror regions of two GRBs .- GBS1412+78 and
GBS2251-02. The error region of GBS1412+78 was chosen because of its burst duration, which was one of the shortest ever
de:ected('48ml!l);iumuinMfalldm('lm);Mmm:hdinmm(o.Snm’--MMsmﬂ-
lest error box known). The error region of GBS2251-02 was selected becsuse it is ons of the thres archival optical flash sources
reported /13 and becsuse its error circle would only extend to about a 90° radius with a proper motion of ~ 17/year. Based on the
work reported here, 20 objects in the esror region of GBS1412+78 over a baseline of 2.4 years show a proper motion greates than
0."6/year. Similarly, our search of the error box associsted with the optical ransient desected in the eror region of GBS2251-02
reveals no objects with a proper mation of gresmr than 0."9/year.

OBSERVATIONS

Deep images of the error regions of OBS1412+78 and GBS2251-02 wers made with MIT's MASCOT instrument 10,11,1% in
September l9l3outhlmchmuki¢l’ukndin0m19uumlehl.JmubwopeatheMcGn%
Hill Observatory, located on Kitt Peak and operawd jointy by the University of Michigan, Dartmouth College, and the Mas-
sachusets Institute of Technology. Observations were made through Mould R filters at both epochs. The error regions of both
GRBs3 are displayed in Figures 1 and 2,

The entire area shown in Figure 1 surrounding the error region of GBS1412+78 was searched for objects with high proper motion.
In Figure 2, pat of the GRB emor region of GBS2251-02 is shown. Since the 99% level-of-confidence error region of
GBS52251-02 was 100 large for a reasonable ssarch, only the region surrounding the error box associated with the optical transient
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discovered by Schasfer ef al. /1 was analyzed for high propsr motion objects. As shown in Figure 2, the ares searched includes
the optical error box and most of a cucular region 84° in radivs. This ciscular region delimits the ares in which the source of the
optical ransient discovered by Schasfer would be found f it had a proper motion of 1°/year.

Each CCD imags was biss-subiracied and flatiened in 2 standard faghion. The magnitude limit for the detection of an object at 2
30 level-of-confidence was my, 3 22.5 in 1963 and m, 3 22.5 = 1985 and 1986.

The boundaries of the error regions of the 'wo GRBs were desarmined from the coordinates cited in the discovery papers /1.2,14/.
The astrometry of each CCD image was calibrated by calculaung the coordinates of the 20 to 40 stars in the CCD image which
are also visible on the Palomar Sky Survey plass of the region. A least-squases fit of 2 linear mapping of the coordinates of these
stass to theis positions on the CCD image allowed the caiculation of the coordinaes of any location on the CCD image to a preci-
sion of “0."S (10). The position of the comers of the error region were calculated from this linear mapping on the CCD image.

The CCD images of each error region were scanned for objects above the detection threshoid. Two CCD images of the same
error region from two different epochs were then analyzed for proper motion by calculating the difference in relative positions of

the dewctad objects betwesn the two cpochs. The positons (x,.y,) in epoch A of each detected object was mapped onto a qua-
dratic function of the position (x,.y,) of the object in epoch B.

=a e bxy ey, dlfl XY, ’fly!l 3

Vo=@ s by v 6y, ¢ &y ey, + [ @

This mapping takes int0 account most standard sowrces of distortion (¢.g., Seid rotation, differential precession, optical distartion,

_o MU RPN

Fig. 1. The quadrilateral indicates the error box of GBS1412+78/1/. The entire ares
shown was searched for high proper motion objects. This image was taken in February
of 1986.
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High Proper Moton Objects

ec). The parameters of the mapping were calculated from the positions of the detected objects using a least-squares fir. Any
object showing a high residual w0 the fit was considered a candidate for having high proper motion. The candidate was then
removed from the fit, and the fit and the rms error of the fit were recalculated. If the candidate's predicied position (based on the
recaiculaed parameters) then differed from its measured position by more that three times the rms error of the fit and the image
of the candidate object had a profile consistent with a single point source, it was considered to have high proper motion.

DISCUSSION

The GRB error region of GBS1412+78 and the optical error region of GBS2251-02 were searched for objects with high proper
motion using the procedure described above. A significant area surrounding each error region was also searched since an object
with high proper motion may have moved out of the error region in the time since the GRB (or optical flash). The entire area
surrounding the error region of GBS1412+78 shown in Figure 1 was searched, and the positions and R magnitudes of the objects
found within the box are reported in Table 1. The area around the optical error box of GBS2251-02 which was searched is indi-
cated by the large rectangle in Figure 2. The positions and R magnitudes of the objects checked for proper motion are given in

Table 2.

No objects in either GRB field were detected 0 have a proper motion higher than the 3o limit described above. The lower limit
on the proper motion of any detected object in the region surrounding GBS1412+18 is 0."¢/year; near the optcal error box in
GBS2251-02, the lower limit is 0."9/year.

The absence of a detection of an object with high proper motion does not introduce constraints on any models of GRB source
localization or disibution since the source of the GRB is not required @ priori to have any transverse velocity. However, if we
assume that one of the detected sources in each efror region is a neutron star with a wansverse velocity of 300 ks, minimum
source distances of 105 pc and 70 pc can be calculated for GBS1412+78 and GBS2251-02, respectively.

-
N

=
%’.

R

Fig. 2. The smail rectangle is the error region given by Schaefer /13/ for the archival opucal
wransient of GBS2251-02. The targe rectangle is the region searched for high proper

motion objects. The circle delimuts the area in which an object found in Schaefer's

error region with a proper motion of 1”/year would have moved since the archival plate

was taken. The remaining lines, which extend below the figure shown. represent

a portion of the 90% level-of-confidence error region. This image was taken in October

of 1985.
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TABLE | Objects in the GBS1412+78 Error Box

Object | R. A. (1950) (£0.23) | Dec. (1950) (20.°9) | m g (20.4)
A 14h 12m 19.9s 78° 34' 2771 199
B 16.9s 54'31.°0 7
C 17.9s 54'44.°7 19.5
D 24.63 $§5 0170 20.6
E 30.0s 551371 207
F 30.0s 55 3472 LS
G 40.3s 56 11.°¢ 19.9
H 44.13 56 22.°4 20
1 37.1s 55 53.°1 2.4

TABLE 2 Objects Analyzed for High Proper Motion near
the Archival Opucal Transient Associated with GBS2251-02

Object | R. A. (1950) (£0.045) | Dec. (1950) (£0.°6) |m g (20.5)
A 22h 5im 44.91s 230 57.73 —_—
B 36.80s o2 al
C 43.53s 31°20.°7 206
D 40.62s rate 174
E 36.31s e 0.7
F 38.70s i1 s6."s 16.1
G 39.45s 32 06.°8 194
H 44,583 322974 19.7
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ABSTRACT

We report the results of an extended search for short-timescale optical fashes from a four square-degree area centered on the
coordinates of the Perseus Flasher, a phenomenon photographed by Katz, et al. /1/. The photographed optical flash was of bright-
na:::l--lﬂandhundundmofm;hlyo.Ss. In 70 hours of observation with the Explosive Transient Camers 2,3,4/ no
celestial optical flashes were detected in the region of the Perseus Flasher t0 a limiting magnitude of 7.1 for a one-second flash,
On § February 1986, simultaneous observations with the ETC and the EXOSAT sasllite /16/ were camied out Neither X-ray nor
optical flashes were seen. A survey of archived photographic images of the Perseus Flaher revealed no optical transients in over
700honnolnulexpo¢mdmn|limimwimdnofm.;d-’fcum-mmny. Based on the ETC data base,
we discuss possible terresrial sources of optical flashes which might account for the phenomenon reported by Katz et al.

INTRODUCTION

In 1983, a group of Canadian amateur astronomers reported visual sightings of 13 short (duration = 13) optical flashes from a
small region of the sky near the Perseus-Aries border /S/. The subsequent publication of a photograph of an optical fiash in the
constellation of Perseus later that year genersted considerable interest /6. The photograph showed an optical transient of peak
magnitude = -1.7 and a durstion less than 13 seconds; visual detection of the flash by the photographer indicamed a duration
«0.5 seconds. A posteriori calculations show that the coordinates of the photographed flash lie within the esror circles of 17 of 20
optical flashes detected by the Canadian group since October, 1984; 7 flashes have m_ S 2. The significance of these detections
by sxperienced observers merits serious consideration of these events.

The discovery of Schaefer /7/ of aansient optical radiation in a gamma-ray burst (GRB) error region has mads clear that short
(duration < 1 3), bright (m_ << 10) optical fiashes could be agsociamd with GRBs (see /8,9%/). Pedersen, et al. /107 have reported
the detection of thres optical transients of m, = +6 10 +8 and duration < 0.5 seconds in 910 hours of photosiectric monisoring of a
GRB emror region. The coordinses of the photographed flash lie in the error regiom of three known gamma-ray bursts
(GB781006b, GB721218, GB730721; /11,12). However, as the error regions of these three GRBs are rather large (2400, 300 and
4400 square degrees, respectively), the overiap is probably coincidental. If the numeross recurrances of the Perseus Flasher were
associmdwi:hGltBsndlheymnnn‘sfythenhﬁonforumioof}nynopﬁnllmdsis 2 10’ from Schaefer,
ad.W.MhGﬂmiﬁﬁﬁhWﬂuhmmmg:lO"erlcm'. !‘uchcusmm
been detected by such network spacecraft as PVO and ISEE-3 /1. As both of these spacecraft would have detscwd bursts of
flux >10* erg cm? 3%, the fact that no associated GRB was detected /14/ yields estimates of SyS, < 107

Since the publication of the photograph of the Perseus Flasher /&, several investigations of the Perseus Flasher phenomenon have
been made. A. Zytkow /15/ has searched for optical flashes in archived phosographic images of the Perscus Flasher error region.
In the roughly 1700 hours of total exposure time in this survey, no optical transients were discovered. The complets su.vey was
sensitive to 2 one-second flashes of m, < -0.5; 2 subset of the survey covering about 700 hours of wtal exposure time wag sensi-
tive 10 one-second flashes of m, S 4-5. The emor region of the Perseus Flasher has been examined in two 10* second exposures
with EXOSAT /16/: no X-ray sourcs of flux > 107 erg cm? 5! was dewcted. (The amalysis of the EXOSAT dma did not
accoumt for the effects of interstellar sbsorption, so the actwal flux limit may be higher). Deep optical images of the Perseus
Flasher taken at the McGraw-Hill Observatory, which is located on Kitt Peak and is operated joindy by the Universicy of Michi-
gan, Daremouth College, and the Massachusetts Instituts of Technology, reveal than 30 optical images of m_ 2 17 in the

g
8

We report hare the results of a real-time search for optical fiashes from the Perseus Flasher with p
12.3.41.Nopuﬁnmdopdalmau‘,<u(formmmm)mn*mwshomdoyma-
dmduhnmmmen;!:)oamthmﬂ:::wm ‘l'lnmldnk_ o e o

0 the method of Gehrels (1986) /17/) on the ras Persews Flasher region of 0.0 is barely con-
sistent with the rass of flashes detaceed visually fashes by Katr, st al (0.07 hr'). We discuss the possibility that the observed
flashes in Perseus are due 10 & near-Earth phenomenon, such a3 a sasilits (or other orbiting debris) or memor.

OBSERVATIONS

with 73 mm lenses (in Ocwober) or S0 mm
7° x 10° respectively. Each lens was fised 8
in a 100 sensitivity 10 image dewction of m_x 9.5,
tered on the coordinates of the phowgraphed flash in

-of-view of both cameras were roughly cen-
In October, 8 2° x 2° region centered on the photographed flash’s

i
i
s
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coordinates were monitored; in November and February, 35 square degrees were covered, including the four square degress cen-
tered on the Perseus Flasher.

A total of 69.9 hours of observations of the Perseus Flasher were made, including 39.7 hours in October, 29.4 hours in November
and 0.8 hours in February. (The 0.8 hours of observations in February were made during one of two 10° second exposures of the
Perseus Flasher region by EXOSAT). The observations resulted in no positive detections of an optical flash from the location of

the photographed flash. No visual detsctions of an optical flash from the Perseus Flasher region were repored during the ETC
observations.

Because of a saturation-related effect in the CCD amplification and digitization elactronics, it is possible that extremely bright
flashes may not be detected by the ETC. The CCD signal processing electronics can reaumn a value of zgvo, instead of the stan-
dard maximum value of 4098, if a pixel has been exposed © a very high light level. This effect is significant for 0.5 second
flashes of m, & 0-1. In such cases, the stellar image would have a valley where its peak should be, and the brigitest part of the
image would be the wings of the image. Although the center of the image would not trigger a flash, the wings wouid, and so the
flash would still be detacted as an event in a single camera. However, because of asymmetries in image profiles in the two cam-

eras, it is possible that the brightest points in the two images could not be recognized as coming from the same celestial coordi-
nates, and the event would not be recognized.

DISCUSSION

The observations of the Perseus Flasher error region with the ETC do not confirm the existence of optical flashes from the Per-
seus Flasher. This aull result implies 3 3o Poisson upper limit on the rawe of optical flashes from the Perseus Flasher esror region
of 0.09 per hour of cbservations at a sensitivity of m_ = 8 for a one-second flash. This upper limit is included, along with fash
rates uken from Katz, et al. /1/, maplotohhemofﬂahuofms:n versus m_ in Figure 1. The sensitivity of the ETC ©
on&mdlnhaumudbyucuoﬂmtlnuppchmumum 28 quwMawuhwﬂ
saturate the CCD is indicased by the cutoff of the curve at m_ 2 2.
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Figure 1: The rate of optical flashes from the Perseus Flagher, from Katz, et al. (1986)
and this paper. Plotted are the rates of opticai flashes of magnitude < m
versus m_. The points are the rates of flash detactions taken from Katz, dral.
The dashed line is an extrapolation of these data points to higher magnitudes.
The solid horizontal line indicates the three-sigma Poisson upper limit on the
rate of optical flashes reported here. The cutotf at faint magnitudes occurs at the
detection limit of the ETC; the high-brightness cutoff indicates the magnitude
at which a one-second flash would saturate the CCD.
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The upper limit presented here is barely consistent with the rate of optical ashes reported by Kawz, et al. (Katz, et al. have
reported an averags of optical flashes of 0.07 hr', based on 7 detections in 95 hours of cbservations by two members of the
group). However, as is s in Figure l.menuofﬂnh-olmsm._wbyKn.egal.uanxnaeulqgfumuonorm,.
The upper limit established here is below the rats of optical flashes implied by an exurapolation of the data points from Kaw, et
al. Our results are consismnt with the results of Katz, et al. only if the log R(m<m ) - m, relation for the Perseus Flasher flattens
outnearm a2

A fatening of the R(mSm_) - m_ curve for a single source implies that there is a minimum brightness for all flashes coming
from the source. sﬂn-(simmn;'wwmuunmr«mnahmuimmucmmunmmaumbemez
before a flash can occur (as in, e.g., the thermonuclear Bash model for X-ray and y-ray bursts of Wallace, Woosley and Weaver
/l&lmquxse!lndWooﬂey/lM.Aﬂmﬁn;ohhelogk(m_)-m,cuveforﬂnl’mauﬂshuumshnouldmem
that all fashes from the Perseus Flasher will have m < 2-3. The observations of the Perseus Flasher with the ETC do not allow
us 1 reject this scenario, as the upper limit is still consistent with the rae of flashes at the magnitude of the putative tumover.

THEORY

If the Perseus Flasher is a celestial phenomenon, observations made to date can be used to provide a partial description of the
source of the flashes. The typical risetime of about one second points to an emitting region with a typical size < 3 x 10*° cm.
The fact that the error region is empty 0 m, & 17 on the Palomar Sky Survey /1/ indicates thas the source brightness increases by
15-18 magnicdes during outbwrst. No celestial objects are presently known to exhibit such an enormous brightening oa 2 one-
second timescale. GRBs are though t0 be potential sources of large-amplitude brightenings (see /7,8,9,20/). However, there is no
clear evidence that the optical flashes associaed with GRBs occur on a one-second timescale /21/. Flare stars have long been
known (0 increass their brightness by one t0 six magnitades on timescales of tens of seconds /22,2V.

On the other hand, the flashes from the Perseus-Aries border may not be celestial in nature, but rather due t0 some near-Earth
source of optical flashes. A number of the optical flashes could be the result of meweor events with a small angular size. Kaez, et
al., report that the Perseus Flasher event of 23 October 1984 was sighted by two observers at two sites separated by 8 km, The
difference in the coordinates reporwed by the two observers is consistent in magnitude and direction with the effect of parallax
between the two sites, if the source of the flash were at an atitude of roughly 80 km. Since 80-100 km is the typical range of
altiude for metwors, the Perseus Flasher event of 23 October 1984 could have been two sightings of a single meteor.

It is also possible that some of the opeical faghes attributed to the Parseus Flasher could be dus o the reflection of sunlight from
a tumbling samllite. The reflected light would have a roughly solar spectrum, so the glints would tend to have the same color as
the Sun (4 of the 7 fiashes of m, € 2 ware described 23 yellow or orange). A simple calculation, modelling a satellite as a plane
mirror with an albedo of 1%, shows that sunlight reflected from a 1 m? surface 1000 km from an observer would be perceived as
light from a star of magnitude -1. The brief duration of the flash can be accounted for by the tumbling motion of the satellite.
The absence of repetitions of the Gash could be explained by the motion of the sstellite across the sky or 3 chaotic tumbling
mation.

If the single flash phowgraphed by Katz, et al. was produced by a satellite glint, the coordinates and time of the flash can be
used to constrain the location and orbit of the satallits. At the time of the phowograph, the Sun was 3® west and 30° south of the
apparent coordinates of the Bash, The fash was seen 21° over the western horizos a few hours after sunset. The lower limit on
i ight of the Earth’s shadow at the point where the line-of-sight to the Perseus Flasher inter-
sects the edgs of the shadow: a rough calculation puts this altitude at 600 km. The upper limit on the sawmllite altitude is deter-

the saellite size and distance: & | m? surface of 1% aldedo would look like a star of m, = -1.5 at an altitude of 700
km; 310 m? surface would have m, = -1.5 at an aititede of 1200 km. The lower limit on the inclination of the orbit can be cal-
culated from the upper limit on the samllite altitude and the apparent declination of the flash (see Figure 2). An upper limit of
3000 km yields a tower limit on the ordital inclination of 40 *. According to the Satellite Simuation Report of December 31, 1985
/241, roughly half of the spproximatsly 6000 objects in orbit at that time had an inclination > 40° and a perigee > 700 km. It is
therefore possible that the photographed flash was caused by a glint from an orbiting satellite. More detailed calculations would
require compilations of exact orbital elements for all satellites with inclinations > 40° and perigees > 700 km.

E
;i
!
E

CONCLUSION

We have detscted no optical flashes from the Perseus Flasher error region in 70 houns of observations with the ETC. The sensi-
tivity of this survey ©0 ons-sacond flashes extends over the brightness range m, = +2 t0 +7.1. The upper limit on the rate of
flashes we have determined is marginslly consistent with the rase of flashes repormad by Katz, et al. Although we are unable to
definitively prove or diaprove the exissence of the Perseus Flasher, we can state that the Perseus Flasher most likely does not pro-
duce optical flashes of m > 3, based on the extrapolation of the log R(m < m,) - m, cusve taken from Kaa, et al.

The question of the natwre of the Perseus Flasher remaing open, as we were unabie to confirm it to be a celestial object with a
detection by the ETC & Kist Pesk. A confrming photographic or electronic detsction of an optical Aash from Perseus an impor-
tant step ©oward

this question. A second flash at the sams celestial coordinates would confirm the celestial nature of the
& site removed from the one at which the first photograph was taken. A second flash at

i
i
i
E

i of soms other part of the night sky. Such a contol
expesiment would improve our knowledge of the rate of background fiashes due to satellites and head-on meteors.
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Line-of-sight to
optical flash

4

Satellite may
lie anywhere
along this seg-
ment.

Maximum
Satellite ini

| Minimum
Altitude Satellite

Altitude

A

EQUATOR

A = Apparent declination of the flash
B = Minimum inclination of the satellite
C = Latitude of the observer

Figure 2: The geometry of a sateliite glint. The lower limit on the latitude of a
satellite creating a glint is the apparent declination of the flash. The
upper limit is the latitude of the observer. More stringent constraints
can be calculated from the minimum and maximum possible satellite
aftitucie at the time of the flash.
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Appendix H

Deep CCD Imaging of the Optical Flash Error Region Near GBS 1810+31
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DEEP CCD IMAGING OF THE OPTICAL FLASH
ERROR REGION NEAR GBS 1810431

George R. Ricker, Edward A. Ajhar, Jane P. Luu, and Roland K. Vanderspek

Department of Physics and Center for Space Research,
Massachusetts Institute of Technology

ABSTRACT

Hudec (1986) has reported the detection of three bright transient op-
tical images (4 < mp < 7) from the same celestial location on archival
photographic plates taken in 1946 and 1954. The reported location of the
object is ajgs5g = 188 9™ 275 £ 3% and 81950 = +31° 23.0' £ 0.5'; this lo-
cation is empty on the POSS “O” prints (B >~ 20). The proximity of the
celestial coordinates of this bright object to the error region of the y-ray
burster GBS 1810431 (Laros et al. 1985) may make it a candidate for the
v-ray burst source counterpart. We have used a CCD imager to search the
error region associated with the optical transients in the B and R bands.
We report the celestial coordinates and the B and R magnitudes of the
fourteen objects found in the optical error region. A possible flare star ori-

gin for the phenomena reported by Hudec is discussed.

I. INTRODUCTION
The phenomenon of y-ray burst sources has been, and continues to

be, an enduring astrophysical mystery. Since the initial v-ray discoveries

1




made with the Vela satellites in the late 1960’s (Klebesade: et al. 1973),
no optical, X-ray, or radio counterparts have been established for a sin-

gle one of the more than 400 v-ray burst sources detected to date (Baity,
Hueter and Lingenfelter 1984; Laros 1987). Schaefer and co-workers have
reported interesting results on archival optical flash events associated with
three different v-ray error boxes (Schaefer et al. 1984). However, none of
these three events has been confirmed either by recurrances or by other
observers. Recently, a report by Hudec (1986) of recurrent optical flash
events from the same location near (~ 6.5 arcminutes displacement) the ~-
ray burst source GBS 1810+31 (Laros et al. 1985) has appeared. All three
of these flashes occurred in the “pre-Sputnik” era (i.e., 2 flashes in 1946
and 1 in 1954), and thus are not subject to the problem of confusion with
“glints” caused by reflected sunlight from artificial satellites. This latter
problem was particularly highlighted by the “Perseus Flasher” episode,

in which an photographed optical flash of apparent astronomical origin
(Katz et al. 1986) was subsequently shown to be due to a tumbling arti-
ficial satellite (Maley 1987; Vanderspek, Zachary, and Ricker 1986). The
importance of attempting to refine the location of Hudec's event to study
the stellar and. galactic composition of the ~ 1 square arcminute error box

reported by Hudec (1986) led to the observations reported here.

II. OBSERVATIONS
Deep images of the optical error region were made with MIT’s
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MASCOT CCD instrument (Meyer and Ricker 1980; Dewey and

Ricker 1980) on 1986 November 26 on the 2.4m telescope at the McGraw
Hill Observatory?. Five minute exposures were made through Mould B
and Mould R filters. The Landolt (1983) standard star 95-96 was observed
to calibrate the photometry. Sections of the CCD images in B and in R
with the optical error region indicated are shown in Figure 1 and Figure 2,

respectively.

II1. DATA ANALYSIS

The astrometry was performed in the following manner. The celestial
coordinates of 20 stars on the CCD image which were also visible on the
Palomar Survey “E” plate were calculated. A mapping (Podobed 1965)
between the celestial coordinates and positions of the 20 stars on the CCD
image was determined with a least-squares fit of the stars’ coordinates to
their positions on the CCD image. From this mapping, the position of the
optical error region on the CCD image and the celestial coordinates of any
objects found inside the error region were calculated.

The photometry was performed on bias-subtracted, unflattened CCD
images. The pixel size was 0.58" by 0.58". An array size of 5 by 5 pixels

was used to measure the fluxes which determine the magnitudes of the ob-

1 The McGraw Hill Observatory is located on Kitt Peak and is operated
jointly by the University of Michigan, Dartmouth College, and the Mas-

sachusetts Institute of Technology.




jects found. The first step was to measure the sky level on each image in
the area around the Landolt standard or in the area of the optical error
region. The standard deviation of the sky level ( ”sky) and the flux of the
standard were used to determine the detection threshold (3 Tsky) and the
magnitude limit. Finally, the optical error region was searched for all 5 by
5 arrays whose flux was above the detection threshold. The magnitudes

in B and in R for these arrays were then calculated.

IV. RESULTS

The deep B and R images of the optical error region revealed fourteen
objects whose positions and magnitudes are reported in Table 1. The 1o
error in the celestial coordinates is 0.61 arcsec. The magnitude limits for a
99.9% detection probability are mg = 21.1 and mpg = 22.0. The statistical
error in the B and R magnitudes is < 0.2. The B—R reported in Table 1 is
an instrumental magnitude difference, which is closely related to the mag-
nitude difference on the Mould system. For 4 objects, the value of B - R
is quite uncertain, due to the object’s faintness of the blue CCD image and
its spectral type; these instances are designated by lower limits on B — R.

Bushouse (1985) gives empirical transformations of instrumental
to standard colors for an RCA CCD and Mould filters. As the spec-
tral response of the RCA CCD is similar to that of the Texas Instru-
ments virtual-phase CCD used in the MASCOT, the color corrections of

Bushouse (1985) apply to the magnitudes listed in Table 1. Calculations
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show that the color corrections to B, R, and B-R are small compared to
the uncertainty in B, R, and B-R; hence, the B-R quoted in Table 1 re-

flects a B-R in the standard system to the precision of the photometry.

V. DISCUSSION

One possible explanation of the source of the archival optical flashes is
that they are events from a single flare star. Isolated flare stars are typ-
ically M stars which can brighten considerably in the U- and B-bands,
with risetimes of up to a few minutes and durations of ~ 10-60 minutes
(Gurzadyan 1980). Empirical studies show the flare frequency f to be an
exponential function of the star’s absolute magnitude My/: f 100-15My
(Gurzadyan 1980). Thus, intrinsically fainter stars will tend to flare more
frequently. This calculated flare frequency is not a constant for a given
star: the frequency of events from a given flare star has been seen to vary
by factors of 2-5. Empirical studies also show that the probability of a

- AB, where

flare star brightening by an amount AB goes roughly as e
a ~ 1 (Gurzadyan 1980). (N.B.: Although this relationship has been
shown to be roughly valid for AB < ~ 5, we will assume that it applies
for larger values of AB as well).

Using th?se empirical data, a rough scenario for a flare star creat-
ing the optical transients detected by Hudec (1986) can be constructed.
For example, an M5 dwarf of My = 15 at a distance of 100 pc would be

seen to have an apparent magnitude of B = 21.5. The archived optical
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transients reported by Hudec (1986) would have had a peak brightness of
Bpeak = 4—"4’ if the image was created by an optical flash of one-second
duration. Scaling directly from this estimate, if the image was, instead,
created by a flare star event of thirty-minute duration, the peak magni-
tude of the flare would be B = 12-15. A flare star would therefore have
to brighten by AB ~ 10 in order to create the transient image. From the
relations given in Gurzadyan (1980), the rate of flares from the M dwarf
is nominally ~ 2 flares/hour, and the probability of a AB = 10 flare is
~ ¢~ 10 = 45 x 1073, The resultant rate of AB = 10 flare events from
an M dwarf of Myy = 135 is ~ 1 per year; the rate from an M dwarf of
My, = 10 is ~ 1 per 7 years. Hudec has reported two flares detected ~ 5
months apart; given the random nature of flare events from any given flare
star, a flare star with a nominal rate of bright flares of ~ 1 per year could
be the source of the flares. In addition, as Hudec scanned archival plates
totalling over 1800 hours of cumulative exposure time, the probability of
his detecting a bright flare from a flare star with a nominal rate of bright

flares of 1 per year is ~ 20%.

The number density on the sky of potential flare star candidates
can be estimated from the constraints of the quiescent brightness
(mp quiescent >~ 20) and of estimates of the flare magnitude and du-
ration. Assuming the flare star is an M star and that ~ 50% of all M stars
exhibit flare activity (J. Linsky 1987), the number of flare star candidates

can be calculated from the number density of M stars in the local neigh-
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borhood as a function of My, (Allen 1976) and the limits on the distance
to the flare star as a function of My. The lower limit on the distance
of any M star of absolute magnitude My; is calculated from the condi-
tion that mp qyjescent > 20; the upper limit is the distance at which a
flare of AB = 12 would be necessary to create the transient, or 300pc,
whichever is smaller. Simple calculations indicate one such flare star source
per ~ 80 square arcminutes. As Hudec (1986) evidently searched an area
of at least 100 square arcminutes, the probability of a flare star being in
the search field is not small. From these rough estimates of possible flare
star densities and rates, it is clear that a flare star origin of the optical
transients detected by Hudec cannot be excluded.

If a flare star is the source of the optical transients, the quiescent flare
star could be recognized from its large value of B-R. Typical values of B-R
for main sequence stars are 0.0 for an A0 star, 1.1 for a GO star, 1.6 for a
KO star and 2.5 for an MO star (Allen 1976). Table I includes several can-
didates for stars of high B-R: the most plausible are B, D, I, and J (al-
though the R image of I could have been caus:d by a cosmic ray). Further
multi-band photometry and spectroscopy of these sources must be done in

order to be able to identify them as flare star candidates.

VI. CONCLUSION
Based on the observations reported here, a possible explanation for

the recurrent optical flash phenomena reported by Hudec (1986) as be-
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ing due to a flare star with an unusually large amplitude appears plau-
sible. Testing of this hypothesis by searches for small amplitude flares
among the fourteen objects catalogued here based on CCD imagery will be
time-consuming, but is possible in principal. Follow-up photometry of the
Hudec field at even fainter limiting magnitudes in at least 3 colors should
permit classification of the objects reported here. Spectroscopic examina-

tion of interesting color-excess objects should be attempted.
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TABLE 1
Positions and Magnitudes of Objects Found in the Error Region
Object a1950° 61950"" mp B - Rt
A 180gma3 765 +31°22'41.4" 210 1.4
B 23.918 23'15.9" 20.9 > 1.8
C 24.428 22'48.6" 19.8 1.4
D 24.545 23'04.2" 21.0 >1.7
E 25.18% 22'36.3" 19.7 0.6
F 26.04°% 22'39.4" 19.0 1.7
G 26.41% 22'54.8" 19.4 1.9
H 26.843 2245.1" 20.7 0.5
It 26.85% 22'36.2" 20.5 > 2.2
J 26.89% 22'40.8" 20.5 2.2
K 29.008 22'38.3" 20.6 1.0
L 29.51% 22'35.0" 18.6 0.4
M 29.57% 23'12.3" 21.5 0.5
N 29,848 23'17.6" 19.1 1.3

* Error in right ascension is £0.035% (10 level of confidence).
** Error in declination is £0.61” (1o level of confidence).
t Instrumental B — R, not Johnson standard (see section IV).

{ Possibly a cosmic ray.
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Figure Captions
Figure 1:

A B band CCD image of the error box for the optical flash source re-
ported by Hudec (1986). An integration time of 300 seconds through a
Mould B filter was utilized. Candidate objects are identified in Figure 2.
The rectangular box shown is 61 arcseconds N-S by 78 arcseconds E-W,
centered at the position given by Hudec (1986).

Figure 2:

An R band CCD image of the error box for the optical flash source
reported by Hudec (1986). An integration time of 300 seconds through a
Mould R filter was utilized. .Candidate objects are designated A-N (see
Table 1). The rectangular box shown is 61 arcseconds N-S by; 78 arcsec-

onds E-W, centered at the position given by Hudec (1986).
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The Effect of Artificial Earth Satellites on ETC
Observations

1. Motivation for concerns with Artificial Satellites.

Since the inception of the ETC program, it has been clear that artificial Earth satellites
(AES) might have a profound effect on ETC observations. If the rate of "false” events
from moving or "glinting" AES is too large, the ETC will spend a large fraction of its
operating time processing AES events, thereby reducing the effective observing time for
celestial optical flashes. A high event rate from AES will also reduce the effectiveness of
the RMT by increasing the probability that it is monitoring a flash from an AES when a real
celestial optical flash is detected by the ETC.

As originally proposed, the ETC was to be sited at two locations, separated by ~1.4
km, on Kitt Peak. The parallax associated with this baseline would be enough to recognize
an optical flash from an AES to an altitude of ~1000 km. As seen in Figure C-1, a large
fraction of the AES population has an apogee larger than 1000 km. Because of this fact,
we have contemplated increasing the baseline between the sites in order to be able to reject
AES in higher orbits. A baseline of 100 km, for example, would enable the ETC to reject
AES at altitudes well beyond geosynchronous orbit.

In order to determine the real effects of AES on ETC observations, we have performed
rough analyses of the AES population in near-Earth orbit and calculated typical and worst-
case scenaria for the rate of contamination by sunlit AES. With these data, we can develop
a strategy of reducing the probability of a faise event from an AES for use while the ETC is
still situated only at Site 1. This strategy includes pointing the ETC preferentially into the
Earth's shadow, to reduce the number of sunlit satellites in the ETC's field-of-view. Note
that these analyses concentrate on events occurring within 60° of the zenith, since the ETC
will not observe sources less than 30° from the horizon.

2. Satellite populations

Since the launch of Sputnik 1 in 1957, the number of satel:ites in Earth orbit has
increased steadily (Figure C-2). NORAD regularly tracks ~6000 objects in Earth orbit
measuring larger than 10 cm (a dramatic view of the satellite population density, as tracked
by NORAD, is given in Figure C-3). Recent observations, theoretical models and direct
measurements have shown that the population of objects in Earth orbit larger than 1 mm
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Figure C-2:

A plot of the number of NORAD-tracked
objects (measuring larger than 10 cm in size)

since 1975 (Kessler 1985).
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Figure C-4:

The roughly linear relationship between the log
of the area of an orbiting object and the fraction
of all orbiting objects with larger areas (from
Sehnal (1985)). The curve is calibrated so that
the fraction of all objects with areas larger than
100 sq. cm. is 1.0.

Figure C-3:

A of the Earth and some of its orbiting artificial satellites, taken from Maley (1987).
The decrease in the number of satellites occurs at an altitude of ~1000 km (cf. Figure C-1).




may be an order-of-magnitude higher. Most of the objects smaller than 10 cm are the
results of explosions or collisions in Earth orbit: indeed, roughly half of the NORAD-
tracked objects are the direct results of 27 known explosions in Earth orbit (Kessler 1985
and Table 3.4). Models of the distribution of debris in Earth orbit give estimates of ~40000
objects in space: plots of the density and number of AES versus limiting size and altitude
are given in Figure C-1 (taken from Kessler 1985 and Sehnal 1985). Measurements of the

distribution of AES size versus frequency yield a roughly linear relationship between the
number of AES with area > A and log(Ag) (Figure C-4; Sehnal 1985 and Kessler 1985).

3. Types of Events from AES

For the purposes of this analysis, we have taken satellites to have one of three general
shapes: spherical, cylindrical, or flat. Surfaces are assumed to be smooth and mirror-like
for simplicity of calculation. Some satellites may consist of a combination of two or more
shapes (¢.g. a cylindrical body with flat solar panels). A sunlit satellite in Earth orbit will
have a certain signature, based on its shape (see Figure C-5). A flat surface will actas a
plane mirror (with a certain albedo) and reflect the sunlight into a beam with a solid angle
equal to that of the Sun; a cylindrical surface will

Anicles

USA 519 2530 3049
USSR 954 1843 2797
UK 9 1 10
CANADA 14 0 14
FRANCE 14 21 35
JAPAN 30 39 69
ALL OTHERS 89 26 115
TOTAL 1629 4460 6089

Table 3.4: Distribution of payloads and debris in catalog of objects tracked by NORAD as
of September 10, 1986 (from Aviation Space, Fall 1986)




reflect sunlight into a hollow cone with half-angle equal to the angle of incidence of the
sunlight and thickness equal to the angular diameter of the Sun; a spherical surface will
reflect sunlight in all directions.

The first conclusion of this analysis is that only spherical surfaces will be constantly
visible: cylindrical and flat surfaces will create glints. Because the brightness of a satellite
is inversely proportional to the solid angle into which it reflects sunlight, flat surfaces are
brighter than cylindrical surfaces, which are brighter than spherical surfaces (for a constant
cross-sectional area). Calculations of this effect yield that, for a given cross-sectional area,
reflections from flat surfaces are 13 magnitudes brighter than from spherical surfaces;
reflections from cylindrical surfaces are 6 magnitudes brighter than from spherical surfaces.

4. Reflections from Spherical Satellites

Spherical AES will have a relatively constant brightness, varying somewhat as the
distance of the AES from the observer varies in its orbit. Spherical AES can create false
events in the ETC when they move into a patch of sky that is normally empty: the ETC will
register the increase in brightness and indicate that the AES is a celestial optical flash.
Spherical AES with orbital altitudes less than ~1000 km can be rejected on the basis of their
parallax. Spherical AES in general will have a streaked appearance, the length of which is
a function of exposure time and AES altitude (see Figure C-6). Spherical AES with orbital
altitudes greater than ~1000 km may be rejected on the basis of this streaking, or by the fact
that they will create collinear events during later integrations. Note that spherical AES with
large attached flat surfaces will also have the capability of creating glints (see sections
below).

5. Glints from Flat or Cylindrical Satellites

Glints are created by AES with flat or cylindrical surfaces, as discussed above. A glint
from a flat surface is highly directional and depends very much on the orientation of the
surface; thus, the probability of a randomly-oriented flat surface producing a glint is equal
to the solid angle of the reflected beam divided by the solid angle of the entire sky. This
probability is equal to the solid angle of the Sun divided by 4r, or 6.3x10-6,
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Figure C-5: Types of reflections from various satellite geometries. Assuming satellite
surfaces are murror-like, spherical satellites reflect sunlight in all directions; cylindrical
satellites reflect sunlight into a hollow cone; flat satellites reflect sunlight into a narrow

A glint from a cylindrical surface is more probable, because of the larger solid angle
subtended by the reflected light. A rotating cylindrical surface, will, in general, produce
either zero, two or four glints per rotation, depending on the orientation of the rotation axis
to the plane including the Sun, AES, and observer. The probability of seeing a glint from a
cylindrical surface at any instant is the ratio of the solid angle subtended by the reflected
light to the solid angle of the entire sky; for a cylindrical surface, is 2x(angular size of the
Sun)/4x, or 0.005.

6. Calculation of Event Rates

Cur understanding of the effects of satellite geometry can be used to make a worst-case
estimate of the rate of detection of all satellites of a given geometry as a function of
magnitude. For flat and cylindrical satellites, we calculate the number of satellite glints per
steradian per hour for zenith angles less than 609; for spherical satellites, we calculate the
number of satellites visible per steradian. For this analysis, we assume that all satellites are
sunlit; in Section H, we introduce a discussion of the effects of the Earth's shadow.

We make worst-case estimates for each of the three geometries, assuming in each case
that all known satellites are of one geometry. In the case of flat and cylindrical satellites,
for which we calculate rates of glinting, we assume that the satellites rotate chaotically
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(randomly) with an arbitrary (but plausible) period of one second; the rate of glints
decreases linearly with increasing rotation period. We are given the number of AES as a
function of altitude (Figure C-1) and the distribution of AES cross-sectional areas (Figure
C-4). In order to calculate the rate of detections, we have to make the following further
assumptions:

1) Satellite orbits are distributed evenly in geocentric latitude and longitude (from Shara
and Johnston 1985; the number density of satellites is well within a factor of two
of the average density for that altitude at most latitiudes).

2) All orbits are circular (from Shara and Johnston 1985; most AES in the Satellite
Situation Report have eccentricities < 0.2, and debris from the destruction of such a
satellite will have similar eccentricies).

3) All satellites have an albedo of 0.8.

4) Geometrical effects introduce a factor of 0.7 into the brightness of the glint for flat
and cylindrical satellites.

For each orbital altitude, the fraction of the full 4x steradians of the satellites orbit with
a zenith angle less than 600 as seen from the Earth is calculated: that fraction times the
number of satellites in orbit at that altitude gives the number of satellites visible at any time.
The distribution of magnitudes from satellites at that altitude is calculated from the
distribution of satellite sizes in Figure C-4. Note that because the distribution of areas in
Figure C-4 has N(A>A,) proportional to log}(Ao), and because the magnitude of the glint
is a linear function of log((Ao), the number of satellites with a magnitude m<myg is a
linear function of my. This effect is visible in Figures C-7a and C-7b, which show the
number of satellites per steradian as a function of magnitude, and the number of satellites
per steradian brighter than a given magnitude as a function of magnitude.

The rate of glints from a cylindrical or flat surface is calculated in a similar manner. For
each orbital akitude, the fraction of satellites visible and the distribution of magnitudes from
those satellites are calculated. The rate of glints per hour is calculated by multiplying the
number-versus-magnitude distribution by the probability of a glint occurring. Fora
randomly-tumbling satellite, the probability of a glint per second is the probability of a glint
occuring divided by the tumble period. The results of these calculations are shown in
Figures C-8 and C-9; the tumble period is assumed to be one second.




G. Duration of Glints from AES

As mentioned above, the ETC will be able to reduce the number of false events due to
AES by recognizing the streak created by AES of steady brightness; the real contamination
problem comes from glints from AES which have a duration of the order of one second.
The duration of a satellite glint roughly equals the angular diameter of the Sun divided by
2n/P, or .0016*P, where P is the rotation period of the satellite. For slowly-rotating
satellites, the glint duration can be long enough that it creates a noticeable streak on the
CCD (for satellites with a fixed orientation to the Sun, the glint duration is ~10 seconds for
low-Earth-orbit satellites; see also Figure C-6).

H. Earth Shadow

In order to determine which times of year and which times of day are most likely to
yield illuminated AES, we have calculated the fraction of the night sky which is sunlit as a
function of orbital altitude for several dates and times during the year. As seen in Figure C-
10, which shows an observer at Kitt Peak at midnight at the vernal equinox, the solid angle
subtended by that part of an AES orbit that is in Earth shadow is a function of altitude: the
solid angle decreases asymptotically to the limit of the solid angle of the Sun. Figures C-
11, C-12, and C-13 plot, in zenith projection at Kitt Peak, the fraction of the night ky in
Earth shadow as a function of orbital altitude at various times of the night at the vernal
equinox and the summer and winter solstices. Note that the part of the sky with a zenith
angle of less than 609 (indicated by a thick circle) is completely sunlit for AES with orbital
altitudes less than 2000 km near evening or morning twilight and mostly sunlit for most of
the summer’s nights; the winter sky, on the other hand, is very dark for most of the night,
and therefore much free from AES contamination.
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Figure C-7: Upper limit on the number of satellites visible with z < 60°,
assuming all satellites are spherical.
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assuming all satellites are cylindrical.
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Figure C-10: Effect of orbital altitude on fraction of a satellite's orbit in Earth shadow.
Note that as the orbital altitude increases, the solid angle including satellites in Earth
shadow decreases (see Figures C-11, C-12, and C-13).

For the purposes of the calculations of the rate of satellite detections, the fraction of the
night during which orbital altitudes below 2000 km are in Earth shadow has been calculated
as a function of the day of the year (Figure C-14).

9. Interpretation of Results

The plots in Figures C-7, C-8, and C-9 are worst-case estimates of the probability of
detection of satellites of a certain geometry, assuming all known satellites are of the same
geometry. The plot in Figure C-7b of the number density of spherical satellites shows that
the total number of satellites in the cone of Z<60° at any site is, on average, ~1000. The
visibility of these satellites depends on, among several things, the actual geometries of the
satellites and the fraction of the satellite in Earth shadow.

The rate of glints from cylindrical surfaces given in Figure C-8 is ciearly improbable,
since it would predict naked-eye flashes at a rate of ~100 per minute for z<60°. This
exaggerated number can be partially explained by 1) the fact that most satellites are not
cylindrical, but rather spherical or multi-faceted (King-Hele, 1966), and 2) the period of
tumbling of such satellites is not one second. Cylindrical bodies are generally associated
with larger satellites and rocket casings; the end-over-end tumbling of such bodies required
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Figure C-11: Zenith projection of the edge of the Earth's shadow for
various orbital altitudes and times at Kitt Peak on
March 21. The smallest enclosed curve corresponds to an
orbital altitude of 10000 km. The next circles correspond
to altitudes of 7000, 5000, 3000, 2500, 2000, 1500, 1000,

and 500 km, respectively (cf. Figure C-10).
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Figure C-
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12: Zenith projection of the edge of the Earth's shadow for
various orbital altitudes and times at Kitt Peak on
June 21. The smallest enclosed curve corresponds to an
orbital altitude of 10000 km. The next circles correspond
to altitudes of 7000, 5000, 3000, 2500, 2000, 1500, 1000,

and 500 km, respectively (cf. Figure C-10).
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13: Zenith projection of the edge of the Earth's shadow for
various orbital altitudes and times at Kitt Peak on
December 21. The smallest enclosed curve corresponds to an
orbital altitude of 10000 km. The next circles correspond
to altitudes of 7000, 5000, 3000, 2600, 2000, 1500, 1000,
and 500 km, respectively (cf. Figure C-10).
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to create short glints is usually associated with the re-entry of the body into the Earth's
atmosphere. Because of the typical large moment of inertia associated with a large body,
such short rotation periods (P~1 sec) are difficult to achieve. If the rotation period of a
cylindrical body is higher by a factor of 30-100, the glint rate will drop by a factor of 30-
100.

The rate of glints from flat satellites is probably fairly realistic. Most pieces of debris
produced by collisions or explosions in orbit will be relatively flat, and therefore capable of
creating glints (a slight curvature to a flat piece will tend to spread the reflected light out into
a wide beam; this will result in fainter glints, but a proportionally higher rate of glinting).

A large fraction of satellites are either equipped with attached solar panels or have multi-
faceted bodies (which are capable of creating a continuous stream of short, bright glints).
Figure C-9 implies that the completed ETC will detect up to ~10 glints per hour; if the RMT
were to devote five minuses to the analysis of the "post-burst” brightness of an
unrecognized satellite glint, it would spend ~80% of its observing time monitoring empty
space where a satellite glint recently occurred!

The difficulty created by glints from flat surfaces in orbit can be reduced somewhat by
observing into the Earth's shadow as much as possible (Figures C-11, C-12, and C-13).
The plot in Figure C-14 indicates that the Earth's shadow is more favorably situated in
winter than in summer. Since most satellites have orbital altitudes <2000 km, Figure C-14
indicates that from September-April, the bulk of Earth satellites would be in Earth shadow
for ~70% of the available dark hours. The summer months (May-August) would,
however, have a high rate of satellite contamination.

10. Conclusion

The ETC will have to cope with the large number of objects in Earth orbit and the
optical signatures thereof: steady streaks of light, slowly-rising, slowly-fading glints, or
short, point-like glints. If the ETC were to be located only at Site 1 on Kitt Peak, it would
have to be able to recognize these optical signatures or operate in a manner as to reduce the
associated rate of events. Pointing into Earth shadow or observing only from September to
March are options in reducing event rates from satellites. -

If the ETC were to be located at two sites separated by ~1.4 km on Kitt Peak (see
Figure 1), it would be able to use parallax to reduce the rate of evenis from orbiting objects
by ~50%. The imposition of the pointing and observing restrictions mentioned above
would help to reduce further the rate of false events.




C-9

If the ETC were 1o be located on two peaks separated by ~100 km, it would be able to
use parallax to recognize and reject optical events from gll orbiting sources of optical
flashes. The ETC would be able to operate year-round, with no need for pointing or
observing restrictions.
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Deep Optical and Radio Searches for a Quiescent Counterpart to the Optical
Transient Source OTS 1809+31. 1989, Ricker, G.R., Mock, P.C. , Ajhar,
E.A., and Vanderspek, R.K. Astrophys. J., 388, No. 2, 983.
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ABSTRACT

Hudec has reported the detection of three bright transient optical images from the same celestial location
on archival photographic plates taken in 1946 and 1954. The optical transient has been localized by Hudec to
%1950 = 187972629 + 0°03, 5,950 = +31°23'1977 £ 076 and has been designated OTS 1809 +31. This celestial
location is empty on the Palomar Observatory Sky Survey blue prints (B > ~20). Estimates of the duration
of the archived transients (< ~ ! minute) place an upper limit on the peak burst magnitude of 8 < my < 11,
indicating that the source of the transient brightened by over 10 mag. We have performed a deep CCD search
in four colors for the quiescent counterpart of the optical transients. We find no source at the location of the
optical transients to my = 24.5; however, we detected 18 objects in the vicinity of the quoted coordinates
which are consistent with the source having a proper motion u < {” yr~!'. A search at 6 cm with the VLA
revealed no source in the u < 1" yr~! circle to a 3 o limiting flux of 83 uJy.

Subject headings: gamma-rays: bursts — stars: individual (OTS 1809 + 31) — stars: variables

L. INTRODUCTION

The phenomenon of the gamma-ray burster (GRB) con-
tinues to be an astrophysical mystery. Since the initial GRB
detections made with the Vela satellites in the late 1960s
(Klebesadel, Strong, and Olson 1973), no definitive optical,
X-ray or radio counterpart has been established for any of the
more that 400 GRBs detected to date (Hurley 1983 and refer-
ences therein; Baity, Hueter, and Lingenfelter 1984; Laros
1987). In a promising new approach to the GRB problem,
Schacfer and co-workers examined archived photographic
plates in a search for optical transients associated with GRBs.
They have reported the discovery of optical transient images in
three different GRB error regions (Schaefer 1981; Schaefer et
al. 1984); however, none of the three events has been confirmed
cither by recurrences or by other observations. In 1984, Ped-
ersen et al. reported the photoelectric detection of three optical
transient events possibly associated with the GRB source GBS
790305.

Recently, Hudec (1987) reported the detection of recurrent
optical transients from the same location near the GRB error
region GBS 1810+ 31 (Laros et al. 1985). The proximity of the
optical transient to the GRB error region was responsible for
its discovery; however, its large distance (~5) from the 3 ¢
GRB error region makes it highly improbable that the optical
transient is associated with the GRB (Laros 1987, personal
communication). All three of the flashes reported by Hudec
occurred in the pre-Sputnik era (i.e., two flashes in 1946 and
one in 1954) and thus are not subject to the problem of confu-
sion with glints caused by sunlight reflected from artificial
satellites.

The optical transients reported by Hudec have peak magni-
tude of 4 < my < 7, when normalized to a 1 s burst duration.
Hudec also reports an upper limit on the duration of the tran-
sients of ~ | minute, which places an upper limit on the burst
magnitudes of 8 < my < 11. As the error region of the tran-
sients is empty to my ~ 20, the transient source must have
brightened by more than 10 mag. In an effort to identify a
possible quiescent counterpart to the optical transient, deep
CCD images of the error region were made in four colors in
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1987 June. In order to explore the possibility that the source
might be close to the solar system (d < 20 pc), a region of the
sky corresponding to a proper motion u of <1” yr~! since
1946 was examined. The results of the analysis of these obser-
vations, as well as of several hours of 6 cm observations with
the VLA, are presented below.

{I. OPTICAL OBSERVATIONS

The OTS 1809 + 31 field was observed 1987 June 21-23 with
MIT's MASCOT CCD instrument on the 2.4 m telescope at
the McGraw-Hill Observatory.! The images were made
through Mould B, ¥, R, and [ filters in a series of 10-~60 minute
exposures. The total exposure time was 121 minutes in B, 80
minutes in V¥, 51 minutes in R, and 100 minutes in I. The
standard star Landolt 110340 (Landolt 1983) was imaged
each night in all colors as a photometric calibration reference.
The observations were made under photometric conditions
with a typical seeing disk measuring 175 FWHM.

a) Data Reduction

The CCD images were reduced using procedures from the
YARP image-processing package (Tonry 1988). Each image
was bias subtracted, flattened, and cleaned. An image was flat-
tened by creating a normalized two-dimensional polynomial
representation of the sky level across the image and dividing
that normalized representation of the sky into the image. CCD
defects and cosmic rays were repaired by parabolic inter-
polation with an interactive clean program. The reduced
images were registered and a subarray centered ncar OTS
1809 + 31 was extracted. The subarrays were stacked for more
precise photometry.

A circle of radius 41” centered on OTS 1809+ 31 on the
stacked images, corresponding to a proper motion of 4 < 1”
yr ! since the first flash, was searched for faint sources. Stellar
objects in the field were identified using FOCAS (Valdes 1987).

! The McGraw-Hill Observatory is located on Kitt Peak and is operated
jointly by the University of Michigan, Dantmouth University, and the Massa-
chusetts Institute of Technology.
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TABLE 1
CELESTIAL COORDINATES OF THE [8 SOURCES DETECTED NEAR OTS 1809 + 31

Object Right Ascension Declination Distance to OTS 1809 + 31
Lo 18%9™25°87 31°22'39°s 4076
2 18 9 26.72 31 2241.0 39.1
oo 189 26.70 312248 35.3
G 189 2429 3122483 40.6
S 189 26.26 312254.8 249
6. 189 24.40 3123 3.7 29.1
T 189 2491 3123 6.9 .9
B 189 29.27 3123128 39.0
9 189 27.74 31 2310.5 20.8

0. 189 2780 3123151 20.0
189 25.60 31 2316.4 9.5
12 189 23.76 3123156 32.8
B3 189 24.14 3123310 29.9
4. ... 189 2476 31 23359 25.5
15 189 26.16 312336.8 17.2
16, 189 25.76 31 23411 2.5
17 189 26.58 3123437 24.3
8. 189 2687 3123489 30.1

The threshold for detection was typically set to ~ 2 g. Eighteen
sources were detected in the searched area. All objects were
detected in all colors except for one which was below threshold
in the B band.

b) Astrometry

The celestial coordinates of the detected sources were calcu-
lated in a two-step procedure from the coordinates of SAO
stars near the error region. First, the positions of ~20 SAO
stars and of ~ 20 field stars visible in the CCD images were
measured on the POSS “E ™ plate. A linear least-squares fit of
the reduced coordinates of the SAO stars to their measured
positions was used to calculate the celestial coordinates of the
field stars to a 1 o precision of 0.64” (Podobed 1965). Then, the
coordinates of the field stars were used in a similar procedure
to calculate the celestial coordinates of the sources in the error
circle from the positions on the CCD images of the field stars
and sources. The ultimate 1 ¢ precision of the fit was 0774. The
celestial coordinates of the detected sources and their distance
from the OTS 1809 + 31 coordinates are included in Table 1.
For OTS 1809+ 31, the coordinates of a,450 = 18"9™26%29,

01950 = 31°23'19"7 were assumed (K. Hurley, private commu-
nication from R. Hudec).

¢) Photometry

The magnitudes of the detected objects in the field were
measured in two steps. The magnitudes of the bright objects in
the B, V, R, and I images from June 21 were calibrated with the
images of the Landolt standard star 110— 340 taken that same
night. The images from all three nights were added to obtain a
set of B, V, R, and I stacked images, respectively. The magni-
tudes of the detected objects in the stacked images were calcu-
lated from the magnitudes of the bright objects in the images of
June 21. All photometric measurements were made with
FOCAS. A fixed, approximately circular aperture of 69 pixels
(radius = 373) was used for all images because it yielded the
best overall signal-to-noise ratio. Airmass corrections were cal-
culated from the standard Kitt Peak extinction coefficients
(Barnes and Hayes 1984). The instrumental magnitudes were
corrected to Mould BVRI magnitudes using the measured
MASCOT color-corrections (M. Bautz 1988, private
communication). The measured limiting magnitudes (3 o level
of confidence) are my = 24.5, my = 23.7, My =228, and m; =

TABLE 2
MAGNITUDES OF THE 18 SOURCES DETECTED NEAR OTS 1809 + 31
Identification

Number B lo v lo R leo 1 le

21.31 0.17 1966 013 1869 0.11 1708 008

2192 017 2089 013 2023 0.1l 1899 008

2127 07 2053 013 20.31 0.11 1933 008

2192 017 205 013 1957  0.11 18.63 008

21.91 0.17 2026 013 1929 0.1l 1799 008

2292 018 2174 0.14 2083 012 19.10 008

2433 0.28 23.02 0.19 2173 015 2034 010

266 017 2180 014 2109 0.13 204 009

2472 03 2336 024 2212 018 2087 012

23718 021 22.33 0.15 2127 01 2059 010

5 PP 2440 028 2298 020 2201 017 2092 012
| & S 2290 017 2128 013 2037  0ll 1922 008
| & PO 2158 020 2240 016 2141 013 2086 013
Mo 280 018 2189 014 2159 014 1984 008
| £ 23.18 0.18 21.76 0.4 2092 012 1989 009
6. i 21.53 017 2010 013 1928 0.1 18.18 008
17 >245 0.3 2316 020 270 0.26 2147 0.9
18, i 2452 028 2278 o7 215 019 213 0.15
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FIG. 1.—A plot of B—V vs. V ~R for the 18 sources detected necar OTS 1809+ 31. The main sequence, taken from Allen (1976) is indicated by the line in the
figure. The reddening correction to the edge of the Galaxy was taken from Sandage (1972).

22.0. The color-corrected magnitudes are listed in Table 2 and
(B — V) versus (V — R) is plotted in Figure 1.

fI. RADIO OBSERVATIONS

The OTS 1809+ 31 field was observed in 1987 April at the
National Radio Astronomy Observatory? with the VLA in the
6 cm and 20 cm bands. The total observation times were 46
minutes at 6 cm and 21 minutes at 20 cm. The data were
reduced and mapped with the AIPS program (AIPS Cook-
book, NRAO 1986).

No significant sources were detected in the OTS 1809+ 31
field. The 6 cm map had an rms noise of 32 wly. and the
maximum detected flux for a point source in the field was 83
wly. The 20 cm map had an rms noise of 180 wly. and the

? The National Radio Astronomy Observatory 1s opersesd by Associated
Universities, Inc.. under contract with the National Scsence Foundation.

maximum detected flux for a point source in the field was 460
uly. There were no extended objects detected in the center of
cither the 6 cm or 20 cm maps.

HI. ANALYSIS

The colors and celestial coordinates of the detected sources
were analyzed for characteristics that might be associated with
the quiescent counterpart of Hudec's optical flashes. However,
as the nature, distance, and velocity of the quiescent source are
all unknown, such an association is difficult to make. We have
therefore examined the colors and coordinates of the detected
sources in an attempt to identify one which is significantly
different from the others, which are presumed to be field stars
ot galaxies.

The color-corrected color-color diagram in Figure 1 shows
that the colors of objects within the 41” error circle are consis-
tent with those of field stars of type G-M (Allen 1976). If any of
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the sources were extragalactic, the interstellar reddening would
introduce a small color correction term (< indage 1972) shown
in Figure 1. Even with the color correction due to reddening,
none of the sources have colors significantly different from
those of field stars.

Figures 2-4 shows that none of the detected sources is con-
sistent with the location of the optical transient (N.B.: There is
a discrepancy of ~ 13" in the localization of OTS 1809 + 31
between this paper and that of Hartmann et al. 1989: in neither
case, however, is there a source at the reported location of the
optical transient). Therefore, either we have not detected the
quiescent counterpart to the optical transient or the source of
OTS 1809 + 31 has moved. If the source of OTS 1809 + 31 has
moved and is one of the detected sources, a program of deep
observations of the field in 1-2 yr will be sufficient to identify
any of the 18 detected sources as high proper-motion objects
(such “second epoch™ observations of OTS 1809+ 31 have

1
Her.

Vol. 338

already been made; Mock, Vanderspek, and Ricker 1989,
analysis in preparation). Hudec (1987) has reported an upper
limit on the proper motion of the source of OTS 1809 + 31 2°5
yr ! EW and 5" yr~! NS, which would be easily detectable
over a baseline of 1 yr using current observational techniques.

1V. DISCUSSION

As no candidate quiescent caunterpart to OTS 1809 + 31 has
been established, the nature of the source of the optical tran-
sients remains a mystery. Assuming the optical transients had a
duration of 1 minute (the upper limit of Hudec et al. 1987). the
faintest of the three archived bursts had a peak magnitude of
my ~ 11. If any of the 18 objects detected in the 1” yr~! error
circle is the quiescent counterpart, the burst amplitude was
AB 2 mag; if the source is in the error circle and has not been
detected, AB > 13.5 mag.

Thus OTS 1809+ 31 probably underwent three bursts of

F1G. 2—A 35 x 35 Mould R finding chart for the field near the source OTS 1809 + 31. The circle is centered on the coordinates of 1809+ OTS (x40 =
29, 8,950 = 31°23°1977) and has a radius of 41”. The horizontal artifact crossing the circle is a diffraction spike from the nearby fifth magnitude star 104
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FiG. 3—A 20 minute exposure in a2 Mould R filter of the field near OTS 1809+ 31. The circle is centered on the coordinates of 1809+ 31 OTS (z,440 =
18%09%26'29, 5,44, = 31°23'19°7) and has a radius of 41”. The cross hairs are 676 in length. The identification numbers of the 18 sources for which color information

has been derived (Table 2 and Fig. 1) are given.

AB > 10 mag of duration 1, < 60 s, two of which occurred
only months apart. Of all known sources of optical transients,
only gamma-ray bursts are capable of such explosive bursts.
Cataclysmic variables are known to produce large-amplitude
bursts (AB = 2-14 mag), but have much longer burst durations
(ts = months to years) (Robinson 1976). X-ray bursts
(Grindlay et al. 1978) produce short-duration optical bursts,
but the burst amplitude is only AB = 1-2 mag. Flare stars are
capable of large-amplitude (AB = 1-6 mag) bursts with dura-
tion t, = 10-60 s and are known to recur often (Gurzadyan
1980). Although no flare of AB = 10 mag has yet been record-
ed, the possibility of its occurring should not be excluded.
Gamma-ray bursts (GRBs) are thought to produce large
(AB ~ 20 mag) optical transients on short time scales (5 <
300 s) (Schaefer 1981; Schaefer et al. 1984). Several published
models of GRBs explain optical radiation from a GRB source,
both during the GRB (London and Cominsky 1983; Woosley

1984; Rappaport and Joss 1985; Melia 1987; Hartmann,
Woosley, and Arons 1988) and independent of the GRB
(Tremaine and Zytkow 1986). Although OTS 1809 + 31 is not
thought to be associated with the nearby (~ 6’ distant) gamma-
ray burst GRB 730325b (J. Laros, private communication), the
source of the optical transients could be an undiscovered GRB
source.

In addition to the above association, it is of course possible
that OTS 1809+ 31 may be the prototype of an entirely new
class of astrophysical phenomenon.

V. CONCLUSION

We have made deep BV R observations of a 41" circle cen-
tered on the coordinates of OTS 1809+ 31. No source was
detected (3 o level of confidence) at the coordinates of OTS
1809 + 31 brighter than my = 24.5, m, = 23.7, my = 22.8, and
m; = 22.0 in the optical and Fg4 ., = 83 Wy and Fy, ., = 460
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FiG. 4—A 120 minute exposure in a Mould B filter of the field near OTS 1809+ 31. The circle is centered on the coordinates of 1809+ 31 OTS (x,44, =
180972629, 5,450 = 31°23°'1977) and has a radius of 41”. The cross hairs are 676 in length. The identification numbers of the 18 sources for which color information

has been derived (Table 2 and Fig. 1) are given.

wly in the radio. Eighteen sources were found to be within
~41" of the OTS 1809+ 31 coordinates, and none of the
sources could be distinguished from field stars. The quiescent
counterpart to OTS 1809+ 31 was not identified. If it is a
high-proper-motion object and brighter than the threshold
quoted above, observations in 1 or 2 yr should allow its motion
to be detected.
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Three Faint Objects in the Optical Error Region of GBS2251-02

Roland K. Vanderspek and George R. Ricker

Center for Space Research of the Massachusetts Institute of Technology
Cambridge, MA 02139

Abstract

We report the detection of three faint objects in the error box associated with the archival optical
flash discovered in the error region of the gamma-ray burst GBS2251-02 (Schaefer, et al. 1984).
Magnitudes of these objects were determined in B and V bands; an R-band upper limit was also
determined. The values of B-V and V-R for these objects, designated a, b, and c, are consistent
with those of field stars. Further observations are recommended, especially in R-band, in a search
for variability (see, e.g., Schaefer, ez al. 1984) and high proper motion (see Ricker, Vanderspek,
and Ajhar 1986).

L Introduction

Since the first detection of a gamma-ray burst (GRB) in 1969 (Klebesadel, Strong, and Olson
1973), the nature of the source of GRBs has remained a mystery. Because the error region
associated with the typical gamma-ray burst is large (measuring tens of arc-minutes to degrees on a
side), deep searches for quiescent counterparts have been impractical. The few error regions that
are small enough for a practical deep search have been studied in several wavebands; these studies
have yielded no positive identification of a quiescent GRB source (see e.g. Chevalier, et al. 1981,
Fishman, Duthie, and Dufour 1981, Laros, e al. 1981, Apparao and Allen 1982, Pizzichini, et al.
1985, Ricker, Vanderspek, and Ajhar 1986).




The discovery by Schaefer (1981) and Schaefer, e: /. (1984), that transient optical radiation may
be associated with GRBs has drastically improved the chances of detection of a quiescent GRB
source, primarily because optical radiation can be localized much more accurately than gamma-rays.
The error regions of the three optical transients discovered in archived images of GRB error regions
are orders-of-magnitude smaller than the standard GRB error region, and so have lent themselves
perfectly to a focussed deep search for a quiescent counterpart in several wave bands (Hjellming
and Ewald 1981, Pizzichini, er al. 1982, Pedersen, et al. 1983, Schaefer, Seitzer, and Bradt 1983,
Schaefer and Ricker 19383). Deep optical searches of two such error regions (associated with
archived optical transients photographed in 1944 and 1928) have yielded several candidates for the
quiescent counterpart (Pedersen, et al. 1983, Schaefer, Seitzer, and Bradt 1983); as yet, however,
no positive identification has been made. '

We report here the results of deep CCD observations of the error region of the archived optical
flash discovered in the error region of GBS2251-02 (the 1901 optical transient of Schaefer, ez al.
1984). A total of 6.0 hours of integration in three colors have resulted in the detection of three faint
objects (designated a, b, and c) in this error region. Although these objects have colors consistent
with those of field stars, further observations, especially in R-band, is warranted.

II. Procedure

Data were taken during dark time on 30 September and 1 October 1986 with MIT's MASCOT
(references) on the McGraw-Hill 2.4m telescope on Kitt Peak. The MASCOT's sensors are
TI4849 virtual-phase CCDs, measuring 584x390 22.3 um pixels; the plate scale for these
observations was 0."6/pixel. Data were taken through Mould B, Mould V, and Mould R filters; the
total integration times in these filters were 2.40 hours, 2.09 hours, and 1.51 hours, respectively.
Photometric and astrometric calibrations were made with exposures of the CCD photometry
standard NGC2264 (Christian, et al. 1985).

The data consist of a series of 600-second exposures of the area near the optical error region. The




telescope was offset by ~30" in random directions between exposures. The random offsets allow a
flat field to be created from the images themselves, using the technique of "median stacking.” In
median-stacking N images, the value of a pixel in the median-stacked image is the median of the
values of that pixel in the N image frames. If the images are offset from one another, the
median-stacked image is a representation of the typical sky during the time the images were taken.

The CCD images of the field were all bias-subtracted and segregated by color. In each color, a
normalized copy of each image was used in the creation of a sky flat field via median stacking.
Each field was then flattened by the sky flat. The flattened images were then aligned by integral
pixel shifts and then stacked. The resultant B-band image is shown in Figures 1. The small
rectangle indicates the error region of the optical flash detected by Schaefer, et al. (1984).

The B-band image of the optical error region revealed three faint objects, designated a, b, and c.
Two of the objects were detected with FOCAS (reference); the third is faintly visible below the
first two. Inspection of the V-band image revealed faint objects at the site of the B-band detections;
FOCAS was able to detect the brightest of these objects (a). No distinct images were detectable on
the R-band image.

The celestial coordinates of the a, b, and ¢ were calculated in the B-band image with respect to ~10
nearby stars, whose celestial coordinates are given in Ricker, Vanderspek and Ajhar (1986). The
locations on the CCD image of the reference stars and a, b, and ¢ were calculated by
cross-correlating their images with that of an artificial star of similar point-spread-function. A
linear least-squares fit of the locations of the reference stars to their celestial coordinates yielded the
celestial coordinates of a, b and ¢ in the B-band image; the precision of the fit was 0."4. These
coordinates were used to calculate the locations of a, b, and ¢ on the V-band and R-band images.
(This was necessary primarily because of the indistinctness of the R-band images of a, b, and c.
The centroids of the V-band images of a, b, and c, calculated both from the least-squares fit and

directly from the images, compared well).

The brightnesses of a, b, and ¢ were measured using simple box photometry centered on the
measured or (in the case of the R-band images) calculated centroids of the sources. A curve of




growth (fraction of total starlight enclosed in the box versus box size) was calculated using field
stars. The measured brightnesses of a, b, and ¢ were corrected for finite box size and atmospheric
effects.

The magnitudes of the sources were calibrated in B-, V- and R-bands using photometric reference
stars in the field of NGC2264 (Christian, et al. 1985). The brightnesses of several stars (numbers
239, 243, 245 and 252) in the field of NGC2264 were measured, corrected for atmospheric effects
and finite box size (as above) and used to calculate the relationship between measured brightness
and stellar magnitude. This relationship was seen to be accurate to £0.1 magnitudes (???).

1. Results

Table 1 lists the coordinates, magnitudes, color differences, and associated uncertainties of the
three sources (a, b, and ¢) detected in the optical error region of GBS2251-02.

The B and V-band images of the optical error region show the three detected sources clearly; each
source has been detected with S/N > 3. In the R-band image, however, the three sources are
detected with S/N between 2.5 and 3.0; thus, the R-band magnitudes given in Table 1 are the
three-sigma upper limits on source detection.

A color-color plot of the error region, calculated from the stacked images using FOCAS, is shown

in Figure 2. Because of the rather large error bars associated with the values of B-V and V-R for a,

b, and ¢, the colors of a, b, and ¢ cannot be distinguished from those of field stars.

IV. Conclusion

The present body of scientific knowledge on gamma-ray bursts does not exclude any of the three
detected objects from being the quiescent gamma-ray burst source. All three sources have colors




consistent with those of other stars in the field. Further observations of these sources, especially in
the red, are necessary for more conclusive results. In addition, deep exposures of this field at
future epochs should be used in a search for high proper motion in these or other nearby objects.
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Star

R.A. Dec. B \Y R B-V V-R

a 22hs51mM38008 -2031'26.2" 23.840.2 235403 >23.2+04 03103  <04105
b 22hs51m38.038 .2031'39.7° 241103 23603 >23.2404 0405  <04+0.5
c 2hs51m38.198  .2031'36.0" 24.0:0.3 235403 >23.2404 07404  <0.3+0.5

Table 1:

The celestial coordinates and B, V, and R magnitudes of the three
faint objects (a, b, and c) detected in the optical error region of
GBS2251-02, shown in Figure 1. The R magnitudes given are the
three-sigma upper limits on source detection; it should be noted,
however, that a,b, and c were all measured in the R-band with S/N >
2.5. The three-sigma upper limits in B- and V-bands are 24.1 and
23.8, respectively. The rms error in the celestial coordinates is 0."4.




Figure Captions

Figure 1: The stacked B-band image of the optical error region associated with GBS2251-02.
This image was made of a total of 8600 seconds of exposure with MIT's MASCOT
on the McGraw-Hill 2.4m telescope on Kitt Peak. The rectangle indicates the error
box associated with the optical transient discovered in this field by Schaefer, et al.
(1984). The three sources detected in this image are labelled a, b, and c. Measured
magnitudes and coordinates of these sources are given in Table 1.

Figure 2: A color-color diagram of thirteen field stars and the three sources a, b, and ¢ detected
in the optical error region associated with GBS2251-02. The values of V-R of a, b,
and c are all upper limits.
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Appendix L

Vanderspek, Roland K. Ph.D. Thesis, Department of Physics,
Massachusetts Institute of Technology, 1986. The Explosive Transient
Camera: A Wide Field Sky Monitor of Celestial Optical Flashes.
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Webster's New Collegiate Dictionary defines plenary as
"complete in every aspect absolute, unqualified.”

Roget’s International Thesaurus, Third Edition, adds:
(56.12)

full, filled, replete, ample, good, plump, pienary, pleny
[naut], pregnant, flush, round; brimful, brimming; chock-
full, chuck-full, choke-full, chug-full {dial.], chock or
chuck [coll], cram-full, topfull; jam-full, cramp-full,
cram-jam-full, jam-packed, pack-jammed, jam-up, full-up
(all slang}; stuffed, packed, crammed; bursting, ready to
burst, fit to bust [slang]); as full as a tick, as full as a
vetch, as full as an egg is of meat, packed like sardines or
herrings; replete with, crawling or oozing with; saturated,
capacitated [coll.]; congested, overfull.




The Explosive Transient Camera:
A Wide-Field Sky Monitor of Celestial Optical Flashes

by
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Submitted to the Department of Physics on November 14, 1985,
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the Degree of Doctor of Philosophy in Physics

ABSTRACT

The discovery in 1973 (Kiebesadel, et al., 1973) of the phenomenon of gamma-ray
bursts (GRBs), seen as short (durations of 1-60 seconds), sudden (risetimes of less than a
second) outbursts of y-rays from deep space, has led to intense efforts to discover the source of
these mysterious emissions. Observations in the last ten years with a series of interplanetary
and terrestrial satellites have led have led to hundreds of detections of GRB events. Analyses
of observational data support the hypothesis of a highly-magnetized (10>'* Gauss) neutron
star as the source of GRBs, yet the low precision of localization of most GRBs (tens of arc-
minutes to degrees) has hindered the a posteriori identification of a quiescent counterpart w0 a
GRB source in any energy band. To date, no convincing quiescent optical counterparts to
GRB sources have been established. The discovery by Schaefer (1981) of transient optical ra-
diation from a small GRB error region, recorded on an archived photographic plate in 1928,
led to the hope the precision of localization of GRB sources might be greatly improved
through the detection of optical radiation emitted during the GRB.

In 1982, the Explosive Transient Camera (ETC), a wide-field sky monitor sensitive to
celestial optical flashes with risetimes of the order of one second, was proposed as a ground-
based counterpart to gamma-ray satellites with the expressed intent of detecting optical radia-
tion from outbursting GRBs (Ricker, et al., 1983). In 1983, construction was begun of a sub-
unit of the plenary ETC, designed to test the feasibility of a full wide-field ETC. This thesis
discusses the motivation, design, construction and implementation of the ETC test unit. Calcu-
lations of estimated event rates from several known sources of celestial optical transients in
the plenary ETC are presented. In addition, this thesis includes the presentation and discussion
of results from observations made the test unit, which comprise the most complete wide-field
search for celestial optical flashes to date. The observations with the ETC test unit covered a
solid-angle-time product of 3.0 steradian-hours and included the error regions of GRB1200+21
(24 November 1978), GRB1152+20 (1 January 1979) and GRB1140+20 (2 May 1979) (Baity,
et al., 1984) as well as the flare stars V475 Her, Ross 867 and Ross 868 (Gurzadyan, 1980).
The observations were expected, based on assumptions presented within, to have detected opti-
cal transient events from 1.5 flare stars and 0.008 GRBs. These observations resulted in the
determination of a new upper limit on the celestial optical flash rate of 2.2 optical flashes per
hour per steradian at 10 magnitude, lower by a factor of 10 than the previous best upper limit
determined by Schaefer, Vanderspek, Bradt and Ricker (1984).

Thesis Supervisor: Dr. George R. Ricker
Title: Senior Research Scientist
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CHAPTER 1

Introduction

In 1969, orbiting y-ray satellites intended to detect y-rays from nuclear explosions in near-Earth
orbit detected unusual, sudden flashes of y-rays from deep space (Klebesadel, et al., 1973). Analysis of
the flashes showed that 1) the bursts were not created by the interaction of high-energy particles with
the y-ray detectors and 2) that the Earth or Sun were not the sources of the y-rays, and therefore that the
y-rays were cosmic in origin. Several hundred of these flashes, dubbed gamma-ray bursts (GRBs), have
been detected by balloon- and satellite-bomne vray detectors since 1969. Despite the large number of
GRB detections, the source of GRBs has largely remained a mystery, primarily due to the low precision
of localization of most GRBs.

Many of the observed characteristics of GRBs provide clues to the source, location and mechan-
ism of GRB production. The short risetimes of many GRBs (typically 10-200 ms; one lower than 200
Ms; Mazets, et al., 1981) point to a small y-ray emitting region (<60-1000 km). This fact, combined
with the detection in some GRB spectra of line features which can be interpreted as gravitationally-
redshifted e’-e” annihilation radiation (near 400 keV) and cyclotron resonance features (near 50 keV)
and the detection of pulsations in the tails of a few GRB light curves suggest that a GRB originates
near the surface of a highly-magnetized (10'> Gauss) neutron star. Due to the large emor regions of
typical GRBs, this association has not been confirmed by observations of a quiescent GRB source.

In 1981, B. Schaefer of MIT discovered an optical flash on an archived photographic plate in the
atypically-small error region of a known GRB (Schaefer, 1981). This discovery made clear the possi-
bility that GRBs may emit optical radiation during outburst. Schaefer’s finding is very significant, since
the detection of optical radiation from an outbursting GRB would permit precise localization of the
burst source, thus leading to more meaningful follow-up observations in all energy bands. Since 1981,
two further archived optical flashes from GRB error regions have been found by Schaefer (Schaefer, et
al., 1984), further supporting the claim that GRB sources can emit bursts of optical radiation.

In 1983, a program was initiated at MIT to design and construct an instrument capable of detect-
ing and precisely locating optical flashes from GRBs in real time. This instrument, known as the
Explosive Transient Camera (ETC), was to be a wide-field sky monitor sensitive to tenth-magnitude
optical flashes with risetimes of the order of one second. The instrument would operate automatically,
and would be able to provide the location of an optical flash with sub-arc-minute precision within a
fraction of a second after its detection (Ricker, et al., 1984).

The design, construction and testing of the initial stage of the Explosive Transient Camera is the
subject of this thesis. The following four chapters will discuss the motivation and concept of the ETC,
as well as some of the possible mechanisms for the production of optical light from GRBs. Thereafter,
the ETC instrumentation will be presented in detail. Finally, estimates of event rates from known pos-
sible sources of optical flashes, both celestial and terrestrial, are presented, as well as the resuits of
observations made with the ETC test unit. These observations, made during March and May of 1985,
comprise the most sensitive wide-field search for optical flashes made to date. These observations have
defined an upper limit of 2.2 optical flashes per hour per steradian at a visual magnitude of m < 10, a
factor of 10 lower than the previous best limit defined by the work of Schaefer, Vanderspek, Bradt and
Ricker (1984).




CHAPTER 2

Motivation

Introduction

This chapter is intended to give the reader an overview of the history and morphology of detected
gamma-ray bursts. More detail on GRB morphology can be found in reviews by Mazets (1981), Cline
(1983), and Hurley (1983). Following the morphology, a review of observations at quiescence of GRB
sources at other energies is given, with an emphasis on follow-up work in the optical band. The
chapter concludes with a comparison of present methods of searching for optical flashes from GRBs,
indicating the pressing need for a dedicated all-sky monitor for optical flashes, such as the Explosive
Transient Camera.

2.1. Gamma-Ray Burst Morphology

Gamma.ray bursts were first discovered in 1973 by the Los Alamos Group from data taken with
Air Force Vela satellites to detect y-rays from nuclear explosions in space (Klebesadel, et al.,, 1973). In
the discovery paper from the Los Alamos group, a GRB was reported as generating an intense burst of
gamma-rays (fluence S 2 105 erg cm') with a risetime of a fraction of a second. Since 1969 a series
of interplanetary and terrestrial satellites, (including the Vela satellites, the Soviet Venera spacecraft, the
Pioneer Venus Orbiter, ISEE-3, Prognoz 7, Helios-B, IMP-6 and IMP-7) have detected more than 100
bursts (Cline, 1983; Baity, 1984).

2.1.1. Characteristics of Typical GRB

The characteristics of detected GRBs vary over a wide range: it is therefore difficult to present
information about a "typical” GRB. (See Baity, et al. (1984) and references within for a complete
review of GRB observations). GRBs as a group can be described by characteristics common to all
bursts and the range of values of these characteristics in detected bursts. The GRBs detected to date
are distributed roughly isotropically over the celestial sphere (Hurley, 1983). The peak fluxes of
detected GRBs range from 102 to 107 erg cm?s!. The fluences, S, of all GRBs detected to date are
between 10 and 10® erg cm®. The number of burst sources N(>S) having a fluence than a
value S roughly follows a power law, N(>S) ~ S°*, where a = 32 for values of S > 10™ erg cm? and
upper limits indicate o = 0.7 for S < 10°° erg cm2. A plot of log N(>S) vs. log S is shown in Figure
2.1

" The light curves of most GRBs are characterized by a fast rise (risetimes of ~50-1000 ms) and an
exponential decay (decay times of 1-30 seconds). Total durations of typical GRBs range from less than
one second to minutes. A few GRB sources have shown periodic pulsations (periods of 4-10 seconds)
during the decay of the brightness of the GRB (Mazets, et al., 1979b; Wood, et al,, 1981). A few "typi-
cal" GRB light curves are shown in Figure 2.2.

The spectra of GRBs can, in general, be fit by a power-law function, F(v) ~ v-lehv/kT , where
F(v) is the flux (in cms'erg’!) of y-rays of energy hv. Typical GRB temperatures (kT) fall in the
range of 100 t0 500 keV. The spectra show substantial time variations, presumably due to changes in
the physical characteristics of the y-ray source (Mazets, et al,, 1981). Some GRB spectra show line
features at energies in the range of 30-70 keV. Roughly 15% of all GRB spectra show an emission
feature near 400 keV (Cline, 1983). A few characteristic GRB spectra are shown in Figure 2.3.

These characteristics allow one to make a rough sketch of the source of the GRB. Many workers
in the field argue that GRBs are associated with neutron stars with strong (" 10'? Gauss) magnetic fields,
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based on the following interpretations:
1) The short burst risetimes (50 ms) point to a source size <10° cm.

2) The line features near 30-70 keV can be interpreted as the cyclotron resonance
features in a 10'2-10"3 Gauss magnetic field.

3) The emission features near 400 keV are consistent with the 511 keV e*-e" annihila-
tion line gravitationally redshifted in the field of a neutron star.

4) The brief pulsations (with periods of 4-10 second) are reminiscent of a slow pul-
sar.

2.12. GRB0528-66: An Atypical GRB

On 5 March, 1979, nine interplanetary and terrestrial satellites detected an exceptionally strong
GRB from the direction of the Large Magellanic Cloud (Mazets, et al., 1979b). This burst, designated
GRB0528-66 from its celestial coordinates, has significantly added to the controversy surrounding GRBs
because of its many unique characteristics (Cline, 1982):

1) A very fast risetime (200 microsecond) - - shorter than any other burst.

2) An extremely high peak flux (2x10” erg/cm?/s) - - an order of magnitude higher
than the flux detected from any other GRB.

3) A very soft spectrum (kT . ~ 30 keV) - - softer than that of almost all other
GRBs.

4) Prolonged, repetitive afterpulses ("8 second period), lasting much longer than
those of any other detected GRB (see Figure 2.4).

5) The possible association of the GRB source with a known celestial object: the
error box of GRB0528-66, 20"x80" in size, contains part of the supemova rem-
nant N49 in the Large Magellanic Cloud.

6) The burst source has been seen to recur more than a dozen since the initial burst,
although none of the recurrences had a fluence greater than 10 of the original
burst (Golenetskii, et al., 1984). It is the only GRB source to recur more than a
few days after the original burst.

The unique characteristics of GRB0528-66 have lent much support to the theory that a neutron
star is the source of a GRB. In particular, the short risetime (<0.2 ms, limited by instrument precision)
points to an emission source size of less than 60 km. In addition, the strong 8-second pulsations favor
a rotating neutron star as the source of the burst. Finally, the association of the error region with the
supernova remnant N49 - - if it is true - - strongly favor the neutron star remnant of the supemova as
the source of the GRB.

It is this last point - - the possible association of the GRB with the LMC - - that has stirred the
most controversy. The probability of the GRB error region randomly overlapping the supernova rem-
nant is small. Yet, if the association is correct, the total energy of the burst was prodigious: the total
energy would have been S5x10* ergs, assuming isotropic emission, and the average luminosity during
the first 120 ms of the burst would have been ~3x10** ergs/second, or “10'2 L, _. The possible associ-
ation of GRB0528-66 with the LMC lends support to the theory that GRBs are generally located at
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distances of 50-S00 kpc from the Earth: this idea is discussed further in section 2.4.

2.1.3. GRB source localization

The precision of localization of y-ray detectors used on balloon gondolas and y-ray satellites is
generally low. Consequently, a single y-ray satellite detecting a GRB cannot provide the precise coor-
dinates of the outbursting GRB. The celestial coordinates of an outbursting GRB can be determined
much more precisely by measuring the difference in arrival times of y-rays at three or more satellites
detecting the burst. The precision of the localization of the burst increases with the number of detect-
ing satellites (see Figure 2.5 and its caption). Typical error regions determined by this method have
dimensions ranging from tens of arc-minutes to degrees. Several (" 10) bursts have been detected by
many widely-separated satellites and have been localized to a precision of a few arc-minutes. Such
small error regions allow for reasonable searches for the quiescent GRB source. Despite this, no GRB
has yet been positively associated with any other celestial object (see section 2.2).

2.14. GRB Source Distances

Since no definite correlation exists between a GRB source and another celestial object, the dis-
tances to GRB sources are unknown. An estimate of source distance or the population as a whole can
be made by determining the spatial distribution of the GRB population: whether the GRBs we see are
generally local (d<300 pc), belong to a disk or halo population, or are extragalactic.

Some insight into the question of GRB source distances can be gained by examining the log
NCES) - log S distribution of GRBs, shown in Figure 2.1. Jennings and White (1980) and Jeanings
(1982) have attempted to reconcile models of GRB source distribution with the log N(>S) - log S curve.
An infinite spherical distribution of GRB sources around the Sun follows an N(>S) -~ S'*? function,
while a disk population follows N(>S) = S!. The S¥2 function is superimposed on Figure 2.2. The
actual logN-logS curve roughly follows N(>S) - %, with a=0.7 for S < 10°5 erg cm. The monolumi-
nosity models of GRB distribution of Jennings and White (1980) could not account for this value of .
Jennings (1982) has calculated a theoretical logN-logS distribution based on a galactic population of
GRB sources with an intrinsic luminosity function. His calculations show that the observed log N(>S)-
log S curve can be explained by varying parameters in his model: most notably, biassing the concen-
tration of the luminosity function of GRBs toward low-luminosity bursts permitted a good match to the
observed log N(>S)-log S curve. However, in a recent paper, Jennings (1985) questions the validity of
using GRB statistics in determining the distance scale to GRBs.

The nearly-isotropic distribution of GRB sources on the celestial sphere is an indication of the
nature of the GRB population (Jennings, 1982). This isotropy favors models that visible GRBs belong
to either a local population of GRB sources (d<”200 pc) or that place GRB sources in an extended halo
about the galaxy (d”50-200 kpc). A disk population of visible GRBs is excluded by the lack of con-
centration of GRBs in the plane of the galaxy. Models of GRB source population in a halo of ~ 10 kpc
radius about the center of the galaxy are not considered because there is no concentration of GRBs in
the galactic hemisphere containing the galactic center. The validity of an extragalactic population of
GRBs is reduced by the absence of associations of GRBs with known extragalactic objects, as well as
by the unimaginable energetics involved in the creation of a GRB at extragalactic distances.

There is no definitive proof for either a local or extended halo distribution. The association of
the GRB0528-66 with the LMC may be considered in favor of an extended halo distribution, but 1) this
association is not definite and 2) GRB0528-66 is generally considered an anomalous event (because of
its many unique features) and its association with the LMC would not be considered contrary to the
concept of a local GRB population.

2.2. Observations of Known GRB Sources
The a posteriori observation of GRB source is difficult for two reasons:

1) GRBs do not repeat regularly or often (only two GRBs have been seen to recur:




Earth

Figure 2.5: Gamma-ray Burst Arrival-Time Localization Method. The location
of a gamma-ray burst in space is determined from the differences in
the arrival times of the gamma-ray wavefront at several terrestrial and
interplanetary satellites. Detection of the GRB by two satellites allows
localization of the burst source to an annulus on the celestial sphere.
Detection by three satellites allows localization to two diametricaily
opposite "diamonds” formed by crossings of two inclined annuli.
If the GRB is detected by at least four satellites, the localization is
unique.




GRB0528-66 (5 March 1979a) has rebursted more than a dozen times since the
initial outburst (Golenetskii, et al., 1984) and the source GRB1900+14 recurred
twice within four days of the initial event (Mazets, et al., 1981)).

2) The GRB error boxes are generally too large for a reasonable follow-up observa-
tion. Only a few ("10) error boxes are small enough for sensible follow-up
work (Hurley, 1982).

Most of the follow-up observations of GRB sources are intended to detect the GRB source in
quiescence at various energies. Few attempts have been made, to date, to detect radiation from a GRB
source during outburst. The error regions of GRB0528-66 and GRB0116-29 (19 November 1978) have
been most extensively searched: the former because of its unique features and the latter because of the
discovery of an archived optical transient in its error region (Schaefer, 1981). Cline (1983) provides an
excellent detailed review of the observations of these and other GRB sources. The results of observa-
tions of several error regions are briefly summarized below.

2.2.1. Radio Observations

Hjellming and Ewald (1981) searched the error region of GRB0116-29 for quiescent radio emis-
sion at 6 and 18 cm with the VLA. They found three point radio sources (designated B, C and Q)
inside the error region: one (Q) is also located inside the error circle of a weak X-ray source detected
by Einstein (Pizzichini, et al., 1985; see section 2.2.3). None, however, is consistent with the error box
of the associated archived optical transient (section 2.2.4.2).

2.2.2. Infrared Observations

Infrared observations of the error regions of GRB2312-50 (6 April 1979) and GRB0528-66 and of
the radio sources in the error region of GRB0116-29 were carried out by Apparao and Allen (1982) on
the 3.9m Anglo-Australian telescope. The error region of GRB2312-50 was seen to be empty to
J=17.5. Their observations of the point radio sources detected by Hjellming and Ewald (section 2.2.1)
revealed a J=18.4 magnitude object consistent with one of them (B), but no source consistent with the
error circle of a weak X-ray source in the field (Pizzichini, et al., 1985; section 2.2.3). The search of
the error region of GRB0528-66 was confusion-limited and resulted in no reliable detection.

Schaefer and Ricker (1983) searched the error box associated with the archived optical transient
in the error region of GRB0116-29 (section 2.2.4.1). They found no infra-red sources in the etrror box
to a limiting magnitude of K=18.8.

Recently, B. Schaefer searched the IRAS data base for infra-red sources in the 23 smallest known
GRB error regions. The sensitivity of the observations used in the search varied considerably: Schaefer
reports no infra-red sources detected with an estimated average 40 sensitivity of ~1 Jansky (B.
Schaefer, private communication).

2.2.3. X-ray Observations

Pizzichini, et al. (1985) report observations of five GRB error regions (those of GRB2008-22 (4
November 1978), GRB0116-29, GRB1704+01 (21 November 1978), GRB0528-66 and GRB2312-50)
with the Einstein Observatory. Although no overwhelming evidence for the existence of quiescent X-
ray counterparts in any of the regions was found, X-ray observations of the error regions of GRB0116-
29 and GRBO0520-66 have yielded some positive results. The optical and y-ray error regions of
GRB0116-29 are consistent with the error circle of a weak ("107'® erg/cm?sec - - a 30 level-of-
confidence detection) X-ray source (Pizzichini, et al., 1981), which may be a quiescent X-ray counter-
part. The supemova remnant N49, which is included in the error region of GRB0528-66, was also
detected by Einstein (Helfand and Long, 1979).




2.24. Optical Observations

Optical observations of GRBs have been carried out in a variety of ways. These optical searches
have looked for optical radiation from both quiescent and outbursting GRB sources.

2.2.4.1. Search for Quiescent Optical Counterparts

Deep searches of several small GRB error boxes with large telescopes have been carried out by
Chevalier, et al. (1981), Fishman, et al. (1981), Laros, et al. (1981), Pedersen, et al. (1983), Schaefer
and Ricker (1983), Schaefer, Seitzer and Bradt (1983), among others. The investigation of the error
region of GRB0116-29 has uncovered several faint (m, = 22) sources, including an apparently highly-
variable (Am = 2) object (Schaefer, Seitzer and Bradt, 1983; Schaefer and Ricker, 1983; Pedersen, et
al., 1983). No definite quiescent optical counterpart to GRB0116-29 has yet been confirmed.

The error region of GRB2312-50 is empty to a limiting visual magnitude of 22.5 (Laros, 1981).
The error region of the GRB1412+78 (13 June 1979) contains >5 faint (m = 22) objects (Vanderspek,
Ajhar and Ricker; work in progress). The error region of GRB0528-66 contains the supernova remnant
N49 (Cline, 1982).

2.24.2. Searches for Optical Light from an Outbursting GRB

Optical transient events have been noted in the literature for more than half a century. In addi-
tion to transient events of short timescales from known astrophysical objects, such as cataclysmic vari-
ables and flare stars, several unknown optical transient events have been reported. Klemola (1983)
reports two possible optical transient events, first recognized by Hertzsprung (1927) and Popovic (1982).
Although the Hertzsprung object has been recently recognized as a plate defect by Schaefer (1983), the
Popovic object, which was seen as a fifth-magnitude event with a duration of less than 20 minutes,
remains without explanation or verified quiescent counterpart. In addition, recent analysis of SEC Vidi-
con meteor observations made in 1969 revealed that the 4®-magnitude double star B Cam underwent a
0.7 magnitude brightening in a period of 0.25 seconds (Wdiowiak and Clifton, 1985).

In 1981, B. Schaefer of MIT began a survey of historic photographic plates of three small GRB
error regions, in the hope of finding an optical transient which may have been associated with a GRB.
In the scanning of plates stored at the Harvard plate archives totalling roughly three years of exposure,
Schaefer discovered three transient images which are now generally accepted as being optical flashes
from historical GRBs (Schaefer, 1981; Schaefer, et al., 1984). The three events were of magnitude 3.0,
6.6 and 4.3, assuming the optical radiation was emitted in one second. Schaefer reported an upper limit
on the total duration of the optical bursts of T < 500s. The ratio of optical fluence in the three archived
optical transients, S_, to the y-ray fluence, S‘f of the associated GRB is roughly 10 for each of the
three bursts.

Schaefer’s work initiated an entirely new approach to GRB research: it created the hope that the
location of GRB sources could be precisely determined by observing optical light emitted during a
GRB. His work has sparked a series of new, real-time searches for optical counterparts to outbursting
GRBs: some of these experiments are described below.

2.242.1. Pic du Midi SIT TV Flash Search

In the summer of 1982, Kevin Hurley and collaborators (Hurley, private communication) observed
the night sky at Pic du Midi with a wide-field lens on a SIT TV camera in an effort to measure the opt-
jcal flash background rate and perhaps detect an optical counterpart to a GRB. The Pic du Midi system
records images of the night sky at video rates, which are viewed after the fact by 2 human worker. Its
time resolution was 0.04 seconds and its sensitivity m = 5.5. Because of its low angular resolution (one
degree), the Pic du Midi system cannot differentiate between head-on meteors and real celestial optical
flashes, thus making them reliant on simultaneous detection of a GRB by a y-ray satellite to confirm
any optical counterpart. In over 100 hours of observations with a three-steradian field-of-view, no opti-
cal counterparts to GRBs have been reported.
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Figure 2.6: The archived optical transient in the field of GRB0116-29 (19 November
1978), discovered by Schaefer (1981). The upper plate shows the
transient event, found on a 45 minute exposure taken in 1928. The
lower plate was taken of the same field 45 minutes before the upper
plate. The lack of trailing of the burst image puts an upper limit of
500s on the burst duration. The ratio of 1928 optical fluence to the
1978 gamma-ray fluence is 0.001.




2.24.2.2. Two-Schmidt Sky Survey

In October, 1982, a unique set of observations designed to detect celestial optical flashes was car-
ried out (Schaefer, Vanderspek, Bradt and Ricker, 1984b). Simultaneous observations of several
patches of sky were made with identical 0.4m Schmidt telescopes located at the Cerro Tololo Inter-
American Observatory in Chile and at Kitt Peak National Observatory in Tucson, Arizona. Two tele-
scopes were used in order to confirm any optical flashes detected, thus eliminating local sources of opti-
cal flashes. In addition, the 6000 km baseline between the sites allowed the use of trigonometric paral-
lax to recognize sources of optical flashes within ~ 10 AU of the Earth. A total of 890 square-degree-
hours (0.27 sr-hrs) of observations were made, with a median one-second sensitivity of 13th magnitude.
No flashes were detected, resulting in a 30 upper limit on the celestial optical flash rate of 54
flashes/hr/sr at 13th magnitude and 22 flashes/hr/sr at 10™ magnitude.

2.2.4.23. GRB0528-66 Monitoring

Holger Pedersen and co-workers at the European Southern Observatory (ESO) have recently mon-
itored the error box of the peculiar GRB0528-66 (5 March 1979) with a photometer mounted on a 50
cm telescope (Pedersen, et. al.,, 1984). The aperture of the photometer matched the shape of the 3o
level-of-confidence error region of GRB0528-66. The output of the photometer was stored on magnetic
tape. The ESO team has published the detection of three significant optical flashes in 910 hours of
observation of the error region of GRB0528-66. No coincident gamma-ray events were detected by any
satellite operating at the time. Pedersen notes, however, that none of these bursts could have been
detected at Y-ray energies by any of the satellites, based on the ratio Ly/L_, = 10°.

Pedersen’s method, although quite sensitive, suffers from the inability to reject terrestrial sources
of optical flashes. The detector is a simple photometer without any anticoincidence detector, so that
any object moving quickly through the field of view, such as a satellite or meteor, could create a light
curve similar to that of an optical flash. Indeed, the three detections may be consistent with 2 meteor
or satellite crossing the detector field (see Chapter 11).

2.2.4.24. Conclusion

The discoveries by Schaefer (1981; Schaefer, et al., 1984) of optical transients associated with
GRBs have demonstrated that bursts of optical radiation can be expected from GRB sources. The
detection and study of optical radiation from GRBs would lead to better understanding of the GRB
phenomenon. In addition, a comparison of the characteristics of the optical and y-radiation would pro-
vide greater insight into the mechanism of the production of y-rays and optical light in GRBs. Optical
detections of outbursting GRBs would lead to a more precise source localization than presently possible
with y-ray satellites, leading to more fruitful a posteriori observations of the GRB source.

The methods for searching for optical light from GRBs described in the preceding section are all
effective for searching for flashes from limited regions of the sky, yet are ineffective as general moni-
tors of optical flashes from GRBs. To be more specific:

(1) Hurley’s Pic du Midi sky monitor has the advantage of a dedicated, wide-field instrument, yet the
data collected must be analyzed after the fact, in real time, by a human observer. This method is
time-consuming and fraught with human frailities. In addition, the low detector resolution and
the absence of a coincidence detector limit the effectiveness of the method in general.

(2) Schaefer’s archived plate method leaves thousands of plates at the investigator’s disposal, yet no
optical flash detected can ever be confirmed as coming from a GRB. In addition, the method is
very time-consuming, since each plate must be visually scanned by the investigator.

(3) The Two-Schmidt survey method combines large viewing solid angle with a moderately large
observing time, and with its use of coincidence is effective as a survey method. However, it




relies on the acquisition of observing time on two telescopes at the same time, and suffers from
the long analysis time of Schaefer’s method.

(4) Pedersen’s monitoring of GRB0528-66 has the advantage of a being done with a dedicated tele-
scope, but its small field-of-view limits the applicability of the method to a single object. In
addition, its lack of anticoincidence detector significantly reduces its reliability as a detector of
optical flashes from a point source. (This limitation has been recognized by the ESO team, and
they are planning to incorporate a second, imaging instrument operating in coincidence with their
photomultiplier detector).

Ideally, it would be desirable to assemble an instrument which combines the positive features of
all methods: a dedicated, automated, wide-field detector of sudden optical flashes with coincidence
detectors t0 confirm any flashes. Such an instrument is the Explosive Transient Camera (ETC),
described in the following chapters.




CHAPTER 3

Theories of Radiation from GRBs

Introduction

Since the discovery of GRBs (Klebesadel, et al., 1973), many theories have been proposed to
explain the phenomenon of the GRB. It is only in the last ten years that the understanding of the GRB
has progressed to the point where the number of GRB detections has exceeded the number of models
attempting to explain GRBs. The increased number of detected GRBs has enabled workers in the field
to cull out implausible theories of the mechanism and space distribution of GRBs. Still, because of the
large number of unknown facts about GRBs, many theories can still explain the observed characteristics
of GRBs.

With the discovery in 1981 of transient optical radiation from a GRB eror region (Schaefer,
1981), new data about GRB sources have become available. As a result, several new theories of the
production of optical radiation from GRB sources have been proposed since 1981. The discovery of
transient optical radiation from a GRB source has introduced new constraints on the theories of GRB
emission which would predict optical radiation from the same source. Only a few self-consistent
models of transient y-ray and optical radiation from a GRB source have emerged since 1981.

This chapter is designed to give the reader an overview of the most accepted theories of the pro-
duction of gamma-rays and of optical light during a gamma-ray burst. Space limitations dictate that the
discussion of these theories be in the form of short explanations: the reader should refer to the
appropriate reference for more detailed information about a specific model. Ventura (1983), Katz
(1984), and Lamb (1984) also provide excellent reviews of the physics and proposed theories of y-ray
emission from GRB sources.

3.1. Models of Gamma-Ray Production in GRBs

Any theory of GRB production and source location must be able to explain the most common
observed characteristics of GRBs:

1) Short risetimes (0.05 - 1 second).
2) Spectral shape (N(E) - E"'¢®*T, with kT = 100-500 keV).

3) Total energies (based on detected fluences ranging from 102 to 10 erg/cm? and
an assumption of the distance to the source).

4) Line features near 30-70 keV and near 400 keV in some burst spectra.

S5) Pulsations (4-10 second periods) in a few (2-3) burst lightcurves (Mazets, et al.,
1979b; Wood, et al., 1981).

6) Low quiescent flux in energy bands from radio to y-rays.
7) An estimate of the recurrence rates of some GRBs of the order of 1 yr'! (Schaefer

and Cline, 1985), based on the detection of three archived optical transient
events of Schaefer, et al (1984a).
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Because of the wide variety of detected GRB characteristics, it is possible that no single GRB theory
can explain every characteristic of every observed GRB.

3.1.1. GRB Spectral Shape and Features

The physics explaining the continuum shape and low-energy features of a GRB spectrum are in
principle independent of the physics J&Iaining the other GRB characteristics. The energy dependence
of the GRB continuum spectra (E"'¢’2XT) are consistent with the emitting material being an optically-
thin plasma. The 30-70 keV line feamres are consistent with cyclotron emission (or absorption) lines
from an optically-thin plasma in a high (* 10> Gauss) magnetic field.

The energy dependence of the continuum spectra can be described by a variety of different
models. Liang (1984b) points out that single-temperature thermal bremsstrahlung or inverse-Compton
models cannot explain GRB continuum spectra because the high-energy cutoff (at a few times kT)
predicted by these models has not been observed. The thermal synchrotron model of Liang (1984a) fits
the observed spectra well out to high energies and predicts the 30-70 keV line features. However, Liang
(1984a) notes that the exponential continuum shape can be explained by any number of models. (For a
good review, see Lamb (1984)).

3.1.2. The Energy Sources of GRBs

As discussed in section 2.1.1, the observed characteristics of GRBs (short risetime, pulsations,
gravitationally-redshifted e*e’ line) point to a neutron star as the source of the burst. Various energy
sources have been proposed to power the burst, including the neutron star’s gravitational and rotational
energy, the gravitational energy of impacting matter and the nuclear energy of matter on the surface of
the neutron star. These energy sources will be discussed in the sections below.

Several models of the energy source of GRBs require a companion star and/or an accretion disk.
The existence of a companion has profound consequences for the detection of a quiescent source: any
companion star or accretion disk would most likely be more visible than the neutron star primary in the
optical band, and any significant accretion onto local (d<”200 pc) neutron stars will create an X-ray flux
detectable at the Earth (see Rappaport and Joss (1985) and section 3.1.2). These models are also
important in the discussion of mechanisms producing optical burst radiation to follow in section 3.3.

Most models of the source of the total energy of GRBs are based on an assumption of the dis-
tance to the GRB source. The theories of y-ray production from a local (d < 500 pc) distribution of
GRB sources will propose total burst energies in the range of 10*-10% erg (based on the range of
detected fluences of 107>-10"7 erg/cm?). The theories of y-ray production from an extended-halo popu-
lation of GRBs (d > 50 ?c). or to explain GRB0528-66 (5 March 1979) as being in the LMC, derive
total burst energies of 10°°-10** erg.

It should be noted that the Eddington luminosity for a 1.4M,__ neutron star is ~ 10** erg/s. Any
GRB mechanism which predicts significantly super-Eddington luminosities has to contend with a frac-
tion of the total burst energy going into the kinetic energy of matter driven from the surface of the neu-
tron star by radiation pressure (Colgate and Petschek, 1981). One proposed means of avoiding this
problem is to confine the ejected matter near the surface of the neutron star with a large surface mag-
netic field, thereby increasing the y-ray production efficiency of the burst (Woosley and Wallace, 1982).

The following sections contain discussions of some of the more widely-accepted mechanisms for
the production of GRBs. Each section is based on the source of the energy of the GRB, as follows:

1) Sudden accretion of matter onto a neutron star, which liberates ~ 10*° ergs of gravi-
tational energy per gram of accreted matter.

2) Thermonuclear detonation of accreted matter on the surface of the neutron star,
which liberates - 10°%-10 ergs in y-rays (Woosley and Wallace, 1982).

3) Physical changes in the state of the neutron star, which may liberate large amounts
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of energy (up to ~ 106 ergs).

The energies quoted here are total energies liberated by the particular mechanism. The energy of the
GRB in y-rays depends of the efficiency of the burst mechanism.

3.1.2.1. GRB Production by Sudden Accretion onto a Neutron Star

The sudden accretion of matter on to a neutron star involves the collision of a 5-10 km solid
body with a neutron star. Various theories have been put forth describing the effects of such a colli-
sion. A body approaching close enough (within ~10° km) to a neutron star is broken up tidally and
continues to orbit the neutron star as a stream of particles. These particles can lose enough of their
angular momentum (o the neutron star's magnetic field to strike the star, releasing GM, /Ry = 10°°
ergs per gram of accreted matter in gravitational energy. Most of this energy would appear as thermal
X-rays from the heated neutron star’s surface, but nuclear collisions and non-thermal radiation from
infalling and re-ejected material could lead to an appreciable y-ray flux (Colgate and Petschek, 1981).

Colgate and Petschek (1981) and Van Buren (1981) discuss event rates based on impacts of inter-
stellar asteroids onto neutron stars, while Joss and Rappaport (1983) propose the ia situ formation of
asteroids in a cold accretion disk. Harwit and Salpeter (1973) and Tremaine and Zytkow (1985)
explore the energetics and event rate of collisions of comets from a comet cloud about a neutron star or
white dwarf.

3.1.2.1.1. Collision of an Asteroid with a Neutron Star

Colgate and Petschek (1981) analyze the direct collision of a § km body with a neutron star. In
their model, the body is tidally disrupted within “10* cm: the resulting matter is deformed tidally and
thermally into a long (" 10 km), thin ("3 mm) curtain of matter, which strikes the neutron star surface
along a line of magnetic longitude. The total impact time of the matter is of the order of 1 ms. The
impact sends up a plume of plasma, which then radiates in the magnetic field of the neutron star. The
total gravitational energy available for the burst is ~10*° ergs from a body with m = $5x10'%g. A strong
surface magnetic field is required in this model to confine the bursting material. If no magnetic field is
present, the efficiency of the GRB would be low because the impact energy is converted to the kinetic
energy of material ejected by radiation pressure.

This model does not require any neutron-star companion or accretion disk and does not predict
any detectable quiescent flux in any energy band. However, the recurrence rate based on the random
collison with an asteroid-sized body with a neutron star has been estimated to be low (a few times 107
yr'!; Newman and Cox (1980)). Calculations by Van Buren (1981) of the rate of collisions of interstel-
lar asteroids deflected by gravitational interactions with a planetary system about the neutron star
(thereby increasing the collision cross-section of the neutron-star system) have yielded slightly higher,
yet similarly low collision rates (" 10° yr').

Joss and Rappaport (1983) have proposed the possibility of the condensation of iron-nickel bodies
at a rate of up to ~1 yr' from a cold accretion disk about a neutron star. In their scenario, the neutron
star is in a close orbit with a low-mass companion from which matter had been accreting for several
billion years. When the companion mass drops below a certain level, the rate of accretion to the disk
and onto the neutron star drops steadily. The viscosity of the disk may then very well decrease, in
which case the disk cools slowly until the temperature is such that iron-nickel grains could condense
out of the disk. These grains would settle into a thin plane inside the accretion disk and condense into
asteroid-sized bodies by a series of inelastic collisions. The resulting body could then possibly give up
its angular momentum to the neutron star’s magnetic field, causing it to strike the neutron stdr surface
and create a GRB as in the model of Colgate and Petschek (1981).

This scenario has many positive aspects. The recurrence rate estimated by Joss and Rappaport
agrees well with the estimates of Schaefer and Cline (1985). The absence of accretion onto the neutron
star’s surface accounts for the absence of a quiescent X-ray flux. In addition, the existence of an accre-
tion disk and companion has important implications for some theories of the generation of optical radia-
tion, as will be seen in section 3.3.
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3.1.2.2. Impact of a Comet onto a Neutron Star

Harwit and Salpeter (1973) have proposed that GRB could be produced on a regular basis by
impacts onto a neutron star of comets from a comet cloud surrounding the neutron star. In their model,
comets straying within - 10° km of the neutron star are tidally broken up into a stream of smaller bodies
which spread along the comet’s orbit. Comets with periastron distances much less than 10° km are
compressed and heated and spread into a set of orbits about the neutron star., Disrupted comet matter
could lose its angular momentum to the magnetic field of the neutron star and then be guided onto the
surface of the neutron star along magnetic field lines. Such a collision of a comet of mass 3x10'g
would release ~3x10%" erg of gravitational energy: if ~3% of the available energy were released in the
GRB (a very uncertain estimate), ~ 10* ergs of energy would be available for the burst.

Harwit and Salpeter did not discuss a key aspect of the creation of GRBs by the impact of comets
from a comet cloud about the neutron star: the retention of the comet cloud by the neutron star during
the formation of the neutron star. Their model has been reanalyzed by Tremaine and Zytkow (1985).
Besides rediscussing the basic aspects of the collision of a comet with a neutron star, Tremaine and
Zytkow address the problem of the retention of the comet cloud during the formation of the neutron
star. They conclude that it is indeed possible to create a neutron star without losing the cloud of
comets present around the parent star, thus enabling the system to be a possible source of GRBs.

In their paper, Tremaine and Zytkow note that a cloud of comets orbit a star at a mean distance
of “20,000 AU is very loosely bound to the star (the escape velocity is of the order of 1 knvs). If, dur-
ing the creation of a neutron star from the parent star, the neutron star is given a peculiar velocity
significantly greater than ~ 1 knvs, the comet cloud will not remain bound to the neutron star. Measure-
ments of pulsar radial velocities indicate that many neutron stars are created with high peculiar veloci-
ties, presumably due to asymmetries in the supernova explosion creating the neutron star. At typical
velocities of “100 kmv/s, such a neutron star would escape a cloud of comets at a mean distance of
20,000 AU from the progenitor star (which has an escape velocity of the order of 1 knvs) within 10°
years, Tremaine and Zytkow discuss four scenaria for the creation of a neutron star with low enough
peculiar velocity so that the comet cloud remains bound. These scenaria are:

1) The symmetric type II supemova explosion of a single massive star. Tremaine
and Zytkow quote results of calculations by Hills (1983) that imply that a good
fraction (roughly half) of the comets in high eccentricity orbits would remain
bound during a sudden mass loss by the central star. The fraction of type II
supernovae that satisfy this criteria is unknown.

2) The creation of a neutron star in a cataclysic variable due to mass accretion by the
white dwarf until its mass exceeds the Chandrasekhar limit. The result is a
binary system, generally including a neutron star and a low-mass secondary.
Those systems which would retain their comet cloud would have secondaries
with masses less than 0.03M___. (This binary system is very similar to one pro-
posed by Rappaport and Joss (1985) to explain optical flashes from GRBs (see
section 3.3)).

3) The creation of a neutron star from a white dwarf accreting matter from o giant
companion in a wide binary orbit. Tremaine and Zytkow propose that the
resulting system would be a neutron star in orbit with the white dwarf core of
the giant companion. The peculiar velocity of the resulting system would be
small due to the its large period.

4) The merging of a close pair of white dwarfs, possibly creating a Type I supernova
and/or neutron star.
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The analysis of the physics of the interaction of the comet with a neutron star is similar to the
analysis of Colgate and Petschek (1981). The comet is tidally disrupted at a distance from the neutron
star dictated by the tensile strength of the cometary material. Gravitational forces compress the dis-
rupted comet into a long, thin stream of conducting material, which can lose angular momentum to the
neutron star’s magnetic field through the generation of Alfven waves. If the energy loss by the come-
tary material is not large enough to allow the material to strike the neutron star, the probability is high
that the material will impact the neutron star in a following passage. Indeed, since the maximum
impact parameter for accretion on the first encounter is relatively small, most bursts will occur when the
comet is disrupted on the first pass by the neutron star and accretes on the second pass. The total time
in which the cometary material strikes the neutron star depends on the extent of its spread during previ-
ous encounters with the neutron star. GRBs of duration 0.1 to 30 seconds are in principle allowed by
this model, with burst times less than one second restricted to comets with an impact parameter of less
than a few hundred kilometers.

The estimated rate of impacts onto the neutron star by comets "straying” near the neutron star is
“10*yr’! for either a solitary neutron star or one in a binary system. Tremaine and Zytkow note that
Hills (1981) has pointed out that a close encounter of the comet cloud with a field can create a rela-
tively brief period (duration ~30,000 years) of high comet influx into the neutron star system. During
these periods, the observed impact rate is enhanced: burst recurrence rates of 1 yr! are easily
explained by this model. As a result, the mean impact rate increases to ~ 103 yr' Tremaine and Zyt-
kow emphasize that these numbers are conservative and fairly uncertain, and that the rates could be
much higher.

The intriguing possibility of creating bursts of optical radiation by impacting a comet onto the
white dwarf companion of the neutron star is discussed further in section 3.3.1.

3.1.2.2.1. Unstable Accretion of Interstellar Matter

Lipunov et al. (1982) propose that interstellar material can accumulate as an envelope of matter
in the magnetosphere of a highly-magnetized neutron star. When enough matter has accumulated, the
envelope becomes unstable and accretes quickly onto the poles of the neutron star, releasing ~ 10*7 ergs
of gravitational energy. The accretion rate, and therefore the recurrence time, is very sensitive to the
neutron star velocity. Slower neutron stars will accumulate mass more quickly than faster ones and will
therefore recur more often. Lipunov estimates a recurrence time of (0.1 years)*(0.1V)®, where V is the
neutron star’s velocity in kimvsec. According to this model, then, a neutron star with V=100 km/sec will
therefore recur every ~ 100 years.

3.1.2.3. GRB Emission from the Detonation of Accreted Matter

Woosley and Wallace (1982) and Fryxell and Woosley (1982) propose models of GRB production
in which matter accreted onto a neutron star from a companion star or accretion disk ignites explosively
to create a gamma-ray burst. Matter (mostly hydrogen) accreting from an accretion disk onto a neutron
star accumulates on the surface of the neutron star and fuses non-explosively into helium. The accreted
matter can collect in a kilometer-sized area , either due to the funneling of the matter onto the poles of
the neutron star by the strong magnetic field or due to the presence of "wrinkles” in the magnetic field
at the neutron star surface (Woosley and Wallace, 1982). The accreted hydrogen and helium form 2
"blister” on the surface of the neutron star. The blister measures tens of meters deep and has a surface
are of the order of ~1-10 km?. The matter in the blister will tend to spread over part of the neutron star
surface: the extend of the spread determines the total mass of the blister at the time of detonation, and
30 the energy of the burst. When the pressure and temperature at the base of the blister reach the point
where helium at the base of the blister undergoes runaway thermonuclear fusion, a blast wave of fusion

ates through the blister, releasing 10°*-10*° ergs in y-rays per km? of accreted matter. The hot (T
= 10°-10'° °K) plasma thrown up by the explosion interacts with the magnetic field of the neutron star,
creating the GRB.
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It should be noted that matter accreting onto the surface of a neutron star will emit X-rays.
Depending on the distance t the source and the mass transfer rate, these X-rays may be detectable at
the Earth. According to Rappaport and Joss (1985, equation 4), the quiescent X-ray flux of GRBO116-
29 (10 erg/cm?s; cf. section 2.2.3) is such that the recurrence time between bursts is 4x10° years if
the source is at 100 pc, 3500 years at 1 kpc and four months at 100 kpc, assuming isotropic emission.

Application of this model to GRB0116-29 (19 November 1978) presents some difficulties. The
apparent detection of two bursts from this source within SO years imply an accretion rate which would
create the detected X-ray flux if the source is at a distance of ~8 kpc. On the other hand, a total burst
energy of ~10°® ergs places GRB0116-29 (fluence = 3.2x10™ erg/cm?) at a distance of 50 pc from the
Earth. Since all models of optical radiation from GRBs favor a local (d < 100 pc) population of GRB
sources, it is probable that either this model does not apply to GRB0116-29 or the X-ray flux is from a
serendipidious source in the error region of GRB0116-29.

3.13. GRB Emission from Phase Changes inside a Neutron Star

A phase change inside a rotating neutron star is usually seen as a starquake accompanied by a
release of energy from the neutron star. Pulsar "glitches”, where the period of a pulsar changes sud-
denly and discontinuously, are thought to be associated with some change in the physical state of the
neutron star. The amount of energy release in a neutron star glitch is roughly E ___(AP/P), where AP is
the change in the neutron star rotational period P. Pulsar glitches have been observed at intervals of
“10 years, so each glitch model would allow recurrence times of the order of 10 years.

In pulsar-glitch models of the production of GRBs, the starquake in the neutron star causes a sud-
den change in the magnetosphere of the neutron star, which creates a strong electric field near the neu-
tron star surface. This electric field pulls charged particles from the surface of the neutron star, which
than radiate in the neutron star magnetosphere. The fraction of the energy released by the glitch that
appears in fast particles and the total energy radiated in y-rays is model-dependent.

Several theories of GRB production from starquakes have been proposed, with different results.
Mitrofanov (1984) has calculated that a starquake in an oid pulsar could release of the the order of 10*
ergs of the gravitational energy of the neutron star ("10°° ergs), based on the assumption that the
change in the neutron star period is accompanied by a change in the neutron star radius, and that AP/P

= AR /R . Pacini and Ruderman (1974), on the other hand, calculate total energies of ~10°° ergs,
assuming the GRB derives its energy from the rotational energy of the neutron star (E oo = 10%
erg for a neutron star with a period of 6s).

The starquake model of GRBs are, in principle, capable of creating the short risetimes (10-500
ms) seen in GRBs. If the source of the GRB energy is the rotational energy of the neutron star, the
characteristic timescale of radiation of energy is the time needed for an Alfven wave to cross the neu-
tron star magnetosphere, which is about 1 ms (Lamb, 1984). If the energy source is the gravitational
energy of the neutron star, the characteristic timescale of energy conversion is the orbiting time of a
particle just above the neutron star surface, which is 0.1 ms (P. Joss, private communication).

Because of the six orders of magnitude difference in the burst energy predicted by the models of
Pacini and Ruderman (1974) and Mitrofanov (1984), the mean distances to GRB sources predicted by
the two theories differs by three orders of magnitude. As a result, the two theories prefer different
source distributions: Pacini and Ruderman have proposed a local GRB source population, while
Shklovskii and Mitrofanov (1985) have proposed an extended-halo GRB source population based on the
model of Mitrofanov (see section 3.2).

*Assuming the X-rays are emilted isotropically from the neutron siar: if the emission occurs in a small area on the surface of
the neutroa star, the distances to the source will decrease as the ratio of the emission area to the ares of the neutron star. However,
any sigaificant concentration of emission onto one spot on the surface of the neutron star would most likely be noticed as the neu-
troa star rotastes; yet, 00 reports of pulsations in the quiescent X-ray flux have been published.
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3.2. The Distribution of GRB Sources

Since GRBs are thought to originate near the surface of neutron stars, some insight into the space
density of GRB sources can be gained by an analysis of the space density of neutron stars. Isotropy
arguments (section 2.1.4) point to a spherical distribution of detected GRB sources about the Earth.
The GRB sources are either close to the Earth (d < 100-300 pc) or in an extended halo about the
Galaxy (d = 50 - 200 kpc).

The present best estimate of the rate of creation of neutron stars is ~0.03 yr'! (Shklovskii and
Mitrofanov, 1985). If this rate has persisted throughout the life of the Galaxy (" 10 % years), there have
been N = 3x10° neutron stars created in our Galaxy. If only a fraction, f,, of these neutron stars
are responsible for GRBs observable by present insruments (perhaps because only a fraction of all neu-
tron stars can create GRBS, or perhaps because only a fraction of all neutron stars are close enough to
be detected in outburst), then there are f . N observable GRB sources in the Galaxy.

If one can assign some sort of mean recurrence time, t_, to GRBs as a population, then the
observed GRB detection rate (of the order of 30 yr') can be compared with the exp- ed rate
f /t__. From this comparison, it is clear that if every neutron star is a potential site o1 4 detect-
a dhﬂ"(fm = 1), the mean recurrence time is ~ 107 years. On the other hand, if the recurrence time
of about one year calculated by Schaefer and Cline (1985) is correct, the value of f.; is 107.

Shklovskii and Mitrofanov (1985) point out that typical pulsar peculiar velocities are high (~100-
200 kimvs) and that, therefore, the galactic population of old pulsars is spherically distributed within
100-200 kpc of the center the Galaxy. It is not clear whether this statement can be made of neutron
stars in general. First, the observable pulsars make up only a small fraction (<10%) of the expected
number of young (age < 10° years) neutron stars in the Galaxy. Second, Tremaine and Zytkow (1985)
have suggested four scenaria for the production of neutron stars with low peculiar velocities (cf. section
3.1.2.2), implying that not all neutron stars are bom with velocities typical of pulsars. Neutron stars as
a group have some intrinsic velocity function: the validity of the use of pulsars as a tracer of this func-
tion is questionable.

Shklovskii and Mitrofanov have used the arguments listed above and suggested that GRBs belong
to a class of "switched-off” radio pulsars. These old pulsars all have high peculiar velocites (>100
kmvs) and populate an extended halo about the Galaxy at a mean distance of ~ 100 kpc. The old pulsars
create GRBs through the mechanism proposed by Mitrofanov (1984), described in section 3.2.3.3.
Shklovskii and Mitrofanov suggest that high peculiar velocity, early pulsar activity and late GRB
activity are intimately related: only fast, old pulsars are capable of bursting. Because the fast pulsars
are far away from the plane of the Galaxy before they start their bursting phase, no nearby GRBs can
be expected. In this case, the value of f_ . is just the fraction of all neutron stars capable of pulsar
activity and, therefore, of GRB activity. 1t this value is roughly 0.05 (from the ratio of the number of
known pulsars to the number of neutron stars expected to have been created in one pulsar lifetime (* 10°
years)), then there are roughly 10’ GRB sources; the average recurrence time is, then, ~5x10° years.

- On the other hand, perhaps most (>~ 50%) neutron stars are potential GRB sources, and the
observed GRBs are distributed close to the Earth. The fraction, f, of all neutron stars capable of GRBs
would be dictated by the mechanism of the burst: if, for example, all GRB source are in binary sys-
tems, then the value of f would be dominated by the fraction of binary systems which would allow and
survive the transformation of one member into a neutron star. :

It is interesting to examine the specific case where ©_ =1 yrand f___ = 10", If all neutron stars
are evenly distributed within 100 kpc of the center of the Galaxy, aﬁn all neutron stars are GRB
sources, then the nearest 10'N_ GRB sources wiuld be located within 300 pc of the Earth. If T = 10
yr, the distance scale increases to “600 pc. Pacini and Ruderman (1974) have suggested that GRB
sources are distributed in a disk 2 kpc thick in the plane of the Galaxy. If the radius of this disk is 15
kpc, the nearest 300 GRB sources (corresponding t T, = 10 years) are located within 70 pc of the
Sun.
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3.3. Optical Radiation from Gamma-Ray Burst Sources

Since the discovery of transient optical radiation from outbursting GRB sources, several theories
have been published attempting to explain its existence. The number of theories has remained small to
date, much lower than the number of theories originally proposed to explain y-ray emission from GRBs.
The emission of optical light is much more strongly constrained by observations than the emission of
y-rays. Specifically, any theory of optical emission from GRBs must satisfy the following requirements:

1) The ratio of gamma-ray to optical fluence, F{F , must be of the order of 10°.
This value was determined from the three arcopf\ived optical flashes found by
Schaefer (1981) and Schaefer, et al. (1984a), assuming a short (<" S second) opt-
ical burst time. This ratio could drop by a factor of several if the duration of
the optical flashes significantly exceeds a few seconds (Rappaport and Joss,
1985).

2) The quiescent blue magnitude of the object my>23, based on various deep
searches of small GRB error regions.

3) The duration of the optical flash, T, Must be less than ~500 seconds, based on
the limit of image trailing in the 1928 archived optical flash found in the error
region of GRB0116-29 (Schaefer, 1981).

The theories describing optical emission from GRBs describe the emission as being either 1) an
integral part of the burst emission spectrum, or 2) a by-product of the burst (such as in the absorption
of high-energy photons from the burst and their re-emission at optical wavelengths). Each of these
types of emission model brings new restrictions on the mechanism producing the optical radiation.

It has been noted by several workers in the field that if the mechanism of emission of optical
radiation is thermal, the radiation cannot be emitted at or near the surface of a neutron star because of
the neutron star’s low surface area. (Katz (1985) calculated that the brightness temperature of the
archived 1928 optical flash was ~10'® °K (based on an estimate of m =3 for T_=1s; if Top = 3005, T, is
still greater than 10'* °K). Because typical temperatures seen in GRBs are of ‘the order of 10° °K, Katz
concluded that any mechanism producing optical radiation from the surface of a neutron star must not
be thermal in nature.)

Schaefer and Ricker (1983) calculated that if the optica! emission process is thermal, the emission
must come from a region of radius 2 10® cm (for a GRB source distance of ~ 50 pc) in order to be able
to explain the optical flux at the Earth. Katz (1985) also noted that if the optical light is the result of
thermal reprocessing of -rays from the burst in a neighboring object (a companion star and/or accretion
disk), the quiescent temperature of the reprocessing surface must be ~1600°K to be able to explain the
20 magnitudes difference between the quiescent and outburst visual magnitudes.

Several theories for the production of optical light from GRBs have been proposed to date:

(1) Tremaine and Zytkow (1985) noted that thermal optical and UV radiation would be produced by
the impact of a comet onto the surface of a white dwarf. This interaction would lead to
optical/UV bursts with no GRB counterpart.

(2) Woosley (1984) proposed that optical light could be produced by cyclotron radiation at a distance
of ‘10'y cm from a highly-magnetized, outbursting neutron star. Woosley's assumptions on the
structure and content of the neutron star magnetosphere are rather uncertain, yet are critical to the
details of his model. For this reason, Woosley states that his results are uncertain but that the
observational criteria could "in principle” be satisfied.

(3) London and Cominsky (1983) first investigated the reprocessing of y-rays from a GRB on a
main-sequence companion star. Their model, which did not work for a main-sequence
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companion, was improved by work of Rappaport and Joss (1985), whose model is able to explain
the observed characteristics.

All of these theories point to a local ("100 pc) distribution of GRB sources. Some details of
these theories are listed below.

3.3.1. The Impact of a Comet onto a White Dwarf

An interesting possibility presented by the model of Tremaine and Zytkow (198S) is for the crea-
tion of GRBs from neutron star impacts of comets from a comet cloud about the neutron star (cf. sec-
tion 3.1.2). In the case of the formation of a neutron star by accretion of matter from a giant compan-
ion, impacts of comets onto the white dwarf remnant of the giant companion could give rise to bursts of
radiation in the UV and optical bands from the heated surface of the white dwarf. The gravitational
energy released in the impact is inversely proportional to the radius of the star impacted, so the ratio of
optical to y-ray burst energy would be wry O ~107, which is consistent with observations. Typi-
cal quiescent absolute magnitudes of white dwarfs of M=11-16 yield source distances of ~250-2500 pc
(given that the minimum quiescent visual magnitude of a GRB source is “23). The intriguing aspect of
this theory is that optical and y-ray bursts would not be simultaneous, since comet impacts onto the
white dwarf are independent of impacts onto the neutron star. The impact rate onto the two stars would
be comparable, so the y-ray and optical burst rates from the system would be comparable.

This theory can also easily be extended to solitary white dwarfs which have retained their Oort
cloud. The same analysis of event rates applies to a solitary white dwarf as to a solitary neutron star:
the average impact rate is ~10” yr!, with periods of comet storms when an average impact rate of ~ 1
yr! can easily be achieved.

3.3.2. Self-absorbed Cyclotron Emission

Woosley (1984) proposes that optical radiation emitted from a GRB is cyclotron radiation intrin-
sic to the GRB itself. In his model, gamma-rays from the burst strike and accelerate electrons in the
neutron star magnetosphere (whether from a burst wind or from accretion). These electrons then gyrate
in the magnetic field of the neutron star and emit cyclotron radiation. The Y-ray emitting region near
the neutron star is optically thick to the cyclotron fundamental frequency and its first “ 100 harmonics,
leading to self-absorption of the cyclotron radiation. Due to Doppler smearing of the lines and the
magnetic field gradient (assuming a roughly dipole magnetic field about the neutron star), the emitted
radiation is the Rayleigh-Jeans tail of a blackbody spectrum, spanning the energy range from the cyclo-
tron fundamental to the ~ 100th harmonic.

In a dipolar magnetic field with surface strength of ~ 10'> Gauss about a neutron star, the cyclo-
tron energy at a distance of 10°® cm is 0.046 eV (27 um), so the emitted spectrum, which spans a factor
of ~100 in energy, covers the range of “2700 A to 27 um, which includes the optical band. With this
model and taking into account the large uncertainties in the magnetic field strength and distribution and
the electron density distribution about the neutron star, Woosley states that the observed ratio of F/F_
of “10° could be achieved. The duration of the optical flash would be the same as that of the KB
(tmslws). and the intrinsically faint neutron star satisfies the criterion of a faint quiescent source.

Because of its general applicability, the Woosley model of optical radiation from GRBs should be
valid in any case: i.e., optical radiation should be emitted from virtually every GRB at some level. The
validity of the application of this model to the optical transient events detected to date depends on
whether the observed ratio of F./Fm can be achieved.

3.3.3. Reprocessed Gamma-Radiation

London and Cominsky (1983) have proposed that optical radiation could be produced by the
reprocessing of GRB y-rays in a close companion star. They have roughly calculated the brightness of
the absorbing surface of a close (separation - 10'' cm) main-sequence or white-dwarf companion.
They concluded that although this scenario would indeed produce optical light, it was inadequate to
explain the observed quiescent criteria. Specifically, they found that their proposed binary companion
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object was 0o bright and should be detectable if it were a main-sequence star or white dwarf. (As a
reference, a star of m, = 23 at a distance of 100 pc has an absolute magnitude of 18. Typical white
dwarfs have absolute magmmda of 11-16 and main sequence stars have absolute magnitudes of up to
M=9).

Rappaport and Joss (1985) improved on the analysis of London and Cominsky by considering a
low-mass brown dwarf as a companion. They found that this system could produce optical radiation
which satisfied the observed criteria over a range of companion masses, burst energies and source dis-
tances. Their model favors a companion mass of M <0.05 M, ., quiescent temperature T . <1800°

Md b?l?teﬁn %Mmsneﬂeg(sguf?aomsﬁm ?er, et al. (l’é)sg)c).m <250 pe for Schacfer’s

3.4. Discussion

The previous sections have outline the various theories for the production of y-rays and optical
bursts. Many possible steilar systems were proposed to explain GRBs and optical transients. However,
only a few stellar systems were able to act as the source of both GRBs and optical transients. These
scenaria are the most important for instruments such as the Explosive Transient Camera, since one can
hope to learn about GRB sources from optical transients directly associated with the GRB itself,

The model of optical radiation from GRBs proposed by Woosley predicts optical burst radiation
from virtually all GRBs, regardless of the GRB production mechanism. The optical burst would have a
duration comparable to that of the GRB, and the optical light curve would be very similar to the y-ray
light curve, after accounting for the smearing of the optical light curve features ove the larger optical
emission region. The Woosley model of optical radiation from GRBs would therefore predict optical
transients of short duration (a few seconds) with light curves that track the y-ray light curve well.

On the other hand, the models of Rappaport and Joss (1985) and Tremaine and Zytkow (1985)
both predict optical burst durations of tens to hundreds of seconds. All of these models require ¥
ray/optical burst sources to be in binary systems. The only scenario of the model of Tremaine and Zyt-
kow that allows GRBs and optical transients from the same binary system places the neutron star in a
wide binary orbit with a white dwarf. The optical and y-ray bursts are created by the impact of a comet
with the white dwarf and the neutron star, respectively. In principle, of course, the y-ray burst could be
created by many of the y-ray production mechanisms described above. The model of Rappaport and
Joss puts the neutron star in a close binary orbit with a low-mass dwarf star. In their model, GRBs are
created by virtually any mechanism described in section 3.3. The optical radiation would be y-radiation
from the neutron star, reprocessed in the surface layer of the companion star.

Both optical reprocessing models predict similar optical burst durations, consistent with the upper
limit of Schaefer (1981). The model of Raggapon and Joss predicts optical burst duration of <500s. In
order to satisfy the constraint of F the model of Tremaine and Zytkow predicts that the tem-
perature of the white dwarf surface d’unng outburst is ~9000° K, so that most of the thermal energy of
the burst emerges in the blue band. In that case, the burst duration would be ~100s (based on a total
burst energy of 10°® ergs and a white dwarf radius of 10° cm).

Both of these models explicitly predict that the y-ray and optical burst rates from such systems
should be similar. The main difference between the models is the timing of the y-ray and optical
bursts. Woosley (1983) and Rappaport and Joss (1985) predict simultaneous optical and y-ray bursts,
while Tremaine and Zytkow implicitly predict independent GRBs and optical transients. The prediction
of the model of Tremaine and Zytkow that isolated white dwarfs will not be able to differentiate
between the models, since the calculated optical transient rate from solitary white dwarfs is very low
(see Chapter 10).

I



CHAPTER 4

The Concept of the Explosive Transient Camera

Introduction

The discovery in 1981 of an apparent optical transient associated with a gamma-ray burst error
region (Schaefer, 1981) sparked the interest in trying to detect optical light from a GRB source in out-
burst. Specifically, it became clear that an insument to monitor the full sky for optical transient
events was needed to complement the y-ray detectors currently in operation in deep space. Data taken
from y-ray and optical transient detectors operating in parallel would provide useful information about
the nature and mechanism of GRBs.

In early 1982, George Ricker and co-workers at MIT began the conceptual development of an
automated, wide-field instrument to detect celestial optical flashes from space. This instrument, dubbed
the Explosive Transient Camera (ETC), would be sensitive to increases of brightness of celestial objects
on timescales of 1-4 seconds. The design, construction and testing of a sub-unit of the plenary ETC
began in the Spring of 1983.

The ETC would be a very effective ground-based sky monitor, combining a large viewing solid
angle (1.5 steradians) with the large observing time available to a dedicated, automated instrument.
As a detector of celestial brightenings on timescales of 1-4 seconds, the ETC would investigate an
entirely new range of parameter space in astronomy, since most astronomical measurements are made
on timescales of minutes to hours (standard imaging or spectroscopic observations) or milliseconds
(photometric studies with photomultiplier tubes). It is quite possible, therefore, that the ETC may
detect optical transients with no astrophysical precedent.

The following chapters describe the ETC test instrument and the operations of the ETC in detail.
This chapter discusses the ETC as it will stand in its final configuration; a description of the operation
operation of the ETC will follow in Chapter 5. Chapters 6 through 9 describe the test instrument and
the details of the software-controlled operation, data flow and instrument control in the ETC.

4.1. The Plenary ETC

The plenary ETC will consist of 32 CCD cameras monitoring the night sky. Each CCD camera
consists of a wide-field lens illuminating a cooled CCD, resulting in a 15° x 20° field-of-view. The 32
CCD cameras will monitor 16 15° x 20° fields: two CCD cameras will monitor a given patch of sky. In
this way, the ETC will operate in coincidence: no optical flash detected in one camera will be con-
sidered real unless confirmed by the detection of a flash at the the same celestial coordinates in the
other camera monitoring the field. Operating the CCD cameras in coincidence virtually eliminates the
possibility of the detection of false optical flashes due to local effects, either in the CCD or in the
immediate vicinity of the cameras.

The two sets of 16 CCD cameras will be located on two sites separated by ~ 1.5 km on Kitt
Peak, near Tucson, Arizona. (Site 1 is located on the summit of Kitt Peak; Site 2 will be located on
the southwest ridge of Kitt Peak, near the picnic area and the NRAO 12m telescope: see Figure 4.1).
Sources of optical flashes located in the Earth’s atmosphere can be recognized by virtue of the parallax
afforded by the distance between the two sites. The precision of localization of an optical flash by an
ETC camera is 1.5 arc-minutes, sufficient to recognize (and reject as non-celestial) sources of optical
flashes at altitudes of up to 3000 km.
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Site 2:
16 ETC Cameras

/

Intersite communications link
(Fiber-optic cables)

< 1.4 km —————»

Figure 4.1: The proposed layout of the full-up ETC at Kitt Peak. Site 1, presently
the location of the ETC test unit, is the former Airglow Laboratory and
Twelve-inch Schmidt Dome on the summit of Kitt Peak. Site 2 is to be
located on the southwest ridge at Kitt Peak, several hundred meters
east of the sites of the NRAO and McGraw-Hiil telescopes. Intersite
data flow will likely be over fiber-optic cable. The Rapidly Moving
Telescope (RMT) will be located in the refurbished Airglow Laboratory
adjacent to the ETC dome at Site 1. Through the use of two sites,
terraestrial sources of optical flashes (such as satellites and meteors)
can be eliminated by the use of parallax afforded by the separation
between the sites.
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4.2. ETC Observations

The sixteen cameras at each site will be mounted on two sidereal drives, which will track the sky
in order to avoid the smearing of stellar images (see Figure 4.2 for an illustration of the layout of eight
ETC cameras on one tracking drive). Each set of eight cameras will begin observations at a predeter-
mined hour angle east of the meridian and monitor the sky for about two hours. The drives will then
slew back to their original hour angles and monitor a new patch of sky for the next two hours.

The plenary ETC will be entirely automatic. Operations will be initiated by a human user: the
ETC computers will then be in complete control of the the ETC instrument and operations. The ETC
will operate between evening and morning astronomical twilight, and then only under photometric or
nearly-photometric conditions. The continuous monitoring of weather sensors near each site will allow
the ETC control computer to know whether precipitation is present or imminent and thus whether the
protective dome should be closed or not opened. The ETC will be able to tell whether the sky is
cloudy from an analysis of stellar brightnesses in the CCD camera images; thus, the ETC will be able
to judge the quality of the night sky and from this, to be able to determine whether observations should
commence or continue. Synthesized voice communication will allow for telephone calls for human
assistance or intervention if required.

Observations with the ETC consist of a series of contiguous, short (1-4 second) exposures of the
night sky. The observations are controlled and directed by a small, powerful microprocessor known as
the Overseer computer; the real-time analysis of ETC image data (at a rate of 10° bytes/camera/second)
is done by a Trigger processor associated with each camera. The plenary ETC will consist of one
Overseer computer, 32 CCD cameras and 32 Trigger processors analyzing CCD image data in parallel.
During observations with the ETC, all CCD images are read out simultaneously at regular intervals of
1-4 seconds. Since the duty cycle of the ETC is 100% (i.e., a new integration in each CCD commences
immediately after the readout of an image), the ETC computer system must complete its analysis and
storage of image data in less than an exposure time. When the exposure time of an image has expired,
the CCDs are read out in parallel: the output of each CCD is amplified and digitized and sent to a dedi-
cated Trigger processor, which analyzes the image for sudden brightenings by an arithmetic comparison
of the image to its immediate predecessor. The location on the CCD of any optical flashes detected by
a Trigger processor are sent to the Overseer computer, which calculates the celestial coordinates (right
ascension and declination) of the event from its location on the CCD. After all Trigger processors have
finished image analysis, the Overseer computer compares the celestial coordinates of the events reported
by the Trigger processors during the last analysis period. If the Trigger processors associated with a
pair of cameras pointing at the same patch of sky report events from the same celestial coordinates (to
a programmed precision), the reports are considered to have come from a true celestial optical flash.

In the time between the end of the analysis of the image data by the Trigger processors and the
readout of the images being exposed concurrently, the Overseer computer will record and analyze data
from any celestial flashes detected in this or previous images. The data stored from a flash are taken
from both cameras detecting the event, and include 30°x30’ image subarrays centered on the flash and
on several photometric standards near the flash. These data are moved from the Overseer computer’s
volatile memory and stored on magnetic tape at regular intervals. If, in subsequent exposures, the
Overseer computer determines that the brightness of a flash has returned to its quiescent level or has
subsided below the detection threshold of the ETC, it will no longer store data from that flash event.

The celestial coordinates of any confirmed celestial flash will be sent upon detection to the
Rapidly Moving Telescope (RMT; Teegarden, et al., 1984) (presently under construction at the Goddard
Space Flight Center), which will be located in a building adjacent to the building housing ETC Site 1.
The RMT (see Figure 4.3) consists of a 7" telescope pointing down at a two-axis gimballed mirror,
capable of slewing to any spot on the sky within one second with an accuracy of one arc-second. The
RMT, with a one-second image sensitivity of m,~ 14 (10c significance), will take contiguous <1s expo-
sures of the event and store data from the event until the brightness of the event drops below the detec-
tion threshold of the RMT.




Figure 4.2: A schematic layout of the future ETC tracking mount, showing
four of eight CCD cameras.




CCD Electronics Thermo-electrically-cooled

CCD Camera

7" Questar telescope

Two-axis gimballed
elliptical mirror

Figure 4.3: Cross-sectional view of Rapidly Moving Telescope (RMT) presently

under construction at the Goddard Space Flight Center. The two-axis

. gimballed mirror can slew to any part of the sky within one second with
arc-second accuracy. Light is reflected from the mirror into the aperture
of a standard 7" Questar telescope and then focussed onto a
thermoelectrically-cooled CCD. The field of view of theRMT is
5x8 arc-minutes. The sensitivity of the RMT is m = 14 in a one-second
exposure (ten sigma level-of-confidence).
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4.3. The Sensitivity of the Plenary ETC
The sensitivity of the ETC can be described in two ways: 1) the sensitivity of a single camera in
imaging the sky and 2) the sensitivity of a single camera to the detection of an event. The sensitivity
of an ETC camera as an imaging device is given by the equation
= _s—
(S + o} + B

wherg, is the significance of the detection in a single camera,
S is the signal at the CCD (in electrons)
ol_is the CCD readout noise (in electrons/pixel),
B is the sky rate per pixel at the CCD (in electrons/second/pixel)
1 is the exposure time (in seconds)

9 4.1

An image of signal S electrons in one CCD pixel will be detected at a signal-to-noise ratio q, in a CCD
camera of readout noise o, and sky brightness Br.

The sensitivity of the ETC to the detection of a brightening in a CCD image frame differs from
the q, because a difference measurement from two image frames is necessary to detect a brightening.
Because both images have an associated sky noise and readout noise, the total noise associated with the
difference between the images is larger than the total noise associated with a single image. In the cal-
culation of the total noise of the difference of two images, the sky and readout noises must be taken
into account twice. The formula for the significance of a difference detection is, then,

AS
wu= (AS+20i+281)” . “.2)

where q, is the significance of a difference detection in a single camera, and AS is the signal level (in
electrons) above the sky+bias level in the CCD. (This equation is a specific instance of equation 11.1
for the situation where the star is not visible before the event).

In order to relate the detected signal S to stellar magnitudes, one must have a complete under-
standing of the effects of absorption due to the various media between the star and the CCD. A star
which is seen as N photons/ssicm”A at the top of the atmosphere will be measured as
e.e,e‘e'e&eu AAAT electrons at the CCD, where ¢, e, c&:d e, are the transmissivities of the atmo-
sphere, , lens and window, respectively; e, is the efficiency of the CCD (in e/photon); e, is the
averaged effect of the reduction of overall lens transmissivity due to vignetting; A is the area of the
lens; and AA is the bandpass of the filter (in A). When the fact that the point-spread-function of the
lens spreads the image charge over several pixels is taken into account, the number of electrons in the
peak pixel of a stellar image is e eee e e NAAAT, where ¢, is the fraction of a stellar image in the
highest pixel of the image (see Figure 4.4 for a schematic illustration of the transmissivity of the ETC
CCD camera system). Thus, given a detected signal of S electrons above the sky+bias level in a CCD,
the value of N can be calculated as N = S/e eee e ¢ AAAT. For visual magnitudes, the value of N can
be related to m_ by the formula N = 1.05x10°10°%% useentur

The sky rate, B electrons per pixel per second, can be calkculated from the sky brightness, H
photons/cm?/s/"%/A, a3 B = eee, e AHTAQAM electrons/pixel at the CCD, where AQ is the solid angle
subtended per pixel. The value of H is 2.35x10 in V-band (SO00A to 6000A).

The values of the above variables projected for the full-up ETC are tabulated in Table 4.1 along
with the expected ETC threshold sensitivity to detected events, as calculated from equation 4.2. The
plenary ETC can be expected to detect a flash at a signal-10-noise ratio of 10 & visual magnitude m_ =
10.3 in a one-second exposure and at 11.3 in a four-secon® exposure. (A 100 flash detection in the
ETC is achieved by 7¢ flash detections in each of two cameras in the ETC; a 7c flash detection
corresponds t0 a level of confidence of 0.9999997 in a single pixel (this level of confidence does not
correspond directly to that given by Gaussian statistics: cf. Chapter 11 and Figure 11.3)). Note from
Table 4.1 that the a posteriori signal-to-noise ratio of a detected event is greater than the detection
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signal-to-noise ratio, because the signal electrons from the full steilar image can be taken into account.
These a posteriori detection sensitivities are also listed in Table 4.1, under "full image sensitivity”.

4.4. The Sky Coverage of the Plenary ETC

The ideal arrangement of the ETC's sixteen 15x20 degree fields-of-view on the night sky is one
that maximizes the observed solid angle coverage of the CCD cameras while minimizing atmospheric
effects. The total solid angle is maximized by minimizing the overlap of adjacent fields. Atmospheric
effects, which include a reduction of atmospheric transmissivity and an increase in image and field dis-
tortion, increase with zenith angle. Atmospheric effects are, in general, minimized by minimizing the
mean angular distance of all fields-of-view from the zenith.

The mapping of the sixteen ETC fields-of-view is dependent on the structural constraints of the

ETC instrumentation. The sixteen cameras at each site are divided into eight pairs: each pair of cam-
eras is structurally required to point at the same right ascension. The relative right ascensions of all

CHARACTERISTICS OF THE CCD CAMERAS OF THE PLENARY ETC
Symbol Value
Focal length F 25 mm
f-number f 038s
Area A 6.8 cm?
Angular size Q 955
Bandpass AA 4500A - 7500A
Sky brightness H 2.4x10° phicm®/s/A
Atmospheric tranmissivity e, 0.85
Filter tranmissivity e 1.0 (no filter)
Lens tranmissivity e, 0.8
Window tranmissivity e, 0.95
CCD efficiency e, 0.53 e/photon
CCD gain g 12 e7adu
CCD readout noise Oy 25¢
Stellar image splitting e, 0.7
. 100 event sensitivity (1s) 10.3
100 event sensitivity (43) 113
100 event sensitivity (10s) 11.8
100 full image sensitivity (1s) 10.7
100 full image sensitivity (4s) 11.7
100 full image sensitivity (10s) 12.2
—

Table 4.1: Optical Characteristics of Plenary ETC
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Figure 4.5: Possible layout of the plenary ETC camera fields-of-view on the
night sky. The view shown is a zenith projection from Kitt Peak.
Coordinates inside each field are the coordinates of the field
center. Each field-of-view has an anguiar size of 15 x 20 degrees.




23

pairs is continually variable, as is the declination of each individual ETC camera.

The problem of finding an analytic method to find the ideal orientation of the fields-of-view was
presented to a graduate mathematics seminar led by Professor Dan Kleitman, the chairman of the
mathematics department at MIT. This group concluded was that a simple analytic solution was not
possible: they suggested that an adequate solution could be found by trial-and-error, mapping the
fields-of-view onto the night sky by hand according to the structural constraints. Figure 4.5 shows the
result of such a trial-and-error analysis: the proposed layout of the sixteen ETC camera fields-of-view.

4.5. Survey Capabilities of the Plenary ETC

The ETC will operate under photometric conditions during dark and grey time (in the period
between third and first quarters of the Moon) at Kitt Peak. Thus, the ETC could potentially observe
“180 nights per year. Given that the mean night is nine hours long, if half of these nights are clear
enough to allow observations, then the ETC will observe roughly 820 hours per year. Combining this
with the observed ETC efficiency of “75% (see Chapter 11) leads to the estimate of the time the ETC
is actually observing per year of 616 hours. The total observing solid angle of the plenary ETC is 16 x
282°% = 4512°% = 1.37 steradians. The total actual solid-angle-time product of the plenary ETC, taking
all above considerations into account, is 850 sr-hours per year.

An estimate of event rates from known sources of celestial optical flashes can be made form the
estimate of the observing time per year of the plenary ETC and the analysis presented in Chapter 10.
Specifically, the value of 850 sr-hrs observed per year yields direct estimates of event rates from Figure
10.6. Given the sensitivities of event detection listed in Table 4.1, the ETC can be expected to detect
optical flashes from GRBs at a rate of 0.5 per year for one-second exposures, 4 per year for four-second
exposures and 8 per year for ten-second exposures. In addition, the ETC should detect 14, 420 and
3800 flare stars per year in one-, four- and ten-second exposures, respectively, assuming a mean flare
risetime of 30 seconds (see Chapter 10).

* Assuming the duration of the optical burst to be five seconds.
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CHAPTER 5§

ETC Operations

Introduction

The plenary ETC is intended to be a completely independent, automated instrument completely
under computer control. It must be able to think and react with the flexibility of a human observer, but
more quickly and more consistently. In addition, the operation and data storage of the ETC must occur
smoothly and efficiently. As a result, controlling software for the ETC instrument is quite complex.
Through its interactions with the peripheral computers, the ETC software must control every aspect of
ETC operations. In addition, it must operate in a fashion that assures that any and every failure mode
which we can possibly anticipate is rendered "failsafe”

This chapter is intended to give the reader an overview of ETC operations, ranging from the
highest (day-to-day) level to the lowest (second-to-second) level. (Extensive details of the ETC
software are given in chapters 7, 8 and 9.)

5.1. ETC Instrument Control

All aspects of ETC operations are controlled by computer. In the plenary ETC, the control sys-
tem will be set into operation by a human user, and then operate for months at a time with no
significant human interaction. The only exceptions to this complete computer contro} are 1) when the
system detects an instrument failure and requests human help, 2) the periodic replacement of magnetic
storage media and 3) the periodic cleaning of optical susrfaces.

The computers controlling the ETC are divided into three distinct units. Each computer has a
specific set of tasks and works independently of the others. The master computer is a small, powerful
Motorola 68000-based computer known as the Overseer computer. The Overseer computer is responsi-
ble for controlling and coordinating ETC operations and thus is in a very real sense the "brain" of the
ETC.

The Overseer computer controls ETC hardware operations and data flow through two sets of slave
computers. The first, the Instrument Control Electronics (ICE), is the Overseer computer’s link to the
system’s CCD cameras and most of the ETC instrumentation. The ICE is truly a slave computer, hav-
ing no independent control over any part of the system: it simply executes commands given by the
Overseer computer.

The second, the Trigger processor, on the other hand, is more of an "idiot savant": its primary
responsibility is to analyze incoming CCD data quickly and efficiently. Each Trigger processor
analyzes data from a single ETC camera: the plenary ETC will therefore include 32 Trigger processors.
Each Trigger processor accepts successive images from its associated camera and examines them for
flash events. Any potential events detected by a Trigger processor is reported to the Overseer computer
at the time of detection.

ETC operations consist of the reading out and analysis of contiguous, precisely-timed exposures
of the night sky. Data flow in the ETC is initiated by the Overseer computer, which, at the end of an
exposure, commands the ICE to read out all CCDs. The CCD image data is amplified and digitized in
the ICE and then sent to the Trigger processors, which analyzes the image for any significant brighten-
ings by, among other things, comparing it to the preceding exposure. Reports of brightening are sent
from the Trigger processor to the Overseer computer over RS-232 serial link, while image data is
transferred over a custom high-speed serial link (HSSL) at a rate of 250 kpixels/second. After the
analysis and any data storage are completed, the next image is read out for analysis.
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5.2. A Typical Observing Night

A typical observing night for the ETC is moonless and nearly photometric, and is about nine
hours long. The ETC begins operations shortly before astronomical twilight, when an on-board clock
alerts the Overseer computer that it is time to observe. The Overseer computes then commands all
sidereal drives to slew to their designated starting points, generally two hours east of the meridian, and
then to begin tracking the sky. The Overseer computer then checks all weather sensors w0 make sure
that it is safe to open the protective dome. If so, the Overseer computer opens the dome with a com-
mand to the ICE (a flow diagram of the setup operation is given in Figure 5.1).

Once the dome is open, the Overseer computer analyzes images of the night sky for patchy
clouds or an extended cloud cover, since any clouds in the field-of-view can create false optical flashes
by briefly covering a star in an ETC field. The Overseer computer compares the brightnesses of stellar
images in a CCD exposure to their expected brightness: if the transmissivity of the atmosphere is high
enough (>"80%) and if no individual stars are significantly dimmer than expected (e.g., due to patchy
clouds), the Overseer computer initiates observations.

A single observation cycle consists of monitoring a given patch of sky for about two hours, after
which the sidereal drives will be commanded to slew back to their initial position. A new observation
cycle then begins, with all cameras observing a new patch of sky. This method assures that the cam-
eras will always be observing at or near the meridian, so that the effects of atmospheric extinction are
minimized.

5.2.1. An Observation Cycle

An observation cycle consists of a series of short (14s) contiguous exposures of the night sky
taken simultaneously by all CCD cameras. (A flow diagram of an exposure cycle is given in Figure
5.2; a timing diagram of an ETC exposure can be found in Figure 5.3). The exposures are timed by the
Overseer computer’s high-precision countdown timer (the frame rimer). Near the end of an exposure,
the Overseer computer nctifies all Trigger processors that data transfer is imminent. When the frame
timer expires, the Overseer computer commands the ICE to read out all CCDs. The CCD images from
each camera are transmitted to the corresponding Trigger processor: each Trigger processor then
analyzes its image for brightenings by, among other things, comparing the image to its direct predeces-
sor (see Chapter 8 for details). Any potential flash candidate noted by a Trigger processor is reported
to the Overseer computer in the form of a candidate report, which lists the location on the CCD of the
potential flash. The Overseer computer converts this location to celestial coordinates, and stores the
coordinates in a table. By comparing the celestial coordinates of all candidate reports from a given
exposure, it can use a coincidence requirement to determine whether a legitimate celestial flash has
been detected.

Any confirmed celestial flash is added to the Overseer computer’s active flash list. In the time
after the analysis of a set of images by the Trigger processors and before the next set of images is read
out, the Overseer computer collects and stores image data from each flash in the active flash list. This
data, which consists of small subarrays (9x9 pixels) centered on the locations of the flash and several
nearby photometric standards, is transferred from the appropriate Trigger processor to the Overseer
computer at the request of the Overseer computer. If the Overseer computer determines that a flash has
subsided to its pre-event brightness, it removes the flash from the active flash list: after this point, no
further data from the flash is collected.

The Overseer computer will report the coordinates of any confirmed celestial flash to the RMT
(see section 4.1.2), which will immediately slew to the coordinates of the flash and collect data from
the flash until the flash brightness has subsided below the detection threshold of the RMT.

This series of exposures will continue until the end of the observation cycle. The Overseer com-
puter will automatically interrupt the observation cycle periodically in order to a) check the sky condi-
tions by measuring atmospheric throughput, b) recalibrate the mapping of CCD location to celestial
coordinates (see section 7.1.4.2) and c) store onto magnetic tape any data taken in the last observing
period.
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notifying them of incoming data. (See text for details).
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In addition, observations can be unexpectedly interrupted for the following re

1) Data has been taken from the maximum allowable number of flashes. If more
than a certain number of flashes (presently 6) are detected in any observing
period, the Overseer computer must interrupt operations in order to store this
data on magnetic tape.

2) The weather sensor reports impending precipitation. A protective dome is then
automatically closed and the Overseer computer halts operations.

5.2.2. End of the night

When the Overseer computer’s onboard clock reports that the observing night is over (generally
shortly after morning astronomical twilight), the Overseer computer will shut the system down. The
last data are stored onto magnetic tape, the mounts are slewed to the meridian and locked into position
and the dome is closed. The Overseer computer can then proceed with any daytime activities, which
potentially include some further reduction of stored data, the analysis of cosmic-ray interactions with
the CCDs or the transmission via modem of collected data to MIT. Otherwise, the Overseer computer
waits for night to fall, when the cycle begins anew.




CHAPTER 6

The ETC Test Instrument

Introduction

The completed ETC will consist of 32 CCD cameras and their associated hardware located at two
sites on Kitt Peak. The instrument described in this this thesis is a sub-unit of the plenary ETC,
intended to test the concept and design of the Explosive Transient Camera as a whole. The expansion
of this instrumentation to the complete, 32-camera ETC requires the construction of several copies of
this sub-unit and their integration with the ETC system as a whole.

The test unit is a four-camera "mini-ETC" set up at Site 1 at Kitt Peak (see Figure 4.1). The test
unit is controlled by a complete Overseer computer (the same Overseer computer which will control the
plenary ETC). The CCDs and ETC instrumentation are controlled by a set of Instrument Control Elec-
tronics (ICE), which respond to commands issued over RS-232 serial link by the Overseer computer.
Image data from the four CCD cameras is analyzed for sudden brightenings by four parallel Trigger
processors, which communicate with the Overseer computer over RS-232 serial links. (A schematic
layout of the data and communications paths in the prototype ETC can be found in Figure 6.1). The
ETC sub-unit is completely functional, and through the Overseer computer and Trigger processor
software is able to conduct observations in a semi-automatic mode.

The ETC Test Unit

The ETC test unit was constructed between May, 1983 and October, 1984, at the Center for
Space Research’s Balloon Laboratory at MIT. The test unit consists of four cooled-CCD cameras
mounted on a sidereal drive, sharing a common vacuum and cooling source.

The test unit’s CCD cameras were based on an existing LN,-cooled CCD camera used in X-ray
experiments at MIT. As the ETC is intended to be a completely automatic sky-monitoring instrument,
the use of expendibles (such as LN,) which require daily human maintenance must be avoided. As a
result, a closed-cycle refrigerator, wilich can run unattended for months or years without maintenance,
is used to cool the CCD cameras.

Detailed design for several important elements of the ETC test unit was performed by DFM
Engineering, Inc., of Longmont, Colorado. The cameras, support structure and sidereal drive were all
constructed by DFM Engineering, Inc. The test unit’s CCD cameras, each with a field-of-view of 15° x
20°, are mounted on a single sidereal drive in order to track the sky during an observation. The inter-
face between the cameras and the drive is the manifold: the cameras are mounted to the manifold,
which in turn is mounted to the sidereal drive. The expansion probe of the closed-cycle refrigerator is
situated on the axis of the manifold: the CCDs in the cameras are kept at a temperature of ~-85°C by
thermal contact to the expansion probe.

A picture of the ETC test unit is shown in Figure 6.2, and a sketch of the manifold and cameras,
giving views of the insides of both, is in Figure 6.3. A sketch of the ETC prototype building and the
layout of the instrument in the building can be seen in Figure 6.4. Detailed descriptions of each aspect
of these figures can be found in the figure captions and in the text of this chapter.

The following sections describe each part of the ETC test unit in some detail.
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6.1. The ETC CCD Camera

The ETC CCD camera consists of a cooled CCD placed at the focal plane of a 2Smm lens. A
vacuum-tight aluminum camera body houses the CCD, its thermal-control heater unit, its protection
electronics and an output signal preamplifier. Signals from the Instrument Control Electronics (ICE)
reach the CCD through the connectors in the camera back plate. (A sketch of an ETC CCD camera is
included in Figure 6.3).

6.1.1. Camera Body Construction

The camera body is cylindrical, measuring 7" length by 6" diameter. Four bolts through the side
of the camera body fasten the camera body to the manifold. Small (1.5 inch) holes in the camera body
and manifold at the camera/manifold interface allow the manifold and camera to share a common
vacuum cavity as well as create room for a thermal path from the CCDs to the cooling probe inside the
manifold.

The CCD rests on an aluminum cold sink, which makes thermal contact with the cooling probe
through a braided copper strap, as described in section 6.3. The temperature of the cold sink (and
therefore of the CCD) can be measured with a thin-film, temperature-sensitive resistor mounted on the
cold sink. The temperature of the cold sink can be raised by passing current through a 25 ohm, 10
Watt power resistor mounted on the cold sink,

A thin, triangular aluminum plate with a rectangular opening for the CCD imaging area presses
the CCD against the cold sink, assuring good thermal contact. This triangular plate is mounted on a
structure of thin-walled stainless steel tubing extending up from the back plate of the camera. The thin-
ness of the wall and length of the tubing create a large thermal resistance between the CCD and the
back plate.

Electrical connections to the camera contents are made through two hermetically-sealed connec-
tors in the back plate of the camera. A 32-pin connector feeds the CCD clocking signals, power to the
preamplifier and the signals to and from the CCD temperature sensor and heater from the ICE to the
CCD camera. A 6-pin connector feeds the preamplified CCD output signal out of the housing.

6.12. The ETC Optical System

The CCDs are Texas Instruments virtual-phase devices, consisting of an array of 390 x 584 22.3
pum pixels. They are divided into imaging and memory halves, and are operated in "frame-store” mode.
In frame-store mode, an exposure made in the imaging area can be clocked quickly (in a few mil-
liseconds) into the memory area. Then, as the first image is being read out into the processing circuitry
at a slower rate (in about 0.5 seconds), the imaging area can be collecting photons from the next expo-
sure, assuring a duty cycle of nearly 100%.

The camera lens used in the ETC survey is a commercial 25mm, £/0.85 CCTV lens manufactured
by Kowa, Inc, of Japan. It is a wide-field lens (focal plane scale = 2.3 degrees per millimeter) with a
large collecting area (6.8 cm?®) due to its low f-number. Its back-focal-distance, unfortunately, is quite
low (4.5 mm), thereby requiring that the CCD imaging area be within 1.5 mm of the front plate of the
camera, :

The chromatic aberration of the lens allows good focus to be achieved only with the use of a
filter (typical AA = 1000 A). Even then, the point-spread-function of the lens is such that a point source
is imaged onto two to four pixels at image center. The off-axis reduction in response of this lens is
also significant: the vignetting of the lens is “30% at an image radius of S mm. The average loss of
transmissivity over the CCD due to vignetting is ~15%. Typical images made by the ETC are shown in
Figure 6.5.

6.13. The Iuternal Electronics of the CCD camera

_ CCD clocking signals entering the camera body pass through the internal protection electronics.
The protection electronics prevent voltage spikes on CCD clocking lines from reaching the CCD. The
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CCD output signal is fed directly into the preamplifier inside the CCD camera. The preamplifier has a
gain of -2, and its output travels to the analog signal processor board in the ICE through the 6-pin
connector in the camera back plate.

6.2. Manifold

The manifold is a hollow aluminum cylinder, 24" long by 4" diameter, flattened on two sides.
Two holes in each flattened side locate the camera mounting points. A unique design of the interface
between camera body and manifold allow for a continuous rotation of the cameras parallel to the
flattened face while holding vacuum, so that the declination of each camera is continuously adjustable.

The cooling probe of the closed-cycle refrigerator is located along the axis of the manifold. The
mounting flange of the expansion probe of the closed-cycle refrigerator mounts with an O-ring seal to
the southern end of the manifold. To prevent cantilevering, the northemn end of the expansion probe is
supported by means of a short thin-walled stainless-steel tube (for a large thermal resistance) between
the tip of the probe and the end cap of the manifold.

The manifold is bolted to a short aluminum spacer which is boited onto the disk of the sidereal
drive. The flexible hose from the cooling probe is wrapped once around this space to assure that the
stress on the hose from the motion of the drive is longitudinal, since the hose is very sensitive to axial
twists.

6.3. CCD Cooling System

-The cooling probe is the expansion head of the MFC-100 freon-based closed-cycle refrigerator
manufactured by FTS Systems, Inc. The MFC-100 is a 1/2 horsepower, two-stage closed-cycle refri-
gerator, quoted to deliver 200 Watts of cooling power at -80 C. The MFC-100 pumps liquid freon
through a flexible line to the expansion head, where it evaporates and cools the head. The gaseous
freon returns along a second, parallel flexible line to the refrigerator’s condenser.

Thermal contact from the expansion head to the CCD cold sinks is made at four points on the
expansion head which appear at the camera mounting ports on the manifold. Short (4") threaded
copper rods screw into tapped bosses on the expansion head and extend 2" into each camera housing.
A short metal strap completes the thermal path from the end of the copper rod to the CCD cold sink
(see Figure 6.3).

6.4. Vacuum System

The ETC camera and manifold system is kept at a pressure of “4x10™® Torr by a 20 Us Vacion
pump. Rough vacuum (*5 microns Hg) is achieved using a standard LN,-trapped oil roughing pump; a
sorption pump reduces the pressure to ~ 107 Torr, where the ion pump is safely started.

The pressure of the system is reduced significantly when the refrigerator is in use, since the
expansion probe acts as a cryopump, adsorbing many of the molecules leaking into the system. On the
other hand, when the electronics inside the camera head are powered up, the outgassing of the warm
elements of the electronics raises the pressure a small, but noticeable amount (~2x107 Torr).

The ion pump is mounted at the back of the sidereal drive. A flexible metal hose connects it to
the manifold. Vacuum access to the manifold is a 2.75" Conflat flange located at the southern end of
the manifold.

6.5. Sidereal Tracking Drive

The sidereal drive is a polar-mount tracking drive for small telescopes designed and built by
DFM Engineering of Boulder, Colorado (this drive is in its concept a twin to the 2.4m telescope
recently constructed at the McGraw-Hill Observatory on Kitt Peak). The unit has a 14" steel disk
which is friction-driven by one of the two rollers upon which it rests: one roller is driven by the track-
ing motor, the other by the slewing motor. The manifold bolts directly to the steel disk.
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The tracking drive motor is a standard 1 RPM DC motor. The rate of tracking can be varied by a
thumbwheel switch mounted on the drive. The slewing motor is a 0.88 amp Slo-Syn stepper motor,
which is controlled by a stepper motor controller circuit in the ICE. The maximum slewing rate is
greater than 40 degrees/minute. Both motors and the clutches associated with each are controiled by
the Instrument Control Electronics.

The angle of the friction disk about the polar axis can be measured through a synchro shaft
encoder mounted directly onto the southern end of the polar axis of the drive. The shaft encoder
delivers three 400 Hz signals, mutually 120° out of phase, to a synchro-to-digital converter (SDC) in the
ICE. The SDC can calculate the absolute angle of the shaft encoder to 14-bit precision from the rela-
tive amplitudes of the three signals.

Electrical connections between the ICE and the tracking drive pass through a 14-pin cable. This
cable contains signals for clutch control, motor control, synchro input and output. The drive is powered
with standard 115 VAC; the stepper motor is powered by a 24 Volt, 6 amp power supply located near
the sidereal drive.

6.6. Thermal Analysis of the ETC

The operating temperature of the CCD is determined by the cooling rate of the closed-cycle refri-
gerator and the ambient warming of the chips and how each varies with temperature, The rate of cool-
ing is determined by the cooling power of the MFC-100 and the thermal resistance of the metal strap
between the cold copper rods and the CCD cold sink. The ambient warming of the chip is due to heat
gain through conduction and radiation from the walls of the camera. The final temperature of the CCDs
cannot be calculated exactly because the variation of the cooling power with final temperature is not
known. The various rates of heating and cooling are analyzed in Appendix F. This analysis shows that
the heat gain by the cold surfaces in the CCD cameras is insignificant when compared to the cooling
power of the MFC-100 at -80°C. Therefore, the minimum temperature of the CCDs should be well
below -80°C.

6.7. ETC Site 1

The ETC test unit is located in the former twelve-inch Schmidt observatory, a two-stoty circular
building on Kitt Peak, near Tucson, Arizona. The second story is covered with a 16’ dome with a 42"
slit. The angle subtended by the open slit is “24°, (as seen by the ETC cameras), which is slightly
smaller than a single ETC camera’s field-of-view. Because the diagonal angular length of an ETC field
is 25°, partial occultation by the dome can occur for some camera orientations. The ETC test instru-
ment views the sky through this slit: the dome is rotated at appropriate intervals to prevent substantial
occultation of a camera’s field-of-view by the dome. For the plenary ETC, the dome will be replaced
by a roll-off roof to allow coverage of the entire night sky. Schematic views of the ETC dome and
contents can be seen in Figure 6.4.

- The ETC instrument is mounted on a 2’ x 2’ concrete pier in the second story. The Instrument
Control Electronics and ion pump are located near the test instrument in the second story. The vacuum
roughing stages are located on the first floor and are plumbed to the upstairs vacuum through a network
of vacuum plumbing. The closed-cycle refrigerator is located on the first floor: the flexible hose to the
cooling probe feeds through a 6" hole in the floor between.

The first floor is primarily occupied by the Overseer computer, Tngger processors and all user
peripherals (e.g. color graphics display, printer, terminals, magnetic tape drives, etc.). Cables leading to
the ICE are fed through holes in the ceiling.
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Figure 6.4:. Schematic representation of the ETC test instrument within
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Figure 6.5:

(a)

(b)

Two ten-second exposures made with ETC camera C. The images
were made through a) the ETC 25 mm lens, as described in section
6.1.2, and b) a high-quality 75 mm lens. The vertical streaks visibile
in Figure 6.5a are due to a column defect in the CCD in camera C.




CHAPTER 7

The ETC Overseer Computer

Introduction

The Overseer computer is a fast, powerful microcomputer that is the center of organization for
the ETC. It controls the ETC through software written in C. Through RS-232 serial links, the Overseer
communicates with and controls the peripheral instrumentation of the ETC. The Overseer computer is
capable, through its sophisticated control software, of making the ETC a completely automated observa-
tional instrument.

This chapter describes the Overseer computer hardware and software '~ some detail. The full
complement of Overseer computer software is located in Appendix A.

7.1. Overseer Computer Hardware and Peripherals

The Overseer computer is a powerful microcomputer based on the single-board, Motorola 63000
microprocessor. It is the third "generic" computer developed and constructed at the Center for Space
Research at MIT for use in X-ray and optical astronomy. The Overseer computer consists of eight
Multibus computer boards, which, together, control the Overseer computer operation, data flow and
several peripheral units responsible for data storage and display.

The Overseer computer consists of the following hardware:
1) APMG68K 8 MHz, 68000-based CPU board.
2) A Rodime RO204 20 Mbyte, 5.25" Winchester disk.

3) A Konan Taisho disk-controller board, which controls the system’s Winchester
and floppy-disk drives.

4) A Texas Instruments TMM40020-04 512 kbyte memory board, used as CPU core
memory.

5) A high-speed serial link (HSSL) receiver board, used for the high-speed (2
Mbits/second) acquisition of image data from the Trigger processors.

6) A second TMM40020-04 memory board, used as dedicated memory for the
HSSL.

7) Two Central Data Corporation octal serial 'O boards. Through these boards, RS-
232 serial connections can be made to sixteen peripheral units, including termi-
nals, modems and other computers (specifically, the ICE and Trigger processors
- - see chapter 5). Data rates can be varied between 110 and 19200 baud.

8) An Omnibyte OB68K230 parallel /O board, which allows for communication
with any peripheral over parallel interface.

9) A Ciprico Tapemaster tape drive controller board, which controls the Cipher tape
drive used for mass storage of image data.

i
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10) An AED 512x512 color graphics monitor for the inspection of CCD image data.
Images are transferred to the AED over parallel interface.

11) A GC-1000 WWYV receiver. The GC-1000 receives WWYV signals and can com-
municate the time to the Overseer computer via serial link.

12) A Tandon 101-4 5 1/4" floppy disk drive.

13) A Cipher F880 1600 bpi streaming magnetic tape drive.

The Overseer computer runs Pacific Microcomputer’s Unix Version 7 operating system. Pro-
grams written in C and 68000 assembler control all aspects of the Overseer computer. The high-speed
serial link (HSSL) receiver card, the only completely custom-built card in the Overseer computer, is the
receiving end of a high-speed data link developed at MIT. The transmitters are mounted on the
Triggers and are used to transfer image data to the Overseer computer at ~250 kpixel/second. More
details on the Multibus HSSL can be found in section 8.1.2. The HSSL has its own 512 kbytes of
RAM for image data storage.

Three custom-built circuits on the OB68X230’s prototyping area play key roles in the operation
of the ETC. One circuit is used to transmit image data to the AED color graphics unit. A second cir-
cuit makes use of signals available on the OB68K230 board. These signals, when sent to a Trigger pro-
cessor, reset the Trigger processor to its start-up state. The third circuit taps a high-precision (4 ps)
timer on the OB68K230 board and makes it available to the Overseer computer for the precise timing
of CCD images (the frame timer).

7.2. Interprocessor Communication

The Overseer computer communicates with both the Instrument Control Electronics and the
Trigger processors in its execution of ETC operations. All communication with the ICE and the
Trigger processors takes place over RS-232 serial link at 4800 baud. The Overseer computer has the
control software for the ICE and the Trigger processors stored on disk: when necessary, the Overseer
computer downloads the software to the particular unit over RS-232 serial link. A schematic diagram
listing possible Overseer computer commands or requests to the Trigger processors and the ICE is given
in Figure 7.1.

7.2.1. Overseer computer-ICE communication

The primary communication between the Overseer computer and ICE is in the form of commands
to the ICE. Most Overseer computer commands to the ICE require no response from the ICE. In the
interest of time, there is no handshaking between the Overseer computer and the ICE in time-critical
situations (since the Overseer computer can generally establish independently whether a command to
the ICE was properly executed). The only situation where a handshaking by is used is to inform the
Overseer computer that a command which takes substantial time to execute (such as the slewing of the
sidereal drive) has been completed.

7.22. Overseer Computer-Trigger Processor Communications

Communications from the Overseer computer to a Trigger processor are divided into two types:
those during the analysis of image data by the Trigger processors ("sift" mode - - see section 8.3.1) and
those after the analysis, where the Overseer computer can make requests for data from the Trigger pro-
cessors ("query” mode).

Sift mode in the Trigger processors is initiated by a command from the Overseer computer
immediately before reading out the CCDs. In sift mode, the Trigger processors analyze incoming data
and report any events o the Overseer computer via serial link. The Overseer computer’s job during sift
mode is to listen and wait for "candidate reports” and the analysis-ending "sift-termination report”. (For
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Figure 7.1: Schematic summary of Overseer communications with the ICE
and Trigger Processors.
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more detail on Trigger processor analysis procedures, see Chapter 8). A single handshaking byte is
returned to the Trigger processor after every candidate report for efficiency.

After transmitting the sift-termination report, which marks the end of sift mode in the Trigger
processors, the Trigger processors are automatically in query mode and are open to requests from the
Overseer computer. The commands from the Overseer computer now take the form of requests for data
or organizational commands. The requests for data include:

1) Send an image subarray of any size from any part of the CCD.

2) Send 9x9 image subarrays from a predefined location corresponding to either a
flash or a standard star.

3) Send an entire image.

4) Send the row and column vectors whose vector sum make up the threshold image
(cf. section 8.3.2.1 and Appendix E).

All image data is transferred to the Overseer computer over the high-speed serial link at 2
Mbits/second.

The organizational commands from the Overseer computer to the Trigger processors include the
following:

1) Assign to a given location (x,y) on the CCD a number corresponding to a standard
star image located at that spot on the CCD.

2) Calculate a threshold frame from the frame presently in memory (cf. section
8.3.2.1 and Appendix E).

3) Set the parameters used in the analysis of image data by the Triggers: sift time,
threshold offset, and brightened delta (see Chapter 8).

7.3. Overseer Computer Utility Routines

Overseer computer utility routines are larger subsections of the ETC Overseer computer software
which are too detailed to be included in the general overview of chapter 4, yet play a major role in the
operation of the Overseer computer during observations. A description of these routines follows.

7.3.1. Timekeeping

The Overseer computer has two system clocks. The first clock, associated with the CPU board of
the Overseer computer, keeps year, month, day and time to a precision of S milliseconds. This clock is
used for recording the time of events. It can be set by the user or, via software, with the GC-1000
WWYV receiver, The GC-1000 clock receives WWYV time signals and can transmit the precise date and
time over RS-232 serial link on command. Thus, the Overseer computer can set the day-date clock
from information received from the GC-1000 WWYV clock.

The second system clock is used for timing CCD exposures: the Overseer computer’s day-date
clock is inadequate for this task because of low precision and its long access time. For these reasons,
the 10 MHz clock from the Overseer computer’s parallel 'O board (the OB68K230) is used for expo-
sure timing. The OB68K230's timer has a precision of 4 microseconds and can act as a countdown
timer, so that once the timer is set (for example, at the beginning of an exposure), it will count down
until the time has expired, and then restart itself. The Overseer computer only needs to watch the timer
and read out the next exposure when the frame timer expires.
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Time in the ETC is stored in "modified Julian day" format for simplicity: a four-byte moditied
Julian day gives the year, date and time to a precision of one second. The modified Julian day is the
Julian day minus 2400000.5 (Nautical Almanac, 198S): for reference, 12.00 UT on 1 June 1985 is
modified Julian day 46216.5.

7.3.2. Astrometry

The Overseer computer must have a precise knowledge of the mapping of pixel location to celes-
tial coordinates in each CCD in order to judge the validity of an optical flash based on whether it has
the same celestial coordinates in two cameras. The Overseer computer can make a reasonably good
estimate of this mapping given the details of the optical system: the focal length of the lens, the pixel
size on the CCD, any first-order distortions in the lens and the angle of the rows and columns of the
CCD with respect to lines of right ascension and declination. The sub-pixel precision necessary for the
ETC is achieved by calculating the parameters of the astrometric mapping using the centroided location
of several ("20) SAO standard stars in the field of the CCD and the celestial coordinates of those stars.

The mapping used in the ETC is a simple linear relation between pixel coordinates (x,y) and the
reduced coordinates (£,1). The reduced coordinates are calculated from the celestial coordinates (c,5)
in the tangent-plane approximation, given the celestial coordinates of the field center (@8, as in
Podobed (1965, p. 180).

cos(8,)sin(a—-0p)

&= sin(8)sin(8,)+cos(8)cos(d,)cos(a—a,) (7.1a)
_ sin(8)cos(d,)-cos(8)sin(3,)cos(0—at,)
= sin(8)sin(8,M+cos(8)cos(8,)cos(a—at,) (7.1b)
The mapping of pixel coordinates (x,y) to reduced coordinates (£,n) is
x= a,+b1§+cm (1.22)
y = aptbaftem (7.2b)

The values of the parameters of the mapping (a ,, and b, 23) can be roughly estimated from
details of the CCD optical system. For example, if a C&f has one axis oriented east-west, then (a,a,)
are the coordinates of the center of the CCD, b, and c, are the focal-plane scale and b, = ¢, = 0.

The Overseer computer calculates the precise values of the astrometric parameters from the
estimated values of these parameters in the following way. The Overseer computer has a rough idea of
the celestial coordinates of the center of each CCD, since the declination of each camera is specified in
software and the right ascension can be calculated from the hour angle of the camera and the sidereal
time. The hour angle of the camera is easily calculated from the value of the synchro shaft encoder
mounted on the polar axis of the drive: the mapping of shaft encoder units to hour angle is specified in
software and does not change. Given these celestial coordinates of the center of a CCD, the rough cal-
culation of the parameters of the astrometric mapping is sufficient to allow Overseer computer to esti-
mate the locations on the CCD of several ("20) SAO stars to an accuracy of “10°. In order to deter-
mine the locations of these stars on the CCD more precisely, the Overseer computer then acquires small
image subarrays of each SAO star from the appropriate Trigger processor. The Overseer computer can
then determine the location of each standard star on the CCD to a precision of ~0.1 pixels with a sim-
ple interpolation algorithm (see Appendix D). The Overseer computer is now able to calculate the
values of the astrometric parameters from a least-squares fit of the precise locations of the SAQ stars to
the celestial coordinates of the SAO stars. If the least-souares fit yields an rms deviation of predicted
stellar coordinates from actual stellar coordinates of more than 0.5 pixels, the star with the highest resi-
dual to the fit is discarded and the least-squares fit is repeated. After iterating the above procedure until
the rms deviation is below 0.5 pixels, the celestial coordinates of any stellar image on the CCD can be
calculated by 1) determining the location of the image on the CCD precisely and 2) inverting equations
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7.1 and 7.2 to map the precise image location onto its celestial coordinates with a final precision of
better than 0.5 pixel.

The celestial coordinates of the SAO stars used in the above procedure are found in a file on disk
which contains a portion of the SAO catalog. The celestial coordinates in the SAO catalog file are
epoch 1950.0; therefore, all celestial coordinates used in the ETC are epoch 1950.0 for simplicity. The
effects of stellar proper motions of the stars and differential precession across the field are insignificant
when compared to 3’ pixels. The effect of precession is ignored, since precession only introduces a
rotation into the astrometric mapping, which is accounted for by the cross terms in the fit parameters.

7.33. Data Storage by the ETC

The data from flashes detected by the ETC is stored in an extensive data storage structure,
diagrammed in table 7.1. The stored data includes:

1) 9x9 pixel subarrays about the flash event and local photometric standards from
immediately before the detection and for the course of the flash.

FLASH EVENT DATA STORED BY THE ETC

Data stored per Number of flashes detected.
observation cycle Data from all detected flashes.

Data stored from each | Number of exposures taken of the flash.

detected flash Data from the flash.
Data stored from Subarrays from standard stars
each flash from old, recent and current frames.

Coordinates and position of flash
in both cameras detecting.

Threshold frame information
{see Appendix E).
Data from all exposures.
Data stored from Time of the exposure
each exposure Data from each camera
Data stored from Subarrays around flash location.
each camera Subarrays around locations of
standard stars.

L

Table 7.1: List of data stored from a flash event detected by the ETC.




2) Flash information, including the time of the flash, which CCD cameras detected it,
the precise location of the flash on the detecting CCDs and the calculated flash

coordinates.

During observations, the ETC stores data onto magnetic tape at thirty-minute intervals, including
any data taken from detected flashes in that thirty-minute period. In addition, the ETC will always
store data indicative of the operating conditions of the ETC in that period, regardless of whether flashes

were detected (see table 7.2).

This archived information includes all pertinent information about the configuration of the CCD
cameras, readout and sift times, and throughput and vignetting information. The ETC also regularly
stores subarrays around five standard stars in the field of each CCD at the beginning and end of each

thirty-minute observing period as an after-the-fact check of sky conditions.

ETC OPERATIONAL DATA STORED AT REGULAR INTERVALS

Archives

All system constants (see section 7.1.5.3.10)
Start and end times of cycle
Coordinates, positions and magnitudes
of all SAO standards used in each FOV
Subarrays about all SAO standards at start
and end of cycle

Camera data

Right ascension, declination of field center
Focal length, f-number, area of lens

Angle of CCD, angle of camera to north-south
CCD gain, noise, bias level, total noise
Trigger processor constants

CCD temperature

Trigger processor data

Sift time

Mount data

Synchro units to hour angle
calibration information
Right ascension of mount
Hour angle at start and end of observations

System data

=

Exposure time
Interval at which to slew the mounts
Interval at which to redo astrometry

Table 7.2: Instrument Status Data Stored by ETC
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7.3.4. The ETC Overseer Computer Software

The Overseer computer software is completey written in C. It is divided into 19 modules, each
restricted to a particular aspect of the Overseer computer software. Some overlap of functions is, of
course, unavoidable. Nonetheless, the modulization of the code is an attempt to enhance the organiza-
tion, readability and maintainability of the code.

This section will describe each module in some detail: further details can be found in the code
and documentation found in Appendix A. All module names begin with two capital letters in order so
that subroutines can be identified with the modules they are found in. (The ".c" suffix indicates a
module written in C).

The modules are broken up into control, /O and utility routines. Control routines are primarily
concerned with the actual operation of the instrument and the flow of the data, and use utility routines
to assist them. /O routines are used to communicate with other processors.

7.3.4.1. Control Routines
The ETC control routines are listed and briefly described below:

o) STartc is the execution module: it simply executes ENtry, which is the real
entry-level module.

¢) ENtry.c is the primary user-interation module. Here the user chooses whether to
start automatic observations (through OPerations) or human-aided observations
(through USer), or to do some preliminary image location work (IMage).

) OPerations.c is the node at which the Overseer computer software is directed into
its various day-to-day modes. For example, during the day OPerations will exe-
cute the "wait until dark" routine. When it gets dark, OPerations will first exe-
cute the "set up the mounts” code, followed by the observation code. Any panic
or failure flags in the observation code will return control of the code to OPera-
tions.

¢) OBservations.c is the module which controls all aspects of observations. It coordi-
nates exposures, sets up and reads from Trigger processors, watches the and
looks for peripheral failures. At the end of an observation cycle, it returns con-
trol to the module from which it was entered.

o) USerc is the semi-automatic observation control code used in observations with
the ETC test unit. It executes the observations automatically, but requires user
assistance during setup to position the mount, to line up the cameras properly
and to determine observation thresholds.

o) IMage.c is a collection of user-interactive code used in determining the celestial
coordinates of a CCD field center, in focussing a camera and in testing certain

sift parameters.

7.34.2. VO Routines
The three 'O modules in the ETC Overseer computer software are:

¢) COsmac_IO.c contains all software used in communication with the ICE, including
downloading software.

¢) TRigger I0.c contains all software used in communication with the Trigger
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processors, including downloading software.

o) EXternal_IO.c contains code to communicate with external instruments, such as
the RMT.

7.3.43. Utility Routines

The ETC Overseer software’s utility routines are a collection of useful subprograms which are
used during the execution of ETC operations.

o) AStrometry.c consists of all astrometry routines for the ETC, including code to
calculate the astrometric mapping parameters, given precise locations and coor-
dinates of astrometric standards, as well as code to calculate celestial coordinates
of a stellar given the precise location on a CCD, and vice versa (see section
7.14.2).

o) DAytime.c contains code to determine whether it is day or night and code to wait
for night if it is day.

¢) DEclarations.c contains 1ook-up tables regarding the cameras and their operating
parameters.

e) DOme.c contains code to move and read out the location of the ETC building’s
dome.

¢) JPD.c is a module devoted to the software contributions of John Doty. These rou-
tines include faster algorithms for time-critical ETC operations, such as a fast
median-filtering routine and a fast standard star choosing algorithm.

¢) PHotometry.c contains the system’s photometry routine, which calculates the
brightness above background of any array passed to it. It returns the sum over
all pixels in the array of the difference between the brightness of the pixel and
the sky+bias level in the same pixel.

¢) SAo.c contains all code pertaining to the SAQO stars used as standards by the ETC.
It is primarily used to select SAO stars for use as standards in a given field.

) UTility.c is a collection of various routines with general applicabil’ty. The reader
is referred to Appendix A for more detail of its many features.

¢) WEather.c contains weather-detection software and is presently not implemented

¢) WWv.c is a module designed to read the precise time from the GC-1000 clock
into the Overseer computer’s day-date timer.

¢) The modules Globals.c and extern.h contain all initial declarations of system glo-
bal variables. :

¢) The module constants.h contains all system-wide fixed constants.




CHAPTER 8

The ETC .rigger Processor

Introduction

The ETC Trigger processors are responsible for real-time data reduction of in ETC. The Trigger
processors are powerful microprocessors dedicated to the quick, efficient analysis of CCD image data
taken by the ETC. Each Trigger processor is responsible for the analysis of the image data from one
CCD camera: the job of a Trigger processor is to cull through the CCD image data and report
significant brightenings to the Overseer computer. Through the Trigger processors, the rate of data
leaving the ICE (" 100 kbytes/second/camera) is reduced by four to six orders of magnitude before
entering the Overseer computer. This efficient, dedicated method of data analysis is what makes the
ETC a viable instrument for real-time astronomy at the one-second timescale.

8.1. Trigger Processor Hardware

A Trigger processor in the ETC test unit consists of three Multibus (reference) boards in its own
enclosure:

1) An Omnibyte OB68K1A 10 MHz MiCTOprocessor.
2) A Texas Instruments TMM40020-04 512 kbytes memory board.

3) A custom Direct Memory Access (DMA) board with a High Speed Serial data
receiver/transmitter Link (HSSL).

The data from each ETC camera is transferred to Trigger processor memory over the HSSL receiver at
~250 kbytes/second. Image data from the CCDs is processed as it streams in. Information about an
event detected by a Trigger processor is sent to the Overseer computer via an RS-232 serial link on the
OBG68K1A board.

8.1.1. The Omnibyte OB68KIA

The Omnibyte OB68K1A single-board processor is a Motorola 68000-based microprocessor and
supports code written in C and 68000 assembler. Two on-board EPROMs provide the OB68K1A with
a power-up operating program, known as ETRM (ETC Trigger ROM Monitor), accessible by the
Overseer computer via RS-232 serial link. Through ETRM, memory locations and /O registers in the
Trigger processor can be accessed by the Overseer computer or a human user. The Trigger software is
stored as a file in the Overseer computer and is downloaded using ETRM: the executable Trigger
software is stored in RAM on the OB68K1A board. via RS-232 serial link.

The Omnibyte OB68K1A board also includes a timer chip with which the Trigger processor times
the data analysis process (the sift timer: see section 8.3.1). The precision of the on-board timer is better
than 0.01 seconds.

8.1.2. The Multibus DMA/HSSL board

The Direct Memory Access/High Speed Serial Link receiver/transmitter board consists of discrete
circuitry linked to DMA circuitry which interacts through the Multibus with the Omnibyte OB68K1A
board. The DMA/HSSL board is used for fast, uninterrupted transfer of data to and from the Trigger
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processor’s memory. Direct Memory Access (DMA) circuitry makes possible the hardware-controlled
storage of data without wait states or software control. The High-Speed Serial Link (HSSL) allows for
transfer of image data at a rate of 2 Mbits/second. The Trigger processor HSSL receiver circuitry
accepts image data from the ICE, while the transmitter sends requested image data to the Overseer
computer. Together, the DMA and HSSL are an efficient method of mass data transfer and storage
which does not require any software intervention. This leaves the Trigger software free to analyze
CCD image data as it streams in, making it possible to detect events before all the data has been
received.

The DMA controller is based on the Motorola 68450 DMA chip. The controller has four
transmitter/receiver channels and is controlled by bitwise manipulation of the 68450 registers. In the
case of incoming data, the DMA circuitry is responsible for the control and organization of data and
address bytes, making sure that each incoming byte goes where it is supposed to be in RAM. For out-
going data, the DMA circuitry must acquire the data from the requested memory locations and feed
them to the data transmitter circuit in the correct order.

8.1.3. Trigger Processor Memory

The Trigger processor memory is broken up into the following sections:

1) Eight kbytes of read-only-memory (ROM) on two ROM chips on the Omnibyte
board. ETRM firmware (sectin 8.1.1) is located in this ROM, so that the the
Overseer computer can communicate with the Trigger processors through ETRM
immediately after power-up.

2) 32 kbytes of RAM on the Omnibyte OB68K1A board. The executable Trigger
software is stored in this memory.

3) 512 kbytes of RAM on the TMM40020-04 Multibus memory board. This memory
is used for frame and data storage and is large enough to hold four full 400x292
byte ETC frames.

8.2. Overview of Trigger Software

The software for the Trigger processors was written as part of a senior thesis project by Steven
Rosenthal of MIT. It includes the code setting up the OB68K1A environment, the DMA control code,
the ETRM firmware (the ETC Trigger ROM Module, described in section 8.1), as well as all of the
real-time analysis software.

8.2.1. Trigger processor memory allocation

The Trigger processor memory is large enough for four 400x292 CCD images. The Trigger pro-
cessor 512 kbyte memory is broken up into four image regions, with the remaining 45 kbytes of
memory used for data storage. The four image areas are named the current, recent, old and threshold
frames. In the current frame is stored the most recent image to enter the Trigger processor (data
flowing into the Trigger processor is always stored in the current frame). The recent frame generally
contains the image taken immediately prior to the current frame. During sifting, the current frame is
compared to the recent frame. After sifting, as is explained below, the current frame becomes the
recent frame, and the recent frame is overwritten with an incoming image.

The old frame is a frame of data taken at some point and set aside in memory, expressly desig-
nated to be the old, or archival, frame. It can be used as the comparison frame during sifting, but it
generally is viewed as archival information. The threshold frame is a construction which is used in the
first level of sifting (see section 8.3.2.1). It consists of a sky frame with the stars artificially removed.
Frames being analyzed are compared to the threshold frame. The method of calculating the threshold
frame is explained in detail below and in Appendix E.
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The frame labels (current, recent, old and threshold) are not fixed to a memory location in the
Trigger processor, but rather are names which can be dynamically attached to any of the four areas of
memory. For example, in the sifting process, the current frame is always being compared to the recent
frame. When the analysis of the current frame is over and a new image is to be read in, the current
frame becomes the recent frame. Rather than move the data from the current frame into the memory
locations associated with the recent frame, the names of the memory locations are simply swapped: the
next image read in goes into the current frame, overwriting the old recent frame, while the old current
frame is the new recent frame. In this fashion, the analysis of consecutive images can proceed quickly
and without lengthy transfers of data within Trigger processor memory.

8.3. Trigger Processor Operations

The Trigger software runs in one of two states. In sift mode, the Trigger processor waits for CCD
image data to come in across the HSSL from the ICE. As soon as the first byte of data enters the
Trigger processor, analysis of the data begins. If, during the analysis, the Trigger processor discovers a
candidate flash event, it will report the event (in the form of a candidate report) to the Overseer com-
puter over the RS-232 serial link. The analysis continues until the entire image has been analyzed or
the time allotted for analysis has been exceeded. In either case, the Trigger processor issues a sift-
termination report to the Overseer computer: the sift-termination report indicates any errors that
occurred in the analysis.

After the issuance of the sift-termination report, the Trigger processor automatically enters query
mode, its other mode of operation. During sift mode, no communication is possible between the
Overseer computer and Trigger processors, except for candidate and sift reports, since any communica-
tion can slow the processing of incoming data by the Trigger processor. The only exception to this is a
handshaking byte sent from the Overseer computer to the Trigger processor after a candidate report. In
query mode, the Trigger processor awaits commands or requests for data from the Overseer computer.
During this period, the Overseer computer can check or change the operational parameters of the
Trigger processor, as well as request transmission over the HSSL of arrays of data from any of the three
data frames stored in Trigger processor memory. When appropriate (usually immediately before the
next CCD image is to be read into the Trigger processor), the Overseer computer returns the Trigger
processor to sift mode with the issuance of an "end queries” command.

If for some reason the software in a Trigger processor halts, the Trigger processor is left in a
non-communicative, non-productive state: the Trigger processor will have to be reset, the Trigger
software re-downloaded and re-executed. A signal on the RS-232 serial link acts as an Overseer
computer-activatable reset. The reset is generated on the parallel /O board of the Overseer Computer
(see section 7.1), and is sent to the halted Trigger processor over an RS-232 serial link, followed by the
reloading of the Trigger software.

8.3.1. Sift Mode

In sift mode, the Trigger processor single-mindedly devotes itself to the analysis of incoming
CCD data. As soon as the Trigger software recognizes the reception of the first byte of data from the
CCD, it begins the process of data analysis; the DMA hardware in the HSSL stores the data automati-
cally as it streams in. At the same time, the Trigger processor starts an internal countdown timer (the
sift timer) which indicates the time at which sifting will be terminated, whether all the data has been
analyzed or not. The sift timer, in conjunction with the Overseer computer’s frame timer (section
7.3.1), assures that a known amount of time is spent in both sift and query modes, and that these times
v.ul not change from exposure to exposure.

At the onset of sifting, the Trigger processor allows data from several rows of the CCD image to
stream into memory before beginning actual data analysis, to permit the sift algorithm to reference data
in adjacent rows. The analysis of CCD data then begins. Because the HSSL transfers CCD data by
DMA, the continuing storage of CCD image data proceeds without interrupting the analysis processes.
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The analysis of a CCD image consists of sequentially passing each pixel of the image through the
"sifter", which is described in the following section. The analysis of this image, known as the current
frame, requires a threshold frame (see section 8.3.2.1 and Appendix E), as well as an image against
which to compare the current frame to detect any brightening. This image, the recent frame, is the
image taken immediately before the current frame.

If any portion of a CCD image is considered an event by the Trigger processor, the Trigger pro-
cessor issues a candidate report to the Overseer computer over RS-232 serial link. This report consists
of seven bytes and communicates the column and row numbers of the event, interpolated to a within a
fraction of a pixel and reported in centipixels (.01 pixels), as well as the value of the triggering pixel in
both the current and recent frames. The format of this report is included in Table 8.1. Upon receipt of
the candidate report, the Overseer computer transmits a handshaking byte to the Trigger processor. The
Trigger processor must receive this byte before it can issue any further reports. The handshaking byte
is implemented to avoid having so many candidate events report to the Overseer computer that the
Overseer computer falls behind in receiving incoming bytes and, as a result, does not receive all the
report data.

When the Trigger processor’s internal sift timer expires, the Trigger processor issues a sift-
termination report to the Overseer computer over the RS-232 link and enters query mode, regardless of
whether the sift has finished. If the sift is still in progress, it is terminated immediately. Use of DMA
by the HSSL assures that any data still coming in over the HSSL are stored correctly in the Overse.r
computer memory. A sift-termination report consists of three bytes which indicate the type of sift and
the status of the sift when the sift timer expired. The format of the sift-termination report is included in
Table 8.1.

The first byte of the sift-termination report includes a three-bit binary error code which indicates
any errors in the sift. Each of these bits, the lowest three bits in the byte, indicates an error in the sift
when it is transmitted in the high state. The information passed is 1) the sift was aborted before com-
pletion (bit 0), 2) too few bytes were received (bit 1) and/or 3) no sifting was done (bit 2). (See
Appendix B for more detail). The possible errors are:

0: Sift completed, no errors. The Trigger processor received all the image bytes and
successfully completed the sift procedure in the allotted time.

1: Sift incomplete. The sift process was interrupted by the sift timer. The last two
bytes of the sift-termination report indicate the number of rows successfully
sifted.

2: Not enough data. The number of bytes received by the Trigger processor is not
the same as the number of bytes expected. This error usually indicates a prob-
lem with the ICE or, more likely, the HSSL.

3: Sift incomplete and not enough data (see 1 and 2).

4: No sift. The Trigger processor had no image against which to compare the current
image during the sift. Sifting was not attempted, but the image was placed in
memory for use in future sifts.

5: Not possible.

6: No sift and not enough data (see 2 and 4).

7: Not possible.
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Format of Trigger Processor Reports to the Overseer Computer

Column number of event in centipixels
Row number of event in centipixels
Candidate Report | Value of event pixel in recent frame
Value of event pixel in current frame
Value of threshold offset

Sift-termination Three-bit error flag (see section 8.3.1)
Report Row number of sift termination
(0 if sift completed)

1

Table 8.1: Format of Trigger processor Reports to the Overseer computer

8.32. Sifting

The real-time analysis, or sifting, of the CCD images is done with a series of sift algorithms
which, together, represent all of the criteria for recognizing an event in the ETC. Each algorithm, or
level of sifting, is a test of whether an image pixel meets a certain criterion. A pixel meeting the cri-
terion of a given level is passed to the next level for further testing; a pixel rejected by any level is not
analyzed further and the sifter proceeds to examine the next pixel. Any pixel passing all sift levels is
considered by the Trigger processor to be an event candidate and becomes the subject of a candidate
report to the Overseer computer.

Since an ETC image of 10° bytes must be analyzed in about one second, an average of S-10
microseconds of sifting time is allowed per pixel. Because this time is so short, the first level of sifting
is a quick, simple algorithm which rejects most pixels in an ETC image. The small fraction of the
image pixels which pass the first level of sifting are analyzed in increasing detail (at the cost of a
higher analysis time per pixel) by the next levels of the sifter.

The following subsections describe each level of sifting in detail, proceeding in the order of lev-
els encountered by a triggering pixel.

8.3.2.1. Level 1: Threshold Comparison

The first level of sifting is a check of whether the brightness of a pixel exceeds the expected sky
brightness in a statistically significant way. This level is passed if the value of the current image pixel
is greater than the value of the same pixel in the threshold frame, which is located in a specific area in
Trigger processor memory. The value of each pixel of the threshold frame is the sum of the sky-plus-
bias level in the image frame (in the absence of stars) and a constant integer offset, the threshold offset
(specified by the Overseer computer).

The threshold frame is constructed at the request of the Overseer computer by the Trigger proces-
sor before the beginning of an observation cycle from a normal ETC image through the process of
median filtering. This method, described in detail in Appendix E, removes all high-spatial-frequency
images (such as stars) from the CCD image, leaving an image of the sky without the stars. The value
of the threshold offset reflects a statistical criterion programmed into the ETC software. The value of
threshold offset is determined by the level of statistical significance: the Overseer computer calculates
the value of threshold offset from the total noise per pixel of the CCD image. The value of threshold
offset is added to the value of each pixel of the median filtered image to create the threshold frame.
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Use of a threshold frame permits high speed processing of incoming CCD image data. Because
the threshold offset is already added to the median filtered image, the Level 1 test consists of a single
comparison of single-byte values. The Level 1 test requires a processing time of 4.8 microseconds per
pixel.

The pixels which pass Level 1 have a value exceeding the starless sky value by a few ADU.
These pixels are usually a part of a stellar image, a "hot” CCD column or a cosmic ray. The fraction
of a full image’s pixels passing Level 1 and thereby reaching Level 2 is dependent on the value of
threshold offset and the number of bright stars in the field of the CCD: the fraction is of the order of
~0.01 to ~0.03.

8.3.22. Level 2: Brightening Test

The second level test checks whether a pixel is significantly brighter than the same pixel in the
recent frame. The second level is passed by those pixels whose value in the current frame exceeds
their value in the comparison frame by an amount greater than a constant known as brightened delta,
which is specified by the Overseer computer. The value of brightened delta is calculated in the same
way as the value of threshold offset (see above). The pixels that pass Level 2 are potentially very
interesting to the ETC: they consist of cosmic rays, hot pixels and, hopefully, flash events. The frac-
tion of incoming pixels passing Level 2 depends very much on the value of brightened delta and the
total noise associated with the image: it will generally be <~0.005.

8.3.23. Level 3: Centering Test

A flash event may cause several adjacent pixels to brighten enough to pass Level 2. Since the
sifter should only issue one candidate report per event and report the center of the event, the Level 3
test checks the pixels neighboring the current pixel to determine whether the current pixel is the center
of the event.

The third level of sifting is passed if the current pixel brightened more than any of its immediate
neighbors. The fraction of incoming pixels passing Level 3 is ~0.5.

8.3.2.4. Level 4: Anti-streak Algorithm

The fourth level of sifting is a test of whether the current pixel is part of a streaked image. This
tests for meteor trails and perhaps fast satellite or airplane trails. The Level 4 sift tests all pixels on the
perimeter of a seven-by-seven pixel box centered on the pixel under consideration: if any of these pix-
els pass the Level 2 brightening test (section 8.3.2.2), the image is considered a streak and the pixel
being analyzed is rejected. If any part of the box is off the edge of the CCD, the pixel is rejected.

Estimates of the rate of meteors which have trails short encugh (in angular size) to falsely satisfy
the anti-streak algorithm are given in Chapter 10.

8.32.5. Level 5: Bright Star Test

This level was devised when it was noticed that pixels surrounding bright stars were frequently
the subjects of candidate reports. These brightenings were interpreted as being due to a shifting of the
stellar image on the CCD, perhaps due to of local atmospheric effects or the effects of high shot noise
near bright stars in the CCD. In order to recognize this effect, Level 5 checks whether the value of any
of a pixel’s immediate neighbors exceeds the value of the pixel by more than three times brightened
delta (generally “20 ADU).

8.3.3. Sift Parameters

The performance of the Trigger software can be controlled by the Overseer computer by changing
one of several sift parameters during query mode. These adjustable parameters include:

1) The variable threshold offset is the criterion used in the first level of sifting (see
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section 8.3.2.1).

2) The variable brightened delta is used in the second and fifth sifting levels (see sec-
tions 8.3.2.2 and 8.3.2.5).

3) The sift time is the upper limit on the amont of time allowed for sifting, The
amount of sift time needed is dependent on the values of threshold offset and
brightened delta, and should be sufficiently shorter than the exposure time to
allow time for requests for data by the Overseer computer.

8.34. Query mode

Query mode is the free time between the termination of sifting and the next "end-queries” report.
This time is available to the Overseer computer for 1) changing Trigger processor parameters, 2) mak-
ing requests for data, or 3) requesting calculation of a threshold frame. A list of possible requests was
given in section 7.2.2 and Figure 7.1.




CHAPTER 9

The Instrument Control Electronics

Introduction

The Instrument Control Electronics (ICE) are a set of custom-built analog and digital electronics
which control the instrumentation of the ETC. Through the ICE, the Overseer computer or a human
user can interface with and control the ETC instrument (e.g., read out the CCDs, measure and adjust the
CCD temperature, slew the telescope drive and read the hour angle of the mount). Such software mani-
pulation of the instrument hardware is essential to the automated ETC.

9.1. Instrument Control Electronics Hardware

The ICE are controlled directly by a single-board microcontroller, known as the "COSMAC"
board, which is based on the RCA 1802 "COSMAC" microprocessor. Overseer computer communica-
tion with the ICE occurs over an RS-232 serial port on the COSMAC board.

The ICE are divided into two groups: the "digital” and "analog™ electronics. "Digital” electron-
ics consist of all those boards sharing a common bus with the COSMAC microprocessor board. The
COSMAC bus is a well-defined standard, allowing for 16-bit wide memory addresses, 8-bit data and
eight /O lines for communications with other boards sharing the bus. All boards sharing this bus are
directly controlled by the COSMAC.

The "analog™ electronics are primarily concerned with CCD clock generation and CCD signal
processing and transmission. The CCD clock generation ("driver") and CCD signal processing ("ana-
log") boards are very noise-sensitive, since any noise present on these boards reduces the quality and
consistency of the CCD images. For this reason, the analog electronics are physically separated and
RF-shielded from the digital electronics to reduce the extent of infiltration of digital noise. The output
and input signals from the Analog Electronics to the CCDs are wired directly from the analog back-
plane to the cable connectors leading to the cameras.

The sections that follow give a general description of the function and layout of each board in the
Instrument Control Electronics. More attention will be paid to the Analog Electronics, since they are
more specific to the operation of low-noise CCD cameras and generally the more intricate boards of the
ICE. A schematic diagram of the boards and the data and signal flow in the ICE is given in Figure 9.1.

9.1.1. Digital Electronics

The ICE digital electronics consist of several boards which are necessary for primary computer
and CCD control (the COSMAC, memory, sequencer and DAC boards). In addition, the digital elec-
tronics include boards which control details of the ETC instrumentation (CCD temperature control, shaft
encoder readout, clutch control, stepper motor control and dome control boards).

9.1.1.1. COSMAC Board

As mentioned above, the COSMAC controller board is based on the RCA 1802 "COSMAC"
microprocessor. The COSMAC is an eight-bit, bit-level controller: higher-level control is made possi-
ble by a FORTH-like language developed for the COSMAC. This code is stored in a set of four "boot
ROMSs", so the COSMAC is in a user-accessible state immediately after power-yp.

The COSMAC board contains 2 UART (Universal Asynchronous Receiver/Transmitter) for serial
communication at data rates from 300 to 9600 baud. Higher level instruction code can be created for
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the COSMAC and loaded into the COSMAC from another processor (e.g. the Overseer computer) over
the RS-232 serial link. The collection of higher-level code for the ETC’s Instrument Control Electron-
ics, known as the operating system, contains intermediate level building blocks, the Sequel compiler
(see section 9.1.1.3) and upper-level instrument control code. A copy of the basic operating system and
command definitions can be found in Appendix C.

9.1.1.2. COSMAC Memory Board

The COSMAC memory board provides 16K of RAM to the COSMAC board through 8 2K RAM
chips. The COSMAC memory board also houses the four 2K "boot ROMS" which store the COSMAC
start-up instructions. The memory available to the COSMAC is allocated in part to certain peripheral
boards of the Digital Electronics: the major portions of the COSMAC memory are reserved for the boot
ROMs and the Sequencer compiler (see section 9.1.1.3). In addition, many small control functions of
the Digital Electronics are accessed through memory locations, rather than through the available I'O
lines. A map of the functions of memory locations of the ETC four-camera test unit is shown in Table
9.1 (see the appropriate subsections for details of the control functions).

9.1.1.3. Programmable Sequencer

The Sequencer is responsible for the creation of the timing of the CCD clocks (see discussion of
the CCD clocking in sections 9.1.2 and Figure 9.2). The sequencer, based on the Signetics 8x300 bipo-
lar microcontroller, is run at 8 MHz, producing pulses 250 ns wide. The sequencer can produce up to
16 distinct streams of programmable timed pulses. The streams are generated by the sequential reading
and execution (in 250ns steps) of 16-bit memory locations. The state of each of the 16 bits reflects the
state of the appropriate stream in any given 250 ns time period: if a bit is high, the stream level is high.

The programming and sequential execution of the sequencer memory locations is done through a
high-level language called Sequel, developed at MIT by John Doty, which runs in the COSMAC
environment. The Sequel program as well as the stream execution memory are stored in fast-access
RAM on the sequencer board.

In addition to the creation of the three clocks used to drive the CCDs, the sequencer is also
responsible for timing operations in the analog processing of the CCD signal. The timing of the hold
pulse in the analog processing chain is controlled by a sequencer stream (see Figure 9.2).

The signals from the Sequencer are fed to the Analog Electronics through a 26-pin flat ribbon
cable to any of the driver boards. Since all the CCDs in the ETC test unit are timed identically, the
sequencer signals are bussed along the Analog backplane to all the driver boards. Sequencer signals to
the Analog boards are fed from the drivers along the backplane.

Memory location (hex) Function
1#=
0000 - 1FFF Boot ROM
7300 - 73F7 DACs
EQ00 - EFFF Sequencer compiler
FF00 - FFFP Device control

Table 9.1: COSMAC Memory Map
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9.1.14. DAC Board

The DAC board produces the analog voitages used in clocking out the CCDs (see section 9.1.2
and Figure 9.2). It is filled with 24 Digital to Analog Converters (DACs), each of which will produce a
0 to 10 Volt analog DC output based on an eight-bit digital input. The 24 DACs provide voltages to
two cameras (three DACs per each of three tri-level CCD clocks and two bias voltages per CCD). The
DAC signals are brought to each driver board on 26-pin flat ribbon cable connectors.

9.1.1.5. CCD Temperature control

The CCD is cooled to “-90° C by a closed-cycle refrigerator. The temperature of the CCD can
be held constant by passing a controlled amount of current through a power resistor mounted on the
CCD cold sink. The temperature of the CCD is read via a thin film detector (a temperature-dependent
resistor). The temperature of the CCD is controlled by an analog feedback loop which regulates the
current through the power resistor to within +1°C.

9.1.1.6. Stepper motor driver board

The slewing of the ETC telescope mount is done with a 0.88 amp stepper motor mounted on the
telescope drive. The stepper motor driver board is designed to provide power to any winding or any
combination of windings of a stepper motor given the appropriate low-level software command. Thus,
the motor can be stepped by a series of commands powering the windings of the stepper in the correct
sequence. The stepper motor in the ETC is stepped as quickly as the software will allow (" S00
steps/second), which is sufficent to slew the mount at a rate in excess of 40 degrees per minute.

9.1.1.7. Synchro readout board

The synchro readout board services the synchro shaft-angle encoder on the ETC tracking mount.
It utilizes 2 CMOS synchro-to-digital converter, which converts the three 400 Hz signals from the syn-
chro shaft-angle encoder on the polar axis of the telescope mount to a single 14-bit absolute shaft angle.
This angle can be calibrated to give the absolute hour angle of the telescope mount. A 14-bit S/D gives
an angular resolution of 1.3 arc-minutes, which is comparable to the angular size of an ETC pixel.

9.1.1.8. Clutch control board

The clutch control board controls the motor clutches in the telescope drive. The drive has a slew-
ing motor, a tracking motor and a clutch associated with each. In order to prevent both clutches from
being engaged at the same time, they are controlled by a single double-pull, single-throw relay on the
clutch control board.

9.1.19. Dome Control Board

The dome at ETC Site 1 is equipped with an incremental encoder designed and built by Gerard
Luppino of MIT. The output of the incremental encoder is monitored by circuitry on the dome control
board. The dome encoding circuitry allows the determination of the location of the dome to 10-bit pre-
cision ("21 arc-minutes). The dome control card also includes circuitry which controls the two relays
controlling the motion and direction of motion of the dome.

9.1.2. Analog Electronics

The primary function of the analog electronics is the acquisition, processing and transmission of
image data from the CCDs. The clock signals used in reading out the CCD are created on the driver
board using the timing signals from the sequencer and the voltages from the DACs. Each clock requires
three DAC signals and two sequencer streams. When the CCDs are read out, the CCD output signal is
by a preamplifier inside the camera housing and sent to the analog processing board. Here

is sent through a delay line and several stages of amplification and digitized to 12 bits.
parallel bits are sent to the High Speed Serial Link (HSSL) where they are converted to eight
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serial bits and transmitted to the appropriate Trigger Processor. A schematic layout of the analog pro-
cessing circuitry can be found in Figure 9.2a.

9.1.2.1. Driver Board

The driver board creates CCD clocking signals by combining voltage levels from the DAC board
according to timing signals from the sequencer. The CCD clocking signal is created by combining
thiree analog voltage levels. One voltage level is always present in the clocking signals: the other two
voltage levels are added to the clocking signal depending on the states of the two sequencer streams.
The combination of the sequencer streams’ timing and the three analog voltages allows for the produc-
tion of the tri-level clocks used in reading out the CCDs. (See Figure 9.2c for a simplified schematic
illustration).

Each driver board includes drivers for three separate CCD clocks and a bias voltage for the on-
chip FET circuit. DAC and sequencer signals travel to the board over two flat ribbon cables. The CCD
clocking signals are taken directly from the analog backplane to the cable connectors leading to the
CCD cameras.

9.1.2.2. Analog Board

When a CCD is read out, the output signal is passed through a preamplifier in the CCD camera
housing. The preamplified CCD signal is then fed directly to the analog processing board. The CCD
image information in the signal is separated from the signal background by an analog delay line and a
balanced difference amplifier via correlated double sampling (see Figure 9.2b). The image signal is
then passed through a software-controlled programmable variable-gain amplifier (PRAM), the gain of
which is controlled by a sequencer stream, which is controlled by the COSMAC. The signal out of the
PRAM is re-amplified, digitized to 12 bits and passed to the High Speed Serial Link.

9.12.3. High Speed Serial Link (HSSL) board

The HSSL board accepts the 12-bit digital output from the Analog processor and converts it to an
eight-bit serial stream readable by the HSSL receiver in the Trigger processor (see section 8.1.2). The
twelve-to-eight-bit conversion is done through UV-erasable Programmable Read-Only Memory chip
(EPROM) on the HSSL board, which maps its 12-bit input onto its 8-bit output based on a lookup table
stored in its memory.

The high-speed serial link is based on the National Semiconductor DP8342/3 serial
transmitter/receiver pair. The transmitter accepts 8-bit parallel data and transmits in a serial form read-
able by the receiver in the Trigger Processor. The receiver then translates the serial data back into
parallel data. The transmitter/receiver pair in the ETC are run at 20 MHz, resulting in a 2 Mbit/second
data transfer rate.

9.2, ICE Software

The Instrument Control Electronics are entirely controlled by low-level commands to the COS-
MAC microprocessor. A bit-level operating language was developed for the COSMAC microprocessor
by Robert Goeke of MIT. This FORTH-like language was built upon to form a mid-level language,
whose commands form the basis of the ICE software operating systent.

The ICE control software consists of about four dozen mid-level commands to other boards on
the COSMAC bus. Most commands involve the movement of data to and from locations in the ICE
memory. The rest are commands to the sequencer, either to read out the CCDs or to change the CCD
signal creation and analysis environment.

The ICE operating system and working software can be found in Appendix C. The bulk of the
code defines the COSMAC software environment and the Sequel compiler: ETC control code is
located near the back of the file,
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CHAPTER 10

Expected Results

Introduction

Historically, it has generally been true that important scientific discoveries are made after the
introduction of new instrumentation that opens the door to the investigation of an as-yet-unexplored
physical regime. As a detector of optical flashes with risetimes of the order of one second, the ETC is
investigating a relatively untouched region of parameter space in astronomy. The ETC has the potential
to discover an entirely new class of astrophysical phenomena, characterized by brightness changes on
the timescale of one second.

While the potential new discoveries of the ETC cannot be predicted, the detection of fast optical
transients from astrophysical objects can be foreseen. The rate and brightness of optical flashes from
GRBs and flare stars can be estimated from previous theories for expected transient optical radiation
from the sources. By the same token, the rate and brightness of optical flashes from terrestrial sources,
such as meteors and satellites, can be estimated.

As a bank of solid-state, electronic detectors, the ETC is also susceptible to local events which
mimic optical flashes, such as cosmic rays and shot noise in the CCD. This chapter includes a discus-
sion of the sources of events as seen by the ETC and estimates their expected rates. The results are
graphed in Figures 10.3-10.7.

10.1. Rate of Optical Flashes from Gamma-Ray Burst Sources

The expected rate of optical events from GRB sources is very uncertain at present, due to the
lack of solid data on optical flashes from GRBs. A rough estimate can be made by convolving 1) the
logN-logS curve for detected GRBs (Jennings, 1982), 2) the ratio of F./FB = 750 (for short ("5 second)
optical bursts; Rappaport and Joss, 1985), 3) an estimate of the B-V for such a burst (Rappaport and
Joss, 1985) and 4) an assumed fraction of GRBs which emit optical light.

The convolution of the log N(>S)-log S curve for GRBs (see section 2.1.4) and the ratio of
gamma-ray to optical fluence is straightforward, as it is a simple recalibration of the axes of the log
N(>S)-log S curve, based on the duration of the optical flash. Since the burst duration is rather loosely
constrained by observation (1, _ <500 seconds), the optical event rate was calculated for burst times of
1, 5 and 30 seconds. The calculated rates of optical transient events from GRBs, assuming B-V = 0.0,
are plotted in Figure 10.1.

An estimate of the B-V value of an optical burst from a GRB source requires an assumption of
the mechanism for the production of optical light from GRBs. If the optical radiation is gamma-
radiation reprocessed on the surface of a companion star, an assumption of the burst temperature of the
companion is sufficient to give a value for B-V. Rappaport and Joss’ (1985) value for a typical burst
temperature, T, = 8500 degrees K, yields the value for B-V of -0.15; the resulting curve is not
significantly di t from the B-V = 0.0 curve which is plotted in Figure 10.1.

Finally, since no observer can make a statement at present about the fraction of GRBs which emit
optical light, the plots in Figure 10.1 assume that all GRBs produce optical light.

10.2. Rate of Optical Flashes from Comet Impacts onto White Dwarfs

Tremaine and Zyktow (1985; see Chapter 3) have proposed that optical burst events could be
created by the impact of a comet onto a white dwarf. The comets, which are bound in a cloud about
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Figure 10.1: The expected rate of optical transient events associated
with GRBs, based on a ratio of gamma-ray to optical
fluence of 750 and optical burst times of 1, 5 and 30s.
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the white dwarf, impact the white dwarf at an average rate of 1.2x10° yr'. If, as proposed in a
scenario by Tremaine and Zytkow, the impact of a comet (mass = 10'® g) heats the surface of a typical
M = 0.5M white dwarf to 30000°K, resulting in a burst duration of ~ 10s, the absolute magnitude of
the burst would be M, = 9.9 (Lang (1980), pp. 564-5). Given that the space densit?' of white dwarfs is
0.03-0.1 pc’® (say 0.05 pc), the rate of optical flashes with m <9.9 is 2.3x10 sr'hr!, Assuming the
white dwarfs are isotropically distributed, the log N(>S) - log S relation for white dwarfs will follow an
S32 dependence. The rate R(m<m,) of optical flashes brighter than magnitude m_ from white dwarfs is
included in the plots in Figures 10.7, 10.8 and 10.9,

The rate of optical flashes exgected from white dwarfs increases if one assumes that the missing
mass in the Galaxy (0.1 M_ gc ) consists solely of 0.5M,, white dwarfs. In this case, the space
density of white dwarfs is 0.2 pc™, and the rate of optical flashes with m, < 9.9 is ~10°,

10.3. Rate of Optical Flashes from Flare Stars

Flare stars are a class of red (primarily M) stars which exhibit frequent brightenings with rise-
times of from a few to hundreds of seconds. These flares are brightest (in magnitudes) in the UV
(where the star is not very bright), decreasing in brightness with increasing wavelength, until they are
virtually undetectable in the red. The frequency of the flares has been empirically determined to be an
exponential function of the quiescent absolute magnitude of the star, with fainter flare stars flaring more
frequently (Gurzadyan (1980)). Observed flare stars have absolute magnitudes ranging from 8 to 15 and
are generally found within 50 pc of the Sun. (A complete review of flare star observations and theory
can be found in Gurzadyan (1980)).

Observed flare stars have the following properties, based on information given in Gurzadyan
(1980):

1) The rate of flares from a given star is a function of its absolute magnitude M : log
fy = 1.78 + 0.148M,, flares/hours.

2) The probability of a flare star flaring by more than an amount AV can be roughly
modelled as In P(AV) = -aPAV. where l.kapd.z

3) The rate of flares of a given Am in V-band is roughly one-quarter of the rate in
U-band

4) Most flare stars are of spectral type M.

5) About 40% of all M stars within 6.5 pc of the Sun have been observed to flare;
about 3% of all M stars within 20 pc have been observed to flare. This is evi-
dently a selection effect.

Given these observational constraints, an estimate of the rate of flares versus peak flare magnitude
can be made with a simple Monte Carlo analysis. In this procedure, the volume of space inside 20 pc
is randomly filled with 1000 M stars, according to the density distribution of M stars in Allen (1975).
Each star is assigned an absolute magnitude M, distance r, apparent magnitude m (based on M,r) and a
flare probability (per hour) based on the absolute magnitude M. In the Monte Carlo simulation, all stars
are checked at regular time intervals (small compared to the smallest flare period). It is established
whether each star flared in the preceding interval by comparing a random number to the individual flare
probability. If so, the change in visual magnitude during the flare is determined from the rough proba-
bility distribution quoted above. The magnitude, distance, flare magnitude and time of each flare are
recorded: after the Monte Carlo simulation has ended, these data are used to determine the rate of flares
(in sr''hr!) above a threshold magnitude p.
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Such a Monte Carlo simulation of flare stars was executed, based on the observed flare star
characteristics listed above. The value of o was assumed to be 1.8, and the fraction of M stars that
flare was assumed to be 0.5. The simulation was executed in shells of volume about the Sun in order
to observe the dependence of flare rate on distance from the Sun. The shells used were 0-20 pc, 20-50
pc, 50-100 pc and 100-200 pc, with each shell being observed for 100000 flares. The flare rates from
the various shells were summed to give flare star rates for populations of stars within 20, 50, 100 and
200 pc of the Sun. The results of these simulations are included in Figure 10.2. The straight line in
Figure 10.2 represents an extrapolation of these curves to an infinite spherical distribution about the
Sun. Itis interestmg to note how quickly the various curves converge to the infinite-distribution (S
rate: for the sensitivity of the ETC (m =11-12), the majority of flare star events will come from stars
within 100 pc of the Sun.

In order to account for instrument sensitivity, the Monte Carlo simulation was modified to calcu-
late the rate of flare events exceeding 400e" (a sensitivity of m~10.8). This curve is displayed in Figure
10.3.

The uncertainty in the flare star event rate reflects the uncertainty in the observed flare star
characteristics. The fact that the value of a_ is seen to lie between 1.4 and 2.2 affects the event rate by
a factor of “¢%*=1.2. An additional element of uncertainty is introduced with the assumption that 50%
of all M stars exhibit flares: the fraction is seen to be at least 0.4, yet could be as high as 1.0, so the
flare rate calculated by the Monte Carlo simulation could be low by a factor of 2 because of this
assumption.

A factor which has not been included in these calculations is the fact that the ETC is sensitive to
changes in brightness in of the order of 1-4s. If the risetime of an optical burst is significantly longer
than this, the sensitivity to the burst will drop, since only a fraction of the increase in brightness will be
observed in a single exposure. If the rise of brightness to peak is roughly linear, the effective magni-
tude of the burst (as seen by the ETC) is increased by -2. Slog(t,, /tm) where t and t., are the expo-
sure and risetimes, respectively.

This effect is potentially greater for flare stars, which have typical risetimes of 10-60 seconds,
than for optical flashes from GRBs, which may have risetimes of the order of seconds. If we take a
typical flare star risetime to be 30 seconds, the decrease in detection sensitivity of a one-second expo-
sure is 3.7 magnitudes. The effects of the typically long flare star brightening times is taken into
account in Figure 10.4, which assumes a flare star risetime of 30 seconds. (It is important to note that
30 seconds is a rough median risetime and that actual event risetimes vary over almost two orders of
magnitude (Moffett, 1974)).

This effect is, in principle, the same for optical bursts from GRB sources; yet, because of the
absence of reliable data on GRB-related optical transient risetimes, the magnitude of the effect is
difficult to estimate. This effect is taken into account in Figure 10.7, 10.8 and 10.9, assuming an opti-
cal burst time of five seconds.

10.4. Terrestrial Sources of Optical Flashes

The primary known sources of terrestrial optical flashes are satellites and meteors. These flashes
would be a particular problem for a single-site ETC, which would not be able to use parallax to discern
the terrestrial origin of optical flashes from these sources. The streak-rejection algorithm in the Trigger
software (section 8.3.2.4) is capable of rejecting fast satellites and most meteors. However, any source
of optical transient radiation with an angular speed small enough to pass the streak-rejection test, such
as slower satellites or head-on meteors, would be considered real events by a single-site ETC.

This section describes the rough calculation of event rates due to these sources.

10.4.1. Meteors

A meteoroid is a particle or group of particles, ranging in size from 0.001 cm (micrometeoroids)
up to tens of kilometers (asteroids). A meteor is produced when such a particle enters the Earth’s
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Figure 10.2: The results of the Monte Carlo simulation of flare star event rates
discussed in section 10.3. The curves are the flare event rates from
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curves to an infinite spherical distribution of flare stars about the Sun
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Figure 10.3: The effect of considering a detection threshold on the rate of detection
from the 200 pc flare star population of Figure 10.2. The lower curve is
of flare stars events by the ETC. The upper curve is the rate of events
the convolution of the upper curve with a detection threshold of 400
electrons (m = 10.4).
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atmosphere and is partially or totally vaporized, creating a luminous trail sometimes visible with the
naked eye. Upon entry into the Earth’s atmosphere, the meteoroid is heated by contact with air
molecules and begins to melt and evaporate at a rate dependent on the meteoroid temperature and
mass. The rate of emission of meteoroid vapors determines the luminosity of the meteor trail.

A meteor can create a false trigger in the ETC if the angular size of the portion of the trail bright
enough to trigger the ETC is smaller than the streak criterion in the Trigger software (section 8.3.2.4).
The angular length depends on the angle of incidence of the meteor into the atmosphere, the peak
brightness of the meteor, the meteor velocity and the image exposure time. The rate of triggering
meteors is a convolution of the probability of a meteor of a given brightness creating a false event in
the ETC and the flux of meteors of that brightness entering the atmosphere.

10.4.1.1. Meteor light curve

The "typical” meteor light curve has been modelled by Oepik (1958). (Since meteors come in a
variety of types, sizes and brightnesses, no one type can be considered "typical”; however, most of the
meteors in the magnitude range of “2 - 10 are considered to created by the steady ablation of mauer
from a melted meteoroid, the rate of which was roughly modelled by Oepik). From his model
meworhghtcurvehasthefonnJaX(I-X) whem;md:ebnghmssofﬂnmwmdx-ew‘
where Ah is the change in altitude of the meteor and a is the scale height of the atmosphere at the alti-
tude of ablation. From this light curve, Oepik calculates the relative intensity of the meteor to be j/j

- -z—xu -X)%. Expressed in magnitudes, Am = m - m_, = 2.5log(X(1-X)?) + 0.83. Observations of
meteoc light curves have substantiated this model (anshwn, 1983).

From the above relation, given a detector sensitivity |, and the peak effective magnitude, m, of
the meteor as seen by the detector (taking image exposure time into account), one can calculate the
length of the trail (in scale heights) that has a magnitude brighter than u; i.e., the length, Alva, of the
trail with Am < m_, - 1.

10.4.1.2. Meteor Geometry

The geometry of the incident meteor is shown in Figure 10.5. A meteor which enters the atmo-
sphere with zenith angle Z which creates a visible trail over a range of altitudes Ah at a mean altitude
H will create a trail of angular size 6 « tan''(Ah tan(ZYH). The probability of a meteor entering the

atmosphere with a zenith angle Z is proportional to cos(Z)sin(Z) (Oepik (1958). p. 67): the probability
of the meteor entering the atmosphere with zenith angle less than Z is sin*(Z).

Given a detection threshold magnitude, 4, some vertical length, Ah, of the trail of a meteor of
peak effective magnitude m_, will be brighter than . In this situation, there will be a range of zenith
angle Z which creates a visible trail length 0 < O, For a given threshold magnitude i, the rate of
meteors with trails brighter than u yet with an angnlar size O less than a threshold O_ is determined by
convolving the rate of meteors of effective magnitude m_, with the probability associated with the zen-
ith angle Z.

10.4.13. The Effective Magnitude of a Meteor Trail

The effective peak magmtude of a meteor of actual peak magnitude m___ is gwen by m, =
-2 Slog(tlt). where t is the time the meteor spends in a single pixel and © {’s‘"a.e image exposure uﬁ:‘k
The time spent by a meteor in a single pixel depends on the velocity V of the meteor: the value of t is
Vsin(ZyHa, where o is the angular size of a pixel. The value of meteor velocity V is typically ~40
knvs; the value of H ranges between 80 km and 100 km.

10.4.1.3.1. Meteor flux

The flux of meteors in the magnitude range -2.4 to +12 has been measured by Cook, et al. (1981).
The result of the observations is consistent with those of Hawkins and Upton (1958) and is
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Figure 10.5: The geometry of a typical meteor trail. A meteor entering the
atmosphere at altitude H with a zenith angle Z will subtend an
angle © = arctan(L sin Z /H), where L is the length of the meteor
trail. If the angle is less than the anti-streak criterion for the ETC
(presently 13 arc-minutes), the meteor will trigger a single-site ETC
as an event. A two-site ETC will be able to reject the meteor by virtue
of its parallax over the 1.4 km baseline between the sites.




55

log fa (em™'s™!) = -17.89 + 0.534my

(This equation is consistent to within a factor of “2 with values found in Allen (1976)). This value can
be converted to meteors/frame/second by assuming a typical altitude of 90 km:

fa (frame~'s™) = 8.35x10°6 10° ™"
Given the typical colors of a typlcal meteor (B-V = -1.41 (Allen, 1976)),
fv (frame”'s™) = 1.47x10° 10*°

For the ETC, one frame has a solid angle of .086 steradians, so the calibration of frame''s* to sr

nr! is a multiplicative factor of 41900. The flux of triggering meteors in sr'hr! are
fz 6r ) = 0350 x 107

fv (st = 0.062 x 1074V

10.4.1.4. The Net Rate of Head-on Meteors

The total flux of triggering meteors was calculated by considering the threshold magnitude, p, and
effective magnitude of a meweor, m_,, based on the zenith angle Z and its associated probability. The
results for a typical morvelocuymdsevenlexposmummgnphedmﬁgm 10.6.

It should be noted that a meteor can create a trigger not only if it comes into the atmosphere with
a low zenith angle Z, but also at larger values of Z, when the section of the meteor trail brighter than
the threshold magnitude is small enough to trigger the ETC. This effect is noticeable as an increase of
20-30% in the event rate at fainter threshold magnitudes (u > 10).

10.4.2. Satellites

The impact of satellites on the ETC could be very large, yet the magnitude of their effect is
difficult to calculate. A tumbling satellite can create a false optical flash in the ETC by momentarily
reflecting sunlight and appearing to the ETC as an optical glint. The ETC would also consider a mov-
ing, non-glinting satellite t0 be an event if the length of the satellite trail in a single exposure is less
than the ETC anti-streak criterion.

The problem of glinting or moving low-Earth-orbit satellites will presumably disappear once the
ETC has spread t0 two sites at Kitt Peak. (The 1.5 km baseline between the two ETC sites on Kitt
Peak allows the recognition of terrestrial sources of optical flashes at altitudes of up 0 3000 km). A
single-sie ETC, however, would possibly have to contend with a major fraction of satellite-induced
events without the benefit of parallax. Presently, a non-glinting, moving satellite will be detected as an
optical flash by a single-site ETC if its angular motion in a single exposure is less than 13 arc-minutes.
This means dut faster satellites (those in lower orbits) are more likely to be rejected by the anti-streak
algorithm,

One method of reducing the event rate due to moving satellites might be to increase the exposure
time, so that low-Earth-orbit satellites would always be rejected. Another possibility is the a posteriori
rejection of satellite events based on three or more collinear glints in a single frame. Nevertheless, the
problem of glinting satellites remains a problem until the second ETC site is ready, since, to a single-
site ETC, a short glint looks like a point flash of light.

10.4.3. Instrument-related Spurious Events

There is a finite probability of the detection of spurious events due to non-optical effects in the
CCD detectors. One source of such false triggers is statistical fluctuations due to shot noise in the
CCD: a thorough discussion of this effect is given in Chapter 11. A second source of non-optical false
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triggers is the interaction of cosmic-rays with the CCDs in the ETC cameras. A cosmic ray passing
through a CCD ionizes the silicon it encounters, thereby freeing typically ~400 electrons (for a 3um
path length in silicon). A cosmic-ray interaction can mimic an optical flash in a single CCD camera
(400 electrons corresponds to a star of m = 10.j): properly placed cosmic rays in two CCD cameras can
therefore create a false event in the ETC.

The calculation of the rate of false events due to coincident cosmic rays in two cameras is
straightforward. The flux of cosmic rays on Kitt Peak is 5-10 per cm® per minute. The rate per
22.3um pixel per hour is 1.49x10°. The probability per CCD (of 10° pixels) of a false trigger is
2.23x10”/hour. At 0.086 steradians per CCD, the cosmic-ray spurious event rate for the plenary ETC
will be 2.6x10%/hr/sr, independent of sensitivity. This rate is included in Figures 10.7, 10.8 and 10.9.

10.5. The Rate of Events Due to All Considerations

The total rate of events due to celestial and terrestrial sources of optical flashes is presented in
Figures 10.7, 10.8 and 10.9. The exposure times assumed in these figures are one, four and ten
seconds. The duration of optical flashes from GRB sources is assumed to be five seconds in all three
figures. Superimposed on each of these graphs is the sensitivity of the plenary ETC to optical flashes in
one year of observations. Also included in each figure is a curve representing the sensitivity of the
observations made by Schaefer, Vanderspek, Bradt and Ricker (1984), which had been the most sensi-
tive wide-field search for optical flashes before the ETC.

e S ——




Figures 10.7, 10.8 and 10.9 display the expected rate of optical
transients from known terrestrial and celestial sources in one-, four-
and ten-second exposures in the plenary ETC, as described in Chapters
4 and 10. Included are the rates of optical transients due to GRBs (as
discussed in section 10.1), assuming both one-second and five-second
burst durations, flare stars (section 10.2), assuming a thirty-second rise to
peak, and comet impacts onto solitary white dwarfs (section 10.3). In
addition, the rates of "false” optical transients due to head-on meteors
(section 10.4.1) and cosmic rays (section 10.4.2) are included. The
three-sigma Poisson sensitivity of the plenary ETC in one year of observations

is indicated on each plot (see Chapter 4), as is the sensitivity of the

Two-Schmidt survey of Schaefer, Vanderspek, Bradt and Ricker (1984).
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Figure 10.7: The expected event rates in one-second exposures in the plenary ETC.
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CHAPTER 11

Results of Observations with the ETC

Introduction

The ETC test instrument was set up at Kitt Peak in October and November of 1984, During the
following December, January, and early March, the Overseer software was tested and refined. In late
March and mid-May, 1985, observations of portions of the night sky were made with the ETC test unit.
The goals of the observations with the ETC test unit were 1) to test the concept and operation of the
Trigger and Overseer software, 2) to explore the limits of operation of the ETC software package, 3) to
test the durability and reliability of th. . . instrument itself, and, of greatest astronomical interest, 4) to
carry out the most sensitive wide-fielt ptical flash search to date. These goals were achieved during
the observation period. The followiny .cctions describe the tests of the ETC hardware and software; in
addition, the observations with the EI1C test instrument and the results of the observations are dis-
cussed.

11.1. Observations with the ETC Test Unit

The "shakedown™ observations with the ETC test unit were made in December, January, March

and May, 1985. The quahty of the observations software progressed from "very crude” in December to

and useable” in March of 1985, to "quite satisfactory” in May of 1985. Observations made

after 23 March 1985 are particularly useful in the sense that the software was working well enough that

events could be detected and all data would be stored. Before 23 March 1985, the quality of the data
stored made its astronomical use very difficult.

11.1.1. Description of the ETC Test Unit Hardware

The test observations were made with just two of the four available cameras (cameras B and C of
A, B, C and D) due to a malfunction in camera D’s support hardware. Camera A, though useable, did
not have a coincidence "mate”, so that it could not be used to survey an independent part of the sky.
Each camera was equipped with a 25 mm lens and a filter covering either the V-, R- or I-band. The
filters were necessary because the chromatic aberration of the lenses made wide-band focus impractical
(even with the filter, the point-spread-function of the lens was such that a stellar image was smeared
over three or four pixels).

The hardware (including Overseer computer, Trigger processors and ICE) in the test unit were as
described in chapters 6 through 9. The HSSL transmitter in the ICE was equipped with an EPROM
which mapped the 12-bit output of the analog processing board to an 8-bit format according to a half
linear, half logarithmic mapping known as the "linlog” mapping (see section 9.1.2.3). The linlog func-
tion maps the values 0 “ 50 on the input to 0-150 on the output (linearly) and the values 151-4095 on th
input to 151-255 on the output in logarithmic steps, such that each output step above 150 ADU
cormponds to 0.0341 magnitudes. (A plot of this mapping can be found in Figure 11.1.) The linlog
mapping gives the ETC a full 12 bits of dynamic range: with this mapping, the ETC is sensitive to faint
events, which would have peak brightnesses of less than 150 ADU (150 ADU corresponds roughly to
an 8 magnitude star in a ten-second exposure), while retaining sensitivity to flare events of Am >
“0.25 from bright stars (m_ < “8). lnordenounhzedleﬁlllrange of the linear portion of the map-
pmg. the Overseer software adjusts the sky+bias level in each camera to be between 20 and 50 ADU
prior to each observation cycle (see section 11.2.1).
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Figure 11.1: The mapping of the 12-bit output of the analog processing
- board to the 8-bit image data used in the ETC. The mapping
is stored on a UV-eraseable programmable read-only memory
. chip (EPROM). The 12-bit input to the EPROM (in units of
linear ADUs) is mapped onto its 8-bit output (in linlog units)
with the linlog mapping. Input values between 0 and 150 are
mapped linearly onto output values 0 to 150. Input values between
151 and 255 are mapped logarithmically onto 151 through
255, so that each output step corresponds to 0.0341 magnitudes.
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11.1.1.1. ETC Camera Sensitivity and Gain

The sensitivity of the ETC test unit to detected events can be calculated from equation 4.2. How-
ever, in order to have a good understanding of the system sensitivity, the gain (in ADU/e’) and readout
noise (in e’) of each CCD camera must be well determined. Therefore, the gain and readout noise of
each CCD camera was measured in three different ways: through a light-transfer curve (LTC), from the
brightness of stars of known magnitude in the CCD, and from the dark-sky brightness.

The light-transfer curve (LTC) method requires the measurement of the total noise in the CCD at
various light levels (the noise is the standard deviation of the values of the difference between two con-
secutive frames at the same light level). Since the total noise is given by 021. = Signal(ADU)/g +
O o SEVeral data points allow for an estimate of the system gain (g) and readout noise (0, ,)-

The second method involves calculating of the relation of the brightness of stellar images (in
ADU) to their visual magnitudes. This was done with SAO standard star images on a full CCD image
recorded at Kitt Peak for both cameras B and C, and both analyses yielded mappings of the form
log(#ADU) = constant - m *(0.41+0.02), as was to be expected. Given the transmissivities of the atmo-
sphere and the CCD camera optical system, and the efficiency of the CCD, the system gain can be cal-
culated from this mapping.

The third method requires measuring the brightness of a moonless sky, also on a stored image.
From a comparison of the measured dark sky brightness (in ADU/pixel/second) with the actual sky
brightness (in photons/pixel/seconds) the gain can be calculated, given the tranmissivity of the optical
system and the CCD efficiency.

These three methods were used in the calculation of the gain and readout noise of each CCD
camera, The results are summarized in Table 11.1. From the analysis, the values of 62 e/ADU and 51
¢/ADU were adopted for cameras B and C, respectively. The readout noise was determined from the
LTC to be 70 ¢ in camera B and 52 " in camera C.

The values of the various parameters of the ETC optical system implicitly used in the calculation
of the sensitivity of the ETC test unit (equation 4.2) are listed in Table 11.2. The values of I-band lens
throughput and CCD efficiency are estimates, due to incomplete data in that wavelength band. The
values of atmospheric characteristics (transmission and sky brightness) were taken from Allen (1983):

Method Camera B gain Camera C gain

LTC 62t S e/ADU 46 + 7 €/ADU
(O s = 115 ADU) | (o, = 1.01 ADU)

Stellar 67 £ 15 ¢/ADU 48 + 18 ¢/ADU
brightnesses

Dark sky 63 £ 6 e/ADU 58 £ 6 e/ADU
brightness

.#m_—_———————l—_

Table 11.1: Results of Gain Calibration of the ETC Cameras
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these values are for sea level and differ somewhat from the values at Kitt Peak. The window transmis-
sivity was calculated from the Fresnel equations, which give the reflection losses at each surface of the
window. The values for the sensitivity to a detected event in each of the cameras at a signal-to-noise
level of 10 are also listed in Table 11.2.

11.2, Testing and Operation of the ETC Software

During testing of the ETC test unit, the Overseer software was run in "user” mode, which allows
for automatic observations and data storage after human-aided setup. User mode allows the observer to
change observational parameters in order to test the performance of the instrument. The following sec-
tions describe "user” mode in detail: the methods used in the testing of the limits of the Overseer and
Trigger software are described in section 11.2.2.

11.2.1. User Mode

The "user” mode of ETC observations was developed as a preliminary to full instrument automa-
tion. User mode allows the observer to specify every aspect of the ETC observations, in order to test

— ————

Optical Characteristics of the ETC Test Unit

Focal length 25 mm
f-number 0.85
Area of lens 6.8 cm?
Pixel angular size 3.09 arc-minutes
Camera C gain 51 e’/adu
Camera C readout noise S2¢
Camera B gain 62 e/adu
Camera B readout noise 0¢

V-band | R-band | I-band
Sky rate (e’/pixel/second) 138 602 1046
Filter bandpass 1160 A | 1200 A | 1600 A
Atmospheric transmission 82 92 95
Filter transmission n .80 a1
Lens transmission 85 .80 70
Window transmission 91 91 a1
CCD efficiency 45 .60 38
Image splitting 5 5 S5
One-second event sensitivity 75 84 8.0
Four-second event sensitivity 9.0 9.7 9.3
Ten-second event sensitivity 9.9 10.5 10.0

Table 11.2: ETC Prototype Optical Characteristics
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the quality and speed of the Overseer and Trigger software, whereupon the ETC observes the sky
without further interaction by the observer. An example of the observer’s interactions with the ETC
software’s user mode is shown in Figure 11.2: the details of user mode are given below.

Upon entering user mode, the software asks the observer to move the telescope drive (manually
or through the slewing motor) to the right ascension appropriate to the observations. Once the right
ascension is correct, the software asks the observer to input the exposure time, sift time and the statisti-
cal criteria used in the calculation of the thresholds used in the Trigger software (see section 8.3.2).
The Overseer computer then measures the sky+bias level of each CCD from images taken by each cam-
era: the bias level is adjusted (if necessary) until the sky+bias level is between 25 and 60.

Once the sky+bias level is correct, the observer has the opportunity to save full images from all
cameras onto disk files. The observer is then asked to rotate the dome slit until the cameras view the
slit center. The relationship between the dome azimuth and the dome encoder value can then be cali-
brated. Next, the Overseer computer then calculates the values of threshold offset and brightened delta
(see Chapters 7 and 8) from the observer-specified statistical criteria and a measurement of the total
noise per pixel in each camera.

At this point, the observer participates in precisely calibrating "pixel address” to celestial coordi-
nates for each CCD camera in turn. The Overseer computer roughly calculates the coordinates of the
center of a camera field from its knowledge of the date, time and location of the site, the hour angle of
the sidereal drive (through the absolute synchro shaft encoder mounted on the drive) and the declination
of the camera (specified in the software). The Overseer computer then calculates the expected locations
of 16 SAO standard stars in the field based on these rough coordinates: these locations are circled over
an image of the sky taken by that CCD camera and displayed on the color graphics monitor. The
observer is requested to tell the Overseer computer how far the circles are from the actual locations of
the SAO standard stars. This is an iterative process, which ends when the observer reports that the
SAO stars are all circled. The Overseer computer then calculates the precise position of the stellar
images on the CCD and calculates the precise astrometric mapping of the CCD location to celestial
coordinates (see section 7.1.4.2).

Once all the CCD fields are calibrated, the threshold frames are calculated by the Trigger proces-
sors from actual image frames. The Trigger processors are then initialized: at this point, the sequence
of observation cycles can begin. The observation cycles run completely automatically, so no observer
need be present. An observation cycle consists of twenty minutes of observations, followed by data
storage (see section 7.4.2), a check of the sky+bias level, a recalculation of the astrometric mapping and
a recalculation of the threshold frames. If the sky+bias level in a CCD has changed significantly, the
bias level in the CCD is adjusted automatically. The recalculation of the astrometric parameters is
necessary due to a slight ("30’) misalignment of the polar axis of the telescope drive; however, the
misalignment is small enough that the Overseer computer can recalibrate the mapping without the assis-
tance of an observer. This periodic recalibration is also necessary because of the effects of atmospheric
refraction, which vary with hour angle.

The sequence of observation cycles continues indefinitely until 1) sunrise, or 2) the hour angle of
the mount exceed six hours. In all, the net efficiency of ETC observations, including startup and recali-
bration pauses, is 75%: i.., three-quarters of the time the observation software is running in the
Overseer computer, the ETC is taking and analyzing images of the night sky. An individual observa-
tion cycle is halted when data has been taken from six prospective candidate events: the data are then
stored and the observation cycle is immediately restarted.

11.2.2. The Testing of the ETC Software

During testing of the ETC software, the values of threshold offset and brightened delta were
varied to determine their effect on the performance of the software. No attempt was made to unduly
minimize the rate of "false” (statistical) events: the values of threshold offset and brightened delta were
set as low as possible to maximize the chance of detecting a real event. The lower limit on the values
of these two variables (which were generally set equal to one another) was the point where the sift
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setup phase of "user" mode, described in section 11.2.1.
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algorithm was unable to complete the sifting of a typical frame in the time allotted, because of the large
number of pixels passing the first level of sifting (see section 8.3.2.1). The sift time was then increased
to allow further decrease in the values of the detection variables until the amount of time left to the
Overseer computer for data transfer (data transfer time = exposure time - sift time) was too small and
exposure time limits were exceeded when the Overseer computer attempted to collect data from the
Trigger processors. It was determined that the present Overseer software requires “0.6 seconds per
flash to acquire data from two Trigger processors. The bulk of actual observations was performed with
ten-second integrations, with sift times of four to six seconds. The values of threshold offset and
brightened delta were adjusted until the rate of single events from a given camera was between 10 and
20 per exposure. These observation settings assured that >90% of all exposures were "good” (an expo-
sure was considered "good" if the sifting completed with no errors and the Overseer computer had
sufficient time to collect all the image data).

11.3. Details of Observations with the Test Instrument

The observations with the ETC test instrument were conducted between 24 March and 1 April
198S and again between 12 May and 28 May, 1985. The observations were made primarily in V-band,
with some bright-time observations in R- and [-band. A list of the times and filters of observation can
be found in Table 11.3.

Cameras B and C were used in coincidence with a total field overlap of 236 square degrees (after
accounting for imaging area lost to CCD defects, pixels disregarded by the Trigger processors, a small
degree of misalignment between the cameras and an average of 5% of the imaging area lost to dome

. Time observed
UT date Filter (hours)
24 March 1985 v 2.67
25 March 1985 v 5.17
26 March 1985 \4 2.31
27 March 1985 \4 3.08
28 March 1985 v 1.18
30 March 1985 R 2.46
31 March 1985 I 3.49
1 April 1985 I 3.36
12 May 1985 R 1.44
13 May 1985 v 345
14 May 1985 \4 475
15 May 1985 v 3.85
18 May 1985 v 3.04
19 May 1985 v 426
20 May 1985 v 1.35
21 May 1985 A 1.22
24 May 1985 v 1.77
25 May 1985 v 345
26 May 1985 R 3.08
28 May 1985 R 1.34

Table 11.3: Dates and Times Observed with ETC Prototype
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occultations). A total of 41.1 hours were observed in V-band, 8.3 hours in R-band and 6.9 hours in I-
band. The solid-angle-time product observed, then, was 2.95 steradian-hours in V-band, 0.60 steradian-
hours in R-band and 0.50 steradian-hours in I-band.

The choice of fields observed by the ETC test unit was affected in part by the potential for detec-
tion of possible sources of optical transients. The declination of the center of each camera was +25°+
2° the right ascensions of the center of the fields observed were within a few minutes 10®, 12", 15" and
178, Generally, the fields were chosen to be near the meridian at certain hours of the night, (in order to
reduce the effects of occultation by the dome and extinction by the atmosphere) but some effort was
made to include potential sources of optical flashes. One of these fields (12") contained the error circles
of three gamma-ray bursters (GRB1200+21 (24 November 1978), GRB1152+20 (1 January 1979) and
GRB1140+20 (2 May 1979); Baity, et al., 1984), while another (17") contained the flare stars V475 Her,
Ross 867 and Ross 868 (Gurzadyan, 1980).

Observations were made primarily during dark or grey time (roughly six days on either side of
new moon). The sky brightness during bright time was found to be so high that the vignetting of the
lens (see section 6.1.1.2) becomes significant. If the sky brightness at the center of the CCD is 200
ADU per pixel (a typical value during bright time), the sky brightness at the edge of the CCD is 140
ADU, due to the 30% vignetting of the lens. Since the Overseer Computer will set the bias level of the
CCD to a point where the sky+bias level at the center of the CCD is ~40, a large area near the edge of
the CCD will have sky+bias levels less than zero, rendering it useless for observations. Raising the bias
level to bring the values of the edge pixels above zero would bring the values of most of the CCD pix-
els close to the logarithmic section of the linlog mapping, thereby reducing the sensitivity of the CCD
as a whole. In addition, the increased sky noise during bright time significantly reduced the overall
sensitivity.

11.4. Results of the Observations with the ETC Test Unit

A total of 725 coincident events were reported during the observations with the ETC test unit.
These events were categorized by hand, primarily through the analysis of the 9x9 pixel image subarrays
of the event location from before and during the flash event. The data fell into several categories,
based on the event profiles. The event categories are:

1) Satellite events: a satellite passing through the field-of-view created the event. A
satellite is confirmed by second and third triggers from its trajectory. (see sec-
tion 11.6 for a further discussion)

2) Inconsistent coordinate events: the events in the two cameras were obviously unre-
lated. This is usually determined by the relative positions of bright objects in
the 9x9 image subarrays of the event from the detecting cameras.

3) Cloud triggers events: the events (always in groups of five or six, because the
maximum allowed number of events per observation cycle is six) were due to
patchy clouds. These events were recognized a) because of the low number of
"good" integrations in that observation cycle and b) from notes made at the time
in the observations log.

4) Occultation events: the event occurred in a portion of camera which was partially
obscured by the dome.

5) General brightening events: the event was induced by a sudden increase in the
background light level in the CCD, due to such causes as a flashlight in the
dome, a passing car with its lights on, or distant lightning.

6) Streak events: the image has a streak-like appearance, but no second trigger to

rd
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confirm it to be a satellite.

7) No trigger events: the data stored show no evidence of an event having occurred.
This is currently an unsolved bug in either the Overseer or Trigger software.

8) Statistical events: the event was created by statistical variations in the brightness
of a corresponding pixels in both detecting cameras.

A breakdown of the freqency of these types of event is given in Table 11.4, based on 16,700 exposures
taken during the test observations.

11.4.1. Statistical Events

After the events of types 1-7 had been identified in the ETC data bank, a total of 355 statistical
events remained. These events are subclassified into four groups, based on their morphology:

1) Class 1 events occurred when the brightest pixel in a stellar image brightened in
both detecting cameras.

2) Class II events occurred when the brightest pixel of a stellar image brightened in
one detecting camera while an immediate neighbor pixel brightened in the other.

3) Class III events occurred when a pixel neighboring the brightest pixel of a stellar
image brightened in both cameras.

4) Class IV events occurred when background pixels brightened in both cameras, or
when a pixel near, but not immediately neighboring a very bright star triggered
in both cameras.

Most of these events barely exceeded the event thresholds, and all but a few of these events showed no
appreciable light curve in both cameras. Because of the high CCD readout noise (50-70 e/pixel), it is
probable that most, if not all of these events were caused by statistical fluctuations in the CCDs. The

Statistical Class II 46 63 0.0028
Statistical Class III 92 127 0.00S5
Statistical Class IV 4 59 0.0026
L Totl 728 100.0 00434

Table 11.4: Breakdown of Events Detected by the ETC Test Unit
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rate of these events (355 events in 16,700 exposures, or ~.021 events per exposure) are shown below to
be comparable to the expected rate of correlated events due to statistical fluctuations in the CCD. The
calculation of the expected faise event rate is based on the fact that the ETC software does not detect
sudden brightenings of image pixels, per se, but rather large differences in the value of image pixels
from one image to the next.

11.4.1.1. The Difference-Sensitivity of the ETC

When discussing the statistics of an ETC event, one must take into account that the ETC instru-
ment is not level-sensitive, but difference-sensitive. The ETC is not an instrument monitoring a sky of
static brightness levels with a noiseless CCD, waiting for a part of the sky to increase its brightness by
more than a certain amount in a single exposure time; rather, the ETC is monitoring a sky where the
brightness levels vary from frame to frame due to shot noise and readout noise, waiting for the
difference between two frames to exceed a certain amount in a single exposure time. The difference-
sensitivity of the ETC has significant implications for the sensitivity and expected statistical trigger rate
of the ETC.

The first implication of the ETC's difference-sensitivity is the fact that the event sensitivity is
lower than the sensitivity of a camera to the detection of a stellar image by a factor of ~v2, as briefly
mentioned in chapter 4. This is due to the fact that the readout and shot noises must be taken into
account twice in the calculation of the total noise associated with an event, because two frames are
involved in the event detection. The equation giving the level of significance, q,, of a detected event is

- Sqrer = Soafors
? (S.*,,-O-S* + 20")“ ’

where Sm and S are the total signal above the bias level (in electrons) in a given pixel in two
consecutive images.  Substituting S, = Sy, + AS, where AS is the amount of brightening in the
event, one gets

- AS
(ASsqpore + OF) + AS)*

The second and more important implication of the ETC's difference-sensitivity is that the
significance of a detected event is not simply that determined by Gaussian statistics: that is, an event
that showed a brightening corresponding to a statistical significance of No, where o is the total noise
(the denominator of equation 11.1), cannot be assigned a confidence level associated with the Gaussian
probability of an No evemt occurring randomly. The problem, again, is the fact that the ETC detects an
event when the value of a pixel increases by a certain value from one exposure to the next. This means
that an NO event can be created if, for example, the pre-event pixel value is No/2 below the mean
value and the event pixel is No/2 above the mean value. The probability of this situation occurring
randomly is (py(N/2))* (where p,(x) is the probability of an event of >xa occurring according to Gaus-
sian statistics), which is significantly greater than p,(N) for most values of N. In assigning a
confidence level to an event, one must therefore not use the Gaussian probability function p,(x), but
rather the probability function p,(x), which is defined as

patx) = [ probi<ylprob(>(x+y)dy

q (11.1)

where prob(<y) is the Gaussian probability of an event being less than yo (including the probability of
an event being below average) and prob(>(x+y)) is the Gaussian probability of an event being greater
than (x+y)o. The function p,(x) gives the probability that the difference between a pixel’s value in
consecutive images will have a significance greater than xo. The value of p,(x) exceeds the value of
P(x) significantly for more values of x, as can be seen in Figure 11.3,
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11.4.1.2, Calculation of the expected statistical event rate

The expected rate of false ETC events due to Gaussian variations of the values of image pixels
can be estimated, given the function p,(x) and the distribution of the pixel values in a typical ETC
image. The distribution of pixel values in a8 CCD image can be divided into three populations, each
with a different rate of statistical brightening. The pixels with values between a few ADU above the
median of all pixel values in an image and 140 ADU are parts of stellar images and, because of their
larger shot noise, are more likely to create a statistical event than pixels with values near the median
value. However, 90% of the image pixels have values within S ADU of the median, so the net rate of
statistical events from these two populations is balanced somewhat. (Empirically, it was determined
that the majority of statistical events occurred near stellar images; cf. Table 11.4). Those pixels with
values greater than 150 are in the range of pixel values where each step is logarithmic, and therefore
significantly larger than those in the linear range: statistical events with values greater than 150 are
therefare very rare.

The expected rate of events was calculated with a computer program which, using a full ETC
frame from either camera, calkculates the probability of detecting a correlated event in the two cameras,
based on the values of the total noise and the detection threshold in each camera. The program reads
the values of the image pixels in order, calculating for each the total noise, &, (based on twice the sig-
nal shot noise and readout noise) in both cameras (after converting the pixel value in the one camera to
the equivalent value in the other camera by multiplying by the ratio of the camera gains). From the
ratio of the detection threshold value to the total noise in a pixel the probability of a random fluctuation
in that pixel leading to an event in a single camera is calculated, using the p,(x) function described
above. The probability of a correlated event due to random fluctuations is just the product of the two
single-camera probabilities. The probability is calculated for all pixels and summed to give the proba-
bility of statistical triggers per exposure.

A direct comparison of the results of this computer analysis with the observed rate of correlated
events is complicated for several reasons. First, the observations were made under many different sky
conditions (dark time, grey time, bright time) and at various values of detection thresholds in both cam-
eras (typical values were 7 ADU in camera B and 6 or 7 ADU in camera C). Those observations made
under bright sky conditions (partial moon) suffer from a higher sky noise and therefore would be
expected to have a higher rate of statistical events. Observations made under brightening sky condi-
tions (during sun- or moonrise) are also expected to have a higher event rate because the sky brightness
is increasing slowly during observations, thereby increasing the fraction of pixels able to pass Level 1
of sifting (see chapter 8 and below).

In addition, the rate of statistical events from pixels with values near the median value is
significantly reduced by the fact that there is a probability of “50% that the pre-event pixel value is
below its mean value, in which case a typical brightening will not pass Level 1 of sifting.

_ Nonetheless, in order to show that statistical fluctuations are sufficient to account for the rate of
correlated events observed in the prototype ETC, the program described above was run with a dark-time
image with both detection thresholds set at 7 ADU (so that a AS28 ADU will trigger - - a typical situa-
tion during test observations). The rate of correlated events based on camera B and converting to cam-
era C was .063 per exposure and the rate based on camera C was .048 per exposure, averaging to .05
per exposure, Taking into account that about half of the pixels with values near the median value will
not trigger because they are not able to pass Level 1 of sifting (as discussed above) reduces the
expected event rate by ~20%, to 0.045 events per exposure. This is more than sufficient to account for
the bulk of the 355 "statistical”, "stellar” and "other” events, which occurred at a rate of ~0.02
events/exposure.

A final complication of this analysis process is that the Overseer software allowed fluctuations to
be considered a correlated event even if the celestial coordinates differed by up to two pixels, This
means that a pixel in one camera can trigger not only with its direct counterpart in the other camera,
but also with neighbors of the counterpart. The program described above was modified to deliver the
probability of a correlated flare with the nine nearest pixels in the other camera: the result was an
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increase in the expected event rate by a factor of 2-3. Because the actual software allowed correlated
events to occur not from the nearest nine pixels, but rather from an area of <2x pixels, the actual effect
is more modest. The expected increase in event rate is ~75%, raising the expected rate to ~0.08 events

per exposure.

11.4.2. Satellite Detections by the ETC Test Unit

The high frequency of detection of satellites by the ETC was somewhat surprising. It had been
assumed that low-Earth-orbit satellites would be moving too fast to be accepted as ETC events, due to
the fact that their long trails on the CCD would be noticed by the Trigger processor streak-rejection
algorithm (section 8.3.2.5). Generally, the detected satellite trails were indeed long enough to have
tripped the streak rejection algorithm, yet none of the perimeter pixels had brightened sufficiently. This
may be attributable to statistical fluctuations in the perimeter pixels. Indeed, the bulk of the satellite
trail across the CCD very likely was rejected as a streak; only those few images of the satellite trail
where the perimeter pixel was lower than it should have been due to statistical fluctuations escaped
rejection. (A typical satellite triggered the ETC an average of six times during its traversal of a field:
during this time, roughly 200 exposures were made of the field).

A total of 29 satellite trails were detected by the ETC during prototype observations. The satel-
lites were divided into those with a roughly east-west trajectory and those with trajectories making an
angle of roughly 60° with east-west. Judging by the times of detection and angles of the paths of some
of the trails, several trails may have been made by the same satellite. Data from two typical satellite
detections are shown in Figure 11.4.

The satellite trails detected were made by satellites of visual magnitudes from 6 to 9. The angu-
lar speeds of the satellites at the time of detection were consistent with circular orbital periods of 4 to
12 hours: it should be noted, however, that no estimate of the orbital eccentricity was made from these
detections, so that estimates of orbital periods are uncertain.

The rate of expected satellite events (0,01 per ten-second exposure) will pose a problem for the
plenary ETC, since the associated event rate is very large compared to celestial event rates. (The rate
is one event per 15 minutes, on the average, but the events are clumped in groups and trigger at a rate
of one event per one or two minutes in these groups). One solution is to lower the streak-rejection cri-
terion from 7 to 5 pixels (cf. section 8.3.2.5): this criterion would have rejected a significant number of
the satellites detected during the observations with the test instrument. Another possibile means of
rejecting satellite events is for the Overseer computer to monitor the coordinates of reported events: if
any three are shown to be collinear, they would be considered having been due to a satellite crossing
the field.

1L.5. Interpretation of Results

. The observations with the ETC test instrument yielded no optical flashes which could not be
explained by local, terrestrial or statistical sources of optical transient events. The total solid-angle-time
product observed by the ETC in the visual band is 2.9 steradian-hours. Given the ten-second sensitivity
of the ETC test unit to detected events (m_ = 9.9: a 100 criterion), the test observations were expected
to have detected 1.5 flare stars and 0.008 optical transients from GRB sources (see Figure 11.5). The
test results define a 3¢ Poisson upper limit of 2.2 optical flashes per hour per steradian at m = 10
(Gehrels, 1985). This result is superimposed on the graph in Figure 11.5.

The results of the observations with the ETC test unit have no significant impact on
differentiating between the models of optical transient events described in Chapter 3. However, the
observations made with the ETC test unit make up by far the most substantial wide-field survey of the
night sky for short-timescale optical transients. The 3o Poisson upper limit of <2.2 flashes per hour per
steradian is an order of magnitude lower than the 30 upper limit of <22 flashes per hour per steradian
determined by the previous best effort of Schaefer, Vanderspek, Bradt and Ricker (1984). It should be
noted that this upper limit result was determined with one-sixceenth of the plenary ETC in five weeks of
observation! The results achievable by the plenary ETC in one year of observation should be a factor
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Figure 11.4: Two views of ETC data collected during March and May, 1985. Figure 11.4a is a display
of all image data collected after the detection of an optical flash event. The data displayed
are 9x9 pixel image subarrays about the locations of the flash event and five SAO standard
stars in each camera. In Figure 11.4a, the left-hand six rows contain data from camera B and
the right-hand six rows contain image data from camera C. Of each set of six rows, the upper
five rows contain images of SAO standard stars and the lowest row, set apart from the
others, contains data from the flash location. The images are order chronologically from
the left. The far left column contains the 'old’ images, taken at the beginning of the
observation cycle. The next column contains the ‘recent’ images, taken immediately
before the detection of the event. The remaining columns contain data taken at and after
the flashevent. All exposure times are ten seconds. Figure 11.4a shows the detection of an
east-west-moving satellite; Figure 11.4b, a close-up of another set of flash data, shows the
detection of a satellite withan inclination of ~60 degrees. Both satellites are of roughly 6th to

8th magnitude.
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of 160 better than the results presented here, and a factor of 1600 better than the efforts of Schaefer,
Vanderspek, Bradt and Ricker (1984)!.

The observations with the test unit indicate that the flash background rate (the rate of flashes from
non-cosmic sources) is dominated by satellite events. The plenary ETC, with its capability of recogniz-
ing a satellite by its trail across a CCD as well as by the use of parallax, will be able to reduce
significantly the event rate due to satellites. The detection of these satellites indicates that the events
detected by Pedersen, et al. (1985), may have been created by a satellite. The angular speed of a typi-
cal satellite (detected by the ETC) is ~70"/second. The longest dimension of the photometer aperture
used by Pedersen was ~80": therefore, optical events with durations less than 1.2 seconds could be
created in Pedersen’s photometer by the passage of a typical satellite.
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Figure 11.5: The expected rates of optical flashes in ten-second exposures in the
ETC test unit. The curves represent the expected event rates due to
GRBs (section 10.1), flare stars (section 10.2), comet impacts onto
white dwarfs (section 10.3), and head-on meteors (section 10.4.1)
and the upper limit on the event rate due to cosmic rays
The three-sigma Poisson sensitivity of ETC observations to date are
indicated, as well as the sensitivity of theTwo-Schmidt survey,
conducted by Schaefer, Vanderspek, Bradt and Ricker (1984).




CHAPTER 12

Future Work

Introduction

Although the four-camera ETC test instrument was able to operate successfully in a semi-
automatic mode during the test phase, there are a number of weak links in the ETC instrumentation.
These weak links must be corrected before the ETC can be expected to operate for long periods without
an observer on site. The general problem with the ETC instrumentation is that several of its com-
ponents are not reliable: under certain situations, the state of the instrument hardware cannot always be
consistently predicted. plans for the correction of the problems. In addition, the weak spots in the ETC
software, which all center around its operational speed, will be mentioned.

12.1. General Plans for the Improvement of the ETC

The observations made with the ETC test instrument revealed several areas for general improve-
ment in the ETC. These improvements include:

1) The Overseer computer disk memory will be upgraded by at least 20 Mbytes ¢
allow for more disk data storage, so that the interval between successive data
storage onto magnetic tape is longer.

2) The Overseer computer core memory will be upgraded to at least 2 Mbytes to
increase the speed of the Overseer software.

3) A Cipher Floppy Tape unit will be introduced as the medium for mass data
storage. The Floppy Tape unit stores data onto standard 1/2" cartridge tapes.

4) The Trigger processors will be replaced by Heurikon HK68 single-board micro-
computers with built-in DMA. The Heurikon board will include 1 Mbyte of
hard memory to allow for substantial data storage in the Trigger processors.

S) The HSSL will be replaced by a new, more reliable fiber-optic link.

6) The ETC CCD cameras will be replaced by thermoelectrically-cooled CCD cam-
eras designed by Gerard Luppino of MIT. The use of these cameras will elim-
inate the problem of the bulky coolant hose associated with the closed-cycle
refrigerator. In addition, since each camera is cooled individually, a single cam-
era can be warmed and brought to atmospheric pressure without affecting the
operation of the other CCD cameras. In addition, the preamplifiers, which had
been housed inside the CCD cameras, will be moved outside of the CCD hous-
ing, removing both a source of heat and a source of noise from inside the CCD
housing.

7) The ETC CCD cameras will be outfitted with new, better lenses. These custom-

built lenses will allow one- or two-pixel focus over a broad band (3000 A) of
wavelengths, which will significantly improve the signal-to-noise performance of
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the ETC.

The following sections will discuss specific problems encountered during the test phase of the

ETC instrument.

12.2. The ETC Electronics

The majority of the problems with the ETC electronics are related to reliability. Specifically,

1) Some parts of the Instrument Control Electronics, which are located in the second
floor of the ETC dome, tend to stop working correctly when the ambient tem-
perature drops below “0°C. The symptoms indicate that the problems are not
construction-related (e.g., a cold solder joint on a circuit board), but rather are
related to design flaws or the choice of chips used in the boards. The intermit-
tent nature of these problems has hindered their exact localization to date.

2) The High Speed Serial Link (HSSL) receivers in the Trigger processors occasion-
ally lose data. This problem is due to improper ground return wiring of the
receiver chips in the HSSL receiver. Although the rate of data loss has been
reduced (less than .1% of all frames are affected, and the presence of the prob-
lem is always apparent), it still should be eliminated completely.

3) One of the Digital-to-Analog converter (DAC) boards has a tendency to drop out
of operation altogether every few weeks. This problem has not yet been
definitively located, but the application of pressure on one or more chips on the
board generally solves the problem. This problem is most likely due to the use
of a prototype construction technique in fabricating the DAC boards, a method
which has occasionally resulted in reliability problems in the past.

4) The ICE in general have a problem with the loss of static-sensitive CMOS chips
because of electrostatic discharges. Although the loss rate due to static electri-
city is low, it must be reduced to zero in the plenary ETC.

The solutions to these problems which have been proposed to date are:

1) Put the ICE in a warm place. The locations of the sources of the problems of
cold-sensitivity to date have not yet been found. Even if they were, the problem
could occur in other locations in the ICE. The best solution is to create a warm
area in the dome for the ICE.

2) The problems with the HSSL receivers is not so severe as to warrant major revi-
sions of its construction. However, the new fiber-optic HSSL should eliminate
all the problems associated with the present HSSL.

3) Recently, printed-circuit DAC boards were constructed for use at MIT. These
boards do not have the problem of loose sockets and should prove to be error-
free in use in the ETC.

4) Much effort must be yet put into static protection of the ICE. The carpeting in the
second floor of the ETC dome must be covered with static-free matting to guard
against accidental static discharges to the electronics.
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In addition to the above reliability problems, two specific aspects of the ETC electronics should
be improved. First, the effective CCD readout noise is higher than specified for the CCDs. This
increased noise is due to improper "tuning” of the CCD analog electronics. Future ETC CCD camera
systems should be thoroughly "tuned” before they are sent out into the field. The latest generation of
CCD electronics has a much better noise performance than the present ETC cameras: system noises of
less than 20 ¢ with good charge transfer efficiency are being achieved regularly.

Second, the dome encoding scheme should be improved. Presently, it is a relative encoder, with
no absolute zero point. This situation makes it necessary to rotate the dome to a specific position regu-
larly in order to zero the encoder. This problem will be corrected in the Fall of 1985 by encoding the
dome absolutely.

12.3. The ETC Instrument Mechanical Hardware

The current ETC mechanical hardware also has a number of problems which will hamper pro-
gress towards automation. The major problems are:

1) The vacuum cavity which is shared by the four ETC cameras and the manifold is
not leak-free. The system maintains a good vacuum (with the closed-cycle refri-
gerator on) for ten days to two weeks at a time, but then can spontaneously
return to near atmospheric pressure with little warning. Evidently, the cooling
probe acts as a cryopump when cold, adsorbing molecules leaked into the system
onto its surface. When the surface of the cooler is saturated, the pressure
increases slowly due to a leak in the system, until the ion pump shuts off, result-
ing in a rapid pressure rise,

2) The telescope mount is misbalanced, primarily due to the weight of the coolant
hose wrapped around the axis of the manifold. The result is that it is very
difficult to slew the telescope mount at hour angles of more than ~3 hours.

Proposed solutions to these problems are:

1) A new camera/manifold system will be used in future ETC cameras. The present
system relies heavily on rubber O-rings between flat aluminum faces. The
improved system will utilize steel knife-edge vacuum interfaces with rubber
gaskets, so the vacuum integrity of the system will be much improved.

2) The cooling system in future ETC cameras will not require stiff cooling hoses.
The new cameras, designed by Gerard Luppino, are cooled by thermoelectric
coolers and will not impede the slewing of the mount. Without the coolant
hose, which tended to accumulate ice when cold, balancing the telescope will
also not be as difficult a problem as it is now.

Another advantage to the new ETC camera/manifold design is that access to the camera interiors
will be much simpler than it is now. The method of cooling individual cameras will allow one camera
to be taken off line without warming the others.

12.4. ETC Software

The main problem with the ETC software is that it is not fast enough to support one- to three-
second integration times. There are several bottlenecks in the software which slow it down substan-
tially:

1) Whenever a candidate report is received by the Overseer computer, the location of
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the event is converted into its celestial coordinates. The conversion of event
location to celestial coordinates involves calculating of ~10 trigonometric func-
tions, with each function requiring 10 milliseconds. Thus, each candidate report
requires ~0.1 seconds to be fielded.

2) The transfer of event image data between the Trigger processors and the Overseer
computer takes ~0.6 seconds per flash event per exposure.

The next revision of the ETC software will transfer more of the computational burden from the
Overseer computer to the Trigger processors, which should improve overall system speed. Specifically,

1) Each Trigger processor will be given the parameters of the astrometric mapping of
its associated camera, so that it may calculate the celestial coordinates of each
candidate event itself. In this way, the Overseer computer will act as a book-
keeper of candidate events, and not as a calculator. In addition, the coordinates
will be calculated in the form of three-vectors, which avoids the calculation of
slow trigonometric functions.

2) Each Trigger processor will store image data in its own memory structure during
observations. At the end of an observation cycle, each Trigger processor can
then transfer its image data to the Overseer computer without time pressures.

| Some general areas for the improvement of the ETC software are:

1) The sifting algorithms do not reject signal fluctuations in bright stars. Some
method of recognizing the higher shot noise in bright stars must be devised.

2) The criteria for coincidence of celestial coordinates must be tighter than in the test
observations, in order to reduce the rate of statistical false triggers.

3) The calculation of the precise celestial coordinates of the center of each CCD,
presently observer-aided in "user” mode (see Chapter 11), must be made
automatic. A field-finding algorithm, used by the third Small Astronomical
Satellite (SAS-3), will be aitered for use in the ETC.
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