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Abstract.  Digital Access to a Sky Century @ Harvard (DASCH) is a projedlig-
itize the collection of approximately 525,000 astronorhgates held at the Harvard
College Observatory. This paper presents an overview dD&®CH data processing
pipeline, with special emphasis on the processing of makgxposure plates. Such
plates extended the dynamic range of photograph emulsiahsrgproved photometric
accuracy by minimizing variations in plate developmentceures. Two approaches
are explored in this paper: The repetitive use of astromredtylLang et al. 2010) and lo-
cal correlation searches. Both procedures have yieldetd@ul quality control checks
useful to the pipeline.

1. Introduction

The Harvard College Observatory plate collection consists of approxima2&y00
photographs produced by over 80 telescopes spanning over 1&0fy@a about 1885
to 1992. Until recently, the primary technique for analyzing this data was: fia-
searcher to visit the stacks and visually compare objects of interest witaraynge-
guence of comparison stars. The goal of the Digital Access to a Sky @e@tiHar-
vard' (DASCH) project (Grindlay et al. 2009) is to digitize this entire collection and
provide photometry measurements for all objects. With the successful dionpbé
a high speed plate digitizer (Simcoe et al. 2006) we have digitized over 1p|a@&
and used E. Bertin's SExtractor program (Bertin & Arnouts 1996) taaektn average
of 80,000 objects per plate. The analysis of this digitized data (Laycodk 2020),
(Tang et al. 2010), and (Tang, S. in preparation) presents a nurhtiealtenges which
are no longer encountered with modern CCD photographic techniquesof@mnese
challenges is the presence of many plates which have multiple exposuressaintie
objects.

1.1. Types of Multiple Exposure Plates
Plates with multiple exposures were produced in five ways:

e Multiple exposures were taken on the same plate before development. &his pr
cedure guaranteed that all stars on the plate received the same prpoesthe

see httg/hea-www.harvard.edDASCH/
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same emulsion. Figure 1 shows a triple exposure made of the M44 field. Often,
the North Polar region was included as show in in Figure 2 so that the cbgear
could compare the Harvard North Polar Sequence with the region of intByes
varying the exposure time as shown in Figure 3 the researcher couldi¢kten
limited dynamic range of photographic emulsions.

The dynamic range of photographic emulsions could also be extended bigethe
of a Pickering or Racine Wedge (Leavitt 1917) which produced thetgiims
jects of bright stars shown in Figure 4. The wedges were glass diskedjhaar

the telescope objective which deflected a known percentage of the liglsteotio
ondary objects. The wedge angle was usually small enough to avoid sagific
spectral spreading of the star. If the primary object is too bright fourate pho-
tometric measurement, a researcher can estimate the brightness of theasgcond
object and then apply a fixed correction which is a function of the wedge ar

divided by the objective area.

¢ Another technique for extending the dynamic range makes use of coatseyg
(King 1931) to produce secondary objects as shown in Figure 5. Toraajey
of the grating placed near the telescope objective determines the peehtag
light falling into each difraction order.

e Some plates in the Damon South Yellow series have ghost objects at a 286 arcs

separation from primary objects. Since there is no record of Pickerirdpg®d¢e

being used for this telescope, there is a possibility that either the filter orfone o

the lens elements may have been misaligned.

e Some multiple exposure plates were accidental, caused either by operator er

or by drive clock failures.

Often methods were combined as shown in Figure 6 which shows a multiple ex-

posure grating plate.

It is essential for the DASCH pipeline to identify which plates have multiple ex-

posures in order to avoid false detections of transient events suchessdtaasteroids.

A secondary goal is for the DASCH pipeline to match each object on a multiple-

exposure plate with the correct logbook entry so that the plate data caibatato the
lightcurve of each star covered by the plate.

1.2. Number of Multiple Exposure Plates

Now that 217,000 of the 525,000 logbook entries have been transcridezhéered into
a MySQL database, a simple query shows that 5,842 or 2.6% of the traatptiites
have multiple exposures. Figure 7 shows that the bulk of the transcribtss @ee
from 1895 to 1950 meaning that the Damon series, the only active telesdopeg
the 1970's and 1980’s, are currently under-represented. Figsr®® that multiple
exposure plates were popular from 1905 to 1915; from 1925 to 1986nal944.
Figure 9 shows the percentage of multiple exposures for series thabhbaast
1000 plates transcribed. Neither the widest field, smallest gpigekscales nor the

smallest field highest arcspixel scales were favored for multiple exposures. Instead,

the 7.5 cm Ross-Fecker (rb and rh series) telescopes and the 20 cab.irwln (ir
series) telescopes were favored.
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The use of coarse gratings is normally marked with the letter “G” in the logbook
plate class entry, but plate class entries have been transcribed forigB86%lates so
far. Figure 10 shows that only 18 of these entries are grating platesrutiesl 3-inch
Ross Fecker (rh series) telescope between 1928 and 1945. Whildrdneseiptions
suggest that less than 100 plates used coarse gratings, the total mayidie as 8000
because of issues with the logbook plate classification system.

Unfortunately, no mention of the use of Pickering Wedge plates has beed fo
in the logbooks. To supplement this logbook information, the plate scaneeatops
have been asked to note any plates which show multiple exposures, spedrat-
ings. These notations become a permanent part of the scanner datadatag all
photometry measurements generated from these plates.

2. DASCH pipeline

An overview of the DASCH pipeline appears in Figure 11. The two key stejodved
in the processing of multiple exposure plates are the “Pickering Wedge Filterthe
“Multiple Exposure Loop”.

2.1. Plate Preparation

Before any scanning can occur, the relevant entries in the logbook mtistriscribed
and entered into the MySQL scanner database. For single exposuge fhlatexposure
date is the most important logbook entry, but for multiple exposure plates thedég
sky positions are important for assigning exposure dates to all of thetebigath plate
jackets and plates with ink annotations, such as the ones in Figure 6, dogzphed
with a Nikon D200 camera. All ink annotations on the reverse side of the plate f
the emulsion must then be cleaned to avoid confusion with astronomical objects.

2.2. Mosaic Generation, WCS fitting, and Source Extraction

The digitizer generates sixty 45 mm square tiles in a 10 x 6 tile pattern to cover at

typical 20 x 25 cm plate at least twice for every object, because of thestegds along

the plate width. The scanning process also generates flat field expo$biank plates.

Instead of a single dark frame, however, the procedure takes fraieeblank plate

at 16 exposure levels to characterize nonlinearities in each of the foDr ré&out

amplifiers. The mosaicing process registers and combines these imageduoepeo

single mosaic of approximately 780 megapixels. In addition, the processagesa

1/16 size thumbnail mosaic which is also used in preliminary stages of WCS fitting.
The SExtractor program (Bertin & Arnouts 1996) next generates bliges from

both the mosaic and the thumbnail. The WCS fitting procedure first begins with as

trometry.net (Lang et al. 2010) on the thumbnail and moves to succesavelyate

fits using WCStools (Mink 1999). Finally, a polynomial fit removes lens distostio

from the original telescope. A companion paper (Servillat 2010) descthis proce-

dure in greater detail.

2.3. Pickering Wedge Filter

The Pickering Wedge Filter is used to flag ghost objects by performingtekpar-
relation within a limited region around bright stars. The procedure reqtliegghese
objects be identified on at least one plate in a telescope series. Such idgatifis
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usually made when a plate has an excessive number of objects not matthedad
ibration catalog. To date, table 1 lists the known series which used Pickeedgé#,
or in the case of the “dsy” telescope series, had ghost objects posaildga by mis-
aligned optics. The table also contains a representative astrometricartbe fseries
normally obtained from statistical studies of the WCS fitting procedures medtione
above.

The procedural steps are as follows:

1. Select the 300 brightest stars on the plate that are not too close to thedgate
and do not have a full-width half maximum that is greater than the expected
Pickering Wedge object separation. An object too close to the sides ofatee p
is within 2.5% of the total plate width from the edge. An object too close to the
top and bottom of the plate is within 2.5% of the total plate height from the edge.

2. For each of these stars, find all of the stars in a ring of the radiuslefiend a
width of twice the astrometry error of table 1. Figure 12 is a map of all of these
rings superimposed on each other. Note the clump of objects on the leftfside o
the annulus.

3. This annulus is next divided into annular bins with a width along the circumfe
ence approximately equal to three times the astrometry error. The bin angle is
defined as O degrees along the Sextractor X axis, and increasesradooke
wise to 90 degrees along the Sextractor Y axis. Figure 13 shows thatishere
a clearly defined peak near 180 degrees and this peak correspondsdeitize
spot in Figure 12. If there is more than one peak, the plate is likely a gratitey pla
These grating plates are currently rejected by the Pickering Wedgedoimece

4. Find the average and standard deviation of the star count in all of biese
For each bin, calculate an excess value whidBxsess= (star_countin_bin) —
(bin_averag® — 3« (bin_rmy) If this excess value is positive for any bin, then the
plate is likely to be a Pickering Wedge plate.

5. If a Pickering Wedge plate identification has been made, there is a nee#t¢o ma
a more precise determination of the location of the wedge object within the an-
nular bins. Start be defining a rectangular area that encompasses tithtiime
peak star count and the two adjacent bins. For all stars within this aré¢dhelo
magnitude dierence between the primary and secondary objects as a function of
primary magnitude. The result, which should look like Figure 14 has two popu-
lations of objects, an upward sloping population of Pickering Wedge olaecds
a downward sloping population of field stars and grain noise.

To get an accurate astrometric position, take the sum of the two magnitudes and
sort the table of candidates based on this sum. (For the mc00380 caseaidhe ca
dates with the highest value of the sum will be in the lower left at approximately
MAG _ISO(pri) = -17). For the top 10-1000 candidates, calculate the average
positional deviation as a function of the number of candidates, and takethe n
position of the wedge object to be the average position for the number dif can
dates at which the positional deviation is a minimum. Repeat the process casting
out any outliers greater than one times the average positional deviatiofindhe
collection of stars define a point ((aveMASO,aveMagDit) which is (-17,3.5)
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on the plot of figure 14) at the average values of MF&D for the bright star and
the diference in MAGISO for both stars.

Assuming a positive slope, define the population of Pickering Wedge oltjgcts
the following linear equation:

magdif = K + MAG_ISO

where K is an arbitrary constant which is determined by including the above
average point on the line:

aveMagDif = K + aveMAG.ISO

and assuming a negative slope, the population of field stars by the following
equation:

magdif = MAG _ISO_med - MAGISO

where, because the number of field stars dominates the distribution,
MAG _ISO_med can be found as the one-sigma clipped median of the entire pop-
ulation.

Define a critical magnitude, MAGSO._crit as the intersection of these two lines.
(Both straight lines are shown in figure 14). Because of the nonlinedrityeo
Pickering Wedge Population, add a margin of 1.0 magnitude to this critical mag-
nitude.

. Go through the entire Sextractor population and select as Pickeringe/ddxd

jects all objects which meet the following criteria:

e The positional deviation of the object from the average position calculated
above is less then three times the clipped average positional deviation cal-
culated above.

e The magnitude of the bright object is brighter than the critical magnitude
calculated above including the 1.0 magnitude margin.

e The magnitude of the dim object is brighter than MASO_med calcu-
lated above plus the rms magnitude of the entire population after one-sigma
clipping.

In Figure 14 these selected wedge objects are shown as crossesdaraiyor
star objects are shown as dots. The result for mc00380 shown in in Figure
shows that the Pickering Wedge objects do not coincide, most probatdy e

of differences in optical path through the original telescope. The algorithm is
pessimistic because it is better to falsely identify a non-Pickering Wedgetobjec
than to have an unidentified Pickering Wedge object.

Star Matching, Defect Filter, Photometry Calibration, and Magnitude Cal-
culation

These steps are described in more detail in Laycock et al. (2010),efaaig(2010),
Tang, S. (in preparation), and on the DASCH weBsit&fter wedge filtering, objects
are matched either to the GSC2.3.2 catalog (Lasker et al. 2009) or the Kieypler

2see http/hea-www.harvard.edDASCH/photometry.php
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Catalog (for calibration of the Kepler satellite field). A defect filter removes emulsion
defects, dust, and development defects by comparing PSF characesfstiatched
objects with unmatched objects. Next, the plate is divided into nine annulariis a
colorterm algorithm estimates the spectral response of the plate emulsioretogitth
any filters that may have been used. For each annular bin, a lowesdittumy algo-
rithm is used to generate a calibration between the Sextractor instrumentatudagn
and the blue catalog magnitudes. Finally, a local correction algorithm is usa®0 x

50 grid to account for variations in emulsion @mdsky conditions. All of the objects
on the plate are assigned magnitudes using the lowess calibration curveedadath
bin corrections.

2.5. Multiple Exposure Loop

The concept behind multiple exposure processing is straightforwantowves the ob-
jects successfully matched to the calibration catalog from the SExtractarestsir

and submit the remainder source list to astrometry.net. At the completion of ttf& WC
fitting procedures, the new WCS parameters are applied to all objects inigfireabr
SExtractor dataset and the pipeline proceeds normally from Pickeringyé\ter-

ing to magnitude calculation. In keeping track of the multiple datasets, it is important
to distinguish the “Exposure Number” from the “Solution Number”. The “&syre
Number” is the order of the time-stamped exposures as they appear in theaibsy
logbooks. The “Solution Number” is the order in which the astrometry.nes findi-
vidual WCS solutions and this order is not necessarily related to the drdeposures

in the logbooks. In order to reconcile these two orders, it is necessaongider every
possible combination of Exposure Number and Solution Number and chaoserti
bination which minimizes the sum of the scalar distances between the logbook plate
centers and the astrometry.wcs plate centers. As more solutions aresphdbe as-
signed Exposure Numbers for earlier Solution Numbers may change clnasoase,

the photometry results of the earlier solutions must be recalculated becausenly
assigned exposure date changes the zenith distance of the object astrttated ex-
tinction correction applied to the catalog magnitude.

Two ambiguities arise: If a catalog object from one solution coincides with-a dif
ferent catalog object from another solution, then the result is consiget®ultiple
Exposure Blend”. Since GSC2.3.2 galaxies do not have magnitudes, dtiglenex-
posure blend with a galaxy is always flagged. However, if the catalogitnags show
that all of the stars within a multiple exposure blend do not change the braghtfiéhe
brightest star by 0.1 magnitude, then the blend is ignored.

If an object is not matched to any catalog object, then it could be an astaroid o
a stellar flare. However, there is a fundamental uncertainty with the datesaftiject
because the actual solution number to which the object belongs is unkrnese
objects receive a special flag indicating this date uncertainty.

Two sanity checks are necessary to prevent infinite loops. These sheitks
also detect unrealistic answers occasionally produced by the sixth{potignomial
fitting used by IRAFccmap and SCAMP; and the multivariate amoeba fitting used by
wecstools. First, if the plate center of newly found WCS solution is within 40 piggls
a previous of a previously found WCS solution, then the solution is rejeScbnd, if

3see httpywww.cfa.harvard.eduepleykic/formagformat.html
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a Multiple Exposure Blend is detected with the same catalog object, then the solution
is also rejected because all or part of it overlaps with a previous solution.

2.6. Photometry Database

The output of the pipeline is a set of Starbase (Roll 1996) tables whiaoausiitable
for rapid access of individual lightcurves for display and statisticalysiga Since tra-
ditional relational database models may not meet the needs of scientific SBdgs
2005) (Ailamaki et al. 2010), magnitude measurements are stored in a Bitaoy

files optimized for performance. Supporting star-specific and platefspdata ap-
pear in MySQL tables. A detailed database design document will appeartora f
publication.

3. Results and Discussion

The techniques described in this paper are probabilistic in nature: theyotgnaran-
tee detection of every WCS solution and might provide false WCS solutiongladiw
is necessary to make some estimate of failure and false positive rates.

The combination of astrometry.net and Doug Mink’s wcstools has been kemar
ably reliable in finding the first WCS solution of a photograph plate. Currehtye
are only 26 unsolved plates out of a sample of 10572 plates, a 99.75%ssuete.
An estimate of the false positive rate may be made by studying the distributioft of ca
culated plate scales for the X and Y axes and the distribution of angle betheeh
and Y axes. For 10529 plates, 352 or 3.3% show at least one of theseptimameters
exceeding 3 sigma. Since the astrometry.net authors have demonstratbeittfatse
positive rate should be neglegible, we believe that most of these 352 ostii@nsis-
sues with multivariate-amoeba fitting used by wcstools and the sixth-orderguolgl
fitting used by IRAFccmap. For telescopes wherdigtient plates have been scanned
to determine the plate scale, an additional check using these three criterissibl@o
for detection of poor WCS fits.

The multiple exposure loop correctly detected all three exposures in figdree
very best performance occurred with detection of all 6 exposuresatd ma04979.
The algorithm also detected 3 of the 9 exposures in figure 3 and 6 of thed3unes
in a similar plate, mc12688, before the objects became too dim for furthergamg
However, in figure 2, the algorithm correctly identified only the pole exmoand one
of the two Cygnus exposures.

The multiple exposure loop did not work well with the grating plate in figure 5.
While astrometry.net correctly identified one set of first order objectswitstools
procedure returned to the original zero-order solution. There is @ toeemove not
only the zero-order objects but also half of the first order objects.

The multiple exposure loop provided additional quality control checks bsctie
ing at least 244 plates in which the second solution was within 40 pixels of #te fir
solution, and 48 plates where the second solution overlapped the firsbeollihese
plates cannot currently provide good photometry data because theitteegrating
plates or plates with bad astrometrical solutions.

A more quantitative assessment iffidult because transcription of full logbook
entries did not occur until approximately 800 plates had been scannebezadse
the selection of multiple exposure plates for scanning had been avoided@tioe
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completion of the multiple exposure loop code. As a result, there is only a smallsa
87 multiple exposure plates scanned with full logbook transcriptions. Rémartighis
sample show successful detection of 31% of the double exposures8&hdflithe
triple exposures. On the other hand, there were 481 non-Pickerinigé&/\ygates which
showed more solutions than described in the transcribed logbook entfiese i a
need for further examination of the plates with missed exposures and moydete
transcriptions of multiple-exposure logbhook entries.

The Pickering Wedge filter flagged 857 of 11461 scanned plates. It {gossible
to assess the completeness of this sample, because use of the Pickergeyfiited
has not been documented well in the logbooks. Use of this filter has besrdex to
detect a possible optics misalignment in the “dsy” telescope. These resydesssthat
a general near-neighborhood search algorithm would be usefbefter detection of
grating objects and double-peaked star PSF’s.

In summary, the methods described in this paper represent usefubappgoto
the analysis of multiple-exposure plates.
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AST-0407380 and AST-0909073. Additional contributers to the DAS@bjept are
the Harvard College Plate Stacks Curator, Alison Doane; hardwareesngiRobert
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Table 1.  Known Pickering Wedge Telescope Series

Series Separation  Error
arcsec arcsec

mc 143.0 2.2
b 270.0 8.9
dsy 116.4 3.2
i 287.0 10.8
i 276.0 10.8
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Figure 1.  Plate i52750 showing a triple exposure of M44. N@to the left.

~ Polaris
- )

Figure 2.  Plate i48332 showing a triple exposure: A singlealéris and a double
of a Cygnus starfield.
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Figure 3.  Plate mc05077 showing multiple exposures of thd fld. Nine ex-
posures were taken with exposure times decreasing by 50&aédr successive ex-
posure.

- -
Wedge Objects

. ' Primary Objects

Figure 4.  Plate i31090 showing examples of Pickering Wedigects



DASCH Multiple Exposure Plate Processing 11

Figure 5. Plate mc08175 showing the use of a coarse objaptatang.

9 9809 % ¢ 0

Figure 6.  Plate mf00274 showing the combination use of neiggposures and
a coarse objective grating
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Figure 11. The DASCH object processing pipeline.
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