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We present results concerning the development and calibration
of a new set of narrowband comet filters, designated the HB filter
set, which was designed and manufactured to replace aging IHW
filters. Information is also presented about the design and manu-
facturing of the filters, including the reasoning that was used for
deciding the final wavelengths and bandpasses. The new filters are
designed to measure five different gas species (OH, NH, CN, C,,
C3), two ions (CO™, H,0%), and four continuum points. An im-
proved understanding of extended wings from emission bands in
comet spectra, gained since the development of the IHW filters, was
incorporated into the new design, so that contamination from un-
desired species is significantly reduced compared to previous filters.
In addition, advances in manufacturing techniques lead to squarer
transmission profiles, higher peak transmission and UV filters with
longer lifetimes.

We performed the necessary calibrations so that data obtained
with the filters can be converted to absolute fluxes, allowing for,
among other things, accurate subtraction of the continuum from
the gas species. Flux standards and solar analogs were selected and
observed, and the data were used to establish a magnitude system
for the HB filters. The star measurements were also used to evalu-
ate which solar analogs were best representatives of the Sun and to
explore how the flux standards differed in the UV with respect to
their spectral type. New procedures were developed to account for
the non-linear extinction in the OH filter, so that proper extrapola-
tions to zero airmass can be performed, and a new formalism, which
can account for mutual contaminations in two (or more) filters, was
developed for reducing comet observations. The relevant equations
and reduction coefficients are given, along with detailed instructions
on how to apply them. We also performed a series of tests involving
factors that can affect either the filter transmission profiles or the
distribution of the emission lines in the gas species to determine how
these effects propagate through to the calibration coefficients. The
results indicate that there are only two factors that are a concern at
a level of more than a few percent: f-ratios smaller than f /4, and

a few individual filters whose transmission profiles are significantly
different from the filters used in the calibrations.  © 2000 Academic Press
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1. INTRODUCTION

Comets are widely regarded as the least processed remng
from the formation of the Solar System which are currently
accessible for detailed study. As such, compositional invest
gations are especially important in providing clues to the rel
ative abundances within the proto-solar nebula in general at
to the temperatures in the outer Solar System where come
are believed to have coalesced. Whillesitu measurements are
clearly preferred and will become more common in the com
ing decades, the comae of only three comets have been direc
sampled thus far. Similarly, rapid improvements in infrared an
radio instrumentation now permit the study of parent molecule
which directly originate from the nucleus, rather than the daugt
ter species which are primarily observable in the near-ultraviole
and visible regions of the spectrum. However, more comets a
accessible in the visible than any other spectral region, and me
surements in this regime continue to play a critical role in com
positional investigations.

Narrowband interference filters, specifically designed to isc
late continuum points and some of the stronger emission ban
in cometary spectra, have now been in use for over 25 yea
(cf. AHearn and Cowan 1975). Appropriate calibration of pho-
tometric measurements permits the determination of continuur
subtracted emission band fluxes which, with appropriat
modeling, can yield column densities, total abundances, ar
production rates of the species in question. The continuum me
surements also provide fluxes which, again with modeling, ca
yield dust production rates and constrain physical properties
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ters have both advantages and disadvantages when compare
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spectrophotometry. For example, aperture photometry can meary reduction coefficients for the filters. In the spring of 1996 w
sure larger fractions of the total coma than can be obtainedagreed to perform these tasks, and filter design and bidding to
the slit of a spectrograph, and CCD imaging can be used faace during the summer. The order was placed with the select
morphological studies of individual species such as in the distanufacturer, Barr Associates, Inc., in September 1996, and
covery of CN jets in Comet 1P/Halley (AHeawt al. 1986). filters were received and re-distributed to observers by Februz
The larger fields of view also provide better contrast of the ga997. Observations to establish the standard star magnitude s
to underlying continuum, since most gas species fall off in irem were completed in April 1998 and the filter calibration pro
tensity less steeply than the dust. Furthermore, small telescopesiures were developed and executed throughout 1998. In et
which are often more readily available, can be efficiently usd®99, a technique was finalized for reproducing the non-line:
with these techniques. Disadvantages of the narrowband filtesdinction in the OH filter. Although much of this effort could
are that weak emission features, such as those from CH drave been avoided by using the same filter specifications as
NH,, are impractical to isolate, and measurements of relatitiee IHW sets, a significantly better filter set could be produce
line intensities and bandshapes require spectroscopy. Findlly starting from scratch, because of improvements in our unde
weak emission features are located throughout most of the \dg&anding of the large degree of contamination of the IHW contir
ible spectrum, so contamination of continuum measurementsiigm filters and in manufacturing techniques for near-UV filters
a significant issue that must be addressed when designing ahe resulting 11 filters have bandpasses that are squarer a
using filters. in many cases, have higher throughput than previous sets, ¢
Early implementations of narrowband comet filters (e.gthe continuum filters are all located in spectral regions with les
O’Dell and Osterbrock 1962) produced mixed results, with maontamination. Also, the near-UV filters are expected to have
jor discrepancies in the conclusions, due to the different fignificantly longer useful lifetime, and it is reasonable to expe«
ters being used by different observers. In the past quarter cémat these filters will still be in use 15 or 20 years in the future
tury, however, several generations of narrowband comet filtersBecause the first, and most extensive, use of the new filte
have been employed by an increasing number of observers. Wes with Comet Hale—Bopp, we have designated them the I
first version consisted of a single set of five filters that isdilter set. Overall, a total of 48 full or partial sets were producec
lated CN, G, C3, and continuum and was used by AHearn anihcluding 14 sets for users outside of the United States; the m
Cowan (1975) and AHearat al. (1977) for Comets Kohoutek jority of the latter were purchased with funds separate from tt
(1973 XII) and West (1976 VI), respectively. The first standardNASA grant. Reflecting the changing instrumentation at mot
ized filters consisted of three sets of up to 10 filters, which weobservatories, the majority of the recipients requested large
used from 1976 to 1983. This set initially included the threformat filters for use with CCDs, in contrast to the IHW sets
carbon species and associated continuum points, with the Q#here two-thirds of the filters were only 1-in. in size, for use
NH, and UV continuum filters added in late 1979 (cf. AHearmwith photoelectric photometers.
et al. 1979, AHearn and Millis 1980). In 1984, these sets were To maximize the results obtainable with these filters, recip
replaced by the International Halley Watch (IHW) standardizezhts must be able to calibrate their data in an absolute mann
filters, which were based on design recommendations of an |Add the procedures and parameters for doing this are the prim
Commission 15 Working Group. In addition to several dozesubject of this paper. Note that in support of the Rosetta spac
sets of nine 1-inch filters—OH, CN,sCCz, CO", H,O™, and craft mission scheduled for launch in 2003, a near-concurre
three continuum points—for photoelectric photometers, aboeffort to produce new filters was undertaken by ESA in orde
15 38-mm image-quality sets were produced for CCD ima¢p observer the Rosetta target, Comet 46P/Wirtanen, during
ing (cf. Osborret al. 1990, AHearn 1991, Larsoet al. 1991). 1996/97 apparition. Unfortunately, these unavoidably indepel
In the intervening years, the use of these standardized filtdent efforts resulted in somewhat different design preferenc
by observers around the world has greatly facilitated the intemd specifications between our HB sets and the ESA-sponsol
comparison of data sets of a myriad of comets in addition fifters.
Comet Halley. Unfortunately, interference filters tend to physi- In the following sections, we will discuss the detailed speci
cally degrade with time, often with significant decreases in peéikations of the HB filters and how they differ from their prede-
transmission and shifts in wavelength. These problems are eggesssors, the new set of flux standards and the resulting stand
cially true for near-UV filters due to manufacturing techniquestar magnitudes, and the solar analogs that are used to es
and many, if not most, of the IHW filter sets have suffered frorish the shape of the solar spectrum for continuum subtractic
these effects. from the emission band measurements and to provide a meas
While the need for replacement filters for the IHW sets had the color of the underlying dust. We also describe our im
been evident for several years (cf. Schleichteal. 1991), itwas proved methodology for removing contamination by unwante
the discoveries of Comets Hale—Bopp (1995 O1) and Hyakutadmissions and provide the relevant coefficients for reducir
(1996 B2) that provided the impetus for NASA to fund the desigobservations to absolute fluxes. In addition, we address the prc
and manufacture of new filters, along with the establishmentleins produced by non-linear extinction in the OH filter anc
a standard star system and the determination of all of the nedes-oduce a more sophisticated technique for modeling tt
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curvature than was used in the IHW filter reductions. Along theame species—OH, NH, CNzCC,, CO*, and HO+t—were
way, we present results regarding the near-UV observationssefected for inclusion as were chosen for the IHW filter set. (I
the flux standards and solar analogs, which showed unexpedtart, NH was not offically included in the IHW set but, rather, ar
diversity. These results directly impact the search for a true solH filter from the earlier AHearn and Millis sets was used to
“twin” in studies of solar evolution, in addition to the practicakupplement the IHW set in our own studies.) Other species, su
aspect of establishing which stars best-match the solar spectrmgm™H, and CH, were excluded due to the difficulty in obtaining
so they can be used in numerous Solar System studies. Finalyturate continuum subtraction for the relatively weak emissic
Appendix A describes the procedures used for computing the @datures of these short-lived molecules. As will be discussed
extinction. Appendices B and C contain details about how tlietail later, all of the HB continuum filters are located at dif-
standard star magnitudes and absolute fluxes were determidedbnt wavelengths from the IHW filters because of additionz
and Appendix D lists the equations and basic procedures neelrdwledge gained since the design of the IHW set.
for fully reducing observations obtained with the HB filters. We now present some pertinent issues regarding the emissi
bands and how they are used to constrain the filter specificatior
2. DESIGN AND MANUFACTURING OF THE HB The filters can be naturally grouped based on the characterist
FILTER SET of the emission band shapes and whether or not the shape «
change significantly. The neutral, heteronuclear species—Ol
The design process of a new filter set is necessarily a $¢H, and CN—all produce relatively narrow bands whose line
ries of compromises between numerous competing issues. Tihignsities vary as a complex function of heliocentric velocity
was particularly true for the HB filters. In the case of an emignd/or distance, due to the Swings effect (Swings 1941). Fc
sion band, for instance, a wider filter can increase the fragmately, theoretical fluorescence calculations of the line inter
tion of the total band that is measured, but at the expensesitfes for each of these species have been produced by mu
even greater continuum flux and, therefore, lower contrast gie researchers. Comprehensive sets of synthetic spectra, wh
emission to continuum. Wider continuum filters yield highewere available and were used in our analysis, include OH &
signal-to-noise, but often with increased contamination by we&hleicher and AHearn (1988), NH by Kiet al. (1989) and
emission features—a negligible effect for a comet as dusty Meier et al. (1998), and CN by Schleicher (1983). Using these
Hale—Bopp, but quite important for high gas-to-dust comets suebmputed spectra allowed us to consider the changing bar
as Encke, where the IHW UV continuum filter is dominated byhapes when determining the exact placement of the bandpas:
C; contamination. Manufacturing constraints for the narrown the case of OH, the filter isolates the O- Oband at %%hlle
band interference filters were another design consideration. eluding the 1-1 band which starts at 3126For NH, while
most important of these were the nominal tolerances, amouttte 1-1 band overlaps the 0-0 band, virtually the entire signal
ing to 10% of the FWHM, in both the center wavelength and th&roduced by the 0-0 band, due to the extreme, diagonal natt
FWHM. The wavelength shift induced by differing telescopef the Franck—Condon parabola. The CN filter includes both th
f-ratios provided yet another constraint; all of the filters wer®@-0 band and the overlapping 1-1 band, the latter varying b
designed to accommodatferatios as small ag/4 without re- tween 5 and 11% of the flux of the 0-0 band due to the Swing
quiring adjustments to the calibration procedures. Finally, tkdfect. To ensure that the high rotation level lines (which ar
minimum viable bandwidth for any filter was approximatelypopulated when a comet is at small heliocentric distances) a
40 A for a variety of reasons, including low flux levels in faintincluded in the bandpass, the CN filter is wider at the blue en
comets, unacceptably large wavelength shifts for [bwatio than the IHW filter. It is also unavoidably contaminated by the
systems, and the degree of uniformity obtainable among mamiue wing of the G band. For the OH, NH, and CN filters, our
facturing batches. Incorporating all of these constraints into thkjective was to include the entire band(s) within the nearl
design resulted in final specifications which were slightly offlat-topped portion of the bandpass, so that redistribution of tt
set redward to accommodate smidtatios, generally wider for emission line strengths within the band by the Swings effect wi
emission band filters than otherwise would be required to ensuxet affect the calibrations; this objective was essentially reache
the entire band would be transmitted and narrower for continuysee the filter calibration section for further details).
bands to prevent encroachments by nearby emission features.The homonuclear molecules; @nd G, have relatively broad
The decision as to which cometary emission bands and contmission bands because large numbers of rotational levels «
uum regions to isolate with narrowband filters was based on thpggpulated in each vibrational level and multiple vibrationa
primary factors: considerable experience working with both thEnds overlap in wavelength with comparable band intensitie
IHW filter set and the earlier filter set by AHearn and MillisMoreover, becausegds a triatomic homonuclear molecule, this
(1980), discussions with several other experienced users of éffect is exaggerated further, resulting in a single band comple
IHW filters, and examination of numerous spectra obtained botthose wings stretch from approximately 3400 to 440D nei-
in our own studies and those supplied by A. Cochran and ther species is it practical to measure an entire band, and so 1
Spinrad, particularly of high gas-to-dust comets such as Endieer bandpass, in each case, has been designed to measure a
and deVico. Ultimately, the same specific emission bands of tbific portion of the band(s) including the band peaks. Howeve
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only two of the four primary @peaks are included, because thécation which has reduced,€ontamination, avoids most NH
short wavelength cutoff of theJilter was chosen to avoid the emission, and is similar to the earlier AHearn and Millis (1980;
CO" (3-0) band near 4008. The G filter is slightly wider at continuum point. The red continuum (RC) filter was also move
the blue end than the IHW filter, to minimize the effect of smalbngward, to the other side of the;&* band, to avoid a recur-
variations in the bandpass between manufacturing batchestifg emission band known to exist in the IHW filter and to agait
weak NH, band unavoidably contaminates thgfilter. increase the continuum baseline. This filter, at 7A28as low
Both ions, CO and I—bOJr have several well-defined bandstransmission cut-offs (10%) at 7097 and 716%0 avoid the
The CO 2-0 band at 426 was selected for the HB filter, H;O" emission at the blue end and a tellurig®ifeature at the
because the stronger band at 40\1@Jverlaps peaks in theL red end. Finally, a new continuum filter was added at 4858
band complex, while other bands either are weaker or have meegatively clean location near the CGnd G bands. It avoids
contamination than the 4268-band. The CO filter avoids the C, emission on either side, but two pairs of very weak, appa
CN (Av = —1) band at the blue end and CH emission at the reshtly unidentified, recurring features are within the bandpas
end, but is contaminated by the long redward wing f The This new blue filter (BC), combined with the GC filter, permits
other ion filter, I-QO+ was designed to isolate the (0, 6, 0) bandontinuum subtraction for the CNg0QCO", and G filters with-
centered near 701A. Although narrower than the IHW filter, out needing UV continuum measurements, which are difficu
H,Ot is the widest of the HB filters and includes the entire bartd obtain at low elevation sites or with CCDs that have poc
within its flat top. It was decided that, in most circumstanceb)V-sensitivity.
it was preferable to maximize the,®* flux at the expense of  Besides the locations of the continuum filters, the most sic
greater continuum flux, because the ion tail is often separate fraificant change from the IHW filters to the HB filters was the
the dust tail, allowing ion morphology to be distinguished frormproved shape and peak of the transmission profiles due to
dust features. An Niiband contaminates this filter; howeveryances in manufacturing techniques. The improvements in ba:
all other O™ bands are weaker and/or are contaminated Imandpass characteristics were greatest below AQaMere the
species having longer lifetimes. IHW filters were near-Gaussian in shape with peak transmissio
The just-described decisions involved in the placement of tbé only 30-40%. Except for the red continuum filter (where ¢
HB emission band filters resulted in essentially the same barfidur-cavity design was used), five-cavity designs were utilize
passes as were selected for the IHW set, with only small chandmseach HB filter, resulting in near-square filter transmissio
in locations and widths of filters. In contrast, the choice of bangrofiles (see Table | and Fig. 1). Typical peak transmissior
passes forisolating the continuum differed considerably from th@nged from 56% in the near-UV to 85% in the visible and neal
IHW specifications, which were recommended by the IAU ConR, and all filters are blocked to minimize red leaks. The Ok
mission 15 Working Group. Shortly after the IHW calibratiorfilter has a small red leak~0.03%) at 33504, but all other
was completed, it became apparent that thec@htamination filters are good to a level better than POAIl filters are image-
of the 4845A filter was more severe than originally believedjuality, have hard, anti-reflection coatings, and were designed
and that the degree of contamination varied with distance frdme par-focal. Finally, with the new manufacturing techniques, t
the nucleus for a given gas-to-dust ratio. It was also determinexpected lifetime of the near-UV filters is anticipated to matc
that the UV continuum filter at 3648 was substantially con- that of the visible wavelength filters.
taminated by the very long blue wing of theg 8and, which is  As stated earlier, 48 full or partial filter sets were producec
often not evident in comet spectra due to the shape of the solath sizes ranging from 1-in. round to 4-in. square. The filter
continuum reflected from the dust. In previous filter sets, thigere produced in batches between December 1996 and Febru
contamination produced an artificially elevated UV continuuni997, and although all batches of a particular filter were man
yielding blue “continuum” colors in comets with low dust-to-gagactured to the same specifications, there are small differenc
ratios and negative fluxes for CQafter continuum subtraction. from filter to filter due to variations within an evaporation run
Finally, an emission feature sometimes attributed lo MHo- and to differences between runs. As batches were finished, 1
cated within the IHW red continuum filter at 6840 When filters were shipped from the manufacturer to Lowell Observe
designing the new filters, we used this increased knowledgetofy, where like filters were compared and then distributed t
contaminants to improve the placement of the continuum meaeividual observers. For the purposes of determining the filte
surements. First, the UV filter was moved shortward to 3848 calibrations, we selected a filter at each wavelength whose ch
which reduces thefgontamination, places the filter closer to thecteristics best represented all of the filters for that bandpass. T
OH and NH bands, and increases the overall continuum baselineasured characteristics (central wavelength, bandwidth, tra
for color measurements. While this new HB filter (designatedission, etc.) of this representative filter set are listed in Table
UC) is contaminated by weak OH and ¢®mission (Valletal. Typically, more than half of the filters have transmission profile
1992), G remains the primary contaminant, although at a mu@ssentially identical to their representative filter, with the rest
lower level than for the IHW filter. Next, the mid-continuumthe group having small wavelength shifts or slight difference
point (designated GC, for green continuum) was moved to tirethe shape of the transmission profile. Unfortunately, there a
other side of the €(Av=0) band, and placed at 5260 a a few G and G filters (mostly large format imaging filters)
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TABLE |
Representative Filter Characteristics
Transmission®  CW” Power point width® (A)

Species D Designation (%) A 80% 50% 10% 1%
OH (0-0) CH 3090/62 56 3097 52 58 68 87
NH (0-0) NH 3362/58 63 3361 47 54 64 81
UV continuum ucC 3448/84 67 3449 72 79 93 116
CN (Av=0) CN 3870/62 67 3869 50 56 65 82
C; (Swings system) C3 4062/62 62 4063 43 58 69 84
Cco" (2-0) CO+ 4266/64 77 4266 58 64 74 90
Blue continnum BC 4450/67 65 4453 55 61 71 86
C, (Av=0) Cc2 5141/118 85 5135 109 119 140 171
Green continuum GC 5260/56 78 5259 52 56 65 79
1—120+ (0,6,0) H20+  7020/170 75 7028 148 164 193 239
Red continuum RC 7128/58 80 7133 53 58 71 92

2 Measured mean peak transmission.
b Measured center wavelength.
¢ Measured full-width power points.

whose transmission profiles are shifted by up té\lBom our 3.1. Solar Analogs

representative filter, and for the worst of these cases, the cal- )

ibration coefficients discussed later may be off by as much ag" €arly 1997, we began to select candidates for our sol;
10%. A further complication is that the transmission profile ma@@/0gs. Unfortunately, no single star has been found that €
vary slightly across the surface of the large-format imaging fifllPits all of the same characteristics of the Sun, so a set of st
ters. However, it should be emphasized that these problems 4R9Se€ collective properties approximate those of the Sun mu
less severe than they were for any of the previous filter sef€ used. We made a major effort to choose the best solar anals
Other issues that should be recognized in the HB filters inclugiéilable, but will not discuss all of the details of our searct

the problems associated with usage under non-optimum corlf'e: Fortu_nately, during the time that we were considering ol
tions, such as smalf-ratios (which are especially a concerH'St of candidates, a solar analogs workshop was held at Lowe

because many CCD cameras are operated on faster telesGpeervatory (Hall 1997), and we took advantage of the gathe

systems). Details concerning these issues will be discussed# of experts to refine the selection of stars. The first step in o
Section 5. selection was to define a set of criteria to identify stars that al

similar to the Sun. Because the relevant information from th
3. STANDARD STAR SELECTION solar analogs is incorporated into the calibration and reductic
process, it should not be necessary to observe these stars in ¢
The design and implementation of a new set of comet fjnction with observations of comets; therefore, sky coverag
ters requires the establishment of a standard star systenisasot an issue. The important factor here is that a solar anal
well as the development of standard procedures, equations, ahduld mimic the Sun as closely as possible. We require stz
coefficients that are used to convert data to absolute fluxes.wWsose photometric colors best represent the Sun, and, for ¢
with the IHW filters (cf. Osborret al. 1990), two types of stan- purposes, other properties such as age are secondary. Spe
dard stars are used in the HB calibration procedures. The firstriteria were identified as a means of searching for stars th
solar analogs—represent the solar spectrum in determining tepresent the Sun as closely as possible in all respects: the
spectral reflectivity of the dust and are used for basic contigriteria include spectral type, effective temperaturg:{;TB—V
uum subtraction from the comet emission bands. The relevaolor, bolometric magnitude, metallicity ([Fe/H]), and to alesse
information from these stars is incorporated into the coefficierggtent surface gravity (log g) and chromospheric activity. We re
described below; so, in a typical comet observing program,qtired that all of the characteristics for each candidate be ne
is not necessary to observe the solar analogs. The second tyya¢ of the Sun, and in making our final selections, we attempte
of standard star is the flux standard, which is used to determioebracket the Sun in a balanced manner for each of the di
atmospheric extinction and to convert relative magnitudes fierent properties. A list of 12 solar analog candidates is give
absolute fluxes. in Table 11, with their coordinates, V magnitude, spectral type
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FIG. 1. Transmission profiles for the HB filters (thick lines) and for the IHW filters (dotted lines). For comparison, measured comet spectra illustre
locations of the different emission bands. The neutral species and continuum regions are depicted by a spectrum of Comet 122P/deVico (sﬁenﬁall@&)l
in the three top panels and a spectrum of Comet 8P/Tuttle (resoiundrfﬁ\) in the bottom panel (thin solid lines). Because these comets do not exhibit clear i
bands, the 2-0 band of COfrom Comet 29P/Schwassmann—Wachmann 1 (resoletib2 f’A) has been inserted from 4240—4265the second panel and the
0-6-0 band of HHO* from Comet Kohoutek 1973 E1 (resolutierb A) has been inserted from 6940—-708@&he bottom panel (dashed lines). The 122P/deVicc
spectrum is courtesy of A. Cochran, and the 8P/Tuttle spectrum, created by S. Larson and J. Johnson, is courtesy of S. Larsobafilex@®extracted from
Cochran and Cochran (1991) and Cochegal. (1991) and the O™ band was extracted from Wehingaral. (1974) and Wyckoff and Wehinger (1976).

and Johnson B-V and Strigren u—b colors. The characteristicgrelative to other possible candidates), as shown in Figs. 5, 1
(from Cayrel deStrobel 1996, Hall 1997 and references thereit), and 14 of Cayrel deStrobel, yet they also adequately cov
that were used as selection criteria are given in Table IIl, whithe range of possible values for the Sun.

include, for comparison, the corresponding values adopted forAfter observing the candidate solar analogs with the HB filter
the Sun (several of which are not accurately known). The chédiscussed in detail below), the data were used to re-evalu:
acteristics of these 12 stars are grouped tightly around the Sath star to determine if it should be included in the final subs
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TABLE Il
Standard Star Specifications

Other Spectral
Object” Name RA  (J2000) Dec \% B-V u-b  Type Notes”

Flux Standards h m s ° 1w
HD 3379 * 53 Psc 00 36 47.24 +15 13 545 589 -0.15 +0.342 B2.5IV 1
HD 6815 01 08 55.72  +09 43 494 7.30 -0.06 +1.148 B9
HD 14951 02 24 48.92 +10 36 38.9 546 -0.09 +0.614 B7IV
HD 19712 03 10 18.03 -01 41 40.7 7.35 -0.03 +1.203 B9
HD 26912 * pTau 04 15 31.93 +08 53 33.5 4.27 -0.04 +0.560 B3IV
HD 31331 04 54 50.63 +00 28 02.6 599 -0.12 +0.558 BS5V
HD 37112 05 36 03.50 -00 46 48.6 8.02 -0.08 +0.637 B6V 3
HD 52266 * 07 00 21.05 -05 49 36.7 7.23 -0.01 +0.063 Q9YV
HD 68099 08 11 16.56 +09 49 16.9 6.07 -0.10 +0.750 BG6III
HD 72526 08 33 25.29 -00 18 29.1 7.93  +0.10 +1.371 B8
HD 74280 * m Hya 08 43 13.48 +03 23 55.2 4.30 ~0.20 +0.248 B3V 1
HD 89688 * 23 Sex 10 21 01.97 +02 17 23.1 6.68 -0.12 +0.393 B3IV 1,4
HD 97991 11 16 11.55 -03 28 19.6 7.41 -0.22 -0.009 B1V 5
HD 120086 * 13 47 19.13 -02 26 36.8 7.90 -0.17 +0.162 B2V I
HD 129956 14 45 30.26  +00 43 02.8 5.70 -0.04 +1.269 B9.5V
HD 149363 * 16 34 28.22 06 08 09.4 7.80 +0.02 +0.135 BO.51I
HD 154445 17 05 32.14 -00 53 31.6 5.64 +0.16 +0.409 BI1V
HD 164852 * 96 Her 18 02 22.98 +20 50 01.3 527 -0.08 +0.436 B3IV
HD 170783 18 31 04.35 +04 37 37.4 7.73 +0.19 +0.999 BS
HD 187350 19 49 33.40 -01 06 03.1 8.14 +0.11 +0.270 B1V 2
HD 191263 * 20 08 38.16 +10 43 32.5 6.33 -0.14 +0.389 B3V
HD 205130 21 33 35.23 -09 39 38.1 7.88  +0.02 +0.905 B9 6
HD 209008 22 00 07.78 +06 43 02.1 6.00 -0.12 +0.500 B3I
HD 219188 * 23 14 00.48 +04 59 49.6 7.05 -0.20 +0.038 BO.5III
Solar Analogs
HD 11131 01 49 23.35 -10 42 12.8 6.77 +0.62 +1.484 GIV 7
HD 25680 * 39 Tau 04 05 20.25 +22 00 31.8 590 +0.62 +1.533 G5V 8
HD 28099 * vB 64 04 26 40.13 +16 44 48.7 8.12 +0.66 +1.619 G2V
HD 29461 * vB 106 04 38 57.31 +14 06 20.0 7.96 +0.67 +1.621 G5V
HD 30246 * vB 142 04 46 30.38 +15 28 19.1 8.33  +0.67 +1.621 G5V
HD 76151 * 08 54 17.95 -052604.5 6.01 +0.65 +1.626 G3V
HD 81809 09 27 46.80 -06 04 16.6 5.36 +0.64 +1.540 G2V
HD 146233 18 Sco 16 15 36.38 -08 21 45.3 549 +0.65 +1.577 GIV
HD 186408 * 16Cyg A 19 41 48.93 +50 31 30.5 596 +0.64 +1.605 GI.5V 9
HD 186427 * 16CygB 19 41 51.96 +50 3] 03.3 6.20 +0.66 +1.622 G2.5V 9
HD 191854 * 20 10 13.31 +43 56 446 7.42 +0.66 +1.606 G5V
HD 217014 51 Peg 22 57 27.98 +20 46 07.3 5.47 +0.67 +1.668 G2.5V

8% =IHW standard star.

b Notes. 1. Variable star\m < 0.05). 2. Emission line star. 3. Nearby bright star: 1.7 mag” E24518 S. 4. Nearby star: 8.9 mag
200" W, 220’ N. 5. Nearby bright star: 4.6 mag, 428, 6458 S. 6. Nearby star: 9.2 mag, 328/, 1565” N. 7. Nearby star: 4.8 mag,
FO star, 176 E, 62’ N. 8. Nearby star: 8.8 mag, GO star21E, 173 N. 9. Cyg A and Cyg B form a double system: Cyg B is' &
and 275" S of Cyg A.
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TABLE 111
Solar Analog Characteristics

Other Physical properties
Object” name” vV  B-V  u-b Spect. T (K) [Fe/H] logg M, Activity Notes”
HD 11131 6.77 0.62 1.484 dGl1 5820 -0.09 4.37 4.71  Strong
HD 81809 HR 3750 5.36 0.64 1.540 G2 _ — — — Weak 1
HD 25680 HR1262 590 0.62 1.533 G5 5794 -0.03 4.30 4.63  Strong
HD 146233 18 Sco 5.49 '0.65 1.577 G2 5789  +0.05 4.45 4.53  Weak
HD 186408 16CygA 5.96 0.64 1.605 G1.5 5780 +0.06 4.29 4.06  Weak
HD 29461 vB106 7.96 0.67 1.621 G5 — — — — Strong
HD 191854 7.42 0.66 1.606 G5 — — — — Weak 2
HD 186427 16CygB 6.20 0.66 1.622 G2.5 5765 +0.05 4.30 4.30  Weak
HD 28099 vB64 8.12 0.66 1.619 G2 5777 +0.16 4.50 4.80  Strong
HD 30246 vB 142 8.33 0.67 1.621 G5 — — — — Strong
HD 76151 HR3538 6.01 0.65 1.626 G3 5727 +0.07 4.50 4.65 Medium
HD 217014 51 Peg 5.47 0.67 1.668 G2.5 5755 +0.06 4.18 473  Weak
Sun Sol —  0.64 — G2 5777  0.00 4.44 475  Weak

aBold faceindicates stars included in the determination of the adopted mean solar colors.
b Notes. 1. Spectroscopic binary (sep0.5 arcsec). GOV and G9V combine to produce appearance of a G2V star. 2. Binary star (sep
0.4 arcsec). G4V and G8V combine to produce appearance of a G5V star.

of analogs. The solar analog magnitudes are given in Table Afhalogs Workshop, as a starting pointand eliminated stars whc
and the colors, computed relative to the blue continuum filter, agelors differed drastically from these three. For the remair
listedin Table V. The colors are also plotted in Fig. 2, normalizeédg stars, all of which are good solar analogs, we returned |
to HD 186427 (16 Cyg B). (This star is a somewhat arbitramyur original selection criteria and eliminated stars that woul
choice for the normalization; it was used primarily becauseunbalance the bracketing of the Sun’s properties (specifical
is well-established as a solar analog and lies near the centeH&f 191854 and HD 30246). We ultimately accepted seven sta
our candidates in terms of color.) The 12 stars are very similato our final subset, from the original 12 candidates, and the
at wavelengths longer than 4480however, there is significant are indicated by boldface type in Table 11l and plotted with solic
variation in the near ultraviolet, which makes this region an elnes in Fig. 2. The colors from this subset were averaged,
cellent diagnostic tool for evaluating the solar analogs. Becausted at the end of Table V, and the results were adopted
the CN-BC color is particularly sensitive to the differences beepresentative solar colors. These colors compare very fave
tween the stars, the curves are plotted in order of increasialgly to the solar analog colors used in the IHW system (Osbo
CN-BC for comparison to other characteristics of the stars. Ret-al. 1990) when they are both normalized to a common wave
lating this color to the star’s spectral type shows no clear pattelength. Ultimately, these colors are used in the comet reductic
which may not be surprising given the uncertainties in assigprocedures to represent the Sun for determining the spectral
ing spectral sub-classifications and the narrow range of star tyflestivity of the dust (when the necessary continuum points wel
that are considered here. &mgren u—b, on the other hand, remeasured) or for a first approximation to the continuum color (|
flects the same trends as the CN-BC color, indicating that ustime continuum measurements are missing). It should be no
could be very useful as a discriminator for evaluating the sen#iat, although we did not include all of our solar analogs into oL
tive near-ultraviolet region in other solar analogs. The CN—-B&verage, they are all very close to the Sun in their properties a
color ranges from 0.848 to 1.132 in the extreme cases, witfspectra and can probably be reliably used to represent the Su
more typical value of 1.058 (HD 186427). For the other filtergther observing programs. If wavelengths below 4808re to
the ranges are less extreme, to the extent that all colors abbeeneasured, however, care should be exercised with HD 111
4200A have a dispersion of less than 0.05 mag. See Farnhamd HD 81809 (and possibly HD 217014) because they exhil
and Schleicher (1997) for further discussion of the preliminatie largest deviations from the group as a whole.
solar analog results.

In the final selection of our solar analogs, we used three of tAe?- Flux Standards
best solar analogs (HD 146233, HD 186408, and HD 186427),The selection of stars to be included in a standard star sy
based on the consensus of the participants at the Lowell Sdkmn always requires compromises, and comet flux standards .
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FIG. 2. Colors of the solar analogs, relative to the blue continuum (BC) filter and normalized to HD 186427. The plots are placed in order of their C
color, with zero points offset for clarity. Dot—dash lines indicate stars that were not included in the final subset of solar analogs. If not shbeus, leneithin
the points. At the bottom, the HB filter bandpasses are shown, along with tra@#eti uvby and Johnson UBVR filters for comparisono®@gien u—b colors
provide a useful discriminator when evaluating solar analogs (see text).

no exception. In addition to needing stars that exhibit little dlux standards were adopted as HB standards (with the excepti
no variability and have relatively strong UV flux, few spectrabf HD 120315, which is too bright for most uses). These star
features, and an appropriate brightness for the instrumentatibaye been well-studied and shown to be acceptable as flux st:
one also desires that the stars have a similar airmass as the tatgeds, and their adoption gave an immediate set of standards t
comet. The previous comet standard systems included abowbald be used while additional stars were being evaluated. Ft
dozen B-type stars, most within 20f the equator and having thermore, inclusion of the IHW primary stars as HB standard
magnitudes ranging from 1.9 to 7.9. This guaranteed that an poevides a means of comparing the old and new filter system
cessible star would match a comet'’s airmass within 1-2 h of tAelditional stars (late O or early B type) were then needed t
comet observation, although sometimes the star was too bri§thitin gaps in right ascension. Because so many large-form;
or faint to use effectively. Note that most of these primary flukB filters were manufactured for use in CCD imaging, we alst
standards were, in fact, the same stars, carried over from atezided to include standards at two different brightness tiers:
filter system to the next. In the case of the IHW filter set, a supright tier (45 <V < 6.5) to produce a high signal-to-noise in
plemental or secondary set of stars, located along Halley’s patiotometers and a fainter tier.6< V < 8.5) to minimize the
during its 1985/86 apparition, was also calibrated, but many sdituration of CCDs. The faint limit was set so that the stars al
these have been of little use in subsequent years. Finally, yealoservable by most telescopes, yet are still bright enough f
of experience reducing comet photometry have shown that, fugh signal-to-noise calibration using a photometer. In our se
most circumstances, the most important criteria in picking splection of new stars, we also tried to avoid known variable star
cific stars for measuring extinction and instrumental correctioesission-line stars, and stars with known close companions.
on a given night is the ability to match the range of airmassesTo meet these criteria, we explored numerous catalogs of stz
traversed by the comet(s). (e.g., Breger 1976, Goy 1980, Gunn and Stryker 1983, Stor
In an attempt to best utilize the earlier standard systems and&¥7) searching for O or B stars within each brightness tier
improve their overall effectiveness, we ultimately decided oniatervals of 1.56 2 h inright ascension. The declination was
set of flux standards, again situated near the celestial equatordisid restricted to within 5of the equator so that all of the stars
with a higher density and a more regular mix of brightnesses. Ase accessible to both the northern and southern hemisphe
a starting point, and following earlier practices, the IHW primargind so it is easier to predict the time at which a particular st



TABLE IV
Standard Star Magnitudes

Magnitudes / Sigmas / Number of Observations

Object 3090 3362 3448 3870 4062 4266 4450 5141 5260 7020 7128

Flux Standards

HD 3379 5.650 5.673 5.680 5.716 5.714 5.713 5717 5.728 5.727 5.749 5.748
53 Psc 0.018 0.014 0.014 0.010 0.008 0.010 0.007 0.008 0.008 0.013 0.011
12 12 12 12 12 12 12 12 12 3 3

HD 6815 7.935 7.869 7.838 7.383 7.233 7.205 7.172 7.173 7.167 7.119 17.124
0.017 0.013 0.010 0.010 0.008 0.007 0.010 0.008 0.009 0.011 0.002

HD 14951 5.630 5.606 5.594 5.411 5.364 5.358 5.344 5344 5.346 5.324 5.327
0.021 0.023 0.020 0.014 0.012 0.011 0.011 0.009 0.011 0.003 0.003

HD 19712 8.215 8.110 8.039 7.505 7.321 7.283 7.208 7.228 7.248 7.133 7.135
0.013 0.015 0.014 0.008 0.009 0.006 0.011 0.006 0.006 0.006 0.013

7 7 8 8 7 7 7 7 7 3 3
HD 26912 4.407 4.376 4.357 4.239 4.231 4.224 4.204 4.155 4.145 — —
i Tau 0.014 0.012 0.015 0.014 0.013 0.008 0.012 0.011 0.011 — —
11 11 12 12 12 11 12 12 13 —_ —

HD 31331 6.018 6.004 6.003 5.875 5.856 5.848 5.838 5.837 5.836 5.807 5.810
0.014 0.013 0.009 0.007 0.006 0.007 0.005 0.006 0.007 0.006 0.006

14 14 14 14 14 15 14 14 14 5 5

HD 37112  8.167 8.147 8.134 7.976 7.914 7.899 7.881 7.867 7.863 7.814 7.803
0.013 0.014 0.010 0.010 0.009 0.010 0.009 0.009 0.006 0.004 0.004

HD 52266 6.838 6.850 6.833 7.129 7.246 7.219 7.195 7.093 7.073 6.933 6.917
0.017 0.012 0.009 0.008 0.009 0.009 0.007 0.010 0.009 0.007 0.004

HD 68099 6.366 6.325 6.297 5.986 5.948 5.947 5921 5931 5931 5.898 5901
0.0173 0.009 0.009 0.007 0.008 0.007 0.009 0.007 0.007 0.014 0.006

12 12 12 12 12 12 12 12 12 5 5

HD 72526 9.004 8.879 8.821 8.121 7.913 7.870 7.822 7.796 7.793 7.689 7.679
0.014 0.009 0.009 0.008 0.008 0.009 0.007 0.008 0.008 0.008 0.006

10 10 10 10 10 10 10 10 10 5 5
HD 74280 3.934 3.963 3967 4.047 4.078 4.093 4.090 4.125 4.131 —_ —
n Hya 0.015 0.010 0.009 0.010 0.009 0.008 0.009 0.007 0.008 — —_
15 13 16 17 17 13 17 17 17 — —_

HD 89688  6.592 6.563 6.556 6.535 6.577 6.567 6.556 6.515 6.507 6.463 6.463
23 Sex 0.014 0.008 0.009 0.009 0.008 0.006 0.007 0.007 0.010 0.006 0.003
13 10 13 13 13 11 14 14 14 4 5

HD 97991 6.718 6.779 6.796 7.081 7.164 7.173 7.186 7.225 7.230 7.317 17.311
0.007 0.007 0.009 0.009 0.010 0.007 0.007 0.006 0.009 0.009 0.006

HD 120086  7.414 7.444 7.460 7.619 7.664 7.669 7.680 7.698 7.702 7.764 7.766
0.014 0.009 0.008 0.007 0.008 0.007 0.007 0.006 0.008 0.003 0.007

12 8 12 12 12 8 12 11 11 4 5

HD 129956  6.637 6.523 6.476 5.808 5.652 5.612 5.573 5.546 5544 5.440 5.431
0.008 0.009 0.009 0.009 0.008 0.008 0.007 0.009 0.008 0.013 0.002

HD 149363  7.536 7.517 7.504 7.748 7.858 7.822 7.784 7.658 7.638 7.474 7.448
0.012 0.003 0.008 0.008 0.009 0.007 0.007 0.007 0.009 0.011 0.004

10 5 10 10 10 5 10 10 10 2 2

HD 154445  5.822 5.729 5.708 5.813 52841 5.791 5.754 5.556 5.520 5.203 5.191
0.013 0.009 0.009 0.007 0.008 0.009 0.007 0.008 0.008 0.012 0.005

11 7 11 11 11 7 11 11 11 4 4

HD 164852  5.207 5.200 5.188 5.166 5.149 5.144 5.133 5.114 5.108 5.052 5.054
96 Her 0.016 0.013 0.011 0.011 0.009 0.009 0.009 0.008 0.009 0.011 0.008
22 14 22 23 23 14 23 23 23 5 6

189
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TABLE IV—Continued

Magnitudes / Sigmas / Number of Observations

Object 3090 3362 3448 3870 4062 4266 4450 5141 5260 7020 7128

HD 170783 8.645 8.477 8.428 8.029 7.979 7.925 7.861 7.656 7.624 7.303 7.285
0.017 0.009 0.009 0.009 0.007 0.008 0.009 0.010 0.008 0.007 0.006

12 10 12 12 12 10 12 12 12 6 6

HD 187350  8.270 8.153 8.110 8.252 8317 &8.278 8.241 8.078 8.037 7.720 7.703
0.018 0.009 0¢.013 0.013 0.013 0.011 0.012 0.013 0.010 0.021 0.019

9 8 9 9 9 8 9 9 9 4 4

HD 191263  6.190 6.190 6.190 6.190 6.190 6.190 6.190 6.190 6.190 6.190 6.190
0.012 0.010 0.011 0.007 0.007 0.008 0.006 0.005 0.005 0.006 0.005

16 13 16 16 16 13 16 16 16 6 6

HD 205130 8.375 8.314 '8.286 7.868 7.799 7.780 7.752 7.742 7.740 7.682 7.684
0.012 0.010 0.007 0.007 0.004 0.006 0.005 0.006 0.006 0.008 0.008

9 9 9 9 9 9 9 9 9 3 4

HD 209008 6.003 5,991 5.981 5.872 5.876 5.876 5.862 5.850 5.848 5.813 5.815
0.012 0.009 0.007 0.007 0.005 0.006 0.005 0.002 0.006 0.006 0.002

12 10 12 12 12 10 12 12 12 4 4

HD 219188  6.481 6.516 6.514 6.820 6.956 6.947 6.932 6917 6.909 6.885 06.884
0.015 0.011 0.012 0.008 0.009 0.006 0.006 0.005 0.006 0.006 0.004

11 9 11 11 11 9 11 11 11 3 3

Solar Analogs

HD 11131 8.870 8.298 8.207 8.068 7.692 7.537 7.220 6.802 6.724 5981 5.960
0.015 0.013 0.005 0.005 0.006 0.010 0.007 0.007 0.009 0.019 0.011

8 8 8 6 6 6 6 8 6 2 2

HD 25680 8.063 7.495 7.406 7.305 6.859 6.704 6.377 5.960 5.883 5.152 5.130
39 Tau 0.017 0.010 0.012 0.011 0.009 0.008 0.010 0.009 0.008 0.010 0.012
10 8 10 10 10 8 10 10 10 4 4

HD 28099 10.419 9.805 9.736 9.673 9.113 8.944 §8.603 8.173 8.090 7.338 7.312
vB 64 0.020 0.023 0.021 0.016 0.017 0.020 0.015 0.013 0.016 0.012 0.015
7 6 8 8 8 6 8 8 8 2 2

HD 29461 10.254 9.654 9.579 9.503 8.957 8.787 8451 8.030 7.945 7.205 7.170
vB 106 0.013 0.007 0.011 0.011 0.010 0.003 0.010 0.006 0.006 0.006 0.008
6 5 6 6 6 5 6 6 6 3 3

HD 30246 10.647 10.054 9.976 9.924 9.362 9.197 §8.847 8.4]11 8.323 7.561 7.527
vB 142 0.016 0.006 0.011 0.013 0.010 0.010 0.008 0.009 0.008 0.006 0.012
6 6 7 7 7 6 7 7 7 4 4

HD 76151 8.339 7.717 7.630 7.614 7.012 6.847 6.501 6.074 5983 5236 5.212
0.006 0.006 0.014 0.019 0.013 0.007 0.013 0.006 0.009 0.005 0.008
6 5 8 9 9 5 9 9 9 3 4

HD 81809 7.671 7.063 6.889 6.767 6.316 6.187 5.866 5.432 5346 4.587 4.559
0.009 0.004 0.006 0.012 0.007 0.003 0.006 0.005 0.004 0.013 0.013
5 5 6 7 7 5 7 7 7 3 4

HD 146233  7.736 7.145 7.048 6.972 6.465 6.313 5980 5.558 5.476 4.732 4.708
18 Sco 0.009 0.009 0.007 0.010 0.007 0.009 0.006 0.009 0.008 0.006 0.004
5 5 5 5 5 5 5 5 5 4 4

HD 186408  8.267 7.661 7.565 7.463 6.946 6.792 6.459 6.039 5957 5.217 5.191
16 Cyg A 0.008 0.009 0.005 0.005 0.005 0.009 0.005 0.007 0.008 0.013 0.007
9 7 9 9 9 7 9 9 9 4 5

HD 186427  8.558 7.937 7.842 7.783 7.225 7.075 6.725 6.302 6.214 5.476 5.441
16 Cyg B 0.011 0.008 0.005 0.005 0.004 0.009 0.005 0.007 0.009 0.009 0.007
9 7 9 9 9 7 9 9 9 4 4

HD 191854  9.755 9.128 9.026 8.963 8.413 8.272 7.909 7.486 7.394 6.642 6.614
0.009 0.005 0.005 0.009 0.003 0.003 0.003 0.008 0.005 0.012 0.009

7 6 7 7 7 6 7 7 7 4 4

HD 217014  7.817 7.202 7.117 7.075 6.454 6.291 5.943 5.523 5.434 4.683 4.668

51 Peg 0.018 0.015 0.012 0.011 0.007 0.008 0.005 0.007 0.006 0.009 0.005
9 9 9 9 9 9 9 9 9 4 4
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TABLE V
Solar Analog Colors

Other Colors relative to BC
Object name 3090 3362 3448 3870 4062 4266 4450 5141 5260 7020 7128

HD 25680 39 Tau .686 118 029 0928 0.482 0.327 0.000 -0.417 -0.494 -1.225 -1.247

1 1 1
HD 28099 vB 64 1.817 1.203 1.133 1.070 0.510 0.341 0.000 -0.430 -0.513 -1.265 -1.291
HD 29461 vB 106 1.803 1.203 1.128 1.052 0.506 0.336 0.000 -0.421 -0.506 -1.246 -1.281
HD 76151 1.838 1.216 1.129 1.113 0.511 0.346 0.000 -0.427 -0.518 -1.265 -1.289
HD 146233 18 Sco 1.755 1.165 1.068 0.992 0.485 0.333 0.000 -0.422 -0.504 -1.248 -1.272
HD 186408 16 Cyg A 1.808 1.202 1.106 1.004 0.487 0.333 0.000 -0.420 -0.502 -1.242 -1.268
HD 186427 16 Cyg B 1.833 1.212 1.117 1.058 0.500 0.350 0.000 -0.423 -0.511 -1.249 -1.284
Average 1.791 1.188 1.101 1.031 0.497 0.338 0.000 -0.423 -0.507 -1.249 -1.276

will be at a given airmass. Due to the lack of early-type stacsre was taken to ensure that conditions were sufficient for o
far from the galactic plane, we were not always able to satisfgining high-quality data. First, as was stated in Section 2,
all of the criteria we set. Several late B-type stars were accepfétkr set whose transmission characteristics are representat
to improve the coverage in right ascension, yet even with thesiethe average of all of the filters was used to obtain the da
additions, there are gaps as large as 2.5 h and regions wiser¢hat the results would apply to all filter sets. Second, to el
only a faint-tier star is available. Also, several stars have exhitdre uniformity of the data, all measurements were obtaine
ited a slight variability Am < 0.05 mag, e.g., Kholopoet al. at one site, primarily with a single photoelectric photomete
1981, Skiff 1994), but these are all IHW standards that hayough a CCD was used to acquire necessary measureme
been used for many years with no evident problems. In all, 24 red wavelengths). Third, each star was observed on as m
stars were selected, and a list of the stars, their coordinatessdheduled nights as possible over a 16-month period to provi
magnitudes, spectral types, and colors are given in Table Il, amdensive coverage. Finally, reduction of the data and its incorp

their distribution on the sky is shown in Fig. 3. ration into a magnitude system were both carefully performe
with consistency checks throughout to look for any probler
4, ESTABLISHING THE STANDARD STAR data sets.

MAGNITUDE SYSTEM

The second step in establishing the standard star system ig"tlo' Standard Star Observations

observe each star and, using these measurements, to establi$b ensure uniformity of the data, all observations were ok
a magnitude system for the HB filters. Because these magtaiined at Lowell Observatory, using either the 31-in. (0.8-m) ¢
tudes are critical for the absolute calibration of data, extrentiee 42-in. (1.1-m) Hall telescope. Furthermore, for nine of th
11 filters (OH through GC) all observations were made with |
single photoelectric photometer with pulse counting electror
ics, the same photometer that has been used in comet studie
Lowell Observatory for two decades. A photometer was used fi
several reasons: data can be obtained more rapidly than witl
CCD, due to less overhead; the photometer has a higher sign
to-noise; and using a single photometer for all of the data in tt
nine filters avoids problems associated with different observe
and instruments (Osboet al. 1990). Unfortunately, the sensi-
tivity of this high-UV throughput phototube drops off to near-
zero by 65004, so it could not be used to calibrate the two rec
HB filters. Out of necessity, therefore, the data used to calibra
®- IHW Fiux Standards - New Flux Standards the HLO™ and RC filters were obtained using a 2042048
Site CCD with 2x 2 binning. To tie these data to the photome:
FIG. 3. Distribution, in right ascension and declination, of the HB fluxter results, CCD measurements were obtained with filters fro
standards. Filled circles are stars that were adopted from the primary IH

&ﬁ]\g through GC as well as with #0* and RC. A comparison

standards, triangles are new stars that were added, and the open circle is . . e .
IHW primary that was rejected due to its brightness. The V magnitude for ea@h the data from these overlapping f”te.rs |nd|c§tes that the fin
star is given next to its symbol. CCD magnitudes are completely consistent with those from tt
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photometer, though with larger uncertainties. The match wte coefficients were adjusted so as to minimize the variatiol
good enough (within&) that no corrections were needed to adbetween theAms (difference between the instrumental and HE
just for the different instruments. Because of their lower signahagnitude) for measurements of all of the stars. Note that th
to-noise, however, the CCD measurements obtained with ttwuld only be done in the re-reduction of the data, after pre
overlapping filters were not included in the final magnitude déminary magnitudes had been determined as discussed belc
terminations. These global solutions were used on the few nights where tl

Standard star observations spanned a period of 16 monttims were significantly improved over the original extinction

(January 1997 through April 1998), at approximately monthisolution, otherwise the original extinction star coefficients wer:
intervals. A set of data consists of a sequence of observation&ept for the final reductions.
a star with all of the available filters and between seven and 37Unfortunately, a linear extinction coefficient could not be use
sets were obtained each night, with an average of 22 sets (fwstthe OH filter. Plots of observed OH magnitude versus air
including high airmass extinction measurements). Data fromass produce a curve, rather than a line, and forcing a linear
nights later determined to be non-photometric were discardéd measurements along this curve gave discrepant magnituc
which left 18 out of 24 nights of photometry and seven out afhen the individual points were extrapolated to zero airmas
eight nights of CCD measurements to be included. Each star vilasthermore, the extrapolated results would change if a diffe
observed as frequently as possible, resulting in five to 11 nigletst range of airmass was used, because a different part of
of photometry and two to four nights of CCD data for each stasurve was being fit. Therefore, it was necessary to use mo
Two stars, HD 26912 and HD 74280, were too bright to obsere¢s of atmospheric extinction to reproduce the curvature in th
with the CCD, even with defocussing of the image to spread auiagnitude—airmass plot so that a proper extrapolation to ze
the light, and so ho measurements were obtained for these stansiass could be done, regardless of the range of airmass
with the H,O™ or RC filters. which the data were obtained.

A series of tests were performed, in which synthetic spectr
(representing B stars, G stars, and comets) were convolved w
various extinction functions, to explore how those functions af

Basic reduction of the standard star data followed normigEct measurements at different airmasses and to determine wi
procedures. In the case of the photometer, the raw counts waspects of the extinction function introduce the curvature int
corrected for the dead time of the phototube, and then the gkg magnitude—airmass relation. The results of these tests pro\
background, measured nearby, was subtracted. For the C@iat the majority of the curvature is produced by the slope of th
the bias level was removed from each image, which was thextinction function, with the steepness related to the amount
flat fielded using twilight sky flats to remove the pixel-to-pixeturvature produced. (A slope that decreases with waveleng
variations. Aperture photometry was done with IDL photomesroduces a redward shift in the effective central wavelength ¢
try routines, using an aperture large enough to measure the litite flux, because the blue light is removed more rapidly than tt
from the star out to the point where noise became a significant. As airmass increases, the rate of this shift is initially ver
issue. Because some of the stars needed to be defocussedgil, but slows at higher airmass because the edge of the fil
keep them from saturating, different-sized apertures were usbdndpass limits the amount of shift that can be produced. Ti
however, a constant-sized aperture was used for each levetwivature in the magnitude—airmass relation is a result of tt
defocussing. The sky background was determined from an daet that the rate of this shift changes with airmass.) In additior
nulus around the aperture and subtracted from the total couifithe extinction curve itself is not linear, but has a changing
within the aperture. The measured counts from both the CGbpe across the bandpass, then this will also contribute to t
and the photometer were then converted to instrumental magrufvature, though at a much lower level than from the slope
tudes before correcting for atmospheric extinction. The OH extinction tests also proved that the color of the obje

The extinction was carefully determined for each night, usras only a minor influence on the results, when compared
ing at least two stars observed at a series of different airmasghs. extreme effect of variable extinction across the bandpa:s
The airmass was determined from Hardie’s (1962) approxim@ensequently, the extinction can be treated with the same fc
tion, with a correction for the elevation effect in the apparembulation for B and G stars, as well as comets. However, be
zenith angle. (This is discussed in more detail, and the eqeause of the different spectral shapes of these objects, the coe
tions are given, in Appendix A.) We assume that the extincients within that formulation will be different for each type of
tion of an object (in magnitudes) varies linearly with airmasspbject.

a good assumption for all filters except OH which will be dis- The OH extinction tests also showed that the three primat
cussed next. If more than one extinction star was measured, tbemponents of extinction—Rayleigh scattering, aerosols, ar
the average extinction coefficient among the stars was useddaone—could be addressed individually, without changing th
each filter. As a check on the extinction solution, and to allofinal result. The specific procedures used to determine the e
adjustments to the coefficients found from poorly determinethction in the OH filter are outlined in Appendix A. As shown
extinction stars, a global solution was used. In this situatiothere, analysis of the extinction star measurements produces |

4.2. Data Reduction
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just one linear extinction coefficient, but rather separate matexhibits no color in the HB system. Using the pre-set mag
sures of the contribution from aerosols and the amount of ozomiéudes for HD 191263 as a starting point, an iterative proce:
present. These quantities, when combined with a calculatimas then used to determine the magnitudes of the other ste
of the Rayleigh contribution, are used to reproduce the prop&metailed description of this process is given in Appendix B
curvature for extrapolating to zero airmass. As is described there, we were careful throughout the procedt
The extinction coefficients (and for OH, the aerosol anth not allow the fundamental star to receive a greater weightir
o0zone measurements) were then used to correct each individhah other stars in establishing the magnitude system. In additi
data point to its value above the atmosphere, giving the instto-computing the magnitudes directly, a consistency check w
mental magnitude of each measurement. Once the instrumept&formed by using colors to compute the magnitudes indirectl
magnitudes have been determined for each measurement, tBeth procedures gave essentially identical results, butthe mag
are used to establish the HB magnitude systems (cf. Ogltatn tudes from the direct computation were ultimately adopted, dt
1990). to slightly better uncertainties. (The errors on the colors tende
to be quite small, but when converting colors to magnitude
incorporation of the uncertainty on the BC magnitude typicall
raised the overall errors to equal or higher than those for tt
Although not discussed at length in this paper, colors playathgnitudes determined directly.)
an important role in the analysis of the standard stars and, ulti-The final magnitudes for both the solar analogs and the flt
mately, as a consistency check in the establishment of the matgndards are given in Table IV and the final colors of the sol:
nitude system. The standard stars all have different magnitudasalogs are listed in Table V (and were discussed in Section 3.
so colors are used as a straightforward means of comparing dable IV also lists the number of observations that were include
contrasting them (as was already seen in the discussion of satahe average for each star. The uncertainties in the magmtuc
analogs). During the calibration process, we definddrala- are typically around 0.007 at wavelengths above 4808nd
mental filterto be a basis from which colors are normally calcuncrease in the UV where the signal is weaker. These values ¢
lated. The BC (445@\) filter was selected as our fundamentatomparable to the mean errors in the IHW magnitude determin
filter for several reasons: it can be used to obtain a good signi#dns; however, our uncertainties are more consistent from st
to-noise with both the photometer and the CCD; it is near the-star. This is due to the fact that all of the HB observations wel
center wavelength of the basic (CN through GC) filters, whiabbtained at Lowell Observatory, and a roughly equal number
were most requested by filter recipients; it is near the centerrobasurements were obtained for each star, whereas in the It
the Johnson B bandpass (the significance of which is discussgdtem, observations were collected from many sources (usi
in the next paragraph); and finally, the atmospheric extinctiafifferent instruments) and the magnitudes were computed usi
at 4450A is fairly low, reducing uncertainties introduced byanywhere from one to 119 measurements (Oskoai. 1990).
extrapolating a measurement to zero airmass. Unless otherwis€o intercompare the results from the different flux standard
stated, colors in the HB system are given relative to this filténeir colors are plotted in Fig. 4. The stars are placed ina s
(e.g.,moy — Mgc). quence defined by their UCs@olor, which spans the Balmer
Another fundamental in the calibration procedures is the fudiscontinuity. This sequence was chosen primarily for clarity
damental star, which is important because it is the standard ugn it also permits a search for correlations between the sta
which all other HB magnitudes are based. The magnitudes &pectral type and its colors. Another practical reason for lool
this star are set at a predefined value for each filter, and thg specifically at the UV colors was to determine which star
magnitudes of all the other stars are computed relative to thasght be affected by any color terms in the OH extinction; thi
values. We selected HD 191263 as our fundamental star, pritimately proved to be a non-issue for the HB filters, unlike th
marily because it is in the middle range of brightness and HaW filters, where color variations among the B stars do have &
can be observed with both the photometer and the CCD, agitect. It is immediately obvious from the plot that five stars ar:
it is an IHW standard, so a direct comparison can be made Isggnificantly reddened and one star is slightly reddened (dash
tween the two filter systems. In addition, it was available at thi@es). Although four of these stars were previously known to b
start of our observing campaign, which allowed preliminary reeddened (Delgadet al. 1997, Winkler 1997, Wolfét al. 1996),
sults to be computed. While the pre-defined magnitudes of tH® 187350 and HD 219188 are not listed as reddened in al
fundamental star are somewhat arbitrary, the conversion to albthe catalogs that were explored (though the reddening m
solute fluxes (addressed in Section 5) directly accounts for aagtually be the effects of metallicity or age). Placing these sta
particular magnitude that is selected. Because BC is the fund@taerder of their reddened UC<@olor would be misleading in
mental filter, we chose to set the BC magnitude of HD 191263 $earching for correlations, so we attempted to remove the effex
6.19, to match its Johnson B magnitude. Furthermore, to matfeeddening to allow us to place the stars in their proper locatic
the fundamental star easy to identify in lists or plots and to fal the sequence. Noting that the colors of the unreddened st
low the convention established with the earlier comet filter setwe all similar for wavelengths longer than 45®0N|th a slight
the same value was assigned to all of the filters, meaning tivadrease in slope toward later spectral type, we used this regi

4.3. Computing Standard Star Magnitudes
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HD Spect. u-b
52266 O9V 0.063
219188 B0l 0.038
149363 BO.5HI  0.135
97991 B1V -0.009
187350 B1V 0.270
154445 B1V 0.409
120086 B2V 0.162
74280 B3V 0.248
3379 B25IV 0342
89688 B3IV 0.393
191263 B3V 0.389
164852 B3IV 0.436
209008 B3Il 0.500
) 26912 B3IV 0.560
m 31331 B5V 0.558
fe] 37112 B6V 0.637
» 14951 B7IV 0.614
2 170783 B5 0.999
S 68099  B6lll 0.750
g 205130 B9 0.905
“ 6815 B9 1.148
(—g 19712 B9 1.203
(&) 129956 B9.5V  1.269
72526 B8 1.371

HB
Stromgren
'+ Johnson
I 1 1 1 [l I 1 1 ] 1 I ] ] ] 1 ' [l ] 1 ] I ] ] ] 1 I ] ] 1 ]
3000 4000 5000 6000 7000 8000

Wavelength (A)

FIG. 4. Colors of the flux standards, relative to the blue continuum (BC) filter. The curves are placed in order of their de-reddenedold€-«@th zero
points offset for clarity. The zero level for each star is denoted by the horizontal dotted line, with the BC filter at AlBayA located at zero. HD 191263 is
defined to have magnitude 6.19 in all filters, so it has no color, and the red magnitudes of HD 26912 and HD 74280 were not determined because of |
brightness, so there are no corresponding colors for those filters. The dashed lines indicate stars that exhibit significant reddening. THallewithibaise
point size.

to apply a first order correction to the UCs-€olor. Assuming large enough that small errors in the assumed RC-BC slope w
that, to first order, the reddening is constant with wavelengthot affect the star’s position in the plot.

we corrected the RC-BC segment so its slope matched the slop&he resulting sequence exhibits a range of 1.5 mag in tt
of its unreddened neighbors, and then scaled this adjustmentéar-UV colors, clearly showing how the strength of the Balme
the UC-G segment. This correction works well for the purposdiscontinuity and the flux at shorter wavelengths changes fro
of ordering the stars, because the UG-eBlor differences are early- to late-type B stars. On the other hand, at wavelengtt
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above 45004, all B-type stars tend to have very similar coloreduction coefficients that are used in these equations are
characteristics. The UV results suggest that the Uddr@ex is lated to the filter bandpasses and spectral bands that are be
extremely sensitive to the temperature of the star, in which cd8€asured. The following discussion introduces and defines t
it may be useful as a tool to help in pinpointing the spectral typ@rious coefficients, addresses any factors that were conside
Looking specifically at the UV colors in Fig. 4, it appears thafuring their derivation, and describes how they fit into the dat
HD 68099, which is classified as a B6 star, but also has entri€sluction process.
for B7 and B8 in the Simbad database, should actually be close he first coefficientf,, , is the absolute flux of a 0 magnitude
to B8. Similarly, HD 72526, which has the largest color extrem@ar in the HB system. It is used to convert an HB magnitude !
of all of our standards, should be type A0 or A1, rather than B8N absolute flux, using the familiar equation
Comparing our UC-gsequence with the Stnigren u—b color
also produces a very close correlation (for the non-reddened Fxx = Fo,, 107%4™, 1)
stars), suggesting that, again, the u—b color can be used as a
discriminator for the initial evaluation of other B stars. wheremyyx is the HB magnitude. We determined the value:
for these coefficients using the fluxes for several HB standar
5. CALIBRATION OF THE FILTERS listed in spectrophotometric star catalogs and tied them to :
absolute system through the Hayes and Latham (1975) flux f
The procedures for reducing comet data are similar, regardigggja at 5556 The details concerning the computation of thes:
of which narrowband comet filter set was used for the obsenfizx conversion coefficients are given in Appendix C. The secor
tions: standard star information (discussed in Appendix C) iefficient, the solar colan,x x, is the adopted color of the solar
used to convert the measured count rates into absolute fluxgssctrum and, as discussed in Section 3.1, is used for deal
gas contamination is removed from the continuum measuigith the continuum filters. The values for bog, , andmex
ments (in an iterative process); underlying continuum s removggk |isted in Table VI.
from the gas measurements; and finally, the measured fluxes ang/hen measured data are going to be extrapolated to total b
converted to a total band flux, if that is what is ultimately defuxes, it is critical to understand what fraction of each emissio
sired. In the past, these tasks were dealt with individually onpand was actually captured by a filter. The third coefficignt,
filter-by-filter basis that did not account for the mutual contantor alternatively, '), is a measure of this fraction. To compute
inations of two species (which may have been due, in part, fffese values, we used a representative emission line spect
the fact that some of the contaminations were unknown at th&ther synthetic or measured from a comet with the appropria
time of the calibrations). While developing the general reducti@fnission features) for each of the species of interest. Whene:
procedures for the HB systems, we employed a new formaligi8ssible, synthetic spectra were used for the calibrations, &
in which one equation format applies to all species and can gguse there are no problems associated with continuum subtr

solved for mutual contaminations in any combination of fllter$}on or contamination from other Speciesy they are not adverse
The following sections provide a brief account of the filter cal-

ibration process, in which we developed the new formulation,

derived the equations and computed the coefficients that will TABLE VI

ultimately be used for reducing comet data. Furthermore, dur- Filter Calibration Coefficients

ing the calibration process, we performed a series of tests to ;

measure how the coefficients are affected by variations in the Species®  Foxy Mexx Yxxixx Y xxixx
flrl]ters an? in observmﬁ andlthf;S. The results of these tests ar?d OH 10.560 +1.791 1.698x10°2  0.98
their implications on the data reduction process are given. In the )

) ) .42 . . .
generalized notation used hekeX andY Y represent any of the NH 8.420 +1.188 ! 907X10_2 0.99
filter species (OH, NH, UC, etc.). CN 8.6 +1.031  1.812x10 0.99

tion of Reduct o o 8.160  +0.497  3.352x107°  0.19
5.1. Derivation of Reduction Coefficients ot 7323 10,338 | 5495102 0.99
Because most observers will use a subset of the 11 HB filters, c, 3.887 ~0.423  5.433x100  0.66
procedures for the reduction of comet data should be able to o' 1380 | 249 5 424103 100
account for continuum measurements at any sensible combina- 2 : o e ‘
tion of the four wavelengths and still produce results thatcanbe  uc 7.802 +1.101 — —
compared to other observers (who potentially used a different  pc 6.210 0.000 _ —
combination of filters). We have established a basic set of proce- Ge 3616 _0.507 . _
dures that we feel provides the best reduction of comet data for RO 1'316 1'276

the variety of situations that may be encountered. Appendix D
details these procedures in a step-by-step outline and gives the  aFijter specification represented byX subscript.
relevant equations that are needed for reducing comet data. The " Flux of 0 magnitude star (10 erg cnm2s~1 A-1).
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affected by instrumental resolutions that can affect measured TABLE VII
spectra, and they can be generated for a variety of situations Contamination Coefficients
(different heliocentric velocities, distances, etc.), which helps Gas

in evaluating how the final coefficients are affected by changing
conditions. We were able to obtain synthetic spectra for OH, NH, Species* Yxxrcs
and CN (from Schleicher and AHearn (1988), Meier (1998),
and Schleicher (1983), respectively), each of which was gener-
ated for different velocities and distances, if appropriate. For the
other species, we explored the available synthetic spectra (e.g., co'rc, 4.607x10™*
C, from AHearn (1978), G from Kim (personal communica-

NH/C,  1.433x107
CN/C,  1.427x107°

. ; Continuum

tion, 1998)); however, these were unsuitable for our purposes. —

Instead, we used high-quality comet spectra, from which the Species Kyxi Kxxa Kxxs
s!<y, contin_uum, and any emission lines conta_minating the de- GCIC, 0.0404  0.0348  0.0373
sired species were removepl. Whene_zver possible, we extracted ucie, 0.0327 o 0.0293
representative spectra at different distances from the nucleus, .

to evaluate the quality of the continuum removal and to observe ? Firstspecies is represented XX subscript; sec-
how the bandshapes changed with distance. Ban6 G bands ond species is the contaminant.

were extracted from a spectrum of Comet deVico (A. Cochran,

personal communication, 1998), the €@& from a spectrum - : -

of Comet Schwassmann-Wachmann 1 (Cochran and CochPl; also change, to account for the addltlgnal lines within th

1991, Cochraret al. 1991), and the bO* band was extracted total banq. When the number of molecules is computed,.thetvw

from Wehingeet al. (1974) and Wyckoff and Wehinger (1976).effects will largely cancel eaqh other out. 'The' broad wings o
To determine what fraction of an emission band passgé also warrant_another caut|on:3(§on_t§\m|nat|on of NH, Of.

through a particular filter, the spectrum is combined with th%OJr’ ar_ld especially quN can be S|gn|f|cant,_ because the wir

filter transmission profile. This technique is used not only t%ontammates the entire bandpass .of these filters. In the case

measure the emission from the desired species, but also to (a%l the integrated gflux can comprise 10-15% ormore ofthe

termine how much contamination from an undesired speciest%al measurement, depending on the aperture size.

present, both in gas and in continuum filters. The quantities ob—The new formalism for the HB filters (which will ultimately

tained in this manner are denoted here by the coeffigiént be applied back to the previous filter sets to improve correctior

specifically, v v is the fraction of the total emission bandf chontmuumIlcondtammayon) makes use of theseefficients
from specie( Y that is measured through filte¢ X, In the generalized equation

_ S iy Siex d @ Fxx = Fonyxx/on + Fnnyxx/nm + Fenyxx/en
f fkw da +FC3VXX/03 + F(CO*)V(XX/CO*) + FCZVXX/CZ
wheref,,, is the flux distribution in the emission band a8d, +F(H,01) Yoxx /H20t) + FX Xeons 4)

is the transmission profile of the filter. Thug, c\ represents

the fraction of the CN band that is measured through the Gbhere Fxy is the wavelength averaged flux measured throug
filter, andy¢yc, is the fraction of the @band that is contami- the X X filter, Fxx_, is the average underlying continuum in
nating the CN filter. A second coefficient, ultimately used in thgiter X X, and Foy, Fan, €tc., are the total band fluxes from
reduction equations, ig, which is simplyy” normalized by the each species and represent the final quantities that are to be

filter's equivalent width and transmission properties: termined. An equation of this form is written for each filter, anc
all 11 equations are solved simultaneously for the total bar

_ J By Sixx d2 3) fluxes. (Note that an additional set of equations must also |

r= [ iy dd [S, dA’ utilized to interpolate between continuum filters for the under

lying continuum in each gas filter.) By solving for all of the
The relevant (non-zero) valuespfndy’ are listed in Tables VI fluxes simultaneously, the contamination in each filter (fron
and VII. Note that the measured fractions of theddd espe- those species being measured) is accounted for. In cases wh
cially the G band listed for the HB filters are both smaller thafilter X X is not contaminated by speci¥sy, theyxx vy terms
the corresponding values quoted for previous filter sets, due tara zero, simplifying the equations. In fact, for the HB filters
better understanding of how broad the wings of these bands a@ntaminations were minimized to the point that there are n
Although the HB coefficients differ substantially from the cormutually contaminating gas or ion filters, so the generalized s
responding IHW values, in turn affecting the value of the totahultaneous solution reduces to a straightforward linear series
flux computed, the fluorescence efficiencies should, in princelevant equations.
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The last set of coefficientS x x1, Kxx2, andKx xs, are used band is entirely within filter bandpass (OH, NH, CN, €Gnd
for decontaminating the GC and UC filters, so the total fluM,O") different f -ratios have very little effect op, changing,
from the continuum,Fxx,,, can be determined. During theat most, 2% over the range frofyco to f/3. However, for the
derivation of the reduction equations, several combinationswide bands of gand G, shifting the transmission profile to the
the Fp, mg, andy coefficients are produced, some of which arblue allows more of the emission band to pass through the filte
very complicated. To simplify the equations, we chose to presehtis increasing . As it turns out, G and G both change by the
these combinations as individual constants, though they are diame amount for the ratios tested, so that, relative to the nomi
cussed further in Appendix D. The relevafitcoefficients are f/6 value,y is 1.5% lower atf /oo, 1.8% higher aff /4, and 4%

given in Table VII. higher atf /3. For faster systems, the difference increases ev
more rapidly. The four continuum filters are situated clear of an
5.2. Results of Coefficient Tests significant emission features, so for ratios as smafi/&s there

During the process of computing thecoefficients, a series is no additional contamination beyond what was discussed e:

of tests were performed to determine how the calibrations are %\‘?—r' In fact, there is a very slight drop, with decregsrhgatlo,

fected by factors that can change the emission spectrum or a Ehe level of gonta_lmmatlon 0 the_ UC and (.BC filters becaus
the filter transmission profile. Specific items that were examin -bandpa§s is shifted farther out into the wing of the contan
include the effects of temperaturé;ratio, variations between nating species. . .

filters produced in different evaporation runs, heliocentric dis-.Due to_thg natpre of the manufacturlng process, there will
tance and velocity, and, finally, variable extinction across the f light variations m_the transmission profiles (.)f filters produce
ter bandpass. Fortunately, the results of these tests indicate t gin one evaporation run to a”O“‘eT- These differences can be
for typical observing conditions, most of these factors have 'I\Iae f:entra! wave Igngth, the bandW|dth., gnd/or the shape of t
significant effect on the HB filter calibrations. Only two issues?rome’ which \,N'l,l in turn affect the coefficients. Fortunately,_thfe
small f -ratios and a few individual filters (as discussed belo un-to-run variations tend to be small, and for the vast majorit

; . . - . S0
produce a variation in the coefficients greater than 2 or 3%. Hf the flltetrhs, the err?cr m(;h(; coﬂ‘?ments |stllelss th?n 1 fA
Changes in both temperature afieratio produce a change owever, there are a few,@nd G filters (mostly large forma

in the transmission profile of the filter, which in turn alters thﬁnaoglng filters) whose transmission profiles are shifted by up
particular region of the spectrum that is measured. In the cas 8

from our representative filter. Typically this will introduce
. . . . . __50, I H
the temperature, this change is a simple shift, claimed by tﬁl 5% error, with the worst of these cases causing an error
manufacturer to be

%. The recipients of these filters have been notified of tf
possible problem.
A =4 x 107 (per°C), (5) The next series of tests evaluated effects due to the come
heliocentric distance and velocity. The heliocentric distance d
where the wavelength increases with increasing temperatusgmines the amount of solar insolation that is available to exci
Thus, even a 30temperature change in the RC filter causdabke gas molecules, while, through the Swings effect (Swinc
a shift of less than 1A, so the effects of temperature can bd941), the heliocentric velocity alters the distribution of the
neglected under all but extreme observing circumstances. ®pecies’ emission lines. Because both of these factors alter |
effect of thef -ratio, on the other hand, is dependent on the exelative line intensities within the emission band, they may als
act telescope system being used. For light entering the filterpstbduce changes in the calibration coefficients. The OH, NH, ar
an angle less than 9@o the face of the filter, the transmissionCN spectra were tested for velocities fren0 to+60 km st
profile shifts to the blue. With smalléfr-ratios, light is entering and for distances from 0.5 to 5.66 AU to observe how the ca
at a smaller angle, and for that fraction of the light, the transmibration coefficients changed. The maximum variatioryiis
sion profile shifts further blueward. Note, however, that even ftess than 2% for all situations, reflecting the fact that all three «
a small f -ratio system, part of the light is passing through thihese filters were designed to capture the entire emission be
filter at near 90; thus, the effective filter transmission profile iswithin the flat top of the filter profile. At heliocentric distances
the superposition of many different profiles, each shifted bysanaller than 0.5 AU, however, the variatioryign,cn continues
different amount. This change in the effective transmission prtw increase, reaching 10% at 0.25 AU. This should rarely be ¢
file is a concern because, with the increase in CCD usage, m&sue, though, because the minimum practical solar elongati
telescopes are being operated at smafleatios than in the for observing a comet is usually about’3@Which corresponds
past. As a compromise between typidartatios that might be to a minimum heliocentric distance of 0.5 AU. Fos énd to a
used, the filters were optimized for use at approximatel§, lesser extent g the spectrum exhibits differences with respec
and the final coefficients were computed using this value, T@heliocentric distance due to the different number of rotation:
test the effects of differing -ratios, we performed a theoreticallevels populated and, with projected distance from the nuclet
change of the filter bandpass féfoo, f/8, /6, f/4,andf/3 due to the changing rotational levels populated as the molecul
and combined the shifted bandpass with the emission spectach fluorescence equilibrium. We used several observed sp
to observe howy changed. For species in which the emissiotra to determine what the best typical bandshape for each spec
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was, and the deVico spectrum that was used reflects this shayperesponds well to our near-UV results, so this parameter c:
For the remaining species (CGand HO"), the effects of he- be used as a preliminary diagnostic tool in the evaluation of oth
liocentric velocity and distance are significantly smaller than fatars.
the species discussed above.
Finally, the atmospheric extinction in the UV changes so rap- APPENDIX A
idly with wavelength that there is a variable amount of extinc-
tion across the OH bandpass, which means that as the airmass
increases, the blueward emission lines are attenuated faster than Extinction Components in the OH Filter
the. redwarq on_es. .The final series of tests evaluated how thl‘?’he effects of atmospheric extinction in the OH filter, unlike the other filters
variable extinction impacts the value pf The results of these cannot be properly represented by a linear relation. This is due to the fact that t
tests indicate that, at five magnitudes of extinctiowjll vary by extinction has a strong wavelength dependence across the OH bandpass and
about 3%, primarily due to a weak 1-1 band emission line at thea very small red leak~0.03%) in the filter transmission at 3350 Rlotting
red end of the filter becoming more prominent. However, in prat? OH magnitudes versus the airmass at which they were obtained produce
tice, this 3% effectwill be rapidly overwhelmed by theincreasin hrve, and forcing a linear fit to th|s_curve will produce incorrect magnitude:
- : .. en they are extrapolated to zero airmass. Furthermore, the extrapolated re
uncertainties due to lower count levels at the higher extinCtiog change if a different range of airmass is used, because a different secti
In summary, there are many factors that have the potentialgi@he curve is being fit. Therefore, it is necessary to use models of atmosphe
alter the calibration coefficients: temperature variatidngatio,  extinction to reproduce the curvature in the magnitude—airmass plot, so tha
differences in the filter transmission curves, changes in tR@pPer extrapolation to zero airmass can be done, regardless of the airmass ra

, . . . . the data.
comets heliocentric VeIOCIty and distance, and effects due_(f here are three primary components to the extinction in the OH filter. The firs

Ya”able eXt'_nCt'on across the bandpass. Fortunately, the maygfy simplest, component is Rayleigh scattering by molecules in the atmosphe
ity of these influence the results at a level of a few percent @fich is well-understood and can be accurately computed (e.g., Hayes a
less in the HB filter system. In only two of these cases shouldtham 1975). It is a function of the elevation of the observing site (in whict
there be concern for significant changes in the coefficients, dfifiatmosphere has a scale height of 7-f5r‘]<”‘f@9 ?”d varies 5}3’;- Rayleigh

both of these are a concern only for theahd G filters. First, scattering contributes about 40-50% of the total extinction in the OH bandpa

. . and has a slight slope which introduces a small amount of curvature to tf
observers using telescopes witkratios less tharf /4 should be ,,4nitude—airmass relation.

aware that as thé-ratio gets smaller, the error in the calibrations The second extinction component is absorption by aerosols in the atmosphe
gets larger. Second, the few recipients of filters that differ froifith a typical scale height of 1-2 km, this component is strongly affected b
the calibration filters might need to incorporate a correction tee elevation of the site, which means it can contribute 5-20% (or more) of tr

account for the different fraction of the emission spectrum thi§2 extinction. This component variesias®, wherex can range from 010 1.5
. . epending on the type of aerosols), with a typical value of 0.8; this means th
is being measured.

the aerosol extinction is essentially flat across the OH filter bandpass.

The last and most complicated component is the absorption by 0zone mole
ules in the stratosphere. Because the bulk of the ozone is located at an altitude
. . . . 15-30 km, the extinction is not dependent on the elevation of the observing sit

This paper presents the final calibration results for the new Hgwever, the altitude does prompt the use of a local airmass, which will be defint
narrowband comet filters. It introduces the new filters, describegr. This component, typically comprising 40-50% of the total extinction in

the factors that were considered in the design and manufacturlipRyOH filter, is very sensitive to the amount of ozone above the observing sit
process and gives the specifications of the final pl’OdUCt A@?{ined in units of centimeters at standard temperature and pressure (a nori

. . . ue falls in the range 0.2—0.3 cm). For wavelengths shortward of 3200 /
discussed are the procedures used to calibrate the filters so matfxtinction due to ozone increases extremely rapidly, so that there is a ste

comet observations can be reduced to absolute fluxes. This Rigse even across the narrow OH bandpass. In addition, the 0zone extinct
cess involved the establishment of a new magnitude system, ith&irved, not linear, across the bandpass. This steep slope, with an additio
development of the data reduction procedures (including a negptribution from the curvature, is what produces the majority of the curvature |
formalism that can account for any mutual contamination of fﬂbe magnitude—airmass relation. It should be noted that because this compon

drops sorapidly atlonger wavelengths, it does not cause any problemsin the otl

. . - 0
ters), and the computation of reduction coefficients that are uﬁgrdf)ilters. (Although ozone contributes significantly for NH and at wavelength

in the final result. Tests indicate that the filters are very stabigween 5000 and 7000 e extinction is flat enough that the effects of ozone
for use in all but the most extreme circumstances. In general, theincluded in the linear extinction coefficient.)
only factor that will affect the calibrations at a level greater thanAs was suggested above, the elevation of the observing site is an importz

afew percent is their use on telescope systems fiitatios less factor iq the OH extinctipn problem. It affec_:ts the Ra_yle_igh and aerosol compc
than f/3 nents directly, and as will be seen later, this has an indirect effect on computir

! . . the ozone contribution. Thus, some of the equations given below include terr
' During the establishment of the magnitude system, our anajyat account for the elevation, and these must be included to properly model t
sis of the standard stars (both solar analogs and flux standattiyent components.

showed that the spectrum of one star may be very different fronYvhen the OH extinction from the extinction stars is solved for, and the resul
another star in the near-UV, even though the two stars nominadl applied to other objects, the easiest and most straightforward method is

address each of the three extinction components separately. This simplifies
have the Sarone spectral ,tyPe- On the other hand, at wavelen ems involved with different elevation and airmass effects for the differen
above 4000A, stars of similar spectral type tend to be esselpmponents and makes it easier to solve for the curvature in the magnitud
tially the same. We also found that the @trgren u—b color airmass relation.

OH Extinction

6. SUMMARY
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A.2. Airmass Calculations TABLE VIII

Dealing with each of the three extinction components separately means that Coefficients for OH Extinction

it is necessary to use different airmass computations, each of which is m

a
suitable for the particular component to which it is applied. For the Raylei o Comet -
and aerosol components, Hardie’s (1962) empirical formula is used: Coefficient B star G star PureOH  25% continuum
) Rayleigh
X = $8CZapp — 0.0018167(s€@app — 1) — 0.002875(se@app — 1)
3 b, 1.159 1.158 1.170 1.168
—0.0008083(se@app— 1)°. ©® b, -—4433x10™* -5.350x107 — ~1.918x10™*
In this equation, however, Zapp that corrects for the elevation effects on the Ozone
atmospheric refraction should be used, ) 5 5
€0 1.323x107°  2.880x10™" — -2.523x10"
Zu— Zuwe 048N Zie — 00668 @ Zwve 0o ey —1.605x10“: -3.912x107" — 4.382x107"
S Cop  4.258x107°  1.597 — -2.415
-1 1
whereh is the elevation of the observing site in kilometers @qde, in degrees, o3 9.099x10 ° -7.460x10 — 4.993
is computed from the object’s right ascension and declination (e.g., Henden. )
Kaitchuck 1982). ¢l ~1.731x107% 52841077 ~1.669x107"  4.276x107
l:Ijior the_ozone component,_ which doesh_notlei;ter;d all thehway to thj.grou ¢l 3973 3.753 3.365 2538
a better airmass approximation uses a thin slab of atmosphere at a distanc -1 -2
22 km above the ground. To account for the curvature of the Earth when look iz -2.815x10 -2.632 _1 —2.973x10 4.109
downrange in this scenario, the slab is tilted so that it is parallel to the Eart €13 -2.221 8.912x10 - -8.518
surface at the distance downrange where the line of sight intersects the slab. 3
defines the local zenith angle (e.g., Young 1974), from which the ozone airm ¢, 5.349x1070  2.634x107%  3.521x107* —2.510x1072
(Xioc) is found, ¢y =5.031x107° -3.380x107' -6.662x107°  4.148x10™"
Xige — SECZioe ©® S ~4182x107 8.699x107" -5.335x1077 -2.405
R+ H €3 1.649 4.253x1072 — 4.666
= . ; 9
R+ H)2 — R2sir? Ziy,e /2 - - -
[(R+H) el ¢ 2.810x107% =3.141x107 — 5.070x107
whereR = 6378 km is the radius of the Earth aktl= 22 km is the altitude of o) ~1.195x10°%  3.359x10°% — ~8.168x1072
the slab. ¢y, 1.063x107" —9.235x1072 — 4.272x10""
o -1 -1 -1
A.3. OH Extinction Determination G35 387710 7 —1.677x10 _ —8.618x10

This section describes how the separate components are determined from tR€comet coefficients represent the extreme cases of pure OH emission &
extinction stars and then discusses how those results are applied to other objé&f4 underlying continuum.
The procedures and equations presented here were developed to deal with the
components separately and were tested on both B star and G star observatsif)ans

to ensure that they correctly reproduce the curvature in the magnitude—airmasé observations. To avoid the problem of disentangling the aerosol and oz«

. . ) U, cantributions at OH, another filter, for which ozone extinction is negligible an
relation. Because of differences in spectral distributions between B stars . . ) .
b ) . - e Rayleigh component is easily computed, is used to separate out the amc
stars, and comets, some of the equations will have different coefficients for

€
different objects. These coefficients are listed in Table VIII. o

aerosols. The BC filter is the best choice for this purpose. Not only is it th
Ultimately, the total extinction for each data pointin the OHfilter is determine(c)lnly filter that is common to all filter sets, but it gives a good signal-to-nois
from

and ozone is negligible.

To determine the aerosol extinction, the linear extinction coefficient for th
BC filter, Egc (in magnitudes per airmass), is determined from the technique
described in Section 4.2; this coefficient represents the combined extinction frc
both the Rayleigh and the aerosol components. The Rayleigh component for
C filter (0.2532 mag airmass$ at sea level) is computed using

Mo = M — GRroy — Eagy X — Gogy» (10)

wheremis the object’'s measured magnitud®,is the magnitude at zero airmass,
GRroyy andGog,, represent the total extinctions (in magnitudes) for the Rayleig%
and ozone components, aBd,,, is the extinction coefficient (in magnitudes per
airmass) for the aerosol component. Computation of the individual components
is discussed next. _ which allows the aerosol component to be separated out for the BC filter:
First, the total extinction from the Rayleigh component can be accurately

computed using the airmass of the observatXpand the elevation of the site, Ensc = Esc — ERgc. (13)
h, in kilometers,

Ergc = 0.2532exp{-h/7.5) (12)

5 The aerosol extinction varies with wavelengthia¥', wherea ranges from 0
Groy = (01X + b2 X?) exp(~h/7.5), (11)  to 1.5. Following Hayes and Latham (1975), 0.8 is adopted as a best avere

value, which is used to extrapolate the aerosol component from BC to OH:
whereb; andb; are given in Table VIII and a scale height of 7.5 km (rather than

8) is used to account for the drop in scale height at higher elevations where OH Eagy = (3097/4453T0'SEABC- (14)
is likely to be observed.

Because the amount of aerosols in the atmosphere changes from night to rliggihg = 0.8 is a good approximation because the aerosol component cor
(and even within a night), this component must be extracted from the extinctiprises only a small portion of the total OH extinction; changeswill propagate
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through as a small variation on top of this already small fraction. Because theAppendix D. During this process, the percentage of underlying continuum i

aerosol extinction is essentially flat, it has the same contribution for B stars i@ OH filter measurement is computed. Using this percentage, a second pas

stars, and comets. made and the total extinction is recomputed by interpolating between the pu
Finally, the most complicated extinction component, ozone, must be det&H and the 25% continuum cases,

mined. The slope and curvature of the ozone extinction preclude the use of a

linear coefficient, and instead, a polynomial as a functioXgf is used to solve Etot = 4[(0.25— Pc)Eoy + PcEase, (20)

for the total ozone extinction: . . . . )
whereP; is the percentage of underlying continuum in the OH filter, Bpd and

2 3 Ezs06 are the total extinctions computed with the pure OH and 25% continuur
Goon = @ + a1 Xioc + @2 Xjoc + s Xjoc- (5)  coefficients, respectivelEr is then used to re-reduce the comet OH data tc
their final results. With the new extinction value, the percentage of underlyin
To compound the issue, the coefficients in this polynomial are not constant; theytinuum will also change slightly, but this will be less than a few percent, s
are a function of the amount of ozortg, that is present and are computed fromfyrther iterations on the total extinction are not necessary.
the relations

ap = Coo + Contoz + Coatd; + Coaty, (16) APPENDIX B
_ 2 3 . .
21 = C10°+ Cutlor + Caoly; + Cualo, (an Computation of Standard Star Magnitudes
_ 2 3
82 = C20+ Catloz + Coalo, + Coaliy (18) This appendix describes the procedures that were used to establish the s
az = C3p + Caitoz + C32t§Z + C33tgz, (19) dard star magnitude system for the HB filters. Before applying these procedure

all of the relevant nights of data were reduced, as described in the text, to obtz
where thec;jj coefficients are again listed in Table VIII. The OH extinctionthe instrumental magnitudes above the Earth’s atmosphere. In addition, high ¢
coefficients were produced by modeling the atmospheric extinction, as a functioass points, used to determine extinction coefficients, were removed so that o
of airmass and ozone thickness, for each type of object (B star, G star, alada obtained at an airmass of 2.1 or less were included in the final computati
comets) and then fitting polynomials to the results. The Rayleigh and aeroebthe magnitudes.
models come from Hayes and Latham (1975) and the ozone extinction fromAs mentioned in the text, the HB magnitude system is based on semi-arbitra
McClatchyet al. (1978). values that are pre-assigned to the fundamental star (HD 191263). All oth

Thus, to determine the ozone extinction contributigpmust be measured standard star magnitudes are computed relative to these values. The methoc
from aflux standard. This is done by firstassumntjag= 0.150 and extrapolating computing these magnitudes begins with the selection of a single night that w
each measurement of an extinction star to above the atmosphere using Egs. (it6yide the initial data set. This first night is important because it serves as tl
(11), (14), and (15). The amount of scatter in the reduced magnitudes forladisis for all other results; therefore, it must be of very high quality and hav
measurements of that star is then computed. Ngxis increased in steps of observations of as many stars as possible, including several measurement
0.001 and the reduced magnitudes and their scatter are recomputed for ¢lagHfundamental star. Next, the magnitude of HD 191263 is set to 6.19 in &
step. The value df,; that produces the minimum scatter represents the amotfiiters (as discussed in Section 4.3). The measured values of HD 191263 ¢
of ozone present during the observations. In other words, wha@noduces the then used to compute the differenaen() between the pre-defined magnitude
right amount of curvature in the magnitude—airmass relation, an extrapolatiamd the instrumental magnitude for each filism for each filter is simply the
from each data point of an extinction star will result in the same magnitudedifference between the zero point of the instrumental and HB systems, and
zero airmass. We tested this procedure on our standard star measurement§irahdrder, it is constant for all objects observed on a given night. Therefane,
compared the computeg} to satellite measurements of the ozone (Earth Prolie added to each of the other star measurements to convert their magnitude:
TOMS data) over Lowell Observatory. The results agree to within 4% for arlge HB systems. Where several observations exist, they are averaged, with
given night and to within 2% when the satellite measurements indicate that theighting. This process produces a (very preliminary) HB magnitude syste
ozone thickness is stable from night to night for our observing location. for those stars observed on the first night.

This entire process is repeated with each extinction star to obtain averag&he second night must include several flux standards that were also obsen
values for the aerosol extinction and the ozone thickness. (Multiple star mea-the first night, because the instrumental magnitudes are linked to the F
surements also provide a means of tracking whether the aerosols and ozone gystem through the stars whose magnitudes have already been determined
changing during the night.) The average value&gf,, andty; are then used on the first night,Ams are computed for each filter; however, in this case,
to compute the OH extinction for any other objects observed during the nighall of the stars whose magnitudes have been computed are used in the a

In summary, the extinction stars are used to compute two quantities relatamge, rather than just the fundamental star; this keeps the fundamental star fr
to the OH filter: the extinction from aerosols and the amount of ozone in tiheing weighted more heavily than the other stars. Again, these avanage
atmosphere. The extinction for any other object’'s measurement is found by care used to transform the data to HB magnitudes, which can then be incory
puting the Rayleigh component from Eq. (11), applying the aerosol coefficieratted into the HB magnitude averages. The rest of the nights are reduced
at the proper airmass, and computing the ozone extinction from Eq. (15). Tthie same manner, recomputing the standard star magnitudes after each gr
combination of the three components allows each data point to be extrapolatéthree or four nights has been reduced with the previous magnitudes. Wh
to a magnitude at zero airmass, by application of Eq. (10). all of the nights have been included, the first iteration is completed and a set

The reduction of comet data includes another step, however. Comet mpgeliminary magnitudes has been defined. Because all available stars are u
surements consist of OH emission on top of continuum, and the valugs of to compute theAms at each step, the magnitude of HD 191263 may deviatt
will change, depending on the amount of continuum (which changes the fifram 6.19 in some (or all) filters. If this is the case, then the new average
distribution across the filter bandpass). To deal with this problem, two setsroagnitudes of all the stars are arbitrarily shifted to bring the magnitudes
coefficients were determined for the comet: one with pure OH emission aHi 191263 back to 6.19 to maintain the original definition of the standard st
another in which 25% of the total flux is produced by continuum (practical esystem.
tremes for most comets). The comet data are then reduced in two passes: In tide entire process, including the re-reduction of the raw data to instrument
first pass the coefficients for the pure OH case are used to determine the totagnitudes, can now be iterated to search for and remove any bad data poil
amount of extinction. At the same time, the extinction for the 25% continuulVhen the standard star data were first reduced, the quality of the data co
case is also computed and saved. The pure OH extinction is then used to reduntg be judged by looking at how well the extinction solution fit the extinction
the comet data to obtain the total band flux and the net OH flux, as descrilstars and how closely the solutions from different stars matched on that nig}
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This means that all of the data on a night were either included or rejected basedr the Balmer discontinuity, interpolating produces large errors. Thus, the fl;
on the extinction stars. With the preliminary magnitude system in place, all af the CN filter was not computed from catalogs where this interpolation we
the data can be re-reduced using the for each individual data point as a required.
means of identifying problem measurements in each night's measurements. Ifio couple the HB system to an absolute flux calibration, we adopted the Hay
this manner, nights that are good overall can be used, while any poor quality datd Latham (1975) standard, in which a=v 0 star has a flux at 5556 Af
can be eliminated (e.g., it is easy to identify if and when clouds came in durifig, =3.52x 10 %ergcnr?s™* A-1, This value is used, along with a standard
a night by looking at the change iam). In addition, the magnitude system star's V magnitude, to compute the flux of that star at 5856he absolute flux
permits the use of a global solution for the extinction, so less-well-determinatithe central wavelength of each HB filter is then found from the ratio of th
extinction coefficients can be adjusted to improve the overall fit to the data. flux atx to the flux at 5556 /s listed in the catalogs and scaling to the absolut

After the data have been re-reduced, the procedures for computing the m&gp6 Aflux determined previously. Finally, we used the absolute flux at a give
nitudes are repeated to get a second set of preliminary magnitudes. Furfhir, combined with the star's HB magnitude, to determine the absolute flu
re-reductions and repetitions are done, until the magnitudes converge andhelt would be produced in that filteyy/ta 0 magnitude star. This was done for
of the poor-quality data points have been eliminated. Note that each iteratalhof the filters in all of the available stars to get multiple estimates of the |
of the magnitude calculations starts from scratch, with no information fromagnitude flux, which were then combined to produce an average conversi
the previous iteration other than the improved reduction of each night's dataefficient for each filter. Although the process seems complicated, all of tt
The iteration process is primarily a means of cleaning up the data to eliminateps listed above for a single star collapse to a relatively simple equation,
problem points, but it also helps to keep the early nights from being weighted
too heavily in the statistics (the re-reductions provide the feedback from the _ fxx 4(my x—V)

X X ) ) Foxx = Foy ——10° , (22)

magnitudes determined in each pass). In general, the nights we used were of fs556
very high quality; however, the re-reduction process did help to identify two
quasi-photometric nights that were ultimately removed from the averages.Where Fo is the absolute flux of a 0 magnitude star in a given filteis the
addition, several nights started out photometric and then became cloudy, and &ative flux listed in the catalogsx x is the star's HB magnitude in the X
re-reduction helped to identify the point at which the data became questionafiléer, and V is its Johnson V magnitude. An analogous equation can be deriv
Ultimately, the quality of our data was sufficient that only three iterations wef@r catalogs that list magnitudes rather than fluxes.
necessary for the magnitudes to converge to final values.

As a consistency check, we also performed a separate, parallel computation, APPENDIX D
in which the colors were used to indirectly determine the magnitudes. In a
procedure similar to that used to compute the magnitude_s, the color for eactcenerm Reduction Procedures for Comet Observations
measurement was computed from the instrumental magnitudes and an average
A (Color) was determined for each filter. These were used to transform each meaBecause many observers are likely to use a subset of the 11 filters, this :
surement from instrumental colors to HB colors, which were then combinedpendix outlines a set of reduction procedures that can be used in many situatic
getanoverallaverage. Finally magnitudes were then obtained by adding the cgltrwill still produce results that can be compared to those from observers wi
for each filter to the BC magnitude for that star. The results of this computatiardifferent combination of filters. The following gives a list of steps in which the
were essentially identical to those obtained directly from the magnitudes, thoutglicized text describes the task to be performed and the rest of the paragre
the uncertainties differed slightly. The uncertainties in the color computatiodsscribes specifically how it is done. Many of the equations are generalize
are actually smaller than in the magnitudes (e.g., any variation in conditiowith X X andY Y representing the individual filter specifications. The relevan
during a night affects all of the filters in the same manner); however, when tbeefficients are listed in Tables VI and VII.
colors are converted back to a magnitude, the inclusion of the uncertainty in the

BC magnitude raises the overall error to be equal to or slightly higher than thobsé'j anvert ';B magnlrt]udes to flux in arbitrary (Ilnearlzedlz unlmérl_ng t:]_'eB
for the magnitudes determined directly. asic data reduction, the comet measurements are transformed into m

nitudes above the Earth’s atmosphamg &) using the extinction coefficients
and Ams determined from the standard stars (see standard star discussion

APPENDIX C details). These magnitudes are then converted to linearized dgit3 (sing

—0.4m
Absolute Flux Calibration boc = 207770 23
Transforming relative magnitudes into absolute fluxes can be done using {{#gich will be converted to an absolute flux in a later step. Note fthdénotes
standard equation the linearized units and’ (introduced below) denotes linearized units from
which continuum and/or contamination have been removed. Similargnd
Faps = Fo10~04(M=0), (21)  F’ denote, respectively, contaminated and decontaminated absolute fluxes.

2.Decontaminate the continuum measurements and fill in for missing conti
whereFy, the absolute fluxfoa 0 magnitude star, acts as the conversion coefsum valuesThis is the most complicated of the steps, because of the proce
ficient. Thus, the absolute fluxX @ 0 magnitude star must be determined forused for removal of contamination and how it is affected by missing filters. Th
each of the HB filters. To do this, we used HB standard stars that are listeccomtinuum filters were designed to minimize the amount of contamination fro
calibrated spectrophotometric catalogs (Breger 1976, Burnashev 1985, Harangesired species: there is someoBntamination in the GC filter and somg C
etal. 1992, Kharitonowet al. 1988, Taylor 1984) and tied the system to an absczontamination in the UC filter, but otherwise the continuum bands are assum
lute flux based on the star Vega. The stars that we found in these catalogs, tarfae clean. In actuality, each of the continuum filters is likely to contain som
were able to incorporate in to the computations, were HD 74280 (5 sources)ntamination from Nk or other short-lived species, but this is at a very low
HD 26912 (3), HD 164852 (2), HD 37112 (1), and HD 129956 (1). In additiorievel (typically about 1%), and without measurements of these species, the c
spectra of several of these stars from the otherwise unpublished collectiortazhination cannot be removed, in any case. Gas contamination of the continu
AHearn were used as a consistency check. Note that most catalogs provide @femoved using the measurement of the appropriate species. The amoun
relative fluxes, or even magnitudes, at various wavelengths, so a roundahlmmrttamination is assumed to be a fixed fraction of the measured emission,
computation must be used to obtain the absolute fluxes. Furthermore, someeafoving this flux from the continuum is, in principle, a simple matter. The
the catalogs list only a few values at widely spaced wavelengths. Interpolaticagch is that, before the gas is removed from the continuum, the continuum mt
between these wavelengths is acceptable for most filters; however, in the redierremoved from the gas measurement. This requires an iteration that redu



202 FARNHAM, SCHLEICHER, AND AHEARN

the mutual contamination with each step. Tests performed with dusty, ga€syg, (27) in the GC case, is not relevant here. If the UC or RC measurement
and average comets show that, in all cases, a maximum of three iterationsiissing, it can also be filled in using solar colors, but because these values
sufficient for convergence (to 1 part in)0 not used in the following, the equations are not given here.

In the case of missing continuum filter measurements, it is assumed that aB. Compute the continuum coloi/e assume that the continuum colors (over
observation was obtained with either the BC or the GC filter (or both), to providad above the solar color) are linear with wavelength, when given in mag
a solid basis from which the continuum can be determined. If necessary, all othi#tndes. Thus, color terms can be defined for each wavelength segment |
continuum fluxes can be determined from one of these filters, using solar coldvgeen two filters:Ryc—sc is the continuum color from UC to BORgc—c,

If more continuum filters have been measured, then dust colors (over and abiowen BC to GC; andRgc—c, from GC to RC. All three are determined from
the solar color) can be obtained and the underlying continuum flux can be mdre decontaminated filter measurements and are specified in magnitudes
accurately removed from the gas measurements. Unfortunately, there is no W@§0 A

to account for missing gas filters, so if @ ©r C3 measurement is missing,

the contamination to other filters cannot normally be removed, and it must be [ fac ]
assumed that there is no contamination. If, however, it is a well-studied comet, Ruc-sc = 0.998 _2'5 log flc = (Moye — mQBC)_ (31)
it may be possible to use indirect methods to remove the contamination. _ , _
To start with, the BC and_ RC filters are both effectively clean,.so the decon- Rec—cc = 1.235| 2.5 log fc/sc — (Moge — Moge) (32)
taminated flux can be considered to be the same as the contaminated value: L fac |
- , -
- = = 0535[251I0 fre _ (Moge — More) | - (33)
fac = fac (24) CRC 9 fle Oce OrRC
fac = fre. (25)

If the BC or GC measurement is missing thgc—cc is set to zero to signify
If both the BC and the GC filters were measured, then the GC flux is decontafit Only solar colors were used. As discussed in item 2, extrapolating the colc
inated by iterating on the relation from UC or RC to fill in the BC to GC region can produce large errors, so it is
safer to use the solar colors. On the other hand, if the UC or RC filter was n
+0.1469 £/ )+08531 26) measured, then it is relatively safe to assume that the color in these regions
GC the same as between BC and G&¢—sc = Rec—cc andResc—rc = Rec—c,

) ) ] ) ) respectively). This provides a better estimate of the continuum colors than simg
In this equation, the first term on the right side represents the measured GC f|gng solar colors.

and the combined second and third terms representther@amination: the £ 4. Compute the continuum underlying the gas and ion spediese the con-
measurement minus the underlying continuum (which is found by interpolatiigyum colors have been computed, then they are used to obtain the continu
between the BC and the GC filter{)cc1 contains relevant information about fiyx underlying the gas and ion filters. If the BC flux is used as a basis, the cols

the fraction of G captured in the GC filter, along with the flux conversionerms are used to extend to the other filters using the equations:
from C; to GC. Similarly, Kgcs contains the same information &ssci, but

also accounts for the solar colors between the continuum filters andhe

foe = foc — Kacife, + Kaca( fae)

/ Y —0.4(Mo g —Moge ) 1 —0-5440Ry

exponents in the third term simply represent the interpolation between the BC fone = facl0 con~oec’10 oee 34

and tf_\e QC' filters. Initially,f; on the right side is set equal tiz;c, and the - féclo_OA(mONH ~Moge) 10-0435Ruc—sc (35)
equation is iterated to solve fd,. c

If the BC measurement is missing but GC was measured, then Eq. (26) cannot fln. = féclo—OA(m@CN—m@BC)lo—O.ZSZ(RUC_BC (36)
be solved. In this case, solar color is assumed between BC and GC and Eq. (26) ¢

reduces to fe,. = fpol0 O4Macs~Mogc)10-0155Ruc—sc @37
3C

—0.4( - )10
foc = fac — Kectfe, . (27) flor, = facl0 " Ccor ~Moaci 00073 Ruc—sC (38)
1-Kecz

féz — féclo—OA(m@CZ—m@Bc)10+0.2764RBC_GC (39)
which can be solved analytically to decontaminate the GC v&lgep contains ¢

information similar toKgcs, except that it applies the solar color to account for A o = féc1070‘4(m©H20* *meec)lgko.mctmec_m' (40)
2 C

the fact that BC was not measured. Aftigy has been determined, itis used to

fillin the missing BC measurement (which will be used later): Note that Eqgs. (39) and (40) include coefficients different from the other equc

tions, because they are not within the continuum region defined by the UC al
fae = fgc10O4Mopc—Moce), (28)  BCfilters.
5. Convert to absolute fluxest this point, all of the fluxes in arbitrary
In the same manner, a missing GC measurement can be filled in by extrapolatingis are converted to absolute fluxes, so that the continuum can be prope
the solar color from the BC measurement; subtracted and contamination removed from the gas measurements. Conver:
of the decontaminated continuum measurements is done using
féc = féclo’o"‘(m@Gc*m@Bc), (29)
F)/<X = Foyx f)/<Xv (41)
which gives the decontaminated flux at the green continuum wavelength.
Finally, the UC filter is decontaminated using the relation (analogous wehere theX X denotes each of the continuum filters. The continuum underlying
Eq. (26)) the emission bands is converted in the same manner,

flc = fuc — Kuca fes + Kuca( fae) 8128 1(,c) 03872 (30) Féve = Fovy fYves (42)

which is, again, solved iteratively. Note that a BC value exists at this point (eithehere theY Y subscript denotes each of the gas bands an@€thebscript in-
measured or extrapolated from GC), so the alternate situation, correspondinditates that this is the computed flux of the underlying continuum. The las
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conversion is for the gas band measurements, which have not yet been deédiearn, M. F. 1991. Photometry and polarimetry networkThe Comet Halley

taminated (hence, the lack of the prime symbol in the equation), Archive Summary Volum@. Sekanina, Ed.), pp. 193-235. Jet Propulsion
Laboratory, Pasadena.
Fyy = Foyy fyy. (43) AHearn, M. F,, and J. J. Cowan 1975. Molecular production rates in Come

Kohoutek.Astron. J.80, 852—-860.
Using the absolute continuum fluxe&fp values (in cm) can be computed AHearn, M. F., and R. L. Millis 1980. Abundance correlations among comets

for each of the continuum filters, Astron. J.85, 1528-1537.
AHearn, M. F., S. Hoban, P. V. Birch, C. Bowers, R. Martin, and D. A.
Afp = qxxr2AFL /6, (44) Klinglesmith 111 1986. Cyanogen jets in Comet Hall&ature324, 649—651.

AHearn, M. F,, R. L. Millis, and P. V. Birch 1979. Gas and dust in some recen
wherer andA are the heliocentric and geocentric distances to the comet (in AU), periodic cometsAstron. J.84, 570-579.

6 is the diameter of the aperture (in arcsec), angl = 2.4685x 1019/ Foxx is AHearn, M. F., C. H. Thurber, and R. L. Millis 1977. Evaporation of ices from
a conversion factor specific to each filtggc = 2.716x 1017, ggc = 1.276x Comet WestAstron. J.82 518-524.

7 _ 7 _ 7

107, goc = 1.341x .101 » anddre = 1'97.5 x 107, Breger, M. 1976. Catalog of spectrophotometric scans of stetsophys. J.
6. Remove continuum and contamination and convert to full band flux

) . ) L Supp.32, 7-87.

Finally, the underlying continuum and gas contamination are removed from each _

emission species, and the measured flux is transformed, usipgtheficients, Burnashev, V. 1. 1985. Stellar spectrophotometric cataiigastumanskaya

to represent the entire band flux. Fortunately, there is no mutual contamination oftStrofiz. Obs. Bull59, 83.

two filters, so no iteration or simultaneous solutions are required. However, fGayrel de Strobel, G. 1996. Stars resembling the 8atron. Astrophys. Re¥,

order of solving the equations is important, because the filters contaminated b43-288.

Cs (NH, CN, CO*) must be solved after the pure @ux has been determined. Cochran, A. L., and W. D. Cochran 1991. The first detection of CN and th

The final gas fluxes are found from distribution of CO" gas in the coma of Comet P/Schwassmann-Wachman
1.lcarus90, 172-175.
Fou = (yOH/OH)_l [FOH — FC/)HC:| (45) Cochran, A. L., W. D. Cochran, E. S. Barker, and A. D. Storrs 1991. The de
velopment of the CO coma of Comet P/Schwassmann-Wachmarioarus
Fé, = (rea/ca) [ Fes = Fye| (46) 92179183,
Delgado, A. J., E. J. Alfar, and J. CabreranGa997. CCD Stingren photo-
Féz _ (ch/cz)fl [Fcz _ Fézc] (47) metry of young reddened stastron. J.113 713-721.
Farnham, T. L., and D. G. Schleicher 1997. Narrowband photometry of sol
Fuy = (VNH/NH)—l [FNH — Flne — "NH/c, Fés] (48) analogsinthe near ultraviolet. Bolar Analogs: Characteristics and Optimum
CandidateqJ. C. Hall, Ed.), pp. 137-141. Lowell Observatory, Flagstaff.
Fen = (VCN/CN)*l [FCN — FéNC — YCN/Cy Fés] (49) Goy, G. 1980. Catalog General D’Etoiles de Type O. Donnes Spectroscopiqt
et Photometriques Bande Magnetique et Listégtron. Astrophys. Supg#?2,
Feor = (eor o) [Feor = Foore = rcorjcsFe,|  (0)  91-102
Gunn, J. E., and L. L. Stryker 1983. Stellar spectrophotometric atlas, 3130
Flot = (VHzo+/Hzo+)_l[FHzo+ _ ,:QZO%]. (51) A < 10800 A Astrophys. J. Supfs2, 121-153.

Hall, J. C., Ed. 1997Solar Analogs: Characteristics and Optimum Candidates

The final results produced by the procedures outlined here are a measuremer@Well Observatory, Flagstaff.
of the flux per unit wavelength at each continuum band and a measurementiafmuy, M., A. R. Walker, N. B. Suntzeff, P. Gigoux, S. R. Heathcote, an

the pure, full-band emission for each gas species. M. M. Phillips 1992. Southern spectrophotometric standardfulbl. Astron.
Soc. Pacificl04, 533-552.
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