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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, C2,
C3), two ions (CO+, H2O+), 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

1 Present address: Department of Astronomy, University of Texas, Aus
TX 78712. Fax: (512) 471-6016, E-mail: farnham@astro.as.utexas.edu.

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

Key Words: comets; comets, composition; comets, Hale–Bopp;
photometry; data reduction techniques.
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1. INTRODUCTION

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

Narrowband interference filters, specifically designed to i
late continuum points and some of the stronger emission ba
in cometary spectra, have now been in use for over 25 ye
(cf. A’Hearn and Cowan 1975). Appropriate calibration of ph
tometric measurements permits the determination of continu
subtracted emission band fluxes which, with appropri
modeling, can yield column densities, total abundances,
production rates of the species in question. The continuum m
surements also provide fluxes which, again with modeling,
yield dust production rates and constrain physical propertie
the dust particles. Photometry and imaging with narrowband
ters have both advantages and disadvantages when compa
0
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spectrophotometry. For example, aperture photometry can
sure larger fractions of the total coma than can be obtaine
the slit of a spectrograph, and CCD imaging can be used
morphological studies of individual species such as in the
covery of CN jets in Comet 1P/Halley (A’Hearnet al. 1986).
The larger fields of view also provide better contrast of the
to underlying continuum, since most gas species fall off in
tensity less steeply than the dust. Furthermore, small telesc
which are often more readily available, can be efficiently u
with these techniques. Disadvantages of the narrowband fi
are that weak emission features, such as those from CH
NH2, are impractical to isolate, and measurements of rela
line intensities and bandshapes require spectroscopy. Fin
weak emission features are located throughout most of the
ible spectrum, so contamination of continuum measuremen
a significant issue that must be addressed when designing
using filters.

Early implementations of narrowband comet filters (e
O’Dell and Osterbrock 1962) produced mixed results, with m
jor discrepancies in the conclusions, due to the different
ters being used by different observers. In the past quarter
tury, however, several generations of narrowband comet fi
have been employed by an increasing number of observers
first version consisted of a single set of five filters that i
lated CN, C2, C3, and continuum and was used by A’Hearn a
Cowan (1975) and A’Hearnet al. (1977) for Comets Kohoute
(1973 XII) and West (1976 VI), respectively. The first standa
ized filters consisted of three sets of up to 10 filters, which w
used from 1976 to 1983. This set initially included the th
carbon species and associated continuum points, with the
NH, and UV continuum filters added in late 1979 (cf. A’Hea
et al.1979, A’Hearn and Millis 1980). In 1984, these sets w
replaced by the International Halley Watch (IHW) standardi
filters, which were based on design recommendations of an
Commission 15 Working Group. In addition to several doz
sets of nine 1-inch filters—OH, CN, C2, C3, CO+, H2O+, and
three continuum points—for photoelectric photometers, ab
15 38-mm image-quality sets were produced for CCD im
ing (cf. Osbornet al.1990, A’Hearn 1991, Larsonet al.1991).
In the intervening years, the use of these standardized fi
by observers around the world has greatly facilitated the in
comparison of data sets of a myriad of comets in addition
Comet Halley. Unfortunately, interference filters tend to phy
cally degrade with time, often with significant decreases in p
transmission and shifts in wavelength. These problems are e
cially true for near-UV filters due to manufacturing techniqu
and many, if not most, of the IHW filter sets have suffered fr
these effects.

While the need for replacement filters for the IHW sets
been evident for several years (cf. Schleicheret al.1991), it was
the discoveries of Comets Hale–Bopp (1995 O1) and Hyaku
(1996 B2) that provided the impetus for NASA to fund the des

and manufacture of new filters, along with the establishmen
a standard star system and the determination of all of the ne
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sary reduction coefficients for the filters. In the spring of 1996
agreed to perform these tasks, and filter design and bidding
place during the summer. The order was placed with the sele
manufacturer, Barr Associates, Inc., in September 1996, an
filters were received and re-distributed to observers by Febr
1997. Observations to establish the standard star magnitude
tem were completed in April 1998 and the filter calibration p
cedures were developed and executed throughout 1998. In
1999, a technique was finalized for reproducing the non-lin
extinction in the OH filter. Although much of this effort cou
have been avoided by using the same filter specifications a
the IHW sets, a significantly better filter set could be produ
by starting from scratch, because of improvements in our un
standing of the large degree of contamination of the IHW con
uum filters and in manufacturing techniques for near-UV filte
The resulting 11 filters have bandpasses that are squarer
in many cases, have higher throughput than previous sets
the continuum filters are all located in spectral regions with
contamination. Also, the near-UV filters are expected to ha
significantly longer useful lifetime, and it is reasonable to exp
that these filters will still be in use 15 or 20 years in the futu

Because the first, and most extensive, use of the new fi
was with Comet Hale–Bopp, we have designated them the
filter set. Overall, a total of 48 full or partial sets were produc
including 14 sets for users outside of the United States; the
jority of the latter were purchased with funds separate from
NASA grant. Reflecting the changing instrumentation at m
observatories, the majority of the recipients requested lar
format filters for use with CCDs, in contrast to the IHW se
where two-thirds of the filters were only 1-in. in size, for u
with photoelectric photometers.

To maximize the results obtainable with these filters, rec
ents must be able to calibrate their data in an absolute ma
and the procedures and parameters for doing this are the pri
subject of this paper. Note that in support of the Rosetta sp
craft mission scheduled for launch in 2003, a near-concur
effort to produce new filters was undertaken by ESA in or
to observer the Rosetta target, Comet 46P/Wirtanen, durin
1996/97 apparition. Unfortunately, these unavoidably indep
dent efforts resulted in somewhat different design preferen
and specifications between our HB sets and the ESA-spons
filters.

In the following sections, we will discuss the detailed spe
fications of the HB filters and how they differ from their pred
cessors, the new set of flux standards and the resulting stan
star magnitudes, and the solar analogs that are used to e
lish the shape of the solar spectrum for continuum subtrac
from the emission band measurements and to provide a me
of the color of the underlying dust. We also describe our
proved methodology for removing contamination by unwan
emissions and provide the relevant coefficients for reduc
observations to absolute fluxes. In addition, we address the p
t of
ces-
lems produced by non-linear extinction in the OH filter and
introduce a more sophisticated technique for modeling the
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curvature than was used in the IHW filter reductions. Along
way, we present results regarding the near-UV observation
the flux standards and solar analogs, which showed unexp
diversity. These results directly impact the search for a true s
“twin” in studies of solar evolution, in addition to the practic
aspect of establishing which stars best-match the solar spec
so they can be used in numerous Solar System studies. Fi
Appendix A describes the procedures used for computing the
extinction. Appendices B and C contain details about how
standard star magnitudes and absolute fluxes were determ
and Appendix D lists the equations and basic procedures ne
for fully reducing observations obtained with the HB filters.

2. DESIGN AND MANUFACTURING OF THE HB
FILTER SET

The design process of a new filter set is necessarily a
ries of compromises between numerous competing issues.
was particularly true for the HB filters. In the case of an em
sion band, for instance, a wider filter can increase the f
tion of the total band that is measured, but at the expens
even greater continuum flux and, therefore, lower contras
emission to continuum. Wider continuum filters yield high
signal-to-noise, but often with increased contamination by w
emission features—a negligible effect for a comet as dust
Hale–Bopp, but quite important for high gas-to-dust comets s
as Encke, where the IHW UV continuum filter is dominated
C3 contamination. Manufacturing constraints for the narro
band interference filters were another design consideration
most important of these were the nominal tolerances, amo
ing to 10% of the FWHM, in both the center wavelength and
FWHM. The wavelength shift induced by differing telesco
f -ratios provided yet another constraint; all of the filters w
designed to accommodatef -ratios as small asf/4 without re-
quiring adjustments to the calibration procedures. Finally,
minimum viable bandwidth for any filter was approximate
40 Å for a variety of reasons, including low flux levels in fai
comets, unacceptably large wavelength shifts for lowf -ratio
systems, and the degree of uniformity obtainable among m
facturing batches. Incorporating all of these constraints into
design resulted in final specifications which were slightly o
set redward to accommodate smallf -ratios, generally wider fo
emission band filters than otherwise would be required to en
the entire band would be transmitted and narrower for continu
bands to prevent encroachments by nearby emission featu

The decision as to which cometary emission bands and co
uum regions to isolate with narrowband filters was based on t
primary factors: considerable experience working with both
IHW filter set and the earlier filter set by A’Hearn and Mill
(1980), discussions with several other experienced users o
IHW filters, and examination of numerous spectra obtained b
in our own studies and those supplied by A. Cochran and

Spinrad, particularly of high gas-to-dust comets such as En
and deVico. Ultimately, the same specific emission bands of
HER, AND A’HEARN
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same species—OH, NH, CN, C3, C2, CO+, and H2O+—were
selected for inclusion as were chosen for the IHW filter set
fact, NH was not offically included in the IHW set but, rather,
NH filter from the earlier A’Hearn and Millis sets was used
supplement the IHW set in our own studies.) Other species,
as NH2 and CH, were excluded due to the difficulty in obtaini
accurate continuum subtraction for the relatively weak emis
features of these short-lived molecules. As will be discusse
detail later, all of the HB continuum filters are located at d
ferent wavelengths from the IHW filters because of additio
knowledge gained since the design of the IHW set.

We now present some pertinent issues regarding the emi
bands and how they are used to constrain the filter specifica
The filters can be naturally grouped based on the character
of the emission band shapes and whether or not the shap
change significantly. The neutral, heteronuclear species—
NH, and CN—all produce relatively narrow bands whose
intensities vary as a complex function of heliocentric veloc
and/or distance, due to the Swings effect (Swings 1941).
tunately, theoretical fluorescence calculations of the line in
sities for each of these species have been produced by m
ple researchers. Comprehensive sets of synthetic spectra,
were available and were used in our analysis, include OH
Schleicher and A’Hearn (1988), NH by Kimet al. (1989) and
Meier et al. (1998), and CN by Schleicher (1983). Using the
computed spectra allowed us to consider the changing b
shapes when determining the exact placement of the bandp
In the case of OH, the filter isolates the 0-0 band at 3090Å, while
excluding the 1-1 band which starts at 3126Å. For NH, while
the 1-1 band overlaps the 0-0 band, virtually the entire sign
produced by the 0-0 band, due to the extreme, diagonal n
of the Franck–Condon parabola. The CN filter includes both
0-0 band and the overlapping 1-1 band, the latter varying
tween 5 and 11% of the flux of the 0-0 band due to the Sw
effect. To ensure that the high rotation level lines (which
populated when a comet is at small heliocentric distances
included in the bandpass, the CN filter is wider at the blue
than the IHW filter. It is also unavoidably contaminated by
blue wing of the C3 band. For the OH, NH, and CN filters, o
objective was to include the entire band(s) within the ne
flat-topped portion of the bandpass, so that redistribution o
emission line strengths within the band by the Swings effect
not affect the calibrations; this objective was essentially reac
(see the filter calibration section for further details).

The homonuclear molecules, C2 and C3, have relatively broad
emission bands because large numbers of rotational leve
populated in each vibrational level and multiple vibratio
bands overlap in wavelength with comparable band intens
Moreover, because C3 is a triatomic homonuclear molecule, th
effect is exaggerated further, resulting in a single band com
whose wings stretch from approximately 3400 to 4400Å. In nei-
ther species is it practical to measure an entire band, and s
cke
the
filter bandpass, in each case, has been designed to measure a spe-
cific portion of the band(s) including the band peaks. However,
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only two of the four primary C3 peaks are included, because
short wavelength cutoff of the C3 filter was chosen to avoid th
CO+ (3-0) band near 4000̊A. The C2 filter is slightly wider at
the blue end than the IHW filter, to minimize the effect of sm
variations in the bandpass between manufacturing batche
weak NH2 band unavoidably contaminates the C2 filter.

Both ions, CO+ and H2O+, have several well-defined band
The CO+ 2-0 band at 4260̊A was selected for the HB filte
because the stronger band at 4010Å overlaps peaks in the C3
band complex, while other bands either are weaker or have
contamination than the 4260-Å band. The CO+ filter avoids the
CN (1v=−1) band at the blue end and CH emission at the
end, but is contaminated by the long redward wing of C3. The
other ion filter, H2O+, was designed to isolate the (0, 6, 0) ba
centered near 7010̊A. Although narrower than the IHW filter
H2O+ is the widest of the HB filters and includes the entire b
within its flat top. It was decided that, in most circumstanc
it was preferable to maximize the H2O+ flux at the expense o
greater continuum flux, because the ion tail is often separate
the dust tail, allowing ion morphology to be distinguished fr
dust features. An NH2 band contaminates this filter; howev
all other H2O+ bands are weaker and/or are contaminated
species having longer lifetimes.

The just-described decisions involved in the placement o
HB emission band filters resulted in essentially the same b
passes as were selected for the IHW set, with only small cha
in locations and widths of filters. In contrast, the choice of ba
passes for isolating the continuum differed considerably from
IHW specifications, which were recommended by the IAU Co
mission 15 Working Group. Shortly after the IHW calibrati
was completed, it became apparent that the C2 contamination
of the 4845-̊A filter was more severe than originally believ
and that the degree of contamination varied with distance f
the nucleus for a given gas-to-dust ratio. It was also determ
that the UV continuum filter at 3645̊A was substantially con
taminated by the very long blue wing of the C3 band, which is
often not evident in comet spectra due to the shape of the
continuum reflected from the dust. In previous filter sets,
contamination produced an artificially elevated UV continuu
yielding blue “continuum” colors in comets with low dust-to-g
ratios and negative fluxes for CO+ after continuum subtraction
Finally, an emission feature sometimes attributed to NH2 is lo-
cated within the IHW red continuum filter at 6840̊A. When
designing the new filters, we used this increased knowledg
contaminants to improve the placement of the continuum m
surements. First, the UV filter was moved shortward to 344Å,
which reduces the C3 contamination, places the filter closer to t
OH and NH bands, and increases the overall continuum bas
for color measurements. While this new HB filter (designa
UC) is contaminated by weak OH and CO+2 emission (Valket al.
1992), C3 remains the primary contaminant, although at a m
lower level than for the IHW filter. Next, the mid-continuu

point (designated GC, for green continuum) was moved to
other side of the C2 (1v= 0) band, and placed at 5260̊A, a
COMET FILTERS 183
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location which has reduced C2 contamination, avoids most NH2

emission, and is similar to the earlier A’Hearn and Millis (198
continuum point. The red continuum (RC) filter was also mo
longward, to the other side of the H2O+ band, to avoid a recur
ring emission band known to exist in the IHW filter and to ag
increase the continuum baseline. This filter, at 7128Å, has low
transmission cut-offs (10%) at 7097 and 7169Å to avoid the
H2O+ emission at the blue end and a telluric H2O feature at the
red end. Finally, a new continuum filter was added at 4450Å, a
relatively clean location near the CO+ and C2 bands. It avoids
C2 emission on either side, but two pairs of very weak, ap
ently unidentified, recurring features are within the bandp
This new blue filter (BC), combined with the GC filter, perm
continuum subtraction for the CN, C3, CO+, and C2 filters with-
out needing UV continuum measurements, which are diffi
to obtain at low elevation sites or with CCDs that have p
UV-sensitivity.

Besides the locations of the continuum filters, the most
nificant change from the IHW filters to the HB filters was t
improved shape and peak of the transmission profiles due t
vances in manufacturing techniques. The improvements in b
bandpass characteristics were greatest below 4000Å, where the
IHW filters were near-Gaussian in shape with peak transmiss
of only 30–40%. Except for the red continuum filter (wher
four-cavity design was used), five-cavity designs were utili
for each HB filter, resulting in near-square filter transmiss
profiles (see Table I and Fig. 1). Typical peak transmiss
ranged from 56% in the near-UV to 85% in the visible and ne
IR, and all filters are blocked to minimize red leaks. The
filter has a small red leak (∼0.03%) at 3350Å, but all other
filters are good to a level better than 10−5. All filters are image-
quality, have hard, anti-reflection coatings, and were design
be par-focal. Finally, with the new manufacturing techniques
expected lifetime of the near-UV filters is anticipated to ma
that of the visible wavelength filters.

As stated earlier, 48 full or partial filter sets were produc
with sizes ranging from 1-in. round to 4-in. square. The filt
were produced in batches between December 1996 and Feb
1997, and although all batches of a particular filter were ma
factured to the same specifications, there are small differe
from filter to filter due to variations within an evaporation r
and to differences between runs. As batches were finished
filters were shipped from the manufacturer to Lowell Obse
tory, where like filters were compared and then distribute
individual observers. For the purposes of determining the fi
calibrations, we selected a filter at each wavelength whose
acteristics best represented all of the filters for that bandpass
measured characteristics (central wavelength, bandwidth, t
mission, etc.) of this representative filter set are listed in Tab
Typically, more than half of the filters have transmission profi
essentially identical to their representative filter, with the res
the group having small wavelength shifts or slight differen
thein the shape of the transmission profile. Unfortunately, there are
a few C2 and C3 filters (mostly large format imaging filters)
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TABLE I
Representative Filter Characteristics

a Measured mean peak transmission.

b Measured center wavelength.
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Measured full-width power points.

whose transmission profiles are shifted by up to 10Å from our
representative filter, and for the worst of these cases, the
ibration coefficients discussed later may be off by as muc
10%. A further complication is that the transmission profile m
vary slightly across the surface of the large-format imaging
ters. However, it should be emphasized that these problem
less severe than they were for any of the previous filter s
Other issues that should be recognized in the HB filters inc
the problems associated with usage under non-optimum co
tions, such as smallf -ratios (which are especially a conce
because many CCD cameras are operated on faster tele
systems). Details concerning these issues will be discuss
Section 5.

3. STANDARD STAR SELECTION

The design and implementation of a new set of comet
ters requires the establishment of a standard star syste
well as the development of standard procedures, equations
coefficients that are used to convert data to absolute fluxes
with the IHW filters (cf. Osbornet al.1990), two types of stan
dard stars are used in the HB calibration procedures. The fir
solar analogs—represent the solar spectrum in determinin
spectral reflectivity of the dust and are used for basic con
uum subtraction from the comet emission bands. The rele
information from these stars is incorporated into the coefficie
described below; so, in a typical comet observing program
is not necessary to observe the solar analogs. The second
of standard star is the flux standard, which is used to determ
ic extinction and to convert relative magnitudes
uxes.
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3.1. Solar Analogs

In early 1997, we began to select candidates for our s
analogs. Unfortunately, no single star has been found tha
hibits all of the same characteristics of the Sun, so a set of s
whose collective properties approximate those of the Sun m
be used. We made a major effort to choose the best solar an
available, but will not discuss all of the details of our sea
here. Fortunately, during the time that we were considering
list of candidates, a solar analogs workshop was held at Lo
Observatory (Hall 1997), and we took advantage of the gat
ing of experts to refine the selection of stars. The first step in
selection was to define a set of criteria to identify stars that
similar to the Sun. Because the relevant information from
solar analogs is incorporated into the calibration and reduc
process, it should not be necessary to observe these stars in
junction with observations of comets; therefore, sky cover
is not an issue. The important factor here is that a solar an
should mimic the Sun as closely as possible. We require s
whose photometric colors best represent the Sun, and, fo
purposes, other properties such as age are secondary. Sp
criteria were identified as a means of searching for stars
represent the Sun as closely as possible in all respects:
criteria include spectral type, effective temperature (Teff), B–V
color, bolometric magnitude, metallicity ([Fe/H]), and to a les
extent surface gravity (log g) and chromospheric activity. We
quired that all of the characteristics for each candidate be
that of the Sun, and in making our final selections, we attemp
to bracket the Sun in a balanced manner for each of the

toferent properties. A list of 12 solar analog candidates is given
in Table II, 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 illus
locations of the different emission bands. The neutral species and continuum regions are depicted by a spectrum of Comet 122P/deVico (spectral resolution= 12 A

a
)

in the three top panels and a spectrum of Comet 8P/Tuttle (resolution∼40 A
a
) in the bottom panel (thin solid lines). Because these comets do not exhibit clea

bands, the 2-0 band of CO+ from Comet 29P/Schwassmann–Wachmann 1 (resolution= 12 A
a
) has been inserted from 4240–4265 A

a
in the second panel and th

0-6-0 band of H2O+ from Comet Kohoutek 1973 E1 (resolution= 5 A
a
) has been inserted from 6940–7080 A

a
in the bottom panel (dashed lines). The 122P/deV
y +

c
e

11,
ver

rs
spectrum is courtesy of A. Cochran, and the 8P/Tuttle spectrum, created b
Cochran and Cochran (1991) and Cochranet al. (1991) and the H2O+ band was

and Johnson B–V and Str¨omgren u–b colors. The characteristi
(from Cayrel deStrobel 1996, Hall 1997 and references ther
that were used as selection criteria are given in Table III, wh
include, for comparison, the corresponding values adopted

the Sun (several of which are not accurately known). The ch
acteristics of these 12 stars are grouped tightly around the
S. Larson and J. Johnson, is courtesy of S. Larson. The COband was extracted from
extracted from Wehingeret al. (1974) and Wyckoff and Wehinger (1976).

s
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(relative to other possible candidates), as shown in Figs. 5,
12, and 14 of Cayrel deStrobel, yet they also adequately co
the range of possible values for the Sun.

After observing the candidate solar analogs with the HB filte

ar-
Sun
(discussed in detail below), the data were used to re-evaluate
each star to determine if it should be included in the final subset
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TABLE II
Standard Star Specifications

a ∗= IHW standard star.
b Notes. 1. Variable star (1m< 0.05). 2. Emission line star. 3. Nearby bright star: 1.7 mag, 142′′ E, 1518′′ S. 4. Nearby star: 8.9 mag

200′′ W, 220′′ N. 5. Nearby bright star: 4.6 mag, 420′′ E, 645′′ S. 6. Nearby star: 9.2 mag, 325′′ W, 156.5′′ N. 7. Nearby star: 4.8 mag,
′′ ′′ ′′ ′′ ′′
F0 star, 176 E, 62 N. 8. Nearby star: 8.8 mag, G0 star, 1.2 E, 173 N. 9. Cyg A and Cyg B form a double system: Cyg B is 44E

and 27.5′′ S of Cyg A.
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TABLE III
Solar Analog Characteristics

a Bold face indicates stars included in the determination of the adopted mean solar colors.
b
 Notes. 1. Spectroscopic binary (sep< 0.5 arcsec). G0V 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.
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hibit
of analogs. The solar analog magnitudes are given in Table
and the colors, computed relative to the blue continuum filter,
listed in Table V. The colors are also plotted in Fig. 2, normaliz
to HD 186427 (16 Cyg B). (This star is a somewhat arbitra
choice for the normalization; it was used primarily becaus
is well-established as a solar analog and lies near the cent
our candidates in terms of color.) The 12 stars are very sim
at wavelengths longer than 4400Å; however, there is significan
variation in the near ultraviolet, which makes this region an
cellent diagnostic tool for evaluating the solar analogs. Beca
the CN–BC color is particularly sensitive to the differences
tween the stars, the curves are plotted in order of increa
CN–BC for comparison to other characteristics of the stars.
lating this color to the star’s spectral type shows no clear patt
which may not be surprising given the uncertainties in ass
ing spectral sub-classifications and the narrow range of star t
that are considered here. Str¨omgren u–b, on the other hand, r
flects the same trends as the CN–BC color, indicating that
could be very useful as a discriminator for evaluating the se
tive near-ultraviolet region in other solar analogs. The CN–
color ranges from 0.848 to 1.132 in the extreme cases, wi
more typical value of 1.058 (HD 186427). For the other filte
the ranges are less extreme, to the extent that all colors a
4200Å have a dispersion of less than 0.05 mag. See Farn
and Schleicher (1997) for further discussion of the prelimin
solar analog results.

In the final selection of our solar analogs, we used three of

solar analogs (HD 146233, HD 186408, and HD 18642
d on the consensus of the participants at the Lowell S
IV,
re
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ry
it
r of
lar

x-
se

e-
ing
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rn,
n-
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-
–b
si-
C
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ove
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the

Analogs Workshop, as a starting point and eliminated stars w
colors differed drastically from these three. For the rema
ing stars, all of which are good solar analogs, we returne
our original selection criteria and eliminated stars that wo
unbalance the bracketing of the Sun’s properties (specific
HD 191854 and HD 30246). We ultimately accepted seven s
into our final subset, from the original 12 candidates, and th
are indicated by boldface type in Table III and plotted with so
lines in Fig. 2. The colors from this subset were averaged
listed at the end of Table V, and the results were adopte
representative solar colors. These colors compare very fa
ably to the solar analog colors used in the IHW system (Osb
et al.1990) when they are both normalized to a common wa
length. Ultimately, these colors are used in the comet reduc
procedures to represent the Sun for determining the spectr
flectivity of the dust (when the necessary continuum points w
measured) or for a first approximation to the continuum colo
some continuum measurements are missing). It should be n
that, although we did not include all of our solar analogs into
average, they are all very close to the Sun in their properties
spectra and can probably be reliably used to represent the S
other observing programs. If wavelengths below 4000Å are to
be measured, however, care should be exercised with HD 1
and HD 81809 (and possibly HD 217014) because they ex
the largest deviations from the group as a whole.

3.2. Flux Standards
7),
olar

The selection of stars to be included in a standard star sys-
tem always requires compromises, and comet flux standards are
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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 thei
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 shown, error bars lie within

the points. At the bottom, the HB filter bandpasses are shown, along with the Str¨omgren uvby and Johnson UBVR filters for comparison. Str¨omgren u–b colors
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provide a useful discriminator when evaluating solar analogs (see text).

no exception. In addition to needing stars that exhibit little
no variability and have relatively strong UV flux, few spect
features, and an appropriate brightness for the instrumenta
one also desires that the stars have a similar airmass as the
comet. The previous comet standard systems included ab
dozen B-type stars, most within 20◦ of the equator and havin
magnitudes ranging from 1.9 to 7.9. This guaranteed that a
cessible star would match a comet’s airmass within 1–2 h o
comet observation, although sometimes the star was too b
or faint to use effectively. Note that most of these primary fl
standards were, in fact, the same stars, carried over from
filter system to the next. In the case of the IHW filter set, a s
plemental or secondary set of stars, located along Halley’s
during its 1985/86 apparition, was also calibrated, but man
these have been of little use in subsequent years. Finally, y
of experience reducing comet photometry have shown that
most circumstances, the most important criteria in picking s
cific stars for measuring extinction and instrumental correcti
on a given night is the ability to match the range of airmas
traversed by the comet(s).

In an attempt to best utilize the earlier standard systems a
improve their overall effectiveness, we ultimately decided o
set of flux standards, again situated near the celestial equato

with a higher density and a more regular mix of brightnesses.
a starting point, and following earlier practices, the IHW prima
or
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arget
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flux standards were adopted as HB standards (with the exce
of HD 120315, which is too bright for most uses). These s
have been well-studied and shown to be acceptable as flux
dards, and their adoption gave an immediate set of standard
could be used while additional stars were being evaluated.
thermore, inclusion of the IHW primary stars as HB standa
provides a means of comparing the old and new filter syste
Additional stars (late O or early B type) were then needed
fill in gaps in right ascension. Because so many large-for
HB filters were manufactured for use in CCD imaging, we a
decided to include standards at two different brightness tie
bright tier (4.5<V < 6.5) to produce a high signal-to-noise
photometers and a fainter tier (6.5<V < 8.5) to minimize the
saturation of CCDs. The faint limit was set so that the stars
observable by most telescopes, yet are still bright enough
high signal-to-noise calibration using a photometer. In our
lection of new stars, we also tried to avoid known variable st
emission-line stars, and stars with known close companion

To meet these criteria, we explored numerous catalogs of
(e.g., Breger 1976, Goy 1980, Gunn and Stryker 1983, S
1977) searching for O or B stars within each brightness tie
intervals of 1.5 to 2 h in right ascension. The declination w
also restricted to within 15◦ of the equator so that all of the sta

As
ry
are accessible to both the northern and southern hemispheres
and so it is easier to predict the time at which a particular star
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TABLE IV—Continued
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TABLE V
Solar Analog Colors
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will be at a given airmass. Due to the lack of early-type st
far from the galactic plane, we were not always able to sat
all of the criteria we set. Several late B-type stars were acce
to improve the coverage in right ascension, yet even with th
additions, there are gaps as large as 2.5 h and regions w
only a faint-tier star is available. Also, several stars have exh
ited a slight variability (1m< 0.05 mag, e.g., Kholopovet al.
1981, Skiff 1994), but these are all IHW standards that h
been used for many years with no evident problems. In all,
stars were selected, and a list of the stars, their coordinate
magnitudes, spectral types, and colors are given in Table II,
their distribution on the sky is shown in Fig. 3.

4. ESTABLISHING THE STANDARD STAR
MAGNITUDE SYSTEM

The second step in establishing the standard star system
observe each star and, using these measurements, to est
a magnitude system for the HB filters. Because these ma
tudes are critical for the absolute calibration of data, extre

FIG. 3. Distribution, in right ascension and declination, of the HB flu
standards. Filled circles are stars that were adopted from the primary I
standards, triangles are new stars that were added, and the open circle

IHW primary that was rejected due to its brightness. The V magnitude for ea
star is given next to its symbol.
rs
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care was taken to ensure that conditions were sufficient for
taining high-quality data. First, as was stated in Section
filter set whose transmission characteristics are represen
of the average of all of the filters was used to obtain the d
so that the results would apply to all filter sets. Second, to
sure uniformity of the data, all measurements were obta
at one site, primarily with a single photoelectric photome
(though a CCD was used to acquire necessary measurem
at red wavelengths). Third, each star was observed on as m
scheduled nights as possible over a 16-month period to pro
extensive coverage. Finally, reduction of the data and its inco
ration into a magnitude system were both carefully perform
with consistency checks throughout to look for any probl
data sets.

4.1. Standard Star Observations

To ensure uniformity of the data, all observations were
tained at Lowell Observatory, using either the 31-in. (0.8-m
the 42-in. (1.1-m) Hall telescope. Furthermore, for nine of
11 filters (OH through GC) all observations were made wit
single photoelectric photometer with pulse counting electr
ics, the same photometer that has been used in comet stud
Lowell Observatory for two decades. A photometer was used
several reasons: data can be obtained more rapidly than w
CCD, due to less overhead; the photometer has a higher si
to-noise; and using a single photometer for all of the data in
nine filters avoids problems associated with different obser
and instruments (Osbornet al.1990). Unfortunately, the sens
tivity of this high-UV throughput phototube drops off to nea
zero by 6500Å, so it could not be used to calibrate the two r
HB filters. Out of necessity, therefore, the data used to calib
the H2O+ and RC filters were obtained using a 2048× 2048
Site CCD with 2× 2 binning. To tie these data to the photom
ter results, CCD measurements were obtained with filters f
CN through GC as well as with H2O+ and RC. A comparison
chof the data from these overlapping filters indicates that the final
CCD magnitudes are completely consistent with those from the
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photometer, though with larger uncertainties. The match
good enough (within 1σ ) that no corrections were needed to a
just for the different instruments. Because of their lower sign
to-noise, however, the CCD measurements obtained with
overlapping filters were not included in the final magnitude
terminations.

Standard star observations spanned a period of 16 mo
(January 1997 through April 1998), at approximately mont
intervals. A set of data consists of a sequence of observatio
a star with all of the available filters and between seven an
sets were obtained each night, with an average of 22 sets
including high airmass extinction measurements). Data f
nights later determined to be non-photometric were discar
which left 18 out of 24 nights of photometry and seven ou
eight nights of CCD measurements to be included. Each sta
observed as frequently as possible, resulting in five to 11 ni
of photometry and two to four nights of CCD data for each s
Two stars, HD 26912 and HD 74280, were too bright to obse
with the CCD, even with defocussing of the image to spread
the light, and so no measurements were obtained for these
with the H2O+ or RC filters.

4.2. Data Reduction

Basic reduction of the standard star data followed nor
procedures. In the case of the photometer, the raw counts
corrected for the dead time of the phototube, and then the
background, measured nearby, was subtracted. For the C
the bias level was removed from each image, which was
flat fielded using twilight sky flats to remove the pixel-to-pix
variations. Aperture photometry was done with IDL photom
try routines, using an aperture large enough to measure the
from the star out to the point where noise became a signifi
issue. Because some of the stars needed to be defocus
keep them from saturating, different-sized apertures were u
however, a constant-sized aperture was used for each lev
defocussing. The sky background was determined from an
nulus around the aperture and subtracted from the total co
within the aperture. The measured counts from both the C
and the photometer were then converted to instrumental ma
tudes before correcting for atmospheric extinction.

The extinction was carefully determined for each night,
ing at least two stars observed at a series of different airma
The airmass was determined from Hardie’s (1962) approxi
tion, with a correction for the elevation effect in the appar
zenith angle. (This is discussed in more detail, and the e
tions are given, in Appendix A.) We assume that the exti
tion of an object (in magnitudes) varies linearly with airma
a good assumption for all filters except OH which will be d
cussed next. If more than one extinction star was measured
the average extinction coefficient among the stars was use
each filter. As a check on the extinction solution, and to al

adjustments to the coefficients found from poorly determin
extinction stars, a global solution was used. In this situatio
HER, AND A’HEARN
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the coefficients were adjusted so as to minimize the variati
between the1ms (difference between the instrumental and H
magnitude) for measurements of all of the stars. Note that
could only be done in the re-reduction of the data, after p
liminary magnitudes had been determined as discussed be
These global solutions were used on the few nights where
1ms were significantly improved over the original extinctio
solution, otherwise the original extinction star coefficients we
kept for the final reductions.

Unfortunately, a linear extinction coefficient could not be us
for the OH filter. Plots of observed OH magnitude versus a
mass produce a curve, rather than a line, and forcing a linea
to measurements along this curve gave discrepant magnit
when the individual points were extrapolated to zero airma
Furthermore, the extrapolated results would change if a dif
ent range of airmass was used, because a different part o
curve was being fit. Therefore, it was necessary to use m
els of atmospheric extinction to reproduce the curvature in
magnitude–airmass plot so that a proper extrapolation to z
airmass could be done, regardless of the range of airmas
which the data were obtained.

A series of tests were performed, in which synthetic spec
(representing B stars, G stars, and comets) were convolved
various extinction functions, to explore how those functions
fect measurements at different airmasses and to determine
aspects of the extinction function introduce the curvature i
the magnitude–airmass relation. The results of these tests pr
that the majority of the curvature is produced by the slope of
extinction function, with the steepness related to the amoun
curvature produced. (A slope that decreases with wavelen
produces a redward shift in the effective central wavelength
the flux, because the blue light is removed more rapidly than
red. As airmass increases, the rate of this shift is initially v
rapid, but slows at higher airmass because the edge of the
bandpass limits the amount of shift that can be produced.
curvature in the magnitude–airmass relation is a result of
fact that the rate of this shift changes with airmass.) In additi
if the extinction curve itself is not linear, but has a changi
slope across the bandpass, then this will also contribute to
curvature, though at a much lower level than from the slo
The OH extinction tests also proved that the color of the ob
has only a minor influence on the results, when compare
the extreme effect of variable extinction across the bandp
Consequently, the extinction can be treated with the same
mulation for B and G stars, as well as comets. However,
cause of the different spectral shapes of these objects, the c
cients within that formulation will be different for each type o
object.

The OH extinction tests also showed that the three prim
components of extinction—Rayleigh scattering, aerosols,
ozone—could be addressed individually, without changing
final result. The specific procedures used to determine the

ed
n,
tinction in the OH filter are outlined in Appendix A. As shown
there, analysis of the extinction star measurements produces not



e
o
t
p

n
i
t
e
,

y
u

d

s

u
a
n
t
ic
r
s
i
y

rw
lt

u

a

t
r

a
n
3
a

fo

ag-
ess
tars.
B.
dure
ting
ition
was
ctly.
gni-

due
ded
es,
lly
the

flux
olar
3.1).
ded
udes

s are
ina-

star-
ere
r of
IHW
sing
sing

rds,
se-
r
ity,
tar’s
ok-
ars
his
the

an
are
shed
be

any
may
tars

fects
tion
stars
HB NARROWBAND

just one linear extinction coefficient, but rather separate m
sures of the contribution from aerosols and the amount of oz
present. These quantities, when combined with a calcula
of the Rayleigh contribution, are used to reproduce the pro
curvature for extrapolating to zero airmass.

The extinction coefficients (and for OH, the aerosol a
ozone measurements) were then used to correct each indiv
data point to its value above the atmosphere, giving the ins
mental magnitude of each measurement. Once the instrum
magnitudes have been determined for each measurement
are used to establish the HB magnitude systems (cf. Osbornet al.
1990).

4.3. Computing Standard Star Magnitudes

Although not discussed at length in this paper, colors pla
an important role in the analysis of the standard stars and,
mately, as a consistency check in the establishment of the m
nitude system. The standard stars all have different magnitu
so colors are used as a straightforward means of comparing
contrasting them (as was already seen in the discussion of
analogs). During the calibration process, we defined afunda-
mental filterto be a basis from which colors are normally calc
lated. The BC (4450̊A) filter was selected as our fundament
filter for several reasons: it can be used to obtain a good sig
to-noise with both the photometer and the CCD; it is near
center wavelength of the basic (CN through GC) filters, wh
were most requested by filter recipients; it is near the cente
the Johnson B bandpass (the significance of which is discu
in the next paragraph); and finally, the atmospheric extinct
at 4450Å is fairly low, reducing uncertainties introduced b
extrapolating a measurement to zero airmass. Unless othe
stated, colors in the HB system are given relative to this fi
(e.g.,mOH−mBC).

Another fundamental in the calibration procedures is the f
damental star, which is important because it is the standard u
which all other HB magnitudes are based. The magnitudes
this star are set at a predefined value for each filter, and
magnitudes of all the other stars are computed relative to th
values. We selected HD 191263 as our fundamental star,
marily because it is in the middle range of brightness and
can be observed with both the photometer and the CCD,
it is an IHW standard, so a direct comparison can be made
tween the two filter systems. In addition, it was available at
start of our observing campaign, which allowed preliminary
sults to be computed. While the pre-defined magnitudes of
fundamental star are somewhat arbitrary, the conversion to
solute fluxes (addressed in Section 5) directly accounts for
particular magnitude that is selected. Because BC is the fu
mental filter, we chose to set the BC magnitude of HD 19126
6.19, to match its Johnson B magnitude. Furthermore, to m
the fundamental star easy to identify in lists or plots and to

low the convention established with the earlier comet filter se
the same value was assigned to all of the filters, meaning t
COMET FILTERS 193
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it exhibits no color in the HB system. Using the pre-set m
nitudes for HD 191263 as a starting point, an iterative proc
was then used to determine the magnitudes of the other s
A detailed description of this process is given in Appendix
As is described there, we were careful throughout the proce
to not allow the fundamental star to receive a greater weigh
than other stars in establishing the magnitude system. In add
to computing the magnitudes directly, a consistency check
performed by using colors to compute the magnitudes indire
Both procedures gave essentially identical results, but the ma
tudes from the direct computation were ultimately adopted,
to slightly better uncertainties. (The errors on the colors ten
to be quite small, but when converting colors to magnitud
incorporation of the uncertainty on the BC magnitude typica
raised the overall errors to equal or higher than those for
magnitudes determined directly.)

The final magnitudes for both the solar analogs and the
standards are given in Table IV and the final colors of the s
analogs are listed in Table V (and were discussed in Section
Table IV also lists the number of observations that were inclu
in the average for each star. The uncertainties in the magnit
are typically around 0.007 at wavelengths above 4000Å and
increase in the UV where the signal is weaker. These value
comparable to the mean errors in the IHW magnitude determ
tions; however, our uncertainties are more consistent from
to-star. This is due to the fact that all of the HB observations w
obtained at Lowell Observatory, and a roughly equal numbe
measurements were obtained for each star, whereas in the
system, observations were collected from many sources (u
different instruments) and the magnitudes were computed u
anywhere from one to 119 measurements (Osbornet al.1990).

To intercompare the results from the different flux standa
their colors are plotted in Fig. 4. The stars are placed in a
quence defined by their UC–C3 color, which spans the Balme
discontinuity. This sequence was chosen primarily for clar
but it also permits a search for correlations between the s
spectral type and its colors. Another practical reason for lo
ing specifically at the UV colors was to determine which st
might be affected by any color terms in the OH extinction; t
ultimately proved to be a non-issue for the HB filters, unlike
IHW filters, where color variations among the B stars do have
effect. It is immediately obvious from the plot that five stars
significantly reddened and one star is slightly reddened (da
lines). Although four of these stars were previously known to
reddened (Delgadoet al.1997, Winkler 1997, Wolffet al.1996),
HD 187350 and HD 219188 are not listed as reddened in
of the catalogs that were explored (though the reddening
actually be the effects of metallicity or age). Placing these s
in order of their reddened UC–C3 color would be misleading in
searching for correlations, so we attempted to remove the ef
of reddening to allow us to place the stars in their proper loca
in the sequence. Noting that the colors of the unreddened

ts,
hat
are all similar for wavelengths longer than 4500Å, with a slight
increase in slope toward later spectral type, we used this region
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FIG. 4. Colors of the flux standards, relative to the blue continuum (BC) filter. The curves are placed in order of their de-reddened UC–C3 color, with zero
points offset for clarity. The zero level for each star is denoted by the horizontal dotted line, with the BC filter at 4450 A

a
always located at zero. HD 191263 i

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 o

brightness, so there are no corresponding colors for those filters. The dashed lines indicate stars that exhibit significant reddening. The error barsfall within the
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er
point size.

to apply a first order correction to the UC–C3 color. Assuming
that, to first order, the reddening is constant with wavelen
we corrected the RC–BC segment so its slope matched the
of its unreddened neighbors, and then scaled this adjustme

the UC–C3 segment. This correction works well for the purpos
of ordering the stars, because the UC–C3 color differences are
th,
lope
nt to

large enough that small errors in the assumed RC–BC slope
not affect the star’s position in the plot.

The resulting sequence exhibits a range of 1.5 mag in
near-UV colors, clearly showing how the strength of the Balm

ediscontinuity and the flux at shorter wavelengths changes from
early- to late-type B stars. On the other hand, at wavelengths
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above 4500Å, all B-type stars tend to have very similar col
characteristics. The UV results suggest that the UC–C3 index is
extremely sensitive to the temperature of the star, in which c
it may be useful as a tool to help in pinpointing the spectral ty
Looking specifically at the UV colors in Fig. 4, it appears th
HD 68099, which is classified as a B6 star, but also has en
for B7 and B8 in the Simbad database, should actually be cl
to B8. Similarly, HD 72526, which has the largest color extre
of all of our standards, should be type A0 or A1, rather than
Comparing our UC–C3 sequence with the Str¨omgren u–b color
also produces a very close correlation (for the non-redde
stars), suggesting that, again, the u–b color can be used
discriminator for the initial evaluation of other B stars.

5. CALIBRATION OF THE FILTERS

The procedures for reducing comet data are similar, regard
of which narrowband comet filter set was used for the obse
tions: standard star information (discussed in Appendix C
used to convert the measured count rates into absolute flu
gas contamination is removed from the continuum meas
ments (in an iterative process); underlying continuum is remo
from the gas measurements; and finally, the measured fluxe
converted to a total band flux, if that is what is ultimately d
sired. In the past, these tasks were dealt with individually o
filter-by-filter basis that did not account for the mutual conta
inations of two species (which may have been due, in par
the fact that some of the contaminations were unknown at
time of the calibrations). While developing the general reduc
procedures for the HB systems, we employed a new forma
in which one equation format applies to all species and ca
solved for mutual contaminations in any combination of filte
The following sections provide a brief account of the filter c
ibration process, in which we developed the new formulat
derived the equations and computed the coefficients that
ultimately be used for reducing comet data. Furthermore,
ing the calibration process, we performed a series of tes
measure how the coefficients are affected by variations in
filters and in observing conditions. The results of these tests
their implications on the data reduction process are given. In
generalized notation used here,X X andY Y represent any of the
filter species (OH, NH, UC, etc.).

5.1. Derivation of Reduction Coefficients

Because most observers will use a subset of the 11 HB fil
procedures for the reduction of comet data should be ab
account for continuum measurements at any sensible com
tion of the four wavelengths and still produce results that ca
compared to other observers (who potentially used a diffe
combination of filters). We have established a basic set of pr
dures that we feel provides the best reduction of comet dat
the variety of situations that may be encountered. Append

details these procedures in a step-by-step outline and gives
relevant equations that are needed for reducing comet data.
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reduction coefficients that are used in these equations ar
lated to the filter bandpasses and spectral bands that are
measured. The following discussion introduces and define
various coefficients, addresses any factors that were consi
during their derivation, and describes how they fit into the d
reduction process.

The first coefficient,F0X X , is the absolute flux of a 0 magnitud
star in the HB system. It is used to convert an HB magnitud
an absolute flux, using the familiar equation

FX X = F0X X10−0.4mX X, (1)

wheremX X is the HB magnitude. We determined the valu
for these coefficients using the fluxes for several HB stand
listed in spectrophotometric star catalogs and tied them t
absolute system through the Hayes and Latham (1975) flu
Vega at 5556̊A. The details concerning the computation of the
flux conversion coefficients are given in Appendix C. The sec
coefficient, the solar colorm¯X X, is the adopted color of the sol
spectrum and, as discussed in Section 3.1, is used for de
with the continuum filters. The values for bothF0X X andm¯X X

are listed in Table VI.
When measured data are going to be extrapolated to total

fluxes, it is critical to understand what fraction of each emiss
band was actually captured by a filter. The third coefficienγ
(or alternatively,γ ′), is a measure of this fraction. To compu
these values, we used a representative emission line spe
(either synthetic or measured from a comet with the approp
emission features) for each of the species of interest. When
possible, synthetic spectra were used for the calibrations
cause there are no problems associated with continuum su
tion or contamination from other species, they are not adver

TABLE VI
Filter Calibration Coefficients
the
The

a Filter specification represented byX X subscript.
b Flux of 0 magnitude star (10−9 erg cm−2 s−1 A

a−1).
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affected by instrumental resolutions that can affect measu
spectra, and they can be generated for a variety of situat
(different heliocentric velocities, distances, etc.), which he
in evaluating how the final coefficients are affected by chang
conditions. We were able to obtain synthetic spectra for OH, N
and CN (from Schleicher and A’Hearn (1988), Meier (199
and Schleicher (1983), respectively), each of which was ge
ated for different velocities and distances, if appropriate. For
other species, we explored the available synthetic spectra (
C2 from A’Hearn (1978), C3 from Kim (personal communica
tion, 1998)); however, these were unsuitable for our purpo
Instead, we used high-quality comet spectra, from which
sky, continuum, and any emission lines contaminating the
sired species were removed. Whenever possible, we extra
representative spectra at different distances from the nuc
to evaluate the quality of the continuum removal and to obse
how the bandshapes changed with distance. The C2 and C3 bands
were extracted from a spectrum of Comet deVico (A. Cochr
personal communication, 1998), the CO+ is from a spectrum
of Comet Schwassmann–Wachmann 1 (Cochran and Coc
1991, Cochranet al. 1991), and the H2O+ band was extracted
from Wehingeret al.(1974) and Wyckoff and Wehinger (1976

To determine what fraction of an emission band pas
through a particular filter, the spectrum is combined with
filter transmission profile. This technique is used not only
measure the emission from the desired species, but also t
termine how much contamination from an undesired specie
present, both in gas and in continuum filters. The quantities
tained in this manner are denoted here by the coefficientγ ′.
Specifically,γ ′X X/Y Y is the fraction of the total emission ban
from speciesY Y that is measured through filterX X,

γ ′ =
∫

fλY Y SλX X dλ∫
fλY Y dλ

, (2)

where fλY Y is the flux distribution in the emission band andSλX X

is the transmission profile of the filter. Thus,γ ′CN/CN represents
the fraction of the CN band that is measured through the
filter, andγ ′CN/C3

is the fraction of the C3 band that is contami-
nating the CN filter. A second coefficient, ultimately used in t
reduction equations, isγ , which is simplyγ ′ normalized by the
filter’s equivalent width and transmission properties:

γ =
∫

fλY Y SλX X dλ∫
fλY Y dλ

∫
SλX X dλ

. (3)

The relevant (non-zero) values ofγ andγ ′ are listed in Tables VI
and VII. Note that the measured fractions of the C2 and espe-
cially the C3 band listed for the HB filters are both smaller th
the corresponding values quoted for previous filter sets, due
better understanding of how broad the wings of these bands
Although the HB coefficients differ substantially from the co

responding IHW values, in turn affecting the value of the tot
flux computed, the fluorescence efficiencies should, in prin
ER, AND A’HEARN
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TABLE VII
Contamination Coefficients

a First species is represented byX X subscript; sec-
ond species is the contaminant.

ple, also change, to account for the additional lines within
total band. When the number of molecules is computed, the
effects will largely cancel each other out. The broad wings
C3 also warrant another caution: C3 contamination of NH, of
CO+, and especially of CN can be significant, because the w
contaminates the entire bandpass of these filters. In the ca
CN, the integrated C3 flux can comprise 10–15% or more of th
total measurement, depending on the aperture size.

The new formalism for the HB filters (which will ultimately
be applied back to the previous filter sets to improve correcti
of continuum contamination) makes use of theseγ coefficients
in the generalized equation

FX X = FOHγX X/OH+ FNHγX X/NH + FCNγX X/CN

+FC3γX X/C3 + F(CO+)γ(X X/CO+) + FC2γX X/C2

+F(H2O+)γ(XX/H2O+) + FX Xcont, (4)

whereFX X is the wavelength averaged flux measured throu
the X X filter, FX Xcont is the average underlying continuum
filter X X, and FOH, FNH, etc., are the total band fluxes fro
each species and represent the final quantities that are to b
termined. An equation of this form is written for each filter, a
all 11 equations are solved simultaneously for the total b
fluxes. (Note that an additional set of equations must also
utilized to interpolate between continuum filters for the und
lying continuum in each gas filter.) By solving for all of th
fluxes simultaneously, the contamination in each filter (fr
those species being measured) is accounted for. In cases w
filter X X is not contaminated by speciesY Y, theγX X/Y Y terms
are zero, simplifying the equations. In fact, for the HB filte
contaminations were minimized to the point that there are
mutually contaminating gas or ion filters, so the generalized

al
ci-
multaneous solution reduces to a straightforward linear series of
relevant equations.
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The last set of coefficientsKX X1, KX X2, andKX X3, are used
for decontaminating the GC and UC filters, so the total fl
from the continuum,FX Xcont, can be determined. During th
derivation of the reduction equations, several combination
theF0, m¯, andγ coefficients are produced, some of which a
very complicated. To simplify the equations, we chose to pre
these combinations as individual constants, though they are
cussed further in Appendix D. The relevantK coefficients are
given in Table VII.

5.2. Results of Coefficient Tests

During the process of computing theγ coefficients, a serie
of tests were performed to determine how the calibrations ar
fected by factors that can change the emission spectrum or
the filter transmission profile. Specific items that were exami
include the effects of temperature,f -ratio, variations between
filters produced in different evaporation runs, heliocentric d
tance and velocity, and, finally, variable extinction across the
ter bandpass. Fortunately, the results of these tests indicate
for typical observing conditions, most of these factors have
significant effect on the HB filter calibrations. Only two issu
small f -ratios and a few individual filters (as discussed belo
produce a variation in the coefficients greater than 2 or 3%.

Changes in both temperature andf -ratio produce a chang
in the transmission profile of the filter, which in turn alters t
particular region of the spectrum that is measured. In the ca
the temperature, this change is a simple shift, claimed by
manufacturer to be

1λ = 4× 10−6λ (per◦C), (5)

where the wavelength increases with increasing tempera
Thus, even a 30◦ temperature change in the RC filter caus
a shift of less than 1̊A, so the effects of temperature can
neglected under all but extreme observing circumstances.
effect of the f -ratio, on the other hand, is dependent on the
act telescope system being used. For light entering the filt
an angle less than 90◦ to the face of the filter, the transmissio
profile shifts to the blue. With smallerf -ratios, light is entering
at a smaller angle, and for that fraction of the light, the transm
sion profile shifts further blueward. Note, however, that even
a small f -ratio system, part of the light is passing through
filter at near 90◦; thus, the effective filter transmission profile
the superposition of many different profiles, each shifted b
different amount. This change in the effective transmission p
file is a concern because, with the increase in CCD usage, m
telescopes are being operated at smallerf -ratios than in the
past. As a compromise between typicalf -ratios that might be
used, the filters were optimized for use at approximatelyf/6,
and the final coefficients were computed using this value
test the effects of differingf -ratios, we performed a theoretic
change of the filter bandpass forf/∞, f/8, f/6, f/4, and f/3

and combined the shifted bandpass with the emission spe
to observe howγ changed. For species in which the emissio
COMET FILTERS 197
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band is entirely within filter bandpass (OH, NH, CN, CO+, and
H2O+) different f -ratios have very little effect onγ , changing,
at most, 2% over the range fromf/∞ to f/3. However, for the
wide bands of C2 and C3, shifting the transmission profile to th
blue allows more of the emission band to pass through the fi
thus increasingγ . As it turns out, C2 and C3 both change by the
same amount for the ratios tested, so that, relative to the nom
f/6 value,γ is 1.5% lower atf/∞, 1.8% higher atf/4, and 4%
higher at f/3. For faster systems, the difference increases e
more rapidly. The four continuum filters are situated clear of
significant emission features, so for ratios as small asf/3, there
is no additional contamination beyond what was discussed
lier. In fact, there is a very slight drop, with decreasingf -ratio,
in the level of contamination to the UC and GC filters beca
the bandpass is shifted farther out into the wing of the conta
nating species.

Due to the nature of the manufacturing process, there wi
slight variations in the transmission profiles of filters produ
from one evaporation run to another. These differences can
the central wavelength, the bandwidth, and/or the shape o
profile, which will in turn affect the coefficients. Fortunately, t
run-to-run variations tend to be small, and for the vast majo
of the filters, the error in the coefficients is less than 1–
However, there are a few C2 and C3 filters (mostly large forma
imaging filters) whose transmission profiles are shifted by u
10Å from our representative filter. Typically this will introduc
a 3–5% error, with the worst of these cases causing an err
10%. The recipients of these filters have been notified of
possible problem.

The next series of tests evaluated effects due to the com
heliocentric distance and velocity. The heliocentric distance
termines the amount of solar insolation that is available to ex
the gas molecules, while, through the Swings effect (Sw
1941), the heliocentric velocity alters the distribution of
species’ emission lines. Because both of these factors alte
relative line intensities within the emission band, they may a
produce changes in the calibration coefficients. The OH, NH,
CN spectra were tested for velocities from−60 to+60 km s−1

and for distances from 0.5 to 5.66 AU to observe how the
ibration coefficients changed. The maximum variation inγ is
less than 2% for all situations, reflecting the fact that all thre
these filters were designed to capture the entire emission
within the flat top of the filter profile. At heliocentric distanc
smaller than 0.5 AU, however, the variation inγCN/CN continues
to increase, reaching 10% at 0.25 AU. This should rarely b
issue, though, because the minimum practical solar elong
for observing a comet is usually about 30◦, which correspond
to a minimum heliocentric distance of 0.5 AU. For C2 and to a
lesser extent C3, the spectrum exhibits differences with resp
to heliocentric distance due to the different number of rotatio
levels populated and, with projected distance from the nuc
due to the changing rotational levels populated as the mole

ctra
n
reach fluorescence equilibrium. We used several observed spec-
tra to determine what the best typical bandshape for each species
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was, and the deVico spectrum that was used reflects this s
For the remaining species (CO+ and H2O+), the effects of he-
liocentric velocity and distance are significantly smaller than
the species discussed above.

Finally, the atmospheric extinction in the UV changes so r
idly with wavelength that there is a variable amount of exti
tion across the OH bandpass, which means that as the air
increases, the blueward emission lines are attenuated faste
the redward ones. The final series of tests evaluated how
variable extinction impacts the value ofγ . The results of thes
tests indicate that, at five magnitudes of extinction,γ will vary by
about 3%, primarily due to a weak 1-1 band emission line at
red end of the filter becoming more prominent. However, in pr
tice, this 3% effect will be rapidly overwhelmed by the increas
uncertainties due to lower count levels at the higher extinct

In summary, there are many factors that have the potenti
alter the calibration coefficients: temperature variations,f -ratio,
differences in the filter transmission curves, changes in
comet’s heliocentric velocity and distance, and effects du
variable extinction across the bandpass. Fortunately, the m
ity of these influence the results at a level of a few percen
less in the HB filter system. In only two of these cases sho
there be concern for significant changes in the coefficients,
both of these are a concern only for the C2 and C3 filters. First,
observers using telescopes withf -ratios less thanf/4 should be
aware that as thef -ratio gets smaller, the error in the calibratio
gets larger. Second, the few recipients of filters that differ fr
the calibration filters might need to incorporate a correction
account for the different fraction of the emission spectrum
is being measured.

6. SUMMARY

This paper presents the final calibration results for the new
narrowband comet filters. It introduces the new filters, descr
the factors that were considered in the design and manufact
process, and gives the specifications of the final product. A
discussed are the procedures used to calibrate the filters s
comet observations can be reduced to absolute fluxes. This
cess involved the establishment of a new magnitude system
development of the data reduction procedures (including a
formalism that can account for any mutual contamination of
ters), and the computation of reduction coefficients that are
in the final result. Tests indicate that the filters are very sta
for use in all but the most extreme circumstances. In genera
only factor that will affect the calibrations at a level greater th
a few percent is their use on telescope systems withf -ratios less
than f/3.

During the establishment of the magnitude system, our an
sis of the standard stars (both solar analogs and flux stand
showed that the spectrum of one star may be very different f
another star in the near-UV, even though the two stars nomin
have the same spectral type. On the other hand, at wavele

above 4000Å, stars of similar spectral type tend to be esse
tially the same. We also found that the Str¨omgren u–b color
ER, AND A’HEARN
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corresponds well to our near-UV results, so this parameter
be used as a preliminary diagnostic tool in the evaluation of o
stars.

APPENDIX A

OH Extinction

A.1. Extinction Components in the OH Filter

The effects of atmospheric extinction in the OH filter, unlike the other filte
cannot be properly represented by a linear relation. This is due to the fact th
extinction has a strong wavelength dependence across the OH bandpass a
to a very small red leak (∼0.03%) in the filter transmission at 3350 A

a
. Plotting

the OH magnitudes versus the airmass at which they were obtained produ
curve, and forcing a linear fit to this curve will produce incorrect magnitu
when they are extrapolated to zero airmass. Furthermore, the extrapolated
will change if a different range of airmass is used, because a different se
of the curve is being fit. Therefore, it is necessary to use models of atmosp
extinction to reproduce the curvature in the magnitude–airmass plot, so t
proper extrapolation to zero airmass can be done, regardless of the airmass
of the data.

There are three primary components to the extinction in the OH filter. The
and simplest, component is Rayleigh scattering by molecules in the atmosp
which is well-understood and can be accurately computed (e.g., Hayes
Latham 1975). It is a function of the elevation of the observing site (in wh
the atmosphere has a scale height of 7.5 km at 0◦C) and varies asλ−4. Rayleigh
scattering contributes about 40–50% of the total extinction in the OH band
and has a slight slope which introduces a small amount of curvature to
magnitude–airmass relation.

The second extinction component is absorption by aerosols in the atmosp
With a typical scale height of 1–2 km, this component is strongly affected
the elevation of the site, which means it can contribute 5–20% (or more) o
total extinction. This component varies asλ−α , whereα can range from 0 to 1.5
(depending on the type of aerosols), with a typical value of 0.8; this means
the aerosol extinction is essentially flat across the OH filter bandpass.

The last and most complicated component is the absorption by ozone m
ules in the stratosphere. Because the bulk of the ozone is located at an altit
15–30 km, the extinction is not dependent on the elevation of the observing
however, the altitude does prompt the use of a local airmass, which will be de
later. This component, typically comprising 40–50% of the total extinction
the OH filter, is very sensitive to the amount of ozone above the observing
defined in units of centimeters at standard temperature and pressure (a n
value falls in the range 0.2–0.3 cm). For wavelengths shortward of 320

a
,

the extinction due to ozone increases extremely rapidly, so that there is a
slope even across the narrow OH bandpass. In addition, the ozone extin
is curved, not linear, across the bandpass. This steep slope, with an add
contribution from the curvature, is what produces the majority of the curvatu
the magnitude–airmass relation. It should be noted that because this comp
drops so rapidly at longer wavelengths, it does not cause any problems in the
ten filters. (Although ozone contributes significantly for NH and at waveleng
between 5000 and 7000 A

a
, the extinction is flat enough that the effects of ozo

are included in the linear extinction coefficient.)
As was suggested above, the elevation of the observing site is an impo

factor in the OH extinction problem. It affects the Rayleigh and aerosol com
nents directly, and as will be seen later, this has an indirect effect on comp
the ozone contribution. Thus, some of the equations given below include t
that account for the elevation, and these must be included to properly mod
different components.

When the OH extinction from the extinction stars is solved for, and the res
are applied to other objects, the easiest and most straightforward method
address each of the three extinction components separately. This simplifie
problems involved with different elevation and airmass effects for the diffe

n-components and makes it easier to solve for the curvature in the magnitude–
airmass relation.
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A.2. Airmass Calculations

Dealing with each of the three extinction components separately means
it is necessary to use different airmass computations, each of which is
suitable for the particular component to which it is applied. For the Rayle
and aerosol components, Hardie’s (1962) empirical formula is used:

X = secZapp− 0.0018167(secZapp− 1)− 0.002875(secZapp− 1)2

− 0.0008083(secZapp− 1)3. (6)

In this equation, however, aZapp that corrects for the elevation effects on th
atmospheric refraction should be used,

Zapp= Ztrue− 60.4 tanZtrue− 0.0668 tan3 Ztrue

3600
exp(−h/8.0), (7)

whereh is the elevation of the observing site in kilometers andZtrue, in degrees,
is computed from the object’s right ascension and declination (e.g., Hende
Kaitchuck 1982).

For the ozone component, which does not extend all the way to the gro
a better airmass approximation uses a thin slab of atmosphere at a dista
22 km above the ground. To account for the curvature of the Earth when loo
downrange in this scenario, the slab is tilted so that it is parallel to the Ea
surface at the distance downrange where the line of sight intersects the slab
defines the local zenith angle (e.g., Young 1974), from which the ozone airm
(Xloc) is found,

Xloc = secZloc (8)

= R+ H

[(R+ H )2 − R2 sin2 Ztrue]1/2
, (9)

whereR= 6378 km is the radius of the Earth andH = 22 km is the altitude of
the slab.

A.3. OH Extinction Determination

This section describes how the separate components are determined fro
extinction stars and then discusses how those results are applied to other o
The procedures and equations presented here were developed to deal w
components separately and were tested on both B star and G star observ
to ensure that they correctly reproduce the curvature in the magnitude–air
relation. Because of differences in spectral distributions between B star
stars, and comets, some of the equations will have different coefficients fo
different objects. These coefficients are listed in Table VIII.

Ultimately, the total extinction for each data point in the OH filter is determin
from

m0 = m− GROH − EAOH X − GOOH, (10)

wherem is the object’s measured magnitude,m0 is the magnitude at zero airmas
GROH andGOOH represent the total extinctions (in magnitudes) for the Rayle
and ozone components, andEAOH is the extinction coefficient (in magnitudes pe
airmass) for the aerosol component. Computation of the individual compon
is discussed next.

First, the total extinction from the Rayleigh component can be accura
computed using the airmass of the observation,X, and the elevation of the site
h, in kilometers,

GROH = (b1X + b2X2) exp(−h/7.5), (11)

whereb1 andb2 are given in Table VIII and a scale height of 7.5 km (rather th
8) is used to account for the drop in scale height at higher elevations wher
is likely to be observed.
Because the amount of aerosols in the atmosphere changes from night to
(and even within a night), this component must be extracted from the extinct
COMET FILTERS 199
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TABLE VIII
Coefficients for OH Extinction

a Comet coefficients represent the extreme cases of pure OH emissio
25% underlying continuum.

star observations. To avoid the problem of disentangling the aerosol and o
contributions at OH, another filter, for which ozone extinction is negligible a
the Rayleigh component is easily computed, is used to separate out the am
of aerosols. The BC filter is the best choice for this purpose. Not only is it
only filter that is common to all filter sets, but it gives a good signal-to-no
and ozone is negligible.

To determine the aerosol extinction, the linear extinction coefficient for
BC filter, EBC (in magnitudes per airmass), is determined from the techniq
described in Section 4.2; this coefficient represents the combined extinction
both the Rayleigh and the aerosol components. The Rayleigh component f
BC filter (0.2532 mag airmass−1 at sea level) is computed using

ERBC = 0.2532 exp(−h/7.5) (12)

which allows the aerosol component to be separated out for the BC filter:

EABC = EBC − ERBC . (13)

The aerosol extinction varies with wavelength asλ−α , whereα ranges from 0
to 1.5. Following Hayes and Latham (1975), 0.8 is adopted as a best av
value, which is used to extrapolate the aerosol component from BC to OH

EAOH = (3097/4453)−0.8EABC . (14)
night
ion
Usingα = 0.8 is a good approximation because the aerosol component com-
prises only a small portion of the total OH extinction; changes inαwill propagate
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through as a small variation on top of this already small fraction. Becaus
aerosol extinction is essentially flat, it has the same contribution for B sta
stars, and comets.

Finally, the most complicated extinction component, ozone, must be d
mined. The slope and curvature of the ozone extinction preclude the use
linear coefficient, and instead, a polynomial as a function ofXloc is used to solve
for the total ozone extinction:

GOOH = a0 + a1Xloc + a2X2
loc + a3X3

loc. (15)

To compound the issue, the coefficients in this polynomial are not constant
are a function of the amount of ozone (toz) that is present and are computed fro
the relations

a0 = c00+ c01toz+ c02t
2
oz+ c03t

3
oz (16)

a1 = c10+ c11toz+ c12t
2
oz+ c13t

3
oz (17)

a2 = c20+ c21toz+ c22t
2
oz+ c23t

3
oz (18)

a3 = c30+ c31toz+ c32t
2
oz+ c33t

3
oz, (19)

where theci j coefficients are again listed in Table VIII. The OH extinctio
coefficients were produced by modeling the atmospheric extinction, as a fun
of airmass and ozone thickness, for each type of object (B star, G star
comets) and then fitting polynomials to the results. The Rayleigh and ae
models come from Hayes and Latham (1975) and the ozone extinction
McClatchyet al. (1978).

Thus, to determine the ozone extinction contribution,toz must be measured
from a flux standard. This is done by first assumingtoz = 0.150 and extrapolating
each measurement of an extinction star to above the atmosphere using Eq
(11), (14), and (15). The amount of scatter in the reduced magnitudes f
measurements of that star is then computed. Next,toz is increased in steps o
0.001 and the reduced magnitudes and their scatter are recomputed fo
step. The value oftoz that produces the minimum scatter represents the am
of ozone present during the observations. In other words, whentoz produces the
right amount of curvature in the magnitude–airmass relation, an extrapol
from each data point of an extinction star will result in the same magnitud
zero airmass. We tested this procedure on our standard star measureme
compared the computedtoz to satellite measurements of the ozone (Earth Pr
TOMS data) over Lowell Observatory. The results agree to within 4% for
given night and to within 2% when the satellite measurements indicate tha
ozone thickness is stable from night to night for our observing location.

This entire process is repeated with each extinction star to obtain av
values for the aerosol extinction and the ozone thickness. (Multiple star
surements also provide a means of tracking whether the aerosols and ozon
changing during the night.) The average values ofEAOH andtoz are then used
to compute the OH extinction for any other objects observed during the ni

In summary, the extinction stars are used to compute two quantities rel
to the OH filter: the extinction from aerosols and the amount of ozone in
atmosphere. The extinction for any other object’s measurement is found by
puting the Rayleigh component from Eq. (11), applying the aerosol coeffic
at the proper airmass, and computing the ozone extinction from Eq. (15).
combination of the three components allows each data point to be extrapo
to a magnitude at zero airmass, by application of Eq. (10).

The reduction of comet data includes another step, however. Comet
surements consist of OH emission on top of continuum, and the values oci j

will change, depending on the amount of continuum (which changes the
distribution across the filter bandpass). To deal with this problem, two se
coefficients were determined for the comet: one with pure OH emission
another in which 25% of the total flux is produced by continuum (practical
tremes for most comets). The comet data are then reduced in two passes
first pass the coefficients for the pure OH case are used to determine the
amount of extinction. At the same time, the extinction for the 25% continu

case is also computed and saved. The pure OH extinction is then used to re
the comet data to obtain the total band flux and the net OH flux, as descr
HER, AND A’HEARN
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in Appendix D. During this process, the percentage of underlying continuum
the OH filter measurement is computed. Using this percentage, a second p
made and the total extinction is recomputed by interpolating between the
OH and the 25% continuum cases,

Etot = 4[(0.25− Pc)E0%+ PcE25%], (20)

wherePc is the percentage of underlying continuum in the OH filter, andE0% and
E25% are the total extinctions computed with the pure OH and 25% continu
coefficients, respectively.Etot is then used to re-reduce the comet OH data
their final results. With the new extinction value, the percentage of underly
continuum will also change slightly, but this will be less than a few percent
further iterations on the total extinction are not necessary.

APPENDIX B

Computation of Standard Star Magnitudes

This appendix describes the procedures that were used to establish the
dard star magnitude system for the HB filters. Before applying these proced
all of the relevant nights of data were reduced, as described in the text, to o
the instrumental magnitudes above the Earth’s atmosphere. In addition, hig
mass points, used to determine extinction coefficients, were removed so tha
data obtained at an airmass of 2.1 or less were included in the final comput
of the magnitudes.

As mentioned in the text, the HB magnitude system is based on semi-arbi
values that are pre-assigned to the fundamental star (HD 191263). All o
standard star magnitudes are computed relative to these values. The meth
computing these magnitudes begins with the selection of a single night tha
provide the initial data set. This first night is important because it serves a
basis for all other results; therefore, it must be of very high quality and h
observations of as many stars as possible, including several measureme
the fundamental star. Next, the magnitude of HD 191263 is set to 6.19 in
filters (as discussed in Section 4.3). The measured values of HD 19126
then used to compute the difference (1m) between the pre-defined magnitud
and the instrumental magnitude for each filter.1m for each filter is simply the
difference between the zero point of the instrumental and HB systems, an
first order, it is constant for all objects observed on a given night. Therefore,1m
is added to each of the other star measurements to convert their magnitud
the HB systems. Where several observations exist, they are averaged, w
weighting. This process produces a (very preliminary) HB magnitude sys
for those stars observed on the first night.

The second night must include several flux standards that were also obs
on the first night, because the instrumental magnitudes are linked to the
system through the stars whose magnitudes have already been determin
on the first night,1ms are computed for each filter; however, in this cas
all of the stars whose magnitudes have been computed are used in the
age, rather than just the fundamental star; this keeps the fundamental star
being weighted more heavily than the other stars. Again, these average1ms
are used to transform the data to HB magnitudes, which can then be inco
rated into the HB magnitude averages. The rest of the nights are reduc
the same manner, recomputing the standard star magnitudes after each
of three or four nights has been reduced with the previous magnitudes. W
all of the nights have been included, the first iteration is completed and a s
preliminary magnitudes has been defined. Because all available stars are
to compute the1ms at each step, the magnitude of HD 191263 may dev
from 6.19 in some (or all) filters. If this is the case, then the new avera
magnitudes of all the stars are arbitrarily shifted to bring the magnitude
HD 191263 back to 6.19 to maintain the original definition of the standard
system.

The entire process, including the re-reduction of the raw data to instrume
magnitudes, can now be iterated to search for and remove any bad data p
When the standard star data were first reduced, the quality of the data c

duce
ibed
only be judged by looking at how well the extinction solution fit the extinction
stars and how closely the solutions from different stars matched on that night.
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This means that all of the data on a night were either included or rejected b
on the extinction stars. With the preliminary magnitude system in place, a
the data can be re-reduced using the1m for each individual data point as
means of identifying problem measurements in each night’s measuremen
this manner, nights that are good overall can be used, while any poor quality
can be eliminated (e.g., it is easy to identify if and when clouds came in du
a night by looking at the change in1m). In addition, the magnitude system
permits the use of a global solution for the extinction, so less-well-determ
extinction coefficients can be adjusted to improve the overall fit to the data

After the data have been re-reduced, the procedures for computing the
nitudes are repeated to get a second set of preliminary magnitudes. Fu
re-reductions and repetitions are done, until the magnitudes converge a
of the poor-quality data points have been eliminated. Note that each iter
of the magnitude calculations starts from scratch, with no information fr
the previous iteration other than the improved reduction of each night’s d
The iteration process is primarily a means of cleaning up the data to elim
problem points, but it also helps to keep the early nights from being weig
too heavily in the statistics (the re-reductions provide the feedback from
magnitudes determined in each pass). In general, the nights we used w
very high quality; however, the re-reduction process did help to identify
quasi-photometric nights that were ultimately removed from the average
addition, several nights started out photometric and then became cloudy, an
re-reduction helped to identify the point at which the data became question
Ultimately, the quality of our data was sufficient that only three iterations w
necessary for the magnitudes to converge to final values.

As a consistency check, we also performed a separate, parallel comput
in which the colors were used to indirectly determine the magnitudes.
procedure similar to that used to compute the magnitudes, the color for
measurement was computed from the instrumental magnitudes and an av
1 (Color) was determined for each filter. These were used to transform each
surement from instrumental colors to HB colors, which were then combine
get an overall average. Finally magnitudes were then obtained by adding the
for each filter to the BC magnitude for that star. The results of this computa
were essentially identical to those obtained directly from the magnitudes, th
the uncertainties differed slightly. The uncertainties in the color computat
are actually smaller than in the magnitudes (e.g., any variation in condit
during a night affects all of the filters in the same manner); however, when
colors are converted back to a magnitude, the inclusion of the uncertainty i
BC magnitude raises the overall error to be equal to or slightly higher than t
for the magnitudes determined directly.

APPENDIX C

Absolute Flux Calibration

Transforming relative magnitudes into absolute fluxes can be done usin
standard equation

Fabs= F010−0.4(m−0), (21)

whereF0, the absolute flux of a 0 magnitude star, acts as the conversion co
ficient. Thus, the absolute flux of a 0 magnitude star must be determined f
each of the HB filters. To do this, we used HB standard stars that are liste
calibrated spectrophotometric catalogs (Breger 1976, Burnashev 1985, H
et al.1992, Kharitonovet al.1988, Taylor 1984) and tied the system to an ab
lute flux based on the star Vega. The stars that we found in these catalog
were able to incorporate in to the computations, were HD 74280 (5 sour
HD 26912 (3), HD 164852 (2), HD 37112 (1), and HD 129956 (1). In additi
spectra of several of these stars from the otherwise unpublished collecti
A’Hearn were used as a consistency check. Note that most catalogs provide
relative fluxes, or even magnitudes, at various wavelengths, so a round
computation must be used to obtain the absolute fluxes. Furthermore, so

the catalogs list only a few values at widely spaced wavelengths. Interpola
between these wavelengths is acceptable for most filters; however, in the re
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near the Balmer discontinuity, interpolating produces large errors. Thus, the
at the CN filter was not computed from catalogs where this interpolation
required.

To couple the HB system to an absolute flux calibration, we adopted the H
and Latham (1975) standard, in which a V= 0 star has a flux at 5556 A

a
of

F0V = 3.52× 10−9 erg cm−2 s−1 A
a−1. This value is used, along with a standa

star’s V magnitude, to compute the flux of that star at 5556Å. The absolute flux
at the central wavelength of each HB filter is then found from the ratio of
flux atλ to the flux at 5556 A

a
as listed in the catalogs and scaling to the absol

5556 A
a

flux determined previously. Finally, we used the absolute flux at a gi
filter, combined with the star’s HB magnitude, to determine the absolute
that would be produced in that filter by a 0 magnitude star. This was done fo
all of the filters in all of the available stars to get multiple estimates of th
magnitude flux, which were then combined to produce an average conve
coefficient for each filter. Although the process seems complicated, all of
steps listed above for a single star collapse to a relatively simple equation,

F0X X = F0V

fX X

f5556
100.4(mX X−V), (22)

whereF0 is the absolute flux of a 0 magnitude star in a given filter,f is the
relative flux listed in the catalogs,mX X is the star’s HB magnitude in theX X
filter, and V is its Johnson V magnitude. An analogous equation can be der
for catalogs that list magnitudes rather than fluxes.

APPENDIX D

General Reduction Procedures for Comet Observations

Because many observers are likely to use a subset of the 11 filters, thi
pendix outlines a set of reduction procedures that can be used in many situa
yet will still produce results that can be compared to those from observers
a different combination of filters. The following gives a list of steps in which t
italicized text describes the task to be performed and the rest of the parag
describes specifically how it is done. Many of the equations are general
with X X andY Y representing the individual filter specifications. The releva
coefficients are listed in Tables VI and VII.

1. Convert HB magnitudes to flux in arbitrary (linearized) units. During the
basic data reduction, the comet measurements are transformed into HB
nitudes above the Earth’s atmosphere (mX X) using the extinction coefficients
and1ms determined from the standard stars (see standard star discussio
details). These magnitudes are then converted to linearized units (fX X) using

fX X = 10−0.4mX X (23)

which will be converted to an absolute flux in a later step. Note thatf denotes
the linearized units andf ′ (introduced below) denotes linearized units fro
which continuum and/or contamination have been removed. Similarly,F and
F ′ denote, respectively, contaminated and decontaminated absolute fluxe

2.Decontaminate the continuum measurements and fill in for missing con
uum values. This is the most complicated of the steps, because of the pro
used for removal of contamination and how it is affected by missing filters. T
continuum filters were designed to minimize the amount of contamination f
undesired species: there is some C2 contamination in the GC filter and some C3

contamination in the UC filter, but otherwise the continuum bands are assu
to be clean. In actuality, each of the continuum filters is likely to contain so
contamination from NH2 or other short-lived species, but this is at a very lo
level (typically about 1%), and without measurements of these species, the
tamination cannot be removed, in any case. Gas contamination of the contin
is removed using the measurement of the appropriate species. The amo
contamination is assumed to be a fixed fraction of the measured emissio
removing this flux from the continuum is, in principle, a simple matter. T
ting
gion
catch is that, before the gas is removed from the continuum, the continuum must
be removed from the gas measurement. This requires an iteration that reduces



H

n

a

l
b

,
t
m

o

t

t
t
n

.

o
o

la

nt is
s are

er
ag-
t be-

s per

olors
it is

not
ns is

mply

nuum
olor

qua-
and

perly
ersion

ing
202 FARNHAM, SCHLEIC

the mutual contamination with each step. Tests performed with dusty, ga
and average comets show that, in all cases, a maximum of three iteratio
sufficient for convergence (to 1 part in 104).

In the case of missing continuum filter measurements, it is assumed th
observation was obtained with either the BC or the GC filter (or both), to prov
a solid basis from which the continuum can be determined. If necessary, all o
continuum fluxes can be determined from one of these filters, using solar co
If more continuum filters have been measured, then dust colors (over and a
the solar color) can be obtained and the underlying continuum flux can be m
accurately removed from the gas measurements. Unfortunately, there is no
to account for missing gas filters, so if a C2 or C3 measurement is missing
the contamination to other filters cannot normally be removed, and it mus
assumed that there is no contamination. If, however, it is a well-studied co
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 dec
taminated flux can be considered to be the same as the contaminated valu

f ′BC ≡ fBC (24)

f ′RC ≡ fRC. (25)

If both the BC and the GC filters were measured, then the GC flux is decon
inated by iterating on the relation

f ′GC = fGC− KGC1 fC2 + KGC3( f ′BC)+0.1469( f ′GC)+0.8531 (26)

In this equation, the first term on the right side represents the measured GC
and the combined second and third terms represent the C2 contamination: the C2
measurement minus the underlying continuum (which is found by interpola
between the BC and the GC filters).KGC1 contains relevant information abou
the fraction of C2 captured in the GC filter, along with the flux conversio
from C2 to GC. Similarly,KGC3 contains the same information asKGC1, but
also accounts for the solar colors between the continuum filters and C2. The
exponents in the third term simply represent the interpolation between the
and the GC filters. Initially,f ′GC on the right side is set equal tofGC, and the
equation is iterated to solve forf ′GC.

If the BC measurement is missing but GC was measured, then Eq. (26) ca
be solved. In this case, solar color is assumed between BC and GC and Eq
reduces to

f ′GC = fGC− KGC1 fC2

1− KGC2
, (27)

which can be solved analytically to decontaminate the GC value.KGC2 contains
information similar toKGC3, except that it applies the solar color to account f
the fact that BC was not measured. Afterf ′GC has been determined, it is used t
fill in the missing BC measurement (which will be used later):

f ′BC = f ′GC10−0.4
(
m¯BC−m¯GC

)
. (28)

In the same manner, a missing GC measurement can be filled in by extrapo
the solar color from the BC measurement;

f ′GC = f ′BC10−0.4
(
m¯GC−m¯BC

)
, (29)

which gives the decontaminated flux at the green continuum wavelength.
Finally, the UC filter is decontaminated using the relation (analogous

Eq. (26))

f ′UC = fUC − KUC1 fC3+ KUC3( f ′BC)+0.6128( f ′UC)+0.3872, (30)
which is, again, solved iteratively. Note that a BC value exists at this point (eit
measured or extrapolated from GC), so the alternate situation, correspondin
ER, AND A’HEARN
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Eq. (27) in the GC case, is not relevant here. If the UC or RC measureme
missing, it can also be filled in using solar colors, but because these value
not used in the following, the equations are not given here.

3.Compute the continuum colors. We assume that the continuum colors (ov
and above the solar color) are linear with wavelength, when given in m
nitudes. Thus, color terms can be defined for each wavelength segmen
tween two filters:RUC–BC is the continuum color from UC to BC;RBC–GC,
from BC to GC; andRGC–RC, from GC to RC. All three are determined from
the decontaminated filter measurements and are specified in magnitude
1000 A
a
:

RUC–BC = 0.998

[
2.5 log

f ′BC

f ′UC
− (m¯UC −m¯BC

)]
(31)

RBC–GC = 1.235

[
2.5 log

f ′GC

f ′BC
− (m¯BC −m¯GC

)]
(32)

RGC–RC = 0.535

[
2.5 log

f ′RC

f ′GC
− (m¯GC −m¯RC

)]
. (33)

If the BC or GC measurement is missing thenRBC–GC is set to zero to signify
that only solar colors were used. As discussed in item 2, extrapolating the c
from UC or RC to fill in the BC to GC region can produce large errors, so
safer to use the solar colors. On the other hand, if the UC or RC filter was
measured, then it is relatively safe to assume that the color in these regio
the same as between BC and GC (RUC–BC= RBC−GC andRGC–RC = RBC–GC,
respectively). This provides a better estimate of the continuum colors than si
using solar colors.

4. Compute the continuum underlying the gas and ion species.Once the con-
tinuum colors have been computed, then they are used to obtain the conti
flux underlying the gas and ion filters. If the BC flux is used as a basis, the c
terms are used to extend to the other filters using the equations:

f ′OHC
= f ′BC10−0.4

(
m¯OH−m¯BC

)
10−0.5440RUC–BC (34)

f ′NHC
= f ′BC10−0.4

(
m¯NH−m¯BC

)
10−0.4352RUC–BC (35)

f ′CNC
= f ′BC10−0.4

(
m¯CN−m¯BC

)
10−0.2320RUC–BC (36)

f ′C3C
= f ′BC10−0.4

(
m¯C3−m¯BC

)
10−0.1552RUC–BC (37)

f ′CO+C
= f ′BC10−0.4 1m¯CO+ −m¯BC210−0.0736RUC–BC (38)

f ′C2C
= f ′BC10−0.4

(
m¯C2−m¯BC

)
10+0.2764RBC–GC (39)

f ′H2O+C
= f ′GC10

−0.4 1m¯H2O+ −m¯GC210+0.7040RGC–RC. (40)

Note that Eqs. (39) and (40) include coefficients different from the other e
tions, because they are not within the continuum region defined by the UC
BC filters.

5. Convert to absolute fluxes. At this point, all of the fluxes in arbitrary
units are converted to absolute fluxes, so that the continuum can be pro
subtracted and contamination removed from the gas measurements. Conv
of the decontaminated continuum measurements is done using

F ′X X = F0X X f ′X X, (41)

where theX X denotes each of the continuum filters. The continuum underly
the emission bands is converted in the same manner,

F ′Y YC
= F0Y Y f ′Y YC

, (42)
her
g to
where theY Y subscript denotes each of the gas bands and theC subscript in-
dicates that this is the computed flux of the underlying continuum. The last
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conversion is for the gas band measurements, which have not yet been d
taminated (hence, the lack of the prime symbol in the equation),

FY Y = F0Y Y fY Y. (43)

Using the absolute continuum fluxes,A fρ values (in cm) can be compute
for each of the continuum filters,

A fρ = qX Xr 21F ′X X/θ, (44)

wherer and1 are the heliocentric and geocentric distances to the comet (in A
θ is the diameter of the aperture (in arcsec), andqX X = 2.4685×1019/F¯X X is
a conversion factor specific to each filter:qUC = 2.716× 1017,qBC = 1.276×
1017, qGC = 1.341× 1017, andqRC = 1.975× 1017.

6. Remove continuum and contamination and convert to full band.
Finally, the underlying continuum and gas contamination are removed from
emission species, and the measured flux is transformed, using theγ coefficients,
to represent the entire band flux. Fortunately, there is no mutual contaminati
two filters, so no iteration or simultaneous solutions are required. However
order of solving the equations is important, because the filters contaminate
C3 (NH, CN, CO+) must be solved after the pure C3 flux has been determined
The final gas fluxes are found from

F ′OH = (γOH/OH)−1
[
FOH − F ′OHC

]
(45)

F ′C3
= (γC3/C3)−1

[
FC3 − F ′C3C

]
(46)

F ′C2
= (γC2/C2)−1

[
FC2 − F ′C2C

]
(47)

F ′NH = (γNH/NH)−1
[
FNH − F ′NHC

− γNH/C3 F ′C3

]
(48)

F ′CN = (γCN/CN)−1
[
FCN − F ′CNC

− γCN/C3 F ′C3

]
(49)

F ′CO+ = (γCO+/CO+ )−1
[
FCO+ − F ′CO+C

− γCO+/C3
F ′C3

]
(50)

F ′H2O+ = (γH2O+/H2O+ )−1
[
FH2O+ − F ′H2O+C

]
. (51)

The final results produced by the procedures outlined here are a measur
of the flux per unit wavelength at each continuum band and a measureme
the pure, full-band emission for each gas species.
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