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ABSTRACT

We present a brief atlas of L-band (3.3–4.2 lm) spectra for 42 stars plus the Sun and a sunspot observed at
a resolving power of R � 3000. This contribution is intended to supplement our previous K-band, H-band,
and J-band spectral atlases. The L-band data, which cover some or all of the 2400 to 3000 cm�1 (3.3–4.2 lm)
region, are mainly for luminous late-type stars. In reducing these data, special care has been taken to remove
telluric features, especially water vapor. We identify temperature- and luminosity-sensitive atomic
and molecular indices to aid in the classification of stellar spectra in the L band. The data are available
electronically.
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1. INTRODUCTION

In three previous atlases (Wallace & Hinkle 1996; Meyer et
al. 1998; Wallace et al. 2000) we presented medium-resolution
near-infrared spectra from the J,H, andK regions for a sample
of MK standard stars. Such medium-resolution infrared
spectra havemany applications.With the completion of recent
infrared sky surveys, e.g., 2MASS (Skrutskie et al. 1997) and
DENIS (Epchtein 1997), the near-infrared colors for point
sources are available over the entire sky to a relatively faint
limiting magnitude. For many sources spectroscopic follow-
up observations are the next step. Atlases of medium-
resolution spectra not only permit spectral classification for
normal stars entirely from infrared observations, but also
provide a map for planning observations with specific astro-
physical goals. We have attempted to make our atlases as
useful as possible by providing identifications of spectral lines,
as well as spectral indices for classification.

The J, H, K regions have relatively little thermal infrared
contribution and hence are relatively easily observed. At
wavelengths longer than about 2.5 lm thermal background
from the telescope and sky dominates the stellar signal.
Until very recently, little work had been done in the 4 lm
region compared with the 1–2.5 lm near-infrared. Surpris-
ingly, the first atlas of stellar spectra in the near-infrared
included the 4 lm region. Johnson & Mendez (1970) pre-
sented spectra of 32 stars of spectral type A0–M7, as well as
some carbon stars from 1 to 4 lm at resolving powers vary-
ing from 300 to 1000. A review of early work in infrared stel-
lar spectroscopy is given by Merrill & Ridgway (1979).
Fourier transform spectrometer (FTS) spectroscopy, which
will be discussed in this paper, was the next step forward in
infrared spectroscopy, allowing much improved sensitivity
with broad wavelength coverage. Ridgway et al. (1984)
present an atlas of FTS spectra of five stars observed at high
resolution from 3.60 to 4.17 lm.

A major advance in mid-infrared astronomy resulted
from space based observations. The IRAS and Infrared
Space Observatory (ISO) missions both resulted in a consid-

erable body of mid-infrared spectra at medium to low reso-
lution. The 3 and 4 lm region is near the border of the
thermal infrared, and since it is observable from the ground
it lacks the scientific justification of longer wavelengths.
However, ISO did include a short-wavelength spectrometer
that covered 2.4–45.2 lm (Kessler et al. 1996; de Graauw et
al. 1996), and these data are now publicly available.

Here we present an atlas of stellar spectra from 2400 to
3000 cm�1 (3.3 to 4.2 lm) to complement and extend our
previous near-infrared work. The sample described here is
much less extensive than our other atlases. In fact all the
spectra were observed for other purposes. However, we
have been able to produce a uniform set of spectra. There
are enough data to provide some overlap between ground-
and space-based surveys. In x 2 and 3, we describe the
observations and the data reduction. In x 4, we present the
spectra and detail the identification of spectral features
observed. In x 5 we discuss the combined 1.05 to 4.2 lm
spectrum for a few stars that we have observed in the L, K,
H, and J bands. A general discussion can be found in x 6.

2. OBSERVATIONS

The data were collected from archival spectra taken with
the FTS at the Kitt Peak National Observatory 4 m tele-
scope. This FTS was designed for observing stellar sources
and featured dual inputs and dual outputs for maximum
sky cancellation and efficiency (Hall et al. 1979). The obser-
vations discussed here span 1977 through 1987. The FTS
was closed in 1995 as a result of observatory budget reduc-
tions.While the observing process has been described in pre-
vious articles of this series (see especially Meyer et al. 1998),
these papers were concerned with the J-H-K near-infrared.
Procedures for observing in the thermal infrared are sum-
marized in this section.

Interferograms were sampled at 1 kHz in alternately for-
ward and backward scan directions as the path difference
was continuously varied up to the maximum path difference
set by the spectral resolution. One interferogram typically
required two to three minutes to observe. A complete obser-
vation, which consisted of tens of pairs of co-added inter-
ferograms, required hours. A few of the observations
reported here used dichroics in the output arms of the FTS

1 Operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.

The Astronomical Journal, 124:3393–3399, 2002December

# 2002. The American Astronomical Society. All rights reserved. Printed in U.S.A.

3393



to separate portions of the interferogram longward and
shortward of 2.5 lm. The interferogram was then recorded
using separate detectors equipped with the appropriate L-
andK- orH-band filters.

The program star was centered in a 2>7 aperture, and sky
was observed simultaneously in an identical aperture offset
by 5000. Data were obtained in a beam-switching mode
(A-B-B-A), alternating the source position between the two
input apertures. The interferograms were co-added, keeping
the opposite scan directions separate but combining
information with the source in different apertures. The dual-
input FTS design results in the spectrum of the background
emission (obtained from the offset aperture) being sub-
tracted from the interferogram of the star plus sky spectrum
in Fourier space as the data are collected. This, combined
with the beam switching, very effectively canceled the back-
ground radiation, allowing moderately broadband
observations in the thermal infrared.

Unlike the other articles in this series, the spectra
described here come from a mixed lot, having been origi-
nally observed with different bandpass filters and at different
resolutions. Two different blocking filters were used to
observe the 4 lm region. One filter, the one used by
Ridgway et al. (1984), is a more narrow filter covering 2400
to 2800 cm�1. The second filter is broader, giving a range
2400 to 3000 cm�1. For background noise–limited observa-
tions with an FTS, the noise results from the background
signal over the entire filter bandpass. Thus in the 4 lm
region the more narrow filter gave better signal-to-noise
ratio in an equal integration time and, hence, was more
extensively used.

3. REDUCTIONS

The interferogram data, which are recorded as intensity
as a function of position, were Fourier transformed to pro-
duce spectra. As a result the natural units of these spectra
are relative flux as a function of wavenumber (� cm�1).
Following transforming of the data the two spectra result-
ing from backward and forward scan directions were com-
bined. Comparison of the spectra from backward and
forward scanned data serves as a first defense against bad
data.

Since the spectra were obtained with a range of instru-
ment configurations, the next step in the reductions was
processing to a common apodized resolution of 0.90 cm�1

and a common sampling of 0.220 cm�1 per sample, with the
first sample at 2200.00 cm�1. Fourier transform spectra can
be reduced in resolution by convolution with an apodizing
function (Norton & Beer 1976). For best comparison with
spectra obtained using other instruments, we selected a
Gaussian apodizing function. The point spacing and sam-
pling for the data were determined by sample parameters
entered by the observer. To set a common point spacing it
was necessary to interpolate. A linear interpolation routine
was employed.

As the primary reference for the removal of the telluric
spectrum, spectra of IRC+10216 have been used. These
spectra were usually, but not always, obtained on the same
night as the program star. Ratios of spectra of IRC+10216
obtained on different nights with the same instrumental con-
figuration frequently show low-frequency, low-amplitude
ripple, presumably due to subtle changes in the instrument
optical alignment. To avoid the resulting errors we have

selected, wherever possible, spectra of IRC+10216 obtained
on the same night as the program star even though the air-
mass match was not necessarily optimal. As partial compen-
sation for the large variation of the intensity of IRC+10216
with wavelength, the IRC+10216 spectra have been divided
by a blackbody distribution at 400 K. The 400 K blackbody
temperature was set empirically to produce spectra that
were quasi-normalized over the 2400 to 3000 cm�1 region.

It is well known that water has a different scale height and
temporal variability in the earth’s atmosphere from the
other telluric gasses. A further corrective step was taken to
remove any residual telluric signal, in particular water, from
the spectra after the ratios were taken. This was done using
a logarithmic compression of the ratio of two spectra of
IRC+10216 obtained on 1984 Mar 11 and 13 at air masses
of 1.21 and 1.91. This simulates a telluric spectrum. Scaling
to the residual telluric spectrum and then dividing by this
ratio was found to give good correction to the telluric
absorption-line spectrum. However, a complication of the
4 lm region is the N2 pressure-induced band centered near
4.2 lm (Wing & Rinsland 1979). The pressure-induced
dipole absorption scales with the square of pressure rather
than with pressure, as is the case for the other telluric
absorbers. Hence it is not fully removed by the process we
have described.We believe this pressure-induced N2 absorp-
tion accounts for the trend of the continua of some reduced
spectra to higher or lower levels at the long-wavelength limit
of our spectra.

Careful examination of our reference IRC+10216 spectra
supported the conclusion of Ridgway et al. (1984) that the
IRC+10216 spectrum has no detectable intrinsic 3.3 to
4.2 lm absorption features. However, Cernicharo et al.
(1999) have detected a number of 1% to 2% deep features in
a 3 and 4 lm ISO spectrum of IRC+10216. We believe that
these features are in the noise in the data discussed here. We
find no indication of a residual IRC+10216 spectrum as
pseudo-emission in any of the reduced spectra. The
IRC+10216 lines cannot be seen on R = 100,000 FTS spec-
tra and most likely are intrinsically weak lines and not
intrinsically narrow, deep circumstellar lines observed at
low resolution. The 1.6 to 2.5 lm spectrum of IRC+10216
has a rich spectrum of weak features that is believed to be
the scattered photospheric spectrum (Hinkle & Keady
2000).

Some of the spectra reduced as described above had poor
signal-to-noise ratio, some had severe continuum distortion,
and for some of the broad filter spectra it was not possible
to achieve good telluric correction. Setting aside these spec-
tra, as well as duplicates that add no additional information,
Table 1 gives a list of 45 good reductions. These reduced
spectra are available electronically from the NOAOweb site
data archive. Two solar spectra are also presented, one of
the disk center from Livingston &Wallace (1991), and a sec-
ond of a sunspot from Wallace & Livingston (1992). Both
spectra have been apodized to low resolution as described
above. At medium resolution, previous comparisons of
solar disk center spectra with solar integrated disk spectra
have shown the spectra to be indistinguishable.

We have selected spectra from the reduced sample to
make up a ‘‘ grid ’’ across the H-R diagram. These spectra
are shown in Figures 1, 2, and 3. Figures 4 and 5 illustrate a
sample of peculiar late-type star spectra. As noted earlier
the data were drawn from archival spectra, mainly observed
at high resolution. Hence the sample is heavily weighted to
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bright stars. In the 4 lm region ‘‘ bright ’’ is frequently syn-
onymous with ‘‘ cool,’’ as well as with ‘‘ luminous,’’ and the
sample consists largely of spectral type K or later. Less
luminous stars, especially dwarfs, are not well represented.

4. SPECTRAL IDENTIFICATIONS

The identifications of the spectral features rest heavily on
the analysis by Ridgway et al. (1984) of high-resolution
spectra. The sample of Ridgway et al. (1984) includes
spectra of oxygen- and carbon-rich stars and so is similar to
our set of spectra.

For the oxygen-rich giants and supergiants (Figs. 1 and
2), the heads of the 2-0, 3-1, 4-2, and 5-3 vibration-rotation
bands of SiO and the P-branch lines of the 1-0 and 2-1

vibration-rotation bands of OH are very clear. Each P-
branch feature labeled consists of four lines, due to �-
doubling and spin splitting, which are of similar intensity,
with the center two unresolved and the outer two separated
by 3 or 4 cm�1. For otherwise unblended features this gives
the appearance of a trident, as in the case of the P19 feature
of the 1-0 band. Weaker P-branch features of the 3-2 and
4-3 bands are also present. The only prominent atomic
feature is the Mg i blend at 2585 cm�1. A weaker Mg i line
contributes to the blend at 2433 cm�1. A Ca i blend at 2704
cm�1 contributes as much to the 2704 cm�1 feature as does
the OH 3-2 P13 blend.

The dwarf star spectra (Fig. 3) cover a more extended
temperature range than the giant and supergiant spectra.
Vega shows only H lines, with Brackett � (n = 4–5) and

TABLE 1

List of Reduced Spectra

Star Name Spectrum Reference Dates

HR 90 ..................... R Anda S5/4.5e 1 1977 Oct 21

HR 681 ................... o Ceta M7 III 2 1977 Oct 21

HR 867 ................... RZAri M6– III 3 1987 Oct 2

HR 1457 ................. �Tau K5+ III 3 1977 Oct 21

HR 1612 ................. � Aur K4 II + B8 V 2 1984Mar 12

HR 1648 ................. WOri C–N5 4 1987 Jan 23

HR 1845 ................. 119 Tau M2 Iab–Ib 3 1987 Oct 2

HR 2061 ................. �Ori M1–M2 Ia–Iab 3 1977 Oct 21, 1987 Oct 2

HR 2286 ................. lGem M3 IIIab 3 1977 Oct 21

HR 2473 ................. �Gem G8 Ib 3 1984Mar 13

HR 2508 ................. . . . M1+ Ib–IIa 3 1984Mar 10

HR 3639 ................. RS Cnc M6 IIIa 2 1984Mar 10, 1987 Oct 2

HR 3748 ................. �Hya K3 II–III 3 1982 Feb 9

HR 4483 ................. !Vir M4 III 2 1984Mar 11

HR 4608 ................. o Vir G8 IIIa 3 1984Mar 11

HR 4846 ................. Y CVn C–J4.5 4 1987 Apr 15

HR 4910 ................. � Vir M3+ III 3 1987 Apr 16

HR 5226 ................. 10 Dra M3.5 III 3 1984Mar 10

HR 5299 ................. BY Boo M4.5 III 3 1984Mar 12

HR 5340 ................. �Boo K1.5 III 3 1982 Feb 9

HR 5563 ................. �UMi K4– III 3 1982 Feb 9

HR 5589 ................. RRUMi M4.5 III 3 1984Mar 10

HR 5854 ................. � Ser K2 IIIb 3 1984Mar 13

HR 6134 ................. � Sco M1.5 Iab–Ib 3 1983 Aug 22

HR 6146 ................. 30 Her M6– III 3 1987 Apr 15

HR 6406 ................. �1 Her M5 Ib–II 3 1983 Aug 23

HR 6702 ................. OPHer M5 IIb 2 1987 Apr 15

HR 6705 ................. �Dra K5 III 3 1982 Feb 9

HR 7001 ................. �Lyr A0 Va 5 1983 Aug 22

HR 7139 ................. �2 Lyr M4 II 3 1984Mar 10

HR 7405 ................. �Vul M0.5 IIIb 3 1987 Apr 15

HR 7442 ................. V1743 Cyg M4.5 III 2 1984Mar 10

HR 7564 ................. �Cyga S6+/1e 1 1977 Oct 21

HR 8775 ................. � Peg M2.5 II–III 3 1983 Aug 22

HR 9004 ................. TX Psc C–N5 4 1987 Jan 22

HD 1546 ................. VXAnd C–J4.5 4 1987 Jan 23

HD 22611 ............... U Cam C–N5 4 1987 Jan 23

HD 112559.............. RYDra C–J4� 4 1987 Apr 15

HD 114961.............. SWVir M7 III 3 1987 Jul 9

HD 126327.............. RXBoo M7.5–M8 III 3 1987 Jul 9

HD 183556.............. UXDra C–N5 4 1984Mar 10, 1987 Apr 15

. . . VCyga Ce, pec 6 1977 Oct 21

a AAVSO phases forMiras: RAnd, 0.67; o Cet, 0.87; �Cyg, 0.17; V Cyg, 0.60.
References.—Spectral types were obtained from the following sources: (1) Keenan & Boeshaar

1980; (2) Hoffleit & Jaschek 1982; (3) Keenan & McNeil 1989; (4) Barnbaum, Stone, & Keenan 1996;
(5)Morgan, Abt, & Tapscott 1978; (6) our estimate.
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Pfund � (n = 5–8) clearly present. Humphreys h (n = 6–14;
Garcia & Mack 1965) is also present. Humphreys 	 (n = 6–
13) at 2398 cm�1 is at the edge of the data. Humphreys 

(n = 6–15) could be involved in the broad feature at 2560
cm�1. The other dwarf spectra are taken from solar data.
The solar center-of-disk spectrum combines the hydrogen
spectrum with the atomic blends seen in the giants. The sun-
spot spectrum, equivalent at this resolution to an early M
dwarf spectrum since the Zeeman splitting is unresolved, no
longer has hydrogen lines present. OH has become strong.
A conspicuous difference between the sunspot and M giant
or supergiant spectra is that the SiO bands are absent in the
former.

Of the carbon stars (Fig. 4), W Ori and TX Psc show the
heads of the 2-0, 3-1, 4-2, and 5-3 vibration-rotation bands
of CS. These two spectra and the spectrum of the carbon
star VX And also show P- and R-branch features of the CH
1-0 vibration-rotation band and the R-branch features of
the 2-1 band. The ground states of both CH and OH are 2P,
but the CH features are sharper than the OH and do not
have the trident shape. Based on their high-resolution spec-
tra, Ridgway et al. (1984) state that away from the CS bands
most of the line opacity is due to CN. V Cyg appears to be
featureless. The IR colors of V Cyg indicate that it is
obscured by dust.

In the Mira spectra at medium resolution (Fig. 5), only
SiO is prominent. The Mg i and Ca i lines also appear in �
Cyg, and the OH features that are prominent in the super-
giants are also weakly apparent. A complication for � Cyg
and R And is the HCl vibration-rotation lines, which
present both emission and absorption features. Although
not individually apparent at medium resolution because
emission and absorption equivalent widths are similar,
overlap of the profiles confuses the appearance of the OH.
The presence of emission and absorption confuses the
appearance of the SiO spectrum at some Mira phases
(Lebzelter, Hinkle, & Aringer 2001). Aringer et al. (1999),
Rinsland & Wing (1982), and Hinkle et al. (1976) all report
that SiO is strongly phase dependent.

Fig. 1.—Representative spectra of supergiants. The labeled SiO features
are band heads, whereas the OH features are blends of four P-branch lines
with quantum number N indicated. The labeled features appear in all five
of the spectra, but with different strengths. Each spectrum has been shifted
vertically by 0.5.

Fig. 2.—Same as Fig. 1, but for giants

Fig. 3.—Representative spectra of dwarf stars. The hydrogen series lines
Brackett �, Pfund �, and Humphreys h are clearly present in the � Lyr
spectrum. Humphreys 
 is possibly also present. The molecular and atomic
labels are as in Figs. 1 and 2. The solar spectrum is disk center. The sunspot
spectrum serves as a proxy for an earlyM dwarf.
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A further complexity in 4 lm spectra of very cool stars is
the presence of H2O. Examination of the spectrum of o Cet
observed at high resolution shows that it is dominated by a
complex rich spectrum, which we assume is H2O. Lebzelter
et al. (2001) report on the identification of individual lines.
The presence of a complex absorber is also apparent at
medium resolution.

We have measured the strengths of four indices for use in
spectral classification. These are defined in Table 2. In each
case the continuum has been defined by linear interpolation
between points on each side of the feature. After normaliza-
tion to this level the residual intensity was integrated over
the feature. The SiO index includes most of the 2-0 band
and the Mg i index contains only the Mg i feature. The OH

1-0 P22 index also contains the OH 3-2 P17 blend plus
weaker atomic features. The OH 1-0 P19 index could be
influenced by aMg-K blend at 2676.9 cm�1. Values for each
index in each star appear in Table 3.

The spectral indices derived from the 4 lm region appear
to be useful for spectral classification. Adopting the Meyer
et al. (1998) spectral type to effective temperature conver-
sion as a function of luminosity class, Figure 6 shows equiv-
alent-width indexes as a function of Teff. SiO is strongly
temperature sensitive. SiO also does not appear in the sun-
spot spectrum and so must be luminosity sensitive. How-
ever, OH appears in sunspots, as well as supergiants, so
does not have a strong luminosity sensitivity. The Mg i

index appears to be luminosity sensitive. Mg i was a key
index in the J band (Wallace et al. 2000). Additional obser-

Fig. 4.—Spectra of carbon stars. V Cyg appears featureless. The other
three clearly showP- andR-branch lines of CH, and TXPsc shows CS band
heads.

Fig. 5.—Spectra of Mira variables. SiO is prominent in two of these
spectra, but other authors have shown that these bands are highly phase-
dependent inMiras (see text).

TABLE 2

Continuum Points and Band Limits for L-Band Spectral

Indices

Feature Continuum Pointsa Band Limitsa

SiO 2-0 band .......... 2473.8, 2498.7 2475.9 to 2497.7

Mg i 2586 cm�1 ...... 2583.6, 2587.3 2585.0 to 2587.0

OH 1-0 P22 ............ 2503.7, 2517.4 2505.8 to 2515.3

OH 1-0 P19 ............ 2666.7, 2682.6 2672.1 to 2680.5

a Units are inverse centimeters.

TABLE 3

L-Band Spectral Indices

Star Spectral Type

SiO

(cm�1)

Mg i

(cm�1)

P19

(cm�1)

P22

(cm�1)

�Gem.............. G8 Ib 0.407 0.181 0.361 0.587

� Boo.............. K1.5 III 0.182 0.129 0.262 0.237

� Ser ............... K2 IIIb 0.668 0.159 0.165 0.325

�Hya.............. K3 II–III 0.281 0.171 0.364 0.333

�UMi............. K4– III 0.360 0.147 0.345 0.315

� Aur............... K4 II + B8 V 0.578 0.194 0.422 0.624

�Dra .............. K5 III 0.499 0.167 0.443 0.315

� Tau .............. K5+ III 0.783 0.191 0.432 0.399

�Vul............... M0.5 IIIb 0.764 0.126 0.585 0.430

HR 2508 ......... M+ Ib–IIa 0.892 0.173 0.511 0.517

�Ori 1............. M1–M2 Ia–Iab 1.421 0.191 0.507 0.427

�Ori 2............. M1–M2 Ia–Iab 1.126 0.192 0.445 0.511

� Sco............... M1.5 Iab–Ib 0.941 0.177 0.696 0.476

119 Tau........... M2 Iab–Ib 1.132 0.188 0.452 0.458

� Peg............... M2.5 II–III 0.864 0.141 0.427 0.369

lGem ............. M3 IIIab 1.075 0.166 0.465 0.450

� Vir ................ M3+ III 1.050 0.171 0.427 0.373

10 Dra............. M3.5 III 1.118 0.145 0.522 0.351

�2 Lyr .............. M4 II 1.383 0.164 0.569 0.438

!Vir ............... M4 III 1.300 0.163 0.564 0.442

BYBoo........... M4.5 III 1.067 0.174 0.479 0.495

V1743 Cyg ...... M4.5 III 1.551 0.159 0.544 0.423

RRUMi ......... M4.5 III 1.080 0.161 0.443 0.345

OPHer............ M5 IIb 1.186 0.128 0.502 0.426

�1 Her ............. M5 Ib–II 1.336 0.159 0.448 0.422

30 Her ............. M6– III 1.338 0.140 0.407 0.382

RZAri ............ M6– III 1.189 0.177 0.457 0.662

RS Cnc 1 ......... M6 IIIa 1.014 0.131 0.333 0.385

RS Cnc 2 ......... M6 IIIa 1.007 0.132 0.379 0.352

SWVir ............ M7 III 1.102 0.135 0.423 0.486

o Cet ............... M7 III 0.405 0.074 0.122 0.261

RXBoo........... M7.5–M8 III 1.302 0.123 0.463 0.501
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vations over a larger range of the H-R diagram are needed
and presumably will soon be available from the ISO data-
base (Lenorzer et al. 2002).

5. COMBINED VIEW OF THE 1.05 TO 4.2 MICRON
SPECTRAL REGION

For a few of the program stars, medium-resolution
spectra of the same stars are presented for other bands in
previous articles of this series (Wallace & Hinkle 1996;
Meyer et al. 1998;Wallace et al. 2000).We discuss here three
stars observed in the J,H,K, andL bands. The nominal cov-
erage of these bands was 1.10–1.34, 1.50–1.80, 2.00–2.42,
and 3.5–4.2 lm, respectively. Since there are very few stars
that were observed in all four bands, the desire to obtain as
much range in spectral type as possible led to the selection �
Lyr (A0 Va; Teff = 9480 K), � Boo (K1.5 III; Teff = 4550
K), and � Her (M5 Ib–II; Teff = 2800 K). All the spectra
have been reduced to a resolving power of 1000 for this com-
parison. The flux information for these spectra is not avail-
able. Rather than presenting the spectra with the continuum
normalized, the continuum levels have been adjusted to that

of blackbodies at the effective temperatures of the stars. The
resulting spectra are illustrated in Figure 7.

For � Lyr, the L-band spectrum presented earlier in this
paper was used. Since � Lyr was observed as a telluric refer-
ence spectrum, it posed special problems in being reduced as
a program star. For the J, H, and K bands, ratios of � Lyr
spectra at differing air masses were used to correct for tellu-
ric absorption. The instrumental response for the bandpass
was then removed by dividing the corrected spectrum by a
heavily filtered version of the same spectrum. This also
removes the stellar energy distribution. The approximate
continuum variation was restored by multiplying by a
blackbody at 9480 K.

For � Boo we selected the high-resolution atlas spectra of
Hinkle, Wallace, & Livingston (1995). The atlas spectra
have been corrected for telluric absorption, and the contin-
uum has been normalized. To restore the approximate
stellar flux distribution, the spectra were multiplied by a
blackbody at 4550 K. Hinkle et al. (1995) made a special
effort to maximize spectral coverage by using a number of
filters other than the 4 lm filters described here. The result-
ing spectral coverage is greater than for the other two stars.

Fig. 6.—Spectral indices plotted as a function of effective temperature. The unit of equivalent width is the kayser (k) = 1 cm�1.
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However, gaps in the spectrum due to telluric lines in
regions of heavy telluric interference, e.g., from 3000 to
3500 cm�1, prevented the reduction of this region to
medium resolution.

A variety of sources were used for the �Her data. For the
L band the reduction presented in this paper was employed.
For the J and K bands the atlas spectra of Wallace et al.
(2000) andWallace & Hinkle (1996), respectively, were used
after correcting for the energy distribution of the reference
star, � Lyr. An archival FTS spectrum was used for the H
band. The telluric correction was done using ratios of � Lyr
spectra as described above. Note that theH-band spectra of
� Boo and � Her are dominated by numerous intrinsic
features and not noise (Meyer et al. 1998).

6. DISCUSSION

Comparison of the current data with previous and
current results in the literature allows some evaluation of
the quality. Comparison with Johnson & Mendez (1970)
shows that while the Johnson & Mendez (1970) spectra
have remarkable wavelength coverage for their time, the
signal-to-noise ratio and resolution of these spectra in the
4 lm region are so poor that frequently the spectra con-
tain little information. On the other hand the spectra pre-
sented here have very restricted wavelength coverage
compared with those observed with ISO (see for instance
Figs. 5 and 6 of Lenorzer et al. 2002). The ISO spectra,
which did not have to be processed to remove the telluric
spectrum, also can show very weak spectral features, as is
the case in the ISO spectrum of IRC+10216 (Cernicharo
et al. 1999).

A number of papers have discussed ISO spectra of car-
bon stars. One star observed by ISO, TX Psc, is in the
current atlas. The ISO observation of TX Psc at resolu-
tion 2000 (Aoki, Tsuji, & Ohnaka 1998) is quite similar
to the spectrum shown in this paper with, of course, the
exception that the ISO wavelength coverage is much
larger. While carbon stars have highly blended spectra,
the CH and CS features are conspicuous in both spectra.
On the other hand at R = 400, the ISO spectra of the 3.3
to 4.2 lm region become nearly featureless, showing just
a broad shallow dip (Jørgensen, Hron, & Loidl 2000).
We also note that the appearance of carbon star spectra
in the infrared is quite sensitive to the CNO group abun-
dances. TX Psc does not show HCN and C2H2 features
in the 3.3 to 4.2 lm region. These features are weakly
present in IRC+10216 but are very obvious in spectra of
R Scl (Hron et al. 1998).
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viding office space and computer access. We are indebted to
Robert Wing for a careful review of the manuscript. This
research made use of the SIMBAD database operated by
CDS in Strasbourg, France and NASA’s Astrophysics Data
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Fig. 7.—Spectra of � Lyr (bottom), � Boo (middle), and � Her (top) in
the J,H,K, andL bands with the prominent features identified. The relative
signal levels and slopes of the J,H,K, and L segments result from scaling to
a blackbody at the stellar effective temperature (see text). The fluxes and
blackbody temperatures used are illustrative. For instance because of
subsolar metal abundances, the giant � Boo has a slightly cooler (redder)
effective temperature than shown.
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