
M10 yr13 1 � � � �
� ) coupled with a lack of a deep

surface convection zone, that accreted gas can lead to
observable under-abundances (Charbonneau 1993). Indeed, a
sizeable fraction of λ Boo stars show discrete, sharp, variable
absorption components in the cores of the Ca II K-line and the
Na I D lines, similar to those observed in the spectrum of the
protoplanetary-disk star β Pic (Gray 1988; Holweger &
Stürenburg 1991; Holweger & Rentzsch-Holm 1995; Grif� n
et al. 2012). These components are often interpreted as arising
from Falling Evaporating Bodies (cf. Lagrange-Henri et al.
1988), which may be massive comets or ablated atmospheres
from hot Jupiters (Jura 2015).
A signi� cant fraction of known λ Boo stars show infrared

excesses, which Draper et al. (2016) have convincingly
demonstrated are caused by debris disks and not by
interstellar-medium bow waves. What proportion of λ Boo
stars show infrared excesses is a matter of debate. Paunzen
et al. (2003) estimated that proportion to be approximately
23%, similar to that of A-type stars in general (Thureau et al.
2014). Draper et al. (2016) argued that the Paunzen estimate
may be too conservative and calculated from the Su et al.
(2006) 123-star Spitzer sample (of which 13 are λ Boo stars)
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that the percentage of λ Boo stars with excesses detected at 24
or 70 μm may be as high as 77%. Con� rmation of the
association of bright debris disks with the λ Boo class would
have profound implications for our understanding of the λ Boo
stars and would suggest that the λ Boo class represents a phase
in the evolution of A-type stars characterized by dynamic
debris disks, perhaps perturbed by the migration of massive
planets. In this context, it is worthy of note that the dusty λ Boo
star, HR 8799 (Gray & Kaye 1999), is host to the � rst imaged
exoplanets (Marois et al. 2008). In addition, Folsom et al.
(2012), as well as a number of other authors, have discovered
Herbig Ae stars with λ Boo abundance patterns. Kama et al.
(2015) suggested that the gravitational effects of giant planet(s)
in the protoplanetary disks of λ Boo Herbig Ae stars block the
accretion of metal-rich dust, but allow the accretion of gas-
phase carbon and oxygen. On the other hand, there are a
number of known λ Boo stars that do not show evidence for
debris disks. Presumably, those diskless λ Boo stars are simply
older, but this is dif� cult to reconcile with the accretion
scenario, as the lifetime of the λ Boo phase should be short-
lived ( 106�_ yr, Turcotte & Charbonneau 1993) once accretion
stops. This raises the question of whether there are multiple
channels to the λ Boo “state” (Murphy & Paunzen 2017).

The current sample of 64 known λ Boo stars is not adequate
to address these questions, � rst, because it is dif� cult to know
whether that sample is biased with respect to the presence of
infrared excesses, and second, because many of those stars are
bright and are thus saturated in surveys, such as the GALEX,
2MASS, and WISE surveys. The main purpose of this paper
and further papers in this series is to increase the number of
known λ Boo stars in a way that does not include bias with
respect to the presence of infrared excesses.

2. Sample Selection

λ Bootis stars constitute about 2% of the � eld A-type stars
(Gray & Corbally 2002), and so a general spectroscopic survey
of A-type � eld stars is unlikely to turn up a substantial number
of new λ Boo stars without considerable effort. However, we
estimate that many hundreds of λ Bootis stars with

V7.5 9.5  still await discovery. Stars in this magnitude
range should have good, unsaturated photometry in the
2MASS, GALEX, and WISE databases. We are currently
conducting an observing program to discover some of these
stars in the northern sky with the VATTSpec spectrograph on
the Vatican Advanced Technology Telescope on Mt. Graham,
Arizona. In the southern hemisphere, we have obtained spectra
of λ Bootis candidates with the ANU 2.3 m telescope at Siding
Spring Observatory, Australia and with the South African
Astronomical Observatory (SAAO) 1.9 m telescope. This paper
reports on the stars observed at SAAO.

An important long-term goal of this project is to estimate the
percentage of λ Boo stars that show detectable infrared
excesses. This means that the strategy that we adopt to pre-
select λ Boo candidates for spectroscopic identi� cation should
not bias that determination. In previous studies (cf. Gray 1991),
λ Boo candidates were selected on the basis of their location in
the Strömgren [m1], [c1] diagram, but that technique, although
presumably unbiased with respect to infrared excesses, has
mostly run its course because of the limited number of A-type
stars that have been observed on the Strömgren uvby system.
We are actively researching λ Boo candidates identi� ed by the
MKCLASS automatic spectral classi� cation program in the

LAMOST-Kepler project (Gray et al. 2016); the results from
that effort will be reported elsewhere. Unfortunately, many of
those stars are too faint to be easily observed down to
photospheric � ux levels in the far-infrared, even with future
space missions.

λ Bootis stars, because they are metal-weak, have reduced
line blanketing in the ultraviolet, and so should all be
characterized by near and far-UV excesses relative to normal
A-type stars (cf. Gray & Corbally 2009). The GALEX
spacecraft (Martin et al. 2005) carried out an all-sky survey
(except for � elds near the Galactic equator) in two ultraviolet
bands—the near-ultraviolet (NUV, 2271effl �� Å) and the far-
ultraviolet (FUV 1512effl �� Å). A-type stars in the desired
magnitude range are almost all saturated in the NUV band but
not in the FUV band. Known λ Bootis stars that have an
unsaturated GALEX FUV magnitude, or that have IUE spectra
(Nichols & Linsky 1996) that can be numerically integrated to
yield an equivalent FUV magnitude have been plotted in
Figure 1, along with a number of normal A-type stars against
their V�−�K colors. It is clear that most λ Bootis stars lie on or
near the lower envelope of the distribution of A-type stars in
this diagram, and thus, for a given V�−�K color, exhibit “bluer”
FUV�−�K colors (FUV excesses) relative to most normal
A-type stars. This suggests the following candidate selection
strategy: cross-correlate the TYCHO catalog (which has V and
B photometry, Høg et al. 2000) and the 2MASS Point Source
catalog (which supplies K-band photometry, Skrutskie et al.
2006) with the GALEX photometry catalog to � nd A-type stars
with FUV excesses for their V�−�K colors. This method is not
fool-proof, as can be seen from Figure 1 where some
apparently normal A-type stars have FUV-K colors similar to
λ Bootis stars. In addition, heavily reddened stars will appear to
have FUV excesses because of the slope of the reddening line
in the (FUV�−�K)/(V�−�K) diagram. However, because the
GALEX survey largely avoided the Galactic equator region, this
is not a large problem for this sample. Stars with hot
companions, such as white dwarfs or OB subdwarfs, or

Figure 1. Normal A-type stars (open circles) and λ Bootis stars (red squares
and diamonds) are plotted in a color–color diagram. The ordinate is a color
formed from the difference of the GALEX far-ultraviolet magnitude and the
2MASS K magnitude, and the abscissa is the V�−�K color. The FUV
magnitudes for the λ Bootis stars indicated by the diamonds have been
computed by numerical integration of IUE spectra, using the GALEX FUV
passband and transformed to the GALEX system. It is clear that the λ Bootis
stars, with one exception, lie on or near the lower envelope of the distribution
of A-type stars in this diagram, and thus exhibit, for a given V�−�K color, an
FUV excess relative to most normal A-type stars. The arrow shows the
reddening vector for E B V 0.1� � � �( ) .
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confused sources, might also be picked up with this method. In
general, however, this selection strategy should signi� cantly
increase the percentage of λ Bootis stars in the observational
sample in a way that will not seriously bias the statistics with
respect to infrared excesses. Stars selected with this method are
referred to in this paper as the “TYCHO sample.”

The other sample of stars reported in this paper includes a
few known λ Boo stars, λ Boo candidates from the Murphy
et al. (2015) paper in the “uncertain membership” categories
(see above), and a number of stars selected with the Strömgren
[m1]–[c1] method. This sample is referred to in this paper as the
“miscellaneous sample.”

3. Observations

Observations were carried out with the SAAO SpCCD
grating spectrograph, attached to the SAAO 1.9 m telescope.
Grating 6 was employed, which yields a resolution of about
2 Å/2 pixels and a spectral range from 3600 to 5400 Å. Time
was granted for four observing runs of about 5 days each in
2013 December, and 2014 March, June, and September,
enabling us to cover the entire southern sky. A total of 291
program stars, plus a number of MK standards, were observed
over the four runs. The spectra were reduced using standard
methods with IRAF.8 The average signal-to-noise of the spectra
is excellent and in most cases exceeds 150. All of the spectra
were recti� ed for classi� cation and analysis purposes.

4. Spectral Classi� cation

A number of MK standard A- and early F-type stars were
observed with the same equipment as the program stars.
However, the standards so obtained constituted a grid that was
too sparse—especially in the mid A-type stars—for precise
classi� cation of the program spectra. We therefore supplemen-
ted those standards with standard stars drawn from the libr18
standards library of Gray & Corbally (2014).9 Those standards
were observed with the Dark Sky Observatory (Appalachian
State University, North Carolina) GM spectrograph and have a
spectral resolution of 1.8 Å/2 pixels and a spectral range from
3800 to 4600 Å. Because those spectra have a slightly higher
resolution than the program standards, they were convolved
with a Gaussian to match the resolution of the SAAO spectra.

The spectral classi� cation of λ Bootis stars is described in
detail in Gray & Corbally (2009). In summary, because λ
Bootis stars are metal-weak, a spectral type based on the
hydrogen lines (the hydrogen-line spectral type) is “ later” than
spectral types based on the Ca II K-line and the general
metallic-line spectrum. Thus, the full spectral type of a λ Bootis
star consists of those three spectral types, a luminosity class,
and the designation “λ Boo.” For instance, the spectral type for
the classical λ Boo star HR�4881 is “F0 V kA1mA1 λ Boo”
where “F0” is the hydrogen-line type, “kA1” represents the
Ca II K-line type, and “mA1” the metallic-line type. Stars that
appear to be mild λ Boo stars are designated as “ (λ Boo).” The
best indicator of the effective temperature of the star is the
hydrogen-line type, that is, HR�4881 is an F0 star, and not an
A1 star. Indeed, the metallic-line spectrum, even though it has
the same general strength as that of an A1 star, appears

decidedly peculiar compared to that standard. For instance, the
Ca I 4226 Å resonance line, which grows rapidly in strength
with declining effective temperature, is strong relative to that of
the A1 spectrum, while the Mg II 4481 Å line is clearly weak.
Both of those effects are related to the fact that the star has a
lower effective temperature than normal A1 stars.
Some confusion is possible between λ Bootis stars and two

other classes—the A-type horizontal branch (HB) stars and
metal-weak, thick-disk early F-type stars. In the � rst case, Gray
& Corbally (2009) have discussed how the HB stars may be
distinguished from λ Bootis stars using high-S/N classi� ca-
tion-resolution spectra, such as those employed for this study.
Radial velocities can also help to distinguish between these two
classes. The confusion between late-type (F1 and later) λ
Bootis stars and metal-weak early F-type stars of the thick disk
is more problematic. Theoretically, the frequency of λ Bootis
stars should decline precipitously for spectral types later than
F0 because of the deepening surface convective zone, which
will serve to erase the surface under-abundances. On the other
hand, the number of stars in the thick disk rises sharply for
spectral types later than F0 (Gray 1989). This means there is a
overlap between the two populations (F1–F3) where it is
dif� cult to distinguish between the two classes using the
techniques of spectral classi� cation. Detailed abundance
studies should be de� nitive, as the λ Bootis star will have
near-solar abundances of carbon, nitrogen, oxygen, and
sulphur. Cheng et al. (2017) have recently come up with a
C I/Mg II line ratio that shows some promise in distinguishing
late-type λ Boo stars from other metal-weak stars. They point
out two late-type λ Boo candidates, HD 4158 and HD 106233
(F2 and F3 hydrogen-line types respectively) that are strongly
indicated as λ Boo stars by their criterion. Radial velocities
may also help to distinguish λ Boo stars from thick-disk stars,
although see Paunzen et al. (2014). The presence of an infrared
excess should point to a λ Bootis classi� cation, because there is
no reason to expect extensive dust around an old, thick-disk
dwarf star, unless, for instance, a companion of that star has
recently undergone the planetary-nebula phase. But we expect
such a contingency to be rare. We will investigate using the
presence of IR excesses as a λ Boo criterion in the discussion
section. The F1–F3 λ Boo candidates will be termed in this
paper “ late-type” λ Boo stars, with a “?” appended to their λ
Boo classi� cations to indicate uncertainty about their exact
status.
Using the criteria described above, we have classi� ed all of

the stars in the Tycho and miscellaneous samples. The spectral
types for the TYCHO sample are listed in Table 1, and those
for the miscellaneous sample in Table 2. Table 2 also records in
the “Notes” column an indication of why the star was observed
for this project. Stars with 1, 2, 3, or 4 in the Notes column
have all been classi� ed in the literature as λ Bootis stars, but
have been judged as “member, probable member, uncertain
member, or non-member” respectively of the λ Boo class by
Murphy et al. (2015). Stars with “u” in the Notes column have
been selected as λ Boo candidates with the Strömgren
[m1]–[c1] method.
This project has led to the discovery of 33 λ Boo stars,

including a number of late-type λ Boo candidates. Of these
stars, 24 are from the Tycho sample, and 9 were selected as
candidates using the Strömgren [m1]–[c1] technique. These new
discoveries are among the main results of this paper. In
addition, 12 stars in Murphy et al.�s probable, uncertain, or

8 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.
under cooperative agreement with the National Science Foundation.
9 http://www.appstate.edu/~grayro/mkclass/
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non-member categories have been con� rmed as λ Boo stars or
“ late-type” λ Boo candidates. This makes a total of 45 “new” λ
Boo stars (although the late-type candidates will need to be
con� rmed with other techniques), a 70% increase in the
number of con� rmed λ Boo stars over those identi� ed in
Murphy et al. (2015).

5. Basic Physical Parameters, Reddening,
and Infrared Excesses

The presence of infrared excesses in the program stars (see
the next section) can be determined by comparing far-infrared
data from archival sources (such as theWISE, IRAS, and Spitzer
space telescopes) with theoretical spectral energy distributions
based on stellar atmosphere models. This requires knowledge
of the basic physical parameters and reddening of the program
stars. We have estimated these parameters with the following
procedure:

5.1. Basic Physical Parameters and Reddening

A library of synthetic recti� ed spectra with effective
temperatures spanning 6500–11,500 K (spacing 50 K) was
calculated for glog 3.3, 3.6, 4.0�� , and 4.2, with metallicities
of [M/H]�=�+0.5, +0.2, 0.0, −0.2, −0.5, −1.0, −1.5, and
−2.0. These spectra have been convolved with a Gaussian
linespread function to duplicate the resolution of the SAAO
spectra. The synthetic spectra were computed with the spectral
synthesis program SPECTRUM (Gray & Corbally 1994) using
stellar atmosphere models computed with the ATLAS9 program
(Castelli & Kurucz 2003). The spectral line list employed was
lukeall2.iso.lst, which may be obtained on the
SPECTRUM website.10

The normal methods used to determine the physical
parameters from high-resolution spectra cannot be employed
with the relatively low-resolution SAAO spectra. One of us
(Q.S.R.) has written a computer program (extractIR) that,
in addition to downloading B and V photometry from Simbad
and infrared photometry from IPAC, � nds the model, for a
given metallicity, with the minimum 2c difference with the
observed spectrum. Infrared excesses (see below) are then
detected by comparing model � uxes with observed � uxes.

The 2c � t uses extra weighting for the hydrogen lines (Hβ
and Hγ) to ensure a good � t with the hydrogen-line pro� les.
The 2c � t includes only Teff and glog ; we have found that
including the metallicity ([M/H]) in the � t can lead to spurious
solutions because of so-called spectroscopic “degeneracies” in
the A-type stars (see discussion in Gray & Corbally 2009). We
have found the best way to proceed is to begin with solar

metallicity models, examine the � t between the observed and
synthetic spectrum visually, and then adjust the metallicity and
re-run the � t until the best match is found. The visual
inspection of the match between the theoretical spectrum and
the observed spectrum, using the methods of spectral
classi� cation, helps to break the spectroscopic degeneracy.
The photometric � uxes considered in this paper (Johnson B,

V, 2MASS J, H, and K, and WISE W1, W2, W3, and W4) are
dereddened with a combination of the Fitzpatrick reddening
law (Fitzpatrick 1999) and the mid-infrared extinction law of
Xue et al. (2016). The E B V��( ) excess is estimated by
considering the intrinsic color that corresponds to a given
spectral type. We have used the spectral-type “ running
number” (see http://www.appstate.edu/~grayro/mkclass/ for
a tabulation of the running number) and the Johnson B�−�V
indices of normal A-type stars (B8–F2) within 40pc of the Sun
(Gray et al. 2003, 2006) to derive a calibration that predicts the
intrinsic B�−�V index of the star to an accuracy of�±0.03 mag:

B V 0.176 0.0130RN 0.001455RN 10
2� � � � � � � � � �( ) ( )

where RN is the spectral-type running number. Empirical
metallicity corrections to that calibration have been derived by
considering both metal-rich (Am-type) and metal-poor (λ
Bootis) stars from those same references. We � nd the following
corrections: for M H 1.0 ��[ ] , subtract 0.04 from B V 0��( ) ,
for M H 0.5� � � �[ ] , subtract 0.02, for M H 0.2� � � �[ ] , subtract
0.01, for M H 0.2� � � �[ ] , add 0.01, and for M H 0.5� � � �[ ] ,
add 0.03. These corrections are of minor importance for our
application, as the infrared Rayleigh–Jeans tail of A-type stars
is insensitive to both Teff and metallicity as well as gravity (see
Figure 2).
A complication to the reddening determination is that many

of our program stars have only Tycho-2 (Høg et al. 2000) B and
V magnitudes (hereafter BT and VT). The Tycho-2 photometric
system deviates signi� cantly from the Johnson system. The
transformation of BT and VT magnitudes to Johnson B and V is
controversial and involves color terms, so to avoid this
dif� culty, we have used the same set of normal A-type stars
to derive a calibration similar to Equation 1 but using the
Tycho-2 B VT T��( ) color. This calibration may be used to
derive E B VT T��( ):

B V 0.223 0.0476RN 0.002248RN . 2T T 0
2� � � � � � � �( ) ( )

The correspondence between E B VT T��( ) and E B V��( ) is
very close; to verify this, we have used the passbands tabulated
in Bessell & Murphy (2012) to calculate values of B V��( ) and
B VT T��( ) for a number of synthetic � ux models representing
dwarf A-type stars (T 7000 10,000eff �� � K). We employed the
Fitzpatrick reddening law to redden those � ux models by

Table 1
TYCHO Sample: Spectral Types, Models, E(B�−�V ), and IR Excesses

TYC Other ID SpT Model Used E(B�−�V ) IR? Notes
Teff log g [M/H]

4712 00625 1 HD 21417 A8 III 7450 3.6 0.0 0.020 n L
4725 01108 1 HD 27750 kA7hF0mF0 IV 7300 4.2 0.0 0.103 n L
4737 00609 1 HD 31681 A5 IV(n) 7900 4.2 0.0 0.050 n L
4747 00429 1 HD 29492 A9 V 7600 4.2 0.0 0.058 n L
4835 00773 1 BD-01 1818 F1 V 7050 4.2 0.0 0.000 n L

(This table is available in its entirety in machine-readable form.)

10 http://www.appstate.edu/~grayro/spectrum/spectrum.html
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AV�=�0.3225 (E B V 1.0� � � �( ) ) and then computed the
resulting values of E B V E B VT T� � � �( ) ( ). That ratio is unity
to within 1% in the realm of the A-type stars.

Bessell & Murphy (2012) also published zero-points for the
Tycho BT and VT photometry, enabling the direct calculation of
stellar � uxes in those bands.

A remaining problem with employing Tycho-2 photometry
to determine reddenings is that there is a small proportion of
stars for which the tabulated photometry is clearly spurious,
especially in the BT band. This can lead to unreasonably large
values for E B V��( ). When the calculated reddening is too
large, the dereddened WISE � uxes lie systematically below the
model � uxes (we normalize the model � uxes to the dereddened
stellar � ux in the 2MASS J band). In some cases, the calculated
reddening may even exceed the Galactic line-of-sight red-
dening based on IRAS�100 μm emission (Schla� y & Finkbeiner
2011). When it is clear the reddening is too large, we manually
adjust the reddening so that the W1 and W2 � uxes agree with
the theoretical � uxes. In all cases, this reduces the reddening to
well below the Galactic line-of-sight reddening.

5.2. Infrared Excesses

Infrared excesses out to 22 μm are detected by comparing
the stellar � uxes in theWISE W1, W2, W3, and W4 bands with
theoretical � uxes based on the models selected with the
procedure described in the above paragraphs. These theoretical
� uxes are calculated with SPECTRUM using the lukeall2.
iso.lst line list extended to 100 μm with the atomic-line list
found on Kurucz CD23 (Kurucz & Bell 1995). Flux
comparisons are made by normalizing the theoretical � ux
spectrum to the stellar � ux in the 2MASS J-band, except in
those few instances where there is clear emission in that band,
in which case the normalization is made with the V-band.
Normalizing to the J-band is preferable to the V-band for many
of our stars because of the discussed problems with the Tycho
photometry. Infrared excesses are recorded in the form of a � ux
ratio, F F Fobserved theoretical theoretical��( ) , and the signi� cance of
those excesses is judged on the basis of the errors recorded for
the WISE photometry.

We have detected infrared excesses arising from two types of
sources. A number of our stars show excesses consistent with
the presence of a cooler stellar companion. Most of these stars
are known spectroscopic, speckle, or eclipsing binaries, and
naive � tting of the excesses with a blackbody yields a source
temperature and luminosity consistent with a star. The second
type of infrared-excess source shows excesses consistent with a
debris disk. For many of the stars in the miscellaneous sample,
these excesses have already been investigated in the literature
(see comments in Section 6.2.1). The others (including from

the Tycho sample) generally show excesses only in WISE
bands W3 and W4, or sometimes only in W4 (or, in other
cases, only in W3, if the W4 error is too large), and those
excesses are consistent with the presence of a cool debris disk
(T 100 K), although we do not have enough � ux points to
determine a temperature.
If an excess is detected with a � ux ratio 0.1�� and 2s �� , it is

indicated with a “*” or a “†” in the “ IR?” columns of Tables 1
and 2. The “*” indicates an excess attributable to a debris disk,
and the “†” indicates the excess arises from a cooler stellar
companion. We have chosen, for the purposes of this paper, the
criterion 2s �� instead of the usual 3s �� in order not to
overlook, for the purpose of planning future observations,
possibly interesting stars. As it turns out (cf. Draper et al.
2016), many known λ Boo stars have quite cool debris disks
that do not radiate strongly at 22 μm, but which do have highly
signi� cant excesses at longer wavelengths. The � ux ratios and
standard deviations for those excesses are recorded, band-by-
band, in Tables 3 and 4 for the Tycho sample and the
miscellaneous sample, respectively. If no signi� cant excess is
detected in the WISE bands, that is indicated with a “n” in the
“ IR?” columns of Tables 1 and 2. All of the program stars were
detected in WISE bands W1, W2, and W3. Most were detected
in W4 (22 μm), but in a minority of cases, the recorded W4 � ux
is only an upper limit. This has been indicated in the “ IR?”
column of Tables 1 and 2 with “W4 �m.”

6. Results

6.1. The Tycho Sample

There are 207 stars in the Tycho sample, and among those
we have identi� ed 25 λ Boo stars (including 3 late-type λ Boo
stars and one previously known λ Boo star), 32 Am stars, 5 Ap
stars, 1 shell star, and 3 composite spectra. The remaining stars
(139) can be considered “normal” A-type stars. Thus, our
selection method yielded 12% λ Boo stars, a much higher
percentage than expected from a general � eld star survey (2%).
The percentage of Am stars (16%) is about half expected from
a � eld star survey (34% Abt 1981), probably because our
selection criteria were biased toward metal-weak stars.
Of the 25 λ Boo stars identi� ed, 5 have only upper limits on

the W4 � ux. Among the remaining 20 λ Boo stars, 4 show
signi� cant infrared excesses (attributable to debris disks) in one
or more WISE bands, for a proportion of 20�±�10%. None of
the “ late-type” λ Boo candidates in this sample show
signi� cant infrared excesses. Those stars, however, tend to be
among the fainter stars in the sample, and this means larger
uncertainties on the WISE � uxes. Indeed, of the 5 λ Boo stars
with only upper limits on the W4 � ux, 4 have hydrogen-line
spectral types of F0 and later.

Table 2
Miscellaneous Sample: Spectral Types, Models, E(B�−�V ), and IR Excesses

HD Other ID SpT Model Used E(B�−�V ) IR? Notes
Teff glog [M/H]

HD 2884 1b Tuc B9.5 Va 10800 4.2 −0.2 0.009 n u
HD 2885 2b Tuc A3 IV 8300 3.3 0.0 0.033 L u
HD 3736 L A6 IV 7700 4.0 0.0 0.000 n u
HD 3922 L F0 V(n) kA6mA5 λ Boo 7400 4.2 −0.5 0.000 n u
HD 11413 BD Phe F0 V kA2mA2 λ Boo 7400 4.2 −1.0 0.000 n 1, u

(This table is available in its entirety in machine-readable form.)
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in� lling of all the higher Balmer lines. The Balmer line
wings are consistent with an A0 Va spectral type (although
B9.5 Vb is also possible), a helium line spectral type of
B9.5, but a B8 metallic-line type (judged from the Ca II
K-line and the Mg II 4481 Å line). Thus, we concur with
the metal-weak nature of this star, and agree with the λ
Boo designation. See Pascual et al. (2016) for a plot of its
stellar energy distribution (SED).

HD 101412: Folsom et al. (2012) concluded from an
abundance analysis that this Ae star has solar abundances
of C, O, and He, with under-abundances in the iron peak
elements, characteristic of a λ Boo star. Their analysis
agreed closely with that of Cowley et al. (2010), who also
noted that its abundance pattern was similar to that of a λ
Boo star. Interestingly, this star is magnetic with a
longitudinal � eld of 500�±�100 G (Folsom et al. 2012).
Our spectral type supports its status as a λ Boo star, in
agreement with Murphy et al. (2015). Our IR analysis
� nds strong excesses even in the 2MASS J, H, and K
bands.

HD 139614: An abundance analysis by Folsom et al. (2012)
found “a clear λ Boo pattern of abundances with solar C,
N, and O, and under-abundant iron peak elements in this
Ae star. Acke & Waelkens (2004), however, while
agreeing with an overall metal-weak nature, did not � nd
evidence for solar abundances for C, N, and O. Folsom
et al. (2012) attributed that disagreement to the higher Teff
assigned by Acke & Waelkens (8000 K to their 7600 K).
Our Teff is in better agreement with Folsom et al. (2012)
(7500K), and our spectral type does indeed suggest this is
a mild λ Boo star. Murphy et al. (2015) likewise conclude
that it is a λ Boo star. Our IR analysis shows strong IR
excesses even at 2MASS J, H, and K.

HD 141569: Folsom et al. (2012) � nd a λ Boo abundance
pattern in this Ae star consistent with a mild λ Boo
character. Gray & Corbally (1998) classi� ed this star as
metal-weak, but did not assign a λ Boo type. Our spectral
type A2 Ve kB9mB9 (λ Boo) is signi� cantly different
from that of Gray & Corbally (1998)—kB9 A0Va-(e)—
suggesting a spectrum variable. See Pascual et al. (2016)
for a plot of its SED.

HD 142994: A late-type λ Boo star showing signi� cant
excesses in the W2, W3, and W4 bands. The photometry
in those bands is listed as “A” quality in the AllWISE
Souce Catalog.

HD 154153: First classi� ed as a λ Boo star by Paunzen (2001),
this star has a late spectral type (F1) for a λ Boo star, but
shows sizeable infrared excesses in the WISE W1
(3.35 μm) and W2 (4.6 μm) bands, and smaller excesses
at W3 and W4. However, according to the AllWISE point-
source catalog, that photometry may be contaminated by a
halo from a nearby bright star. Spitzer IRAC 3.6 and
4.5 μm photometry, on the other hand, are consistent with
no infrared excesses in that wavelength range.

HD 169142: Folsom et al. (2012) detected a “clear λ Boo
pattern of abundances.” Our spectrum shows clear in� lling
of the Hβ line as well as Hγ, as well as a clearly metal-
weak character. The literature is unclear about the λ Bootis
nature of this star (see Murphy et al. 2015), but our
spectrum shows clear λ Boo characteristics. It appears to
be a spectrum variable, and it would be of interest to
follow this star for a period of time to see if its λ Bootis
nature also varies. See Pascual et al. (2016) for a plot of
its SED.

HD 183007: We concur with Murphy et al. (2015) that this star
has a composite spectrum, but differ from them in not
assigning a λ Boo type, largely because of the incon-
sistency between the K-line and the metallic-line types.

HD 188164: Classi� ed by Paunzen et al. (1996) as λ Boo(?),
but by Paunzen et al. (2001) as A3 V (e.g., normal), this
star does appear from our spectra to be mildly metal-weak
(A6 V kA2mA3). Murphy et al. (2015) consider it an
extremely mild, but bona � de λ Boo star, although with the
caveat that a full abundance analysis is necessary for
certainty. We prefer to err on the cautious side, and call
this star a possible, although very mild, λ Boo star. It is a
spectroscopic binary and does show a slight excess in the
WISE W2 band, although not at W3 or W4.

HD 217813: An A2 V shell star that shows IR excesses
consistent with the presence of a cooler companion. Those
IR excesses can be accounted for within the errors by a
4900K companion with a bolometric luminosity 0.6 times

Figure 3. HR diagram of the Tycho λ Boo stars with Gaia parallaxes (Gaia
Collaboration et al. 2016a, 2016b). The temperatures are from Table 1, and the
evolutionary tracks (Z�=�0.02) are from Bressan et al. (2012). Note that all of
the λ Boo stars in this sample lie between the ZAMS and the TAMS. Stars
showing infrared excesses attributable to a debris disk (see Table 3 and
Section 5.2) are indicated with a red “halo” around the data point.

Figure 4. HR diagram of the miscellaneous sample λ Boo stars with Gaia
parallaxes (Gaia Collaboration et al. 2016a, 2016b), excluding the Herbig Ae
stars. The temperatures are from Table 2, and the evolutionary tracks
(Z�=�0.02) are from Bressan et al. (2012). The � lled circles represent stars
discovered with the Strömgren m c1 1[ ]�[ ] method, and the open squares
represent candidates from Murphy et al. (2015). Note that, as in Figure 3, all of
the λ Boo stars in the miscellaneous sample lie between the ZAMS and the
TAMS. Stars showing infrared excesses attributable to a debris disk (see
Table 4 and Section 5.2) are indicated with a red “halo” around the data point.
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