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ABSTRACT

We investigate the nature of the mid-IR excess for 31 intermediate-mass stars that exhibit an 8 um excess in either
the Galactic Legacy Infrared Mid-Plane Survey Extraordinaire or the Mid-Course Space Experiment using high-reso-
lution optical spectra to identify stars surrounded by warm circumstellar dust. From these data we determine projected
stellar rotational velocities and estimate stellar effective temperatures for the sample. We estimate stellar ages from these
temperatures, parallactic distances, and evolutionary models. Using MIPS [24] measurements and stellar parameters we
determine the nature of the infrared excess for 19 GLIMPSE stars. We find that 15 stars exhibit Ho emission and four
exhibit Ha absorption. Assuming that the mid-IR excesses arise in circumstellar disks, we use the Ha fluxes to model
and estimate the relative contributions of dust and free-free emission. Six stars exhibit Ha fluxes that imply free-free
emission can plausibly explain the infrared excess at [24]. These stars are candidate classical Be stars. Nine stars ex-
hibit Ha emission, but their Ho fluxes are insufficient to explain the infrared excesses at [24], suggesting the presence
of a circumstellar dust component. After the removal of the free-free component in these sources, we determine prob-
able disk dust temperatures of Tyi5x ~ 300—800 K and fractional infrared luminosities of Lig /L, ~ 1073. These nine
stars may be pre—main-sequence stars with transitional disks undergoing disk clearing. Three of the four sources
showing Ha absorption exhibit circumstellar disk temperatures ~300-400 K, Lir /L, ~ 1073, IR colors K — [24] <
3.3, and are warm debris disk candidates. One of the four Ha absorption sources has K — [24] > 3.3 implying an op-
tically thick outer disk and is a transition disk candidate.

Subject headings: circumstellar matter — line: profiles — stars: emission-line, Be —
stars: fundamental parameters — stars: rotation — techniques: spectroscopic

1. INTRODUCTION

With its launch in 1983, the Infrared Astronomical Satellite
(IRAS) opened up a new wavelength window and enabled iden-
tification of many classes of stellar sources with circumstellar
material, providing new insights into star formation and evolu-
tion. In one of the most exciting discoveries enabled by IRAS,
Aumann et al. (1984) reported the first detection of an infrared ex-
cess owing to dust in the Vega system, and this excess was later
explained as a debris disk. To date, many debris disks have been
found with IRAS, the Infrared Space Observatory (ISO), and the
Spitzer Space Telescope (Spitzer) (Backman & Paresce 1993;
Spangler et al. 2001; Meyer et al. 2004). Most known debris disks
show evidence of cool dust at wavelengths >20 pm, and the
majority of these surround intermediate-mass stars (Backman &
Paresce 1993; Chen et al. 2006; Hillenbrand et al. 2008). Only two
IRAS Point Source Catalog debris disk sources, the intermediate-
mass A-type stars 3 Pictoris and ¢ Leporis, exhibited a mid-IR
(£12 pm) excess detectable by /RAS (Aumann & Probst 1991).
Spitzer observations of /RAS-discovered debris disks indicate that
most are devoid of warm dust and small particles (sizes < 10 pm)
(Chen et al. 2006). The rarity of mid-IR excess sources may imply
that dust particles emitting at terrestrial temperatures are uncom-
mon around main-sequence stars.
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Advances in infrared technologies coupled with large-aperture
ground-based telescopes and Spitzer’s mid-IR sensitivity with
IRAC enable new searches for warm/hot circumstellar dust that
IRAS did not detect. Even with such improvements in sensitivity
over IRAS, only five known intermediate-mass stars (HD 3003,
HD 38678, HD 75416, HD 105234, and HD 181296) are sur-
rounded by debris disks with temperatures analogous to our as-
teroid belt (>200 K) (Chen & Jura 2001; Rhee et al. 2007 and
references therein). Spitzer observations have also revealed a num-
ber of mid-IR excess objects that are primordial disks undergoing
disk clearing processes similar to the solar-mass star TW Hya
(Calvet et al. 2005; Furlan et al. 2007). “Transition disks” may
be evolved protoplanetary disks with inner holes caused by clear-
ing of the initial gas-dominated disks from the inside out (Strom
etal. 1989). These disks would be optically thin at near- and mid-IR
wavelengths and optically thick in the far-IR. These sources would
show weak to no accretion signatures (Sicilia-Aguilar et al. 2006a).
Intermediate-mass candidate transition disks have only recently
been discovered (Hernandez et al. 2006, 2007; Sicilia-Aguilar et al.
2006b). Such transition disks are especially interesting as possible
evolutionary links between the optically thick Herbig AeBe disk
systems and the older optically thin debris disk systems.

In Uzpen et al. (2005, 2007) we exploited this new mid-IR
capability and used Spitzer to identify stars with 8 ym infrared
excesses. In Uzpen et al. (2007) we identified 230 stars that ex-
hibited 8 ;sm mid-IR excesses out 0of 4015 stars investigated in the
Spitzer Galactic Legacy Infrared MidPlane Survey Extraordinaire
(GLIMPSE; Benjamin et al. 2003) and MidCourse Space Exper-
iment (MSX ®) catalogs. Out of the 230 stars with 8 um excesses,
183 are of spectral types O or early B. The excess for these stars is
plausibly explained by free-free emission. Out of the 47 remaining

 See M. P. Egan et al. 2003, VizieR Online Data Catalog, 5114, 0.
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stars of spectral types B8 or later, five stars were shown to be
false excess sources, and three sources were not yet confirmed at
24 pm (Uzpen et al. 2007). In systems with mid-IR excesses we
modeled the 8 and 24 um excesses as simple blackbodies to
characterize the color temperature and fractional infrared lumi-
nosity of the circumstellar disk. The results were consistent with
massive debris disks and/or transitional disks with disk temper-
atures ranging between ~200—800 K and fractional infrared lu-
minosities (Lig/L,) ~10~*~1072. However, infrared photometry
alone is not sufficient to unambiguously determine the nature of
the extraphotospheric emission in these sources. Because of their
scarcity, identifying new transition disks and warm debris disks
is an important step toward understanding the evolutionary path
of circumstellar disks.

The nature of the mid-IR excesses emanating from circumstel-
lar disks around intermediate-mass stars (2—8 M,,) varies greatly
and partially depends on age (Zuckerman 2001). Young stars
form circumstellar disks through the collapse of the initial mo-
lecular cloud as a method to conserve angular momentum (Shu
et al. 1987). Intermediate-mass pre—main-sequence Herbig AeBe
stars accrete gaseous material via their circumstellar disks as
they evolve toward main-sequence stars (Herbig 1960; Waters &
Waelkens 1998). Circumstellar dust disks, presumably due to plane-
tesimal collisions, surround some main-sequence stars (Backman
& Paresce 1993; Lagrange et al. 2000). Circumstellar gaseous
disks that emit excesses owing to free-free emission surround
other main-sequence stars during late main-sequence or post—
main-sequence evolution and are known as classical Be stars
(Struve 1931; Porter & Rivinius 2003; McSwain & Gies 2005).
Circumstellar disks can surround evolved giants as well (e.g., Jura
1999; Verhoelst et al. 2007; Deroo et al. 2007). By understanding
the nature of the circumstellar disks, we can better understand
how these disks evolve.

The two most common stellar contaminants in surveys for stars
with debris disks are Herbig AeBe stars and classical Be stars.
Herbig AeBe stars are young stars accreting circumstellar mate-
rial via their disks (Strom 1972; Hillenbrand et al. 1992; Hartmann
et al. 1993). Emission lines and near-infrared excesses evidence
this accretion (Hillenbrand et al. 1992). Waters & Waelkens (1998)
suggest the following as criteria for Herbig AeBe stars: (1) an
emission-line A or B star, (2) an infrared excess owing to circum-
stellar dust, either hot or cool, and (3) luminosity class III-V. As
the primordial disk dissipates the emission lines weaken and the
infrared excess decreases, appearing only at longer wavelengths
(e.g., The et al. 1994). Classical Be stars are typically rapidly ro-
tating B stars with Ha: emission and an IR excess from free-free
emission (Gehrz et al. 1974; Balona 2000). These stars are vari-
able in both emission-line strength and luminosity (Dachs et al.
1988). The circumstellar disks for classical Be stars are thought
to be mechanisms for mass loss, unlike Herbig AeBe circum-
stellar disks which facilitate accretion (Balona 2000). Classical
Be stars are similar to Herbig AeBe stars in that they both exhibit
emission lines due to circumstellar gas (Struve 1931; Herbig
1960). The greatest distinction between Herbig AeBe stars and
classical Be stars is the nature of the infrared excess—dust in the
former and thermal bremsstrahlung in the latter.

In this paper we present results of optical spectroscopic analysis
for 30 mid-IR excess sources identified in the Spitzer GLIMPSE
and MSX catalogs to determine the nature of infrared excess (Uzpen
et al. 2007). By investigating the nature of the infrared excess
through optical spectral features, we can distinguish between var-
ious types of circumstellar disks that persist around intermediate-
mass stars. Our goal is to remove classical Be and Herbig AeBe
stars from our sample to identify transition and warm debris disk
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candidates. In § 2 we describe how we obtained new optical echelle
spectroscopy. We discuss the results of our rotational velocity anal-
ysis in § 3. In § 4 we present our methods for determining effective
temperatures. In § 5 we discuss the spectra including the Ho, Fe 1t
45317, Paschen, O 1, and Ca 1 IR triplet line profiles and any
implications on the nature of the disk from the lines. We describe
how we estimate stellar ages through main-sequence fitting uti-
lizing our determined fundamental parameters in § 6. In § 7 we
discuss how all of the derived parameters provide insight into the
nature of the infrared excess, how we use these parameters to
estimate the contribution of free-free emission associated with
our sources, and how we draw conclusions regarding the evolu-
tionary state of the circumstellar disk. In § 8 we describe the in-
dividual sources and classify the infrared excesses. Finally we
use spectral classification schemes for stars with infrared excesses,
such as classical Be stars, with our stars to determine if the clas-
sifications are consistent in § 9. We also apply our classification
schemes to well-known stellar samples to determine their clas-
sification in § 9.

2. TARGET SELECTION AND OBSERVATIONS

We observed 30 of 42 stellar sources that exhibited an 8 ym
mid-IR excess in Uzpen et al. (2007) 25 of which have an excess
at 8 and 20+ um. The purpose of these observations was to iden-
tify circumstellar disk characteristics (e.g., Balmer emission, me-
tallic emission, forbidden-line emission), and stellar classification
features (e.g., He 1, and Mg 11 absorption) based on optical spectral
features to determine stellar and circumstellar properties. We chose
stars with both known and unknown circumstellar evolutionary
state.

We conducted high-resolution, high signal-to-noise ratio
spectroscopic observations at the Magellan Telescope with the
Magellan Inamori Kyocera Echelle (MIKE; Bernstein et al. 2003)
double echelle spectrograph on the nights of 2006 September
26-28 and 2007 April 7-8. The spectral coverage was ~3400—
9500 A with a resolving power of R = 37,000 at 4000 A and
R = 29,000 at 6500 A measured from arc spectra. The typical
signal-to-noise ratio was ~100: 1 in the stellar continuum. We con-
ducted standard data reductions in IRAF including flat-fielding
with a continuum lamp and wavelength calibration using a ThAr
arc lamp, but no flux calibration was applied.

We also observed 13 stars to use as rotational velocity stan-
dards listed below the solid horizontal line in Table 1. These stars
were used to validate our technique and compare our determined
values to those in the literature. Seven of these stars had pro-
jected rotational velocities determined in Royer et al. (2002a). Ten
of these stars had projected rotational velocities determined in
Slettebak et al. (1975). Four stars had their rotational velocities
determined in both papers and provide a direct comparison be-
tween the two techniques. We will discuss these stars further in

§ 3.
3. ROTATIONAL VELOCITIES

The most common methods for measuring the projected ro-
tational velocities are through the computation of the first zero of
a Fourier transform of a given line profile (Carroll 1933; Gray
1992; Royer 2005) or through the measurement of a line FWHM
(Slettebak et al. 1975). The FWHM of He 1 44471, Mg 11 14481,
and Fe 114476 are shown to correlate with v sin i in Slettebak et al.
(1975) and is the method we adopt to measure projected rotational
velocity. However, this method is less reliable at lower rotational
velocities because of the nonlinearity of the FWHM /projected ro-
tational velocity relationship, and the calibration of Slettebak et al.
(1975) has been shown to be 10%—12% lower than measurements
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TABLE 1
ProJECTED ROTATIONAL VELOCITIES
vsini vsin i (Literature)
Target HD Spectral Type (km s~ 1) Lines Used (km s~ References

G007.2369+01.4894 ... 163296 AlV 145 £ 15 M

G008.3752—03.6097......cccovreenrereeninrereeiaen 167905 F3V 35+5 F

G009.4973+05.2441 ..o 161643 ATV 140 £ 15 M

G011.2691+00.4208.... 165854 BV 220 £ 15 H, M 250 £ 10,242 + 10 1,2

G014.4239—00.7657... 168246 B8 165 £ 10 H, M

G025.6122+01.3020 ... 171149 BV 290 + 20 H, M 280, 301 3,4

G027.0268+00.7224 ... 172030 A0V 25+5

G036.8722—00.4112.....ceeiivrcccrcccne B8V 295 £+ 20 H, M

G047.3677+00.6199 ....cooevniereeeeeeene 180398 B8 Ve 310 £ 25 H, M

G047.4523400.5132 .o 231033 A0V 150 + 10 H, M

G051.6491—-00.1182... 183035 A0V 270 £+ 20 H, M

G229.4514+01.0145 ... 58647 BV 295 + 20 H, M 118, 280 5,6

G257.6236+00.2459 ............. 72106 A0 IV 240 + 25 M

G265.5536—03.9951-n0rth(A) ...c.covvvevenennee 73461 A5V 40 £ 5 F

G265.5536—03.9951-south(B) .......cceceuenvnee. A6/8 V 2545 F

G269.5873—05.8882.....ceeuiririeieireieeens 74534 GO V 10£5 F 17 7

G299.1677—00.3922......cooiirereeeeieieenne B8 130 + 10 H, M

G299.7090—00.9704... 107609 B8/9 1V 175 £ 15 H, M

G300.0992—00.0627... Al 255 + 20 H, M

G305.4232—-00.8229... 114757 B6/8 V(E) 230 £+ 20 H, M

G307.9784—00.7148......coreeeieeeeeeeeene 118094 B8 V(N) 240 + 20 H,M

G310.5420+00.4120 ..ovovveeiiereieiireieeeeneen 121195 B8 IV(N) 270 £+ 20 H, M

G311.0099+00.4156........coceerrreereeiiriereienns 121808 A3 1V 235 + 25 M

G311.6185+00.24609.....c.ccoiieieeeeenne 122620 B8/9 IV/V 265 + 20 H,M

G314.3136—-00.6977... 126578 Al IV 205 £+ 20 M

G321.7868+00.4102 ... 135354 B8 VN 230 £+ 20 H, M

G339.4392—-00.7791... 151228 A0/1 IV/V 40 £+ 5 M

G339.7415—00.1904.......cooeieeieeene 151017 A0 240 £+ 15 H,M

G340.0517400.6687 ....cooveveeeeinrerciirrereicnens 150625 B8 230 £ 15 H,M

G347.3777404.2010 ..o 152404 F5V I5+£5 F
22252 B8V 255 £ 20 M 249 8
48757 A0V 30£5 M 27 8
50853 A0V 205 + 20 M 195 8
181454 B8V 80 £ 10 H,M 75 9
100673 B9 Ve 150 + 15 M 160, 125 8,9
97277 A2 1V 55+£5 M 45 9
83953 B6V 285 + 20 H, M 260 9
95370 A3 1V 95 £ 10 M 86, 90 8,9
83754 B5V 190 + 20 H, M 150 9
98718 B5 Vn 325 £+ 35 H 280 9
90994 B6V 105 £ 10 H, M 80 9
78045 A3V 50+5 M 34, 25 8,9
83446 A5V 135 £ 15 M 133, 125 8,9

Notes.—See Uzpen et al. (2007) for further information about GLIMPSE or MSX Catalog ID. Line profiles used to derive projected rotational velocities are M

for Mg 1 44481, H for H 1 14471 and F for Fe 1 14476.

REerereNcEs.— (1) Halbedel 1996; (2) Yudin 2001; (3) Abt & Morrell 1995; (4) Royer et al. 2002b; (5) Mora et al. 2001; (6) Grady et al. 1996; (7) Cutispoto et al.

2003; (8) Royer et al. 2002a; (9) Slettebak et al. 1975.

made using the Fourier transform (Royer et al. 2002a). In or-
der to improve on existing linear relations between He 1 14471,
Mg u 44481, and Fe 1 44476 we measure the FWHM of the
rotationally broadened stellar models of Munari et al. (2005)
of solar metallicity at a resolving power of R = 20,000 from
21,000-7500 K.

Figure 1 shows the relationships between projected rotational
velocity and the FWHM measured over a range of stellar temper-
atures by the author B. U. of He 1 14471 (top left), Mg u 14481
(top right), and Fe 1 14476 (bottom left). The He1 44471 line pro-
file includes a Stark broadening component. Since Stark broad-
ening has a nonlinear dependence on temperature this component
degraded the repeatability of consistent measurements that caused
a greater dispersion in the FWHM measurement. We derived the

following equations for a linear least-squares fit between the mea-
sured stellar absorption-line FWHM and the projected rotational
velocity:

vsini(km s~')=54.25 x He(FWHM) — 46.58 (kms~'), (1)
vsini(kms™') =47.64 x Mg(FWHM) + 2.01 (kms™!), (2)

vsini(kms™')=57.04 xFe(FWHM)—8.73 (kms™').  (3)
The Mg FWHM relation is not linear below ~40 km s~! due to
resolution of the line multiplets or above 300 km s~! due to

blends with the He 1 /14471 line, while the Fe FWHM relation is
linear at velocities >10 km s,
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FiG. 1.—Top left: The relation between projected rotational velocity and He 1 44471 FWHM of Munari et al. (2005) stellar models, where the multiple points at each
velocity reflect measurements over a range of effective temperatures. The He 1 44471 line contains Stark broadening that results in a greater dispersion in the FWHM
measurement. The solid line shows the linear least squares fit. Top right: The relation between projected rotational velocity and Mg 11 14481 FWHM. Bottom lefi: The
relation between projected rotational velocity and Fe 1 14476 FWHM. Bottom right: A comparison of projected rotational velocities of Royer et al. (2002a) and Slettebak
etal. (1975) versus our rotational velocities. The solid line shows the 1:1 relationship in this panel. Our measurements are consistent with those of Royer et al. (2002a) but

~10% larger than those of Slettebak et al. (1975), as explained in the text.

Table 1 lists the v sin i measurements of our target stars and ro-
tational velocity standards and compares them with values listed
in the literature, when available. Figure 1 (bottom right) shows a
comparison between our measurements and literature rotational
values from Slettebak et al. (1975) and Royer et al. (2002a, 2002b).
Our values are consistent with those derived from Royer et al.
(2002a,2002b) and are 10%—15% higher than those of Slettebak
etal. (1975). This offset compared to Slettebak etal. (1975) is con-
sistent with results from other projected rotational velocity stud-
ies. We estimate our uncertainties in projected rotational velocity
at 10%, given in Table 1, using the FWHM method based on both
the dispersion of the models from the best-fit line and measure-
ment uncertainties in the FWHM. When two rotational velocity in-
dicators are present, the reported rotational velocity is the weighted
mean of both measurements, and the uncertainty is the uncertainty
of the mean.

4. SURFACE TEMPERATURES

We determined effective temperatures by comparing model
equivalent width (EW ) measurements of He 1 14009, He 1 14471,
Mg 11 14481, Fe 11 14233, and Ca 1 44227 of Munari et al. (2005)
R = 20,000 solar metallicity models to our spectral measurements.
For our spectra we used the models in the range 7000 K < T <
21,000 K, with log g = 4.5 for T < 10,000 K, and log g = 4.0
for T > 10,000 K. We used models with rotational broadening

between 0 and 400 km s~!. The effective temperature step size
varies from ATy = 1000 K for 12,000 K < T < 21,000 K,
AT = 500 K for 10,000 K < T < 12,000 K and ATy =
250 K for 7000 K < T < 10,000 K.

The equivalent width ratios of Mg 1 44481/He 1 44009, Mg 1t
/4481/He 174471, Mg A44481/Fe 1 44233, and Mg 14481/Ca1
44227 form monotonic relations dependent on both rotational
velocity and temperature spanning 7 = 21,000—7000 K, as shown
in Figure 2. The solid curves in Figure 2 are polynomials repre-
senting the best-fit relation between the EW ratio and stellar effec-
tive temperature for the models with projected rotational velocity
of 150 km s~!. The multiple data points at each abscissa/ordinate
are due to multiple measurements of the same model and show
the magnitude of the random uncertainties associated with mea-
suring the EW. The dotted curve in Figure 2 (bottom left) rep-
resents the best-fit polynomial between the EW ratio of Mg 11
4481/ Fe 11 /4233 for models with rotational velocity of 250 km s !
(triangles). We chose Mg and He because these lines are prom-
inent in B and early-A stars, and He strength decreases rapidly in
late-B stars. Fe lines start to appear in early-A stars and increase
in strength toward later spectral types. Ca lines increase in strength
and number starting at late-A stars and continuing through F stars.
At rotational velocities >150 km s~! the Mg i1 /4481/He 1 14009
and Mg n 44481/He 1 44471 ratios are independent of rotational
velocity and thus provide the best estimates of 7.4 At rotational
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Fic. 2.—Top left: The relation between model ratios of EW Mg /4481/EW He 114009 and effective temperature. The multiple data points at each abscissa/ordinate
are due to multiple measurements of the same model and shows the systematic errors associated with this relationship. The solid curve shows the best-fit relation of EW
ratio to effective temperature for the models with 150 km s~! projected rotational velocity. Top right: The relation between EW Mg 14481/EW He 14471 and effective
temperature. Botfom lefi: The relation between EW Mg 11 144481/EW Fe 114233 and effective temperature. This relationship depends on rotational velocity, and the dotted
curve shows the best-fit relation of EW ratio to effective temperature at 250 km s~ 1. Bottom right: The relation between EW Mg 11 /4481/EW Ca1 /4227 and effective

temperature.

velocities <150 km s~! the Mg 1 14481/Ca 1 44227 ratios are
independent of rotational velocity and provide the best estimates
of T, The Mg 1 14481/Fe u 44233 relationship depends on
rotational velocity over all velocity ranges, unlike the other EW
ratios. Therefore, this ratio is not generally as sensitive to effec-
tive temperature, but we use it over a limited temperature range,
10,000—-12,000 K, where other lines ratios are not useful.

We determined the effective temperature utilizing one or more
equivalent width ratios in Figure 2 for our target stars and present
them in Table 2, along with spectral types from the literature. The
uncertainties on effective temperatures were determined by add-
ing in quadrature the uncertainty derived from equivalent width
fitting with one-half the model step size. The former uncertainty
component approximately accounts for the random uncertainty
in measuring the equivalent width, which is dominated by the
uncertainty in the definition of the stellar continuum. In general,
most derived effective temperature measurements are consistent
with the stellar spectral classification, within uncertainties.

We found several late-B stars to have effective temperatures
hotter than their spectral classifications would indicate. Such an
effect might result if, for example, some stars were deficient in
heavy metals, resulting in smaller metal-to-helium EW ratios in
Figure 2 and systematically higher indicated effective tempera-

tures. In order validate the derived temperatures and test whether
this approach is sensitive to our assumption of solar metallicity,
we compare in Figures 3 and 4 our spectra with the Munari et al.
(2005) stellar models, degraded to similar signal-to-noise ratios,
in the region near He 1 25876. Figures 3 and 4 show the spectral
region near He 1 5876 (dashed vertical line) with the best-fitting
stellar model overplotted in either red or blue. The narrow strong
lines to the right of He 1 15876 are the Na1 245890/5896 doublet,
generally of interstellar origin except in the later type stars which
have an atmospheric component. Red curves (24 out of 30 stars)
show the best-fit stellar model and indicate that the temperature
measured from EW ratios fell within one model temperature step
size from the best-fit model. Blue curves (6 out of 30 stars) show
the best-fit stellar temperature model and indicate that the model
deviated by more than one model temperature step size from
the temperature determined from EW ratios. For G014.4239—
00.7657 the best-fit stellar model was Ty = 18,000 K as it is
for G299.1677—00.3922 and G007.2369+01.4894. G014.4239—
00.7657 and G299.1677—00.3922 have the hottest measured T
and our relationship for Mg 1 14481/He 1 14471 is not very sen-
sitive in this temperature regime. For both stars the Mg 1 14481/
He 1 44471 derived temperature is ~600 K lower than Mg u
/4481/He 1 74009 ratio pushing the weighted mean to a lower
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TABLE 2
ErrEcTIVE TEMPERATURES

1D Spectral Type T (K)
e)) () (3)

G007.2369+01.4894 . AlV 10350 + 230
G008.3752—03.6697 F3V 7260 + 160
G009.4973+05.2441 . ATV 8320 + 130
G011.2691+00.4208...... . B9V 12350 + 520
G014.4239—00.7657 B8 16460 =+ 640
G025.6122+01.3020 B9V 12520 + 510
G027.0268+00.7224 A0V 10510 + 300
G036.8722—00.4112 B8 V 11740 =+ 260
G047.3677+00.6199 B8 Ve 15700 + 600
G047.4523+00.5132 . A0V 12260 + 510
G051.6491—00.1182.....coocoveeene. A0V 13100 + 530
G229.4514+01.0145 ..o, B9V 10220 + 390
G257.6236+00.2459 ........ . A0 IV 11530 =+ 300
G265.5536—03.9951-A ... A5V 7040 + 170
G265.5536—03.9951-B..... . A6/8 V 7660 £ 140
G269.5873—05.8882° ..... . GO 11I ...
G299.1677—00.3922..... B8 16170 + 730
G299.7090—00.9704..... B8/9 IV 12520 =+ 505
G300.0992—00.0627..... Al 13510 + 510
G305.4232—00.8229..... B6/8 V(E) 13520 + 510
G307.9784—00.7148..... . B8 V (N) 13220 + 520
G310.5420+00.4120 .......cvvveenn. B8 IV(N) 12430 + 510
G311.0099+00.4156.........cooverrrenn.. A3 IV 9800 + 130
G311.6185+00.2469...... B8/9 IV/V 10540 + 255
G314.3136—00.6977 Al IV 9870 + 130
G321.7868+00.4102 . B8 VN 12340 + 505
G339.4392—00.7791 oo A0/1 IV/V 8800 = 150
G339.7415—00.1904........coovoeeveen.... A0 12220 + 510
G340.0517+00.6687 ......... . B8 14080 + 520
G347.3777+04.2010° F5V

# This star is a giant. See § 8 for further details.
° This star is a spectroscopic binary. Equivalent width measurements vary
too greatly to determine temperature. See § 8 for further details.

temperature. If we ignore the Mg u 14481/He 1 44471 tempera-
ture, the Mg n 14481/He 144009 temperature, with uncertainties,
falls between the 17,000 and 18,000 K models, as is found from
the best-fit models. For the remainder of this paper we use T =
16,900 + 800 K for G014.4239—00.7657 and Ty = 16,450 £
1030 K for G299.1677—00.0392. G007.2369+01.4894 is a known
Herbig AeBe star (see § 8 for more details). The Na 1 D lines in
emission and strong broad He 1 5876 absorption are indicators
of circumstellar gas. This star exhibits line profile variations con-
sistent with circumstellar activity (Catala et al. 1989; Pogodin
1994). The variable lines and circumstellar gas explain the dis-
crepancy between temperatures measured from the He 1 15876
line fitting and EW ratios. G229.4514+01.0145 exhibits stronger
He 1 A5876 absorption than the Mg n 14481/He 1 414471 ratio
temperature of 7oy = 10,220 £ 390 K implies. This is a suspected
Herbig AeBe star (see § 8), and, like G007.2369+01.4894, it
is better fit with a hotter model, 7o = 12,000 K. G265.5536—
03.9951-A and B are binaries and their interactions may effect
their spectra. For G265.5536—03.9951-A we found a better fit
with a cooler model of 6500 K rather than the measured T, of
7,040 + 170 K, while G265.5536—03.9951-B is better fit with a
hotter model of 8250 K rather than the measured T, of 7660 +
140 K. G307.9784—00.7148 was also better fit with a cooler
stellar model, T = 12,000 K rather than the EW ratio measured
Ter = 13,220 £ 520 K. With the exception of the probable pre—
main-sequence stars, the best-fit models all lie within two stellar
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models of the measured temperatures based on EW ratios. The
sources with discrepant model fit temperatures and EW ratio mea-
sured temperatures may show indication of circumstellar gas, see
§ 5. In summary, the six stars that show small discrepancies be-
tween temperatures derived from He 25876 fits and EW ratios
are explainable in most cases by circumstellar material and ac-
tivity rather than metallicity enhancements or deficiencies.

The discrepancy between literature spectral types and derived
temperature for some objects in Table 2 may be in part due to dif-
ferences between observational parameters and theoretical stel-
lar models. For example, under the MK system, the definition of
a B8 main-sequence star requires the He 1 44471 EW to be equal
to the Mg 1 44481 EW. Using this MK system definition of a B8
main-sequence star and Munari et al. (2005) models we derive
a temperature of ~12,600 K through interpolation of the model
grids. However, the observational effective temperature for a B8
main-sequence star is 11,400 K (Cox 2000). We do not present
revised spectral types for the late-B stars in Table 2 due to the small
systematic temperature difference between optical classification
criteria and theoretical models.

5. SPECTRAL FEATURES

Metallic and hydrogen emission lines in the spectra of both
classical Be and Herbig AeBe stars have been well studied (e.g.,
Finkenzeller & Mundt 1984; Andrillat et al. 1990). For example,
the lines of He 1 25876, Na1 D, Ha, Fe 1, O 1, and Ca 1 IR triplet
have been studied as indicators of circumstellar material around
Herbig AeBe stars (Finkenzeller & Mundt 1984; Hamann &
Persson 1992; Boehm & Catala 1995; Hernandez et al. 2004).
The spectra of classical Be stars exhibit, in addition to hydrogen
emission, Ca 11 IR triplet, O 1 18446 and O 1 17772, and Fe 1 in
emission (Andrillat et al. 1990; Jaschek et al. 1993; Hanuschik
et al. 1996). By comparing line strengths with stellar models
it is possible to identify emission and absorption lines arising
in circumstellar material and identify the type of circumstellar
disk.

5.1. Hydrogen Lines
5.1.1. Balmer Lines

The nature of an infrared excess can, in part, be determined
through Ha spectroscopy. By definition, classical Be stars and
Herbig AeBe stars exhibit Balmer emission lines owing to their
circumstellar gaseous disk. In contrast, debris disks do not ex-
hibit any Balmer emission lines and are devoid of significant
amounts of circumstellar gas (Lagrange et al. 2000). We mea-
sured the Ha equivalent width for our targets and noted the five
Ha profile types in Table 3. These profile types include single-
peaked emission profiles (S), double-peaked emission profiles (D),
absorption profiles (A), P Cygni emission profiles (P), and inverse
P Cygni emission profiles (IP). For complex profiles, double-
peaked emission, or P Cygni features, we fit multiple Gaussian
profiles to the Ho feature and report the sum of the EWs in Table 3.
We performed the fitting process manually 5 times, and we adopt
the rms dispersion of the summed EWs as our estimate of the 1 o
uncertainty on EW(Ha)). We then utilized Munari et al. (2005)
stellar model Ha absorption measurements to correct the Ho
equivalent width for underlying absorption in order to estimate
the true EW of the emission. This measure, EW(Ha,), is then
used for the remainder of this paper. Normalized Ho spectra are
shown in Figures 5 and 6. One-third of the sample, 10 stars, ex-
hibit Ha absorption profiles. Of the remaining 20 stars that ex-
hibit Ha emission, only one star exhibits single-peaked emission,
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Fic. 3.—He 1 45876 profiles (dashed vertical line) of mid-infrared excess stars overplotted with best-fit Munari et al. (2005) stellar models. Red curves show the
stellar models for stars in which the measured stellar temperature falls in between the two nearest stellar models. Blue curves show the stellar models for stars in which
the measured temperature does not fall in between the nearest stellar models. G014.4239—00.7657, G229.4514+01.0145, and G265.5536—03.9951-A and B are
overplotted by blue curves indicating the discrepancy between the He 1 line and measured temperature.

one star exhibits inverse P Cygni, and one star exhibits P Cygni
profiles. The majority of the stars that exhibit Balmer emission
show a double-peaked emission profile (17 stars). This result is
not surprising given that the majority of both classical Be and
Herbig AeBe stars exhibit double-peaked Ha profiles (Porter &
Rivinius 2003; Finkenzeller & Mundt 1984).

5.1.2. Paschen Lines

Both early- and late-type classical Be stars exhibit Paschen
lines in emission with the later type only exhibiting weak emis-
sion not reaching the continuum (Andrillat et al. 1990). Herbig
AeBe stars have been found to exhibit Paschen emission, although
the Paschen lines are significantly weaker than the metallic Fe and
Ca emission lines in the red spectral region (Catala et al. 1986).
Figures 7 and 8 shows spectral regions 8400—8600 A and Paschen
lines Pal5—19. Lower order Paschen lines either lie off our spec-
tral coverage or fall in regions of poor atmospheric transparency.
Very few stars exhibit Paschen emission: G027.0268+00.7224,
G299.1677—00.3992, G321.7686+00.4102, and G340.0517+
00.6687. Table 4 lists the spectral features used for confirmation
of circumstellar gas and determination of the nature of the circum-
stellar disk. Paschen emission is listed as column (3) in Table 4.
For classical Be stars, emission from metallic lines of Fe 11, O 1
A8446,0127772, and Can is found only when the Paschen lines
are in emission (Andrillat et al. 1990; Jaschek et al. 1993). Herbig
AeBe stars may exhibit O 1, Fe i1, and Ca 11 emission with or with-
out Paschen emission (Catala et al. 1986).

5.2. Metallic Lines
5.2.1. Cau IR Triplet

For classical Be stars, Andrillat et al. (1990) found that Cam is
only seen in emission if Paschen lines were seen in emission.
Jaschek et al. (1988) found that Ca 11 emission was observed in
those stars that exhibited a large /RAS excess, >0.6 mag at 12 ym.
For Herbig AeBe stars, the Ca 11 IR triplet is shown to correlate
with the Ho emission strength (Catala et al. 1986). Only three
of our sources exhibited Ca 1 IR triplet emission, G007.2369+
01.4894, G027.0268+00.7224, and G229.4514+01.0145, and
their spectra are shown in Figure 9. The best-fitting EW ratio
determined stellar model is shown beneath the stellar spectrum.
G007.2368+01.4894 was also shown to exhibit Ca i emission
in Hamann & Persson (1992) and their profile appears similar
to our spectrum. G229.4514+01.0145 and G027.0268+00.7224
show double-peaked Ca 1 emission. These two stars also exhibit
double-peaked Ha emission. We also find that Ca 1 emission
strength is correlated with Ha emission strength, but our sample
is not large, containing only three sources. Therefore, we do not
further investigate this correlation.

5.2.2. O 1 18446 Emission and O 1 27772 Absorption

0118446 emission is seen in both Herbig AeBe stars and clas-
sical Be stars. The O 1 excitation is due to O 1 41025 fluorescence
with Ly( that subsequently excites the related O 1 18446 (Bowen
1947). Andrillat et al. (1990) found that classical Be stars only
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Fic. 4—He 1 45876 profiles of mid-infrared excess stars overplotted with best-fit Munari et al. (2005) stellar models using the same symbolism as Fig. 3.
G299.1677—00.3922 and G307.9784—00.7148 are overplotted by blue curves indicating the discrepancy between the He 1 line and measured temperature.

exhibit O 1 48446 emission if Paschen emission is also present.
Jaschek et al. (1993) found a correlation between O 1 18446
emission and O 1 17772 emission with the former about four
times stronger than the later. Jaschek et al. (1993) also found that
Be stars which exhibit both O 1 17772 in emission also exhibit
Fe 1 A7712 in emission. Hamann & Persson (1992) found that
some Herbig AeBe stars exhibit anomalously large O 1 17772
absorption and attribute it to a large circumstellar envelope. O 1
A7772 has also been seen in emission for some Herbig AeBe stars
(e.g., Hamann & Persson 1992). Column (5) of Table 4 lists
whether O 1 418446 is found in emission. Column (6) of Table 4
indicates whether O 1 47772 is found in absorption stronger than
stellar models predict (s) or in emission (e).

5.2.3. Fe 1 Emission

Classical Be stars exhibit metallic lines in emission, especially
Fe 1 (Jaschek et al. 1980; Hanuschik et al. 1996). Presence or
absence of Fe 1 is one criterion for classification of classical Be
stars into subgroups (Jaschek et al. 1980). We show continuum-
normalized spectra near Fe 1 25317 in Figures 10 and 11. Only four
sources exhibit Fe 1min emission: G027.0268+00.7224 (A0 V),
G229.4514+01.0145 (B9 V), G321.7868+00.4102 (B8 VN),
and G340.0517+00.6682 (BS). Jaschek et al. (1980) Group I
sources, stars with Fe 1 emission, are of spectral type BO—B6.
These four stars may be an extension to later spectral types for
Group I classical Be stars. Herbig AeBe stars have also been
shown to exhibit Fe 1 and Fe n emission, but the EW of Ha
for such sources show strong emission, EW(Ha) < —25 A
(Hernandez et al. 2004). G340.0517+00.6682 and G321.7868+
00.4102 are the only two of the four sources to exhibit strong

Ha emission, EW(Hoor) = —39.38 and —26.81 A and Fe
emission.

5.2.4. Broad Absorption

Herbig AeBe stars have been shown to exhibit absorption
lines such as He 1 45876 and O 1 17772 that are stronger and
broader than expected from the stellar photosphere (Catala et al.
1986). G007.2369+01.4894 exhibits strong He 1 15876 as noted
in § 3 and seen in the top left panel of Figure 3. G229.4514+
01.0145 may also exhibit strong He 1 415876 circumstellar ab-
sorption as indicated by the higher temperature stellar model
needed to fit the line than measured by He 1 and Mg 1 EW ratios
(see § 3). Several stars exhibit strong broad absorption features
at A ~ 4400, ~4418, and ~4455 A. These lines do not appear to
correspond with known diffuse interstellar bands (DIBs) or ex-
pected photospheric atomic absorption transitions (Jenniskens &
Desert 1994). The stars that exhibit broad nonstellar absorption
lines at these wavelengths are G007.2369+01.4894, G025.6122+
01.3020, G051.6491—00.1182, and G229.4514+01.0145. These
absorption lines may imply that G025.6122+01.3020 and
G051.6491—00.1182 are surrounded by circumstellar gaseous ma-
terial similar to the material surrounding Herbig AeBe stars. We
will discuss the implications of the stellar absorption/emission
lines in context of the nature of the infrared excess in § 8.

6. AGE DETERMINATION

When stars are not members of known stellar clusters with
well-determined ages, stellar ages are generally estimated by fit-
ting theoretical isochrones to effective temperatures and bolometric
luminosities, provided that some distance estimate is available
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TABLE 3
Ha EQUIVALENT WIDTH MEASUREMENTS

EW(Ha) EW(Hagu,)  EW(Hagyr) Ry Flux Ha Flux

ID Spectral Type Date (A) (A) (A) (ergs cm 27! A‘l) (ergs cm 2 s_l) Ha Profile

1 (2) 3) ) (%) (6) ©) (3) ©)
G007.2369+01.489%4 ........... A1V 2006 Sep 28 —26.15 + 0.15 1.42 x 10711 S
G008.3752—03.6697............ F3V 2006 Sep 28  —0.17 + 0.08 2.12 x 10712 P
G009.4973+05.2441 ... ATV 2006 Sep 28 5.11 & 0.02 2.52 x 10714 A
G011.2691+00.4208.... BYV 2006 Sep 27 —4.24 + 0.16 9.62 —13.86 + 0.16 1.30 x 10712 1.80 x 10~ D
G014.4239—00.7657............ BS 2006 Sep 27 4.45 4 0.03 0.00 1.40 x 1013 A
G025.6122+03.3020 ............ BYV 2006 Sep 28 6.42 + 0.09 5.99 x 10712 A
G027.0268+00.7224 ............ A0V 2007 Apr7  —1.97 £0.43 11.89 —13.86 £ 0.43 1.74 x 10~ 12 241 x 1071 D
G036.8722—00.4112............ B8V 2006 Sep 27 —2.39 £ 0.15 12.68 —15.07 £ 0.15 1.68 x 10712 2.53 x 10711 D
G047.3677+00.6199 ............ B9 Ve 2006 Sep 27 —14.08 + 0.24 8.39 —22.47 + 0.24 1.79 x 10”12 4.02 x 10711 D
G047.4523+00.5132 ... A0V 2006 Sep 27 6.49 + 0.02 0.00 5.12 x 10713 A
G051.6491—00.1182... A0V 2006 Sep 28 5.76 + 0.15 8.65 —2.89 +0.15 1.30 x 10~12 3.76 x 10712 D
G229.4514+01.0145 ............ BYV 2006 Sep 26 —7.82 + 0.45 8.66 x 10712 D
G257.6236+00.2459 ............ A0 TV 2006 Sep 26 9.41 £ 0.06 1.03 x 1012 A
G265.5536—03.9951-A ....... A5V 2006 Sep 27 3.77 £ 0.06 2.36 x 10712 A
G265.5536—03.9951-B........ A6/8 V 2006 Sep 27 493 +0.11 7.01 x 10°13 A
G269.5873—05.8882............ GO 111 2006 Sep 26 2.12 + 0.03 1.04 x 10712 A
G299.1677—00.3922... BS 2007 Apr 7 —4.37 +0.12 9.62 —13.99 + 0.12 551 x 10713 7.71 x 10712 D
G299.7090—00.9704... B8/9 IV 2007 Apr7  —1.99 £0.16 8.13 —10.12 + 0.16 5.36 x 10713 5.42 x 10712 D
G300.0992—00.0627............ Al 2007 Apr 7 —13.89 + 0.32 7.76 —21.65 + 0.32 241 x 1071 522 x 10712 D
G305.4232—00.8229............ B6/8 V(E) 2007 Apr7 —1422 + 0.42 7.76 —21.98 + 0.42 7.34 x 10713 1.61 x 10~ D
G307.9784—00.7148............ BS8V(N) 2007 Apr7  —4.63 + 0.69 8.64 —13.27 + 0.69 1.62 x 10712 2.15 x 10711 D
G310.5420+00.4120 ............ B8 IV(N) 2007 Apr7  —0.09 =+ 0.09 9.88 —9.97 + 0.09 6.88 x 10713 6.86 x 10712 D
G311.0099+00.4156............. A3 IV 2007 Apr 7 5.21 4+ 0.03 0.00 1.67 x 1012 A
G311.6185+00.2469.... B8/9 IV/V 2007 Apr 7 1.96 & 0.23 12.86 —10.90 + 0.23 3.12 x 10713 3.40 x 10712 D
G314.3136—00.6977... Al IV 2007 Apr 7 420 4+ 0.29 16.83 —12.63 + 0.29 9.41 x 10713 1.19 x 10711 D
G321.7686+00.4102 ............ B8V N 2007 Apr 7 —16.93 + 0.53 9.88 —26.81 + 0.53 5.88 x 10713 1.58 x 1011 D
G339.4392—00.7791............ A0/1 IV/V 2006 Sep 27 3.28 £ 0.76 14.48 —11.20 £ 0.76 8.58 x 10713 9.61 x 1012 D
G339.7415—00.1904............ A0 2006 Sep 27 5.50 & 0.03 0.00 4.15 x 10713 A
G340.0517+00.6687 ............ B8 2006 Sep 27 —31.62 + 0.08 7.76 —39.38 + 0.03 1.17 x 10712 4.61 x 10~ D
G347.3777+04.2010 ........... F5V 2006 Sep 27  —0.02 £ 0.10 2.08 x 10712 P

Notes.—In col. (5) Ha equivalent width of the nearest stellar model. This equivalent width was then used to determine EW(Ha,,;) and subsequently calculate the
Ha flux. In col. (7) the reddening corrected R flux. In col. (8) Ha flux was determined only for GLIMPSE mid-IR excess stars with 24 ym measurements and Ho emis-
sion. In col. (9) D = double-peaked profile, A = absorption only profile, S = single emission only profile, P = P Cygni profile, and IP = inverse P Cygni profile.

(Song et al. 2001). Using our derived T, and trigonometric pa-
rallaxes from Hipparcos/Tycho, we estimated stellar ages by fit-
ting stellar parameters to Siess et al. (2000) evolutionary model
tracks. Hipparcos parallaxes were the preferred distance mea-
sures and used when available (11 stars). In only one instance we
used a Tycho parallax. If neither parallax was available, we
adopted absolute visual magnitudes derived in the literature
(four stars) using methods such as H3 luminosity and intrinsic
Stromgren colors of luminosity classes (see Seidensticker 1989;
Westin 1985; Kozok 1985). We list parallactic distances in Table 5
except in the cases where noted. We then interpolated a bolometric
correction using our derived effective temperatures in conjunction
with Cox (2000) effective temperatures and bolometric correc-
tions. We applied these bolometric corrections to the Tycho-2 vi-
sual magnitudes and correct for distance and extinction to derive
the absolute bolometric magnitudes.

Figure 12 shows our derived absolute bolometric magnitudes
and effective temperatures (i.e., the HR diagram) with isochrones
derived from Siess et al. (2000) Z = 0.02 stellar evolutionary
models overplotted. Figure 12 shows the range of stellar temper-
atures consistent with ~2—-5 M, stars. Stars with absolute bolo-
metric magnitudes determined from Hipparcos parallaxes are
denoted by the diamonds, those with bolometric magnitudes de-
termined from Tycho parallaxes are shown by triangles, and those
for which literature absolute magnitudes were used are shown by
asterisks. The zero-age main-sequence is shown by the solid line.

Isochrones for 1, 10, and 100 Myr are shown by the dotted,
dashed, and dash-dotted relations. The majority of our stars are
consistent with 3—5 M, stellar models. Most of our stars lie above
the main-sequence, indicating either a late pre—main-sequence
(few Myr) or late main-sequence stellar age (~100 Myr). We
estimate a range of possible stellar ages by taking the full range
of Siess et al. (2000) model ages consistent with the derived tem-
peratures and luminosities, taking into account the measurement
uncertainties. Table 5 lists the possible age ranges for the stars
with sufficient measurements and compares them to other results
in the literature. The age ranges we determined for the three stars
having published age estimates were consistent with those mea-
surements. We were able to determine the age ranges of two stars
identified in literature as pre—main-sequence stars and found that
the ages were consistent with such a state. Most published mea-
surements of stellar ages have uncertainties of order a few per-
cent of the stellar lifetime because they are either nearby (small
uncertainties in luminosity) or derived from main-sequence cluster
fitting. Our age measurements typically have errors of 10% or
greater, so the derived values should be regarded as general age
ranges.

7. IMPLICATION OF FUNDAMENTAL PARAMETERS
ON THE NATURE OF THE MID-IR EXCESSES

Stellar parameters, such as rapid rotation and Ha emission can
provide insight into the nature of the infrared excess. On average,
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TABLE 4
SPECTRAL FEATURES

1D Ha Emission Paschen Emission

1) ) 3)

Ca 11 Emission

O 1 8446 Emission O 17772 Absorption Fe n Emission

G007.2369+01.4894 .........ooveveene.
G008.3752—03.6697......ecoeveererran
G009.4973+05.2441 .....covveeeenn..
GO011.2691+00.4208..........oocoeeeee.....
G014.4239—00.7657...covoreeerereeean
G025.6122+01.3020 ...

G027.0268+00.7224
G036.8722—00.4112
G047.3677+00.6199 ...
G047.4523+00.5132 ...
G051.6491—00.1182....
G229.4514+01.0145
G257.6236+00.2459 ...
(G265.5536—03.9951-A .. .
G265.5536—03.9951-B.......ococc......
G269.5873—05.8882% ....ccrvveereernn
G299.1677—00.3922....

G299.7090—00.9704....

G300.0992—00.0627....

G305.4232—00.8229
G307.9784—00.7148.......oovoeeveen...
G310.5420+00.4120 ....

G311.0099+00.4156
G311.6185+00.2469 )
G314.3136—00.6977....ooooreereeeer..
G321.7868+00.4102
G339.4392—00.7791.... .
G339.7415—00.1904.......coreveenne.
G340.0517+00.6687 ...
G347.3777+04.2010°.....ooo.

WY BPYYKYXK BDYY<YYXYXYD BB BYY BYYKYDBDBY B
B< BB BBBB B BBB<YPBBBBBBBPBEBBE< BB BBBB

“ O] (6) Q)]
y y s n
n n s n
n n n n
n n n n
n n s n
n n n n
y y e y
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n y n n
n n s n
n n n n
y y s y
n n n n
n n s n
n n n n
n n N/A n
n y e? n
n n n n
n y e n
n y e n
n y n n
n n s n
n n s n
n n n n
n n s n
n y e y
n n n n
n n n n
n y e y
n n N/A n

Notes.—In col. (2) stars that exhibit Ha in emission are denoted by y. In col. (3) stars with Paschen lines in emission are denoted by y. In col. (4) stars that exhibit Ca it
IR triplet emission are denoted by y. In col. (5) stars that exhibit O 1 .8446 in emission are noted by y. In col. (6) stars that are shown to have O 1 17772 in absorption
stronger than stellar models predict are denoted by s, those that exhibit it in emission by e, and those that exhibit absorption by n. G269.5873—05.8882 and
G347.3777+04.2010 are listed as N/A because we do not determine their stellar temperature and cannot make a comparison to stellar models. In col. (7) stars that exhibit

Fe 1 emission are denoted by y.

? Spectral features indicate that this star is a giant. See § 8 for further details.

® This star is a spectroscopic binary. See § 8 for further details.

classical Be stars rotate more rapidly than Herbig AeBe stars.
Ha emission can be used to determine the amount of free-free
emission expected from the circumstellar disk. Ha emission is
also found to decrease as pre—main-sequence stars evolve toward
the main-sequence (Manoj et al. 2006). Broadband infrared colors
are commonly used to discriminate between various circumstellar
disks (i.e., Hartmann et al. 2005). We use the fundamental param-
eters derived above to determine the nature of the circumstellar
excess in the following subsections.

7.1. Large Rotational Velocities

Intermediate-mass stars rotate at a wide variety of velocities
depending on how they formed and their evolutionary state.
Finkenzeller (1985) found that Herbig AeBe stars rotate at values
of 100 < wsini < 225 km s~'. Boehm & Catala (1995) predict
that higher mass Herbig AeBe stars (>4 M) should gain angular
momentum as they approach the zero-age main-sequence. Boehm
& Catala (1995) also predict that zero-age main-sequence stars in
the mass range 2.6 My < M, < 4.0 M, should rotate at 205 +
55 km s~ ! and stars with M, > 4.0 M, should rotate at 180 +
90 km s~ ! based on pre—main-sequence projected rotational ve-
locities. Classical Be stars are typically rapid rotators having
vsini > 200 km ~!. In Figure 13 we compare the rotational ve-

locities for our sample of 20 GLIMPSE late-B and early-A stars
(dashed histogram), to B8—B9.5 stars from Abt et al. (2002; solid
histogram) and classical Be stars from Hanuschik et al. (1996)
(dash-dotted histogram). Our 20 GLIMPSE stars rotate between
25 km s~! < vsini < 310 km s~! with a mean and dispersion
of o km s, Abt et al. (2002) found that the rotational velocity
distribution for B8—9.5 stars is bimodal with peaks at both 50 and
250 km s~!. The mean projected rotational velocity and dispersion
of the Abt etal. (2002) late-B star sample is 148 = 84kms~!. The
mean projected rotational velocity and dispersion of Hanuschik
et al. (1996) classical Be stars is 217 + 17 km s~!. Thus, our
sample has comparatively high rotational velocities, more con-
sistent with the HAeBe stars and Be stars than the field B stars of
Abt et al. (2002).

We compared our sample rotational velocities to both the clas-
sical Be sample and the B8—B9.5 sample using a K-S test to de-
termine if our sample could be drawn from either of these other
distributions. There is no large sample of Herbig AeBe stars with
projected rotational velocity measurements as they approach the
zero-age main-sequence, so we cannot make a comparison to these
objects. The probability that our sample could be derived from
the Abt et al. (2002) sample is <0.1%. The probability that our
sample may be derived from the Hanuschik et al. (1996) sample
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Fig. 10.—Fe u 15317 profiles of mid-infrared excess stars. Fe 1 is indicated by the dashed vertical line. Fe 11 emission is not very common among our sources.
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Fic. 11.—Fe 1 45317 profiles of mid-infrared excess stars. Fe 11 is indicated by the dashed vertical line. Fe i emission is not very common among our sources.

is 8%. Although the mean projected rotational velocity of our
GLIMPSE stars is consistent with those of the Hanuschik et al.
(1996) classical Be stars, it is unlikely that our sample consists of
solely Be stars. This result may imply that our sample is a mixed
group of sources including both normal B stars, classical Be stars,
and even Herbig AeBe stars.

7.2. Infrared Colors as a Discriminant
Jfor Terrestrial Temperature Dust

Using the working definition of Waters & Waelkens (1998)
for Herbig AeBe stars, the only differing criterion between clas-
sical Be and Herbig AeBe stars is the nature of the infrared excess.
While Herbig AeBe stars have an infrared excess due to circum-
stellar dust and gas, classical Be stars owe their infrared excess to
free-free emission in ionized gas.

Color-color plots are often used to distinguish various types
of infrared sources (e.g., Walker et al. 1989; Zhang et al. 2004).
Using a color-color plot in both the near- and mid-infrared we
can distinguish between sources that have an excess owing to
free-free emission (and free-bound emission) and sources that
have dust emission. In order to model the expected contribution
of free-free emission to the infrared continuum we utilize the fol-
lowing equation from Tucker (1975) to estimate the free-free flux.
The free-free emissivity at a given frequency, v, is

Jr(v) = 5.44x107%
Gf’fZizNeNp —hv/kT
x ——=+¢
VT

(ergs em™ s st Hz '),

4)

where N, and N, are the electron and proton densities, 7 is the
electron temperature, and Gy is the Gaunt factor. We assumed an
electron temperature of 10,000 K, a pure hydrogen gas, Z =1,
and N, = N, =3 x 10! ¢cm—3. The values of electron densities
for classical Be stars vary and we use the mean value from Gehrz
etal. (1974) (n, = 3 x 10'! cm~%). Even though classical Be stars
exhibit such large electron densities within their circumstellar
disks, it has been shown that such disks are still optically thin
at optical wavelengths (McDavid 2001). We used Gaunt factors
from Figure 5 of Karzas & Latter (1961) by fitting a polynomial
to parameterize the Gaunt factors as a function of wavelength for
T ~ 10,000 K. Equation (5) gives an expression for the Gaunt
factor for 10,000 K where 4 is in ym

Gy = 33.513 — 4.041 x log (4)

+ 0.106 x log (2)* 4 0.001 x log (1)*.  (5)

In the near-infrared, the contribution of free-bound emission is
not negligible. Ashok et al. (1984) found the contributions from
free-free and free-bound to the total nebular emission at 2.2 ym
are 63% and 37%, respectively, for the physical conditions of
Gehrz et al. (1974). We therefore include free-bound emission in
our calculation of nebular emission. The free-bound emissivity
as a function of frequency is

jP =14x107%
X n’3NeNpT’3/ZZ4e(X”’h”)/kT(ergs em s lsr! Hz’l)7

(6)



No. 2, 2008

GLIMPSE MID-IR EXCESSES 1171

TABLE 5
ESTIMATED STELLAR AGES

Distance Adopted My, Age Derived Age in Literature

ID (pe) (mag) (log yr) (log yr)

M @ ©) “ ®)
G007.2369+01.4894 .....coevcvrrrreens 122+17 —1.15%3 6.13-6.63, 8.04-8.27 6.70°
G009.4973+05.2441 137133 1277349 6.65-6.95, 8.42-8.74
G025.6122+01.3020 ... 114707 —0.10753¢ 7.09-8.09
G036.8722—00.4112... 4244433 —1.531349 6.11-6.32, 8.10-8.20
G047.3677+00.6199 ... 3535 —2.055978 6.87-7.72
G047.4523+00.5132 909+51, —2.0039 6.11-6.37, 7.58-8.19
G051.6491—00.1182.....ocorrrrrnene 345117 —0.9870-22 6.13-8.05
G229.4514+01.0145 ..o 277400 —2.2570-3 6.09-6.43, 8.37-8.43
G257.6236+00.2459 .......cooevneceen. 28812 —0.13795¢ 6.26-6.55, 7.33-8.24
G265.5536—03.9951-A. 13939 070754 6.81-6.83
G265.5536—03.9951-B". 13973 1.857042 6.81-6.83
G305.4232—00.8229° ..... 1009124 —3.05 £ 045 5.88, 7.87-7.95
G307.9784—00.7148.....cccore.... 7587357 —3.047338 6.00-6.23, 7.66-8.03 8.03 + 0.04¢
G311.6185+00.2469° .......vccccc. 965 —~1.13 £ 0.50 6.08-6.18, 8.16-8.18 8.275
G321.7868+00.41025................... 1010 —2.09 £ 0.51 5.83-6.12, 8.01-8.13
G340.0517+00.6687................... 830 —3.14 £ 0.14 5.62-5.85, 7.81-7.90
G347.3777+04.2010 ....cccenneee.... 7.23"

? Mannings & Sargent (1997).

° Assuming both stars to be coeval only a 2.2 and 2.0 M, binary is possible given temperature measurements.
¢ Utilizing Seidensticker (1989) extinction and absolute visual magnitude measurements.

d Levenhagen & Leister (2004).

¢ Utilizing Westin (1985) absolute visual magnitude.
 Westin (1985).

& Utilizing Kozok (1985).

" Chen et al. (2005.

where 7 is the excitation level of hydrogen (Tucker 1975). We
adopted the same values for N,, N,,, and T'as for the free-free emis-
sivity above.

We used the above equations for free-free and free-bound emis-
sion to model the infrared colors of a two-component spectral
energy distribution consisting of a stellar atmosphere and a ther-
mal bremsstrahlung excess. We simulated the free-free contribu-
tion to the overall SED by adding increasing amounts of free-free

74 T
r Hipparcos Parallax ¢ |

Tycho Parallax A |
| Literature M, ¥

ZAMS

- -1 Myr Isochrone
r - - 10 r Isochrone
L ——mes 100 Myr Isochrone | 4
4 ‘7775 So\oq Mass Evo\utwpmury Track
17000 15000 13000 11000 9000 7000

Stellar Temperature (K)

Fic. 12.—HR diagram for 16 of our target stars overlaid with Siess et al.
(2000) stellar evolutionary models for 7000 < T < 17,000 K. The symbols
show the various methods used to determine the absolute magnitude, diamonds
for Hipparcos parallax, triangle for Tycho parallax, and asterisks for stars with
absolute magnitudes taken from the literature. The zero-age main-sequence is
shown by the solid line. Isochrones are shown by the dotted, dashed, and dash-
dot relations. The majority of our stars lie above the main-sequence and are con-
sistent with 3—5 M stars. The three coolest stars are above the main-sequence
and consistent with pre—main-sequence objects.

(and free-bound ) emission (normalized at 8 ym) to a B8 V stellar
model from Kurucz (1993). We varied the free-free contribution
from 0.01% of the stellar blackbody at 8 um to 100 times the
stellar blackbody at 8 um. Varying the electron temperature of
the circumstellar component between 5000 and 15,000 K has a
negligible effect on the broadband IR colors. We also modeled
the colors expected for a two-component spectral energy distri-
bution consisting of a stellar blackbody and a cooler blackbody
representative of circumstellar dust at temperatures 100—1100 K.
We then used these colors to determine if we can distinguish be-
tween free-free emission and dust emission in color space.

10 BN e e e

This Sample - - - -
Be stars from Hanuschik et al. 1996 —------

25

20

Number of Stars

200
V sin i (km/s)

Fic. 13.—Comparison of projected rotational velocities of B8—9.5 V stars from
Abt et al. (2002) classical Be stars from Hanuschik et al. (1996) and our GLIMPSE
sample. Utilizing a K-S test we find that there is no significant probability, <1% for
the Abt etal. (2002) sample and 8% for the Hanuschik et al. (1996) sample, that this
sample may be derived from either population.
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Fig. 14—K — 8 umvs. 8 — 24 um color-color plot of our objects (open sym-
bols) and classical Be stars (asterisks) from Jaschek & Egret (1982) with MSX A
band and /RAS 25 pm (from Zhang et al. 2004, 2005) were utilized as 8 and 24 ym
measurements, respectively. The arrow shows the reddening vector for 4 = 5.0.
The solid curve denotes a B8 V main-sequence with 4y =1.0 and increasing
contribution of free-free flux at 8 ym. The solid symbols denote 5%, 33%, and
50% circumstellar contributions to the total flux at 8 um. The dashed curves de-
note B8V main-sequence stars with Ay = 1.0 and increasing contributions from
800 and 300 K blackbody circumstellar components, respectively. This plot shows
that excess emission owing to free-free processes can be distinguished from cool
dust (<300 K). Systems containing the former lie to the left of the solid line while
the systems with the latter lie to the right. In this color-color space, free-free and hot
dust excesses are indistinguishable.

Figure 14 shows a plot of 8-24 ym versus K-8 pum colors for
the 19 GLIMPSE stars with [24] excesses. Open circles represent
GLIMPSE sources having Ha in emission and open stars repre-
sent GLIMPSE sources having Ha in absorption. Classical Be
stars (asterisks) are those from Zhang et al. (2004). We utilized
MSX A band and /RAS 25 pm as 8 and 24 ym measurements for
the sources from Zhang et al. (2004) and (2005), respectively.
Thirty-five of the Zhang et al. (2004, 2005) stars have MSX A band
and IRAS 25 pm measurements. Both Be catalogs, Zhang et al.
(2004, 2005) draw on Be stars from Jaschek & Egret (1982);
however, at least seven of the 35 Jaschek & Egret (1982) sources
have some indication in the literature that they may be Herbig
Be stars rather than classical Be stars. The arrow shows the red-
dening vector for 4y = 5.0. The solid curve denotes a B§ V
main-sequence star with 4y = 1.0 and increasing contribution
from a free-free component at 8 yum. The solid symbols denote
where the circumstellar contribution at 8 ym constitutes 5% (dia-
mond ), 33% (hexagon) and 50% (square) of the total 8 pm flux.
The dashed curves denote a B§ V main-sequence star with 4, =
1.0 and an 800 or 300 K blackbody circumstellar component. We
added the blackbody contribution in a similar manner as the free-
free contribution, and the solid symbols denote 5%, 33%, and
50% fractional circumstellar contributions.

Figure 14 shows that this color-space can distinguish between
free-free and cool dust origins of the IR excesses. Points to the
left of the solid curve may be explained by either hot dust or free-
free emission. Thus, hot dust is indistinguishable from free-free
emission in this color space. Points to the right of the solid curve
can only be explained by a cool (terrestrial or cooler) dust com-
ponent. The majority (13 of 15) of sources with Ha: emission
(open circles) lie to the left of the solid line, consistent with them
being classical Be stars or stars with hot circumstellar dust. The
majority of the sources with Ha absorption (open stars) lie to the
right of the solid line, consistent with a cool circumstellar dust
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component. The majority of the classical Be stars (asterisks) lie
to the left of the solid line, as expected for free-free excesses and
consistent with their classification. There are, however, 14 Jaschek
& Egret (1982) sources that fall to the right of the solid curve. They
are HD 6343, HD 37318, HD 251726, HD 52721, HD 53367,
HD 90177, HD 141926, BD —11 4667, HD 174571, HD 204722,
HD 240010, HD 37967, HD 259431, and HD 50083. This sub-
sample of 14 stars contains five of the seven possible Herbig Be
stars within the 35 star Jaschek & Egret (1982) sample. The two re-
maining possible Herbig Be stars are HD 50138 and HD 101412.
These two sources show the greatest K — 8 color and fall off the
top of the plotted region and to the left of the solid curve. HD
50138 is also listed as a possible B[e] star (e.g., Bjorkman et al.
1998). Therefore, it is possible that some of the stars classified as
classical Be stars may actually be Herbig Be stars. The two Ha
emission GLIMPSE sources that fall to the right of the solid curve
are G036.8722+00.6199 and G311.6185+00.2469. Ha absorption
sources that fall to the right of the solid curve are G014.4239—
00.7657, G311.0099+00.4156, and G339.7415—00.1904. These
five sources are candidates for objects with terrestrial temperature
circumstellar dust and are discussed in detail below.

7.3. Individual Free-Free Contributions

A quantitative analysis of the Ha and mid-IR excess fluxes
can help distinguish between circumstellar dust and ionized gas
better than IR colors alone. Specifically, we want to determine
if the free-free excess in the mid-IR predicted by the Ha flux can
account for the observed IR excess or if a dust component is re-
quired. We use the Ha flux of each star to predict the gaseous
circumstellar contribution to the 8 and 24 pm continuum, under
the assumption that the Hay, free-free, and free-bound emitting
volumes are coincident. Using this method one can then verify
that the color-color plot in Figure 14 discriminates between infra-
red excesses with free-free emission and those with an excess due
to cool dust. We adopt the emissivity at H3 from Brocklehurst
(1971) for 10,000 K,

4mjus =1.24x 107NN, (ergs cm > s7'), (7)

where N, and N, are the number densities of electrons and pro-
tons in cm ™3, respectively. We used the ratio of Ha to H/3 emis-
sion coefficients from Brocklehurst (1971) for case B,

JHo _ 5 87. (8)
Jug

Finally, the flux due to free-free emission can be derived utiliz-
ing the flux at Ha and the emissivity at Ho,

Fa@) = Fya 9. 9)
JHa

where ji(v) is the thermal bremsstrahlung emissivity at a given
frequency, and jj,, is the emissivity of Ha. We used an electron
temperature of 10,000 K but the exact choice of N,, N,, and T
is not critical to the ratio of jg/jj,. The ratio is independent of
gas density and only slowly varies with T.

We calculate the Ha flux by multiplying the absorption-
corrected equivalent width of the Ha line, EW(Ha,,,), by the
reddening-corrected flux at R band. Dereddened R fluxes are listed
in Table 3 computed from R-band magnitudes of Monet (1998) &



No. 2, 2008

G036.8722-00.4112

Measured Spec. Type= B8V
Model Temp (K)= 12000
Distance(pc)=

Log(F.)(erg s™ cm™? 4 ~")

o
o
e A L L B I B
K
*
*
X
*
*
*
*
P PTY L. Y Y Y P A

Resid. Log(F,)

0.0 0.5 1.0
Log Wavelength (um)

FiG. 15.—Spectral energy distribution of one of our target stars, G036.8722—
00.4112. The thick solid line is the distance-normalized stellar model. The thin
solid line is the stellar model with extinction and circumstellar blackbody com-
ponent from Uzpen et al. (2007). The dash-dot curve is the modeled free-free
component normalized using the Ho flux. The dash—double-dotted curve is the
sum of the stellar model and the free-free component. The free-free component is
not sufficient to explain the measured excess at 24 pm. The residuals are for the
stellar model with circumstellar blackbody component.

Monet et al. (2003). We adopt extinction estimates from Uzpen
et al. (2007) which may include circumstellar absorption and may
be larger than true interstellar extinction. The resultant Ho flux
thus predicts a maximum possible free-free flux, ignoring possible
variability and optical depth effects.

As a means of verifying our calculations, we used the ob-
served Ha fluxes of H 1 regions from Viallefond et al. (1983,
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1986) and Viallefond & Goss (1986) to predict the free-free radio
fluxes. We compared our predicted radio fluxes to the measured
values and found that the predicted 6 or 21 cm fluxes are a factor
of ~2 deficient relative to measured values. Israel & Kennicutt
(1980) found typical extinctions of 1 -2 mag at visual wavelengths
for H i regions. The Ha fluxes from Viallefond & Goss (1986) do
not take into account extinction, and this may be part of the reason
for the deficit. Nonthermal processes in the radio may also contrib-
ute to the radio flux.

Figure 15 shows a comparison of the data and models for one
star, G036.8722—00.4112. The modeled free-free component plus
stellar blackbody (dash—double-dotted curve) is not sufficient
to explain the measured excess at 24 pm for this source. A stel-
lar blackbody with additional blackbody due to dust (thin solid
curve) fits all the measured data and is the likely explanation for
the excess.

We applied our free-free model to all stars with Ha emission
and measured [24] flux. Table 6 gives the measured [24] flux (from
Uzpen et al. 2007) for all 20 GLIMPSE stars and derived flux
contribution at [24] from free-free emission for the 15 stars with
emission and [24] excess. The excesses from six sources are at-
tributable to circumstellar gas since the removal of the free-free
component results in <3 o excesses. We designate such objects
as Type I sources. The remaining nine stars with emission and [24]
measurements have excesses >3 o after the free-free components
were removed. We designate these as Type II sources. We note
that in none of our sources does the removal of the free-free com-
ponent reduce the 8 or 24 ym flux below photospheric levels. In
all cases, the correction for circumstellar free-free contributions
either reduces the 8 and 24 ym measurements to the photospheric
levels or leaves a significant excess at these bands.

TABLE 6
FREE-FREE CONTRIBUTION TO THE 24 pm EXCESs

[24] Flux  [24] Error® Free-Free Component

ID (mJy) (mlJy) Excess Flux at [24] (mJy) Percent Free-Free o Excess®  Excess Type

)] 2) 3) 4) (%) (6) @) (®)
GO11.2691+00.4208.......ccovererrrenne 18.4 2.7 13.1 6.0 46 + 21 2.6 I
G014.4239—-00.7657... 71.9 13.7 71.2 . . 52 111
G027.0268+00.7224 ... 17.7 2.1 8.7 8.5 98 + 24 0 I
G036.8722—00.4112... 21.7 2.2 16.3 7.4 45 + 13 4.0 11
G047.3677+00.6199 ......coocvvvevenn 44.6 4.5 38.9 12.1 31+ 12 6.0 I
G047.4523+00.5132 .ocveveeeerean 8.5 1.1 6.3 . . 5.5 1
GO051.6491—00.1182.....cveierererennns 17.8 2.8 12.7 6.1 48 + 22 2.4 I
G299.1677—00.3922.......ocoveveverenen 7.0 0.8 54 5.6 104 + 15 0 I
G299.7090—00.9704... 5.1 0.5 3.1 1.9 61 £ 16 2.4 I
G300.0992—00.0627... 73 0.8 6.1 1.7 28 + 13 5.5 1T
G305.4232—-00.8229... 16.7 1.8 14.2 5.1 36 + 13 5.1 1T
G307.9784—00.7148......ocoveveverenee 21.5 2.2 16.1 7.0 43 + 14 4.1 11
G310.5420+00.4120 ...vonveerreeierennns 5.6 0.7 33 2.3 70 £+ 21 1.4 1
G311.0099+00.4156.......c.ccoeeverennnn 149.4 17.9 140.9 . S 7.9 1
G311.6185+00.2469........c.ccvevvrrenns 8.6 1.5 7.4 1.2 16 £+ 20 4.1 I
G314.3136—00.6977... 22.8 2.3 17.8 4.0 22 + 13 6.0 I
G321.7868+00.4102 ... 12.6 1.3 10.7 5.0 47 + 12 4.4 I
(G339.4392—-00.7791¢ 7.7 1.5 . ... ...
G339.7415—-00.1904¢ 5.4 0.8 44 . . 5.5 1
G340.0517+00.6687° ........coeveeeeeee. 31.6 34 26.9 14.4 54 + 14 3.7 1T

 [24] flux measurement error with 10% calibration uncertainty error added in quadrature with measured error.
® Determined by removing the free-free component from the [24] excess and dividing by the [24] error with 10% calibration uncertainty error added in quadrature

with measured error.
¢ Found to have no real excess at [24].
4 New measurement, not in (Uzpen et al. 2007).
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7.4. Variability

Both classical Be and Herbig AeBe stars exhibit variability
at Ha (Dachs et al. 1988; Waters & Waelkens 1998). Our sources
may also be variable at Ha, and that may explain some of the
Type II sources that exhibit an excess >3.0 ¢ at [8.0] and/or [24]
when the free-free component is removed. In order to assess Ha
variability among this sample, we investigated Ha profile var-
iations for a subsample of four northern Type I or II stars and
a Balmer absorption star, G011.2691+00.4208, G036.8722—
00.4112 and G047.3677+00.6199, G047.4523+00.5132, and
G051.6491—-00.1182. Ideally all Type II sources would be in-
vestigated for variability, but five of the Type II stars are in the
southern hemisphere and not observable from the Wyoming Infra-
red Observatory (WIRO; G300.0992—00.0627, G305.4232—
00.8229, G307.9784—00.7148, G314.3136—00.6977, and
G340.0517+00.6687).

We obtained optical spectroscopy of all stars with the WIRO-
Spec instrument on WIRO on the nights of 2005 August 14 and
15 using the 1435 I mm~' volume-phase holographic grating in
first order. This instrument is an integral field unit spectrograph
consisting of 293 densely packed fibers in a 19 x 20 configura-
tion with each fiber projecting to 1” on the sky. This grating pro-
vides a dispersion of 0.7 A pixel ™!, a spectral resolution of 1.4 A,
and wavelength coverage of ~1400 A from ~5750—7150 A.
Standard reduction techniques were implemented, including flat-
fielding using a continuum lamp and wavelength calibration us-
ing a CuAr arc lamp, but no flux calibration was performed. We
achieved a typical signal-to-noise ratio of 100:1.

We also obtained optical spectroscopy using the WIRO-Longslit
spectrograph on the nights of 2006 September 13 and 14. The
WIRO-Longslit is a low-resolution spectrograph with a dispersion
of 1.1 A pixel™!, a resolution of 2.6 A using a 2” slit width, and
covers ~4400—6700 A when using the 600 /mm~! grating in sec-
ond order. We used a GG455 blocking filter to remove third-order
contamination. We performed the same reduction procedures for
the long-slit data as WIRO-Spec data, and the signal-to-noise ra-
tios were similar.

G011.2691+00.4208, G036.8722—00.4112, G051.6491—00.1182
displayed a double-peaked emission profile all three nights.
G047.4523+00.5132 exhibited absorption all three nights.
G047.3677+00.6199 displayed a double-peaked emission pro-
file on the nights of 2005 August 15 and 2006 September 27.
However, on the night of 2006 September 13 the star exhibited a
single-peaked emission profile. The EW(Ha,,) changed ~25%
and may be due to Ho variability. A variation in Ha may result in
a lower than expected calculation of the free-free emission. We
estimated at what level the Hoe EW must vary to account for the
excess at [24]. We find that the EW(Hav,,;) must double for the
free-free emission to explain the excess at [24]. It is interesting to
note that even if the EW(Ha,,,,) were a factor of 2 larger, the
excess is still significant at [8.0] even after removal of the free-
free component.

For the six Type II stars in the southern hemisphere, we are
unable to verify any Ho variability because we have only one
observation of these stars. The Ha variability combined with the
noncontemporaneous nature of the Ha and IR data, may lead us
to over or underestimate the circumstellar free-free contribution
to the [8.0] and [24] bands. If the circumstellar free-free contri-
bution is underestimated, we expect to see a residual IR excess.
The nine Type 11 sources may be examples of this effect. How-
ever, we find no instances of the converse, i.¢., sources where the
Ha flux over predicts of the circumstellar free-free contribution,
thereby creating a deficit at [8.0] or [24]. We find that the six
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southern Type II sources need to exhibit Ha equivalent width
variation at 2 or 3 times the measured levels to explain the ex-
cesses as free-free emission. Thus, it is unlikely that the Type II
sources are to be explained as objects owing their excess to free-
free emission.

Optical depth effects at Ha may also lead to underestimates
of the free-free emission. The Ha optical depth would have to
exceed 7 &~ 1 in order to explain the excesses of Type II sources
by free-free emission. As mentioned above, McDavid (2001) shows
that a Be stellar disk with an electron density of order 10'> cm™3 is
optically thin, with the maximum 7 < 1, at optical wavelengths.

7.5. Physical Nature of IR Excess Sources

Table 7 lists the derived circumstellar parameters for the nine
Type II stars with the free-free emission component removed.
Circumstellar disk temperature and fractional infrared luminos-
ity were determined in the same manner as Uzpen et al. (2007).
Briefly, we fit the SED as a single-temperature blackbody to model
the IR excess. Table 7 also lists the derived circumstellar param-
eters for the four non—emission-line stars, hereafter referred to as
Type 1II. We list the circumstellar disk parameters from Uzpen
etal. (2007) for the five MSX stars with 4 > 20 um observations.

We searched for correlations between derived circumstellar
parameters with stellar parameters to provide insight into the na-
ture of the excess. Figure 16 shows circumstellar disk tempera-
ture (fop panel) and stellar effective temperature (bottom panel)
versus EW(Hay,r). We found a significant inverse-correlation be-
tween EW(Hay,;) and circumstellar disk temperature for Type II
stars. The correlation coefficient of —0.81 for the nine Type II
sources means there is a <1% probability of obtaining such a
high degree of correlation by chance. Such a correlation is ex-
pected if the Ha emission is arising within a gaseous and dusty
circumstellar disk undergoing a clearing of the inner disk. That
is, the strength of Ha decreases and the dust temperature drops
as the inner disk becomes anemic. If the excess were due to free-
free emission, we would expect the strength of Ha equivalent
width to be correlated with stellar effective temperature. The hot-
ter stars generate more ionizing photons when compared to cooler
stars and exhibit a larger excess (Gehrz et al. 1974). We find no
such correlation between stellar temperature and Ho equivalent
width for Type I, Type II, or Type III stars (see Fig. 16).

Using our age estimates we investigated whether there is a cor-
relation between EW(Ha,), age, and Lir/L, in Figure 17. Omit-
ting the four pre—main-sequence stars from MSX, we used the nine
Type Il stars, but only six of the nine have age estimates. We plot-
ted the younger age for Type II stars, when available. Using the
six Type II sources and the one Type III source with an age, we
find that age is strongly correlated with Ha equivalent width
with a correlation coefficient of 0.97, indicating < 1% probability
of obtaining such a high probability by chance. Using the older
age when available, there is no correlation between EW(Ha )
and age. Manoj et al. (2006) found that He line strength decreases
as Herbig AeBe stars age. If those stars are part of the evolved tail
to Herbig AeBe stars we would expect to see such a correlation
between EW(Ha,,,) and age.

Using the above fundamental parameters, above correlations,
and spectral features we can determine the circumstellar disk clas-
sification for our entire sample of 30 mid-IR excess sources. We
indicate our circumstellar disk classification in Table 7. Pre—
main-sequence Herbig AeBe stars and T-Tauri stars are indicated
by H and TT, respectively. Debris disks are denoted by D in
Table 7. Stars with an excess owing to free-free emission are
classical Be stars and listed as B. Finally, stars with a transitional
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TABLE 7
STELLAR AND CIRCUMSTELLAR Disk PARAMETERS

K-8 8—24 Disk Temperature EW(Hagor) T vsin i

1D (mag) (mag) (K) L/L, A) (K) (km s~!)  Evolutionary Status

M @ ©) “) ®) (©) 9 ®) ©)
G007.2369+01.48%4 .............. 493+4 0.14+0992 26,15 £ 0.15* 10350 £ 230 145+ 15 H
G008.3752—03.6697............... 56617 0.2073:904 —0.17 £ 0.08° 7260 % 160 35+£5 T
G009.4973+05.2441 ... 511 4£0.02* 8320+ 130 140 £ 15 ?
GO011.2691+00.4208.... 034 101 ~13.86 £ 0.16 12350 =520 220 + 15 Be
G014.4239—-00.7657... . 047 478 19113 0.0130001 445+£0.03 16900 + 800 165 £ 10
G025.6122+01.3020 ....covvnnee... 642 £0.09 12520 £ 510 290 + 20 ?
G027.0268+00.7224 ......conuc.... 034 056 —13.89 £ 043 10510 £300 25 +£5 Be
G036.8722—00.4112............... 0.27 1.26 427t}§ 0.00072739%%07  —15.07 £ 0.15 11740 £260 295 + 20 T
G047.3677+00.6199 ............... 093 124 783+, 0.0028100000  —22.47 £0.24 15700 = 600 310 + 25 T/Be
G047.4523+00.5132 ... 029 125 355+% 0.001279-4501 6.49 £0.02 12260 £ 510 150 £ 10 D
G051.6491—00.1182... 019 112 —-2.89 £0.15 13100 £ 530 270 £ 20 Be
G229.4514+01.0145 ... . 579+4 0.05870:991 —7.82 £045° 10220 =390 295 £ 20 H
G257.6236+00.2459 .....covnec.... 40477, 0.1275003 9.41 £0.06° 11530 £300 240 + 25 H
G265.5536—03.9951-A .......... 493 £0.11° 7660 £ 140 25 +£5 ?
G265.5536—03.9951-B........... 3.77 £0.06° 7040 £ 170 40 £5 ?
G269.5873—05.8882.....cvun...... 2.12 £ 0.03° 10+5 2
G299.1677—-00.3922... 035  1.18 —13.99 £0.12 16450 £ 1030 130 £ 10 Be
G299.7090—00.9704... 0.18 081 .. —10.12 £0.16 12520 £ 505 175+ 15 Be
G300.0992—00.0627... . 056 136 52613} 0.00211590%2  —21.65 £ 032 13510 £ 510 255 £ 20 T/Be
G305.4232—00.8229............... 079 127 67513; 0.0038730005  —21.98 £ 0.42 13520 £ 510 230 £ 20 T/Be
G307.9784—00.7148............... 0.40 1.06 557122 0.000907390007  —13.27 £0.69 13220 £ 520 240 + 20 T/Be
G310.5420+00.4120 .....co........ 025 070 —9.97 £0.09 12430 £ 510 270 + 20 Be
G311.0099+00.4156................ 037 279 31515 0.0027+3:5003 521 + 0.03 9800 £ 130 235+ 125 D
G311.6185+00.2469.... 0.28 1.82 3061 0.001273800  —10.90 £ 0.23 10540 + 255 265 £ 20 T
G314.3136—00.6977... 0.22 1.45 328*)! 0.00096739%007  —12.63 £ 0.29 9870 £ 130 205 + 20 T
G321.7868+00.4102 ... . 077 125 556118 0.002150000%  —26.81 £0.53 12340 &= 505 230 £ 20 H
G339.4392-00.7791° ............. —11.20 £ 0.76 8800 £ 150 40+ 5
G339.7415—-00.1904................ 027 193 311+¢ 0.0010795501 550 £0.03 12220 £ 510 240 + 15 D
G340.0517+00.6687 ............... 1.11 1.04 823120 0.015%0001  —39.38 £ 0.08 14080 £ 520 230 & 15 H
G347.3777+04.2010 ............... 48717, 0.13+5:9 —0.02 £ 0.10° 15+5 TT/T

Notes.—In col. (9) H = Herbig AeBe star, TT = T Tauri star, T = transitional disk, d = debris disk, Be = excess due to free-free emission and therefore a classical
Be-type star, a question mark indicates that additional measurements are needed to classify the nature of the IR excess.

? This value is EW(Ha), uncorrected for underlying stellar absorption.

® The [8.0] excess from Uzpen et al. (2007) is not confirmed at [24].

disk system are labeled with T. Five of the MSX stars do not have
a confirmed excess at 4 > 20 pm and thus, we do not classify
their possible circumstellar disk. We find that utilizing Figure 14
as a first-order discriminate is useful but may not be the only
parameter necessary to determine the nature of the excess. Each
object is discussed in the following section.
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8. INDIVIDUAL OBJECTS

In the subsections below, we discuss individual sources. When
available, we list the HD catalog number, the GLIMPSE or MSX
ID number, and the literature spectral type. In some cases, the
spectral type found in the literature is discrepant from our results.

6000 8000 10000 12000 14000 16000 18000
Stellar Effective Temperature (K)

Fig. 16.—(a) EW(Hayy,) vs. disk temperature. There is a strong anticorrelation between these two parameters. (b) Ha equivalent width vs. stellar effective tem-
perature. There is no correlation between these two parameters for Type I, Type II, or Type III sources.
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Fic. 17.—Intercomparison of Lir/L,, age, and Ha equivalent width. Using the younger age, when available, age is correlated with Ha equivalent width with a
correlation coefficient of 0.97, indicating >99% probability that the two parameters are correlated for these seven stars. Using the older age when available, there is no

correlation between age and Lig/L, or between Ha equivalent width and Lig/L,.

Figure 18 is a flowchart illustrating the criteria we use to assign
an evolutionary state to each source. In summary, we require that
our candidate debris disks not exhibit any emission lines and ex-
hibit K — [24] colors <3.3 mag (e.g., Hernandez et al. 2007).
Transition disk systems may not exhibit Paschen emission lines,
may exhibit O 1 18446 emission, may exhibit O 1 17772 in emis-
sion or absorption, may not exhibit Fe m emission, and must have
an excess not entirely explainable by free-free emission. Clas-
sical Be stars must have Balmer emission, may exhibit Paschen
emission, may exhibit Fe m emission, may exhibit O 1 emission,
and must have an excess explainable entirely by free-free emis-
sion. Herbig AeBe stars may have essentially the same optical
spectral characteristics as classical Be stars, and are therefore
difficult to distinguish based on optical spectra alone. The infra-
red excess in HAeBe stars is dominated by dust rather than free-
free emission, therefore knowledge of the SED at wavelengths
longer than ~10 pm is essential for unambiguous classification.
However, for our sample, HAeBe stars either exhibit O 1 17772
absorption and Ca 1 IR emission or exhibit O 1 emission, Paschen
emission, and an excess not entirely explainable by free-free
emission.

8.1. Candidate Debris Disk Systems

HD 231033 (G047.4523+00.5132), A0 V—As one of the few
stars in our sample that lacks Ha emission, the derived disk tem-
perature (355 + 8 K) and Lig/L, (1.2 x 10~%) make this one of
the best candidates for being a warm debris disk system. This
source falls just to the left of the solid line in Figure 14, in the
region where excesses due to either free-free emission or hot dust
are permissible. The disk temperature and fractional infrared lu-
minosity are similar to, but slightly higher than, typical debris
disks. Since this star does not exhibit any optical emission lines,

we classify the circumstellar disk as a massive debris disk. This
star exhibits stronger O 1 47772 absorption than the stellar tem-
perature would imply. This may indicate the presence of a small
amount of circumstellar gas. This star was observed multiple times
at Hoe with both WIRO and Magellan and was not observed to ex-
hibit Ha variability. The age derived for this star [log age(yr) =
6.11-6.37 or 7.58—8.19] is consistent with a main-sequence or
late-stage main-sequence star, which agrees with its circumstellar
disk classification. The large uncertainty in age is due to the large
uncertainties associated with the Tycho parallactic measurement
(d = 90977L5 pc).

HD 121808 (G311.0099+00.4156), A3 IV—This star lacks op-
tical emission lines of any kind, making it another strong debris
disk candidate. Like G047.4523+00.5132, it exhibits stronger
O1 47772 absorption than the stellar temperature would indicate,
suggesting that it may also be surrounded by a small amount of
circumstellar gas. Circumstellar disk parameters (7gisk = 3 15f§ K
and Lir/L, = 2.7 x 107%) are consistent with a warm, massive
debris disk. There is insufficient data in the literature to make a
distance estimate, and therefore, an age estimate, for this star.

HD 151017 (G339.7415—00.1904), A0.—This star does not
show any spectral features indicative of the presence of circum-
stellar gas. Derived circumstellar disk parameters (7gisk = 311 &
6 K and Lig/L, = 1.0 x 107%) are consistent with a warm, mas-
sive debris disk. There is insufficient data in the literature to
make a distance estimate, and therefore, an age estimate, for this
star.

8.2. Candidate Transition Disk Systems

Since transition disks around intermediate-mass stars have
only recently been identified, we discuss some general properties
of our eight candidate transition disk systems as a whole. The
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G027.0268+00.7224
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G299.7090-00.9704
G310.5420+00.4120

G036.8722-00.4112
G047.3677+00.6199
G300.0992-00.6627
G305.4232-00.8229
G307.9784-00.7148
G311.6185+00.2469
G314.3136-00.6977

Herbig AeBe Star
G007.2369+01.4894
G229.4514+01.0145

Fic. 18.—Flow chart showing how we determined the type of circumstellar disk system using echelle spectra and an estimate of the contribution from free-free
emission for 19 GLIMPSE stars. Two MSX stars are characterized: G007.2369+01.4894, where extensive data exists in the literature, and G229.4514+01.0145, which

exhibits spectral features similar to G007.2369+01.4894.

four transition disk sources with determined disk temperatures
above 500 K exhibit Ha emission and O 1 18446 emission. Two
of these four sources exhibit O 1 17772 in emission and two ex-
hibit O 1 47772 absorption consistent with stellar temperatures.
Three of the four transition disk candidates with disk tempera-
tures below 500 K exhibit Ho emission. Two of these four ex-
hibit O 1 7772 absorption stronger than the best-matched stellar
model, and two exhibit O 1 47772 absorption consistent with
stellar temperatures. Three of the four stars with disk tempera-
tures below 500 K are also in the region of color-color space in
Figure 14 not explainable by free-free emission. The change in the
O1lines from emission in systems with hot circumstellar disks to
absorption in systems with cooler circumstellar disks may be an
evolutionary effect as the disk clears. Hotter circumstellar dust
would be located nearer the star, and the lack of gaseous emission
as the inner disk radius becomes larger may be direct evidence of
disk clearing. More transitional disk systems need to be identified
and studied to provide statistical significance to this trend.

HD 168246 (G014.4239—00.7657), B8.—This star does not ex-
hibit Ho emission and has an intermediate value of projected ro-
tational velocity, 165 & 10 km s~ 1. Lig/L, for this star, 1.3 x 1072,
is higher than typical for debris disks. The derived disk temperature
of Tgisk = 191 K is the coolest in our sample and suggests that
the circumstellar material is located at a relatively large radius of
~75 AU. We find that this star exhibits anomalously strong O 1
A7772 absorption compared to the adopted stellar model, suggest-
ing the presence of circumstellar gas. Given the lower temperature
derived for this disk and the large K — [24] color (5.15 mag), this
disk may be optically thick at [24]. This system may contain a
transitional disk at the end of'its clearing phase. We also find that
this star lies near a strong 70 pm extended source, raising the pos-
sibility that the infrared emission at [24] is unrelated to the star. We
find that the difference between the position of the strong [24]
point source and the [8.0] point source is 1.1”, i.e., small compared
to the 6 ” resolution at [24]. In order to determine the chance of
a random coincidence between the two sources we used the [24]
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source density in this field, 54 stars over an area of 0.01 deg’
(0.1° x 0.1° region), to determine that there are 4.2 x 10~ sources
per arcsec’. The probability of a [24] source randomly falling
within 1.1” of any given [8.0] source is 0.2%. Thus, these two
sources are probably related. Although unlikely, there is a chance
that the excess for this source may be due to background cirrus.

G036.8722—00.4112, B8 V—This star exhibits double-peaked
Ha emission but no other optical emission lines. Disk temperature
(Taisk = 427 K) and Lig/L, (7.2 x 10~%) are similar to, but slightly
higher than, debris disks. Given that this star falls in the region of
8—24 pum versus K — 8 pum color space not explainable by free-
free emission, we classify this star as having a transitional disk.
The possible ages for this star are widely variant, similar to either
a late-stage pre—main-sequence star or late-stage main-sequence
star. Given the nature of the excess and the large difference be-
tween the possible ages, we adopt the younger age range of
log age(yr) = 6.11-6.32.

HD 180398 (G047.3677+00.6199), B8 Ve.—This star has
been studied as a classical Be star (Jaschek & Jaschek 1992). Our
Magellan Ha profile shows the same shape recorded by Jaschek
& Jaschek (1992) but we also observe profile variability con-
sistent with the report of Hamdy et al. (1991). This star exhibits
O 18446 emission but not Paschen emission. We classify this
source as a transition disk. The derived disk temperature of
784717 K is one of the highest in our sample, as is its Ho equiv-
alent width [EW(Haorr) = —22.47]. The determined Lig/L,
of 2.8 x 1073 is consistent with a massive debris disk or transi-
tion disk. The age of this star is somewhere between a late-stage
pre—main-sequence star and an early-stage main-sequence star
[log age(yr) = 6.87—7.72], consistent with a transitional disk. This
star lies in a region of color-color space explainable either by
free-free emission or a hot dust excess.

G300.0992—00.0627, A1.—This star was tentatively associ-
ated with an X-ray source detected by the Uhuru satellite (Gursky
1972). However, the ROSAT Faint Source Catalog position for
the X-ray source is 580" 4 31" from the GLIMPSE IR position,
effectively ruling out an association with the IR excess source.”
This star exhibits strong double-peaked Ha emission, O 1 18446
and 7772 emission, without Fe 1 or Paschen emission. We char-
acterize the infrared excess as due to a transition disk. Circum-
stellar disk parameters of Tgix = 526;“33 Kand Lir/L, =2.1x
1073 indicate a disk between those of Herbig AeBe stars and
those of debris disks. This may be an early form of transitional
disk.

HD 114757 (G305.4232—00.8209)-B6/8 V(E).—Seidensticker
(1989) derived My = —1.89 + 0.44, 4y = 1.11 £ 0.13 mag,
and distance modulus of o mag. Ha exhibits a double-peaked
emission-line profile. This star exhibits a warm circumstellar disk
temperature (T4 = 675 K) and moderate Lig/L, (3.8 x1073).
Stellar age estimates indicate either an early pre—main-sequence
star or a middle/late-stage main-sequence star. This source falls
in a region of color-color space that may be explained by free-free
emission or a hot dust component. Free-free emission is not suf-
ficient to explain the large excess at [24], suggesting the presence
of circumstellar dust. This star exhibits both O 148446 and 47772
in emission without Fe 1 or Paschen lines in emission. We clas-
sify this source as a transition disk and adopt the younger stellar
age of log age(yr) = 5.88.

HD 118094 (G307.9784—00.7148), B8 V(N).—Levenhagen
& Leister (2004) derived the fundamental parameters for this star,
which they list as a Be star. They found v sini = 239 + 30kms~!,

7 See Voges et al. 2000, VizieR Online Data Catalog, 9029, 0.
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Ter = 13,500 £ 550 K, logg=3.90 £ 0.15, logage(yr) =
8.03 £ 0.04, log L, = 2.59 £ 0.08, and M; = 4.2 + 0.2. Our
derived values of projected rotational velocity, 240 4+ 20 kms ™!,
and temperature, 13,220 £+ 520 K, are in agreement with their
derived values. We determine this star to be either a young
pre—main-sequence object or a late-stage main-sequence star,
log age(yr) = 6.00—6.23 or 7.66—8.03. Even using their derived
parameters and the Siess et al. (2000) models we cannot rule out
the possibility of a ~1 Myr star. The How emission profile is highly
asymmetric and double-peaked. This star exhibits O 1 47772 in
emission without Fe 1 or Paschen lines in emission. Based on
our stellar parameters, spectral features, Tyisk = 557 K, Lir/L, =
9.0 x 107, and the possibility of a few Myr age, which we adopt,
we classify this excess owing to a transitional disk.

HD 122620 (G311.6185+00.2469), B8/9 1V/V—Westin (1985)
derived My = —0.613, distance = 965 pc, Tex = 11,190 K,
and log age(yr) = 8.275. Our derived effective temperature of
10,540 4 255 K is lower. Our age estimates are log age(yr) =
6.08—6.18 and 8.16—8.18. The older age is consistent with the
literature but inconsistent with the nature of the excess. The free-
free component of the [24] excess is one of the smallest of the
sample. The circumstellar disk parameters (745 = 306 K and
Lir/L, = 1.2 x1073) are consistent with a warm massive debris
disk. The weak double-peaked Ho emission profile is inconsis-
tent with a debris disk nature for this source. We classify this
source as a transitional circumstellar disk and adopt the younger
stellar age range.

HD 126578 (G314.3136—00.6977), Al IV—This star exhib-
its the weakest Hoe emission profile. The circumstellar parameters
(Taisk = 328 K and Lig/L, = 9.6 x 10~*) indicate a debris disk,
but the weak Ha emission precludes such classification. O 147772
is seen in absorption with an EW greater than the best-fit stellar
model would indicate. This star falls in a region of color-color
space where excesses due to free-free emission or hot dust are per-
missible. This star may be at the end of its transitional disk phase.

8.3. Probable Be stars (Type I Sources)

HD 165854 (G011.2691+00.4208), B9 V—We find that the
excess for this star can be explained by free-free emission which
supports the standing classification of this star as a classical
Be star. The only emission we find is a weak double-peaked Ha
profile. Halbedel (1996) found the rotational velocity to be 250 +
10 km s~!, and Yudin (2001) found it to be 242 & 10 km s~ ',
These values are slightly greater than our derived value of
220 £ 15kms™ .

HD 172030 (G027.0268+00.7224), AQ V—This star exhibits
a double-peaked Ha emission profile and Fe m emission. The
spectrum for this star also shows the Ca i IR triplet, O 1 18446,
0147772, and the Paschen lines in emission. The excess for this
source can be fully explained by free-free emission. It is inter-
esting to note that this star has a low projected rotational velocity,
25 + 5 km s~!, which is not typical for classical Be stars.

HD 183035 (G051.6491—00.1182), A0 V—The core of the
marginally double-peaked Ha profile is nearly filled in, and no
other emission lines are present. This star does exhibit broad
absorption features, i.e., 4 ~ 4455 A inconsistent with the mea-
sured stellar temperature. This absorption may be an indication
of circumstellar gas. However, this star falls in a region of color-
color space explainable by free-free emission and has an excess
consistent with such an origin. We conclude that this is a classical
Be star.

G299.1677—00.3922, B8.—This star exhibits double-peaked
Ha emission, Paschen emission, and O 1 48446 emission. This
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type of spectrum is typical for classical Be stars (Andrillat et al.
1990).

HD 107609 (G299.7090—00.9704), B8/9 IV—This star ex-
hibits a large fraction of the excess at [24] as free-free emission.
However, this source does not exhibit any lines other than Ha in
emission. Nevertheless, it is likely that this is a classical Be star.

HD 121195 (G310.5420+00.4120), B8 IV(N).—Westin (1985)
derived My = —2.953, distance = 1945 pc, and T = 12,940 K
for this star. Their temperature is in agreement with our derived
effective temperature of 12,430 + 510 K. We determined
log age(yr) == 5.30 utilizing the Westin (1985) absolute visual
magnitude. This extreme youth is probably not realistic given
that, at such an age, this star would be embedded and undergo
substantial extinction, which is not observed. The Ho emission
profile is weak and double-peaked, while O 1 17772 is found in
absorption. Since the excess can be explained fully by free-free
emission we classify this source as a Be star, but the optical spec-
trum is similar to some transition disks.

8.4. Other Circumstellar Disks and Infrared Excesses

HD 163296 (G007.2369+01.4894), A1 V—This MSX star has
been studied numerous times for both stellar parameters and
circumstellar disk evolution. This Herbig Ae (HAe) star is only
122717 pe distant. Rotational velocities for this source are con-
sistent in the literature, Finkenzeller (1985) derived a rotational
velocity of 1201“%8 km s~!, Halbedel (1996) derived a rotational
velocity of 120 km s~!, Mora et al. (2001) derived a velocity
of 130 & 6 km s~!, all consistent with our calculated value of
145 4 15 km s~'. Stellar fundamental parameters were calcu-
lated to be Ty = 9,200 £ 270 K, Mpo = 0.48 £ 0.10 from
Cidale et al. (2001) and Ty = 9,475 K, M. =2.4 M., and
5 Myr old from Mannings & Sargent (1997). The age of this star
varies in the literature but is 4—6 Myr with Ha equivalent width
varying between -12—-17 A (Kessler-Silacci et al. 2006). Pogodin
(1994) found this star to exhibit rapid Ha variability. Our derived
To of 10,350 £ 230 K is hotter than literature values. We find
that the Ha: emission line is stronger than the values reported in
the literature [EW(Ha) = —26.15 4 0.15 A]. The Mg i1 14481
line is known to vary, and this may explain the difference be-
tween our measured effective temperature and those in litera-
ture (Catala et al. 1989). Spectral types for this star vary between
A0—-A7, confirming a range of stellar temperatures for this star
(Finkenzeller 1985; Kessler-Silacci et al. 2006). Our measured
parameters are consistent with the pre—main-sequence nature of
this star.

HD 167905 (G008.3752—03.6697), F3 V—We classify this
MSX star as a T Tauri object based on large Lir/L, (2 x 1071,
weak Ha emission with a P Cygni profile, low effective stellar
temperature (7. = 7260 K), and low rotational velocity.

HD 161643 (G009.4973+05.2441), A7 V—We do not have
enough data to propose an evolutionary status for this MSX star.
This star is a binary, and this may explain its slightly asymmetric
Ho absorption profile.® The secondary star is ~3 mag fainter at
Vin the Hipparcos catalog. Longer wavelength confirmation of
the excess is needed. Confirmation of an excess having small
Lir/L, would indicate a debris disk. This star does not exhibit any
emission lines.

HD 171149 (G025.6122+01.3020), B9 V.—Abt & Morrell
(1995) derived a rotational velocity for this MSX star of 280 km s~
while Royer et al. (2002b) found the rotational velocity to be

8 See C. Fabricius & V. V. Makarov 2000, VizieR Online Data Catalog, 335,
60141.
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>301 km s~!. Our derived value of o km s~ is consistent with
both prior measurements. We find Ha in absorption. We also find
this source to exhibit broad absorption at ~4455 A that may be
due to circumstellar material. Additional longer wavelength ob-
servations are needed to classify this star. The Ha profile needs
to be studied for variability and emission. Longer wavelength
infrared /radio measurements are needed to confirm the excess.
With additional optical and infrared /radio measurements it will
be possible to distinguish between an excess due to a classical Be
star, debris disk, or false excess.

HD 182293 (G054.5163+02.4470), K1 IV.—Although listed
as a K1 IV in Wright et al. (2003) our spectrum (not shown) in-
dicates a spectral type of 1I-II1. We omit further analysis of this
source due to its evolved nature.

HD 58647 (G229.4514+01.0143), B9 V—There is a disparity
between measured projected rotational velocities for this star. Grady
et al. (1996) and Manoj et al. (2002) found it to be 280 km s—1,
however, Mora et al. (2001) found the projected rotational veloc-
ity tobe 118 & 4 km s~ !. Historically this star has been classified
as a Herbig AeBe star, but in Manoj et al. (2002) they conclude
that this star is a classical Be star based on the low fractional in-
frared luminosity. Monnier et al. (2005) studied the near-IR and
disk properties of this source. They measured a stellar luminos-
ity of 295 £ 50 L, and found a very low fractional infrared lu-
minosity when compared to other Herbig AeBe stars. Vink et al.
(2002) found that He line polarization for this star does not agree
with that of classical Be stars but exhibits similar properties to
Herbig AeBe stars in the (Q, U) plane. They also measured the
Ha equivalent width to be —8.6 A which is consistent with our
measurement of —7.82 + 0.45 A assuming they have similar
uncertainties. We find this source to exhibit the Cau IR triplet, O1
28446 and Fe 1 in emission. This source also shows strong O 1
AT772, and ~4455 absorption. Based on the spectral properties
of this source we conclude that HD 58647 is a Herbig AeBe star.
Given the low fractional infrared luminosity, this star may be a
more evolved form of Herbig AeBe star.

HD 72106 (G257.6236+00.2459), AOQ IV—This is a visual
double star with a separation of 0.8” (Vieira et al. 2003). We have
a spectrum of only the primary star, and no emission lines are
found. Vieira et al. (2003) conclude that the secondary of this
system exhibits the infrared excess, the Ha emission, and is an
evolved HAeBe star. The mid-IR spectrum of this source ex-
hibits similar features of solar system comets also indicating the
evolved nature of a Herbig AeBe star (Schiitz et al. 2005). Wade
etal. (2005) measured the magnetic field of both the primary and
secondary of this system and found the primary to exhibit a strong
magnetic field. They argue that the primary may be a progenitor
to the Ap/Bp stars.

HD 73461 (G265.5536—03.9951), A5 Vand A6/8 V—This is
a known wide visual binary (Brosche & Sinachopoulos 1989).
We have spectra of both the primary and secondary. Neither source
exhibits any emission lines. The primary exhibits stronger O 1
A7772 absorption that may indicate circumstellar gas. Longer wave-
length confirmation of the excess is necessary to determine the
nature of the circumstellar disk. Assuming the binary system is co-
eval, the stellar parameters constrain the primary to (2.2 £ 0.2) M,
and secondary to 2.0 &+ 0.2 M, with an age of 6.81-6.83 log yr.

HD 74534 (G269.5873—05.8882), GO V.—Cutispoto et al.
(2002) detect Ca n A K emission. We do not detect this in our
spectrum. Cutispoto et al. (2003) derived a mass of 2 M., an age
of <2 Gyr, and a projected rotational velocity of 17 kms~!. They
find this star to be an evolved giant. We also find this star to be an
evolved giant based on our spectrum. Our derived projected ro-
tational velocity of 10 & 5 km s~! is the lowest determined for
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our sample. We do not derive additional parameters for this source
due to its evolved nature.

HD 135354 (G321.7868+00.4102), B8 VN.—Kozok (1985)
derived distances, absolute visual magnitudes, and reddenings
for Be stars, including this star. The absolute visual magnitude
is —1.18 ata distance of 1.01 kpc. Utilizing these parameters, we
determined a stellar age range of log age(yr) = 5.83—6.12 and
8.01-8.13. This star exhibits Ho, O 1 8446, O 147772, Paschen,
and Fe 1 emission. Andrillat et al. (1990) found that classical Be
stars exhibiting O 1 emission also show Paschen emission. Jaschek
etal. (1993) found that classical Be stars exhibit both O1and Fe
emission. This star exhibits both of these characteristics. The
fractional infrared luminosity and disk temperature (Ljr/L. =
2.1x1073 and Tyg = 556 K) are consistent with transition
disks but the measured Ho EW is the second strongest of the
sample. Given that the Ho flux is insufficient to explain the ex-
cess at [24] and the EW of Ha is consistent with Herbig AeBe
stars we classify this star as a Herbig AeBe star.

HD 151228 (G339.4392—00.7791), A0/1 IV/V—The excess
at [8.0] is not confirmed for this star at [24], making it a false
mid-IR excess.

HD 150625 (G340.0517+00.6687), B8§.—Kozok (1985) de-
rived an absolute visual magnitude of —1.87 and a distance of
0.83 kpc. Using these parameters we constrain stellar ages to
log age(yr) = 5.62—-5.85 and 7.81-7.90. This star exhibits a
strong Ha emission profile, Fe i, Paschen, and O 1 18446 and
7772 emission lines. The measured Ha flux is insufficient to
explain the excess at [24]. This is the other Type Il source that we
classify as a Herbig AeBe star based on the emission-line spec-
trum. The fractional infrared luminosity and disk temperature
(Lir/Ly = 1.5 %1072 and Ty« = 823 K) for this star is the larg-
est in the GLIMPSE sample and falls between Herbig AeBe stars
and debris disks. This may be an evolved Herbig AeBe star.

HD 152404 (G347.3777+04.2010), F5 V—This star is a spec-
troscopic binary in the Upper Centarus-Lupus with an orbital
period of 13.6 days (Manset et al. 2005). This star is ~ 17 Myr
old and classified as F5 V (Chen et al. 2005). This star has a strong
excess ratio given its age and may be a long lived primordial disk
(Siegler et al. 2007). Our projected rotational velocity for the two
stars is 15 + 5 km s~! consistent with 18.5 = 1.0 km s~! from
(Alencar etal. 2003). Due to the nature of this binary source we do
not derive effective temperature since our method of deriving
temperature does not extend to spectroscopic binaries of similar
mass. The Ha profile indicates an unusual double-peaked inverse
P Cygni profile. This may indicate circumstellar accretion.

9. SAMPLE COMPARISONS

Given the similarity of the Ha profiles for both stars classified
as candidate transition disks systems and classical Be stars, we
make a comparison of the spectral features for our sample with
a group of well-studied classical Be stars from Andrillat et al.
(1990) and Jaschek et al. (1993). We use the following conclu-
sions from Andrillat et al. (1990) for classical Be stars: (1) Ca
emission is infrequent for spectral types later than B6 and nearly
all stars that exhibit Ca i in emission exhibit Paschen emission,
(2) Paschen lines are in emission when O 1is in emission, (3) When
IRAS 12 pm is in excess greater than 0.55 mag of the predicted
measurement then Ca 1 is in emission. In order to make the
comparison with the last criterion we used the [8.0] measurement
in excess greater than 0.55 mag. Table 8 lists the 10 stars we are
able to classify as either consistent or inconsistent with a clas-
sical Be star classification based on the three criteria we men-
tioned above. In all 10 instances the classifications we derive
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TABLE 8
CLASSIFICATION BASED ON ANDRILLAT ET AL. (1990) SPECTRAL FEATURES

1D Criterion 1 Criterion 2 Criterion 3 Classical Be

() @) 3) ) )
G007.2369+01.4894 ....... n n y n
G027.0268+00.7224 ....... y y N/A y
G047.3677+00.6199 ....... N/A N/A n n
G229.4514+01.0145 ....... n n y n
G299.1677—00.3922....... N/A y N/A y
G300.0992—00.0627....... N/A n n n
G305.4232—00.8229....... N/A n n n
G307.9784—00.7148....... N/A n n n
G321.7868+00.4102 ....... n y n n
G340.0517+00.6687 ....... n y n n

Notes.—In col. (2) stars with Ca 11 in emission and Paschen in emission are
denoted by y, and stars with Ca 1 in emission without Paschen emission are
denoted by n. Stars without Ca 11 emission are denoted by N/A. In col. (3) stars
with O 1in emission and Paschen in emission are denoted by y, and stars with O 1
in emission and Paschen in absorption are denoted by n. Stars without O 1 in
emission are denoted by N/A. In col. (4) stars with [8.0] excess >0.55 mag with
Ca in emission are denoted by y, and stars with [8.0] excess >0.55 mag without
Can are denoted by n. Stars without [8.0] excess >0.55 mag are denoted by N/A.
In col. (5) stars with criterion 1, 2, and/or 3 with y only are consistent with clas-
sical Be stars.

using the criteria of Andrillat et al. (1990) are consistent with our
classifications.

In order to validate our classification scheme we also applied
the classifications in Figure 18 to the classical Be stars in Andrillat
et al. (1990). In order to make the comparison over all spectral
features classified, we supplemented the spectra from Andrillat
etal. (1990) with spectra from Jaschek etal. (1993) to gain the O1
AT772 feature. There were only 19 stars in both Andrillat et al.
(1990) and Jaschek et al. (1993). Using our classification criteria
we were able to classify only one of the 19 stars as a classical
Be star based on spectra alone. The remaining 18 stars required
some knowledge of the SED. We fit Kurucz stellar models to
2MASS photometry for these 18 stars in a manner similar to our
GLIMPSE stars in order to estimate the amount of extraphoto-
spheric flux emanating from these sources. Since these 18 stars
are all bright (~V < 5) and 2MASS photometry for such stars
have large uncertainties, we chose not to determine the free-free
emission from Ha flux because of the larger normalization un-
certainties associated with the K band. In order to determine the
nature of the excess emission we determined the slope of the ex-
cess component, 3, where F,, o< v/ after an estimate of the stellar
flux was removed. The slope of free-free emission in the infrared
varies from 8 ~ —0.1-2.0 depending on the optical depth of the
gas (Wright & Barlow 1975). By contrast, sources with dust
components would have slopes 3 < —0.1. In order to determine
the slope of the infrared excess, we used flux measurements at
8.7 um from Gehrz et al. (1974) and the /RAS Point Source
Catalog at 25 pm measurements. Only 10 of the 18 stars had
photometry at both 8.7 and 25 um. We found that eight out of the
10 stars exhibit positive slopes consistent with optically thick
free-free emission.  Tau and 48 Per exhibited negative slopes.
Only 48 Per exhibits a slope less than —0.1 at the 3 o level. Given
the length of time between the two infrared measurements (>10 yr)
the large negative slope may be a consequence of the star’s known
variability (e.g., Koen & Eyer 2002). Assuming that slopes con-
sistent with free-free emission would cause the stars to be classi-
fied as Type I sources (Be stars), 10 of 11 known classical Be stars
would be classified as Be stars using our classification methods.
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By comparison, all three of our candidate debris disk systems
exhibit slopes less than —0.1 ata 3 o or greater level. None of the
six classical Be stars within our sample exhibit slopes less than
—0.1 at a 3 o level, meaning that their excesses are consistent
with optically thin or thick free-free emission. Neither of the two
candidate Herbig AeBe stars exhibit a slope less than —0.1 at the
3 o level. Four of the eight candidate transition disk systems ex-
hibit a slope less than —0.1 at greater than a 3 o, level indicative
of dust. These four stars are G014.4239—00.7657, G036.8722—
00.4112, G311.6185+00.2469, and G314.3136—00.6977. The
explanation for the four remaining candidate transition disk sys-
tems not exhibiting a 5 < —0.1 ata 3 o level may be variability.
An additional scenario for the shallower slopes is a narrow ring
of single-temperature hot dust, something analogous to { Leporis
(Chen & Jura 2001). Another possible explanation for the excess
for these four stars may be optically thick free-free emission.
In order to be conservative, we added a possible Be classifica-
tion to the remaining four candidate transition disk systems,
G047.3677+00.6199, G300.0992—-00.0627, G305.4232—
00.8229, and G307.9784—00.7148 in Table 7.

10. CONCLUSION

In an effort to identify the nature of the infrared excesses, we
obtained high-resolution optical spectroscopy for 31 luminosity
class Vor IV stars of spectral type B8 or later exhibiting 8 pm
mid-IR excesses in the GLIMPSE and MSX catalogs. We mea-
sured stellar effective temperatures for 28 stars and projected
rotational velocities and Ha equivalent widths for 30 stars. The
projected rotational velocities of the 20 GLIMPSE stars lie be-
tween 25 and 310 km s~ with a mean and dispersion of 209 +
76 km s~! consistent with the mixed nature of the sample. We
used derived stellar parameters and distances to estimate stellar ages
ranging from ~1 to 100 Myr for 16 stars (9 of the 20 GLIMPSE
stars). Twenty of the 31 stars (16 of the 20 GLIMPSE stars) ex-
hibit Ha emission, consistent with characteristics of pre—main-
sequence stars (i.e., Herbig AeBe stars) or classical Be stars. Ho
equivalent widths range between —39.38 A (characteristic of
classical Be stars or Herbig AeBe stars) and 9.41 A (main-sequence
B and A stars), suggesting a variety of origins in a sample of ob-
jects spanning a range of stellar evolutionary states.

For 16 of the 20 GLIMPSE stars showing Ha: emission, we
use the Ha flux to estimate the expected contribution of (free-
free and free-bound ) emission to the mid-IR excesses. In six out
of the 16 cases, the expected IR excess can fully account for the
observed infrared excess (Type I sources). We did not confirm
the infrared excess at 24 pm in one case. In the remaining nine
cases ( Type II sources) the expected contribution from free-free
emission cannot account for all of the observed IR excess, im-
plying that either (1) the circumstellar excess is time-variable and
the noncontemporaneous nature of Ho and mid-IR data render
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this estimate invalid, or (2) there is a dust component to the IR
excess. The lack of evidence for Ha variability for the majority
of our sources, combined with the fact that in no instance does
the Ha overpredict the IR excess component, makes the first sce-
nario unlikely. We conclude that the second scenario, the presence
of a circumstellar dust component, is most probable. Combining
correlations of spectral features for sources with known charac-
teristics, we find that the nine Type II sources with IR excesses
require a dust component and are likely to be young main-sequence
or near main-sequence objects harboring warm (300—800 K)
circumstellar dust. The nominal fractional infrared luminosities
for these nine sources after removal of the free-free component is
~1072-1073. For the six of these nine sources with age estimates,
there is a correlation between estimated age and Ha EW consis-
tent with a progression of disk clearing with time. Such charac-
teristics make these stars candidates for being “transition disk”
or “evolved-HAeBe™ systems containing rare dissipating pri-
mordial gas and dust disks. One of the four systems lacking Ho
emission has a very large K — [24] color, >4 mag. Such a large
color difference implies that the excess is optically thick at [24].
We conclude that this source is also a transition disk. The re-
maining three systems lacking Ha emission have disk temper-
atures of 300—400 K and fractional infrared luminosities of 1073,
These characteristics make them candidates for dusty debris disk
systems.

We show that K — 8, 8 — 24 color-color diagrams are a useful
tool to distinguish cool (7; < 300 K) dusty mid-IR excess ob-
jects from hot (7,; > 500 K) dusty or free-free mid-IR excesses.
Such diagrams reveal that additional information beyond near/
mid-IR colors is necessary to distinguish hot dust from free-free
excesses. This diagram also reinforces the idea that some stars
cataloged as classical Be stars may in fact be late-stage pre—
main-sequence stars containing circumstellar dust.
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