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Abstract. LacOB1 is a nearby OB association in its final stage of star
formation. While the member stars suggest an expansion time scale of tens of
Myr, the latest star formation episode, as manifested by the existence of massive
and pre-main sequence stars, took place no more than a few Myr ago. The
remnant molecular clouds in the region provide evidence of starbirth triggered
by massive stars.

1. Introduction

The Lacerta OB1 (I Lacertae) association was discovered by Blaauw & Morgan
(1953, reported earlier by Stromgren 1952) as an aggregate of dispersing early-
type stars, with an expansion time scale of a couple of million years. In the review
article on nearby O associations, Blaauw (1964) listed a distance of 600 pc for
Lac OBI1, estimated by means of HB photometry by Crawford (1961), which had
quite a large uncertainty because of the presence of pre-main sequence (PMS)
objects, and a possible age spread among member stars. A relatively recent
distance determination by de Zeeuw et al. (1999), derived from Hipparcos data,
yielded an average distance of ~ 370 pc. A noticeable distance range is obviously
expected for a nearby association, which by itself has a typical extent of a few
hundred parsecs. With a distance less than 400 pc, Lac OB1 ranks among the
nearest OB associations in the solar neighborhood, and forms a part of the Gould
belt system. The interstellar matter associated with the Gould belt is organized
into a giant expanding ring, called the Lindblad ring (Lindblad et al. 1973),
in whose periphery lie the local stellar associations, including Lac OB1 (Olano
1982). Early radio observations of Lac OB1 in the 21 cm line of neutral hydrogen
were carried out by Raimond (1957), Howard (1958), and Dieter (1960).
Blaauw (1958) divided Lac OB1 into two subgroups, Lac OBla and Lac OBl1b,

on the basis of stellar proper motions and radial velocities. The entire Lac OB1
is centered around RA = 22"35™ and Decl = 443°3, and covers the large sky
region 90° < £ < 110° and —5° < b < —25° (de Zeeuw et al. 1999). The
subgroup Lac OB1b has been considered younger and more concentrated, dis-
tributed within a ~ 5° radius centered around (¢,b) = (9770, —15°5), whereas the
presumably older Lac OBla extends over the remaining region. Blaauw (1958)
listed 15 stars for Lac OBla, and 11 stars for Lac OB1b. The Lac OB1b harbors
the only O star in the region, 10 Lac (09 V; HIP 111841). De Zeeuw et al. (1999)
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identified a total of 96 Hipparcos members for Lac OB1, including 1 O, 35 B,
46 A, 1 F, 8 K, 3 M-type stars, 1 carbon star (HIP 116681) and 1 star without
spectral information (HIP 111762). Table 1 lists these 96 stars together with
their 2MASS JHKs photometry. The first column is the Hipparcos number,
followed by (2) and (3) the star’s coordinates, (4) apparent V magnitude, (5)
B—V color, (6) parallax and (7) proper motions. Columns (8), (9), and (10) are
2MASS magnitudes. Column (11) gives the spectral type, and the last column
(12) provides some information gathered from SIMBAD.

De Zeeuw et al. (1999) gave a comprehensive list of references for Lac OB1
of the following parameters: (1) Distance: For instance, Lesh (1969) estimated
368 pc and 603 pc, while Crawford & Warren (1976) obtained 417 pc and 479 pc
for the subgroups Lac OBla and Lac OBl1b, respectively. (2) Proper motions:
pecosb = —2.3+0.1 mas yr~!, and pp = —3.440.1 mas yr~'. (3) Radial velocity:
Bijaoui, Lacoarret & Granes (1981) obtained the peak around wv;,q(LSR) ~
—15 km s~!, whereas the Hipparcos Input Catalogue gave an average of vyaq =
—13.3 km s~!. (4) Expansion age: 2.5+0.5 Myr (Lesh 1969). (5) Stellar rotation:
Abt & Hunter (1962). (6) Photometric (e.g., uvby, Crawford & Warren 1976)
and spectroscopic (e.g., Coyne et al. 1969, Levato & Abt 1976, Guetter 1976)
studies. Also useful is the review by Garmany (1994) on the physical properties
and dynamical evolution of OB associations, including Lac OB1.

2. Sites of Recent Star Formation in Lac OB1

Despite a considerable number of fairly massive member stars, Lac OBI1 is rel-
atively devoid of cloud material. Two regions—both being remnant molecular
clouds—are known to have had recent star-forming activities, namely the bright-
rimmed cloud LBN 437 (Lynds 1965) and the comet-shaped cloud GAL 110—13
(Whitney 1949). Figure 1 shows the molecular CO emission (Dame et al. 2001),
along with Hipparcos members (de Zeeuw et al. 1999), Herbig Ae/Be and clas-
sical T Tauri stars (CTTSs) (Lee & Chen 2007) in the Lac OB1 region.

2.1. LBN437

LBN 437 is at the edge of an elongated molecular cloud complex Kh 149 (Khav-
tassi 1960), also known as GAL 96—15 (Odenwald 1988), and on the border of
the HII region S 126 (Sharpless 1959) excited by 10 Lac (see Fig. 2). The south-
ern end of LBN 437 is forked into two condensations sharing the same mean
radial velocity. Condensation A contains a cold, elliptical dense core traced by
NHj3 emission, and is associated with an optical reflection nebula and luminous
young stars, whereas the less massive Condensation B appears not associated
with any optical stars (Olano et al. 1994).

Stars associated with Condensation A include LkHa 233 (= V375 Lac), a
Herbig Ae star (Herndndez et al. 2004) showing He, [0 1] 6300 A, and [SII] 6717 A
emission lines in the spectrum (Lee & Chen 2007). LkH« 233 was noticed by
Herbig (1960) to be an Ae/Be star associated with nebulosity that was later
resolved by near-infrared speckle interferometry to be ~ 1000 AU in size (Lein-
ert, Haas, & Weitzel 1993). Given my = +13.8 and assuming a luminosity
class V (which is not appropriate for a PMS star), hence My = +2.3, Odenwald
(1988) estimated a distance 140-860 pc to LkHa 233, depending on the adopted
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Figure 1.  CO emission in Lac OB1 (Dame et al. 2001). The circles mark the
positions of Hipparcos member stars (de Zeeuw et al. 1999), and the boxes
represent CTTSs and Herbig Ae/Be stars (Lee & Chen 2007). The O star
10 Lac is indicated by a cross. The Galactic plane is seen on the upper right.
The figure covers roughly the Galactic coordinates from ¢ ~ 75° to ~ 120°
and from b ~ +10° to ~ —35°.

value of optical extinction. Fig. 3 shows the region around LKHe« 233 and other
fainter emission-line stars LkHa 230, LkHea 231, LkHa 232, and the luminous
star HD 213976 (Herbig 1960). The association of LkHa 233 with Lac OBI,
however, should be taken with caution because of the very different proper mo-
tions of LkHa 233 (pq cosd, ps) = (—18,13) mas yr~! (Ducourant et al. 2005),
from those of 10 Lac (0, —8), or of Lac OB1b (0,—5) (Lee & Chen 2007) (see
Table 1.)

LkHa 233 is the exciting source of a series of bipolar Herbig-Haro objects
(Corcoran & Ray 1998), including HH 398 and HH 808 through HH 814, that
stretch a few parsecs along the direction of ~ 65°/245° (McGroarty et al. 2004,
see Fig. 4). Note that McGroarty et al. (2004) adopted a distance of 880 pc to
LkHa 233, apparently taken from Calvet & Cohen (1978) based on the inference
that the B1.5 V star HD 213976, with my = 7.0 and a distance modulus of 9.6,
has a negligible extinction Ay ~ 0.42 (Aspin, McLean, & McCaughrean 1985),
so it should be in front of the dark cloud. In such a case, the cloud, and hence
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Figure 2.  Schematic of Lac OB1 near the LBN 437 cloud (modified from
Olano et al. 1994). Condensations A and B at the southern end of LBN 437
are marked.

LkHa 233, should be at least 880 pc away. This inferred distance is, however,
much farther than the recent Hipparcos value of 370 pc (de Zeeuw et al. 1999),
thus the linear dimensions of the LkHa 233 outflows derived by McGroarty et al.
(2004) should be considerably shorter—but still on parsec scales. Most HH out-
flows are excited by low-mass PMS stars, so the ones associated with LkHa 233
(mass ~ 4Mg, Perrin & Graham 2007) are among the rarities to be related to
intermediate-mass PMS stars (McGroarty et al. 2004). LkHa 233 is among the
Herbig Ae/Be stars that show the 10-um silicate feature in absorption (Hanner,
Brooke, & Tokunaga 1998; Bowey, Adamson, & Yates 2003). Optical polarimet-
ric imaging revealed a circumstellar disk roughly perpendicular to the outflows
(Aspin, McLean, & McCaughrean 1985). High angular resolution imaging by
Keck adaptive optics indicated that the bipolar jet of LkHa 233, redshifted in the
position angle of 69°and blueshifted in 249°, is highly collimated, with an open-
ing angle less than 10°, suggestive of an early accretion phase (Perrin & Graham
2007). Recent HST observations, with a spatial resolution < 0”1, yielded phys-
ical parameters, such as electron density, temperature, and ionization fraction
in the bipolar jet of LkHa 233 that are scaled up from those in T Tauri stars
(Melnikov et al. 2007). LkHa 233 presents thus an interesting case for young
stellar outflows intermediate in stellar mass between T Tauri stars and massive
young stars.

Between 10 Lac and LBN 437, there is a group of PMS stars spanning some
24" (about 2.6 pc) across, most of which exhibit forbidden lines, indicative of
youth (Lee & Chen 2007). LkHa 233 is located near the edge of LBN 437 and,
being the exciting source of Herbig-Haro objects, conceivably should be among
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Figure 3. DSS-2 red image of the region around LkHa 233 and other
emission-line stars, each labeled with its LkHa number, and the luminous
star HD 213976.

the youngest. There are otherwise no CTTSs or Herbig Ae/Be stars known
inside the cloud (Lee & Chen 2007). The formation of this chain of young stars
lying between 10 Lac and the LBN 437 cloud complex might be triggered by the
radiation-driven implosion mechanism (Bertoldi 1989, Bertoldi & McKee 1990,
Hester & Desch 2005), in which the UV photons from a luminous star evaporate
and compress a nearby molecular cloud. As a result, the cloud is shaped into a
pillar, being illuminated as a bright-rimmed cloud, and star formation may be
taking place at the surface layer of the cloud.

2.2, GAL110-13

GATL 110—13 is an isolated, elongated cloud (Whitney 1949). The CTTS BM And
(RA = 23M37m38%5, Decl = +48°24’12", J2000), and three B-type stars associ-
ated with the cloud, namely HD 222142 (which illuminates the nebula vdB 158,
van den Bergh 1957), HD 222046, and HD 222086, all share common proper
motions, suggesting a physical group (Lee & Chen 2007). This cloud was not
included in the study by de Zeeuw et al. (1999), but given its distance (~ 440 pc,
Aveni & Hunter 1969), cloud radial velocity (~ 8 km s~!, Odenwald et al. 1992),
and the proper motions of associated young stars (Lee & Chen 2007), it is likely
a part of Lac OBI1.

Odenwald et al. (1992) attributed the morphology and high star formation
efficiency (30%) in GAL 110—13 to compression by a recent cloud collision. The
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Figure 4. [SII] image of the LkHa 233 region, taken from McGroarty et al.
(2004). Herbig-Haro objects and TRAS sources are labeled. The straight line
depicts the major axis of the outflow at 62°. The inset shows the continuum
subtracted ([SII]-V) image of HH 814.

cloud points to the central part of Lac OB1 where 10 Lac is located, similar to
LBN 437 and other cloud filaments in the region (see Fig. 1). An alternative to a
cloud collision is shock interaction from a supernova in Lac OB1b which shaped
GAL110-13 and prompted the formation of stars in the cloud. Evidence in
support of this supernova scenario comes from the B5V star HD 201910, a possi-
ble runaway star from a binary system in Lac OB1b when one of the component
stars became a supernova (Blaauw 1961, Gies & Bolton 1986).

3. Star Formation History in Lac OB1

Blaauw (1958) and Blaauw (1964, 1991) derived an expansion age of 16-25
Myr for Lac OBla and 12-16 Myr for Lac OB1b, on the basis of stellar proper
motions and radial velocities. The majority of the Lac OB1 members indeed was
thought to be an evolved population; e.g., Herndndez et al. (2005) failed to find
bright Herbig Ae/Be stars in the region, and all the He emission-line stars these
authors studied turned out to be classical Be stars, i.e., on the verge of turning
off the main sequence. The kinematic ages of tens of Myr, however, are much
longer than the main sequence lifetime of ~ 3.6 Myr for 10 Lac (Schaerer & de
Koter 1997) and the typical age of a few Myr for the CTTSs in the region.
Star formation in Lac OB1 therefore appears not coeval, with the latest
episode occurring no more than a few Myr ago. Kinematic ages of OB asso-
ciations are often a factor of 2 less than those derived photometrically based
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Figure 5.  DSS blue image of GAL 110—13, shown in Galactic coordinates.
BM And and three late-B stars are marked.

on stellar evolution models (Garmany 1994). Subgroups in an OB association
may originate in a gravitationally unbound giant molecular cloud (Clark et al.
2005). Likewise, members in a subgroup may be formed out of dispersing cloud
fragments, or as a consequence of triggered star formation by an expanding ion-
ization front. Figure 6 shows the color-magnitude diagram for Lac OBla and
for Lac OB1b. It is seen that the stars in the subgroup Lac OB1b form a clear
main sequence, whereas those in Lac OBla are much more scattered. De Zeeuw
et al. (1999) suspected that Lac OBla might not be a physical group. In any
case, care should be exercised when doing photometric dating; the scattering
could be atiributed partly to the distance spread among members, as Lac OBla
is nearby and occupies a large volume in space. It may be that the more com-
pact Lac OB1b is actually more evolved, as evidenced by a smaller color excess
of its stars (Crawford & Warren 1976) and the deficiency of HI gas around
S 126 where 10 Lac and other luminous stars are located (Cappa de Nicolau &
Olano 1990). On the other hand, Lac OBla, if it is a real association, seems to
contain some PMS stars and therefore represents a generation of stars younger
than—perhaps triggered by—those in Lac OB1b. Eventually the sequence of
star formation reached GAL 110—13, as we now witness.

Both LBN 437 and GAL110—13 have low dust extinction, similar to the
bright-rimmed clouds in OriOB1 (Lee et al. 2005), as is expected for remnant
clouds (Sugitani et al. 1991). Such a low density condition is unfavorable for
spontaneous, global cloud collapse. The ablation of molecular clouds also gives
rise to a seemingly high star-formation efficiency, e.g., 30% for GAL110-13
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Figure 6. Color-magnitude diagrams for the subgroups LacOBla and
Lac OB1b reconstructed from de Zeeuw et al. (1999) for stars having B—V <
0.4 mag.

(Odenwald et al. 1992), to be compared with a few percent typical in star-
forming regions (White et al. 1995). The cloud morphology, age sequence, and
spatial distribution of young stars in the vicinity of clouds suggest sequential star
formation by stellar radiation, supernova shocks or cloud collision. In particular,
if GAL 110—13 is indeed related to Lac OB1, which has a projected distance of
some 100 pc away, the triggering appears to have far-reaching influence. The
Lac OB1 association, with much of cloud material already dissipated, is clearly
ending its star-formation activity, and stages an interesting case of starbirth
sequence in an OB association.
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