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Abstract. Around the O8 star� Orionis is a highly evolved star-forming region,
comprising recently formed stars from 0.2 M� to 24 M� and dark clouds actively form-
ing stars, all within a 30-pc radius ring of dust and neutral and molecular hydrogen. The
spatial and age distributions of the stars show that originally star formation occurred in
an elongated giant molecular cloud, with the most massive stars forming in a dense
central core. A supernova is suggested as the mechanism thatterminated star formation
in that core and formed the surrounding ring. Star formationcontinues in remnant dark
clouds distant from the original core. The local initial mass functions differ signi�-
cantly across the region, although the global IMF is �eld-like. Interestingly, the lack of
H� emission in stars near� Ori indicates that the environment of the massive stars was
not conducive for the survival of accretion disks.

1. Introduction to the � Orionis Star-Forming Region

The� Orionis star-forming region (SFR) is an ideal laboratory for study of the evolution
of a molecular cloud into an association of low- and high-mass stars. � Ori itself 1

anchors a tight knot of 11 OB stars, centered within a 60 pc diameter ring of dense
molecular gas and dust. Notable features of this clumpy ringinclude the large B30
cloud on the northwest edge and the elongated B35 cloud protruding inward from the
eastern side. By contrast, the interior of this ring is nearly devoid of dense gas. It is this
relative transparency that has made the� Ori SFR understudied in the past: the lack of
opacity reveals vast numbers of background �eld stars. But also revealed is almost all
of the young stars of the� Ori association, and with them the story of their births.

The star� Ori is the relatively dim head of Orion, and bears the name Meissa from
the Arabicmaisanor “sparkling”. Classi�ed as O8 III,� Ori is the exciting star of a
large (50 pc diameter), ionization-bounded HII region (Sh-2-264; Sharpless 1959). A
ring of both neutral and molecular hydrogen surrounds the HII region, and likely is the
consequence of the HII region sweeping interstellar gas before it (Wade 1957, 1958,
Zhang & Green 1991, Maddalena & Morris 1987, Bergoffen & Van Buren 1988, Lang
et al. 2000). Estimates for the total mass of the ring are of order 104 M � . The diffuse
material of the region is perhaps most strikingly seen as thebright ring of dust emission
at the top of the classic IRAS image of the Orion region (Figure 1; see also Zhang et al.
1989).

1Strictly, � 1 Ori, as� Ori is a visual binary star with� 2 Ori being a B0 V star at an angular separation of
4.4 arcseconds
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Figure 1. Optical and infrared (IRAS) images of the� Orionis region. The diame-
ter of the dust ring surrounding the star-forming region is 8� or 60 pc. For orientation
and scale, Betelgeuse and Bellatrix are the two brightest stars in the optical image,
while � Orionis is the brightest star near the center.
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Figure 2. Extinction maps of� Ori region, with clouds labeled by Lynds (1962) number (right) and Dobashi et al. (2005) number (left).
Dots in the left panel are high extinction cores identi�ed byDobashi et al.
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2. The Dark Clouds of the� Orionis Star-Forming Region

The ring of material around� Ori has been well known for nearly a century. Barnard
(1927) identi�ed 8 dark clouds around the region, as listed in Table 1.

Table 1.
Barnard Dark Clouds in the� Ori Region.

ID 2000 Gal. Coor.

B223 5 21.5 +08.3 194.7 -15.7
B224 5 23.9 +10.6 193.0 -14.0
B225 5 29.0 +11.6 192.8 -12.4
B30 5 30.2 +12.8 191.9 -11.5
B31 5 32.0 +12.8 192.2 -11.2
B32 5 32.1 +12.4 192.5 -11.4
B35 5 45.5 +09.1 197.1 -10.2

Lynds (1962) also catalogued clouds in the region, and most recently Dobashi et
al. (2005) used the Digital Sky Survey to complete an extinction map of the Galaxy, in-
cluding the� Ori region. In the latter case, they also identi�ed dense cores (or “clumps”
in their phrasing). In Figure 2, we show the extinction maps of the � Ori region from
Dobashi et al., with the clouds labeled using the Dobashi numbers (TGU) and the Lynds
numbers (L).

It is not in all cases easy to cross reference the different cloud catalogues. The
large cloud B30 has three extensions, which Barnard labeledB31, B32, and B225. The
same cloud complex is TGU 1365, and is often called L1582, although Lynds actually
has seven cloud features there (L1573, 1577, 1580, 1581, 1582, 1583, 1584). The well
known small cloud B35 (which contains FU Ori) is also L1594 and TGU 1384. B223
is L1589 and TGU 1377. B36 is L1599 and TGU 1392/1395. B224 is TGU 1370, but
has no Lynds number. The coordinates in Table 1 are from SIMBAD, and are indicative
only.

3. The Young Stellar Population of the� Orionis Star-Forming Region

3.1. Early Spectral-Type Stars

The �rst high-quality photometry of the 11 early-type starsin the vicinity of � Ori was
done by Murdin & Penston (1977), from which they began study of the population
distance (400� 40 pc) and age (4 Myr). Dolan & Mathieu (2001; DM01) continued
this work by obtaining Strömgren photometry of� Ori and 18 B-type stars within the
HII region. Their sample included all the O and B0-B5 stars within 5� of � Ori (except
Bellatrix and� 2 Ori) and all of the B6-B9 stars within 1� of � Ori, all selected from the
PPM catalog (Roeser & Bastian 1988; in total there are 58 OB stars in PPM within 5�

of � Ori). The stellar data are tabulated in Table 5 of DM01.
Figure 3 shows a theoretical Hertzsprung-Russell diagram of 20 OB stars within

5� of � Ori, derived from Strömgren photometry. The �gure distinguishes between
those stars in the immediate vicinity (< 0.5� ) of � Ori, i.e. the stars usually associated
with the � Ori OB association, and the more distributed population projected within
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the HII region. The data have been transformed to a distance of 450 pc, based on a
main-sequence �t to the stars near� Ori. (The distance to the SFR is discussed further
in Section 5.1.)

Figure 3. HR diagram of OB stars with Schaller et al. (1992) evolutionary tracks,
showing stars within 0.5� of � Ori (�lled circles) and more than 0.5� away (open
circles). (From DM01.)

Twelve of the 20 stars �t well to the theoretical main sequence, suggestive of
membership in the association. The two most luminous stars -� Ori and HD 36822 -
are presumed members that have evolved off of the main sequence, from which DM01
derive ages of� 6 Myr (Section 5.2.). The remaining 6 stars fall above the main
sequence by more than can be easily explained by binarity or evolution in a coeval
stellar population. They may simply be foreground stars, although one of them - HD
36881 - lies amidst the group immediately around� Ori.

3.2. Late Spectral-Type Stars - Spectroscopic Discovery

H� Emission The �rst comprehensive surveys for PMS stars in the� Ori region were
based on H� objective prism surveys. The best of these surveys remains that of Duerr,
Imhoff & Lada (1982; DIL82). They surveyed about 100 square degrees centered on�
Ori, with the faintest stars at V� 18.5. They estimate their completeness to be at least
50% at 17.0 mag. Including discoveries from earlier surveys(Haro, Iriarte & Chavira
1953, Manova 1959), they tabulated 99 stars detected to haveH� emission in one or
more surveys. In all cases where a star was bright enough for study, it has also been
found in the literature to be variable photometrically (DIL82).

The spatial extent of the DIL82 survey and the distribution of the H� emission
stars are shown in Figure 4, projected upon the observed molecular emission. Despite
the entire HII region having been surveyed, most of the H� emission stars lie within an
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Figure 4. The �lled circles are H� sources cataloged by DIL82. The contours are
from the CO J=1! 0 map of Lang & Masheder (1998), the dashed line is the limit of
the HII region, and the “B” symbols are B stars near� Ori. (Adapted from DM99.)

elongated distribution extending between the dark clouds B30 and B35. DIL82 suggest
that these stars are a fossil record of a preexisting giant molecular cloud complex. They
note the concentration of H� emission stars around B30 and B35, and that a substantial
number lie away from the dark clouds within the central regions of the complex. How-
ever, many of these are among the weaker emission sources, and subsequent studies
found them to be non-members (typically �eld M-type stars; e.g., DM01).

More spatially limited spectroscopic surveys have detected a few H� emission
stars not previously found in the objective prism surveys. DM01 �nd 23 new stars
with H� equivalent widths greater than 10	A; all but two are associated with the B30
and B35 clouds. Strong H� emission has also been detected from candidate substellar
members in the very deep survey for young stars of Barrado y Navascués et al. (2004;
discussed in more detail in Section 3.3.). They suggest thatthree such stars have such
large H� equivalent widths (73	A to 123 	A) as to be candidates for active accretion
disks.

Lithium Absorption and Radial VelocitiesOptimally, a survey for PMS stars would
be achieved with an observational diagnostic of youth that is independent of the evo-
lutionary state of the stars, thereby eliminating biases with respect to accretion disks,
rotation, age, etc. Kinematic surveys via proper motions and radial velocities are per-
haps the optimal approach, if the SFR space velocity is well separated from the �eld
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star population. For very young, late-type stars, the lithium � 6707 absorption line also
approaches being such a diagnostic. Lithium has a fusion ignition temperature lower
than hydrogen. Consequently lithium is depleted during theconvective PMS stages of
late-type stars, and very strong lithium absorption lines (e.g., equivalent widths� 0.5
	A) are typically only seen in PMS stars.

However, the need for high spectral resolution to unambiguously detect the lithium
line had made this technique an impractical tool for large surveys with conventional
spectrographs. The advent of �ber-optic, multi-object, echelle spectrographs now makes
surveys for lithium absorption feasible. In addition, the same spectra provide one-
dimensional kinematic information as well. This spectroscopic technique for surveying
for PMS stars was applied to the� Ori SFR by Dolan & Mathieu (1999; DM99) and
DM01.

Observational Technique Since this was the �rst application of this technique to an
SFR, an overview of the procedure is merited. For a complete spectroscopic survey,
a target list must �rst be generated from an imaging study that provides both multi-
band photometry and subarcsecond positions. Figure 4 of DM99 shows an R-I color-
magnitude diagram for a 1� -diameter �eld around� Ori. Fortunately, both theoretical
isochrones and the photometric data in their Figure 4 show that the PMS stars can be
photometrically distinguished from most of the �eld stars,substantially reducing the
spectroscopic observation burden.

Figure 5. Small circles are the target �elds for multi-object lithium spectroscopy.
The �lled circles mark the positions of stars with strong lithium absorption, pre-
sumed to be young. (From DM01.)



8

Figure 5 shows the 11 �elds spectroscopically surveyed by DM01, all but two
at greater than 90% completeness. The observations were done with the WIYN Hy-
dra Multi-Object Spectrograph, and thus each �eld is 1� in diameter. The �elds span
roughly a diameter across the SFR, with an emphasis on the regions in which H� emis-
sion stars were found by DIL82 (Figure 3). In 10.5 allocated nights, DM obtained 4177
spectra of 3618 stars. Each spectrum included 400	A centered at 6640	A, and thus
included the Li I� 6707 	A and H� lines, and a rich array of metal lines near 6450	A
for precise radial-velocity measurements. With a resolution R� 20,000 and a typical
signal-to-noise ratio per pixel of 25-40, lithium absorption could be detected to a min-
imum equivalent width of 0.1	A with 5� con�dence, and the radial-velocity precision
was 0.5 km s� 1.

Lithium absorption was detected in 648 stars, of which 266 showed strong lithium
absorption indicative of youth (de�ned as W� (Li) � 0.2 	A). Figure 6 shows a plot
of lithium absorption strength versus radial velocity. Clearly those stars with strong
lithium absorption are kinematically associated, and their mean velocity of 24.5 km
s� 1 is typical of the Orion association.2

Figure 6. Lithium abundance and radial velocity cleanly discriminate the low-
mass PMS stars in the� Ori SFR.

DM01 give an extensive comparison with other survey techniques for PMS stars.
To summarize, spectra were obtained for 36 of the DIL82 H� stars. 31 of these stars
show strong lithium absorption and are kinematic members. H� emission is also de-
tected in these stars, but comparison with the DIL82 emission strength classi�cations
show high variability. This variability is typically seen in such comparisons, and is cos-
mic in origin. Of the 5 stars without lithium, 4 are kinematicnon-members and one is
an early-type star. Three were classi�ed as weak or very weakemission by DIL82, one
was medium strength, and one was strong. Only the latter showed H� emission (11	A)
in the DM01 survey.

2DM01 did note a grouping of stars with 0.1< W� (Li) < 0.2 	A and 10< vrad < 20 km s� 1 . The velocity
range is similar to that of the Taurus-Auriga SFR, but their spatial distribution appears random.
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Lithium-Selected PMS Stars in the� Ori Region

DM01 identi�ed 266 PMS stars in the� Ori region based on lithium absorption strength
(including those identi�ed around� Ori by DM99). These are shown in Figure 5 as
black dots. Fields 1 and 3 were not completely surveyed, yielding 6 of these stars. The
spatial distribution and properties of these stars are discussed in Section 5.

3.3. Late-Spectral Type Stars - Photometric Discovery

Deep Photometry

The spectroscopic surveys provide reasonably secure selection of PMS members, but
to date have not extended to very low stellar masses. Thus forexample the R� 16 limit
of the DM01 study corresponds to a mass of 0.4 M� (using Palla & Stahler (1999)
evolutionary tracks). A much deeper photometric study in the immediate vicinity of�
Ori has been completed by Barrado y Navascués et al. (2004).They imaged in Rc and
Ic an area of 420 � 280 centered on� Ori. Their color-magnitude diagram is shown in
Figure 7. They estimate that for association members they are complete to Ic= 20.2.
Again, at the age of the� Ori association Figure 7 shows a clear separation of the vast
majority of the �eld stars and the PMS stars. The photometrically selected candidate
association members merge smoothly into the PMS members identi�ed spectroscopi-
cally. Importantly, the faintest candidates at Ic � 22 would be substellar with masses of
only 0.01 M� at the distance of� Ori.

Figure 7. Deep CMD for the �eld immediately around� Ori. Spectroscopically
identi�ed members (DM01) are shown as x's, while �lled dots are photometrically
identi�ed candidate members. The solid line is the ZAMS and the dotted line is a 5
Myr isochrone from Baraffe et al. (1998). (From Barrado y Navascués et al. 2004).

Barrado y Navascués et al. also obtained low-dispersion (R= 1100, 6250-9600	A)
spectra for 33 of these candidates. Based on this spectroscopy when available, and
only on photometry otherwise, they developed a membership classi�cation strategy
and conclude that the contamination by non-PMS stars is of order 25% for the possible
and probable members.
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Wide-Field Photometry

X-ray Among the many ROSAT All-Sky Survey sources within the� Ori molecular
ring, spectroscopic studies identi�ed 44 PMS stars with 10�< V �< 15 (Sterzik et al.
1995, Alcalá et al. 1996, 2000, Alcalá, Chavarr��a-K., & Terranegra 1998, Neuhäuser et
al. 1995a, 1995b, 1997, Magazzu et al. 1997). Seven of these stars had previously been
identi�ed by DIL82.

Sterzik et al. (1995) note that their surface-density maximum is associated with
� Ori rather than the dark clouds, and that their distributionis slightly elongated along
the B30-B35 axis with an extent of about 2� . They note that the 20 PMS star candidates
within a 2� diameter ring around� Ori represent a surface density exceeding almost
�ve times the background star density. Essentially the X-ray survey was discovering the
“tip” of the population of PMS stars soon after to be identi�ed by the lithium surveys
and the photometric surveys.

Figure 8. Distribution of proxy PMS stars based on optical photometry. The solid
outline de�nes the domain of the survey. Note that �elds outside the dashed circle
are projected on the molecular clouds, so the surface densities are likely arti�cially
enhanced by reddening.

Optical Dolan & Mathieu (2002; DM02) obtained VRI photometry for 320,917 stars
with 11< R < 18 throughout the� Ori SFR. The region covered by this photometry is
shown in Figure 8, and includes much of the molecular ring andalmost all of the area
interior to the ring.

Using all three bandpasses and color-color knowledge calibrated on the spectro-
scopic members, DM02 developed a procedure to isolate candidate PMS stars in this
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sample (similar in concept to that of Barrado y Navascués etal.). Even with removal of
99.9% of the �eld stars, the sample of candidate associationmembers still comprises
roughly equal numbers of �eld stars and PMS stars. Doing a statistical �eld subtrac-
tion within 1� square �elds, DM02 determined the numbers of PMS stars in each �eld.
These numbers are indicated by proxy stars shown as dots in Figure 8.

The distribution of proxy PMS stars in Figure 8 is of great value in deriving the
star-formation history of the region. However, this process does not identify speci�c
PMS stars that can be tabulated. In addition, reddening of �eld stars behind the dust ring
can give them the colors of PMS stars, so the surface densities on the ring are likely
overestimates. Indeed, a critical question is whether the molecular gas ring contains
PMS stars outside of the more massive clouds such as B30, B35 and B223.

Infrared Lee et al. (2005) used JHK data from the 2MASS survey to identify CTTs (9

�< J �< 14) throughout the� Ori SFR, and indeed throughout the Orion region. Identi�-
cation of stars as candidate CTTs was based on location in theJHK color-color diagram.
Follow-up spectroscopy of a subsample (none in the� Ori region) suggested a yield rate
of true CTTS of 75%.

This technique yielded 18 stars in the� Ori region, distributed along the same
linear axis as found by DIL82 and DM01. Regrettably Lee et al.(2005) did not provide
a cross-identi�cation list with DIL82 and DM01 in order to compare with spectroscopic
data, and time has not permitted doing so here.

3.4. Herbig-Haro Objects

A number of embedded sources are located in the more massive molecular clouds
surrounding� Ori, and several are producing Herbig-Haro �ows. Table 2 lists the
presently known HH objects in the� Ori clouds, from Reipurth (1999) and Magakian
et al. (2004). These �ows are located in B35, B30 (L1582), B223 (L1589), and L1598.

Among these, two �ows have attracted particular interest dues to their large ex-
tents.

HH 114/115 This is a major bipolar Herbig-Haro �ow with an extent of almost 20
arcminutes, corresponding to 2.6 pc, and located in the L1589 cloud (Reipurth, Bally,
Devine 1997). It is seen in Figure 9, which shows a mosaic of H� +[SII] images.
HH 114 and 115 form two opposing working surfaces of a bipolar�ow that appears
to emanate from IRAS 05155+0707, an embedded Class I source that is located be-
tween the two HH objects. Another embedded source, named HH 114 MMS, was
found nearby in a 1300� m survey by Reipurth et al. (1993). A more detailed sub-
millimeter study by Chini et al. (1997) has shown that this isa Class 0 source. Both
of these embedded sources were detected in the 3.6 cm radio continuum by Rodr�́guez
& Reipurth (1996). The CCD image in Figure 9 also shows two fainter Herbig-Haro
objects, HH 328 and 329, which are located almost precisely on a line going through
the HH 114 MMS source, and they may form another giant HH �ow inthis region.
Lee et al. (2002) mapped the region around these newborn stars in CO J=1-0 emission
and found two high-velocity molecular out�ows, apparentlyemanating from the two
sources (see Fig. 10). The CO �ow possibly linked to HH 114 MMSis, however, not
along the axis de�ned by HH 328/329, suggesting that perhapsthis source is a binary.

HH 243 The HH 243 �ow was discovered by Cohen (1980) and was originally known
as RNO 43. It is part of a giant Herbig-Haro �ow encompassing the additional dis-
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Figure 9. The giant bipolar HH 114/115 �ow in the B30 cloud. Embedded sources
are marked with circles. From Reipurth, Bally, & Devine (1997).

Figure 10. Two molecular out�ows are seen in this CO J=1-0 maparound the
Class I source IRAS 05155+0707 and the Class 0 source HH 114 MMS. From Lee
et al. (2002).
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Figure 11. The giant bipolar HH 243 �ow. Embedded sources aremarked with
circles. From Reipurth, Bally, & Devine (1997).

tinct components HH 244, HH 245, and HH 179 and with a total extent of 3.4 pc (see
Figure 11). Spectroscopy of parts of the �ow is reported by Jones et al. (1984) and
Magakyan & Movsesyan (1993, 1994). CCD images of this �ow shows an S-shaped
morphology, suggesting that the �ow has precessed with time(Ray 1987, Reipurth et
al. 1997, Eislöffel & Mundt 1997). This giant HH �ow is driven by the IRAS source
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05295+1247 embedded in a dense cloud core. The source has been detected in the radio
continuum (Anglada et al. 1992, 1998) and at sub-millimeterwavelengths (Zinnecker
et al. 1992, Reipurth et al. 1993, Chini et al. 1997, Dent et al. 1998). The source also
drives a major molecular out�ow, which has been studied by Edwards & Snell (1984),
Cabrit et al. (1988), Bence et al. (1996), and Arce & Sargent (2005). This �ow is
an excellent example of how an out�ow from a young star can accelerate gas from a
surrounding envelope.

Table 2. Herbig-Haro Objects in the� Ori Region.

HH Other ID � 2000 � 2000 l b Source Cloud

114 5 17 42.8 +07 15 49 195.12 –17.06 IRAS05155+0707 L1589
328 5 17 55.5 +07 15 56 195.15 –17.02 L1589
329 5 18 40.5 +07 08 18 195.36 –16.92 L1589
115 5 18 45.6 +07 05 26 195.42 –16.93 IRAS05155+0707 L1589
176 5 31 26.3 +12 10 54 192.61 –11.61 HK Ori L1582
716 5 31 43.6 +12 33 04 192.32 –11.36 L1582
717 5 31 48.8 +12 31 06 192.36 –11.36 L1582
718 5 31 51.1 +12 31 48 192.36 –11.35 L1582
179 5 32 03.0 +12 35 24 192.33 –11.27 IRAS05295+1247 L1582
719 5 32 07.2 +12 31 25 192.40 –11.29 L1582
720 5 32 08.5 +12 32 01 192.39 –11.28 L1582
244 5 32 12.7 +12 46 02 192.20 –11.15 IRAS05295+1247 L1582
243 RNO 43 5 32 27.9 +12 53 18 192.12 –11.03 IRAS05295+1247 L1582
245 RNO 43-N 5 32 33.3 +12 58 11 192.07 –10.97 IRAS05295+1247 L1582
175 5 44 47.5 +09 10 12 196.95 –10.33 IRAS05417+0907 B35
116 5 51 53.3 +08 25 21 198.49 –09.17 IRAS05494+0820 L1598
117 5 52 22.6 +08 16 10 198.68 –09.15 IRAS05496+0812 L1598
118 5 52 23.3 +08 10 13 198.77 –09.19 IRAS05496+0812 L1598

4. Objects of Note in the� Orionis Region

4.1. FU Orionis

One of the most remarkable PMS stars - FU Orionis - lies withinthe� Ori star-forming
region, speci�cally in the southeast extension of the dark cloud B35. Between Novem-
ber 1936 and February 1937, FU Ori brightened by nearly 6 magnitudes, rising from the
relative obscurity of 16th magnitude to become one of the brightest PMS stars (Wach-
mann 1954). It remains near its maximum brightness, surrounded by a fan-shaped
re�ection nebulosity (Figure 12).

With the addition of two other cases, V1057 Cyg and V1515 Cyg,Herbig (1977)
identi�ed FU Ori as the prototype of a class of PMS stars marked by very luminous
outbursts, with increases in optical brightness of 4 or moremagnitudes. Long-term
light curves of FU Ori can be found in Herbig (1977) and Kenyonet al. (2000). FU
Ori has shown no dramatic photometric changes for many decades, slowly becoming
fainter (� 0.015 mag yr� 1). Low-level �ickering (amplitude of 0.035 mag) on day
timescales has been detected by Kenyon et al. (2000).
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FU Ori is heavily extincted (AV ranges from 1.5 - 2 in the literature), shows strong
lithium absorption (� 0.5 	A), and is associated spatially and kinematically with the B35
dark cloud. All of these properties led Herbig (1966, 1977) to �rst identify FU Ori as
a young star. Importantly, though, Herbig also noted that the optical light of FU Ori
reveals an F-G supergiant spectrum, indicating an unusually low gravity for a T Tauri
star. The spectrum of FU Ori also shows P Cygni-like pro�les (e.g., Petrov & Herbig
1992, Hartmann & Calvet 1995, Herbig et al. 2003) indicativeof a strong stellar wind,
with mass loss rate of a few percent of the mass accretion rate.

Subsequent observation of large infrared excesses (e.g., Zhu et al. 2007) and in-
frared spectra of FU Ori also showing low gravities but cooler spectral types (e.g., Hart-
mann, Hinkle & Calvet 2004) pointed to the presence of an accretion disk. Hartmann &
Kenyon (1985) argued thatboththe optical and infrared light of FU Ori were dominated
by disk emission due to very high mass accretion rates. Hartmann & Kenyon (1987)
showed that line broadening in the FU Ori spectrum in the optical was larger than in
the near-infrared. Since the optical light would derive from regions of the Keplerian
disk inward of the regions emitting infrared light, this wasconsistent with a rotating
luminous disk. Interferometric observations of FU Ori has revealed features that are
well modeled as a circumstellar disk (e.g., Malbet et al. 2005, Quanz et al. 2006).

Figure 12. FU Orionis is surrounded by a bright and extensivere�ection nebula,
as seen in this image from the red Palomar Digitized Sky Survey.

FU Ori has been observed at various other wavelengths. Greenet al. (2006) used
the Infrared Spectrograph on the Spitzer Space Telescope toobtain 5-35� m spectra,
which revealed emission from amorphous silicate grains at 10 and 20� m and water-
vapor absorption bands at 5.8 and 6.8� m, which they interpret in the framework of a
circumstellar disk. Kravtsova et al. (2007) analyzed an HST/STIS spectrum of FU Ori,
and found that it is similar to the spectrum of a supergiant with Te of about 5000 -
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6000 K but at wavelengths shorter than� 2600 A the spectrum is dominated by radi-
ation from a region with Te of � 9000 K. They interpret this in terms of an accretion
disk. An X-ray spectrum was obtained of FU Ori with XMM-Newton by Skinner et
al. (2006) who noted that the cool and hot plasma components typically detected in
T Tauri stars are present but are seen through different absorption column densities.
The absorption of the cool component is consistent with AV � 2.4 mag in agreement
with optical studies, but the absorption of the hot component is at least 10 times larger.
The observed hot plasma with temperatures kT> 5 keV indicates that the X-ray spec-
trum is dominated by magnetic processes.

Wang et al. (2004) noted a companion to FU Ori with a separation of 0.500, which
Reipurth & Aspin (2004) subsequently showed had infrared colors and an infrared spec-
trum consistent with a T Tauri star.

4.2. GW Orionis

GW Ori was the �rst spectroscopic binary found among the CTTs, and as such it be-
came a laboratory for the interplay of binaries with accretion disks. Mathieu, Adams &
Latham (1991) found an orbital period of 242 days and an orbital eccentricity of 0.04
� 0.06. Given a primary mass of 2.5 M� and an unknown secondary mass, the stellar
separation is of order 1 AU.

By modeling structure in the spectral energy distribution -speci�cally a dip around
a wavelength of 10� m - Mathieu, Adams & Latham suggested that the accretion disk
around GW Ori had a gap within it extending from roughly 0.2 AUto 3.3 AU. Such a
disk gap cleared by a stellar companion had long been predicted by dynamical theory,
and indeed the derived gap location enclosed the orbit of thesecondary, as predicted.
More recently, Najita et al. (2003) observed CO fundamentalemission from GW Ori,
and noted that unlike other T Tauri stars the emission line ofGW Ori showed two
distinct components, one narrow and one broad. In addition,the average line width in-
creases toward the more energetic transitions. They suggest that these two components
represent emission from each of a circumprimary disk (broademission component) and
a circumbinary disk (narrow). Interestingly, they �nd no evidence for emission from
within the gap as might result from an accretion stream, as found for example by Carr
et al. (2001) for the binary DQ Tau. There is some evidence fora tertiary in the system
with a period of several thousand of days (Mathieu et al. 1991; R.D. Mathieu and D.W.
Latham, unpublished), which may alter the nature of accretion �ows in the system.

Finally, Mathieu et al. (1995) measured the mass of the circumbinary disk via
submillimeter continuum emission. They found a remarkablylarge disk mass of 1.5
M � con�ned within an upper limit on the radius of 500 AU, albeit with an uncertainty
of a factor three due to uncertainty in dust emissivity.

More broadly, DM01 identi�ed several serendipitously discovered spectroscopic
binaries within their PMS sample. Because of the large sample of PMS stars with low
extinction, the� Orionis region is ripe for a major study of PMS binary populations.
The recent search for spectroscopic binaries among the lowest mass stars and brown
dwarfs by Maxted et al. (2008) revealed �ve spectroscopic binaries. As all were among
the brighter stars in their sample, they suggest a decrease in binary frequency at the
very lowest stellar masses.
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5. Analysis of the� Orionis Star-Forming Region

5.1. Distance

The �rst modern distance determination for the� Ori association was 440� 40 pc,
based on main-sequence �tting of early-type stars in an optical-infrared Hertzsprung-
Russell diagram (Murdin & Penston 1977). More recently DM01used Strömgren pho-
tometry of the OB stars to do main-sequence �tting in a theoretical H-R diagram, as
shown in Figure 3. They obtained a distance of 450� 50 pc.

TheHipparcossatellite obtained parallax measurements for 13 stars in the DM01
sample, although none have relative precisions better than25%. The �ve of these stars
in the immediate vicinity of� Ori give a mean distance of 380� 30 pc. These mea-
surements approach the limits ofHipparcosprecision, and so DM01 expressed concern
about systematic errors resulting in smaller distance measurements (e.g., Lutz & Kelker
1973). Indeed, DM01 point out that with theHipparcosdistances some of the associa-
tion members become underluminous compared to the ZAMS.

So at present the photometric distances would appear more secure. With a distance
of 450 � 50 pc, the� Ori association has a distance similar to those found for other
sub-groups of the Orion association (see other chapters in this Handbook).

5.2. Age

The essential conclusion of both DM01 and Lee et al. (2005) isthat star formation
across the� Ori region has not been coeval. Speci�cally, DM01 conclude that the
OB stars formed roughly 6 Myr ago, while low-mass star formation continues today.
Importantly, however, the low-mass star formation has not proceeded uniformly across
the region. We discuss the star-formation history of the region later; here we present
the several age determinations.

The age of the OB stars is primarily set by� Ori and HD 36822, both of which
appear to have evolved off the main sequence (Figure 3). Using evolutionary tracks of
Schaller et al. (1992) DM01 �nd an age of 5.5 Myr for� Ori and 7.5 Myr for HD 36822.
The formal 1� -uncertainty ranges are 4.8 - 5.8 Myr and 7.3 - 7.8 Myr, respectively.
Flux from a binary companion would increase these age rangessigni�cantly (Table 6
in DM01). (For completeness, the nominal masses are 24 M� for � Ori and 17 M�
for HD 36822.)

Ages for late-type PMS stars are derived from PMS evolutionary models, and are
thus subject to the systematic uncertainties inherent in the astrophysics adopted for
those models by different groups. DM01 show in their Figure 8a color-magnitude
diagram of the PMS stars they identi�ed. They show in the �gure the 90% interval
of apparent age spread of a coeval population that would result from a combination of
photometric error, a 10% range in distance within the association, and a 100% binary
population. In fact only 53% of the stars are found within that interval, indicative of a
real age spread in the association.

In more detail, Figure 13 shows the age distributions for twosamples of stars based
on three sets of evolutionary models. The solid histogram isfor PMS stars within a 2�

radius of� Ori, while the dashed line is for PMS stars beyond that radius. The intent is
to distinguish those stars that may have formed in a cluster around� Ori and those that
formed elsewhere in the region, and in particular near the dark clouds B30 and B35.
Finally, the derived ages for� Ori and HD 36822 are indicated.
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Figure 13. Distribution of stellar ages for low-mass PMS stars. The ages derive
from comparison with models of D'Antona & Mazzitelli (1998;left), Palla & Stahler
(1999; middle), and Baraffe et al. (1998; right). Solid lines represent the age dis-
tribution of stars within a 2� radius of� Ori and dashed lines the age distribution
beyond a 2� radius. The arrows mark the age of the two evolved massive stars.

The relative age distributions of all three sets of models show several critical fea-
tures:

� Both high- and low-mass star formation began concurrently in the center of the
SFR roughly 6-8 Myr ago;

� Low-mass star formation ended in the vicinity of� Ori roughly 1 Myr ago;

� Low-mass star formation rates near the B30 and B35 clouds reached their max-
ima later than did low-mass star formation in the vicinity of� Ori;

� Low-mass star formation continues today near the B30 and B35clouds.

Lee et al. (2005) come to similar conclusions by analyzing the 18 CTTSs selected
on the basis of 2MASS color-color data. Their Figure 10 showsa tendency for the
CTTSs closer to B30 and B35 to have larger infrared excesses then those more distant
from the clouds. They interpret these larger excesses as evidence for younger ages,
and conclude that the higher frequency of younger stars in the vicinity of the clouds is
evidence for triggered star formation. It is worth noting that these 18 stars are only a
small fraction (< 5%) of the entire PMS population already detected, most of which
are older stars with small or no excesses. Many of these are cospatial with the CTTSs
identi�ed by Lee et al. Given those stars, it is dif�cult to distinguish between triggered
star formation and simple ongoing star formation. Nonetheless, the 2MASS data - as
well as the H� emission data (Sections 3.3. and 5.5.) - strongly suggest that the most
recently formed stars are near the dark clouds.

5.3. Initial Mass Function

Barrado y Navascués et al. (2004, 2005) combined their deepimaging data with the
surveys of DM99 and DM01 (limited to the same area) to obtain an initial mass func-
tion (IMF) from 0.02 - 1.2 M� in the immediate vicinity of� Ori. Their results are
shown in Figure 14. They �nd that the data indicate a power lawindex of� = +0.60�
0.06 across the stellar-substellar limit and a slightly steeper index of� = +0.86� 0.05
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over the larger mass range of 0.024 M� to 0.86 M� . These results are somewhat de-
pendent on choice of evolutionary models (from which the stellar masses are derived)
and the details of membership determination for the deep photometric samples. Bar-
rado y Navascués et al. note that these indices are similar to those found in other stellar
associations and clusters such as the Trapezium,� Per and the Pleiades, i.e. over an
age range of 1 - 125 Myr.

Figure 14. Initial mass function in the immediate vicinity of � Ori, with compar-
ison to two power laws. The vertical line is the completenesslimit. (From Barrado
y Navascués et al. 2004.)

DM01 and DM02 focussed their study of the IMF on a comparison of the ratio
of the number of high-mass stars and low-mass stars, with particular attention to com-
paring global and local results. As a speci�c example, usingPalla & Stahler (1999)
evolutionary models they �nd 107 0.4-0.9 M� stars (0.4 - 8 Myr) within their survey
�elds (Figure 5), to be compared to 16 OB stars (M> 2.5 M� ) in the same �elds.
Given 107 low-mass stars, the Miller & Scalo (1979) IMF predicts 19 OB stars, while
the Kroupa, Tout, & Gilmore (1993) IMF predicts 10 OB stars. Monte Carlo stud-
ies show the observations to be consistent with the Miller & Scalo IMF and show a
marginally signi�cant difference from the Kroupa, Tout, & Gilmore IMF.

Perhaps more importantly, DM01 was able to clearly show thatthe IMF has varied
across the SFR. DM 99 had found that within the central 0.5� radius �eld around� Ori
the low-mass stars were de�cient by a factor of 2 compared to derived IMFs. Outside
this central �eld, DM01 showed the low-mass stars to be overrepresented compared
to the Miller & Scalo IMF by a factor of 3. A similar over-representation of low-
mass stars is also found at signi�cant con�dence levels whenconsidering only stars
associated with B30 and B35.

Thus the global IMF of the� Ori SFR resembles the �eld, while the local IMF
appears to vary substantially across the region. No one place in the� Ori SFR creates
the �eld IMF by itself. Only the integration of the star-formation process over the entire
region produces the �eld IMF.

DM02 were able to statistically analyze the IMF over the entire area within the
molecular ring. Their conclusions were essentially the same, although with a larger
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increase in the number of low-mass stars relative to high-mass stars they �nd better
agreement with the Kroupa, Tout, & Gilmore IMF. They were also able to determine
integrated stellar masses throughout the region of 450 to 650 M� for stars with masses
above 0.1 M� . Compared with the total cloud mass of 4x104 M � calculated by Mad-
dalena & Morris (1987), including molecular, neutral, and ionized hydrogen, this im-
plies a global star-formation ef�ciency of 1%-2%.

5.4. Spatial Distribution

While an understated star-formation region in the optical,the� Ori region is quite spec-
tacular at infrared and millimeter wavelengths due to the surrounding ring of gas and
dust clouds (e.g., Figs. 1 and 4). A key question in terms of spatial distribution is the
current relative location of young stars and gas, from whichwe must try to determine
the earlier evolution of the system.

As noted previously, spectroscopic surveys for young low-mass stars have clearly
identi�ed a roughly linear locus of recently born stars extending from B35 through the
OB association to B30, with statistically signi�cant surface density enhancements at
the two main dark clouds and among the OB stars (e.g., Figs. 4 and 5; DIL82, DM01,
Gomez & Lada 1998).

The photometric surveys show that the young low-mass stars around � Ori are
distributed as far as 16 pc from� Ori, with a distribution consistent with an r� 2 density
distribution centered on� Ori (Figure 8). A key question is whether star formation itself
was distributed over that large an area, or whether the stellar system has expanded to
that radius. For a one-dimensional velocity dispersion of 2.5 km s� 1 (DM99), a typical
star in ballistic motion would move 2.5-5 pc in 1-2 Myr, whileextreme velocity stars
might travel as much as 7.5-15 pc. Thus on kinematic grounds alone it is possible that
the present distribution results from ballistic expansion(e.g., after gas removal) of an
initially more concentrated population, perhaps a Trapezium-like cluster around� Ori.

Importantly, however, the low-mass stellar distribution around� Ori is more ex-
tended than the OB stars. Physically, it would be odd if the low-mass stars dispersed
while the OB stars did not. Thus DM01 conclude that star formation did occur over
a distributed region around� Ori, albeit possibly more limited than the presently ob-
served spatial distribution.

Perhaps the most signi�cant result of the wide-�eld photometric surveys is that
much of the region inside the molecular ring is devoid of PMS stars (Figure 8). Thus
the location of PMS stars within the present ring of molecular clouds reinforces the idea
of DIL82 that the present stellar distribution traces a prior molecular cloud extending
from B30 through� Ori to B35, rather than throughout the presently cleared region.

The �nal question is the extent of star formation in the material of the current
molecular ring, which is critical to understanding the evolution of the ring itself. The
spectroscopic surveys, the infrared surveys, and the Herbig-Haro objects show clearly
that star formation continues in the denser molecular clouds in the ring. As described
in Section 5 below, it is quite possible that dense these clouds were present more or less
in situ in advance of the formation of the ring, and that the current star formation in
these dense clouds has no functional association with the recent formation of the ring.
It remains to be seen whether any evidence for star formationis present elsewhere in
the molecular ring.
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5.5. Accretion Disk Evolution

DIL82 implicitly and DM99 and DM01 explicitly used H� emission as a proxy for stars
with active accretion, presumably from circumstellar disks. One of the more surprising
�ndings of DM99 was that, despite the discovery of 72 low-mass PMS stars within 0.5�

of � Ori, only two of them showed strong H� emission indicative of accretion disks
(both previously detected by DIL82). DM01 expanded on this result by examining the
distribution of H� emission along an axis from B35 through� Ori to B30. In Figure 15
H� equivalent width is plotted against position along this axis. After noting that B30
and B35 are just beyond 2� distant from� Ori, it is evident that the paucity of H�
emission-line stars continues from� Ori out to the two dark clouds, at which point the
surface density of H� emission-line stars increases dramatically.

Recently, Barrado y Navascués et al. (2007) completed a Spitzer mid-infrared
study of very low mass stars detected in their previous photometric study (Section 3.3)
of the immediate vicinity of� Ori. Interestingly, based on infrared excesses they �nd
that 25% of the very low mass stars (M0-M6.5) and 40% of the substellar objects have
infrared excesses indicative of the presence of disks. Using spectral slopes they �nd that
14% of the stars have optically thick disks, an upper limit onthe stars expected to show
H� signatures of accretion. They also reanalyze the DM01 H� �ndings, considering
only their central spatial region and using a different criterion for accretion-derived H�
emission. Based on three H� emitters, they �nd a frequency of 11%.

Finally, based on comparison of the disk frequency among thesubstellar and very
low mass stars, Barrado y Navascués et al. (2007) suggest that the timescale for pri-
mordial disks to dissipate is longer for lower mass stars.

Figure 15. Spatial distribution of H� emission. The horizontal axis is the radius
from � Ori with stars to the east having negative radii and stars to the west having
positive radii. Stars that have DIL82 counterparts are marked as open circles. (From
DM01.)

As previously noted, Lee et al. (2005) conclude that the CTTScloser to the dark
clouds are younger than those more distant from the clouds. Similarly, DM01 �nd
at the 95% con�dence level that the CTTS are younger than the WTTS, as found in
other SFRs. Both groups conclude that the increase in the presence of active accretion
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disks near the clouds results from a very young population ofstars. The essential new
insight provided by the lithium surveys is that these very young CTTs are not isolated
instances of star formation, but rather are the most recently formed stars amidst a larger
local population of PMS stars, all of which are immersed in a more distributed, lower-
surface density PMS stellar population extending between the clouds.

Even so, DM01 note that many of the H� stars associated with B30 and B35 have
ages similar to PMS stars found in the cluster near� Ori. Yet almost none of the latter
show H� emission. Following DM99, they suggest that the absence of H� emission
from the central PMS stars is the result of an environmental in�uence linked to the
luminous OB stars.

6. The Evolution of the� Orionis Region: An Hypothesis

Figure 16. Schematic history of the star-forming region showing conditions at
10, 6, and 1 Myr ago, as well as a map of the clouds today with CO contours from
Maddalena et al. (1986).

The union of the research summarized in this review presentsa snapshot in the
evolution of a star-forming complex. Dolan & Mathieu (2002)develop an extensive
scenario for the evolution of the region, building on the seminal ideas of DIL82 and
Maddalena et al. (1986; see also Cunha & Smith 1996). The scenario is depicted in
Figure 16, and brie�y is the following:

10 Myr ago: A long chain of molecular gas extended from east to west across the
present-day star-forming region, including three particularly massive clouds.
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6 Myr ago: Stars formed in the most massive clouds, with the birth rate increasing
gradually over many million years. Numerous OB stars were born in the central
cloud, but were rare elsewhere.

1 Myr ago: A supernova exploded, shredding the central cloud and thus unbinding the
central stellar population. A ring of gas was pushed out fromthe center region.
In the process, stars that had been formed within the forwardedge of clouds were
exposed (especially in the case of B35).

Today: Star formation continues in the remaining gas of the B30 and B35 clouds, but
has ceased in the vicinity of the supernova epicenter due to lack of natal gas.

Future: The termination of star birth in B35 is imminent, as is the escape of the OB
stars from their central position. All of the stars will disperse into the �eld over
the next 10 Myr or so. Globally, the� Ori star-forming region will have produced
a mass function similar to the current �eld population, eventhough the IMF was
inhomogeneous across the region.

If the � Ori region is typical, Dolan & Mathieu (2002) conclude that star/cloud
associations are short-lived, they terminate themselves from within, and are not iden-
ti�able after more than a few tens of megayears. Still unresolved is what initiates star
formation and regulates the star-formation rate.
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Alcalá, J. M., Chavarr�́a-K., C., & Terranegra, L. 1998, A&A, 330, 1017
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