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Abstract.  Around the O8 star Orionis is a highly evolved star-forming region,
comprising recently formed stars from 0.2 Mo 24 M and dark clouds actively form-
ing stars, all within a 30-pc radius ring of dust and neutral enolecular hydrogen. The
spatial and age distributions of the stars show that orllyistar formation occurred in
an elongated giant molecular cloud, with the most massi&es $brming in a dense
central core. A supernova is suggested as the mechanistetimated star formation
in that core and formed the surrounding ring. Star formatiantinues in remnant dark
clouds distant from the original core. The local initial redanctions differ signi -
cantly across the region, although the global IMF is elkieli Interestingly, the lack of
H emission in stars nearOri 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 laboratonysiudy of the evolution
of a molecular cloud into an association of low- and high-snsimrs.  Ori itself *
anchors a tight knot of 11 OB stars, centered within a 60 pmeiar ring of dense
molecular gas and dust. Notable features of this clumpy inetude the large B30
cloud on the northwest edge and the elongated B35 cloudugliaty inward from the
eastern side. By contrast, the interior of this ring is nedevoid of dense gas. Itis this
relative transparency that has made th@ri SFR understudied in the past: the lack of
opacity reveals vast numbers of background eld stars. Bd eevealed is almost all
of the young stars of the Ori association, and with them the story of their births.

The star Oriis the relatively dim head of Orion, and bears the nameslefrom
the Arabicmaisanor “sparkling”. Classi ed as O8 Ill, Ori is the exciting star of a
large (50 pc diameter), ionization-bounded HIl region @&B64; Sharpless 1959). A
ring of both neutral and molecular hydrogen surrounds tHeédgjion, and likely is the
consequence of the HIl region sweeping interstellar gasrbat (Wade 1957, 1958,
Zhang & Green 1991, Maddalena & Morris 1987, Bergoffen & Vairéh 1988, Lang
et al. 2000). Estimates for the total mass of the ring are @éotd M . The diffuse
material of the region is perhaps most strikingly seen abtigit ring of dust emission
at the top of the classic IRAS image of the Orion region (Feglirsee also Zhang et al.
1989).

LStrictly, ! Ori, as Oriis a visual binary star with? Ori being a BO V star at an angular separation of
4.4 arcseconds
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Figurel. Optical andinfrared (IRAS) images of th®rionis region. The diame-
ter of the dust ring surrounding the star-forming region i®B60 pc. For orientation
and scale, Betelgeuse and Bellatrix are the two brightass # 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 (tf)gind Dobashi et al. (2005) number (left).
Dots in the left panel are high extinction cores identi edDgbashi 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 listedable 1.

Table 1.
Barnard Dark Clouds in the Ori Region.

ID 2000 Gal. Coor.

B223 521.5+08.3 194.7-15.7
B224 523.9+10.6 193.0-14.0
B225 529.0+11.6 192.8-12.4
B30 530.2+12.8 191.9-11.5
B31 532.0+12.8 192.2-11.2
B32 532.1+12.4 1925-11.4
B35 5455+09.1 197.1-10.2

Lynds (1962) also catalogued clouds in the region, and neagintly Dobashi et
al. (2005) used the Digital Sky Survey to complete an extinanap of the Galaxy, in-
cluding the Oriregion. In the latter case, they also identi ed densesdor “clumps”
in their phrasing). In Figure 2, we show the extinction mapthe Ori region from
Dobashi et al., with the clouds labeled using the Dobashibers(TGU) and the Lynds
numbers (L).

It is not in all cases easy to cross reference the differemicccatalogues. The
large cloud B30 has three extensions, which Barnard lali#®dd B32, and B225. The
same cloud complex is TGU 1365, and is often called L158Bpaljh Lynds actually
has seven cloud features there (L1573, 1577, 1580, 1582, 1583, 1584). The well
known small cloud B35 (which contains FU Ori) is also L1594 &iGU 1384. B223
is L1589 and TGU 1377. B36 is L1599 and TGU 1392/1395. B22434&JTL370, but
has no Lynds number. The coordinates in Table 1 are from SIDIBAd are indicative
only.

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

3.1.

The rst high-quality photometry of the 11 early-type stémghe vicinity of Ori was
done by Murdin & Penston (1977), from which they began stufihe population
distance (400 40 pc) and age (4 Myr). Dolan & Mathieu (2001; DMO01) continued
this work by obtaining Stromgren photometry ofOri and 18 B-type stars within the
HIl region. Their sample included all the O and B0-B5 startimi5 of Ori (except
Bellatrix and 2 Ori) and all of the B6-B9 stars within Iof  Ori, all selected from the
PPM catalog (Roeser & Bastian 1988; in total there are 58 @B st PPM within 5
of Ori). The stellar data are tabulated in Table 5 of DMO1.

Figure 3 shows a theoretical Hertzsprung-Russell diagra® @B stars within
5 of Ori, derived from Stromgren photometry. The gure distinghes 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 populatiorjgated within

Early Spectral-Type Stars
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the HIl region. The data have been transformed to a distahd®&®pc, based on a
main-sequence tto the stars nealOri. (The distance to the SFR is discussed further
in Section 5.1.)
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Figure 3.  HR diagram of OB stars with Schaller et al. (1992)@vonary tracks,
showing stars within 0.50f Ori (lled circles) and more than 0.5away (open
circles). (From DMO01.)

Twelve of the 20 stars t well to the theoretical main sequensuggestive of
membership in the association. The two most luminous star®r and HD 36822 -
are presumed members that have evolved off of the main seguitom which DMO1
derive ages of 6 Myr (Section 5.2.). The remaining 6 stars fall above themai
sequence by more than can be easily explained by binaritwautéon in a coeval
stellar population. They may simply be foreground staroalgh one of them - HD
36881 - lies amidst the group immediately aroun@ri.

3.2. Late Spectral-Type Stars - Spectroscopic Discovery

H Emission The rst comprehensive surveys for PMS stars in th@ri region were
based on H objective prism surveys. The best of these surveys remiaaiof Duerr,
Imhoff & Lada (1982; DIL82). They surveyed about 100 squaggrdes 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 surygiero, Iriarte & Chavira
1953, Manova 1959), they tabulated 99 stars detected to Havemission in one or
more surveys. In all cases where a star was bright enoughudy,st has also been
found in the literature to be variable photometrically (BR).

The spatial extent of the DIL82 survey and the distributidrihe H emission
stars are shown in Figure 4, projected upon the observedcoiateemission. Despite
the entire HIl region having been surveyed, most of thedfhission stars lie within an
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Figure4. The lled circles are H sources cataloged by DIL82. The contours are
fromthe CO J=1 0 map of Lang & Masheder (1998), the dashed line is the limit of
the HIl region, and the “B” symbols are B stars neddri. (Adapted from DM99.)

elongated distribution extending between the dark clowgi3 &d B35. DIL82 suggest
that these stars are a fossil record of a preexisting giatgcular cloud complex. They
note the concentration of Hemission stars around B30 and B35, and that a substantial
number lie away from the dark clouds within the central ragiof the complex. How-
ever, many of these are among the weaker emission souragsueequent studies
found them to be non-members (typically eld M-type starg.eDMO1).

More spatially limited spectroscopic surveys have deteetdew H emission
stars not previously found in the objective prism surveyM@ nd 23 new stars
with H equivalent widths greater than ZQ all but two are associated with the B30
and B35 clouds. Strong Hemission has also been detected from candidate substellar
members in the very deep survey for young stars of Barradowadtaés et al. (2004
discussed in more detail in Section 3.3.). They suggesthina¢ such stars have such
large H equivalent widths (73 to 123 A) as to be candidates for active accretion
disks.

Lithium Absorption and Radial Velocities Optimally, a survey for PMS stars would
be achieved with an observational diagnostic of youth thandependent of the evo-
lutionary state of the stars, thereby eliminating biaseb waspect to accretion disks,
rotation, age, etc. Kinematic surveys via proper motiore radial velocities are per-
haps the optimal approach, if the SFR space velocity is vegasated from the eld



star population. For very young, late-type stars, thedithi 6707 absorption line also
approaches being such a diagnostic. Lithium has a fusiatiagriemperature lower
than hydrogen. Consequently lithium is depleted duringcthevective PMS stages of
late-type stars, and very strong lithium absorption lireeg.( equivalent widths 0.5
A) are typically only seen in PMS stars.

However, the need for high spectral resolution to unamhiglyodetect the lithium
line had made this technique an impractical tool for largereys with conventional
spectrographs. The advent of ber-optic, multi-objectelte spectrographs now makes
surveys for lithium absorption feasible. In addition, ttem® spectra provide one-
dimensional kinematic information as well. This spectogsc technique for surveying
for PMS stars was applied to theOri SFR by Dolan & Mathieu (1999; DM99) and
DMOL1.

Observational Technique Since this was the rst application of this technique to an
SFR, an overview of the procedure is merited. For a compledetsoscopic survey,
a target list must rst be generated from an imaging study gravides both multi-
band photometry and subarcsecond positions. Figure 4 ofDdh®ws an R-1 color-
magnitude diagram for a idiameter eld around Ori. Fortunately, both theoretical
isochrones and the photometric data in their Figure 4 shaivttte PMS stars can be
photometrically distinguished from most of the eld stassibstantially reducing the
spectroscopic observation burden.

Galactic Latitude

200 198 196 194 192
Galactic Longitude

Figure 5.  Small circles are the target elds for multi-okjéthium spectroscopy.
The lled circles mark the positions of stars with stronghlitm absorption, pre-
sumed to be young. (From DMO01.)



Figure 5 shows the 11 elds spectroscopically surveyed by@Mall but two
at greater than 90% completeness. The observations weeewdtmthe WIYN Hy-
dra Multi-Object Spectrograph, and thus each eld isii diameter. The elds span
roughly a diameter across the SFR, with an emphasis on tienseip which H emis-
sion stars were found by DIL82 (Figure 3). In 10.5 allocatiyhts, DM obtained 4177
spectra of 3618 stars. Each spectrum included AQtentered at 664@\, and thus
included the Li| 6707A and H lines, and a rich array of metal lines near 6450
for precise radial-velocity measurements. With a resotuiR 20,000 and a typical
signal-to-noise ratio per pixel of 25-40, lithium absogpticould be detected to a min-
imum equivalent width of 0.1A with 5 con dence, and the radial-velocity precision
was 0.5 km s?.

Lithium absorption was detected in 648 stars, of which 2@&v&d strong lithium
absorption indicative of youth (de ned as \{Li) 0.2 A). Figure 6 shows a plot
of lithium absorption strength versus radial velocity. &lg those stars with strong
lithium absorption are kinematically associated, andrthetan velocity of 24.5 km
s 1is typical of the Orion associatioh.
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Figure 6. Lithium abundance and radial velocity cleanlycdminate the low-
mass PMS stars in theOri SFR.

DMOL1 give an extensive comparison with other survey teamsdgfor PMS stars.
To summarize, spectra were obtained for 36 of the DIL82dtars. 31 of these stars
show strong lithium absorption and are kinematic members.ehhission is also de-
tected in these stars, but comparison with the DIL82 emmssitength classi cations
show high variability. This variability is typically seen such comparisons, and is cos-
mic in origin. Of the 5 stars without lithium, 4 are kinemation-members and one is
an early-type star. Three were classi ed as weak or very vesaiksion by DIL82, one
was medium strength, and one was strong. Only the latterethév emission (11A)
in the DMO1 survey.

2DMO1 did note a grouping of stars with 0<IW (Li) < 0.2A and 10< Vyag < 20 km's *. The velocity
range is similar to that of the Taurus-Auriga SFR, but thpat&l distribution appears random.



Lithium-Selected PMS Stars in the Ori Region

DMOL1 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 surveyeddiyigl6 of these stars. The
spatial distribution and properties of these stars areudgsed in Section 5.

3.3. Late-Spectral Type Stars - Photometric Discovery
Deep Photometry

The spectroscopic surveys provide reasonably securetiseled PMS members, but
to date have not extended to very low stellar masses. Thiexé&mple the R 16 limit

of the DMO1 study corresponds to a mass of 0.4 Rflising Palla & Stahler (1999)
evolutionary tracks). A much deeper photometric study aithmediate vicinity of

Ori has been completed by Barrado y Navascués et al. (2004 imaged in Rand

lc an area of 42 28 centered on Ori. Their color-magnitude diagram is shown in
Figure 7. They estimate that for association members theyxamplete tod= 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 photomaliycselected candidate
association members merge smoothly into the PMS membans &tk spectroscopi-
cally. Importantly, the faintest candidates at | 22 would be substellar with masses of
only 0.01 M at the distance of Ori.

Figure 7. Deep CMD for the eld immediately aroundOri. Spectroscopically
identi ed members (DMO01) are shown as x's, while lled doteegphotometrically
identi ed candidate members. The solid line is the ZAMS dnel dotted line is a 5
Myr isochrone from Baraffe et al. (1998). (From Barrado y Blssués et al. 2004).

Barrado y Navascués et al. also obtained low-dispersion {R00, 6250-960@\)
spectra for 33 of these candidates. Based on this spegpscloen available, and
only on photometry otherwise, they developed a memberdhaigsiccation strategy
and conclude that the contamination by non-PMS stars isd&rd5% for the possible
and probable members.
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Wide-Field Photometry

X-ray Among the many ROSAT All-Sky Survey sources within th®ri molecular
ring, spectroscopic studies identi ed 44 PMS stars with<l®/ < 15 (Sterzik et al.
1995, Alcala et al. 1996, 2000, Alcala, Chavarr a-K., &flanegra 1998, Neuhauser et
al. 1995a, 1995b, 1997, Magazzu et al. 1997). Seven of tih@setad previously been
identi ed by DIL82.
Sterzik et al. (1995) note that their surface-density maxims associated with

Ori rather than the dark clouds, and that their distributgslightly elongated along
the B30-B35 axis with an extent of about Z'hey 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 garvey was discovering the
“tip” of the population of PMS stars soon after to be identl by the lithium surveys
and the photometric surveys.

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

Optical Dolan & Mathieu (2002; DMO02) obtained VRI photometry for 3207 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 ringambst all of the area
interior to the ring.

Using all three bandpasses and color-color knowledge reédith on the spectro-
scopic members, DM02 developed a procedure to isolate datedPMS stars in this
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sample (similar in concept to that of Barrado y Navascué@s. etEven with removal of
99.9% of the eld stars, the sample of candidate associatiembers still comprises
roughly equal numbers of eld stars and PMS stars. Doing assitzal eld subtrac-
tion within 1 square elds, DM02 determined the numbers of PMS stars ih ezld.
These numbers are indicated by proxy stars shown as dotguing-8.

The distribution of proxy PMS stars in Figure 8 is of greatueain deriving the
star-formation history of the region. However, this pracdses not identify speci ¢
PMS stars that can be tabulated. In addition, reddeningldfstars behind the dust ring
can give them the colors of PMS stars, so the surface densitighe ring are likely
overestimates. Indeed, a critical question is whether tbkecnlar gas ring contains
PMS stars outside of the more massive clouds such as B30,iB3B223.

Infrared Lee etal. (2005) used JHK data from the 2MASS survey to ifle@i Ts (9
< J< 14) throughout the Ori SFR, and indeed throughout the Orion region. Identi -
cation of stars as candidate CTTs was based on location itHKeolor-color diagram.
Follow-up spectroscopy of a subsample (none in ti@ri region) suggested a yield rate
of true CTTS of 75%.

This technique yielded 18 stars in theOri region, distributed along the same
linear axis as found by DIL82 and DMO01. Regrettably Lee ef2005) did not provide
a cross-identi cation list with DIL82 and DMOL in order to mgpare 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 massilecutar clouds
surrounding Ori, and several are producing Herbig-Haro ows. Table 2slithe
presently known HH objects in the Ori clouds, from Reipurth (1999) and Magakian
et al. (2004). These ows are located in B35, B30 (L1582), B221589), and L1598.

Among these, two ows have attracted particular interestsdto their large ex-
tents.

HH 114/115 This is a major bipolar Herbig-Haro ow with an extent of alst@®20
arcminutes, corresponding to 2.6 pc, and located in the @k8ud (Reipurth, Bally,
Devine 1997). It is seen in Figure 9, which shows a mosaic of-[31l] images.
HH 114 and 115 form two opposing working surfaces of a bipaar that appears
to emanate from IRAS 05155+0707, an embedded Class | sduatéstlocated be-
tween the two HH objects. Another embedded source, named HHVIMS, was
found nearby in a 1300m survey by Reipurth et al. (1993). A more detailed sub-
millimeter study by Chini et al. (1997) has shown that thia i€lass 0 source. Both
of these embedded sources were detected in the 3.6 cm radiowan by Rodr'guez
& Reipurth (1996). The CCD image in Figure 9 also shows twat&i Herbig-Haro
objects, HH 328 and 329, which are located almost preciselg tne going through
the HH 114 MMS source, and they may form another giant HH owthis region.
Lee et al. (2002) mapped the region around these newbomist&O J=1-0 emission
and found two high-velocity molecular out ows, apparendgnanating from the two
sources (see Fig. 10). The CO ow possibly linked to HH 114 MidShowever, not
along the axis de ned by HH 328/329, suggesting that perltiagssource is a binary.

HH 243 The HH 243 ow was discovered by Cohen (1980) and was orifyrialown
as RNO 43. It is part of a giant Herbig-Haro ow encompassihg additional dis-
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Figure9. The giantbipolar HH 114/115 ow in the B30 cloud. Bedded sources
are marked with circles. From Reipurth, Bally, & Devine (Z99

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

tinct components HH 244, HH 245, and HH 179 and with a totatmixof 3.4 pc (see
Figure 11). Spectroscopy of parts of the ow is reported bgekoet al. (1984) and
Magakyan & Movsesyan (1993, 1994). CCD images of this owvgb@n S-shaped
morphology, suggesting that the ow has precessed with ({[Rey 1987, Reipurth et
al. 1997, Eisloffel & Mundt 1997). This giant HH ow is driveby the IRAS source
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05295+1247 embedded in a dense cloud core. The source hreddieeted in the radio
continuum (Anglada et al. 1992, 1998) and at sub-millimetavelengths (Zinnecker
et al. 1992, Reipurth et al. 1993, Chini et al. 1997, Dent ei888). The source also
drives a major molecular out ow, which has been studied byvé&idis & Snell (1984),
Cabrit et al. (1988), Bence et al. (1996), and Arce & Sarg2A0%). This ow is
an excellent example of how an out ow from a young star carebrate gas from a
surrounding envelope.

Table 2.  Herbig-Haro Objects in theOri Region.

HH Other ID 2000 2000 I b Source Cloud
114 517 42.8 +07 1549 195.12 —-17.06 IRAS05155+0707 L1589
328 51755.5 +07 1556 195.15 -17.02 L1589
329 51840.5 +07 08 18 195.36 —16.92 L1589
115 51845.6 +07 0526 195.42 —-16.93 IRAS05155+0707 L1589
176 53126.3 +121054 192.61 -11.61 HK Ori L1582
716 53143.6 +123304 192.32 -11.36 L1582
717 53148.8 +123106 192.36 —11.36 L1582
718 53151.1 +123148 192.36 —11.35 L1582
179 53203.0 +123524 192.33 —-11.27 IRAS05295+1247 11582
719 53207.2 +1231 25 192.40 -11.29 L1582
720 53208.5 +123201 192.39 -11.28 L1582
244 53212.7 +1246 02 192.20 —11.15 IRAS05295+1247 11582

243 RNO 43 532279 +125318 192.12 -11.03 IRAS05295+12478215
245 RNO 43-N 532 33.3 +1258 11 192.07 —10.97 IRAS05295+12158pP

175 544 47.5 +091012 196.95 -10.33 IRAS05417+0907 B35

116 55153.3 +08 2521 198.49 —-09.17 IRAS05494+0820 L1598
117 552 22.6 +08 16 10 198.68 —09.15 IRAS05496+0812 L1598
118 55223.3 4081013 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 withén Ori star-forming
region, speci cally in the southeast extension of the ddokid B35. Between Novem-
ber 1936 and February 1937, FU Ori brightened by nearly 6 radgs, rising from the
relative obscurity of 16th magnitude to become one of thghteist PMS stars (Wach-
mann 1954). It remains near its maximum brightness, sudedirby a fan-shaped
re ection nebulosity (Figure 12).

With the addition of two other cases, V1057 Cyg and V1515 Gerbig (1977)
identi ed FU Ori as the prototype of a class of PMS stars mdrkg very luminous
outbursts, with increases in optical brightness of 4 or moegnitudes. Long-term
light curves of FU Ori can be found in Herbig (1977) and Kenwral. (2000). FU
Ori has shown no dramatic photometric changes for many @scadowly becoming
fainter ( 0.015 mag yr'). 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 (4 ranges from 1.5 - 2 in the literature), shows strong
lithium absorption ( 0.5A), and is associated spatially and kinematically with ti35B
dark cloud. All of these properties led Herbig (1966, 197%7)rst identify FU Ori as
a young star. Importantly, though, Herbig also noted thatdftical light of FU Ori
reveals an F-G supergiant spectrum, indicating an unysloil gravity for a T Tauri
star. The spectrum of FU Ori also shows P Cygni-like pro legy(, Petrov & Herbig
1992, Hartmann & Calvet 1995, Herbig et al. 2003) indicatif@ strong stellar wind,
with mass loss rate of a few percent of the mass accretion rate

Subsequent observation of large infrared excesses (édg.eZal. 2007) and in-
frared spectra of FU Ori also showing low gravities but cosfgectral types (e.g., Hart-
mann, Hinkle & Calvet 2004) pointed to the presence of anadicer disk. Hartmann &
Kenyon (1985) argued thabththe optical and infrared light of FU Ori were dominated
by disk emission due to very high mass accretion rates. Hamn& Kenyon (1987)
showed that line broadening in the FU Ori spectrum in thecaptivas larger than in
the near-infrared. Since the optical light would derivenireegions of the Keplerian
disk inward of the regions emitting infrared light, this waansistent with a rotating
luminous disk. Interferometric observations of FU Ori hagealed features that are
well modeled as a circumstellar disk (e.g., Malbet et al.32@uanz et al. 2006).

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

FU Ori has been observed at various other wavelengths. @&tesdn (2006) used
the Infrared Spectrograph on the Spitzer Space Telescopkt&n 5-35 m spectra,
which revealed emission from amorphous silicate grain®atrid 20 m and water-
vapor absorption bands at 5.8 and 618, which they interpret in the framework of a
circumstellar disk. Kravtsova et al. (2007) analyzed an FBSTS spectrum of FU Ori,
and found that it is similar to the spectrum of a supergiarthwi of about 5000 -
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6000 K but at wavelengths shorter tha600 A the spectrum is dominated by radi-
ation from a region with T of 9000 K. They interpret this in terms of an accretion
disk. An X-ray spectrum was obtained of FU Ori with XMM-Newitby Skinner et
al. (2006) who noted that the cool and hot plasma compongpisally detected in
T Tauri stars are present but are seen through differentrtiio column densities.
The absorption of the cool component is consistent with A2.4 mag in agreement
with optical studies, but the absorption of the hot compoeat least 10 times larger.
The observed hot plasma with temperatures>k% 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 separatfd.5% which
Reipurth & Aspin (2004) subsequently showed had infrarddrs@nd an infrared spec-
trum consistent with a T Tauri star.

4.2. GW Orionis

GW Ori was the rst spectroscopic binary found among the CTarsl as such it be-
came a laboratory for the interplay of binaries with acomrtlisks. Mathieu, Adams &
Latham (1991) found an orbital period of 242 days and an alrkitcentricity of 0.04

0.06. Given a primary mass of 2.5 Mand an unknown secondary mass, the stellar
separation is of order 1 AU.

By modeling structure in the spectral energy distributigpeci 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 #8.3.3 AU. Such a
disk gap cleared by a stellar companion had long been peetimt dynamical theory,
and indeed the derived gap location enclosed the orbit of¢lcendary, as predicted.
More recently, Najita et al. (2003) observed CO fundamestaission from GW Ori,
and noted that unlike other T Tauri stars the emission lin&df Ori showed two
distinct components, one narrow and one broad. In additi@average line width in-
creases toward the more energetic transitions. They sutigtthese two components
represent emission from each of a circumprimary disk (beyatssion component) and
a circumbinary disk (narrow). Interestingly, they nd noiéence for emission from
within the gap as might result from an accretion stream, asddor example by Carr
et al. (2001) for the binary DQ Tau. There is some evidence fertiary in the system
with a period of several thousand of days (Mathieu et al. 189D. Mathieu and D.W.
Latham, unpublished), which may alter the nature of acametws in the system.

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

More broadly, DMO1 identi ed several serendipitously digered spectroscopic
binaries within their PMS sample. Because of the large sampPMS stars with low
extinction, the Orionis region is ripe for a major study of PMS binary popiaas.
The recent search for spectroscopic binaries among thestawass stars and brown
dwarfs by Maxted et al. (2008) revealed ve spectroscopi@abies. As all were among
the brighter stars in their sample, they suggest a decrealsmary 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 theOri association was 440 40 pc,
based on main-sequence tting of early-type stars in ancaptnfrared Hertzsprung-
Russell diagram (Murdin & Penston 1977). More recently DNi8&d Stromgren pho-
tometry of the OB stars to do main-sequence tting in a théoa¢ H-R diagram, as
shown in Figure 3. They obtained a distance of 4580 pc.

TheHipparcossatellite obtained parallax measurements for 13 stareidi¥i01
sample, although none have relative precisions better2B&m The ve of these stars
in the immediate vicinity of Ori give a mean distance of 380 30 pc. These mea-
surements approach the limitsidipparcosprecision, and so DM01 expressed concern
about systematic errors resulting in smaller distance oreagents (e.g., Lutz & Kelker
1973). Indeed, DMOL1 point out that with thépparcosdistances some of the associa-
tion members become underluminous compared to the ZAMS.

So at present the photometric distances would appear mawessa/Vith a distance
of 450 50 pc, the Ori association has a distance similar to those found foeroth
sub-groups of the Orion association (see other chapterssitdandbook).

5.2. Age

The essential conclusion of both DM01 and Lee et al. (200%has star formation
across the Ori region has not been coeval. Speci cally, DMO1 conclutiattthe
OB stars formed roughly 6 Myr ago, while low-mass star foioratontinues today.
Importantly, however, the low-mass star formation has not@eded uniformly across
the region. We discuss the star-formation history of theore¢ater; here we present
the several age determinations.

The age of the OB stars is primarily set byOri and HD 36822, both of which
appear to have evolved off the main sequence (Figure 3).gusialutionary tracks of
Schaller etal. (1992) DM01 nd an age of 5.5 Myr forOri and 7.5 Myr for HD 36822.
The formal 1 -uncertainty ranges are 4.8 - 5.8 Myr and 7.3 - 7.8 Myr, retbhpsy.
Flux from a binary companion would increase these age rasigescantly (Table 6
in DMO01). (For completeness, the nominal masses are 24fd  Ori and 17 M
for HD 36822.)

Ages for late-type PMS stars are derived from PMS evolutipmaodels, and are
thus subject to the systematic uncertainties inherent enastrophysics adopted for
those models by different groups. DMO1 show in their Figura &olor-magnitude
diagram of the PMS stars they identi ed. They show in the guhe 90% interval
of apparent age spread of a coeval population that wouldtfesm a combination of
photometric error, a 10% range in distance within the assioti, and a 100% binary
population. In fact only 53% of the stars are found withinttiméerval, indicative of a
real age spread in the association.

In more detail, Figure 13 shows the age distributions forgammples of stars based
on three sets of evolutionary models. The solid histografari®MS stars within a 2
radius of Ori, while the dashed line is for PMS stars beyond that radibe intent is
to distinguish those stars that may have formed in a clustema Ori and those that
formed elsewhere in the region, and in particular near thk d@uds 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 PMSsstd he ages derive
from comparison with models of D'Antona & Mazzitelli (199@ft), Palla & Stahler
(1999; middle), and Baraffe et al. (1998; right). Solid Bhepresent the age dis-
tribution of stars within a 2radius of Ori and dashed lines the age distribution
beyond a 2 radius. The arrows mark the age of the two evolved massive. sta

The relative age distributions of all three sets of modetswsseveral critical fea-
tures:

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

Low-mass star formation ended in the vicinity ofOri roughly 1 Myr ago;

Low-mass star formation rates near the B30 and B35 cloudhegtheir max-
ima later than did low-mass star formation in the vicinity oDri;

Low-mass star formation continues today near the B30 andcR&ls.

Lee et al. (2005) come to similar conclusions by analyzirgli® CTTSs selected
on the basis of 2MASS color-color data. Their Figure 10 shawsndency for the
CTTSs closer to B30 and B35 to have larger infrared excebsesthose more distant
from the clouds. They interpret these larger excesses deraé for younger ages,
and conclude that the higher frequency of younger starseiwvittinity of the clouds is
evidence for triggered star formation. It is worth notingttthese 18 stars are only a
small fraction € 5%) of the entire PMS population already detected, most a€hvh
are older stars with small or no excesses. Many of these apatial with the CTTSs
identi ed by Lee et al. Given those stars, it is dif cult tostinguish between triggered
star formation and simple ongoing star formation. Nonetb®l the 2MASS data - as
well as the H emission data (Sections 3.3. and 5.5.) - strongly suggastliie most
recently formed stars are near the dark clouds.

5.3. Initial Mass Function

Barrado y Navascués et al. (2004, 2005) combined their @eeging data with the
surveys of DM99 and DMO1 (limited to the same area) to obtaiméial 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 poweriladex of = +0.60
0.06 across the stellar-substellar limit and a slightleger index of =+0.86 0.05
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over the larger mass range of 0.024 Nb 0.86 M . These results are somewhat de-
pendent on choice of evolutionary models (from which théastenasses are derived)
and the details of membership determination for the deepopinetric samples. Bar-
rado y Navascués et al. note that these indices are simithose found in other stellar
associations and clusters such as the Trapeziufer and the Pleiades, i.e. over an
age range of 1 - 125 Myr.

Figure 14. Initial mass function in the immediate vicinitly oOri, with compar-
ison to two power laws. The vertical line is the completerigss. (From Barrado
y Navascués et al. 2004.)

DMO01 and DMO02 focussed their study of the IMF on a comparisbthe ratio
of the number of high-mass stars and low-mass stars, witicpkar attention to com-
paring global and local results. As a speci ¢ example, udtajla & Stahler (1999)
evolutionary models they nd 107 0.4-0.9 Mstars (0.4 - 8 Myr) within their survey
elds (Figure 5), to be compared to 16 OB stars ¢M2.5 M ) in the same elds.
Given 107 low-mass stars, the Miller & Scalo (1979) IMF potslil9 OB stars, while
the Kroupa, Tout, & Gilmore (1993) IMF predicts 10 OB stars.ofie Carlo stud-
ies show the observations to be consistent with the Millerc&al® IMF and show a
marginally signi cant difference from the Kroupa, Tout, &l@ore IMF.

Perhaps more importantly, DM01 was able to clearly showttiatMF has varied
across the SFR. DM 99 had found that within the central @aflius eld around Ori
the low-mass stars were de cient by a factor of 2 comparedetivedd IMFs. Outside
this central eld, DM01 showed the low-mass stars to be ammsented compared
to the Miller & Scalo IMF by a factor of 3. A similar over-refmentation of low-
mass stars is also found at signi cant con dence levels whensidering 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 onegladhe Ori SFR creates
the eld IMF by itself. Only the integration of the star-foation process over the entire
region produces the eld IMF.

DMO02 were able to statistically analyze the IMF over the renéirea within the
molecular ring. Their conclusions were essentially the esaatthough with a larger
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increase in the number of low-mass stars relative to highsnstars they nd better
agreement with the Kroupa, Tout, & Gilmore IMF. They wereoadble to determine
integrated stellar masses throughout the region of 450@0M5 for stars with masses
above 0.1 M. Compared with the total cloud mass of 48181 calculated by Mad-
dalena & Morris (1987), including molecular, neutral, andized 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 optibed, Ori region is quite spec-
tacular at infrared and millimeter wavelengths due to theosunding ring of gas and
dust clouds (e.g., Figs. 1 and 4). A key question in terms afiapdistribution is the
current relative location of young stars and gas, from whiehmust try to determine
the earlier evolution of the system.

As noted previously, spectroscopic surveys for young loassrstars have clearly
identi ed a roughly linear locus of recently born stars exding from B35 through the
OB association to B30, with statistically signi cant suréadensity enhancements at
the two main dark clouds and among the OB stars (e.g., Figad 45a DIL82, DMO1,
Gomez & Lada 1998).

The photometric surveys show that the young low-mass statsd Ori are
distributed as far as 16 pc fromOri, with a distribution consistent with an ¥ density
distribution centered on Ori (Figure 8). A key question is whether star formationlitse
was distributed over that large an area, or whether theastgjistem has expanded to
that radius. For a one-dimensional velocity dispersion.5ken s 1 (DM99), a typical
star in ballistic motion would move 2.5-5 pc in 1-2 Myr, whidggtreme velocity stars
might travel as much as 7.5-15 pc. Thus on kinematic grouluieat is possible that
the present distribution results from ballistic expandiery., after gas removal) of an
initially more concentrated population, perhaps a TrapeZlike cluster around Ori.

Importantly, however, the low-mass stellar distributioowand Ori is more ex-
tended than the OB stars. Physically, it would be odd if the-thoass stars dispersed
while the OB stars did not. Thus DMO1 conclude that star famomadid 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 photdricesurveys is that
much of the region inside the molecular ring is devoid of PNESss(Figure 8). Thus
the location of PMS stars within the present ring of molecalauds reinforces the idea
of DIL82 that the present stellar distribution traces a priwlecular cloud extending
from B30 through Ori to B35, rather than throughout the presently clearetreg

The nal question is the extent of star formation in the mitieof the current
molecular ring, which is critical to understanding the enmn of the ring itself. The
spectroscopic surveys, the infrared surveys, and the gitthro objects show clearly
that star formation continues in the denser molecular ddndhe ring. As described
in Section 5 below, it is quite possible that dense thesedsletere present more or less
in situ in advance of the formation of the ring, and that the currésut ®ormation in
these dense clouds has no functional association with temréormation of the ring.
It remains to be seen whether any evidence for star formatipnesent elsewhere in
the molecular ring.
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5.5. Accretion Disk Evolution

DIL82 implicitly and DM99 and DMOL1 explicitly used Hemission as a proxy for stars
with active accretion, presumably from circumstellar dis®ne of the more surprising
ndings of DM99 was that, despite the discovery of 72 low-&MS stars within 0.5
of Ori, only two of them showed strong Hemission indicative of accretion disks
(both previously detected by DIL82). DMO1 expanded on th&uit by examining the
distribution of H emission along an axis from B35 througlOri to B30. In Figure 15
H equivalent width is plotted against position along thissaxfter noting that B30
and B35 are just beyond ddistant from Ori, it is evident that the paucity of H
emission-line stars continues fromOri 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 &e3pinid-infrared
study of very low mass stars detected in their previous phetdc 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 thestglilar objects have
infrared excesses indicative of the presence of disks.d$gactral slopes they nd that
14% of the stars have optically thick disks, an upper limitloastars expected to show
H signatures of accretion. They also reanalyze the DMO01 htlings, considering
only their central spatial region and using a differentseidn for accretion-derived H
emission. Based on three Hemitters, they nd a frequency of 11%.

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

Figure 15.  Spatial distribution of Hemission. The horizontal axis is the radius
from Ori with stars to the east having negative radii and starbeontest having
positive radii. Stars that have DIL82 counterparts are mads open circles. (From
DMO1.)

As previously noted, Lee et al. (2005) conclude that the C€lbSer to the dark
clouds are younger than those more distant from the cloudsila@ly, DM01 nd
at the 95% con dence level that the CTTS are younger than tRE 8/ as found in
other SFRs. Both groups conclude that the increase in ttsepce of active accretion
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disks near the clouds results from a very young populatiostass. The essential new
insight provided by the lithium surveys is that these veryn@ CTTs are not isolated
instances of star formation, but rather are the most recéantined stars amidst a larger
local population of PMS stars, all of which are immersed in@erdistributed, lower-
surface density PMS stellar population extending betwkertlouds.

Even so, DMO01 note that many of the Htars associated with B30 and B35 have
ages similar to PMS stars found in the cluster ne@ri. Yet almost none of the latter
show H emission. Following DM99, they suggest that the absence oEthhission
from the central PMS stars is the result of an environmemalence linked to the
luminous OB stars.

6. The Evolution of the Orionis Region: An Hypothesis

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

The union of the research summarized in this review presestzapshot in the
evolution of a star-forming complex. Dolan & Mathieu (20a&velop an extensive
scenario for the evolution of the region, building on the sehideas of DIL82 and
Maddalena et al. (1986; see also Cunha & Smith 1996). Theasiceis depicted in
Figure 16, and brie y is the following:

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

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

Today: Star formation continues in the remaining gas of the B30 abl &ouds, but
has ceased in the vicinity of the supernova epicenter dwectodf natal gas.

Future: The termination of star birth in B35 is imminent, as is theagecof the OB
stars from their central position. All of the stars will despe 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, eteough the IMF was
inhomogeneous across the region.

If the Ori region is typical, Dolan & Mathieu (2002) conclude thérécloud
associations are short-lived, they terminate themsehas Within, and are not iden-
ti able after more than a few tens of megayears. Still unhes is what initiates star
formation and regulates the star-formation rate.
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