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ABSTRACT

We report rotation periods for 254 stars in an area 40’ x 80’ centered on the Orion Nebula. We show
that these stars are likely members of the young (~10° yr) Orion OBIc/d association. The rotation
period distribution we determine, which is sensitive to periods 0.1 < P < § days, shows a sharp cutoff for
periods P < 0.5 days, corresponding to breakup velocity for these stars. Above 0.5 days the distribution
is consistent with a uniform distribution; we do not find evidence for a “gap” of periods at 4-5 days.
We find signatures of active accretion among stars at all periods; active accretion does not occur prefer-
entially among slow rotators in our sample. We find no correlation between rotation period and near-IR
signatures of circumstellar disks. In addition, we show that the distribution of v sin i among stars in our
sample bears striking resemblance to that of low-mass Pleiades stars. We discuss the implications of our
findings for the evolution of stellar angular momentum during the pre-main-sequence phase. We argue
that all stars in our sample must still deplete angular momentum by factors of roughly 5-10, if they are
to preserve their v sin i distribution over approximately the next 100 Myr. We consider in detail whether
our findings are consistent with disk-regulated stellar rotation. We do not find observational evidence
that magnetic disk-locking is the dominant mechanism in angular momentum evolution during the pre-

main-sequence phase.
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1. INTRODUCTION

A long-standing question in the study of star formation is
the evolution of angular momentum in the pre-main-
sequence (PMS) phase. T Tauri stars (TTS), the precursors
of low-mass main-sequence stars, typically rotate at <10%
of breakup velocity (Vogel & Kuhi 1981; Hartmann et al.
1986; Bouvier et al. 1986). This is contrary to the expecta-
tion that these stars should spin close to breakup speed,
having recently contracted from their natal clouds. In addi-
tion, PMS stars should subsequently spin up considerably
as they accrete circumstellar material of high specific
angular momentum and as they contract to the main
sequence. However, the rotation rates of TTS projected to
the main sequence under the assumption that angular
momentum is conserved (e.g., Stauffer & Hartmann 1987)
do not even closely reproduce the observed rotation rates of
zero-age main-sequence (ZAMS) stars, which are predomi-
nantly slow rotators (e.g., Stauffer & Hartmann 1987;
Queloz et al. 1998). Apparently, stellar angular momentum
is not conserved in the PMS phase.

This angular momentum “conundrum ” has served as a
subtext for much of the observational and theoretical work
relating to the rotational evolution of PMS stars. On the
observational front, photometric monitoring campaigns of
various star forming regions (e.g., Bouvier et al. 1993;
Herbst et al. 1994; Choi & Herbst 1996; Makidon et al.
1997; Wichmann et al. 1998) have provided rotation
periods for hundreds of TTS on the basis of periodic photo-
metric variability, presumably arising from stellar spots.
For many of these stars, spot temperatures have been mea-
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sured (e.g., Bouvier et al. 1993; Vrba, Herbst, & Booth 1988;
Vrba et al. 1986), and near-IR photometry has been used to
identify systems with circumstellar disks (e.g., Strom et al.
1989; Beckwith et al. 1990; Hillenbrand et al. 1998).

Meanwhile, theoretical mechanisms for depleting stellar
angular momentum have been developed. Early work cen-
tered largely on magnetically driven outflows (e.g., Hart-
mann & MacGregor 1982; Shu et al. 1988 and references
therein). More recently, a model involving a magnetic star-
disk interaction (Ghosh & Lamb 1979a, 1979b; Konigl
1991; Shu et al. 1994; Ostriker & Shu 1995) has become
favored. According to this model, the stellar magnetic field
threads the star’s circumstellar disk, truncating it at a char-
acteristic radius, which is set by the balance between accre-
tion rate and magnetic field strength. Accretion of disk
material onto the stellar surface occurs along magnetic field
lines, producing hot spots near the magnetic poles. At the
same time, magnetic torques transfer angular momentum
away from the star to the disk (e.g., Najita 1995 and refer-
ences therein). This model, in addition to providing a
mechanism for the depletion of stellar angular momentum,
provides a unifying framework for many observed proper-
ties of TTS: spectroscopic outflow signatures (Edwards et
al. 1993a and references therein), ultraviolet excess emission
and “veiling” (e.g., Basri & Bertout 1989; Basri & Batalha
1990), hot surface spots (Herbst et al. 1994 and references
therein), and truncated circumstellar disks (e.g., Meyer,
Calvet, & Hillenbrand 1997; Kenyon, Yi, & Hartmann
1996; Lada & Adams 1992).

This idea of disk-regulated stellar angular momentum
has been supported observationally by several key studies
of stellar rotation and circumstellar disks. Herbst and col-
laborators (Attridge & Herbst 1992; Eaton, Herbst, & Hill-
enbrand 1995; Choi & Herbst 1996) have reported the
distribution of rotation periods among 75 stars in the Orion
Nebula Cluster (ONC) to be bimodal, dividing at a period
of 4-5 days. The bimodal distribution suggests two distinct,
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well-separated populations of slow (P > 4 days) and fast
(P < 4 days) rotators. Bouvier et al. (1993) reported that
among 26 stars in Taurus-Auriga, classical TTS (CTTS;
those showing evidence of active accretion and circumstel-
lar disks) rotate more slowly on average than their weak-
lined TTS (WTTS) counterparts, implying that disked stars
rotate more slowly than nondisked stars. Edwards et al.
(1993b) observed a direct correlation between TTS rotation
period and a near-IR disk-emission signature among 34 late
K and M stars drawn from the samples of Bouvier (1990)
and Attridge & Herbst (1992). Only stars with P > 4 days
showed significant near-IR emission indicative of circum-
stellar disks. Together, these studies suggest a connection
between TTS rotation and circumstellar disks.

Indeed, disk-regulated stellar rotation has become central
to our paradigm of the rotational evolution of PMS stars.
The recent extensive modeling of the angular momentum
evolution of stars from the ages of TTS to the present-day
Sun (e.g., Bouvier, Forestini, & Allain 1997; Krishnamurthi
et al. 1997; Collier Cameron, Campbell, & Quaintrell 1995;
Keppens, MacGregor, & Charbonneau 1995) relies largely
on disk-regulated stellar rotation among low-mass stars in
the PMS phase to reproduce the predominance of slow
rotators at the age of the Pleiades. Similarly, studies of
rotation periods among stars slightly older than the ONC
(e.g., Kearns et al. 1997; Adams, Walter, & Wolk 1998) have
used the presumed disk-regulated rotation in the ONC to
infer disk lifetimes among their samples. In addition, mag-
netospheric accretion theory has been invoked to suc-
cessfully explain the observed correlation between accretion
and outflow signatures in TTS (e.g., Hartigan, Edwards, &
Ghandour 1995) and to model various observed properties
of accretion kinematics and morphology in PMS systems,
including modeling of emission-line profiles (e.g., Hart-
mann, Hewett, & Calvet 1994; Edwards et al. 1994; Kenyon
et al. 1996; Muzerolle, Calvet, & Hartmann 1998a;
Muzerolle, Hartmann, & Calvet 1998b), modeling of photo-
polarimetric variability (Wood et al. 1996; Stassun & Wood
1999), modeling of hot spots on stellar surfaces (e.g.,
Kenyon et al. 1994), and modeling of time variability in
scattered-light reflection nebulae around embedded sources
(e.g., Wood & Whitney 1998; Wood et al. 1998).

In this paper we present the results of an extensive photo-
metric study of rotation among PMS stars in and around
the Orion Nebula. We report rotation periods for 254
members of the Orion OBIc/d association, including
numerous stars rotating at or near breakup velocity. The
distribution of rotation periods is indistinguishable from a
uniform distribution; a bimodal distribution with a deep
gap at 4-5 days is not supported by the present data. Fur-
thermore, from spectra we have obtained with the WIYN
multiobject spectrograph, we find accretion signatures
among stars at all rotation periods. Combining our data
with data from the literature, we find no correlation
between stellar rotation period and near-IR signatures of
circumstellar disks among stars in the ONC. In addition, we
show that the v sin i distribution of stars in the ONC bears
a remarkable resemblance to that of low-mass Pleiades
stars, and we suggest this implies that significant angular
momentum losses must continue well beyond typical life-
times of disks. Finally, by considering the evidence for disk
material at the corotation distance from the stars in our
sample, we argue that the case for a causal connection
between disks and stellar rotation is not well supported.

Vol. 117

Taken together, these findings challenge the ability of the
disk-regulation paradigm to explain the depletion of stellar
angular momentum in the PMS phase.

In § 2, we discuss our photometric and spectroscopic
observations, their reduction, our method for determining
periodic photometric variability and biases therein, and the
data from the literature, which we combine with our own in
our analysis. We summarize our results in § 3. In § 4 we
discuss the implications of our results for various questions
relating to the evolution of angular momentum in the PMS
phase: the bimodal distribution of rotation periods, the case
for disk-regulated rotation, and the dissipation of stellar
angular momentum leading up to the ZAMS. We sum-
marize our conclusions in § 5.

2. OBSERVATIONS, METHODS, AND DATA FROM THE
LITERATURE

We have photometrically and spectroscopically surveyed
stars in a region approximately 40’ east-west and 80’ north-
south centered on the Trapezium in the Orion Nebula. The
result is a database of differential photometric I-band light
curves for more than 4600 stars with approximately
12 < I < 18. Our light curves are sampled approximately 1
hr ™!, and in this study we restrict our analysis to the subset
of 2279 stars with 12 < I < 16.5 (for which our photometric
precision is flat-field limited, 0,,, < 0.02 mag) and pos-
sessing light curves that span at least 10 days. From this
database we derive rotation periods for 254 stars, of which
more than half are observed spectroscopically.

The region we surveyed is roughly coincident with that
designated Orion Ic by Blaauw (1964, 1991; see latter refer-
ence for a schematic) and represents one of the four prin-
cipal subgroupings (a—d) of the large Orion I OB
association. The Ic subgroup—the central part of which is
designated Id or the “Trapezium -cluster”—has been
further subdivided by Warren & Hesser (1977) into the sub-
subgroups cl—c4, d1 (ONC), and d (Trapezium). Our survey
region roughly encompasses their c2, c3, c4, d1, and d
designations (note that their region Ic is much larger than
the region surveyed by us). This region contains numerous
associated objects in addition to the Orion Nebula, includ-
ing NGC 1973, 1975, 1980, and 1981 (Maddalena et al.
1986), as well as several classified subclusters in addition to
the Trapezium and ONC, including NGC 1977, OMC-2,
and the “Lower Sword” (e.g., Gomez & Lada 1998). His-
torically, these various designations and subgroupings have
been assigned arbitrarily on the basis of visual impression,
and recently Hillenbrand & Hartmann (1998) and Gomez
& Lada (1998) have attempted to characterize the morphol-
ogy of the stellar distribution more quantitatively. Numer-
ous investigators have looked for age differences among the
various subgroups of Orion I (e.g, Blaauw 1964, 1991;
Warren & Hesser 1977; Brown, de Geus, & de Zeeuw 1994)
and among the “clustered ” and “ distributed ” stellar popu-
lations (e.g., Allen 1996) in the region. We defer discussion
of this issue, as it pertains to this study, to § 4.1. For now, we
note simply that the size and shape of our survey region
corresponds to the morphology of the underlying cloud-
and star-forming complex as indicated by the roughly
north-south rectangular distribution (Gomez & Lada 1998)
of Ha emission-line stars from the Kiso survey (Nakano,
Wiramihardja, & Kogure 1995; Kogure et al. 1989; Wira-
mihardja et al. 1989, 1991, 1993), and by the prominent
north-south molecular “ridge” seen in '*CO emission
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F1G. 1.—Survey region for this study. Small dots indicate positions of all 2279 sources in our synoptic photometric database, with 12 < I < 16.5 and with
light curves spanning at least 10 days. Large dots indicate the 254 stars for which we report rotation periods. Crosses mark the 75 stars with rotation periods
reported in the literature. Boxes indicate the regions surveyed by CH (10 small boxes), Jones & Walker 1988 (inner large box), and Hillenbrand 1997 (outer
large box). The small circle in the center of the field has a radius of 25 and indicates the region within which severe nebulosity imposes incompleteness on our

photometry (see text).

(Bally et al. 1987) extending from approximately —4°8 to
—6°2 decl. (See Allen & Hillenbrand 1999 for a nice
diagram combining these observations.)

In this section we present our photometric and spectro-
scopic observations, and we describe their reduction. We
begin by summarizing some existing data from the liter-
ature, which we combine with our own data in our analysis
of the connection between stellar rotation, accretion, and
circumstellar disks. Next, we describe the synoptic photo-
metric database that forms the foundation for this study.
Finally, we describe our methods for detecting periodic

photometric variability as a measure of stellar rotation
period, measuring stellar Ho emission strength as a proxy
for accretion activity, and measuring stellar lithium and
radial velocities as indicators of membership in the Orion
OBIc/d association. The reader wishing only a brief
summary will find a synopsis of this section in § 2.5.

2.1. Data From the Literature

The region in the immediate vicinity of the Orion Nebula
has been studied by numerous researchers with varying
degrees of depth and spatial coverage. In our analysis of the
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F1G. 2.—Basic parameters for ONC stars in our sample. (¢) H-R diagram shown for the 744 stars in our database with data available from Hillenbrand
1997 (small dots); 108 stars (large dots) have rotation periods measured by us. Also shown are stars with rotation periods reported by CH (crosses).
Evolutionary tracks from D’Antona & Mazzitelli 1994 (model 1) are also shown: mass tracks are for stellar masses 0.1, 0.2, 0.3, 0.4, 0.5, 1.0 M and
isochrones are for ages 10°, 10,3 x 10°, 107, 10® yr. (b) Most stars in our ONC sample fall in the narrow range of stellar mass 0.15 < M/M g < 0.4. (c) Stars

in our sample of rotators are characterized by ages 4 < log © < 6.5.

relationships between stellar rotation, accretion, and cir-
cumstellar disks, we combine our own photometric and
spectroscopic observations with data taken from the liter-
ature to form a more complete picture of the objects under
consideration. We will draw primarily from the proper-
motion membership study of Jones & Walker (1988), the
photometric monitoring study of Choi & Herbst (1996), the
stellar population study of Hillenbrand (1997),* and the
near-IR photometric study of Hillenbrand et al. (1998).
Figure 1 shows the spatial relationship among the regions
surveyed by these previous studies and the region surveyed
by us.

The proper-motion study of stars with I < 16 in the
central 15 (radius) of the ONC by Jones & Walker (1988;
hereafter JW) provides a robust measure of association
membership probability for 863 stars in our database (114
with measured rotation periods). For stars not in the JW
database or outside their survey region, we rely on our own
spectroscopic diagnostics of membership (§ 2.4.2).

4 The data from Hillenbrand (1997) used in this paper were obtained via
private communication in 1997 November. Updated tables are now avail-
able from L. Hillenbrand.

The ongoing Wesleyan photometric monitoring program
(most recently published in Choi & Herbst 1996, hereafter
CH) has so far produced rotation periods for 75 JW stars in
a set of 10 small fields within the JW proper-motion survey
region in the ONC. The rotation periods produced by the
Wesleyan program (which is sensitive to periods P = 2 days
for I < 16) are extremely secure, many of them confirmed
over multiple observing seasons. Fifty-three of the CH rota-
tors have appropriate magnitude limits to appear in our
database, and we derive independent rotation periods for 25
of them (see § 2.3.1).

Hillenbrand (1997) has conducted a stellar census of the
ONGC, in a region slightly larger than the JW proper-motion
survey region, sensitive to I ~ 17. Placing these stars on a
theoretical H-R diagram and comparing them with the
theoretical PMS evolutionary tracks® of D’Antona & Maz-
zitelli (1994), Hillenbrand (1997) derives stellar masses, radii,
and ages for 744 stars in our database (108 with rotation
periods). These 108 stars show a narrow range in spectral

5 Hillenbrand (1997) uses D’Antona & Mazzitelli (1994) model 1 ie.,
Alexander, Augason, & Johnson (1989) opacities and Canuto & Mazzitelli
(1990, 1992) convection.
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F16. 3.—Sample light curve from our photometric database. Open symbols are KPNO/USNO data and filled symbols are Wise data. A typical star in our
database has KPNO/USNO data spanning 10 days. Approximately 25% of stars have Wise data spanning 17 days. Note that Wise data largely fill in diurnal

gaps in the KPNO/USNO data. This light curve is not periodic.

types (Fig. 2) K5-MS5, with a most common spectral type of
M3. This range in spectral type corresponds to a range in
stellar mass of 0.1 Mo < M < 0.7 M, although the major-
ity of these stars (90%) have 0.15 Mo < M < 04 My and
the most common mass is 0.25 M, (Fig. 2, panel b); such
stars are believed to be fully convective throughout their
PMS evolution. These stars are thus homogeneous in mass
and in internal structure. The observed range in L rep-
resents a 5-6 o spread, given the quoted uncertainties in
log L of 0.2 dex (see Fig. 2; also see Fig. 13 in Hillenbrand
1997). Thus Hillenbrand (1997) derives an age spread
among stars in the ONC of 4 <log t < 6.5. Our photo-
metric limits allow us to sample stars with 0.06 My S M <
0.8 My and logt <7 (see Fig. 2), indicating that our
sample is not significantly biased in the basic stellar param-
eters that typify the low-mass population of the ONC.
Using JHK photometry, Hillenbrand et al. (1998) also
measure near-IR excess emission, A(I —K), and report Ca 1
triplet emission strengths for stars in the ONC.

Although these studies of the stellar population in and
around the Orion Nebula have photometric limits compa-
rable to our database, they focus on the ONC, which covers
a central area only about 25% of our survey region. In § 4.1
we discuss the possible age difference of stars in this central
region and stars in the larger region we surveyed. We are
presently assembling the necessary photometric and spec-
troscopic data to construct an H-R diagram for our entire
survey region, and we are collecting JHK photometry for
our entire sample of rotators. In lieu of these data, we
couple the above-mentioned sources to our sample of rota-
tors to explore the connection between stellar rotation, acc-
retion, and circumstellar disks.

2.2. Differential Photometry

We observed a rectangular region, centered on the Tra-
pezium in the Orion Nebula, approximately 40" east-west
and 80" north-south, over the 17 nights from 1994 Decem-
ber 11 to 1994 December 27. We used the KPNO 0.9 m
telescope for the five consecutive nights 1994 December 13
to 1994 December 17, and the USNO 1 m telescope for the
subsequent five consecutive nights. We used the Wise
Observatory 1 m telescope to monitor the central portion of
the survey region on 13 nights over the full 17 night run.

The KPNO and USNO telescopes have nearly identical
fields of view, 23’ square, so to cover our survey region we
observed a 2 x 4 mosaic with adjacent fields overlapping by
a few arcminutes. With the Wise 512 x 512 CCD (12
square) we observed a 4 x 4 mosaic, covering the central
40" x 40’ region. We varied our exposure times depending
upon seeing conditions, with the aim of saturating at
I = 12. At each telescope, we monitored with a frequency of
approximately 1 hr~!. Here we describe the basic
reductions we performed on our CCD data and the con-
struction of our synoptic photometric database.

2.2.1. Basic Reductions

We reduced our CCD frames using the standard IRAF
CCDRED package. We used the IRAF STSDAS GASP
package to compute a simple linear transformation of pixel
coordinates to equatorial coordinates for each frame, using
as reference approximately 20 DSS stars per frame. Our
derived stellar positions show a frame-to-frame scatter of
about 0'2 in each direction, comparable to the positional
precision of the DSS. As an independent, external accuracy
check, we compare our derived stellar positions to the
USNO-A1.0 astrometric database® (Monet et al. 1996),
accurate typically to about 0725 for stars brighter than
E ~ 20. We find global positional agreement with formal
uncertainties of 1/3” in each direction among 991 matches
using a 3" search radius. A systematic offset of about 077 in
each direction relative to the USNO database has been
removed. In addition, we find small local systematic offsets
between stellar positions derived by us and those derived by
JW. These systematic offsets vary across the field, but they
can be as large as 074-075 and most likely reflect plate
solution discontinuities at frame boundaries. Thus, while
our global positional uncertainties are formally about 0733
in each direction, nonsmoothness of the plate solution
probably degrades positional accuracy to 074-0"5 at frame
boundaries.

2.2.2. Aperture Photometry and Light Curves

We performed simple aperture photometry using the
IRAF APPHOT package. We first identified stellar sources

6 See http://www.nofs.navy.mil/projects/pmm/.
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on all frames using the DAOFIND algorithm, with the
sharpness, roundness, and threshold detection parameters
set liberally to ensure detection of all stellar sources. We
extract instrumental magnitudes for all detected objects on
each frame and assemble a raw light curve (a time series of
instrumental magnitudes) for each star.

A particular star may fail to appear on a given frame for
various reasons. For example, stars near the edges of our
frames may be missed on some exposures because of tele-
scope pointing errors, while stars near the CCD saturation
limit may be missed because of variations in seeing, sky
brightness, and sky transparency. Our light curves are
therefore inhomogeneous to varying degrees, with some
detected objects appearing on every frame, others appearing
only once. Typically, however, a star either appears on
nearly every frame, with spurious sources (e.g., cosmic rays,
nebular “knots”) appearing only once or twice. To elimi-
nate spurious sources, we have manually inspected our
CCD frames at the positions of all detected sources, and
have rejected objects visually indistinguishable to us from
nebular structure. In addition, to ensure our ability to
perform time-series analysis on stars in our database, we
have eliminated stars that appear on fewer than 15 frames
(typically stars near the edges of our CCD frames and/or
stars near our magnitude limits). Finally, we removed stars
with photometry strongly contaminated by close neighbors.
The resulting database contains 4693 sources with approx-
imately 12 < I < 18. Nearly all JW stars in this magnitude
range are included.” A typical star has about 75 measure-
ments, spanning 10 nights, with a sampling rate of 1 hr 1.
Stars with Wise data (1076 stars, ~25% of our database)
benefit from an increase in number of measurements
(~ 150), time span (17 days), and phase coverage (Wise data
largely fill in diurnal gaps in KPNO/USNO data). The
sample light curve in Figure 3 shows our typical sampling
pattern.

We apply the Honeycutt (1992) algorithm for differential
CCD photometry on an inhomogeneous ensemble to our
raw light curves to remove noncosmic frame-to-frame
photometric variations. We favor this technique for differ-
ential photometry because it does not require a particular
set of comparison stars to be chosen a priori, nor does it
require a star to appear in every frame. Outside the heavy
nebulosity in roughly the central 3’ of the survey region,
our photometry is flat-field limited (0,,,, ~ 1%—2%) for
I < 16.5. Stars in the center of the region typically have
Ornag ~ 3%.

2.2.3. Final Database Construction

We constructed our final photometric database by
merging the light curves from our KPNO, USNO, and
Wise data. We searched our USNO and Wise data for posi-
tional matches to stars in our KPNO data. Because of the
poorer seeing in our USNO and Wise data, relatively few
matches were made in the central 2'-3' of the nebula.
Beyond about 3’ of the center of the nebula, however, nearly

7 About 10% of the JW stars in this magnitude range do not appear in
our database because: (1) Many stars near the bright end of this range were
saturated on many of our CCD frames and were consequently culled for
possessing too few good observations. (2) Some JW stars are situated on
our CCD frames such that saturation bleeds from neighboring bright stars
prevented their measurement via aperture photometry. And, most impor-
tantly, (3) ubiquitous photometric variability among these stars makes the
I magnitudes uncertain by 0.1-0.2 mag.
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all sources were positively matched. Consequently, most
stars within 2’3’ of the center of the nebula have light
curves spanning only 5 days, whereas stars beyond about 3’
have light curves spanning 10-17 days.

We have adjusted our instrumental magnitude scale to an
absolute one by comparing our mean instrumental magni-
tudes for the JW stars in our database to the magnitudes
determined by JW. The distribution of residuals (difference
between mean I magnitude determined by us and I magni-
tude reported by JW) shows an rms spread of about 0.2
mag. This spread is probably a reflection of the stellar
photometric variability that typifies stars in this region (0.1—
0.2 mag). We thus caution that our reported mean I magni-
tudes are only approximate, not only because we have not
strictly calibrated our photometry, but because of the
ubiquity of photometric variability among the stars in our
database.

In summary, our synoptic photometric database contains
light curves for 4693 objects with 12 < I < 18 in a 40" x 80’
region centered on the Orion Nebula. Of these, 2637 stars
have 12 < I < 16.5, for which our photometric precision is
flat-field limited to <0.02 mag. Photometric precision is
also a function of location in the field, with stars within the
central 2'-3’ having degraded photometric precision of
approximately 0.05 mag caused by heavy nebulosity. In
addition, most stars in this central part of the nebula have
light curves spanning only five nights because of difficulties
with source matching. In this study, we restrict our analysis
to the subset of 2279 stars with 12 < I < 16.5 and with light
curves spanning at least 10 days. This sample includes 698
stars with data spanning 17 days.

2.3. Photometric Period Detection

Periodic photometric variability, presumably due to the
presence of stellar spots, is a commonly used diagnostic of
stellar rotation period in photometric variability studies of
TTS (e.g., CH; Herbst et al. 1994). Unfortunately, periodic
photometric variability can be difficult to observe among
TTS. Spots are notoriously transient, often appearing one
observing season but not another (e.g., CH). In addition,
TTS often exhibit irregular (i.e., nonperiodic) variability
that may mask any underlying periodicity. When available,
however, photometric periods are superior to v sin i mea-
sures of stellar rotation in that the observed period yields
the stellar rotation period directly, free from inclination
projection effects.

In this section we describe the method by which we detect
periodic variability in our synoptic photometric database.
We also discuss our assessment of the quality of these
periods and our period detection efficiency. We report
periods for 254 stars in our sample.

2.3.1. Technique

The Scargle (1982) periodogram analysis is commonly
employed to detect periodic variability, because of its ability
to handle unevenly sampled data and because its statistical
characteristics are well understood. We apply the periodo-
gram to search a grid of 1000 frequencies corresponding to
periods 0.1 < P < 15 days. We adopt these search limits
because our pseudo-Nyquist minimum period is twice the
average sampling period, or 2 hr in our case, and because a
star with a 15 day period will complete slightly more than
one cycle if it has data spanning all 17 nights. The nonreg-
ularity of our sampling pattern carries with it the benefit
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that the strong aliasing arising from an evenly spaced sam-
pling pattern is mitigated in our data.

Typically, a false alarm probability (FAP)—the probabil-
ity that a signal detected at a certain power level could have
been produced by statistical fluctuation—is quoted as the
statistical measure of confidence in a detected period. The
FAP statistic provides a measure of the confidence with
which a detected period violates the null hypothesis. Horne
& Baliunas (1986) provide an analytical expression for esti-
mating a FAP for relatively evenly spaced data, and Press et
al. (1992) give a more generalized scheme for estimating a
FAP via Monte Carlo simulation.

As discussed by Herbst & Wittenmyer (1996), however,
these methods are not entirely suitable when applied to
synoptic studies of TTS, because they only test against
random fluctuations of a purely statistical nature (i.e., mea-
surement error) and do not additionally account for corre-
lated fluctuations intrinsic to the source. TTS, particularly
CTTS, frequently exhibit large-amplitude intrinsic photo-
metric variability on timescales that are long compared to
the highly frequent sampling rate of a monitoring campaign
such as ours. Our repeated measurement of such objects
during a single night are not, therefore, independent and
uncorrelated. Consequently, typical schemes for estimating
a FAP, which account only for a single-dispersion source of
uncorrelated noise in the data stream, will overestimate the
significance of any measured periodic variability, because a
single-dispersion model will ascribe very high statistical sig-
nificance to multiple data points in a given night clustered
near a common value. A technique that accounts for sto-
chasticity intrinsic to the source, in addition to that arising
from measurement, is required.

Hence, we employ a two-dispersion Monte Carlo method
for estimating the FAP of our detected periods, as per
Herbst & Wittenmyer (1996). For each candidate star, we
generate a set of 100 synthetic light curves, each consisting
of normally distributed noise with two dispersions: one rep-
resenting the variability of the candidate star during a night
and one representing the night-to-night variability of the
candidate star. We estimate the former by taking the mean
of each night’s standard deviation, and we estimate the
latter by taking the standard deviation of nightly means. In
this way, the test light curves have the freedom to vary on
timescales that are long compared to our sampling interval,
allowing them to mimic the random slow variability of
stellar origin that could produce spurious periodic behavior
over our limited observing window. We compute a perio-
dogram for each test light curve and take the maximum
observed power level in these 100 periodograms as the level
of 1% FAP. Note that this Monte Carlo technique actually
assumes nothing about the origin of the variability
observed in a given star’s light curve; this is not a simula-
tion per se. Rather, it represents an expansion of the null
hypothesis to include correlated variability on timescales
long compared to the sampling interval. Furthermore, since
for each star we generate test light curves with the same
dispersions present in the actual data (rather than, say,
injecting only 0.02 mag noise, because this is the typical
precision of our photometry), we make no assumptions
about the level of noise present in the data. We emphasize
that this approach is more conservative than that described
in Press et al. (1992), in which a single noise component, the
overall variance of the data, is used in the Monte Carlo
analysis.
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We adopt this measure of FAP as our basic criterion for
accepting or rejecting detected photometric variability; we
accept only periods whose periodogram signals are stronger
than the 1% FAP level. We report our detection of periodic
photometric variability for 254 stars in our database in
Table 1. In Table 2 we list an additional 16 stars that appear
periodic in our database, with 1% < FAP < 5%, as a way
to suggest that they be monitored further, as well as to
provide additional comparisons with the periods reported
by CH. These 16 stars are not all the stars for which we
detected periods with 1% < FAP < 5%, but those which in
our opinion are particularly suggestive of periodicity.
Phased light curves for the 254 stars with detected periods
are shown sorted by period in Figure 4.

Despite the statistically rigorous tests to which we subject
our detected periods and our subjective confidence in their
quality, an independent assessment of period believability is
desirable. Unfortunately, we do not have multiple seasons
of observation at our disposal by which to corroborate
periods detected in one season as opposed to another.
Instead, we compare the periods detected by us to those
determined for the same stars by other researchers. In addi-
tion, we check for agreement between our photometric
periods and spectroscopic v sin i, as measured from our
high-resolution spectra of a subset of these stars (§ 2.4).

Our photometric database shares 53 stars in common
with the database of periodic variables discovered by
Herbst and collaborators (most recently published in CH).
Among these, 25 satisfy our criteria for periodic variability
(see Table 1). The agreement of our periods for these 25
stars with those reported in CH is excellent; our periods
generally agree to within a few percent. The disagreement is
largest (by as much as about 10%) for our periods longer
than about 8 days, where the CH periods are more accurate
given their longer time baseline and, in some cases, repeated
detection over multiple observing seasons. This good agree-
ment extends to another five stars from the CH database
which appear in our database with 1% < FAP < 5% (see
Table 2). Of the remaining 23 stars shared in common with
CH, only seven (JW 145, 275, 345, 381, 481, 792, and 850)
show some (weak) evidence in our light curves for variabil-
ity consistent with periodic behavior as reported by CH ; the
rest show either no variability or strictly random variability
in our light curves. Such transience is characteristic of
periodic variability among TTS (e.g., CH), and presumed to
be due either to spots that have dissipated or to increased
erratic variability.

In only two cases do we report a period inconsistent with
that reported by CH: stars 1922 (JW 379) and 3613 (JW
984). Our period for the former is exactly twice the period
reported by CH, and may represent another instance of
“period doubling” as discussed in CH, where, in this case,
the light curve observed by us shows direct evidence for
spots on opposite hemispheres (also see stars 812, 1501,
3217, and 3341). The second star (3613) is detected by us at a
significantly shorter period than that found by CH, near
their short-period detection limit, and is almost certainly
the result of our more frequent time sampling. We suggest
that our periods for these two stars are the correct ones.

The quality of our detected periods is further supported
by an observed correlation between photometric period and
rotational line broadening within a subset of 121 stars
(nearly half of those with detected periods; see § 2.4). Using
the width of a photospheric line (Li 46708) as a measure of
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TABLE 2
DATA FOR ROTATORS WITH 1% < FAP < 5%

I P Pey®
Star Jw? RA? Decl.b (mag) (days) (days)
758 ....... 05 34 2643 —05 01 00.6 134 6.73
905 ....... 05 34 34.17 —06 02 09.3 14.3 5.19
1228...... 05 34 48.54 —04 47 49.9 14.7 5.01
1638...... 248 05 35 04.28 —052313.5 12.9 6.21 6.86
1784...... 326 05 35 08.58 —052901.1 15.2 6.63 6.40
1997...... 393 05 351293 —0519 04.2 15.0 4.83
2093...... 429 05 35 13.97 —0519 52.2 12.6 5.24
2481...... 566 05 351793 —0516 134 14.8 7.04
3033...... 786 05 35 25.65 —05 26 42.0 14.0 8.47 8.80
3077...... 812 05 35 27.13 —05 30 24.8 14.0 4.39
3084...... 811 05 35 27.40 —0517 09.7 13.4 10.62 11.05
3228...... 872 05 35 31.33 —05 28 16.6 15.2 4.26
3231...... 05 35 3147 —0505474 15.6 1291
3359...... 914 05 35 35.53 —051543.1 13.2 7.98 7.71
4370...... 5146 05 36 27.44 —05 30 55.3 13.2 5.88
4409...... 05 36 29.19 —04 53 51.0 14.2 6.27

Note—Units of right ascension are hours, minutes, and seconds, and units of
declination are degrees, arcminutes, and arcseconds (2000.0).
* Source: Jones & Walker 1988. ID numbers 3000- and 5000- correspond to ID

numbers from Hillenbrand 1997.

b Coordinates referenced to USNO-A1.0 astrometric database.

¢ Source: CH.

(projected) stellar rotation, we find that the expected linear
trend of increased line broadening with increasing angular
velocity is indeed observed. Figure 5 shows the FWHM of
the Li 16708 line as a function of angular velocity (1/P),
where the linear increase in Li FWHM with increasing
angular velocity is evident. This good agreement between
our photometrically derived rotation periods and observed
line broadening confirms (1) the general reliability of our
period determinations and (2) the basic interpretation of
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F16. 5—Correlation between photometric period and broadening of
the Li line 46708 confirms the interpretation of periodic photometric varia-
bility as a measure of stellar rotation period. Shown is the FWHM of the
Li line vs. 1/P (angular velocity, units of days~!). The expected linear
increase in line width with increasing angular velocity is apparent, and
slow rotators have unbroadened lines. Instrumental resolution is about
0.6-0.7 A.

periodic photometric variability as a measure of stellar
rotation period.

2.3.2. Completeness

In contrast to other TTS photometric monitoring pro-
grams in the literature, where typically the survey region is
monitored 1-2 times per night over many weeks to months
(or years, e.g.,, CH), our ability to detect periods is very
sensitive at extremely short periods (i.e., P <3 days).
Indeed, the unevenness with which our data are sampled
gives us the capability of detecting periods that are signifi-
cantly sub-Nyquist. We are thus confident that we are not
significantly biased against detection of short-period photo-
metric variability down to the limiting period that we
searched (0.1 days). Practically speaking, we are limited to
detection of peak-to-peak variability of about 0.05 mag,
given our typical photometric precision of 1%—2%.

We are least sensitive to periods approaching the extent
of our typical observing window. To quantify the effect of
our observing window on our ability to detect long periods,
we have conducted an experiment with which we directly
measure our period detection efficiency as a function of
period. Among the 254 stars for which we have determined
periods, 142 stars (56%) possess Wise data, which provide a
17 day time baseline and more complete phase coverage.
We use these stars to assess the effect of our more typical
observing window of 10 days (with diurnal gaps) on our
ability to detect periods. For each star, we search for a
period on just the 10 night KPNO/USNO component of its
light curve (i.e., we exclude the Wise data from the period
search), applying the Scargle periodogram and Monte
Carlo FAP calculation exactly as before. The fraction of
these stars meeting our period detection criteria gives us a
measure of our period detection efficiency.

Of the 142 periodic stars upon which we performed this
experiment, 113 (80%) produced periods at the 1% FAP
level. The period distribution of these stars, as a fraction of
the total number of stars in each period bin, is shown in
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Figure 6. This serves as a direct measure of our period
detection efficiency. We see that our efficiency is approx-
imately 90% for P < 5 days, presumably because in these
cases we observe at least two full cycles over 10 nights. (The
additional 10% detected by including the Wise data results
from improved phase coverage.) Our efficiency decreases
monotonically to longer periods, falling to about 60% at
P = 8 days. We fail to detect any periods with P > 10 days,
indicating that our FAP statistic effectively limits us to
detecting periods no longer than our observing window. In
addition, nine stars that fail our period detection criteria are
nonetheless detected with the correct period with
1% < FAP < 5%. In only two cases do we detect a bogus
period with FAP < 1%, roughly consistent with expecta-
tion, if 1% of our detected periods (142 in this numerical
experiment) are “false alarms. ”

Comparing periods detected with only 10 nights of data
to those detected with 17 nights of data provides a measure
of the precision of our periods. For periods shorter than
about 2 days, we reproduce the same period to approx-
imately 1%, with about 5% reproducibility for P < 5 days.
For periods longer than about 5 days, our detected periods
reproduce with approximately 10% precision. This result is
in qualitative agreement with what we observe upon com-
paring our periods with those reported by CH (see above).

Despite our low efficiency for detecting long periods, our
period distribution is probably not severely lacking in very
slow rotators. Herbst and collaborators (Attridge & Herbst
1992; Eaton et al. 1995; CH), whose period distribution is
presumably complete for very long periods, have shown
that periods P > 10 days are rare. In addition, using spectra
we have obtained for 142 stars with detected rotation
periods and for 176 stars drawn randomly from our survey
region without detected rotation periods (§ 2.4), we have
checked for the possibility that our rotator sample is
missing a large number of slow rotators. Although our
spectra are of limited resolution, we do not find evidence for
a disproportionate number of slow rotators in the control
sample. Nonetheless, in our analysis of the rotation period

Detection Efficiency

Period (days)

F1G. 6.—Period detection efficiency among stars with light curves span-
ning 10 days. Using the subset of 142 stars with light curves spanning 17
days as a control, we test our ability to detect periods among stars with our
more typical 10 day observing window (see text). We successfully detect
periods shorter than 8 days with relatively high efficiency, but rapidly
become incomplete for periods longer than this.
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distribution in our survey region and its relation to stellar
properties of interest, we will focus on periods P < § days,
for which we are not strongly biased.

2.4. Spectroscopy

We obtained spectra of objects in our photometric data-
base so that we could (1) identify active accretion via mea-
surement of stellar Ha emission strength and (2) establish
association membership via measurement of radial velocity
and via detection of the Li 16708 line. All of our spectra
were obtained at echelle resolution (A ~ 0.2 pixel 1,
corresponding to a FWHM =~ 0.5-0.8 A given a spectro-
graph focus of 2.5-4 pixels depending on fiber number) with
the WIYN Hydra multiobject spectrograph. We used two
different spectrograph configurations, (1) the 6450-6850 A
region (hereafter “red” configuration) and (2) the 6250-
6550 A region (hereafter “ blue ” configuration).

With the red configuration we obtained spectra in 1997
March, 1997 December, and 1998 February for 132 of the
stars for which we have determined rotation periods and for
176 additional stars for which no periods have been
detected. This spectral region includes the Ha Balmer line at
6563 A and the Li 16708 resonance line. Without exception,
all of these spectra show (unresolved) Ho in emission
because of the strength of the nebular Ha within which the
stars in our sample are immersed. Spectra with the blue
spectrograph configuration were obtained in 1996 Decem-
ber and 1997 December for 10 of the stars for which we
have detected periods and for another 46 stars for which no
periods have been detected. This spectral region is particu-
larly useful for providing radial velocity measurements,
because this bluer spectral region contains a wealth of lines
for cross-correlation, but it contains neither of the two
primary diagnostic lines (Ha and Li 16708) we use in our
analysis.

All spectra were reduced using the IRAF DOHYDRA
task. We flat-fielded the target spectra using dome flats and
wavelength-calibrated them using ThAr lamp spectra, each
obtained with the same fiber configuration as was used for
the target observations. Several fibers (~ 10) in each point-
ing were placed on blank “sky” positions. Because these
fibers were typically placed within the nebula as well, they
actually represent the sum of the true sky (solar + telluric)
spectrum and the nebular spectrum at that location. For
each pointing, the various sky fibers are median-combined
to produce a single sky spectrum for that pointing.

In this section we describe our methods for measuring
stellar Ha emission strength, radial velocities, and Li 16708
absorption. These spectroscopic diagnostics of accretion,
association membership, and stellar youth will figure
importantly in our analysis of the connection among stellar
rotation, accretion, and circumstellar disks.

2.4.1. Ha Emission: Accretion Diagnostic

Strong stellar Ho emission has been a defining property
of CTTS since their discovery (e.g., Herbig 1962). In the
modern picture, this emission is associated with the accre-
tion of circumstellar disk material onto the stellar surface
(e.g., Muzerolle et al. 1998a, 1998b). In this section we
describe our technique for measuring the strength of Ha
emission in our target spectra, and we establish criteria by
which we identify stars undergoing active accretion.

For the purpose of measuring stellar Ho equivalent
widths (EWs), we do not sky-subtract our target spectra



2966 STASSUN, MATHIEU, MAZEH, & VRBA

Relative Flux

6550 6560 6570 6580
Wavelength (A)

Fi1G. 7—Strong stellar Ha emission indicative of active accretion in the
spectrum of star 1235 (P = 1.69 days). The continuum has been normalized
to unity. A Gaussian fit to the nebular emission line (dashed line) assists in
determining the region beyond which we measure Ha EW (see text). This
star has W,(Ha) = 434 A outside the nebular line (see Table 1).

because spatial variations in the nebula make for extremely
poor subtraction of nebular lines. We instead subtract a
smooth fit to the sky spectrum continuum, leaving the
structure of any emission lines untouched. As a result, the
nebular Ha emission remains (prominently!) in our target
spectra, and we are unable to measure any stellar contribu-
tion under the nebular line. We thus take only emission
outside the nebular line to be of stellar origin. To demarcate
clearly the extent of the nebular emission, we fit a Gaussian
to the nebular line with its base forced to the stellar contin-
uum. We emphasize that we do not attempt to subtract this
fit, but instead use it only to identify the region where
nebular emission is safely negligible. We measure the EW of
any emission beyond the wings of this fit by direct summa-
tion (as opposed to any kind of fit). This EW measure thus
represents a lower limit to the true stellar Ho emission EW.2
Ho EW lower limits for stars with detected periods are
reported in Table 1. We use these EWs in our analysis as
proxies for active accretion. A sample spectrum is shown in
Figure 7.

The dominant source of uncertainty in our EW estimates
is the subtraction of sky continuum from our target spectra.
Because of the highly variable nature of the nebular back-
ground spatially, our sky fibers show varying levels of sky
continuum. In some cases, our sky fibers show residual
nebular continuum (residual in the sense of having been
sky-subtracted using the same median sky continuum
applied to our target spectra) at levels of approximately
15% of our faintest targets. This 15% uncertainty in the sky
continuum level translates directly into a 15% uncertainty
in our EW measurements for our faintest stars. Thus we
take this 15% uncertainty as an upper limit on the uncer-
tainty in our measured EWs, reminding the reader that the
EWs we report are lower limits.

8 This statement would be false for early-type stars (i.., G and earlier),
in which the stellar Ha line is frequently observed strongly in absorption.
The stars in our sample are of considerably later type (~KS5 and later); see
Fig. 2.
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Very broad stellar Ha emission can also indicate active
accretion in young stars. Thus we also measure the breadth
of any stellar emission present in our target spectra. In
many cases, we see stellar Ha full widths several times that
expected from the widths of photospheric absorption lines
in the same spectrum. Though WTTS can exhibit broad
low-level Ha emission, with widths 2-3 times v sin i (Walter
1998, private communication), we see several instances of
Ho lines that are considerably broader still.

We can use these Ha diagnostics to identify those stars
likely to be undergoing active accretion. First, stars
exhibiting emission with EWs greater than that observed
among WTTS likely have their Ho emission powered by the
accretion of circumstellar disk material. Second, stars
exhibiting particularly broad emission are also good candi-
dates for active accretion activity. Thus we adopt the fol-
lowing as criteria for the identification of active accretion:

1. Stellar Ha EW lower limits of at least 20 A. The
strongest Ha typically observed among late-type WTTS is
about 10 A (Walter 1998, private communication).

2. Stellar Ha full width of at least 6 times the FWHM of
a photospheric absorption line. We use the Li 16708 for this
comparison because it appears in nearly every one of our
target spectra. We adopt this factor of 6 to allow for a factor
about 2 to roughly convert FWHM to full width and an
additional factor of 3 to account for the width of chromo-
spheric Ho emission in some WTTS.

Twenty stars in our sample of rotators satisfy one or both
of the above criteria for Ha emission indicative of active
accretion (Table 1). Of course, these 20 stars do not rep-
resent all CTTS in our sample. In addition to the limitations
imposed on us by the strong, ubiquitous nebular Ho emis-
sion, many of the stars in our sample with near-IR signa-
tures of circumstellar disks do not evince “strong” Ha
emission as defined in the criteria above (see also § 3.3).

2.4.2. Radial Velocities and Lithium: Membership Diagnostics

Critical to this study is the confirmation that the stars in
our sample of rotators are bona fide PMS stars and that
they are physically associated with Orion OBIc/d. In this
section we describe our methods for confirming the youth
and membership of our sample of stars with detected rota-
tion periods.

Membership probabilities for stars in the ONC have been
determined by JW in their proper-motion study of approx-
imately the central 15’ radius of the region. Where such
measurements are not available for stars in our survey
region, we use radial velocities as a diagnostic of cluster
membership. True stellar members of Orion OBIc/d possess
a common heliocentric radial velocity of about 25 km s~ ?
with a dispersion of about 2 km s~ ! (e.g., JW; R. Mathieu,
unpublished data). In addition, strong lithium absorption is
a good indicator of stellar youth. Among low-mass stellar
members of the Pleiades, W,(Li) is never greater than 0.25

; stronger lithium absorption implies PMS status. We
assume that stars in our survey region showing such strong
lithium absorption are likely to be association members.
Thus, we also use the strength of lithium absorption in our
target spectra as an indicator of membership.

Using an M2 dwarf spectral standard (HD 95735) as a
template (appropriate for the typical spectral types rep-
resented in our sample), we measure radial velocities via
cross-correlation, masking out prominent nebular features
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in the target spectra. Because we only obtained a spectrum
of our template star in the red spectrograph configuration,
we instead use a solar spectrum obtained in the blue
spectrograph configuration for stars with blue spectra.

Of the 142 stars with measured rotation periods which
also possess spectra for measuring radial velocities, 130
(92%) are of sufficient signal-to-noise to permit reliable
velocity measurements. These are reported in Table 1. In
Figure 8 we show the distribution of radial velocities for
these 130 stars, as well as a best-fit Gaussian. With the
exception of five stars, these radial velocities are consistent
with a single distribution of velocities centered at v, = 25.6
km s~ !, with a measured dispersion of ¢, = 3.7km s~ .

In Table 1 we also present EWs for the stars showing
lithium absorption. We detect lithium securely in 90% (118/
132) of our sample of rotators that we have observed spec-
troscopically. In only three cases where we detect lithium do
we measure an EW less than 0.25 A. Thus, the EWs we
observe are consistent with an interpretation of these stars
as young.

Combining our radial-velocity measurements (130 stars),
our lithium measurements (132 stars), and the proper-
motion membership probabilities of JW (114 stars), we can
confirm which stars among our sample of rotators are
members of Orion OBIc/d. Among 69 stars with both JW
proper-motion membership probabilities and our own
radial-velocity measurements, seven show velocities consis-
tent with membership but low proper-motion membership
probability (probability < 85%; stars 812, 817, 946, 1465,
2583, 3560, 3668). However, only one of these seven stars
(3668) fails to show strong lithium in its spectrum. In only
two instances (2847, 3217) do we detect lithium weaker than
025AEWinaJW proper- -motion member. The former star
is also the only instance in which we detect lithium weaker
than 0.25 A EW in a radial- -velocity member (the latter star
has a radial velocity inconsistent with the association but is
a proper-motion member). Among the five stars lying
outside our main radial-velocity distribution (Fig. 8), two
have JW proper-motion membership probabilities; both
are members (probability > 85%). Four of the five show
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FiG. 8.—Radial velocities indicating membership among our sample of
rotators. The Gaussian fit has a mean of 25.6 km s~ ! and an rms of 3.7 km
s~ 1, consistent with membership in Orion OBIc/d. Five stars lie outside
the distribution, only one of which is likely to be a nonmember; these five
stars may be spectroscopic binaries.
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W,(Li) > 0.25 A. These outliers may therefore be spectro-
scopic binaries. The union of these data provides determi-
nations of youth and membership for a total of 175 stars in
our sample of rotators. Of these, 170 stars satisfy at least
one criterion for youth and membership (166 without con-
tradictory information). We note that stars satisfying mem-
bership criteria on the basis of lithium and radial velocity
are spread over the entire area of our survey region, extend-
ing well beyond the JW proper-motion survey region.
Based on this spectroscopic and proper-motion sample,
representing 70% of the 254 stars with measured rotation
periods, we conclude that with few exceptions the stars in
our sample of rotators are bona fidle PMS members of
Orion OBIc/d.

2.5. Summary

From a synoptic photometric database of 2279 stars with
approximately 12 < I < 16.5 in a 40’ x 80’ region centered
on the Trapezium (see Fig. 1), we have determined rotation
periods for 254 stars (see Fig. 4). Our light curves are
sampled approximately 1 hr~* and span 10-17 days. Using
the subset of our sample with light curves spanning a full 17
nights as a control, we find that our period detection effi-
ciency is 290% for P < 5 days, falling to about 65% for
P ~ 8 days (Fig. 6). Fortunately, the long-term monitoring
of part of this region by Herbst and collaborators (e.g., CH)
indicates that periods much longer than this are rare. We
have observed more than half of the 254 stars in our sample
spectroscopically to derive accretion and membership diag-
nostics. Combining our radial-velocity and lithium diagnos-
tics of association membership with proper-motion
membership data from the literature, we find that nearly all
stars for which we have membership information (170/175)
are likely members. We thus infer that stars in our sample
are with few exceptions members of Orion OBIc/d. In addi-
tion, we use Ha emission to identify a set of actively accret-
ing stars.

The stars in our sample are homogeneous in terms of
youth (4 <logt <6.5), mass (0.15 < M/Mg <0.4), and
internal structure. Our one bias is our lack of adequate light
curves for stars in the most central portion (2'-3) of the
nebula. Since the stars in our sample are fully convective,
and are expected to remain so throughout their PMS evolu-
tion, we can explore the evolution of angular momentum
without such complicating factors as complex changes in
moment of inertia.

3. RESULTS

Having discussed in detail our observations, our methods
for determining stellar rotation periods, stellar youth, and
active accretion, and additional data from the relevant liter-
ature, we now summarize the salient results of our photo-
metric and spectroscopic observations. In particular, for
our sample of stars with photometrically derived rotation
periods, we consider (1) the distribution of stellar rotation
periods, (2) spectroscopic evidence for active accretion, and
(3) near-IR detections of circumstellar disks taken from the
literature. We use these diagnostics in concert to form a
composite picture of the role of circumstellar disks in the
rotational evolution of young stars.

3.1. Rotation Period Distribution

We have determined rotation periods for 254 stars,
roughly 10% of our total sample of 2279 stars, on the basis
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of periodic photometric variability. As we have seen, the
periodic variables in our sample are bona fide PMS
members of the Orion OBIlc/d association, are roughly
homogeneous in mass (0.15 < M/M < 0.4), with derived
ages ranging from about 10* yr to =3 x 10° yr, and with a
typical age of approximately 10° yr. We begin this section
with a description of the morphology of the rotation period
distribution, taking special note of a physically significant
short-period cutoff. We then report on statistical analyses
we have conducted to test for the presence of the period
“gap” observed by other investigators.

3.1.1. Distribution Morphology : Evidence for a Physical
Short-Period Cutoff

The rotation period distribution we have determined for
stars in Orion OBIc/d is shown in Figure 9 (panel a). The
distribution shown has been truncated at P = 8 days as we
are strongly biased against longer periods (Fig. 6). The dis-
tribution appears roughly uniform in period over the range
to which we are sensitive. Correcting the distribution for
incompleteness (Fig. 9, panel a, dashed line) does not signifi-
cantly alter its morphology. We address the structure of the
distribution more quantitatively in § 3.1.2.
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F1G. 9.—(a) Orion OBIc/d rotation period distribution as determined
by us with half-day bins (solid histogram). The distribution has been trun-
cated at P = 8 days as we are strongly biased against periods longer than
this (see Fig. 6). Also shown is the distribution corrected for incompleteness
(dotted histogram). The distribution is statistically indistinguishable from a
uniform distribution. (b): For comparison, the ONC distribution of CH is
also shown, with one-day bins. Note that the range of the abscissa excludes
five stars at longer periods.
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Our distribution shows evidence for a physically signifi-
cant short-period cutoff. Below 1 day the distribution drops
sharply, with only 3 stars having periods shorter than 0.5
days. The shortest detected period is 0.27 days. The sharp
cutoff of periods below about 0.5 days seen in our period
distribution is not an artifact of the period-detection
method we employ, nor does it arise from a limitation in
our sampling. Considering our typical time sampling of
about 1 hr™! | our pseudo-Nyquist period limit is 2 hr, 3
times below the shortest period we detect. In Figure 10 we
show that this short-period cutoff can be physically associ-
ated with breakup velocity, vy,, for the stars in our sample,
which we compute using masses and radii available from
Hillenbrand (1997) for 108 of our rotators together with our
own rotation periods for these stars. These data are also
given in Table 1. We see that stars with very short periods
are predominantly rotating at or near breakup velocity. The
short-period cutoff evident in the period distribution, there-
fore, is probably a direct consequence of a physical limit in
the rotational properties of these stars. To our knowledge,
this is the first determination of the short-period limit of the
rotation period distribution for PMS stars, the result of our
high-frequency sampling.

As an aside, we note that the 254 periodic variables we
detected constitute roughly 10% of our total sample (2279
stars). Obviously, all stars in our sample do rotate, and any
star with stable stellar spots will exhibit some kind of
periodic variations. The detectability of these periodic
variations depends primarily on their amplitude and on any
competing erratic variations, presumably due to the accre-
tion process. We assume that some fraction of periodic vari-
ables could not be detected as such because of larger erratic
variations. The approximately 10% detected periodic vari-
ables represent those stars that had large enough periodic
variation during our observations to be detected in our
data. Interestingly, the 50 periodic variables identified by
CH also represent about 10% of their total sample (525
stars), as do the 11 periodic variables identified by Eaton et
al. (1995) from their sample of 126 stars. This suggests that
the fraction of detectable periodic variables may not vary
significantly.
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Fi1G. 10.—Stars rotating at or near breakup velocity in our sample,
explaining the observed short-period cutoff evident in the distribution of
rotation periods (see Fig. 9).
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3.1.2. Statistical Analysis of Structure in the Distribution

Previous investigations of the rotation period distribu-
tion in this region (e.g., CH) have emphasized an apparent
bimodality marked by a “gap” in the distribution at
P =4-5 days (see Fig. 9, panel b)°. In this section, we
describe statistical analyses we have performed to investi-
gate the presence of such bimodality in the distribution
newly determined by us. We report a negative result.

Longward of the short-period cutoff discussed in the pre-
vious section, we do not find strong evidence for statistically
significant structure in the rotation period distribution, and
in particular do not find evidence for a “gap” at P = 4-5
days. Considering periods in the range 0.5 < P < 8 days
(the range above the cutoff over which we do not suffer
significant incompleteness), a one-sample K-S test indicates
a difference from uniformity at less than 1 o confidence.

Indeed, the CH distribution itself may not differ signifi-
cantly from a uniform distribution. A one-sample K-S test
of the CH distribution against a uniform distribution for
1 < P < 10 days reveals that the two are only distinguish-
able at just above the 1o confidence level. (We choose the
period range 1 < P < 10 days for this comparison because
CH were not sensitive to subday periods and because
beyond P = 10 days their distribution is very sparse.)

We note, however, that the K-S test is not particularly
sensitive to deep, narrow notches in distributions because of
its reliance on the cumulative distribution of the data (Press
et al. 1992). Though it is not clear that the “gap” in the
distribution observed by CH is sufficiently deep and narrow
to be problematic for the K-S test, it is possible that the K-S
test may not be well suited for testing the hypothesis of
bimodality in this instance. We have attempted to identify
more powerful statistical tests for multimodality. A number
of tests that are perhaps better suited to identifying depar-
tures from unimodality have been suggested to us by
E. Feigelson (1999, private communication) and
S. Vardeman!® (1999, private communication), including a
Cramer-von Mises test (e.g., Conover 1971) and a quantile-
quantile plot analysis (e.g., Nair & Freeney 1994). These
tests are “K-S-like” in that they compare the observed
cumulative distribution to a null hypothesis model (uniform
distribution in this case). The Cramer-von Mises test,
however, considers the sum-of-square residuals rather than
the supremum difference between the model and the data.
Similarly, the quantile-quantile plot analysis simulta-
neously compares all points in the observed distribution
with the null hypothesis, rather than comparing the dis-
tribution with the model only at the point of maximum
departure. Like the K-S test, these tests report that the CH
distribution is consistent with the null hypothesis: The
Cramer-von Mises test gives a probability of 0.22 that the
CH distribution is consistent with a uniform distribution
for 1 < P < 10 days, while a quantile-quantile plot analysis
gives a probability of 0.18.

To gain some further insight into the statistical frequency
of bimodality, we have also performed a simple Monte
Carlo simulation proposed by the referee, in which we gen-

° Note that the CH distribution shown here differs slightly from that
shown in CH (their Fig. 7), because for three stars in their sample (JW 167,
174, 907) we have plotted the alternate (lower FAP) period they report.
Our independent period determinations for two of these stars (JW 174,
907) corroborate these alternate periods.

10 Department of Statistics, lowa State University.
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erated 1000 sets of uniformly distributed random numbers,
and visually inspected each histogram. For each simulated
distribution, we generated 63 numbers between 1 and 10,
the same as in the distribution observed by CH. We classi-
fied each distribution based on our visual impression of its
morphology, reserving “ bimodal ” for cases showing a deep
“dip,” i.e., at least two consecutive bins showing a small
number of counts relative to “humps” on either side. We
observe bimodality so defined in some 10% of the simulated
distributions. Though this approach is subjective, it pro-
vides plausibility for the conclusions drawn from the K-S
test. We nonetheless encourage continued exploration of
the statistical nature of the distributions observed by CH
and by us. In what follows, we proceed to apply the K-S test
for various statistical analyses, keeping the above discussion
in mind.

CH report different period distributions when they con-
sider stars in different spatial subregions of their survey
area; the distribution for stars outside regions of high nebu-
losity contains a larger proportion of rapid rotators. Might
a difference between our distribution and that determined
by CH become apparent if we conduct separate compari-
sons of stars near the center of the nebula and stars in more
peripheral regions? To test this, we perform a comparison
of the CH distribution with our distribution in several
spatial subregions (Fig. 11). For these comparisons we take
stars with 1 < P <8 days (the range over which both
samples are not strongly biased), which includes 47 stars
from CH and 190 from our sample. First, we compare only
stars in the 10 subfields of the JW region surveyed by CH
(indicated in Fig. 1; 45 stars). In these regions, a two-sample
K-S test yields a probability of 0.92 that the two distribu-
tions are indistinguishable. The close resemblance of our
distribution to that of CH arises because the two samples of
rotators in these 10 subregions share 25 stars in common.
We note that the 20 new stars from our sample are uni-
formly distributed. A one-sample K-S test shows that our
distribution in these subregions is indistinguishable from a
uniform distribution (K-S probability of 0.60). We also con-
sider the JW region as a whole, this being a region of similar
radial extent but one completely surveyed by us. When we
compare stars within the entire JW region (94 stars) with
the CH distribution, a K-S test gives a probability of 0.55
that the two samples do not differ. Again, a one-sample K-S
test shows that our distribution is indistinguishable from a
uniform one (K-S probability of 0.30). Finally, comparing
our distribution over our entire survey region with the CH
distribution yields a K-S probability of 0.10 that the two
distributions are similar, representing a difference at less
than 2 ¢ confidence. In short, the distribution determined
by us and the CH distribution are consistent with each
other to within 2 ¢ over our entire survey region. And, as we
have shown above, both distributions are statistically indis-
tinguishable from a uniform distribution.

Do stars in our distribution show any spatial trends when
compared with each other? To test this, we also perform a
spatial comparison between stars in our distribution within
10" of the center of the cluster (which we take to be the
position of @'C Ori; 74 stars) to stars beyond 10’ (180
stars). Once again, a two-sample K-S test shows a difference
at less than 1 o confidence.

Because of our bias against detecting periods in the
central 2'-3' of the nebula, we cannot perform a spatial
analysis of periods for stars very near the Trapezium with
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F1G. 11.—Comparisons of our period distribution to that of CH in
various spatial regions. For these comparisons, only stars with 1 < P < 8
days are considered, where both the CH study (dashed histogram) and our
study (solid histogram) are not strongly biased. (a): The two distributions
for stars in the 10 small subregions of the JW region surveyed by CH (see
Fig. 1) strongly resemble one another, because of the presence of 25 stars in
common to both studies. (b): Stars drawn from the entire JW proper-
motion survey region. (c) Stars in the entire region surveyed by us. In all
cases, our distribution is consistent with a uniform distribution for P < 8
days, and is not statistically distinguishable from the distribution deter-
mined by CH.

our own data. However, the central 4 x 4’ field surveyed by
CH (see Fig. 1) covers this region where we are biased. A
one-sample K-S test of the period distribution for the 20
stars with periods reported by CH near the Trapezium
reveals that it is consistent with a uniform distribution for
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1 < P < 10 days (probability of 0.18). In addition, a two-
sample K-S test does not indicate a significant difference
between the 20 stars in the central CH field to the CH stars
outside this central field. These results suggest that our
exclusion of stars very near the Trapezium may not signifi-
cantly affect the morphology of period distribution we have
determined.

Is it possible that the lack of an observed bimodality in
our distribution is the result of poor resolution in our
period detection technique? In other words, might low-
frequency resolution resulting from our limited observing
window “smear out” an underlying bimodal distribution
sufficiently to produce the observed uniform distribution?
As discussed by Kovacs (1981), the resolution of the peri-
odogram is given by

PN (A
4T /N4’

where o is the uncertainty in the data, T is the total time
spanned by the data, N is the number of independent data
points, and A is the amplitude of the detected signal. Taking
values of o, T, and A typical of periodic variables in our
sample (0.02 mag, 10 days, 0.06 mag, respectively) and
taking a very conservative value of 10 for N (assuming that
only one measurement per night is truly independent), the
frequency resolution of our periodogram is v = 0.008
day 1, corresponding to a resolution in period of 0.16 days
for periods in the period gap (P = 4-5 days). We have con-
volved a hypothetical bimodal distribution consisting of
two Gaussian components centered at P = 2.5 days and
P = 8.3 days (simulating the period distribution observed
by CH) with a Gaussian kernel with ¢, = 0.008 day . The
resulting smeared period distribution closely reproduces the
original bimodal distribution. We conclude, therefore, that
we are able to resolve structure in the rotation period dis-
tribution at P = 4-5 days.

In summary, the rotation period distribution determined
by us for stars in Orion OBIc/d does not show strong evi-
dence for bimodality and is in fact statistically consistent
with a uniform distribution over the range of periods to
which we are sensitive (though we expect based on the CH
distribution that this uniformity does not extend beyond
P ~ 10 days, where the number of stars drops rapidly). Our
intent in comparing our findings with a uniform distribu-
tion here is not to propose a particular model for the
expected distribution of rotation periods, but instead to test
for any significant structure in our period distribution. This
result is not changed when we consider spatial subsets of
our sample, and we rule out the possibility that we have
failed to resolve an underlying bimodal distribution because
of a limitation in our period resolution. Our period dis-
tribution shows a strong cutoff at P < 0.5 days, correspond-
ing to breakup velocity for the stars in our sample.

3.2. Accretion Among the Rotators

An important question addressed by our work is the con-
nection, if any, between accretion and stellar rotation. In
this section, we discuss the signatures of active accretion
among our sample of rotators.

Figure 12 (panel a) shows the period distribution
(truncated at P = 8 days) of those stars for which we have
measured “strong” Ha emission (as defined in § 2.4.1) and
those stars for which Hillenbrand et al. (1998) measure the
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F1G. 12.—Period distributions of stars showing active accretion signa-
tures. (a): Period distribution of stars exhibiting spectral signatures (Ho
and Ca 11 emission) of active accretion (dashed histogram) is indistinguish-
able from both the distribution of stars for which spectra are available but
do not show evidence for strong accretion (dotted histogram) and from the
entire distribution (see Fig. 9). The distributions shown have been trun-
cated at P = 8 days. (b): Peak-to-peak amplitude of photometric variabil-
ity plotted against rotation period. Amplitude of variability is not
correlated with rotation period.

Ca 1 triplet in emission.!' Notably, these 26 stars do not
appear to cluster at any particular period regime in the
distribution. In particular, we find stars showing accretion
signatures with rotation periods ranging from among the
shortest in our sample (P = 1.3 days) to among the longest
(P =17.7 days). This subsample of accretors is statistically
indistinguishable both from the entire distribution (a two-
sample K-S test yields a probability of 0.19 that the dis-
tribution of actively accreting stars could be drawn from the
overall distribution) and from the distribution of stars for
which spectra are available but which do not show evidence
for accretion (K-S probability of 0.63), also shown in Figure
12. Furthermore, we find that 10% (11/109) of rapid rota-
tors (P < 4 days) show accretion signatures and that 13%
(19/145) of slow rotators (P > 4 days) do, so that again we
find no evidence that stars with strong Ha or Ca 11 emission
are distributed preferentially in any region of period space.

1 As discussed in Hillenbrand et al. 1998, because of the low spectral
resolution (~5-8 A) of their observations, the Ca 11 emission and absorp-
tion features are blended together, so that net emission probably indicates
strong accretion.
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The amplitude of variability among our periodic vari-
ables might also be taken as an indicator, albeit a crude one,
of accretion activity, as those with peak-to-peak variations
exceeding about 0.5 mag are likely to possess hot spots on
their surfaces (Herbst et al. 1994). Though the largest ampli-
tude variable in our sample is a relatively slow rotator, we
do not find any significant correlation between rotation
period and amplitude of variability (Fig. 12, panel b). The
periodic variables in our sample are predominantly rela-
tively low-level variables, exhibiting peak-to-peak varia-
tions of about 0.1-0.2 mag. Ten periodic variables exhibit
variability larger than 0.5 mag, including 5 stars with P < 4
days (one of which is the fastest rotator in our sample). As
with Ho and Ca 11, we do not find evidence for a connection
between rotation period and active accretion as traced by
amplitude of variability.

Of course, our detection of rotation periods is naturally
biased against stars whose photometric variations are
irregular. It could be true, for example, that large amplitude
irregular variables (LAIVs) are primarily slow rotators. To
check this, we have compared the v sin i distribution of a
sample of LAIV in our photometric database (which we
take to be stars with ¢,,,, > 0.1 mag) to the v sin i distribu-
tion of our sample of rotators. Of 176 nonperiodic stars in
our database that we have observed spectroscopically (see §
2.4), 50 are LAIVs. Though our spectral resolution is some-
what limited (0.5-0.8 A), we find no significant difference
between the two v sin i distributions.

3.3. Disks among the Rotators

To explore connections between stellar rotation and cir-
cumstellar disks, we use the near-IR photometry recently
determined by Hillenbrand et al. (1998) for stars in the
central 30’ of our survey region (the same region studied in
Hillenbrand 1997; see Fig. 1). The “excess” I—K color,
A(I — K)—defined as the difference between the observed
dereddened I — K color and that expected from the stellar
spectral type—provides an indicator of warm circumstellar
material within a few stellar radii of the stellar surface.

The Hillenbrand et al. study provides measures of
A(I —K) for 105 stars in our sample of rotators. Following
their discussion of the observational uncertainties in their
measurements, we require A(I —K) > 0.3 for a star to be
labeled as possessing a disk. This criterion ensures not only
that circumstellar material is present (within a few stellar
radii of the stellar surface), but that this material is accreting
with M2107° M yr~! (see Fig. 8 in Hillenbrand et al.
1998). Stars with A(I — K) < 0.3 either do not have accreting
disks or possess disks that are cleared within a few stellar
radii of the stellar surface.

How are stars with disks distributed in rotation period?
Of the 105 periodic variables for which A(I — K) is available
from the literature, 40 stars with P < 8 days satisfy our
A(I—K) > 0.3 criterion. In Figure 13 we compare the
period distribution of these 40 disked stars with the overall
rotation period distribution and with the distribution of
stars with near-IR photometry available but which do not
satisfy our criterion for circumstellar disks. These distribu-
tions are uniformly distributed and are not significantly dif-
ferent from each other.

In Figure 14 (panel a) we show infrared excess as a func-
tion of rotation period. Also indicated are those stars which
are actively accreting, as indicated by strong Ho emission
(§ 2.4.1) or emission in the Ca 1 triplet as reported by Hill-
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enbrand et al. (1998). Again, we take stars with
A(I—K) > 0.3 to be those with accreting circumstellar
disks. Almost all stars evincing accretion in He and Ca 1t
emission lie above this value.'? No correlation is apparent
between rotation period and infrared excess within our
entire sample, nor is there a correlation among stars that
are actively accreting as indicated by strong Ha or Ca 11
emission. We find this same result when we consider only
those stars with periods reported by CH (IR data available
for 69 stars from Hillenbrand et al. 1998), which includes
stars in the central portion of the nebula where our sample
is deficient (Fig. 14, panel b).

4. DISCUSSION

Having presented a newly determined rotation period
distribution for stars in Orion OBIc/d, and evidence for
active accretion and circumstellar disks among a subset of
these, we now discuss the implications of these new results
for several questions pertaining to angular momentum evo-
lution in the PMS phase.

4.1. On the Bimodality of the Period Distribution

First proposed by Attridge & Herbst (1992) and
advanced most recently by CH, the ONC rotation period
distribution has previously been found to be distinctly
bimodal, with a deep gap at 4 < P < 5 days (see Fig. 9). CH
argue that their bimodal distribution can be understood
within magnetospheric accretion theory and hence provides
support for it. Their basic argument, stated simply, is that
slow rotators (median P = 8.3 days) are those which have
been prevented from spinning up via magnetic coupling to
their circumstellar disks, while rapid rotators (P < 4 days,
median P = 2.6 days) are those which have disengaged their
disk-lock (via, e.g., disk depletion); an evolutionary
sequence is implied in the sense that slow rotators become
rapid rotators. CH also point out that the slow-rotator
“peak ” in their distribution (P ~ 8 days) agrees well with
theoretical predictions (Shu et al. 1994). Together with the
finding by Edwards et al. (1993b), that only stars with P > 4
days exhibit near-IR signatures of circumstellar disks, the
bimodal distribution of rotation periods has constituted
important evidence in support of disk-regulated stellar rota-
tion.

However, as we have discussed, our data do not lend
support to the existence of a bimodal distribution of rota-
tion periods. Our distribution does not yield statistically
compelling evidence of structure for periods 0.5 < P < 8
days. Indeed, the distribution determined by CH may itself
not be securely statistically distinguishable from uniform
(see § 3.1.2). Researchers studying other (although slightly
older) young clusters and associations (e.g., Upper Sco by
Adams et al. 1998 and NGC 2264 by Kearns et al. 1997 and
Kearns & Herbst 1998) have recently produced similar
results, finding no evidence for bimodality in their observed
period distributions. The authors in these cases use the sug-

12 Tt must be noted, however, that not all stars with A( — K) > 0.3 show
Ho emission. This may indicate that accretion activity as traced by Ha
emission is sporadic enough to escape our detection; or it may mean that
the accretion rate in these stars is low enough to produce Ho emission
below our detection limit or that Ha emission in these stars is narrow
enough that we cannot detect it because of the presence of nebular emis-
sion. Hillenbrand et al. 1998 similarly report that not all stars exhibiting
large A(I — K) show Ca 11 emission.
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gested bimodality in the ONC to estimate timescales over
which a presumed disk-lock mechanism operates.

CH used a spatial comparison as evidence for their thesis
that the rapid rotators in their sample represent an evolved
state of the slow rotators. They take stars in the Trapezium
and NU Ori regions to be younger than stars in their sur-
roundings, on the basis of the relatively high nebulosity in
these regions, in lieu of age estimates from stellar models.
They show that these presumed younger stars constitute a
larger proportion of slow rotators than stars in the less
nebulous regions that they surveyed.

Comparing stars in different regions of the Orion OBIc/d
association is important because of the differences in stellar
ages across the region. Blaauw (1964) and others (Warren &
Hesser 1977; Brown et al. 1994 and references therein) have
studied the relative ages of the four principal subgroups of
the Orion I OB association, using a variety of techniques,
including massive star “turn-up,” main-sequence fitting to
the bluest ZAMS stars, PMS evolutionary models,
“runaway” stars, gas dynamics, and cluster expansion
arguments. Many of these studies have concluded that a
temporal sequence exists from Ia—Id, with the Ia subgroup
being the oldest. Nevertheless, age estimates from the differ-
ent techniques (and between different authors) have produc-
ed considerable ambiguity particularly between the Ic and
Id subgroups, whose age estimates range from 0.5-3 Myr
and 0.01-10 Myr, respectively. A summary of these studies
can be found in Warren & Hesser (1977), who report their
own age estimates of about 0.5 Myr and 1-5 Myr for Id and
Ic, respectively. Most recently, Brown et al. (1994) have
reported ages similar to those of Warren & Hesser (1977) on
the basis of VBLUW photometry (though they place the Ib
subgroup intermediate in age to the Ic and Id subgroups).

The physical significance of these historical subdivisions
and the differences between stars in and out of the identified
clusterings have recently been investigated by several
researchers. Hillenbrand & Hartmann (1998) have ques-
tioned the distinction between the Trapezium and ONC (Id
and Id1 in the notation of Warren & Hesser 1977), arguing
that the Trapezium and ONC are probably part of one and
the same cluster. Gomez & Lada (1998) have investigated
the spatial distribution of stars in Orion from head to sword
as a way of quantifying the degree of stellar clustering,
finding that, while several stellar clusterings do exist in the
Ic/d region, less than half of the strongest Ho-emission
sources identified by the Kiso Ha survey reside in the identi-
fied “clusters.” This is similar to Allen’s (1996) finding that
only 25%-50% of stars less than 1 Myr old in L1641 are
found in “aggregates” or “clusters,” with the majority
(50%—75%) of the youngest stars possessing a more distrib-
uted spatial morphology. At the same time, Hillenbrand
(1997) has found that the youngest stars in the ONC are
preferentially located in the center-most part of the cluster,
and Allen (1996) has found marginal evidence that stellar
aggregates and/or clusters in L1641 tend to harbor a larger
relative fraction of the youngest stars. Thus the linkage
between spatial location and stellar age is complex and not
clearly understood.

We have considered the dependence of our results on
stellar age. Our statistical comparisons of radial spatial
subsets of our sample do not reveal any statistically signifi-
cant differences in the period distributions of stars based
upon spatial location (§ 3.1.2). A more direct assessment of
the bimodality of the period distribution in the context of

ROTATION PERIOD DISTRIBUTION 2973

stellar age is achieved by using derived stellar ages to look
for trends in the period distribution with age. Ages are
available from Hillenbrand (1997) for 108 ONC stars in our
distribution, with ages ranging from 3.65 < log © < 6.57. In
Figure 15 we show the distribution of rotation periods for
these stars in the three age ranges (1) logz <35, (2)
5 <log t < 5.7, and (3) log = > 5.7, chosen simply to popu-
late each distribution with a significant number of stars. No
trend in stellar rotation period with stellar age is apparent
in this time sequence. A similar (but model independent)
result can be inferred from the positions of slow rotators
(P > 4 days) and rapid rotators (P < 4 days) in the H-R
diagram (Fig. 16). These two sets of stars do not populate
different regions of the diagram, indicating that there are no
trends of stellar rotation period with stellar parameters
(over the range spanned by our sample). Nonetheless, con-
tinued period determinations for stars very near the Tra-
pezium are needed to complement this study. The Wesleyan
observations have proven vital in this regard, and we look
forward to substantial increases in the sample size.

sl log age < 5 4

gl 5 < log age < 5.7 _

sk log age > 5.7 4

L |

0 I I I
0 2 4 6 8
Period (days)

F1G. 15—Age evolution of the ONC rotation period distribution.
Taking stellar ages from Hillenbrand 1997, a time sequence of the rotation
period distribution is shown from top to bottom: stars with ages log 7 < 5,
5 <log T < 5.7,and log © > 5.7. No trends with age are apparent.
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Fi1G. 16—Comparison of slow and fast rotators in the H-R diagram.
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The morphology of the rotation period distribution,
whatever its form, does not in and of itself reveal the mecha-
nism by which stellar rotation is regulated in the PMS
phase. We turn now to a discussion of the evidence for the
regulation of PMS stellar rotation by disks.

4.2. Onthe Regulation of Rotation by Disks

The long-standing astrophysical problem of angular
momentum regulation in the PMS phase (embodied clas-
sically in the typically low v sin i observed in CTTS) has in
recent years been explained within the framework of a mag-
netic star-disk coupling mechanism, formalized in part by
Shu and collaborators (Shu et al. 1994; Ostriker & Shu
1995; Najita 1995). Following the work of Edwards et al.
(1993b), which showed a correlation between stellar rota-
tion period and the presence of excess K-band emission
among 34 stars in Taurus-Auriga and the ONC, studies of
rotation among young stars (e.g., Eaton et al. 1995; CH;
Kearns et al. 1997; Kearns & Herbst 1998; Adams et al.
1998) have contextualized their observations within the
disk-locking scenario. It is in this context that the notion of
a bimodal rotation period distribution is particularly
appealing. As discussed in the previous section, however, we
do not find strong evidence in the morphology of our rota-
tion period distribution to support the notion of distinct
“locked ” and “ spun-up ” populations.

How might disk-regulated rotation best manifest itself
observationally? Previously, researchers studying the con-
nection between disks and stellar rotation have looked pri-
marily for a correlation between the directly observed
diagnostics of disks and rotation: excess IR emission and
rotation period. However, no unambiguous correlation
between stellar rotation and near-IR diagnostics of disks
has been forthcoming. Eaton et al. (1995) observed numer-
ous slowly rotating stars in the ONC without near-IR
excesses, as well as two rapidly rotating stars with excesses.
The evidence presented by Edwards et al. (1993b), perhaps
the most compelling of all, similarly contains a large frac-
tion of slowly rotating stars (~40%) without near-IR disk
signatures. Bouvier et al. (1993) observed that CTTS in their
sample of 26 stars in Taurus-Auriga rotate more slowly
than the WTTS in their sample on the average, but derive a
mean rotation period of 4.1 days for the WTTS, in the
period gap observed by Herbst and collaborators. Finally,
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as we have seen (§ 3.3; Fig. 14), our data, coupled with
near-IR measurements from the literature for stars in the
ONC, do not show a correlation between stellar rotation
period and near-IR excess emission. What conclusions can
we draw, then, about the ability of the disk-locking hypoth-
esis to explain the observations? Is a correlation between
directly observed quantities actually the best way to
observe disk-locking in action?

While a direct correlation between diagnostics of disks
and of stellar rotation may be expected on theoretical
grounds (e.g., Kenyon et al. 1996), perhaps a more physi-
cally meaningful way to explore a causal connection
between disks and stellar rotation under the disk-locking
hypothesis is to consider the evidence for disk material at the
corotation radius, R, from the star. R, is the distance from
the star at which disk material will rotate with Keplerian
angular velocity equal to the stellar angular velocity. If
disks do act to govern stellar rotation, a straightforward
prediction is that disk material will be present near R,.

How do our results compare with this prediction? We
show in Figure 17 the near-IR disk signature, A(I — K), from
Hillenbrand et al. (1998) versus the corotation radius, R, (in
units of stellar radii) and v/v,, for the 105 stars in our sample
with the requisite data [v/v,, = (R./R,)”*?*]. Stars above
the solid horizontal line A(I — K) = 0.3 mag show detected
excess near-IR emission. As the A(I —K) diagnostic is not
sensitive to disk material situated more than a few stellar
radii from the star, excess emission will not be readily
detected among stars with R, 2 3R, if they possess disks
truncated at R, (Hillenbrand et al. 1998; note that this value
of 3R, is only approximate because it varies somewhat from
star to star, depending upon various factors such as stellar
radius, inclination, etc.). This threshold is shown by the
dashed vertical line.

We consider stars in the four quadrants of Figure 17
separately: (1) stars with large R, and no detected excess
near-IR emission, (2) stars with large R, that do show excess
near-IR emission, (3) stars with small R, that show excess
near-IR emission, and (4) stars that do not show excess
near-IR emission despite having R, near the stellar surface.
To facilitate a simple, initial exploration of this figure and
its implications, we consider stars in these four quadrants
assuming canonical values of the stellar magnetic field
strength and mass accretion rate, B, ~ 1kGand M ~ 108
Mgyr 1.

Quadrant 1. Stars in this quadrant are perhaps the easiest
to understand in terms of the disk-locking hypothesis.
These stars rotate at small fractions of v,,, so that R, is
many stellar radii from the stellar surface. Relating R, to M,
B,, and other stellar parameters as per Ostriker & Shu

(1995) yields
R, _ (_BiRL \
R, \GM M?)

Thus, typical accretion rates and stellar magnetic field
strengths predict large R, among these stars. If the disk
truncation radius, R,,,,. & R,, then no excess near-IR emis-
sion is expected from these stars, consistent with the obser-
vations. Of course, that stars in this quadrant possess
truncated disks must still be verified; observations at longer
IR wavelengths should reveal the presence of disks.
Quadrant 2. Stars in this quadrant are not so readily
understood within the disk-locking model. These stars
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Fi1G. 17.—Testing for disk material at the corotation radius. The near-IR excess emission is plotted against the corotation radius (in units of stellar radii)
for 105 stars in our sample with the requisite data. Filled symbols indicate those stars that show evidence for active accretion (strong Ho or Ca 11 emission).
Stars with A(I — K) > 0.3 (horizontal line) likely possess circumstellar disks extending to within a few stellar radii of the stellar surface. Stars with disks that are
truncated within greater than a few stellar radii (vertical line) will probably not exhibit near-IR excess emission. See § 4.2 for discussion of this figure.

rotate at only about 10% of breakup, yet show significant
near-IR excess emission, indicating that they possess disks
extending to within a few stellar radii of the stellar surface.
While magnetospheric accretion models predict that disk
material will drift 0.1-0.3 R, within R, before being lifted off
the disk midplane (e.g., Ostriker & Shu 1995; Kenyon et al.
1996), typical accretion rates and magnetic field strengths
do not straightforwardly account for the presence of disk
material so close to the stellar surface in these stars.!3

Quadrant 3. Stars in quadrant 3 rotate at appreciable
fractions of breakup velocity. Such rapid rotation is consis-
tent with the observed near-IR excess emission from these
stars, indicating the presence of disk material at R, to which
these stars may be locked. However, like stars in quadrant
2, the presence of disk material so close to the stellar surface
cannot be explained by typical accretion rates and magnetic
field strengths.

Quadrant 4. Stars in this quadrant are presumably not
disk-locked because there is no near-IR evidence for disk
material, despite the close proximity of R, to the stellar
surface. Stars lacking near-IR excess emission have been
interpreted in previous studies as descendents of once disk-
locked systems. Even so, these stars are the most problem-
atic for the disk-locking paradigm; they still require large
angular momentum loss prior to the main sequence with no
evident mechanism to explain it.

Some of the disagreement between the disk-locking
hypothesis and the implications of Figure 17 can be miti-
gated by relaxing the assumptions of typical accretion rates
and magnetic field strengths, particularly for stars in quad-

13 Presuming that magnetospheric accretion streams do not produce
the observed IR excesses.

rants 2 and 3. For stars in quadrant 2, for example, a high
accretion rate (M ~ 10™° M yr~!) can “crush ” the stellar
magnetosphere down to the stellar surface, explaining the
observed near-IR excess emission and rotation near
breakup velocity. Such high accretion rates are typically
observed only in the most extreme cases (e.g., FU Ori
events). Since episodes of such high accretion are transitory,
any spin-up these stars might presently be experiencing as a
result of disk-locking close to the stellar surface may be
sufficiently brief that the observed slow rotation remains
largely unaffected. Indeed, one might imagine a scenario in
which these stars oscillate between quadrants 1 and 2, with
the inner edge of the disk encroaching toward the stellar
surface during brief episodes of enhanced accretion
(quadrant 2 stars) and then quickly receding back out to
many stellar radii during longer periods of quiescence
(quadrant 1 stars).

A high accretion rate (i.e, M ~ 1075 M yr~!) can simi-
larly explain the presence of disk material close to the stellar
surface among stars in quadrant 3. However, the rotation of
these stars at or near breakup velocity places R, at or near
the stellar surface, requiring that the disk persist at or near
the stellar surface, in contradiction to the expectation that
such high accretion rates occur only episodically. Instead,
small magnetic field strengths (i.e., B, ~ 50 G) among these
stars could allow typical accretion rates to push R, close to
the stellar surface, producing disk-locked rotation at or
near breakup velocity. Appealing to weak magnetic fields to
bring the disk-locking hypothesis into agreement with
quadrant 3 stars is problematic, however. Is disk-locking
truly viable under such weak magnetic fields? Is the
assumption of weak magnetic fields consistent with the
presence of the spots we have observed on these stars?

Appealing to a high accretion rate among stars in quad-
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rant 2 has its difficulties as well. Episodes of such high
accretion are, presumably, short-lived phenomena. If quad-
rant 2 stars are required to spend most of their time in
quadrant 1 so as to maintain their slow rotation, we should
not see such a large fraction (roughly half) of quadrant
1/quadrant 2 stars in quadrant 2. A modification to the
theory in which R, < R, seems to be required to bring
the predictions of the disk-locking hypothesis in line with
the observations for these stars. Such a modification of the
theory would need to be applied only to quadrant 2 stars,
however, since their quadrant 1 counterparts show no evi-
dence for R,,,,,. < R..

These difficulties notwithstanding, to our mind it is the
quadrant 4 stars that pose the greatest challenge to the
disk-locking paradigm. We can say definitively that these
stars do not possess disks extending to R,, because such
disks would be readily detected in the A(I —K) diagnostic.
Might these stars be coupled to disks with R,,,,,. > R,, and
thereby be undergoing an epoch of rapid spin-down at
present? While measurements at longer infrared wave-
lengths are required to probe for disk material situated at
greater distances from the stellar surface, these stars show
no evidence for the signatures of active accretion (in Ha or
Ca 1 emission) that might be expected if the stars are con-
nected to disks via magnetically channeled accretion
streams. It is more likely that many, if not all, of these
quadrant 4 stars have already dissipated their disks.

What, then, is to be the subsequent evolution of quadrant
4 stars? As we discuss in the following section, the stars in
our sample show evidence for continued angular momen-
tum depletion over the next few Myr. In addition, we show
that the distribution of v sin i among stars in our sample is
very similar to that observed among low-mass Pleiades
stars, indicating that the relative distribution of angular
momentum presently observed among stars in our sample is
preserved over approximately the next 100 Myr. These find-
ings imply that quadrant 4 stars, like the rest of the stars in
our sample, must still deplete considerable angular momen-
tum. More fundamentally, these stars still face contraction
in size by factors of about 5-10 as they approach the main
sequence, yet already rotate at or near breakup velocity!
Apparently, for these stars at least, alternative mechanisms
are required to explain the subsequent evolution of angular
momentum.

The evidence considered in this section does not provide
a compelling case for disk-regulation of stellar rotation in
the PMS phase. Indeed, for at least some stars in our
sample, the observations seem to reject the disk-locking
hypothesis. Future measurements at longer IR wavelengths
will provide an important constraint on the presence of
disks truncated at many stellar radii (e.g., among stars in
quadrants 1 and 4). In addition, photometric (e.g., Vrba et
al. 1988; Bouvier et al. 1993) and polarimetric (e.g., Stassun
& Wood 1999) diagnostics of spot properties among these
stars would help further test the predictions of magneto-
spheric accretion theory.

4.3. On the Depletion of Angular M omentum

The apparent depletion of angular momentum in the
PMS phase is a continuing challenge to star formation
theory. Studies of rotation in young clusters such as the
Pleiades (e.g., Queloz et al. 1998) indicate that low-mass
ZAMS stars are predominantly slow rotators, with typical
v sin i < 10 km s~ ?, and a smaller number of more rapidly
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rotating stars extending to about 100 km s~ . This occurs
despite contraction in size of more than an order of magni-
tude and the accretion of circumstellar material of high
specific angular momentum during the PMS phase.

Attempts to model the rotational evolution of stars from
TTS (<1 Myr) to the Pleiades (~100 Myr) have been
carried out by several researchers (e.g., Bouvier et al. 1997,
Krishnamurthi et al. 1997; Keppens et al. 1995; Collier
Cameron et al. 1995). All of these efforts model changes in
PMS stellar rotation as arising from a combination of (1)
spin-up due to changes in stellar moment of inertia, (2)
spin-down due to a Skumanich-like wind-braking law (i.e.,
dw/dt oc ), and (3) enforced constant angular velocity due
to star-disk coupling. Some models include the effects of
differential rotation due to core-envelope decoupling, but
these effects probably do not apply for very low mass (i.e.,
fully convective) stars (e.g., Krishnamurthi et al. 1997).

Disk-locking has proven to be an extremely valuable
mechanism for these models, because enforced constant
angular velocity provides an efficient angular momentum
drain (i.e., AJ oc AR?) in the PMS phase. Such an efficient
mechanism for dissipating angular momentum is necessary
because in most models the contraction (i.e., spin-up) time-
scale is 1-2 orders of magnitude shorter than the wind-
braking timescale for ages up to about 20-30 Miyr.
Furthermore, braking by winds alone is difficult, because it
is necessary to account simultaneously for the presence on
the ZAMS of both slow rotators and ultrafast rotators
(UFRs). Thus, wind-braking models are most effective at
providing for rapid spin-down on and just prior to the
ZAMS, and they typically allow for a saturation parameter
in order to prevent excessive spin-down of the rapid rota-
tors (e.g., Stauffer & Hartmann 1987; Barnes & Sofia 1996).
In most models, then, the disk lifetime together with wind-
braking saturation for UFRs provide the key tunable
parameters for matching model predictions to the observed
rotational evolution of low-mass PMS and ZAMS stars.

An important input ingredient in all prescriptions of
PMS angular momentum evolution is the initial conditions.
Based on studies of TTS rotation available heretofore (e.g.,
CH; Bouvier et al. 1993) and on theoretical grounds (e.g.,
Shu et al. 1994), researchers modeling the rotational evolu-
tion of PMS stars have typically assumed that young stars
begin as relatively slow rotators, with a narrow distribution
of rotation periods centered on P ~ 8 days.

How do our new results impact the problem of PMS
angular momentum evolution, especially if some kind of
star-disk coupling mechanism is not in fact governing the
rotational evolution of PMS stars? The results of this study
in some respects exacerbate the PMS angular momentum
problem. In particular, our discovery of a population of
stars rotating at or near breakup velocity (Fig. 10) poses a
serious challenge to our present picture of rotational evolu-
tion in young stars. What is to be the fate of these stars,
considering that stars in our sample must still contract in
size by factors of 5-10 (!) before reaching the main
sequence? Even if we suppose for the sake of argument that
disk-locking is an important angular momentum drain for
some stars, as discussed in the previous section, many of
these very rapid rotators do not evince disks in the diagnos-
tics considered here.

The disk-locking hypothesis notwithstanding, the data
suggest that the stars in our sample are presently under-
going a period of significant angular momentum loss. In
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Figure 18 we show the distribution of v/v,, for stars in three
age ranges. A clear evolution in the distribution is apparent.
The youngest stars have a roughly uniform distribution of
v/vy,, including several stars at or near breakup velocity.
Progressively older stars show fewer instances of rotation at
breakup, and the distribution becomes increasingly skewed
toward the canonical v/v,, ~ 10%. By an age of log t ~ 6,
very few stars rotate at any appreciable fraction of breakup
velocity. This effect is also readily seen by considering the
time dependence of angular momentum directly. In Figure
19 we show the quantity (R,/R)?*/P, which is proportional
to specific angular momentum, J/M, as a function of
derived age for the 108 stars with the requisite data.
Although the range of specific angular momenta remains
large at all ages, a trend toward decreasing specific angular
momentum is apparent. Thus we see that the time spanned
between the ages of roughly 10° and = 10° yr is one marked
by significant angular momentum depletion.

Furthermore, the data reveal that angular momentum
depletion must continue over about the next 100 Myr as
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FiG. 18.—Depletion of stellar angular momentum with time, apparent
in the evolution of the distribution of v/v,,. The distribution of v/v,, is
shown for stars with ages in three age ranges from top to bottom, as in Fig.
15.

ROTATION PERIOD DISTRIBUTION 2977

these stars approach the ZAMS. As can be seen in Figure
20, the distribution of v sin i among stars in our sample
bears remarkable resemblance to the v sin i distribution of
Pleiades stars with M < 0.6 M, (see Bouvier et al. 1997 and
references therein). The v sin i distribution for our sample
was derived by combining our rotation periods with radii
from Hillenbrand (1997) and simulating sin i [by generating
uniform random numbers, p, and computing (2p — p?)'/*].
If we are to connect the ONC and the Pleiades in an evolu-
tionary sequence, this implies (1) that the distribution of
rotational velocities among low-mass ZAMS stars is deter-
mined by an age of approximately 1 Myr and (2) that these
stars must continue to dissipate considerable amounts of
angular momentum over about the next 100 Myr as they
approach the ZAMS. For in order to be able to contract in
size by about 5-10 times and still roughly preserve their
original v sin i distribution, these stars must also deplete
their angular momenta by a factor of about 5-10.
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F1G. 19.—Depletion of stellar angular momentum with time, directly
apparent in the evolution of stellar specific angular momentum
(normalized to the Sun) with stellar age. The time spanned between ages of
about 10° and 10° yr is marked by significant angular momentum deple-
tion.
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F1G. 20—ONC and Pleiades v sin i distributions, showing remarkable
similarity. The v sin i distribution (dashed histogram) for 63 Pleiades stars
with M < 0.6 M, is from Bouvier et al. 1997 and references therein. The
similarity between these distributions for stars differing in age by approx-
imately 100 Myr indicates that considerable angular momentum must
continue to be depleted long after typical disk lifetimes (see text).
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The close resemblance of the ONC and Pleiades v sin i
distributions further challenges the case for disk-regulated
angular momentum. Even if disk lifetimes as long as =10
Myr were typical, low-mass stars such as those in our
sample would still face spin-up by a factor of about 2-3 (as
well as a small factor of about 1.5 for changes in internal
structure; Rucinski 1988) as they complete their contraction
to the main sequence. Other mechanisms for angular
momentum loss, such as wind-braking, may therefore play
an important role. Nevertheless, as discussed above, the
timescales over which such winds operate may be too long
to account for angular momentum evolution leading to the
ZAMS (e.g., Bouvier et al. 1997).

While a detailed discussion of the implications of this
result for theoretical models of angular momentum evolu-
tion is beyond the scope of this paper, we do note that the
similarity of the ONC and Pleiades v sin i distributions
implies that the relative distribution of stellar specific
angular momentum observed on the ZAMS is already
present among TTS; angular momentum evolution models
should not invoke mechanisms that significantly alter the
“initial ” relative distribution of angular momentum
observed among TTS. Future modeling efforts should also
consider the changes in initial conditions suggested by this
study: accretion and circumstellar disks occur among stars
spanning the full range of rotation periods present in the
ONC (P ~ 0.5-10 days).

We should emphasize that the similarity between the
ONC and Pleiades v sin i distributions apparently only
holds for very low mass stars. Solar-mass Pleiades stars, for
example, exhibit a v sin i distribution much more heavily
concentrated toward lower v sin i values, with very few
stars showing v sin i > 20 km s~ (see, e.g., Bouvier et al.
1997 and references therein). This probably occurs because
solar-mass stars complete their main-sequence contraction
by an age of about 30 Myr, so that (solar-analog) winds can
effectively brake their rotation by the age of the Pleiades,
possibly aided by rotational decoupling of the core and
envelope (Rucinski 1988).

We must caution that the various trends with stellar age
we have discussed in this section could be the result of
underestimated uncertainties in Hillenbrand (1997). If, for
example, ONC stars are precisely isochronal, the apparent
trends of v/v,, and J/M with stellar age could arise from the
fact that stars observed at higher luminosities are inter-
preted to be both larger and younger. Consequently,
“younger” stars are interpreted both to be closer to
breakup velocity and to possess higher specific angular
momentum since v/v,, oc R*? and J/M oc R? for a given
rotation period.

The observed similarity between the v sin i distributions
of the ONC and Pleiades, however, is independent of the
derived ages in the ONC. More comprehensive rotational
studies of PMS stars with ages intermediate to the ONC
and the Pleiades would be of tremendous value in “filling
in” the rotational evolution of stars toward the main
sequence and determining whether the distribution of
v sin iis indeed preserved between 1 and 100 Myr.

5. SUMMARY AND CONCLUSIONS

We have presented the results of a comprehensive search
for periodic photometric variables in a large region centered
on the Trapezium, which we conducted to study the evolu-
tion of angular momentum in the PMS phase and to test
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the current paradigm of disk-locking as a viable mechanism
for angular momentum depletion. Our region includes and
extends beyond the Orion Nebula Cluster (ONC). Among
254 stars for which we have determined rotation periods, we
use our spectroscopic observations and data from the liter-
ature to confirm that these stars are members of the Orion
OBIc/d association. We further use our spectroscopic
observations to identify a subset of stars undergoing active
disk accretion. Finally, we use near-IR photometric data
from the literature to identify those stars in the ONC pos-
sessing circumstellar disks. In a future paper we will present
visible and near-IR photometry for our entire sample of
stars with rotation periods.
The major findings of this study are the following:

1. The rotation period distribution of PMS stars in
Orion OBIc/d is statistically indistinguishable from a
uniform distribution; the present data do not support a
well-separated bimodal distribution. While stellar age dif-
ferences (~ 3 Myr) exist across our survey region, this result
is independent of both spatial location and derived stellar
ages.

2. The period distribution of stars exhibiting active acc-
retion is indistinguishable from the distribution of stars that
do not exhibit active accretion. Active accretion—as indi-
cated by Ha emission strength, Ca 1 emission, and ampli-
tude of photometric variability—occurs over the entire
range of periods studied.

3. No correlation is apparent between stellar rotation
period and near-IR signatures of circumstellar disks among
stars in the ONC.

These findings contrast with previous findings that have
been presented in support of the disk-regulated stellar rota-
tion hypothesis, including (1) a bimodal distribution of
stellar rotation periods in the ONC, (2) the slower mean
rotation by Taurus CTTS as compared to WTTS, and (3) a
correlation between stellar rotation period and near-IR
emission signatures of circumstellar disks.

In the light of these contrasting findings, we have also
considered the evidence for circumstellar disk material
being present and truncated near the corotation radius for
stars in our sample. While this prediction of the disk-
locking hypothesis is consistent with some stars in our
sample, for many stars such consistency requires appeal to
very high accretion rates or problematically weak stellar
magnetic fields. Observations at longer IR wavelengths
capable of probing disk material situated at many stellar
radii are needed to further study this issue.

Furthermore, we have found:

1. The rotation period distribution shows a strong cutoff
at P < 0.5 days, corresponding to breakup velocity for these
stars. At an age of about 1 Myr, a population of stars rotat-
ing at breakup is already present.

2. Adopting the derived ages for these stars, specific
angular momentum decreases with stellar age between
about 0.1 and 3 Myr.

3. The ONC v sin i distribution bears a remarkable
resemblance to the v sin i distribution of low-mass Pleiades
stars. Stars in our sample must deplete their angular
momentum content by a factor of about 5-10 over approx-
imately the next 100 Myr, while maintaining the present
relative distribution of specific angular momentum.
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These results represent an important challenge for
models of rotational evolution during the PMS phase.
Based on our period distribution, we suggest that the dis-
tribution of initial rotation periods used in models should
include P ~ 0.5-10 days at an age of 1 Myr. As such, these
models must confront the rotational evolution of stars rotating
at or near breakup prior to contraction to the main sequence.
At a more detailed level, our observed similarity of the
ONC v sin i distribution with that of low-mass Pleiades
stars suggests that models of rotational evolution in the
PMS phase should preserve the relative distribution of
angular momenta present at 1 Myr.

Although magnetospheric accretion theory has proven
promising in explaining the kinematics and morphology of
mass flows in PMS systems, the disk-locking hypothesis
does not appear to provide a complete solution for the
dissipation of stellar angular momentum in the PMS phase.
As described, we do not find correlations between obser-
vational diagnostics of accretion disks and stellar rotation
period. While these results do not reject a disk-regulated
paradigm for rotational evolution, neither do they provide
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an observational foundation for its support. More funda-
mentally, we find many extremely rapidly rotating stars that
do not show near-IR signatures of disks. Evidently, disk-
locking cannot escort these stars to the main sequence.
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