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ABSTRACT

We have determined new rotation periods for 404 stars in the Orion Nebula cluster (ONC) using the Wide
Field Imager attached to the MPG/ESO 2.2 m telescope on La Silla, Chile. Mass estimates are available for 335
of these, and most hawd < 0.3 M. We confirm the existence of a bimodal period distribution for the higher
mass stars in our sample and show that the median rotation rate decreases with increasing mass for stars in the
range0.1 My <M < 0.4 M, . While the spread in angular momentliat any given mass is more than a factor
of 10, the majority of lower mass stars in the ONC rotate at rates approaching 30% of their critical breakup
velocity, as opposed to 5%—10% for solar-like stars. This is a consequehothat small increase in observed
specific angular momentunj & JM ) and a larger decrease in the critical valpevibh decreasing mass.
Perhaps the most striking fact, however, is thaaries by so little—less than a factor of 2—over the interval
0.1-1.0M,. The distribution of rotation rates with mass in the ONC (with an ageloMyr) is similar in nature
to what is found in the Pleiades (with an age~df00 Myr). These observations provide a significant new guide
and test for models of stellar angular momentum evolution during the protostellar and pre—main-sequence phases.

Subject headings: open clusters and associations: individual (Orion Nebula Cluster) —
stars: pre—main-sequence — stars: rotation

1. INTRODUCTION it among the youngest clusters known, (2) it is sufficiently dense
and well populated that it will probably emerge from the for-

mation process as a gravitationally bound entity (Hillenbrand &
Hartmann 1998), making it directly comparable to the other

Rotation is an undoubtedly important but often neglected
aspect of stellar evolution. Our knowledge of the angular mo-

mentum evolution of stars, in particular, how it depends on clusters used in rotation studies, and (3) it is well populated with

fT“ﬁgsle : " Ssetgounsgir'tg?r?tmglgée't ?ﬁg?:}'agﬁ;ﬁgéog\;';na;f.esttagsf'very low mass stars and brown dwarf candidates (Hillenbrand
' u inty u Imp vari€ly ot 1997: Hillenbrand & Carpenter 2000).

52?’155'?:,[ p?tee “g;n\?v?r? dsmcallllf\dolmc%lemI(e)::rI](?rlw ainngl;g;rmwzmum Rotational studies of low-mass stars in the ONC were pio-
port, ' 9 neered by Mandel & Herbst (1991) and Attridge & Herbst (1992)

(F)Q'S_lr']‘?Mg\)/ ar?d Iovivr?rt?as;s stgir”s (Kpr'iihnﬁwurtm e(t&all._ 1;?\?;) who first showed that the solar-like stars had a bimodal distri-
ecent advances eory (Sills, sonneautt, € U pution of rotation periods, similar to what is found in this mass

2000) and observation (Terndrup et al. 2000; Bailer-Jones & range for the 50-150 Myr old clusters. Recent work has extended

Mundt 2001) have allowed us to investigate these issues to the : L
H-burning limit and beyond. Stars with < 0.5 M., are of our knowledge of rotation to a larger mass range within the ONC

articular interest because they are fully convective and there-anOI {0 the distributed population of PMS located throughout the
P . S y y ; ’ Orion A molecular cloud (Choi & Herbst 1996; Stassun et al.
fore, likely to remain rigid rotators for a Hubble time, once

they achieve that status. What has been missing in these studie%ggg; Herbst et al. 2000; Rebull 2001; Carpenter & Hillenbrand
is a knowledge of the “initial” (i.e., at1 Myr) distribution of 001). Here we describe a further important extension to very

v . low mass stars, all of which are within the ONC defined on
angular momentum asa functlon of mass, paf“cu'ar.'y for very dynamical grounds by Hillenbrand & Hartmann (1998). This is
low mass stars. This is important as a starting point for the :

studies mentioned and also as a test or guide for theories Of_the relevant portion of the Orion association for direct compar-

rotostar and early pre—main-sequence (PMS) evolution ison with older open clusters since it is the only part that will
P y pré—mai qu . voiution. likely maintain its identity for 50 Myr or longer. Also, it is
As usual, the best way to observe the time and mass depen:

g . .-~ Important to isolate a sample with as small an age range as
dence of a stellar parameter is by studying clusters. Investlgatlonspossible in these studies since rotation periods may evolve rap-

of stellar rotation have relied on a few nearby clusters, especially; ; : e I
. . iy idly during the first~1-2 Myr of a star’s life. For these reasons,
IC 2602, Persei, the Pleiades, and the Hyades, with ages rangs; i)é best ?o focus on the éNC, as opposed to the entire Orion

ing from 50 to 600 Myr. Angular velocities are directly deter- A population (or other T associations), when studying the time

m_ined.by phot_ometric monitoring. Large cool spots prodqce cy- dependence of stellar angular momentum using clusters.
clical light variations as they rotate into and out of the line of

sight. A Web-based compendium of photometric rotation periods
for stars in these clusters has been compiled by C. F. Prosser
and J. R. StaufférThe Orion Nebula cluster (ONC) represents  Ninety-two images of the ONC were obtained through an
an extremely important addition to these data for the following intermediate-band filtei( = 815.9 nn&Aqyyw = 20.9 nm;
reasons: (1) its age is ony0.8 Myr (Hillenbrand 1997), placing  selected to exclude strong nebular lines) on 45 nights between
1998 December 25 and 1999 February 22 with the Wide Field
! Available at http://cfa-www.harvard.edstauffer/opencl/index.html. Imager attached to the MPG/ESO 2.2 m telescope at La Silla
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2. OBSERVATIONS
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_ Fic. 1.—Rotation period vs. mass for stars in the ONC. The thick solid line g, 5 _ Rotation period distributions for stars in three mass ranges chosen
is the moving median defined in the text, and the thick dashed lines are they, jjystrate the data trends seen in Fig. 1. A bimodal distribution is clearly

corresponding quartiles. The moving median is not shownMet 0.4 Mo, geen in the highest mass range, and a unimodal distribution consisting of rapid
because the relatively small number of stars makes it an unreliable statistic inqiators is seen in the lowest mass range. The intermediate range shows a
that range. mixture of characteristics.

in Chile. Details of the data acquisition, analysis, and additional periodic stars in our sample that have masses determined by
results will be reported elsewhere (W. Herbst, C. A. L. Bailer- Hillenbrand (1997). Her determinations are based on a com-
Jones, R. Mundt, K. Meisenheimer, R. Wackermann, & Ch. parison of each star’s location in the H-R diagram with PMS
Wolf 2001, in preparation). Here we note that the field surveyed models of D’Antona & Mazzitelli (1994). Masses are, of
was a33 x 34 rectangle centered approximatelgbn Orionis course, model-dependent, and these could be systematically in
C, making it nearly coincident with the ONC defined by Hil- error by perhaps as much as 50%. However, all models of PMS
lenbrand & Hartmann (1998). Photometry was obtained on stars indicate that lower effective temperatures correspond to
2294 stars extending tb~ 18 . A search for periodicity was lower masses, so the sense of the variation of rotation with
carried out using the Lomb-Scargle technique and standardmass in Figure 1 is model-independent. It is evident in the
assessments of false alarm probabilities (Herbst et al. 2000figure that the range of rotation rates is very large, regardless
Rebull 2001). Of the 404 periodic stars identified in our sample, of the mass range considered. While the extreme values on
111 had been previously discovered by Herbst et al. (2000) orboth the high- and low-period ends may be questionable (due
Stassun et al. (1999), and 99 of these were found to haveto possible effects of aliasing and harmonics), it is fair to say
identical periods to within the errors of the determinations that rotation periods in this cluster span at least a range of
(~3%). A list of periodic stars is available on request to the 0.8-12 days, independent of mass. What may be less obvious
first author. Eleven of the 12 stars that had period disagreementst first inspection, on account of that wide range, is that there
were cases of either harmonics or beat periods masqueradings a definite change in the nature of the rotation period distri-
as fundamentals. The quality and quantity of the data obtainedbution with mass. Part of that trend is indicated by the thick
for this study are unprecedented, and that is responsible forsolid line that shows the median period within a sliding sample
our success in nearly tripling the number of rotation periods defined by a mass range 0.05 M at eight central values
now known for stars in the ONC. In particular, our study ex- from 0.1 to 0.4M. This statistic and sampling interval were
tends to fainter stars and, therefore, lower masses than havehosen for their robustness in the rangé/o& 0.4 M, which
been probed heretofore, and it is that aspect of the results thats the focus of this Letter.
we primarily discuss in this Letter. To make the trends clearer and assess their statistical signif-
Figure 1 shows the distribution of rotation periods for 335 icance, we show, in Figure 2, histograms of the rotation period
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distribution in three mass ranges. A double-sided Kolmogorov-
Smirnov test indicates that the probability that the high-mass 10
sample was drawn from the same parent population as the low-

mass sample is less th&x 10° . This result is independent

of the binning chosen to display the histograms. Clearly, the =
higher mass ranges show a bimodal distribution, as first discov- i . e
ered by Attridge & Herbst (1992) and later confirmed by Choi sl Jerit K il
& Herbst (1996). Bimodality can be crudely quantified using the v

Double Root Residual test (Gebhardt & Beers 1991) that, in this I 7

case, indicates for the highest mass range that the distribution : a

differs from uniformity at greater than thes3evel. Clearly, the |
middle sample shows a mixture of attributes. We conclude that s
the rotation period distribution in the ONC is bimodal for stars '
with M > 0.25M, and unimodal for lower mass stars, confirm-
ing the results of Herbst et al. (2000). The interesting new result
is that the majority of stars with < 0.3 M, clearly rotate faster
than the majority of higher mass stars, and we turn now to a
discussion of this issue.

j (10'7 cm? s7")

3. ANALYSIS AND DISCUSSION i ¥

In an attempt to better understand these results, we first I o
translate the observed quantity, rotation peydhto the fun- 1 N
damental physical quantity, specific angular momenjuAs- 7
suming that convection enforces rigid rotation in low-mass y

stars, even at 1 Myr, the specific angular momentum of such i 2N 1
a star with mas$1 and radiusR is TS TN - |

._i_l_w_27rk2R2 _
J - M - M - P 1 O [ | | | | | | | | 1 L | L 1 L
0.0 0.2 0.4 0.6 0.8 1.0
where J is the total angular momentunh,is the moment of Mass (Mo)

inertia, w is the angular velocity, anklis the radius of gyration
in units of the stellar radius. We assume homologous stars and Fic. 3.—Specific angular momentur € JM ) as a function of mass. The
adoptk = 0.44, appropriate to the 1 Myr old PMS models of lower solid lines show the observations, including their bimodal character with

Krishnamurthi et al. (1997). It follows that periods of 2 and 8 days fdvl > 0.4 M. The dashed lines are an estimate of
the uncertainty based on the quartile values (see Fig. 1). The upper solid line

16 5 shows the value of,; for a rigid sphere with the mass and radius (calculated
. 6.82x 10°(RR,) e as a moving median over the same sample described in the text) rotating at
I = p c ST, its critical velocity. The dotted and dash-dotted lines shgwor model PMS
stars from D’Antona & Mazzitelli (1994) and Palla & Stahler (1999), respec-

. . ) . _ tively, rotating at critical velocity. It is clear from this figure that lower mass
whereP is measured in days. A contracting PMS star will spin stars rotate at a greater percentage of their critical angular velocity than do
up roughly asP o< R? if it conserves angular momentum. At higher mass stars in the ONC.
no time, however, can a star spin more rapidly than a balance
between gravitational and centrifugal forces at its surface will
allow. This criterion defines a critical peridel,; that applies
to the axial rotation of a rigid sphere, namely,

a moving median. It is clear from this figure that the specific
angular momentum of a “typical” PMS star shows very little
dependence on mass over the one decade interval of 0.1—
1.0 M. Here we define “typical” as a star having the median

P = 0_116(R/R7®)3/2 days rotation rate at lower mass or haviRg~ 8  days at higher mass.
et (MM )" ' (As Fig. 1 shows, about two-thirds of the higher mass stars in
the ONC fall in the slower rotating peak of the period distri-
which is ~0.5 days for a R, 0.5 M, PMS star. A corre- bution.) There is evidence for a small (factor~#) increase in
sponding critical specific angular momentym may be de- j with decreasing mass in the rangd M, <M <04 M, , al-
fined by insertingP,,;, into the expression for above. though a constant value is only barely inconsistent with the
In Figure 3, we show the observed value of specific angular errors.
momentumj,,. as well asj.,;, for stars in our ONC sample. In Three estimates gf,, are also shown in Figure 3 for com-

calculating,,sfor M < 0.4 M, we have used the median period, parison with the observations. It may be seen from the ex-

shown in Figure 1, and the median radius (from Hillenbrand pressions above that, < (MR)*? |, so it requires masses but
1997) for the same moving samples. The dashed lines in thisis not highly sensitive to them. The values represented by the
range show the locations of the quartiles of the sample (see alscsolid lines correspond precisely to the observations. That is,

Fig. 1). For the higher mass stars, we show two valugg,of  for M < 0.4 M, they are based on the same moving median

corresponding to the two peaks in the period distribution, and samples, with radii and masses taken from Hillenbrand (1997),

we have adopted the model radii of D’Antona & Mazzitelli and for the higher mass stars, they are based entirely on the
(1994) because the sample is too sparse to justify calculation ofl Myr old models of D’Antona & Mazzitelli (1994). The model
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results are shown extended into the low-mass range by themasses. The mass at which the nature of the distribution
dotted line in Figure 3, revealing only a small difference, as changes is, possibly, higher in the Pleiades but could be the
expected. To check whether a completely different set of mod- same, given the large uncertainties in both clusters. In any
els would give similar results, we also show, as a dash-dottedevent, these data suggest that future studies of rotational ev-
line, calculations of,, based on the 1 Myr old PMS models olution of low-mass stars such as that of Sills et al. (2000)
of Palla & Stahler (1999). Clearly, the results are in good should consider a mass-dependent starting angular velocity.

agreement and indicate a significant trend of decreasing
with decreasing mass.

The second issue raised by our data is this: can we understand
the ONC rotation distribution in terms of the mechanism(s) that

It is clear from Figure 3 that lower mass stars in the ONC establish the “initial” angular momentum of a star during the
rotate at closer to their critical rates than do their higher massfirst ~1 Myr of its life? Bodenheimer (1995) has reviewed those
counterparts. Specific angular momentum exceeds 25% of themechanisms, and it is clear that the mass dependence, or lack

critical value for the lowest massed ¢~ 0.1 M) in our sam-
ple, compared with~5%, which is typical of solar-like stars.
This result is model-dependent in the sense thajtheurve

of a strong one, reported here could be an important clue to
sorting out the relevant processes. It has long been thought that
magnetic fields must play a key role in removing angular mo-

would translate along the mass axis if different models were mentum from protostars and PMS stars. This view is certainly
employed to infer masses from the luminosity and effective supported by the fact that we detect the spot variations of PMS
temperature. However, the general shape of the curve (i.e.stars; they must have large, stable cool spots on their surfaces,
fairly flat) is independent of the PMS model chosen for this and this is prima facie evidence that they have strong, well-
transformation. The observed valuejgf depends only of® organized magnetic fields. The disk-locking mechanism of Ca-
andR, andR is determined from the luminosity and effective menzind (1990), Koigl (1991), and Shu et al. (1994) provides
temperature without reference to stellar models. (If there were a plausible explanation for the fact thats 0.05w,,,  for a typical
a mass-dependent systematic erroRjrthis would affect the T Tauri star of 0.9V, (Ostriker & Shu 1995). It also accounts
shape of].,, but that possibility is not given serious consid- nicely for the bimodal distribution of the more massive ONC
eration here.) We conclude, therefore, that lower mass stars instars (Choi & Herbst 1996; Herbst et al. 2000) and for the wide
the ONC rotate at rates much closer to their critical angular range in angular momenta of cluster stars (Barnes, Sofia, &
velocity than higher mass stars, and they do so for two reasonsPinsonneault 2001). Could it also explain the fact that lower
First,j increases somewhat at lower masses, or at the very leasinass stars in the ONC (and the Pleiades) rotate more rapidly,
remains constant, and secolg, decreases with mass, which but with only slightly enhanced or, perhaps, a constant value of
is mainly a result of the decrease in radius predicted by thej? It is not obvious to us that there is anything fundamental in
models. the disk-locking theory that predicts a weakly mass-dependent
Our observations in the ONC are interesting from two per- rotation law of the form we observe, but we suspect that it could
spectives. First, they can serve as the initial conditions for easily accommodate one. We leave these considerations to future
theoretical models of angular momentum evolution that may investigations, with the hope that the observational guidance
ultimately account for the 30—600 Myr old cluster data. The provided here may prove useful in understanding the complex
calculation of such models is beyond the scope of this Letter. issues of angular momentum transport during the PMS phase.
Here we note, however, that the basic features of the angular
velocity distribution with mass in the Pleiades recently dis- We thank S. Barnes for helpful discussions on the topic of
cussed by Terndrup et al. (2000) are rather precisely mimickedthis Letter. It is a pleasure to thank K. Meisenheimer, R. Wack-
in our data on the ONC. In particular, both clusters exhibit a ermann, and Ch. Wolf for assistance with the observations.
bimodal period distribution for more massive stars and a uni- This work was partially supported by a grant from the NASA
modal distribution with increasingly rapid rotation at lower Origins program.
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