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Abstract

Star Formation in Lynds 1641

February 1996

Lori E. Allen, B.A., University of California Santa Cruz

Ph.D., University of Massachusetts Amherst

Directed by: Professor Karen M. Strom

We conducted an extensive multi-wavelength study of the nearest giant molecu-

lar cloud, L1641, with the goal of characterizing its stellar populations. At a distance

of approximately 500 pc, L1641 provides an excellent opportunity for studying star

formation over the entire range of stellar masses, and the star formation history in

a region thought representative of those dominating stellar production in the Milky

Way.

Our approach combines imaging surveys at optical and infrared wavelengths

with spectroscopic surveys at AA6000 - 9000A to measure stellar luminosities and

effective temperatures. Stellar ages and masses are then estimated from comparison

of L*, Teff with pre-main sequence evolutionary tracks. The stars for which we have

obtained classifiable spectra as well as optical (R, I) and near-infrared (J, H, K) pho-

tometry number ~300, and are contained within four regions, each approximately

20' square (2.5x2.5 pc).

Our 2.2//m images reveal both modest aggregates of several tens of stars and

stars distributed at random across the face of the cloud; we find no evidence of rich

(N >> 100 stars) clusters. The aggregate members appear to have formed within

the past 1 Myr, while the distributed population contains both young stars (t<l

Myr) and stars ranging in age up to 30 Myr. From comparison of the fraction of the

youngest stars forming in aggregates and in isolation, we conclude that stars born

initially in aggregates comprise 25-50% of the total stars formed in L1641.
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The observed frequeney distribution of stellar ages enables a discussion of the
star-forming history of the clond. The L1641 clond has been producing stars for

nearly 30 Myr and over the last 10 Myr, the SFR has been roughly constant. We
explore the implications of this result for the "off-cloud" spatial distribution of young
stars.

Finally, we examine the circumstellar disk properties of stars in our spectroscopic

sample. The frequency of disks, as inferrred from infrared excess emission, is found

to be higher for stars less massive than 1 M0 than for more massive stars. We also

find that at least six stars in L1641 have apparently retained their accretion disks

beyond an age of 3 Myr.
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Chapter i

Introduction

It is believed that most of the stars in the solar neighborhood originated in

giant molecular clouds. Orion is the nearest CMC complex, at a distance of -500

parsecs. We know that star formation in Orion occurred as long ago as 10 7
yr,

based on the ages derived for the oldest subgroup of the Ori OB association

(Blaauw 1991; Warren k Hesser 1978; Brown et al. 1994). Stars have formed there

very recently, as well; the famous Orion nebula cluster, with its luminous young

Trapezium stars, is the archetypal stellar nursery. Elsewhere throughout the cloud

complex, deeply embedded luminous sources, detectable only at infrared

wavelengths and frequently associated with molecular outflows and optical jets,

serve as signposts of current star formation. Thus, Orion offers a unique

opportunity: to study a nearby GMC in depth, to observe star formation over the

full range of masses, from 0 stars (40 M@) to late M stars at the hydrogen-burning

mass limit (0.08 M0 ), and to determine the star formation history of a GMC over

the past 10 million years.

Until recently, our understanding of star formation in Orion was based

primarily on large-scale surveys at optical wavelengths. From these studies we

learned much about the luminous O and B stars in the complex, but little about

fainter low-mass stars, especially those which are still partially embedded in the

molecular cloud and therefore invisible at optical wavelengths. Early infrared

detectors made possible the detection of embedded sources, but they were limited

in both size and sensitivity, leading to studies of small regions only a few

arcminutes across. Only recently have infrared arrays become large and sensitive



enough that unbiased imaging surveys of nearby molecular clouds can be
conducted. Thus, for the first time we are able to investigate significant portions of

giant molecular clouds, with the goal of understanding the relation between the

initial conditions in clouds and the stars that form.

This thesis summarizes my contribution to that effort. It is largely motivated

by recent IR imaging studies, which have identified three possibly distinct modes
of star formation in Orion: clusters (N> 100; not necessarily bound), aggregates

(N=10-50; most likely unbound), and isolated (individual stars). I have focussed

on the Lynds 1641 molecular cloud, in which the aggregate and isolated modes of

star formation dominate. My goal is to characterize these populations, as part of a

larger effort aimed at understanding how molecular cloud properties relate to the

observed modes of star formation. The questions addressed in this work include:

• What fraction of stars in L1641 form in aggregates, and what fraction in

isolated, individual events?

• What is the star formation history (N[tj) of the cloud?

• What is the initial mass function (N[m]) for the cloud? Does it vary with

location in the cloud?

• What fraction of young stars in L1641 are surrounded by circumstellar disks?

How does this fraction depend on stellar age? On stellar mass?

To answer these questions we must estimate stellar masses and ages. Our

approach will be to combine spectroscopic and photometric data to calculate L*

and Teff ,
in order to place stars on the H-R diagram. Stellar ages and masses are

derived from comparison with evolutionary models for pre-main sequence stars.

The key observational aspect of this work, which distinguishes it from previous

studies of L1641, is the spectral classification of over 300 young stars in the cloud.

With spectral type comes effective temperature as well as intrinsic color, which

2



combined with photometric observations provides a measure of interstellar

extinction, and enables us to accurately estimate stellar luminosity. Most of the
young stars in this study are too red for spectroscopic observations in the B and V
bands, where most stellar classification work has been don,. For example, a typical

R magnitude for late-type M star in our study is 17, which translates to 19 mag at

V. Add to that 5 A v of extinction, and the star becomes spectroscopically

nnobservable at V =24 mag. Thns it was necessary to obtain classification spectra

at a longer wavelength. However, in order to obtain spectra of a sufficiently large

sample of stars, it was important to take advantage of capabilities available, only at

A < lm ,
where large-format CCDs and multi-object spectrometers enable

spectroscopy of -100 sources simultaneously; hence our choice of the

AA6000 - 9000A region.

Additional observational data include imaging surveys at both optical and

infrared wavelengths, which are used in combination with intrinsic color (based on

spectral type) to measure extinction and calculate source luminosity.

Millimeter-wave spectral line observations are used to determine column densities

across the surveyed regions, both to examine the molecular environments of the

young stars, and as an aid in estimating the contamination of the cloud population

by background stars.

Analysis of the data has led to several results. We find that low-mass stars

form individually in L 1 64 1 , as well as in small groups of 10-50. These "modes" of

star formation may be equally responsible for the existing stellar population in the

cloud. The distributions of stellar ages in the cloud are not, consistent with a

scenario in which star formation throughout the cloud was "triggered" by the

nearby OH association. Instead, it appears that stars have been forming in the

cloud for the past 10 million years, with occasional localized bursts in which a

relatively rich (N~100) group is formed.

3



The work toward these conclusions is descnbed in the following chapters of
th,s thesis. Details of the observations are provided in Chapter 2. In Chapter 3 we
examine onr sample to identify and quantify the extent of stellar aggregates The
procedure developed to place stars in H-R diagrams is described in Chapter 4, and
this is followed in Chapter 5 by an anlysis of the temporal and spatial distributions

of stars placed in the H-R diagrams. In Chapter 6 we determine the circumstellar

disk frequency as a function of age and mass. A brief discussion of our results and
how they fit into the broader picture of star formation throughout the Orion CMC
complex occurs in Chapter 7, where we also compare star formation in L1641 with

star formation in the Taurus-Auriga molecular cloud. Our main conclusions are

listed in Chapter 8.

I



Chapter 2

Observations

2.1 The Sample

Optical and infrared images were obtained in 1990 and 1992 for a large,

representative sample of the cloud (0.77 square degrees; SSM). These surveys

provided photometric measurements and astrometric positions which guided our

selection of a spectroscopic sample suitable to our program. In particular, we

selected regions located at the the northen and southern ends of the cloud. The

areas included in both the imaging and spectroscopic surveys are marked in

Figure 2.1, and include the following:

1. L1641N: A 26.4' x 22' region (centered at a = 5
/l

33
m
35

s
,
8 = -6° 24' (1950))

which includes IRAS PSC 05336-0632, the driving source for the energetic

L1641N molecular outflow (Fukui et al. 1988). Five other IRAS PSC sources are

included in this region as well.

2. V380: A 26.4' x 21' region (centered at a = 5
/l

33
m
35

s
,
6 = -6° 44' (1950)) which

includes the driving source for the HH 1, 2 outflow (Pravdo et al 1985; Herbig

and Jones 1981). Also contains the Ae/Be star V380 and 10 IRAS sources.

3.&4. L1641 South/Cohen-Kuhi Group: Combined, a 43.7' x 17.5' region (centered

at a = 5
/l39w 15 s

, 6 = -8° 09' (1950)) which includes a cluster (N~150 stars), the

continuum+emission classical T Tauri star DL Ori, and the "Cohen-Kuhi" group

(Cohen & Kuhi 1979), an aggregate of partially embedded young stars. A total of

12 IRAS sources are found within this region.



L1641

05h40m 38m 36m 34m 32m 30m

a (1950)

Figure 2.1. Map of the integrated intensity at
13C0 of L1641. Regions covered by

the imaging survey of SSM are outlined, and those included in the spectroscopic

survey are numbered. CO map from Bally et al. 1987.
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2.2 Infrared and Optical Imaging

Infrared mapping of selected regions in L1641 was carried out during 1992

January using the SQIID infrared camera at the 1.3-m telescope at KPNO.
Simultaneous images in the J (1.25,1m), H (1.65/mi), and K (2.2/im) band,

made at a spatial resolution of 1.36" per pixel. Individual fields of size 5.4' x 5.4'

were used to construct larger maps of the regions. Total integration time was 6

minutes in each band. Details of the mosaicking and reduction procedures are

given in SSM.

Sources were identified using DAOFIND in IRAF, and stellar photometry was

obtained using the APPHOT routine. JHK measurements were placed on a

standard magnitude system using observations of stars from the list of Elias et al.

(1982). Extinction corrections were derived using observations of Elias standards

and a "local standard" field within L1641 at a variety of air masses. Completeness

limits are estimated to be 16.8, 15.8, and 14.75 mag, at J, H, and A', respectively.

R (7000A) and / (9000A) band images were obtained in 1990 November, 1992

January, and 1994 March with a Tektronix 2048 x 2048 CCD on the KPNO 0.9-m

telescope. The plate scale for the camera/telescope combunation is 0.77" per pixel.

Integration times were 5 and 3 minutes in R and /, respectively. Details regarding

the data reduction are provided in SSM. The measurements were placed on the

Cousins photometric system by observing stars from Landolt's (1983) catalog.

Air-mass corrections were derived from the observations of Landolt standards at

several different elevations. Estimated completeness limits are 20.2 mag at R and

19.3 mag at /.

Both the optical and infrared images were placed on an astrometric coordinate

system defined by stars contained within the SAO Catalog (1966) and the Guide

Star Catalog (1992), using the ASTROMETRY package in IRAF. The la

7



uncertainties in derived positions were typically ±1.1" and ±0.8" for the SQIID
mosaics and CCD images respectively.

2.3 i?-band Spectroscopy

Spectra were obtained using Hydra, a multiple-fiber optic fed spectrograph

used in conjunction with the 4-m telescope at Kitt Peak National Observatory, on

the nights 1-4 January 1993 and 21-24 December 1993. We used the red fiber cable

in conjunction with the BL181 grating (316 1/mm) set at a central wavelength of

7600A, and a Tektronix 2048x2048 CCD to obtain spectra in the range

AA5500 - 9500A. The spectral dispersion was ~ 1. 9A per pixel; the effective

resolution was ~3 pixels or 6A. Typical integration times were 1.5 hr, consisting of

three 0.5 hr integrations co-added. The signal-to-noise of the spectra is high; ~ 50

for a star with 1=18 mag.

The spectra were reduced using the DOHYDRA package within IRAF 2
, and

further analysed using the HYDRA and ONEDSPEC packages. The reduction

included flat-fielding and wavelength calibration, but no attempt was made to flux

calibrate the spectra. Spectra were normalized by fitting a third order spline

function to continuum points at 6530, 7040, 7560, 8130, 8840, and 9040A.

The luminosity coverage of the spectral survey is shown in Figure 2.2
, where

the number distributions of observed / magnitudes in the photometry and

spectroscopy samples are plotted.

On the same nights that spectra were obtained for stars in L1641, spectra were

also obtained for some 275 stars in the open clusters Praesepe and M67 (plus some

field giants), in order to construct a standard grid. Details regarding our

classification system and our grid of spectral standards are provided in

Appendix A.

8



25

obs

Figure 2.2. Observed / magnitudes, in the photometric sample (open histogram),
and the spectroscopic sample (solid histogram). Magnitude distributions are shown
for stars within the R- and /-band completeness limit, and having photometric
errors in all five bands (R, I, J, H, K) of 10% or less.
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2.4
12CO and 13CO Spectral Line Imaging

The regions covered by our spectroscopic survey were mapped in both
12CO(J=1-0) and 13CO(J=1-0) (115.271203 GHz and 110.201370 GHz,

respectively) in 1993 November through 1994 February using QUARRY, the 15

element focal plane array on the Five College Radio Astronomy 14-m telescope.

The half-power beam width of the 14-m telescope is 45" at 115 GHz, and 47" at

110 GHz. Maps were Nyquist sampled, for a beam spacing of 22.5"

A quasi-optical sideband filter and cryogenic Schottky diode mixer receivers

were used with 32 channel spectrometers at a resolution of 250 kHz per channel.

Integration times were 15 sec in
12CO and 30 sec in

13CO, for an rms noise level of

0.2 to 0.4 K. Each spectrum had a first order, linear baseline removed. Spectra

were reduced using FCRAO's SPA software package. Intensity and optical depth

maps were transformed to images using IRAF.

The resulting maps of
12CO and 13CO emission were combined in a standard

LTE analysis to produce a map of the 13CO column density. Assuming an

abundance in CO of H 2 = 0.5 x 106 •

(

13CO), and a standard relation between gas

column density and extinction of Av = 10- 21N(H 2 )
(Dickman and Herbst 1990),

extinction maps were made for each of the three regions. These are superposed on

K-band images in Figures 2.3- 2.6.

10



North

a (1950)

Figure 2.3. K-band image of L1641 North with extinction contours overlaid.

Contours begin at A v = 4 and are in intervals of 4A V .
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V380 Ori

a (1950)

Figure 2.4. K-band image of the V380 region with extinction contours overlaid.
Contours begin at A v = 4 and are in intervals of 4A V .



L1641 South

a (1950)

Figure 2.5. K-band image of the L1641 South region with extinction contours
overlaid. Contours begin at A v = 4 and are in intervals of 4AV .

L3



Cohen-Kuhi

a (1950)

Figure 2.6. K-band image of the Cohen-Kuhi Group region with extinction contours
overlaid. Contours begin at A v = 4 and are in intervals of 4A V .



Chapter 3

Stellar Aggregates in L1641

In this chapter we define our spectroscopic sample in terms of stellar

aggregates and a distributed population of stars. We investigate the stellar surface

density (number of stars per square arcminute) in the surveyed regions, and

compare the distribution of stars with our defined aggregates. Then we briefly

examine the relationship between the stellar aggregates and the molecular gas.

3.1 Definition of Stellar Aggregates

In their IR survey, SSM denned aggregates in L1641 as regions of apparently

enhanced stellar surface density, centered on signposts of recent star formation.

The SSM aggregate (R=l/3pc) boundaries are shown in Figures 3.1 - 3.3,

superposed on the /f-band images.



L1641 North

05h34m20s
34m00 s

40 s
20 s

a (1950)

Figure 3.1. A'-band mosaic of the L1641 North region showing the aggregate
boundary, of radius 1 /3 parsec.
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V380 Ori
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Figure 3.2. A'-band mosaic of the V380 region showing the aggregate boundary, of
radius 1/3 parsec.

17



L1641 South / Cohen-Kuhi Group
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Figure 3.3. A'-band mosaic of the South and Cohen-Kuhi regions showing the
aggregate boundaries, each of radius 1/3 parsec.
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L1641 North
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Figure 3.4. Contours of the stellar surface density (black lines) superposed on a
grayscale map of the gas column density for L1641 North. The lowest stellar surface
density contour level is 3a above the average star density in the field, and higher
contour levels are at 2a intervals. Gas column density is expressed in units of A v ,

over the range 1-20 A v .

In order to test whether our eyeball-estimates of aggregate locations

represented true surface density enhancements, we calculated the stellar surface

density in each of the 4 fields, for all stars in the magnitude range K < 14.5, using

a 60" square aperture and 30" sampling. The results are shown in Figures 3.4 -

3.6.
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Figure 3.5. Contours of the stellar surface density (black lines) superposed on a
grayscale map of the gas column density for the V380 region. The lowest stellar

surface density contour level is 3cr above the average star density in the field, and
higher contour levels are at 2a intervals. Gas column density is expressed in units

of A v , over the range 1-20 A v .
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L1641 South / Cohen-Kuhi Group
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Figure 3.6. Contours of the stellar surface density (black lines) are drawn on
grayscale maps of the gas column density for the South and Cohen-Kuhi regions
The lowest stellar surface density contour level is 3a above the average star densitym the field, and higher contour levels are at 2a intervals. Gas column density is

expressed in units of A v , over the range 1-10 A v .

In the North, South, and Cohen-Kuhi regions, the aggregates each coincide

with the peak in the stellar surface density distribution in their respective fields.

In the V380 field, no well-defined peak in the stellar surface density emerged.

These results are in agreement with an independent analysis by D. Wall (1994) in

which the two-point correlation function was used to quantify the degree and

extent of clustering in L1641.

3.2 Aggregate Environments

The molecular environments of the aggregates are varied, as Figures 3.4 - 3.6

illustrate. For instance, the North aggregate is projected on the highest column

density in the field, while in both the South and the CK Group, the aggregates are

located adjacent to, but not coincident with, local peaks in the 13CO column
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Table 3.1. Average Extinctions (A v )

Region CO

North 11

E(R-I)

Slj^ELJ^I/LP^ R< 1/3 pc R> 1/3 pc

<5 10 2
Cohen-Kuhi 5 <5
South

6 <5 4 2

density. In Table 3.1, we list the average molecular gas column density both inside

and outside the aggregate boundaries, expressed in terms of A v . The morphologies

in Figures 3.4 - 3.6 suggest that in the North, the aggregate is still closely

associated with its parent molecular core, whereas in the South and CK Group,

the aggregates have had time to disperse some distance from their natal cores.

Extinctions were also calculated for each star in the spectral survey, using the

star's intrinsic colors (according to spectral type), and the measured colors at R

and /. They, too are tabulated in Table 3.1, and their distributions are shown in

Figure 3.7.

The mean extinctions calculated from CO and from E(R - I) are in good

agreement. Both show that the aggregates are more embedded than their

surrounding distributed populations.
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Figure 3.7. Distributions of measured extinctions for the aggregate (solid line) and
distributed (dashed line) stars.
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Chapter 4

Construction of H-R Diagrams

In order to place stars in the H-R diagram we must first determine their

effective temperatures and luminosities. In this chapter we describe how the

imaging and spectroscopic data are combined to calculate Teff and L*. Then

present H-R diagrams for the four regions surveyed in L1641.

The basic procedure for calculating Teff and L. is as follows: Teff is determined

from spectral type, while L, is calculated from an extinction-corrected

monochromatic flux, a bolometric correction, and of course, correction for distance.

4.1 Spectral Classification

Stars were classified by comparing their red [AA5500 - 9000A] spectra with the

grid of spectral standards, compiled from observations of main sequence and giant

stars in open clusters and in the field (Allen k Strom 1995) and listed in Appendix

A. Both quantitative methods (e.g. measurement of equivalent widths) and

qualitative means (i.e. visual comparison) were employed. A standard relation

between spectral type and effective temperature (Bessel 1991) was used to

translate spectral type to Teff.

4.1.1 Effective Temperature

A preliminary classification of each of the LI 641 spectra was made simply on

the basis of visual comparison with spectroscopic standard stars. A quantitative

classification was made according to a) line equivalent widths (for spectral types

B-G), or b) narrow-band molecular band indices (for spectral types K and M). An



example of a quantitative classification index is that used for spectral types MO
and later; a plot of two narrow band molecular indices containing TiO absorption

features at A7140A and A7800A. The ratios are defined as:

TiO(7140A)= Cl(AA702°- 7050A
)

T7(AA7125 - 7155A)

and

TiO(7800A) -gj_(AA7485 - 7515A)

T 2 (AA7785 - 7815A)

where Cx and C2 denote continuum fluxes, and Tx and T2 are the fluxes in the TiO

absorption features (Figure 4.1).

Figure 4.2 shows the dependence of spectral type on the TiO flux ratios, for

dwarf stars. The stars plotted in Figure 4.2 were taken from our standards survey

in Praesepe and from the survey of Kirkpatrick et al. (1991).

Estimated uncertainties in the spectral classification are: for spectral types K2

and later, approximately 1 subclass; for earlier types, 2-3 subclasses. The resulting

uncertainty in log Teff is +.03/ - .04 for spectral types M1-M4.

4.1.2 Luminosity Class

At a distance of ~480 pc, a typical surveyed area (~20' in diameter) subtends

a significant volume in space. Thus, we can expect at least some contamination by

foreground dwarfs (10-20 for a typical field in our survey). If mistaken for cloud

members, the luminosities of foreground main sequence stars will be

overestimated, and their computed location in the H-R diagram (above the main

sequence) will be indistinguishable from that of true pre-main sequence stars.

Contamination by background stars is also a concern; visual extinction maps

constructed from CO maps yield extinction estimates of 1-20 Av across the

surveyed regions. While this is likely a lower limit to the actual extinction, and

while the molecular ISM is undoubtedly clumpy on a size scale unresolved by the
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Figure 4.1. The bands used to compute TiO indices at A7140A and A7800A, shown
superposed on an MO and an M4 spectrum. The light shaded regions represent the

continuum bands, and the dark shaded regions indicate the bands containing the

TiO features.
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Figure 4.2. Plot showing the dependence of spectral type, for dwarf stars, on the
flux ratios containing TiO absorption features at A7140A and A7800A.

FCRAO 45" beam, the beam-averaged A v serves as an approximation, and

suggests the absence of an extremely high (A v =50) uniform extinction screen

across the field.

Fortunately, the i?-band spectra offer some clues as to the luminosity class of

the star, since this spectral region contains at least one feature which is sensitive

to surface gravity. Pre-main sequence stars, because they are still contracting,

have surface gravities intermediate to those of dwarfs (high) and giants (low). The

metal hydrides provide an important indicator of a star's luminosity class, because

unlike atomic neutral lines, hydride lines grow stronger (deeper) with increasing

surface gravity, hence the hydrides are stronger for dwarfs than for giants. As long

as six decades ago, it was recognized that at least two of the light metal hydrides
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(MgH and CaH) were strongly present as absorption bands in M dwarfs, but

absent in M giants (Ohman 1936). Thus we define a CaH spectral index'

(Figure 4.3), which is proportional to the depth of the absorption feature, as

CaH(6975A) -Al^O ~ 7050A)_

CaH(AA6960 - 6990A)

A plot of the CaH index against the TiO index defined above shows the potential

of the CaH/TiO ratio to provide a luminosity discriminant for late-type stars

(Mould & Wallis 1977). Dwarfs and giants of spectral type MO and later are shown

in Figure 4.4. How well can we distinguish stars with PMS gravities from

foreground dwarfs and background giants? In part, the answer to this question

depends on stellar age. The youngest (~ 10
5
yr) optically visible stars have typical

surface gravities of logg =~ 3.5, and increase to logg =~ 4.5 by the age of 10
7

yr.

By comparison, the surface gravity of a typical M giant star is 1.0, while that of a

typical M dwarf is 4.5. In Figure 4.4, we plot the location of a sample of PMS

stars in the CaH/TiO plane. Clearly, there is no difficulty in distinguishing PMS

stars from background giants, for all stars later than K7. However, our ability to

distinguish PMS stars from foreground dwarfs depends on age; the older the

pre-main sequence star, the more similar its gravity to that of a star on the

zero-age main sequence.

To quantify this dependence, we plot in Figure 4.5 the distance of a star from

the CaH dwarf locus (6[CaH]) against the distance of the star above the main

sequence (<$[logL*]), where

<5CaH(6975A) =CaH(dwarf locus) — CaH(measured)

and

6(logL*) =L*(measured) — L„ (main sequence)
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Figure 4.3. The bands used to compute the CaH index at A6975A shown for two M
stars. The light shaded region represents the continuum band, and the dark shaded

region indicates the band containing the CaH feature.
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Figure 4.4. Luminosity discriminant for late-type dwarfs, giants, and pre-main
sequence stars. Upper: The dependence of stellar luminosity on the flux ratios

containing CaH and TiO absorption bands at A6975A and A7140A. The dwarfs
(x's) have higher surface gravities than the giants (o's), as reflected in the strength
of the CaH band. Large symbols are our data, small symbols are from Kirkpatrick

et al. 1991. Solid lines represent the best fits to the dwarf and giant loci. Lower:
The fits to the dwarf and giant loci from the top panel, plotted with the indices

computed for M stars in L1641N.
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<5CaH (6975)

Figure 4.5. The dependence of the luminosity discriminant on age. £(log L) vs
<5CaH(6975A) for stars in L1641N. The filled symbols represent stars with infrared
excess in the (H-K), (R-I) plane. Young stars with low (giant-like) surface gravities
would be in the upper right of the diagram, main sequence stars in the lower left.

The dwarf locus in the previous fig is at £CaH(6975A)=0. The dashed line indicates
the maximum deviation from the mean locus defined by the dwarf standards.

Note that 6(CaH) and ^(logL*) are inversely proportional to surface gravity

and age, respectively. Figure 4.5 shows <5(CaH) vs. 6(\ogU) for various ranges in

spectral type. Assuming that all stars with infrared excess are pre-main sequence

stars rather than foreground dwarfs (see Chapter 6 for details on determining IR

excess), we see that for the latest type stars, the distinction between cloud

members and foreground dwarfs is apparent to £(logL) = 1.2, which corresponds

to an age (for M4 and later type stars) of ~ 3 x 10
6

yr. For earlier spectral types,

the segregation of dwarf and pre-main sequence stars is not clear at any age. Thus,

unambiguous identification of early M-type foreground stars based solely on the
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CaH index is not effective. However, the index can be used to identify candidate

foreground stars, and combined with extinction measurements and a Galactic

model, statistical corrections for foreground populations can be made.
Using the CaH/TiO indices, we identified 1 to 2 giant stars in each of the

surveyed fields, and as many as 15 candidate foreground dwarfs. Each of the dwarf

candidates was further considered, and those having A v < 1 and no infrared excess

were taken to be foreground stars. In this way, 8 to 10 stars in each field were

designated "foreground"

.

4.1.3 Effects of Extinction

Some of the pre-main sequence stars, being more deeply embedded in the

molecular cloud, will have higher extinctions than others. How will the reddening

of the spectra affect our spectral classification? In principle, because the spectra

are normalized to the continuum before the classification indices are calculated,

smooth changes in the shape of the spectrum should not affect classification. In

practice, experience shows that the normalization of M stars can vary, even when

care is taken to keep the continuum fit uniform from spectrum to spectrum.

Thus we consider the effects of interstellar extinction on our classification

indices, by taking an unreddened spectrum of an M star (from the Praesepe

standards sample) and reddening it by 5 A v (using the extinction law of Rieke and

Lebofsky 1985). The initial and reddened spectra are shown in Figure 4.6. Shown

also is the difference after normalizing both spectra and subtracting the initial

spectrum from the reddened spectrum. The residual over the relevant wavelength

range (6900A-7900A) is small ±5%, and will not affect the spectral classification.

4.1.4 Effects of Veiling

Similarly, we have investigated the effects of nonstellar optical excess

continuum emission (the main contribution to veiling) on our classification indices.
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MA)

Figure 4.6. The effects of extinction on spectral classification. Upper: An unred-
dened M4 dwarf from Praesepe. Center: The same spectrum, but reddened by
5 A v . Lower: The difference between the normalized reddened spectrum and the
normalized initial spectrum.

33



s tai-

ieric

This excess emission from cTTs is attributed to accretion processes, which either

liberate energy in the disk itself (producing an infrared excess), or in hot spots

(T~10,000 K) on the surface of the star where disk matter accretes onto the

(producing excess optical continuum radiation which "veils" photosph(

absorption spectra). Our simple test for the effects of veiling consist of comparing

the contribution of veiling to the measured brightness at 7140 A and 7800 A, the

wavelengths at which our TiO classification indices are found. We model the

veiling as a 10,000 K blackbody, and calculate its effect on stars of various T eff ,

and for various values of the veiling parameter r, where

rA = FA (excess)/F A (stellar continuum), after Hartigan et al. (1992). A typical

value of the veiling paramater at A = 5700 A is 0.5 (Hartigan et al. 1991). We
show results for an extreme case, r570o = 1, for a star with Teff = 3500 K (M2) in

Figure 4.7.

First, we note that the veiling at 7140 A is less than half that at 5700 A. For

the extreme case of r5700 = 1, the veiling at 7140 A is therefore less than 0.5, which

means that less than 25% of the photons measured originate in the

accretion-related "hot spot", rather than the stellar photosphere. The actual

change in the spectral index can be calculated from the relation between

equivalent width and rA ,

(EW)V =»
1 + rA

so that the change in the TiO(7140 A) index is A(EW) = (EW) G /1.4 = 0.7(EW) o ,

and at 7800 A, A(EW) = (EW) Q /1.3 = 0.8(EW) o . The effect of r5700 = 1 is

therefore to move a star down and to the left in Figure 4.2, by 0.3 and 0.2 units,

respectively, which is enough to change the spectral class from M2 to Ml. Since

most cTTs are likely to be less veiled than the example shown here, the net effect

will be to spread the relation given by Figure 4.2 by a few tenths in the vertical

dimension, and less so horizontally. Thus, spectra which fall below the standard
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Figure 4.7. The effects of veiling on spectral classification. The intensity of a 10 000
K blackbody (dotted line), and a 3500 K blackbody (solid line) for r5700 = 1. Dashed
vertical lines mark A = 5700 A, A = 7140 A and A = 7800 A.

relation in Figure 4.2 are re-examined visually, and classification is based on

pattern recognition, which depends not only on band strength but also on the

shapes of temperature sensitive bands and blends.

4.2 Stellar Luminosity

Stellar luminosity is calculated by dereddening a monochromatic flux,

correcting for the distance, and applying a bolometric correction. We use J band

fluxes, m-M=8.4 (d=480 pc), and the (Tefr,BCj) relation compiled by Hartigan,

Strom, k Strom (1994; hereafter HSS). J band fluxes are dereddened using

measured R and / fluxes and the intrinsic {R - I) color for the determined

spectral type, according to the extinction relation from Cohen et al. (1981):

Aj = 1.66 x E(R-I).

35



Our selection of J as the wavelength for computing L* is based on the

examination of spectral energy distributions (0.5 to 60 m) for a large sample of

solar-type pre-main sequence stars surrounded by circumstellar accretion disks and
spanning a wide range of accretion rates (Hartigan et al 1992; Hartmann k
Kenyon 1990). The region between 0.9 and l.2m is least affected by

accretion-related excess emission (driven by energy liberated in the disk itself or in

a boundary layer), and thus provides the most reliable measure of the true

photospheric luminosity.

The uncertainty in L, is dominated by the possible presence of unresolved

binary companions, which could result in an overestimation of the luminosity by as

much as a factor of 2 (0.3 dex). Other sources of error in L* are:

1) Excess emission (veiling) at J due to disk accretion. Hartigan et al. (1992)

adopt a color temperature of 10
4 K for the excess emission and show that for an

M0 star, the ratio of excess flux to stellar flux at 1.25/mi is rj = 0.08rv . Based on

their sample of ~25 T-Tauri stars, the average rv is wl, so a{rj) ~ 0.08 mag.

2) Photometry. Photometric errors are a < 0.10 mag.

3) Bolometric corrections (BCj). HSS have compiled bolometric corrections at the

J-band magnitude from a variety of sources, and estimate the uncertainty in the

BC to be ~0.04 mag.

4) Extinction. Comparison of the different extinction laws derived in the literature

suggests that the uncertainty in Av is about 30%. Thus, <t(Aj) ~ 0.08 mag.

5) Distance. The distance to the Orion GMC complex is uncertain by about 10%,

but since all of our sample lies at approximately the same distance, the effect is

less relevant to our results.
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6) Variability. We do not have the data to estimate source variability, but HSS
observed a mean valne of AH=0.12 mag for their sample of 39 pro-main s(„TOncc
binary pairs. Assuming that the J-band magnitude varies by about the same
amount, we adopt this value.

Noting that an error in magnitude transforms to an error in luminosity according

to a(log M=0.4xcr(mag), and adding all the em)rs b quadrature> we calcukte

<r(h& U) = ±0.3 for a star of type MO. For a representative 1 Myr old MO star,

this translates to an error in log (Age) of ~0.8.

4.3 H-R Diagrams for Individual Regions

Following the procedures described above, we constructed H-R diagrams for

each of the 4 regions in our L1641 survey. The diagrams are presented here, along

with brief, descriptive comments. Analysis of the H-R diagrams is contained in the

next chapter(s). The photometric and spectroscopic data are presented in

Appendix B.

4.3.1 L1641 North

Figure 4.8 shows the H-R diagram for the ~100 stars within field 1 (Figure

2.1), for which we have obtained optical and infrared photometry as well as

classification spectra. An additional 13 stars from the A'-band spectroscopic

study by Hodapp and Deane (1993; hereafter HD) are also plotted in Figure 4.8.

These stars were classified on the basis of their A'-band spectra, and were placed

on the H-R diagram using the A'-band spectral types given by HD and the RIJHK

photometry of our surveys.

A comparison of spectral types based on the Hodapp and Deane A'-band

spectra with those based on our i?-band spectra for the 8 sources included in both
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Figure 4.8. H-R diagram for the L1641 North region, showing aggregate and
distributed populations. Also plotted are the model evolutionary tracks from
D'Antona and Mazzitelli (1994). Filled symbols are "aggregate members", stars

within a 1/3 pc radius of the defined aggregate center. Triangles are from the 2//m

spectral survey of Hodapp and Deane (1993). Representative errorbars are shown
for stars of spectral type B8, G8, and M3.5.
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studies indicates that the classifications in the two bands are consistent (within one
subclass), with the exception of two sources, for which our optica, spectral type,
are significantly later (5-7 subclasses) than those assigned by 111). ,„ one of the tw()

cases (N128 = HD#6), the S/N of the A'-band spectrum is reportedly low, and in

the other case (N265 = HD#23), the S/N of the *band spectrum is low M ).

The stars range from less than 10
5
yr to more than 10

7
yr old, and span the

mass range of 0.1 to 3.5 M0 .

4.3.2 Cohen-Kuhi Group

In Figure 4.9, 47 stars in the Cohen-Kuhi Group region (field 4, Figure 2.1) are

plotted. This group has a very large spread in age.

4.3.3 L1641 South

This cluster is in field 3 in Figure 2.1. 72 stars are plotted on the H-R. diagram.

It appears that this group has the largest proportion of older stars (t> 1 Myr).

4.3.4 V380 Ori

Figure 4.11 shows the H-R diagram for 50 stars in field 2 (Figure 2.1). These

stars appear to be somewhat older, on average, than those in the North. Although

this region was originally treated as an aggregate by SSM, it does not fit the

definition in Chapter 3. Therefore, it is treated here as a representative cloud

region.
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Figure 4.9. H-R diagram for the Cohen-Kuhi Group region, showing aggregate and
distributed populations. Filled symbols are "aggregate members", stars within a

1/3 pc radius of the defined aggregate center.
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Figure 4.10. H-R diagram for the L1641 South region, showing aggregate and
distributed populations. Filled symbols are "aggregate members", stars within a

1/3 pc radius of the defined aggregate center.
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Figure 4.11. H-R diagram for the V380 Ori region.
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Chapter 5

Interpretation and Analysis of H-R Diagrams

In this chapter, we determine the spatial and temporal nature of star

formation and the mass functions of recently formed stars in the L1641 GMC. Our
goals are to determine 1) if there are differences in the ages and masses of stars

inside and outside the defined aggregate boundaries, 2) what fraction of all recent

star formation has taken place in the aggregates, and 3) whether the observed

mass spectra in L1641 are consistent with the solar neighborhood IMF. Our

strategy is to examine the distributions in age (N[t]) and mass (N[mj) of stars in

and among the aggregates and the surrounding distributed population. We
compare the observed N(t) with a simple model for star formation as a function of

time, and N(m) with standard IMFs.

5.1 Completeness of the Spectroscopic Samples

Our spectroscopic survey is not complete. More importantly, because brighter

stars were targeted first the incompleteness is a function of age and mass. Age

dependence of the sample completeness results from the fact that pre-main

sequence stars become fainter as they evolve toward the main sequence, and mass

dependence because for a give age, low-mass stars are fainter than high-mass stars.

In addition, low-mass stars far outnumber high-mass stars in the region. As seen

m Figure 2.2, the fraction of stars for which classifiable spectra were obtained is

high among the bright stars (I< 15) in the photometric survey, however the

completeness of the spectroscopic sample decreases with increasing magnitude, and

thus with increasing stellar age and decreasing stellar mass.



We can evaluate the completeness of the spectroscopic sample using an

/, (R - I) color-magnitude diagram and the reddening-corrected colors of the

stars. In Figures 5.1- 5.3 the evolutionary tracks from Figure 4.8 have been
transformed to the 70 ,

(R - I)o plane . Dereddened^ rf , {R _ /} ^^
for the photometric (open circles) and spectroscopic (filled) samples. Sources have
been dereddened according to A v = 6.25 x (R - I )c , where for each source ^ wm
estimated according to the star's location in the (J - H), (H - K) plane.

Developed and coded by M. Meyer (1996), this dereddening procedure works in

the following way: stars which fall within the reddened main sequence zone in the

(J - H), (H - K) diagram are dereddened along the reddening vector in the

J, (J - H) plane until they intersect with a mean isochrone, corresponding to the

mean position of the pre-main sequence isochrones from 0.1-3.0 Myr. Dereddening

to this mean isochrone instead of any individual isochrone results in an uncertainty

in the estimated A v of no more than 1.25 mag (Meyer 1996), which translates to

0.75 mag at J, or a At of a few million years. Stars which fall outside the

reddening vectors in the (J - H), (H - K) plane, but within the zone typically

occupied by classical T-Tauri stars, are dereddened to the cTT locus (defined by

dereddened cTT stars of known spectral type). Stars which fall redward of the

cTT zone are not dereddened.

The fraction of stars in the photometry survey observed spectroscopically is

listed by region in Table 5.1, as a function of age. In the North and South regions,

the spectroscopic samples represent 66% and 70%, respectively, of the photometric

samples, for stars of type K5 and later and age 1 Myr and less. The completeness

fraction in the CK group is less; only 55% of stars with t <1 Myr have spectra.

The spectroscopic completeness should be the same inside and outside the

aggregates, as there was no bias toward either aggregate or distributed populations

in the observing procedure. Thus, the comparison of aggregate with distributed
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Figure 5.1. Optical color-magnitude diagram for L1641 North. Shown are the
dereddened / magnitude and (R - I) color for the photometric (open circles)

and spectroscopic (filled circles) samples. Triangles represent predicted foreground
dwarfs. Dotted lines are 105

,
106

, 3 x 10
6

, and 10
7
yr isochrones (top to bottom)

from DM, solid vertical lines are mass tracks for 2, 1, .7, .5, .3, .2, and .1 M0 stars

(left to right)
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Figure 5.2. Optical color-magnitude diagram for the Cohen-Kuhi Group. Symbols
and curves same as in previous figure.
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Figure 5.3. Optical color-magnitude diagram for L1641 South. Symbols and curves
same as in previous figure.
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Table 5.1. Completeness Fractions of Spectroscopic Sample

Region t<lMyr lMyr<t<3Myr 3Myr<t<10Myr

North 58/88 (54/82) 26/55 (23/52) 2/22 (5/14)

q t , f
%

(
66%

) 47% (44%) 54% (36%)South 22/33 (20/30) 42/62 (38/54) 18/27 (16/24)
67% (70%) 68% (70%) 67% (67%)

Cohen-Kuhi 23/43 (21/38) 2/13 (2/13) 4/15 (3/14)
53% (55%) 15% (15%) 27% (21%)

Numbers in parentheses are for spectral types K5 and later only

stars should be unaffected by sample completeness fractions.

Of the three regions summarized in Table 5.1, the South spectroscopic survey

covers a larger fraction of the photometric survey among older stars. (The South

survey extended to fainter magnitudes because there are fewer stars there, so the

spectra we obtained reached a deeper magnitude limit, and slightly more spectra

were obtained.) Given these incompleteness factors, we proceed in the following

sections to compare the age distributions for both the aggregate members and the

distributed population. We first note that, although the completeness of the

spectroscopic sample depends on age and mass, it does not depend on location;

hence, the incompleteness at a given age is the same for both the aggregate and

distributed populations, and a direct comparison of their observed age

distributions can be made.

5.2 Aggregate vs. Distributed

As we saw in the previous chapter, aggregate boundaries were chosen to

enclose regions of apparently recent star formation, containing embedded IR

sources and molecular outflows, and (with the exception of V380) they correspond
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Figure 5.4. Distributions in log Age for the spectroscopic sample. Aggregate
members are plotted in solid. Only stars with spectral type K5 and later are
included.

>are
to regions of enhanced stellar surface density. How do their properties compj

with those of the distributed population?

Age distributions for the two populations in each of the three regions are shown

in Figure 5.4. Because the ages of intermediate and high-mass stars are highly

uncertain, we have excluded stars of spectral type earlier than K5 from Figure 5.4.

For stars of earlier spectral type than about K5, the "stellar birthline" (a unique

mass-radius relationship which depends on the initial stellar accretion rate;
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Stah,er 1983; PalU and Stah.er 1993) crosses theoretical isochrones, making „ igll

mass stars appear older relative to low mass stars of the same age. However for

later spectral types (M < 0.5 M9 ), the theoretical birthline runs parallel to the
conventional isochrones. Observational support for this is provided by the

Trapezinm cluster, where star-formation is believed to have been triggered (and
therefore coeval). For stars of spectral type K5 and later, the "empirical"

birthline, denned by the upper envelope of stars in the H-R, diagram, runs parallel

to the 10= yr isochrone (Hillenbrand 1995). Thus, we restrict our analysis to stars

of type K5 and later.

We see from Figure 5.4 that the aggregates (solid histograms) contain a higher

fraction of younger stars, relative to the distributed populations (open

histograms). Statistically, we can test the hypothesis that the distributed and

aggregate stars are drawn from the same distribution; in the North and the

Cohen-Kuhi region that hypothesis is ruled out at the 99% probability level, in the

South at the 90% level. We have not attempted to correct the aggregate samples

for "contamination" by the distributed population. Such a correction would make

the aggregates even younger, proportionally, than the distributed population.

If the aggregates are dispersing on a timescale of 1-2 Myr (as expected, given

typical velocity dispersions of ~1 km/s), it is not surprising to find that they are

younger than the distributed population. It is conceivable that the distributed

population originated in aggregates and over the time of a few to 10 Myr has

spread through the cloud. Alternatively, the distributed stars may have formed in

isolation. We can assess the fraction of stars formed in aggregates and in isolation

by comparing the number of young stars in each spatial group.

In the North, 30% of the young stars (t < 1 Myr) are found within the defined

aggregate. Similarly, 25% of the young stars in the Cohen-Kuhi Group region are

found within the aggregate. In the South, the concentration of young stars is
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higher: 50% lie within the aggregate. Each of the aggregates comprises only 6% of
the surveyed area in its region; thus, surface densities of young stars are 3-30 times
higher in the aggregates than in the distributed population.

The aggregates are responsible for 25-50% of the recent star formation. What
about the other 50-75% of the young stars? Approximately half of the very

youngest stars (* ~ 10* yr) are located more than a parsec from the center of any
defined aggregate. Given that a typical dispersion velocity of 1 km*'* would carry

a star approximately 1 pc from its birthplace in 106 yr, it is unlikely that these

stars are associated with the defined aggregates, unless their ages, given by the

evolutionary tracks, are in error by a factor of ten. Nor are they associated with

other visible, yet unconsidered aggregates, since there there is no apparent

clustering outside the aggregates (at the K=14.5 mag limit).

These young stars could be associated with in visiWe aggregates or clusters,

groups of stars still deeply embedded in the molecular cloud and detectable only at

longer wavelengths. To test this hypothesis, we compared the spatial distribution

of the youngest stars with that of the deeply embedded (no optical or near-IR

counterparts) IRAS sources (Strom et al. 1989), in Figure 5.5. Outside the

aggregates, only 1 of the 6 IRAS sources is spatially associated with a young star.

We conclude that these stars are truly isolated from other star-formation activity

and, unless they have unusually high velocities, must have formed in isolation.

5.3 The Star Formation History of L1641

;ions
We can investigate star formation over time, using the completeness fractk

listed in Table 5.1 to correct our sample statistics. The resulting distribution of

stellar ages for the entire sample (North, South, and Cohen-Kuhi) is shown in

Figure 5.6. To illustrate how the observed age distribution can be used to explore

possible star formation histories of the cloud, imagine the simplest possible model,
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Figure 5.5. The distribution on the sky of young stars. Positions are plotted for

stars 10 5
yrs old or younger (stars), and the IRAS sources (crosses) in L1641 North

(upper), South (lower left), and the Cohen-Kuhi group (lower right). Circles indicate

the defined aggregates.
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Figure 5.6. The observed age distribution (number of stars as a function of age)
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at a

in which a spherical cloud of radius ~1 parsec forms stai, m ^^
constant rate, and the stars, not bound to the cloud, drift off at a constant

velocity v.Mv*l kms^, a star would travel approximately 1 parsec in 10- yr
leaving the cloud after a few to several million years. A survey of stellar ages,

centered on the cloud but smaller in size than the entire cloud, will compile a l/t>

distribution (where *=age). If L1641 as a whole followed this simple picture, we
would conclude that the star formation rate was constant over the past 10 Myr.

Such a picture, while consistent with the observed distribution (Figure 5.6) is

certainly an oversimplification. Instead of a spherical cloud with a central

star-forming region, L1641 is a clumpy, fragmentary cloud with multiple

star-forming sites scattered throughout, as evidenced by the aggregates. A given

field within the cloud will therefore contain both stars which recently formed

within that field, and stars which formed in other areas of the cloud and have

drifted into view. Age distributions within the individual regions are shown in

Figure 5.7. The steep age distribution in the North suggests that the most

vigorous recent star formation activity of the three regions has taken place there,

while the South cluster is represented by a broader distribution between 1 and 3

Myr. A realistic model for the star formation history of the cloud will have to take

into account the multiple star-forming sites, their spatial separation and the

characterstic timescale between star-forming events. However, without further

consideration of a detailed model, we can reach some conclusions. We know that

1) the current star formation rate is given by the youngest observed stars (~200

stars/1 Myr), and 2) L1641 has been forming stars for at least 3 x 10
7
yr, as this is

the age of the oldest observed pre-main sequence stars.

Assuming that L1641 has been forming stars at a constant rate (given by the

current rate), we can estimate the maximum lifetime of the cloud. According to

Figure 5.6, 186 stars have formed in the past 1 Myr. Recalling that we have
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Figure 5.7. The observed age distributions in individual regions.

spectral types (and therefore masses) for 55%-70% of these stars (Table 5.1), we

will assume that the remaining stars have a similar mass distribution, and will

therefore take the average mass per star as being in the range 0.2-0.3 MQ (see

following section for mass distributions). Thus the average mass consumed in the

production of stars in a 1 Myr period is ~ 50M®, in a surveyed area of

~ 3 x (2.5pc) 2
. The total molecular mass of L1641, excluding the Orion Nebula

cluster, is ~ 4 x 10 4 M@ (Bally et al. 1987), and has a total area of ~ 130pc2
. The

gas depletion timescale of the cloud, given the current gas consumption rate, is

therefore ~ 10
8

yr.

The effective star-forming lifetime of L1641 (3 x 10
7
yr), implies that there

should be a significant population of pre-main sequence stars outside the cloud (for
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, only a few paxsecs in width). Assuming an lsotropic dispersion
, appi

.

oximate]y
2/6, or 1/3 of the stars formed in the cloud shonld traverse its half-width (only

-5/2 parsee) in ~3 My, The number of stars off the cloud is then given by the
total number older than 3 Myr times 1/3, or approximately 10,000 stars. How
many of these stars are detectable as pre-main sequence stars? Statistics for

circumstellar disks indicate that 1-10% of PMS stars with accretion disks retain

them beyond 3 Myr (see Chapter 7 for a discussion of the Ha-disk connection).

Thus, there should be 100-1000 Ha stars near L1641, and their spatial

distribution should fall off smoothly with distance from the cloud.

Large-scale Ha objective prism surveys of L1641 and its immediate

surroundings show that the Ha stars are heavily concentrated within the cloud

proper, while fewer than 50 are fonnd off the cloud (Brand k Wouterloot 1991).

The Ha surveys have all been made at a variety of depths. However, a typical

snrvey limit is V = 17 (Parsamian & Chavira 1980), which for a star of spectral

type M2 corresponds to / ~ 15, and an age (if the star is unreddened) of several

million years (see Figure 5.1). Thus, in principle, all 3 Myr old Ha emitting stars

lying off the cloud should have been detected.

More sensitive methods of searching for "old" PMS stars have recently

become, or will soon become, available. They all exploit the ability to survey large

regions on the sky. The simplest is to image the cloud surroundings in the

near-infrared (J, if, /i) and identify stars with near-infrared excesses characteristic

of circumstellar disks. The Two Micron All Sky Survey (2MASS) will make such a

search possible. Similarly, a recent large-scale survey for x-ray emitting stars in the

vicinity of L1641 identified a large number (~1000) of possible pre-main sequence

stars well outside the cloud (Sterzik et al. 1995). Candidate PMS stars should be

observed spectroscopicaly, using one of the multi-fiber optical spectrometers, as

was done for this thesis, to confirm their PMS nature and to determine their ages.
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5.4 The IMF in L1641

We will confine our analysis of the stellar initial mass function (IMF) to

samples for which our data are representative. Using the same approach which
resulted in the tabulated completeness as a function of age, we examine the

completeness of the spectroscopic sample as a function of mass. We find that, for

stars of age t < 1 Myr and mass M > O.2M0 , the North spectroscopic sample is

> 80% complete. In the South, the spectroscopic sample is > 70% complete, over

the same range of mass, but to an age of t <3 Myr. Thus, we select from the North
all stars of age t < 10* yr and mass M > O.2M0 , and from the South, all stars of

age t < 3 x 10
6
yr and mass M > O.2M0 . Their distributions in log (M/M& ) are

shown in Figure 5.8. Our "completeness" limit of 0.2 M& precludes detection of a

different turnover mass at the low mass end. However, a K-S test finds that the

samples are drawn from different distributions at the > 99% confidence level.

Do either of the observed mass spectra resemble the solar neighborhood IMF?

All but a few of the stars in Figure 5.8 have masses < 1M0 , so we will compare

the data with mass functions only over the range 0.2 < (M/M@ ) < 1.0. The

simplest analysis is a direct comparison of observed mass distributions with

analytical forms of the IMF. We assume a power-law form for the mass function of

£(M) oc

where (following Mateo 1988) we will refer to x as the slope of the IMF. This is

equivalent to the form used by Miller k Scalo (1979), ({log M) oc M~x
. In our

formulation, the slope corresponding to the Miller-Scalo IMF between 0.1 and 1

M® is x = 0.4, and to the modified Salpeter IMF it is x = 0.25 (Mihalas k Binney

1981).

The K-S test was applied to the cumulative mass distributions shown in

Figure 5.9. If we demand a relatively conservative confidence level of 95%, then
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Figure 5.8. Distribution in log mass for stars in L1641 North, t < 10
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"complete".
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Figure 5.9. Cumulative mass distributions, in L1641 North and South. Masses
range from 0.2-1.0 M0 in L1641 North (upper) and L1641 South (lower). Solid line

is the observed mass distribution, short-dashed line is the Miller-Scalo IMF, and the
long-dashed line is the Salpeter IMF.
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both the Miller-Scalo and the Salpeter IMF can be ruled out in the North As
Figure 5.9 demonstrates, the North region contains more stars in the mass interval

0.2-1.0 M0 than is consistent with either of the standard IMFs. In contrast, the
mass distribution in the South is consistent with both the Miller-Scalo and the

Salpeter IMF, at the 95% confidence level.

5.5 Model Dependence of Results

The stellar masses and ages discussed in this chapter were derived from a

particular pre-main sequence stellar evolution model, of which there are currently

several in use in the literature. Unfortunately, the models do not yield the same

mass and age for a given L„ Teff . This doesn't affect the relative age distributions

discussed earlier in this chapter, since we have used a single model in our analysis.

However, the consequences for our mass distributions, since they were compared

with the solar neighborhood IMF, are significant. In Figure 5.10 we plot selected

mass tracks and the zero age main sequence for two contemporary models, one by

D'Antona k Mazzitteli (1993; DM93), used in this thesis, and one by F. Swenson

(1994;FJS).

Ages and masses derived from the two models, for stars in both the North and

South regions are shown in Figure 5.11. The FJS tracks give systematically higher

ages and masses relative to the DM tracks. Specifically, the masses at the low

mass end (0.2 M0 ) differ by a factor of two. Thus, our result in the previous

section, that the North region is producing too many low-mass stars relative to the

solar neighborhood IMF, must be qualified, until uncertainties regarding the

transformation between (L*, Teff ) and (mass, age) are clarified.
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log Teff

Figure 5.10. Comparison of two sets of evolutionary tracks. The D'Antona k
Mazzitteli (1993) model (dashed line), and the Swenson (1994) model (solid line).
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Mass (DM93)

Figure 5.11. Comparison of stellar ages and masses derived from two evolutionary
models. Stars in L1641 North are dots and stars in L1641 South are triangles. The
diagonal line in each panel shows the one-to-one relationship.
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Chapter q

The Frequency and Lifetime of Circumstellar
Disks in L1641

Most stars are surrounded by disks of dust and gas at birth (Strom et al.

1993). The two most compelling lines of evidence for disks are 1) observations of

infrared, submillimeter, and millimeter continuum radiation in excess of the stellar

photosphere, arising both from the reprocessing of stellar radiation in the disk and
from accretion processes, and 2) observations of blueshifted broad forbidden line

profiles, and the implied occultation of the redshifted component of the outflow by

an optically thick disk 10-100 AU in radius.

In this chapter we investigate the frequency of circumstellar disks in L1641.

We begin by identifying stars which have near infrared excess emission

characteristic of circumstellar disks. Then we explore possible trends of the

inferred disk frequency with stellar age and mass. Finally, we assess possible

evolution of disk accretion rate with age by examining the variation of Ha

luminosity (a surrogate indicator of accretion rate) with age for stars which show

evidence of accretion disks via their infrared excesses.

6.1 Excess Near-Infrared Emission

The most effective surveys for disks are those carried out through near-infrared

imaging. Although excess emission at near-IR wavelengths is the result of heated

dust only from radii near the star (within 0.1 AU of the stellar surface), it provides

an extremely reliable indicator of the presence of accretion disks. In a study of

young stars in Taurus-Auriga, Hartigan et al. (1995) found that all but one of the



32 stars with infrared excess (K - L) also have detectabie optical veiling Vefiing
emission ,s attributed to hot spots on the stellar surface, where materia, fails onto
the star. In the current models, mass flows to the steflar surface from a truncated
inner accretion disk along closed magnetospheric filed lines (Kdnigl 1991).

Although we do not have measurements at L, we can measure the near-infrared

excess using H — K.

We define infrared excess as

A(H - K) =
(H - K) c - (H - l<),

where (H - K) 0 is the dereddened color of a star, and (H - K). is the intrinsic

color appropriate to the star's spectral type. We shall refer to "disked" stars as

those which satisfy

A(H - K ) > 3a(H - K
) + 0.05

(
6-1

)

where

The value of the constant C is determined by the color index used in the

calculation of A v . In most cases, Av is calculated from E(R -
/), and C = 0.30.

The 0.05 offset is our estimated minimum error in the dereddened color, taking

into account uncertainties in the calibration, zero point, and airmass corrections of

the photometry.

6.2 Timescales for Disk Evolution

Our conservative disk criterion excludes those stars with large uncertainties in

their photometry, and is therefore biased toward the brighter (younger) stars.

Before examining disk fraction as a function of age, we should account for this

bias. To do so, we shall include in our analysis only those stars whose photometric
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errors are comparable in magnitude to the errors of the youngest (brightest) stars
for wh,eh disks are detected. This corresponds to - K) < 0.01. With this

restriction applied, H-R diagrams for the "disked" and "non-disked" stars are
shown in Figures 6.!- 6.3. Note that few stars of mass > 1M9 have disks, and
our requirement that a(H - K) < 0.01 has eliminated all stars with M < 1 Me
and t > 3 Myr. A robust estimate of disk fractions for stars of advanced age is

therefore prohibited. However, if we discard the requirement that

a(H - K) < 0.01, we find 6 stars of age t > 3 Myr, which satisfy the infrared

excess requirement of equation 6.1. Discovery of these stars was enabled by a

relatively deep (H < 15.8, K < 14.75) survey over a wide area (0.77 degree*) of the

cloud. This suggests that another deep imaging survey with improved photometric

accuracy (a(H - K) < 0.01) be conducted, in order to quantify the fraction of old

stars (3-10 Myr) with disks.

6.3 Accretion Evolution in Circumstellar Disks

An important conclusion of this work is that some circumstellar disks have

lifetimes of up to 10 Myr. In principle, the existence of such old disks enable us to

track secular changes in accretion rates as star/disk systems age. To do this, we

examine accretion rates as a function of age, for the stars in our sample whose

A(H - K) indicate the existence of accretion disks. Thus, we need an observable

quantity which reflects the accretion rate. Although the (H - K) excess is a good

indicator of the presence of accretion disks, its magnitude does not correlate with

the actual rate of accretion, for several reasons: (1) it is influenced by inclination,

so that a disk seen face-on will contribute a larger excess than one seen edge-on,

(2) it is affected by the size of the disk, and the radial distance of the inner disk

from the stellar surface, (3) for geometrically flat, optically thick accretion disks
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Figure 6.1. H-R diagram for L1641 North, showing stars with infrared excess
emission. Filled symbols are stars having IR excesses characteristic of circumstellar
disks.

66



o

i—3 o

o

4.2

;
1 1

•
i

—i—.—,—,

—

-

1

i r
1 1 .

,
1

106
.yr -

2.5Me^\

10.' ^n? \

V ffl :

*
v e

\ •

\X° °

l.OM^ vO'O v\ —
8

w \V\\ o\

' \ \ \ \ °
0.70M>

. Cohen-Kuhi Group 0.5MV :\ V
0.30MV Y

L—1 1 ' 1
1 1 1 i

1 L_

\ / 0.1 OMq

1 , V, , , A

4 3.8 3.6 3.4

log Teff
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infrared excess emission. Filled symbols are stars having IR excesses characteristic
of circumstellar disks.
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Figure 6.3. H-R diagram for L1641 South, showing stars with infrared exce
emission. Filled symbols are stars having IR excesses characteristic of circumstell
disks.
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Figure 6.4. H-R diagram for the V380 region, showing stars with infrared exce
emission. Filled symbols are stars having IR excesses characteristic of circumstell
disks.
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nor

(XFX oc A"4/3
), the excess emission over the stellar photosphere (A F\ oc A~3

)

"saturates" at a value of 0.9, no matter how high the accretion rate.

As mentioned in §6.1, the best indication of accretion rate is provided by the

optical veiling which measures the accretion luminosity produced by disk material

landing on, and heating, the stellar photosphere. Unfortunately, the resolution of

our spectra is insufficient to provide accurate estimates of the veiling. Since we
cannot measure the accretion rate directly, we must use a surrogate, such as the

Ha luminosity. Hartigan et al (1995), following Cabrit et al. (1990), show that

the Ha luminosity correlates with veiling and thus with accretion. Presumably, the

Ha emission is dominated by emitting gas confined to the accretion columns,

which transport material from the inner disk to the surface of the star. Although

there may be some contribution to the Ha luminosity from the stellar photosphere,

or from the stellar wind, the Ha luminosity is not little affected by inclination,

does it saturate for high accretion rates. The Ha luminosity is calculated from

L(Ha) = F0 x iTrd
2
x EW{Ha) x 10-a4 *°

where R0 is the dereddened R magnitude of the star and F0 is the flux at R for a

zero magnitude star. The Ha luminosity, in units of log solar, are plotted in

Figure 6.5, as a function of A(H - K).

Note that it is the luminosity, rather than the line equivalent width, which

shows the correlation with infrared excess. About half of the non-excess stars in

Figure 6.5 have significant (> 20) Ha equivalent widths. These could be disked

stars viewed edge-on, or non-disked late-type stars with active chromospheres,

whose Ha line emission is very bright in contrast to the faint stellar photosphere.

The Ha luminosity takes into account the brightness of the star, thus eliminating

some of the above ambiguity. In Figure 6.5 it is seen that approximately 80% of

the stars meeting our IR excess criterion fall to the right of the line at
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Stars which satisfy our IR excess criterion are plotted as solid symbols.
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Figure 6.6. Ha luminosity as a function of age. All stars satisfy the infrared excess
disk criterion m Equation 6.1. Representative errors are indicated.

logL(Ha)/L0 = -3.8, while approximately the same fraction of non-excess stars

fall to the left of the line.

In Figure 6.6, we plot the Ha luminosity against the age derived from our H-R

diagrams, for all stars which satisfy our disk criterion. For this sample, Ha

luminosity appears to be roughly constant with age. If Ha luminosity is indeed a

measure of accretion luminosity, then we must conclude that on average, the mass

accretion rate is roughly constant during the disk accretion phase. However,
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Table 6.1. Disk Fraction as a function of Mass

Mass Range North V380 Cohen-Kuhi South Total(%)

h/T \ 1 A/TIvl > 1 Mq
0.5< M <1.0 M0
M <0.5 M0

2/15

3/7

13/32

1/6

1/2

8/21

2/4

0/2

6/13

0/10

1/10

8/18

14%

24%
42%

For stars with a(H — K) < 0.01

the number of disked stars with ages >3 Myr is small, and future surveys, as

mentioned in §6.2, should improve the sample statistics.

6.4 Disk Frequency as a Function of Mass

Examination of the H-R diagrams in Figures 6.1-6.4 reveals that the disk

fraction tends to be higher among low-mass stars than among stars of 1 M0 or

more. We have tabulated the disk fraction below, for three mass ranges. The

combined disk fraction as a function of mass is shown graphically in Figure 6.7.

The trend, for a higher disk fraction with decreasing mass, is suggestive of the

hypothesis that more massive stars may exhaust their accretion disks on a shorter

timescale than less massive stars (Hillenbrand et al. 1992) It is especially

noticeable in the South cluster, where stars are older, and may therefore have

existed long enough for the high mass stars to lose their disks.
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Chapter 7

Discussion

7.1 L1641 and the Orion GMC Complex

In Chapter 6 we showed that the youngest stars are found both in small

(R < l/3pc, N-10-50) aggregates and in isolation. Approximately 25% to 50% of

the current star formation in L1641 occurs in aggregates, and the rest in isolation.

These two "modes" are dominate the current star formation; the only evidence for

"cluster mode" star formation is in L1641 South.

The distribution of ages as a function of position in the cloud indicates that

the most vigorous star formation is is currently occurring at the northern end, in

the region of the L1641 North aggregate, and that at least one rich (N>100)

episode has occurred with the last 2-3 Myr at the southern end, where the South

cluster is found. Stars spanning a wide range in age, from less than 0.1 Myr up to

15 Myr, are distributed randomly throughout the cloud.

These results confirm those of SSM, who, based on their J, H, A'-band

imaging study covering 0.77 deg2
(49 pc 2

) identified (1) a distributed population of

~1500 stars spread throughout the cloud, (2) seven small aggregates comprised of

10-50 stars, with projected surface densities several times higher than that of the

distributed population, and (3) a partially embedded cluster comprised of ~150

stars (L1641 South). They concluded that, given the large number of stars in the

distributed population, most stars in L1641 form either (1) in isolated random

events throughout the cloud or (2) in unbound aggregates which disperse on time

scales of a few million years. In this thesis, we were able to quantify that ~50% of



the stars in L1641 are formed in aggregates whirl, ™ j j j.aggregates, which may indeed disperse, while the
remaining -50% are formed in isolation.

A very different picture of star formation was presented by Lada et ai (1991)
in a study of L1630, the northern Orion cloud which contains the clusters

NGC2024, NGC2068, and NGC2071. They concluded that the vast majority of

stars in the surveyed area were formed in the three rich embedded clusters.

However, their results are not directly comparable to ours since (1) Their survey

depth was mK =13 mag, while this work is based on a survey which reached

mK =14.5 mag, (2) They surveyed in the K-band only, and therefore did not

have the color information which allows identification of stars with infrared excess,

while this work uses J, H, and K, (3) The regions surveyed, while comparable in

area to the L1641 survey, are predominantly centered on the rich clusters, and (4)

They did not have spectroscopic information on the optically visible population, as

we do, allowing placement in the H-R diagram and estimation of stellar ages. The

distributed and aggregate populations found in L1641 could also be present in

L1630, but were missed by Lada et al. for any of the reasons cited. We contend

that a direct comparison of the young stellar populations in the two clouds will

have to wait until a study similar to this one is done in L1630.

It is clear that star formation in "cluster mode" has recently occurred in

L1630, as it has in the Trapezium and BN/KL regions, and has not in L1641. It

has been argued by Blaauw (1991) and others that various subgroups of the Orion

OBI association are responsible for triggering the recently formed rich clusters in

both Orion A and B. The general cometary morphology of both clouds, as shown

in Figure 7.1, suggests an interaction between the subgroup la and the molecular

gas. In addition, the ages of the subgroups and their projected spatial relation to

the dense clusters is supportive of a "sequential" star formation hypothesis.

Elmegreen (1992) lists three morphological signatures of sequential star formation,
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Figure 7.1. The Orion giant molecular cloud complex. Shown are clouds A and
B (Maddalena et al. 1986), and their association with the Ori OBI association
subgroups a, b, and c. Subgroup d contains the Orion Nebula cluster, including the
Trapezium stars. Reproduced with permission from A. Blaauw.
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all of which are satisfied by On OBI: (1) regions of sUr ^^
separated by several Myr and positions separated by 10-50 parsecs, (2) a
substantial amount of molecular o-ao r^.,. ^oi molecular gas near or around the youngest cluster, with
very little gas near the old cluster (i\ n 1 u v/rom cluster, and (3) a velocity difference of about 5 to 10

km s- 1
between the old and the young regions.

The ages of the Ori OB 1 subgroups span the age of less than 1 Myr, to more
than 10 Myr (Blaauw 1991; Warren & Hesser 1978; Brown et al 1994). The oldest

is la, which has an age of 8-12 Myr. The youngest is Id, which contains the Orion

Nebula cluster, and is less than 1 Myr old. Subgroups b and c are intermediate in

age, although there is some disagreement over which is older (Brown et al 1994).

It is believed that the lb and 1c subgroups are responsible for triggering current

star formation in NGC 2024 and the ONC. If so, then 1c may also have influenced

star formation in the L1641 North region.

It is unlikely that star formation in the southern extent of L1641 is related to

the lc subgroup, since (1) the projected separation is large (15 parsecs), and (2)

the L1641 South cluster is older than the stars in the north, where triggering is

believed to have occurred, and (3) the South cluster and the Cohen-Kuhi group

are approximately the same distance from lc, as seen in projection, but are not

the same age. Thus, the age distributions of stars in L1641 rule out a sequential

propagation of star formation from the northern end to the southern end of the

cloud.

7.2 Comparison with the Taurus-Auriga Molecular Cloud

L1641 is by no means unique in its stellar population of young, predominantly

low-mass stars. Indeed, low-mass pre-main sequence stars are found in all

star-forming clouds, whether or not higher mass stars are present. The most

extensively studied region of low mass star formation is the Taurus-Auriga
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molecular cloud. Several optical and IR photometric and spectroscQpic^ rf
Taurus-Auriga were synthesized recently by Kenyon & Hartmann (1995) They
concluded that the distribution in stellar ages is consistent with a constant star

formation rate over the past few Myr. In spatial distribution, the young stellar

population in Taurus resembles that of L1641: individual or small associations of

stars distributed throughout a filamentary molecular medium, with visual

extinctions of 5-10 A v .

However, the optically visible, spectroscopically observed populations in the

two clouds have different mass distributions. In Figure 7.2 we plot the distribution

of spectral types for Taurus-Auriga, from Kenyon & Hartmann (1995), and for

L1641, restricted to the age and mass ranges for which our spectroscopic sample is

representative of the cloud population (see Chapter 5). There is less than a 0.03%

chance that the two populations shown in Figure 7.2 are drawn from the same

distribution.

Although we cannot evaluate the completeness of the Taurus-Auriga sample as

we have for our L1641 study, Kenyon and Hartmann estimate that their sample is

incomplete for masses less than 0.3 M0 , which corresponds, at t=l Myr, to

spectral types later than M2.5. If we restrict both samples to spectral types earlier

than M2.5, there is a 2% chance that the spectral types are drawn from the same

distribution.
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Chapter 8

Summary

We have undertaken a a study of the star formation properties and history of

the L1641 giant molecular cloud. Combining spectroscopic and photometric data

at visual and infrared wavelengths, we have developed a procedure for calculating

stellar luminosities and effective temperatures of pre-main sequence stars. An
important part of our procedure is spectral classification: because our program

stars are reddened by dust (up to 20 A v ) in the molecular cloud, we utilize

classification resolution spectra in the R, I bands, where (Ai = 0.6A V ).

Relatively little work has been done in this spectral range in the past,

especially for late type stars, so we have constructed a grid of spectral standards at

AA5500-9000A A number of useful features, both atomic and molecular, were

identified in this spectral range which enable both stellar effective temperatures

and luminosity classes to be assigned.

Based on an analysis of 2.2/rni images, we defined young stellar aggregates as

local enhancements in the stellar surface density {3a above the mean), and

identified three such aggregates among the four regions surveyed. We placed ~300

pre-main sequence stars in the H-R diagram, and used current theoretical models

to transform (Teff ,
L*) to mass and age.

Our analysis of the age, mass, and circumstellar disk properties of young stars

in L1641 yielded these main results:

1. The aggregates contain a higher fraction of young stars than the distributed

population.



area,

om

2. The aggregates are responsible for 25% - 50% of all recent (i < 1 Myr) star
formation in the snrveyed area, even thongh they acconnt for only 6% of the
3. 50% of very recent (t ~ 10= yr ) star formation has occu„ed b isolation fr

any detected aggregate.

4. Star formation has occnrred more recently (within the past 1 Myr) in the North
and CK regions than in the South (within the past 2 Myr).

5. The oldest stars in L1641 are approx.mately 30 Myr old. If the molecnlar cloud
has been forming stars at a ronghly constant rate over the past 3 x 10' years, there

shonld be on order 10,000 "old" pre-main sequence stars that have moved off the

cloud, perhaps 10% of which are detectable (via their Ha emission) as pre-main

sequence stars.

6. The recent star formation event in L1641 North produced more stars in the

0.2 - 1.0M@ range than can be accounted for by a standard IMF. The mass

spectrum produced by the less recent event in the South is statistically

indistinguishable from either a Miller-Scalo or a modified Salpeter IMF.

7. The circumstellar disk fraction is a function of stellar mass, in the sense that

low-mass stars have a higher disk frequency than do high-mass stars.

8. The Ha luminosity, a surrogate indicator for the accretion rate, shows no

evidence for evolution with time, within our limited sample.

9. There exist a half dozen stars in the age range 3-10 Myr having infrared

excesses characteristic of circumstellar disks, but more accurate photometry is

needed to determine the true fraction of old disked stars.

10. The distribution of stellar masses in L1641 and Taurus-Auriga are inconsistent

with having been drawn from the same population.
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Appendix a

Spectroscopic Standards

A.l The Sample

Our standards sample is drawn primarily from the open clusters M67 and

Praesepe. We chose cluster stars because it is an efficient use of the multi-object

spectrometer used in our pre-main sequence star program; we could obtain spectra

for a large number of stars having a substantial range of spectral types

simultaneously. While cluster members' common age, metallicity, and distance

offer some advantages in forming a spectral sequence, they also present some

limitations in its use; for example, the variation in line strength with metallicity

cannot be investigated. Likewise, since Praesepe is believed to be similar to the

Hyades in composition and M67 is thought to have solar metallicity, this spectral

sequence may not be appropriate for the classification of very metal-poor stars.

We observed o y those stars which have a high probability (based on proper

motion studies) of cluster membership. In Praesepe, 74% of our sample have a

90% or higher probability of membership (Jones and Stauffer 1991; hereafter JS),

and in M67, 71% of our sample are members at or above the 90% probability level

(Girard et al. 1989). Color-magnitude diagrams for the two cluster samples are

presented in Figure A.l. In order to extend our sample coverage to late-type

luminous stars, we also obtained spectra of several isolated giants (types K7-M7

III). These are listed in Table 3.

A. 2 Classifying the Standards

Since both the distance and the amount of interstellar reddening to the two

clusters are well determined, the stars were ordered both according to their
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Figure A 1. Color-magnitude diagrams for stars observed in Praesepe and M67. (a)V vs (B-V) (b) V vs. (V - I). Praesepe's distance modulus has been shifted
by o.4 magnitudes to match that of M67.

absolute magnitudes and their extinction-corrected colors. To convert Mv to

spectral type, we used the main sequence Mv /spectral type relation given by

Schmidt-Kaler (1982) for dwarfs earlier than type K7, and the relation given by

Bessell (1991) for types K7-M5V. (B - V) 0 and (V - I) 0 colors were converted to

spectral types using, for dwarfs of type FO and later, the (B - V) and

{V - 7)/spectral type relations of Bessell and Brett (1988), Schmidt-Kaler (1982),

and Bessell (1991), as compiled by Hartigan et al. (1994). For earlier type dwarfs,

we used the (B - V)/spectral type relation given by Schmidt-Kaler (1982). For

giants we used the (V - J)/spectral type relation of Bessell (1991).
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A. 2.1 Praesepe

We used BV1 photographic photometry from the proper motion study of JS
,

d.stance modulus as determined by Upgren et al. (1979) of

(m - M) = 6.20 ± 0.05 mag. (174± 4pc), and zero reddening (Johnson, 1952) In
Table

1 we list the stars observed in Praesepe. Designations, coordinates, BV1
Photometry, and probability of membership are from JS, spectral types are those

assigned by us. Previously published spectral types are listed in the "Notes-

column. Spectroscopic binaries are indicated by "SB", and stars which are

probable binaries according to then location in color-magnitude diagrams are

indicated by «PB'\ Cross-identifications of the star numbers in Table 1 with other

Praesepe numbering systems are given by JS.

Our adopted spectral types are inferred from Mv , since 1) color measurements

are not available for all the stars in our sample, and 2) the estimated a of the V
magnitudes (0.05 mag.) is less than that of the (B - V) colors (0.1 mag.; JS). For

main sequence stars of spectral class B through M, an error in Mv of 0.05 mag.

translates to an error in spectral type of ~1 subclass, while an error in (B - V) of

0.1 mag. translates to an error of 3-4 subclasses. We note that spectral types

inferred from Mv and from (B - V) differ by approximately one subclass, while

types inferred from Mv and from (V - I) are in closer agreement.

Because we assigned spectral types on the basis of photographically

determined V magnitudes, it is useful to compare them with magnitudes

determined photoelectrically. We compared the magnitudes in Table 1 with

photoelectric V magnitudes from Johnson (1952), Upgren et al. (1979), Weis

(1981), and Stauffer (1982). Excluding two known binaries (JS407 k JS431) and

four probable binaries (JS179, JS280, JS336, k JS428), there were 56

measurements in common for 41 sources. The mean in the distribution of
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V(photographic)-V(photoelectric)
is -0 008+n (IS m!,„ u- l

'
U-""»±U.U8 mag., which corresponds to a

difference in spectral type of 0.0±1 subclass.

Finally, we compared our adopted spectral types in Table 1 with spectral types
from the literature. The largest overlap is with Corbally and Garrison (,986), who
classified nine stars (F5-K0V) in our sample, using spectra in the range

AA3800 - 5000 A. For all but two of the nine sources, our spectral types agree with
theirs to within one subclass, which in this spectral range constitutes a difference

in stellar effective temperature of ~0.01 dex.

A. 2. 2 M67

In M67, modern CCD photometry is available, and the (B - V) and (V - I)

colors are equally reliable. We used the BVI photometry of Montgomery,

Marschall, and Janes (1993; hereafter MMJ) when available, or the BV
photometry of Murray et al. (1965) and Murray and Clements (1968), as compiled

by Girard et al. (1989). The relative difference between MMJ's photometry and

the photometry from Girard et al.'s Table 1 is shown in Figure A.2. The

magnitudes and colors from the two databases agree to within 0.1 mag. We
assumed a distance modulus for M67 of 9.6 and uniform reddening of

E(B-V) = 0.05 ±0.02 (MMJ).

Subgiants were classified according to their Ha equivalent widths, following

the empirical W(Ha)/(B-V) relation observed by Danks and Dennefield (1994) for

a sample of Southern Hemisphere MK standards. Similarly, a relation between

W(NaI A5896) and (B-V) was used to classify the giants. The blue stragglers were

classified according to the W(Ha)/spectral type relation given by Didelon (1982).

In Table 2, the observed M67 stars are ordered by their Sanders (1977)

designations. The first character under "Notes" is coded for the source of the

photometry (1= Murray et al. (1965) or Murray and Clements (1968), as compiled
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Figure A. 2. Comparison of the two sources of photometry for M67 stars. Upper: V
magnitudes and (B-V) colors from Montgomery, Marschall, and Janes (MMJ; 1993)
vs. those compiled by Girard et al. (1989). Lower: Residuals as a function of Girard
et al.'s V and (B-V).
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by Girard et al.(1989), 2=MMJ) and is followed by cross-identifications with other
numbering systems, as well as previously published spectral types. Coordinates
and probability of membership (based solely on proper motion) are from Girard et
al. (1989).

A.3 The Standard Grid

Representative spectra for types B8V-M5V, G8III-M7III, and F5IV-K0IV
are plotted in Figure A.3. The spectra have been normalized by a third order

spline fit to the continuum, and shown in two wavelength sections in order to

exclude the very deep atmospheric B-band absorption feature at A7600 A.

Included in Figure 3(c) is the spectrum for the M5V star W9282B, obtained with

Hydra on the KPNO 4-m telescope on 3 January 1994 by Lynne Hillenbrand.

We have scrutinized these spectra and produced a list of useful classification

features, presented in Table 4. Note that, while there are many more identifiable

features than those listed in the table (especially molecular bands in the late-type

stars; c/Kirkpatrick et al. 1991), we list only those which have proved to be the

most sensitive in our program to classify pre-main sequence stars.
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ID a

Table A.l. Spectral Standards in Praesepe

6 Adopted m b

v B-V V-I % c

(1950) (1950) Sp. Type
Notes'*

127

140

149

150

152

172 {

173* i

179 J

180 I

186 8

196 8

197 8

242 £

243 8

244 8

248* 8

254*8

255 8

259 8

263* 8

267 8

270 8

273 8

277 8

280 8

281 8

285 8:

301* 8:

302 8:

306 8:

8:33:30.8

8:33:44.6

8:33:57.0

8:33:57.3

8:33:59.9

8:34:24.2

8:34:26.0

8:34:34.3

8:34:34.6

8:34:39.3

8:34:54.2

8:34:54.6

8:35:45.7

8:35:46.3

8:35:49.5

3:35:54.9

3:36:01.4

3:36:02.4

3:36:04.5

3:36:10.4

:36:12.1

:36:14.0

:36:17.2

:36:20.6

:36:23.2

36:23.5

36:25.9

36:44.5

36:44.7

36:46.4

19:21:56

19:21:34

19:25:55

19:43:51

19:15:03

19:39:40

19:52:26

19:39:43

19:18:26

19:16:45

19:46:29

19:36:50

19:11:50

20:20:49

19:35:53

19:40:38

19:44:52

20:23:45

20:21:29

19:30:10

19:41:57

20:31:30

20:35:06

19:17:32

20:14:51

19:27:48

20:38:29

19:39:46

19:26:15

19:37:05

K2 V
K7 V
G4 V
K6 V
K6 V
K6 V
G5 V
K5 V
K7 V
K6 V
Kl V
F9 V
K5 V
M3 V
K7 V
Fl V
K6 V
M4 V
K6 V
Kl V
K5 V
M2 V
K6 V
F9 V
MO V
M2 V
M2 V
MO V
K7 V
K3 V

12.41

14.48

11.18

13.96

14.01

14.07

11.41

13.83

14.72

13.99

12.36

10.65

13.74

17.23

14.61

9.01

14.07

17.60

13.94

12.36

13.71

16.20

14.19

10.50

14.77

16.82

16.42

15.09

14.29

12.65

1.11

1.56

0.79

1.66

1.51

1.52

0.74

1.27 -

1.70

1.54

0.96

0.61

1.26

2.60

1.68

0.33

1.42

2.80

1.56

1.03

1.20

2.26

1.43

0.70

1.80

2.57

2.22

1.69

1.44

0.95

92

82

96

97

98

57

98

98

98

93

93

87

98

73

96

99

97

68

99

98

97

90

77

98

98

52

57

99

98

97

PB[St]

F4V[Bi],FlV[Ab],F2V[Re
]

PB[Up]

Continued, next page.
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Table A.l continued

ID a
a

(1950)

6

(1950)

Adopted

Sp. Type

m b

v B-V V-I % c

Notes'*

309

310

311

313

317 I

318 !

321 J

322**

324* J

329 I

330 i

332* £

336 *

340 g

342 J

345*?

349 g

350 g

352 g

353 8

354 8

357 8

359*8

361*8

363 8

364 8

365 8

373 8

377*8

378 8:

8:36:48.5

8:36:49.2

8:36:50.6

8:36:52.6

8:36:54.9

8:36:58.2

8:37:00.2

8:37:00.6

8:37:06.4

8:37:08.9

8:37:10.2

8:37:11.9

8:37:14.2

8:37:17.1

8:37:17.6

8:37:20.2

8:37:23.6

8:37:26.3

8:37:28.5

3:37:29.3

3:37:29.7

3:37:33.6

S:37:34.6

S:37:35.7

:37:35.9

:37:36.9

:37:38.2

:37:45.1

37:50.3

37:50.5

20:10:07

20:12:19

20:40:18

20:18:06

19:23:42

20:45:29

20:11:44

19:29:24

19:22:45

19:29:14

19:10:38

19:57:43

19:12:10

20:35:48

19:47:56

19:49:02

19:38:11

20:22:11

19:06:18

20:49:07

19:21:34

19:39:13

19:23:50

19:27:21

20:16:32

19:06:50

20:06:39

20:30:59

19:24:07

19:44:39

MO V
Ml V
M3.5 V
M3 V
Ml V
M2 V
M3 V
F7 V
F3 V
K8 V
F6 V
K0 V
Kl V
Ml V
G9 V
F5 V
K6 V
K4 V
M2 V
K7 V
K6 V
F5 V
K3 V
G3 V
M3 V
Ml V
M3 V
MO V
F9 V
G4 V

15.29 -

15.72 -

17.99 -

17.49 -

15.63 -

16.23 -

17.68 -

10.16 0.56

9.44 0.53

14.50

9.96 0.76

12.01 0.74

12.53 1.07

15.49

11.91 0.79

9.75 0.37

13.97

12.98 1.01

16.12 -

14.61

13.87

9.87 0.37

12.84 1.05

11.13 0.73

17.53

15.71

17.22

14.86

10.51 0.59

11.20 0.58

1.80

2.05

2.94

2.92

1.86

2.45

2.75

1.68

2.13

1.52

2.35

1.55

1.58

2.43

2.04

2.56

1.66

98

95

56

68

98

64

74

99

99

99

99

99

57

91

99

99

99

96

84

98

98

99

91

98

73

98

67

97

98

86

F6V[Bi],F2V[Re],F5V[BB]

F8V[Po],GlV[Ba],TX Cnc

K0.5V[CGa]

PB[Up]

KOV[CGa]

F5V[Re],F6IV[CGa]

GlV[Wi],SB[RS]

G7V[CGa],G6V[CGb]
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Table A.l continued

ID<I

,
°

s

6 Ad°Pted < B-V V-I %c
Notesd

(1950) (1950) Sp. Type
GS

379 8:37:51.4 20:39:00

384 8:37:54.0 20:39:11

385 8:37:54.4 19:29:16

387 8:37:55.9 19:50:14

388 8:37:56.0 20:06:00

390 8:37:59.5 20:07:12

391* 8:38:00.7 19:21:10

392 8:38:01.4 20:10:38

394* 8:38:02.0 19:33:26

405 8:38:12.4 20:39:07

8:38:15.4 19:37:32

8:38:15.9 19:14:59

8:38:18.1 19:41:15

8:38:22.6 19:08:52

406

407

410

419

420

425

427

428

429

431

433

435*

442

445

448

451

453

455*

456*

463

8:38:23.0 20:12:59

8:38:27.9 19:48:48

8:38:28.4 19:48:06

8:38:31.3 20:25:41

8:38:31.3 19:06:46

8:38:33.5 20:07:20

8:38:36.0 19:27:23

8:38:36.6

8:38:44.7

8:38:45.5

8:38:47.4

8:38:51.4

8:38:53.9

8:38:56.4

19:55:32

19:19:18

19:41:58

19:26:41

20:08:28

19:26:47

19:38:16

8:38:57.8 19:22:32

8:39:02.8 19:26:12

K6 V
M2 V
F4 V
G2 V
G2 V
M3 V
M4 V
M2 V
Ml V
MO V
Kl V
F7 V
F7 V
M2 V
K6 V
K5 V
Ml V
K7 V
K3 V
GO V
Ml V
Gl V
F2 V
K5 V
K4 V
Kl V
F7 V
K5 V
K8 V
G5 V

13.93

16.09

9.61

1.63

2.34

0.42 -

10.97 0.66

10.98 0.51

17.10 -

17.43 -

16.77 -

15.49 -

14.97 -

12.52 0.96

10.16 0.77

10.21 0.44

16.44

14.26

13.56

15.81

14.44

12.96 1.13

10.78 0.53

15.72

10.95 0.61

9.33 0.46

1.25

13.60

13.10

1.24

1.00

12.37 0.93

10.19 0.56

2.45

2.87

2.62

1.96

1.61

2.44

1.46

2.01

1.76

1.98

13.69

14.31

11.35

1.23

1.61

0.83

96

89

99

96

99

77

81

82

96

93

98

97

99

89

98

99

97

99

94

98

87

98

99

99

52

98

95

96

98

96

F2V[BB],F6V[Bi],F4V[Re]

G5V[Wi],G7V[CGa],G7V[CGb]

G3V[CGa],G3V[CGb]

GlV[Wi],SB[Bo]

F8V[CGa],F8V[CGb],F6V[Re]

PB[UP]

GOV[CGa],SBl[CB]

Gl.5V[CGa]

F4V[Bi],F2III[Re]

G5V[Wi
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Table A.l continued

,

Q 6 Ad°Pted < B-V V-I %c
Notesd

(1950) (1950) Sp. Type

464 8:39:03.8 19:52:08 G2 V 11.06 0.73
466 8:39:06.4 20:17:12 K4 V 13.25 1.00
472 8:39:19.9 19:27:24 Kl V 12.19 1.03
473 8:39:20.8 19:23:35 K6 V 13.73 1.20
474 8:39:21.3 19:26:50 K5 V 13.52 1.22
478* 8:39:24.2 20:16:19 K7 V 14.10 1.47
482 8:39:28.6 19:19:52 K5 V 13.51 1.24
486 8:39:40.6 19:34:34 G2 V 11.06 0.67
493 8:39:44.6 20:19:20 K6 V 13.88 1.23
516 ;3:40:14.7 19:58:19 K5 V 13.67 1.25
520*13:40:16.3 19:53:37 K4 V 13.32 1.21
526 )3:40:22.9 20:14:46 K5 V 13.58 1.15
531 13:40:28.2 19:56:59 GO V 10.83 0.62
554 I3:40:59.7 20:05:41 K7 V 14.09 1.50
556 I3:41:04.8 19:54:24 K4 V 13.26 1.06

99

79

89

99

97

98

97

97

98

98

96

97

97

92

97

G5V[SS]

* Spectrum plotted in Figure A.3

a ID numbers from Jones and Stauffer (1991).

b BVI photometry from Jones and Stauffer (1991).

c Probability of membership from Jones and Stauffer (1991).
d Previously published spectral types from:

[Ab]=Abt (1986), [Ba]=Barbier (1963),

[BB]=Boesgaard and Budge (1988), [Bi]=Bidelman (1956), [Bo]=Bolte (1991),
[CB]=Crawford and Barnes (1969), [CGa]=Corbally and Garrison (1986),
[CGb]=Corbally and Garrison (1983), [Jo]=Johnson (1952), [Po]=Popper' (1948),
[Re]=Rebeirot (1966), [RS]=Randich and Schmitt (1994),

[SS]=Soderblom and Stauffer (1984), [St]=Stauffer (1982),

[Up]=Upgren et al. (1979), [Wi]=Wilson (1963).
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Table A. 2. Spectral Standards in M67

,°
,

6 Adopted < B-V V-I %c
Notes*

(1950) (1950) Sp. Type

471

611

621

711

724

744

746

748

752

753

771

777

779

785

795

799

801

807

810

814

820

829

853

943

945

951

955

958

8:47:37.6

8:47:54.5

8:47:49.2

8:48:09.2

8:48:22.6

8:48:03.1

8:48:09.3

8:48:15.6

8:48:19.5

8:48:08.2

8:48:14.9

8:48:03.9

8:48:12.5

8:48:15.7

8:48:18.8

8:48:11.5

8:48:21.6

8:48:02.1

8:48:10.1

8:48:17.4

8:48:12.8

8:48:14.2

8:48:12.0

8:48:44.7

8:48:39.9

8:48:26.8

8:48:31.9

8:48:30.3

11:52:09

11:57:51

12:00:17

11:42:36

11:47:15

11:54:10

11:54:56

11:55:24

11:56:19

11:56:19

12:00:13

12:00:57

12:01:10

12:02:29

12:03:42

12:04:11

12:04:27

12:05:46

12:06:31

12:07:32

12:08:06

12:10:55

12:19:41

11:49:49

11:50:10

11:51:08

11:51:47

11:52:26

F6 V
K0 V
Gl V
F5 V
G2 V
F9 V
GO V
G3 V
B9 V
G3 V
F6 V
G2 V
G3 V
G4 V
G5 V
G6 V
G6 V
F7 V
G7 V
G6 V
G6 V
GO V
F4 V
G5 V
G2 V
G3 V
G4 V
G2 V

13.660

15.550

14.490

13.340

14.570

14.190

14.380

14.632

11.320

14.693

13.557

14.630

14.700

14.823

14.997

15.100

15.094

13.690

15.160

15.080

15.040

14.300

13.270

14.960

14.528

14.704

14.860

14.540

0.580

0.750

0.630

0.650

0.680

0.580

0.709

0.829

0.290

0.632

0.554

0.620

0.720

0.698

0.741

0.830

0.721

0.620

0.920

0.760

0.840

0.650

0.650

0.759

0.665

0.718

0.700

0.660

0.800

0.874

0.379

0.778

0.684

0.818

0.852

0.898

0.784

96 1

76 1

87 1

96 1

93 1

79 1

94

89

99

93

96

85

93

87

93 1

85 1

88 2

62 2

82 1

87 2

97 1

71 1

75 1

77 1

91 1

98 1

74 1

96 1

Continued, next page.
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Table A. 2 continued

MOW noL c

Ad°Pted m
"

B "V VJ %C
Notes''

(1950) (1950) Sp. Type

yoo 8:48:40.7 11:54:24 G3 V
yoo 8:48:42.4 11:55:08 A2 V
y (o 8:48:32.2 11:55:50 F5 V
Q77*
if II o:48:27.7 11:56:39 B8 V
yoo o:48:27.5 11:57:10 G7 V
yy l o:4o:zo.8 11:57:34 G2 V
yyo 0 . A O . A A 1o:4o:44.3 11:58:07 G5 V

1 nm o.4o:z4.3 11:58:29 F0 V
1 nno1UUZ Q-A Q.OO 1o.4o:zo.l 11:58:32 G6 V
1UU4 o.4o:40.z 11:58:46 G5 V
1010 0.4o:4U. 1 11:59:21 G2 V
1 m o 8 -A c . on o

11:59:44 GO V
1 noo* 3:4o:oU.7 12:00:17 G9 V
1029 i3:48:37.5 12:00:20 G8 V
1032 !3:48:42.4 12:00:38 F5 V
1041 !3:48:41.9 12:01:13 G3 V
1050 13:48:34.1 12:01:37 F9 V
1057 I3:48:35.9 12:02:19 F9 V
1061 {3:48:29.5 12:02:35 F6 V
1065 i3:48:43.7 12:03:04 G3 V
1078 *3:48:43.3 12:04:20 F9 V
1079 {5:48:37.8 12:04:26 G8 V
1088 i5:48:32.4 12:05:32 F6 V
1089 J5:48:28.1 12:05:40 F9 V
1095 £!:48:24.9 12:08:17 G3 V
1096 81:48:28.8 12:08:18 G2 V
1106 £1:48:23.7 12:10:10 G4 V
1111 S1:48:23.8 12:12:23 F6 V

14.695 0.761 0.855 80 2

11.280 0.130 0.179 99 2

13.491 0.630 0.707 97 2

10.030 -0.07 - 99 i

15.141 0.878 0.852 62 2

14.564 0.684 0.796 91 2

14.972 0.891 0.995 91 2

12.440 0.980 99 1; F72.RG0171.SH7
15.107 0.777 0.883 60 2

14.928 0.759 0.810 89 2

14.516 0.737 0.874 88 2

14.335 0.807 0.997 91 2

15.377 0.848 0.897 66 2

15.214 0.793 0.881 72 2

13.480 0.573 0.700 98 2

14.718 0.729 0.832 83 2

14.292 0.658 0.779 84 2

14.303 0.675 0.758 81 2

13.626 0.568 0.687 97 2

14.645 0.800 0.873 77 2

14.174 0.656 0.733 97 2

15.267 0.818 0.868 63 2

13.549 0.621 0.701 97 2

14.199 0.666 0.717 91 2

14.650 0.700 88 1

14.540 0.740 94 1

14.880 0.680 91 1

13.660 0.540 97 1
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Table A. 2 continued

ID a
a Adopted B-V V-I % c

Notesd

(1950) (1950) Sp. Typ

1112 8:48:39.8 12:12:48 G6 V 15.030 0.810 92 1
1181 8:48:58.5 11:43:26 F3 V 13.090 0.730 - 99 l
1204 8:49:05.8 11:51:17 G3 V 14.650 0.900 - 83 1
1208 8:48:48.6 11:53:23 G2 V 14.600 0.840 - 92 1
1212 8:49:03.1 11:53:48 G8 V 15.320 0.782 0.899 83 2
1213 8:48:54.7 11:53:56 F8 V 14.114 0.600 0.716 98 2
1218 8:48:50.5 11:55:07 G2 V 14.590 0.684 0 754 97 2
1220 8:49:01.9 11:55:28 F5 V 13.371 0.572 0.648 99 2
1235 8:48:50.2 11:57:11 G5 V 14.980 0.877 0 951 87 2
1251 8:49:04.6 11:58:54 G4 V 14.790 0.750 0.851 81 2
1255 8:48:52.0 11:59:05 Gl V 14.486 0.666 0.774 94 2
1263* 8:48:48.5 12:00:10 AO V 11.060 0.190 0.262 99 2
1267 8:49:04.5 12:00:34 Al V 10.940 0.220 99 1

1269 8:48:57.8 12:00:56 G5 V 14.934 0.758 0.791 81 2
1284 8:48:50.2 12:02:28 B9 V 10.940 0.220 0.318 99 2
1289 8:48:46.2 12:02:40 G4 V 14.901 0.762 0 840 94 2
1307* 8:48:48.7 12:05:03 G7 V 15.167 0.807 0.870 80 2
1309 8:48:52.4 12:05:45 G7 V 15.158 0.832 0.866 86 2
1330 8:48:58.5 12:10:49 F9 V 14.140 0.630 82 1

1341 8:48:46.4 12:15:34 G4 V 14.740 0.680 - 94 1

1422 8:49:12.1 11:50:33 G2 V 14.580 0.780 86 1

1426 8:49:27.4 11:51:52 F9 V 14.250 0.620 - 91 1

1434 8:49:26.7 11:55:26 Al V 10.700 0.110 97 1

1441 8:49:18.7 11:57:23 F4 V 13.151 0.572 0.683 98 2

1452 8:49:19.4 11:59:08 G2 V 14.578 0.672 0.746 86 2

1461 8:49:23.8 12:01:10 F7 V 13.890 0.560 95 1

1473 8:49:12.1 12:04:55 G6 V 15.055 0.775 0.827 83 2
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Table A. 2 continued

ID" a 6

(1950) (1950) Sp. Type

Adopted B-V V-I % c
Not es

d

1477

1484

1491

1616

2211

2213

489

591

598

606

751

756

775

781

792

806

815

926

961

997*

1000*

1007*

1024*

1034

1045

1053

1069*

1076

8:49:09.1

8:49:09.1

8:49:13.8

8:49:31.3

8:49:24.4

3:48:27.9

3:47:32.1

3:47:58.0

3:47:50.4

3:47:52.1

3:48:03.6

3:48:19.2

5:48:17.4

5:48:16.9

5:48:11.5

5:48:16.0

!:48:10.2

5:48:42.1

!:48:25.5

1:48:35.8

1:48:39.7

1:48:41.3

:48:38.8

:48:34.4

:48:34.9

:48:29.5

:48:44.7

:48:31.6

12:05:38

12:07:36

12:12:19

12:04:22

11:59:30

11:59:43

12:05:02

11:48:08

11:51:11

11:54:33

11:56:07

11:57:04

12:00:50

12:01:27

12:03:30

12:05:48

12:07:45

11:44:18

11:53:02

11:58:18

11:58:33

11:58:52

12:00:07

12:00:39

12:01:23

12:01:55

12:03:18

12:04:16

G2 V
G2 V
F6 V
G2 V
F7 V
G4 V
G2 IV

G2 IV

GO IV

G8 IV

F7 IV

GO IV

GO IV

G2 IV

F9 IV

G5 IV

F8 IV

G4 IV

G2 IV

F5 IV

G4 IV

F9 IV

F7 IV

F9 IV

F9 IV

Gl IV

Gl IV

F9 IV

14.593

14.570

13.680

14.537

13.762

14.867

12.760

12.670

12.650

12.780

12.770

12.673

12.687

12.725

12.040

12.782

12.890

12.530

12.830

12.126

12.835

12.533

12.718

12.647

12.540

12.286

12.677

12.831

0.718

0.900

0.760

0.684

0.581

0.726

0.680

0.730

0.610

0.860

0.460

0.620

0.631

0.739

0.600

0.813

0.510

0.810

0.710

0.458

0.783

0.589

0.553

0.608

0.591

0.676

0.684

0.567

0.747 91

0.768

0.673

0.805

0.726

0.711

0.830

0.671

0.893

0.562

0.854

0.694

0.685

0.723

0.703

0.741

0.761

0.685

94

85

76

57

97

98

99

98

99

98

99

97

99

99

98

98

99

99

80

99

99

99

99

99

99

98

RG03

RG038

F4,RG079,SI-73

F16,RG0113,SI-41

F54,RGOll9,SI-25

F51,RGO254,SIV-60

F48,RG0252,SIV-59

F30,RGO334;SIV-76

F46,RG0411,SIV-812;

1

1; si-82

1; F79,RG087,SI-62

2; F124.RG0186

2; Fl44,RGOl95,SI-243

2; Fl49,RGO201

2; RG0283,SIII-4

2; F115.RG0278

2; F119,RG0279

2; F88,RG0267,SIV-236

2; Fl63,RGO370,SII-17

2
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Table A. 2 continued

ID a a 6

(1950) (1950) Sp. Type

Adopted m b

v B-V V-I %' Notesd

:48:36.6 12:04:43

1216 8:48:57.9 11:54:56 F8 IV 12 690 0 564 0 67. qq 9

F

;
IV[BB]

'
F0IV^

1231 8:48:45.3 11:56:45 K0 IV 2 4 9
'

s
2; F216,RGo142lSII-36

1245* 8:49:00.7 11:58:05 K0 IV \IZ nolo noln 11 ll^ZT'"
1270 8:49:05.0 12:01:02 F8 IV 12.729 0.577 0.704 99 2-™^
1271 8:48:50.2 12:01:02 FR TV loono n Ko„ « «2 1 J

^4i,RG03i 5

1285 8:49:04.2 12:02:31
1im B«C71 ionr,^ xT

U *764 98 2
'
F236.FtG0388,SIII-53

1310 8:48:57.1 12:05:47 F8 IV 12 7fin n .an n a^a on o ^
lQm OAnnA^ i„™ ^-fOU U.O«U 0.650 99 2; F216,RG0429,SIII-47
1319 8:49:04.6 12:08:10 K0 IV 12 950 OQ^n oo 1 »
!323 8:4^.2 12:09:14 G2 ,V I2S - |

™

™

1415 8:49:09.5 11:49:52 F8 IV ,2.7,0 n,vn _ „„ {. ££££££
2; F281,RG0154,SII-129

2; F255.RG0317

1; F262,RG0319,SIII-57

1; F248,RG0482,SIII-92

1; F252,SIII-114
1508 8:49:15.6 12:16:18 G2 IV 12.730 0.700 - 96 1

1589 8:49:34.7 11:54:45 GO IV 12.660 0.610 98 1; F287,RGOi56,sii-i39
2208 8:48:48.3 11:59:19 F5 IV 12.777 0.822 0.882 97 2; fi 8i,rgO208 sii-e

2212 8:48:46.5 12:00:31 F9 IV 12.725 0.587 0.704 99 2; fi74,rg0299,siim

1438* 8:49:27.3 11:56:58

1456 8:49:09.3 11:59:40

1463 8:49:12.0 12:01:34

1485 8:49:07.2 12:09:09

1506 8:49:08.5 12:15:38

989 8:48

1016*8:48

1040 8:48

F5 IV 11.250 0.410 0.529 99

F8 IV 12.690 0.564 0.675 99
K0 IV 12.934 0.917 0.972 98
K0 IV 12.934 0.919 0.940 98

F8 IV 12.729 0.577 0.704 99
F8 IV 12.909 0.534 0.665 9Q

Gl IV 12.505 0.663 0.764 98
F8 IV 12.760 0.580 0.650 99
K0 IV 12.950 0.950 - 99
G2 IV 12.890 0.720 99
F8 IV 12.710 0.570 99
G5 IV 12.889 0.817 0.870 98
F8 IV 12.705 0.575 0.663 99
K0 IV 12.910 1.000 98
F8 IV 12.870 0.550 98
F8 IV 12.730 0.570 98

G2 IV 12.730 0.700 96

GO IV 12.660 0.610 98

F5 IV 12.777 0.822 0.882 97

F9 IV 12.725 0.587 0.704 99

Kl III 11.240 1.100 1.070 98

Kl III 11.450 1.060 99

K2 III 10.300 1.260 1.230 98

G4 III 11.520 0.870 0.910 99

Kl III 10.590 1.120 1.090 98

721 8:48:05.7 11:46:24 Kl III 11.240 1.100 1.070 98 2; rgog
37.5 11:57:23 Kl III 11.450 1.060 99 1; F135.RG0192; K2ili[p0

]

33.0 11:59:33 K2 III 10.300 1.260 1.230 98 2; fio5 ,rgoi8o
;
K2III[bb]

39.7 12:01:07 G4 III 11.520 0.870 0.910 99 2; Fi43,RG0286
;

G8IV[BB],KOIII+[Po]

1074 8:48:28.5 12:03:59 Kl III 10.590 1.120 1.090 98 2; F84,RG035i

103



Table A. 2 continued

lJ}a a * Adopted m b

v B-V V-I %c
Notesd

(1950) (1950) Sp. Type

1084 8:48:42.0 12:05:09

1221 8:48:59.5 11:55:45

1237* 8:49:06.1 11:57:26

1254 8:49:01.0 11:59:04

1277 8:48:58.2 12:01:26

1279 8:48:44.9 12:01:51

1288 8:48:58.2 12:02:41

1293 8:48:55.2 12:03:04

1305 8:48:51.6 12:04:53

1316 8:48:59.7 12:08:01

1592 8:49:34.6 11:55:47

Kl III 10.480 1.100 -

Kl III 10.760 1.130 1.100

G8III 10.780 0.940 0.960

Kl III 11.520 1.050 -

Kl III 11.630 1.050 -

Kl III 10.550 1.120 1.090

Kl III 11.330 1.070 -

K0 III 12.094 1.007 1.016

K0 III 12.230 0.993 1.002

Kl III 10.580 1.100 1.080

K0 III 10.470 1.120 1.040

98 1; F151,RG0419;KOIII[BB]

99 2; F224,RGOl43;KlIII[BB]

98 2; F244,RG0227;

G8III-IV[BB]

99 1

98 1; F218,RG0312,SIII-32

99 2; Fl64,RG0295;KlIII[Po]

99 1; F217,RG0387,SIII-34

97 2; RG0385,SIII-35

99 2; F193.RG0426

99 2; F223.RG0478

97 2; F286,RG0155,SII-138

* Spectrum plotted in Figure A. 3.

a ID numbers after Sanders (1977).

b Probability of membership from Girard et al. (1989).

c Photometry references: 1=BV photometry from Girard et al. (1989),
2=BVI photometry from Montgomery et al. (1993).

d Identification cross-references: F=Fagerholm ID,

RGO=Royal Greenwich Observatory ID, S=Sandage ID.

e Previously published spectral types from: [BB]=Burbidge and Burbidge(1959),

[Pe]=Pesch (1967), [Po]=Popper (1954).
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Table A.3. Field Giants

ID 01 * Sp. Type
(1950) (1950)

SAO 30509 17:39:05.7 +56:53:46 K7III
HR 4371* 11:14:43.0 +02:17:08 MOIII
/?And 01:06:55.4 +35:21:21 MOIII
HR 4666* 12:13:37.5 +40:56:18 MO 5III
HR 4517* 11:43:17.3 +06:48:34 MlIII
HR 5150* 13:38:59.0 -08:27:05 Ml 5111
xPeg 00:12:00.7 +19:55:43 M2III
HR 5181* 13:44:41.9 -17:36:37 M2III
HR 5095* 13:29:21.7 -05:59:53 M2 5III
SAO 63349* 13:04:37.4 +31:22:22 M3III
HR 4362 11:12:32.8 +23:22:06 M3IIb
HR 5226* 13:49:58.2 +64:58:11 M3 5III
HR 8621 22:36:39.5 +56:32:08 M4III
HR 4532* 11:46:13.3 -26:28:17 M4III
HR 4267* 10:53:25.7 +06:27:09 M5.5III
BKVir* 12:27:48.1 +04:41:34 M7III

* Spectrum plotted in Figure A.

3
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Table A.4. Useful Spectral Features

A(A) Identification
Notes

Kef.

5847-6058

5893

6080-6390

6122

6162

6346,6382,6389

6497

6563

6651-6852

6750-7050

6867

7053-7270

7186

7749

7750-7861

7773

7834

7851-7973

7937

8195

8200

8206-8569

TiO

Nal

TiO

Cal

Cal

CaH
Ba II, Fe I, Ca

Ha
TiO

CaH

Telluric 0 2

TiO

Telluric H 20
Fe I

TiO

O I

Fe I

VO
Fe I

Na I

Telluric H 20
TiO

8498,8542,8662 Call

8807

8859-8937

Mg I

TiO

Late K through M.

Weak in B. Strength increases with
decreasing TefJ . Part Interstellar.

Mid K through M.

Weak in A-F. Strength increases with
decreasing Tejj

.

Weak in A. Strength increases with .

decreasing Teff . Stronger than A 6122.
Mid K through M

I F through M.

Useful relative to Ha.

Maximum at AO. Sometimes in emission in M.
Mid K through M.

Mid K through M.

Weaker in giants than in dwarfs.

Mid K through M.

K dwarfs.

M stars.

Strong in A. Absent by late F.

K dwarfs.

M stars.

K dwarfs.

Strongest in late F, but difficult to

distinguish from telluric H 20 at A 8200.

M stars.

Maximum at mid K.

Stronger in giants than in dwarfs.

Seen in all.

Late M.

1

1

1

1

1

1,2

1,2

1,2

1,2

1,2

1,2

1

1,2

1

1

1,2

1

1,2

1,2

1,2

1,2

1,2

1 Torres-Dodgen k Weaver 1993

2 Kirkpatrick et al. 1991
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Appendix B

Photometric and Spectroscopic Data in L1641

We present relevant data in tabular form for stars in the spectroscopic sample.
For each of the fonr regions surveyed, two tables are shown: one containing source
designations (adopted from our spectroscopic survey), positions, and optical and
near-infrared photometry, and the other containing derived quantities. Sources

whose spectra show Can in emission are noted.



Table B.l. L1641 North: Optical and Near-Infrared Photomet

ID Q ^ R I

(1950) (1950)

58 5:32:51.54 -6:26:31.0 14.29 13 07
70 5:32:51.55 -6:34:16.5 14.62 13.33

191 5:32:52.00 -6:26:23.1 17.62 15.56
137 5:32:52.74 -6:29:18.2 16.50 14.73
95 5:32:53.08 -6:26:07.0 15.33 14 94

709 5:32:54.53 -6:20:14.9 16.64 17.89
65 5:32:56.05 -6:22:36.0 14.12 13.18

108 5:32:57.39 -6:35:33.6 15.73 14.38
54 5:32:57.41 -6:30:16.6 14.62 12.96

210 5:32:58.21 -6:29:39.4 17.57 15.94
225 5:32:58.26 -6:34:55.1 17.51 16.14
148 5:32:58.30 -6:30:32.7 16.73 14.84
222 5:32:58.40 -6:25:34.0 17.63 16.10
97 5:32:59.41 -6:25:11.0 15.57 14.07
69 5:33:00.22 -6:21:01.2 14.71 13.24
61 5:33:00.60 -6:28:39.6 14.11 13.18
57 5:33:00.83 -6:21:34.0 14.18 12.84

121 5:33:02.81 -6:18:21.5 16.12 14.09
25 5:33:08.46 -6:23:42.8

68 5:33:10.42 -6:18:22.2 14.06 13.12
145 5:33:12.30 -6:25:34.2 16.41 14.81
102 5:33:13.55 -6:34:01.9 15.60 14.27
44 5:33:14.73 -6:24:36.1 13.62 12.38
80 5:33:16.68 -6:36:42.4

60 5:33:20.98 -6:31:00.6 14.54 12.73

106 5:33:21.19 -6:35:13.5 15.71 14.26
1 5:33:21.26 -6:33:21.7

98 5:33:21.33 -6:23:26.6 15.39 14.12

100 5:33:21.90 -6:19:49.7 15.60 14.18

126 5:33:21.99 -6:19:26.5 16.23 14.52

H K

11.69 10.88 10.40

12.14 11.46 11.22

13.68 13.05 12.65

13.23 12.53 12.09

12.91 12.19 11.92

16.11 15.30 14.19

12.51 11.48 11.34

12.67 11.85 11.49

11.58 10.87 10.60

14.66 13.95 13.66

14.67 13.78 13.35

13.23 12.59 12.26

14.84 14.20 13.90

12.84 12.10 11.86

11.69 10.80 10.48

12.22 11.52 11.32

11.28 10.49 10.09

11.59 10.66 10.27

9.64 9.28 9.19

11.99 11.32 11.11

13.48 12.78 12.52

12.66 11.73 11.35

11.02 10.26 9.85

13.67 12.84 12.41

11.31 10.65 10.32

12.99 12.31 12.03

11.06 10.45 10.32

12.73 11.92 11.32

12.95 12.24 12.00

13.11 12.39 12.11

Continued, next page.
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Table B.l continued

ID a 6

(1950) (1950)

116 5:33:24.13 -6:35:25.6
89 5:33:24.44 -6:35:07.6

46 5:33:29.19 -6:17:46.0
73 5:33:30.40 -6:25:44.5

93 5:33:30.88 -6:17:27.5

53 5:33:31.05 -6:18:25.4
172 5:33:31.69 -6:16:41.1

43 5:33:32.77 -6:18:17.8

7 5:33:33.33 -6:17:56.1

125 5:33:33.99 -6:25:36.8

161 5:33:34.06 -6:18:08.0

77 5:33:34.67 -6:17:21.0

118 5:33:34.82 -6:26:56.9

20 5:33:37.86 -6:22:33.0

31 5:33:37.86 -6:22:33.4

136 5:33:38.26 -6:36:28.0

52 5:33:38.89 -6:31:21.1

63 5:33:38.91 -6:27:14.4

66 5:33:40.20 -6:16:14.9

143 5:33:40.44 -6:33:31.6

76 5:33:40.51 -6:34:05.8

62 5:33:40.56 -6:20:42.3

132 5:33:42.05 -6:26:26.5

71 5:33:42.95 -6:18:59.6

56 5:33:43.11 -6:20:25.0

244 5:33:43.24 -6:26:22.3

236 5:33:43.81 -6:20:43.5

49 5:33:44.07 -6:21:50.2

59 5:33:44.77 -6:35:36.0

128 5:33:46.31 -6:25:28.0

733 5:33:46.50 -6:25:23.0

112 5:33:46.89 -6:27:29.3

R I H K

16.21 14.45 13.99 13.41 13.17
15.39 13.91 12.65 12.10 11.77
12.77 12.36 11.93 11.58 11.47

12.71 12.13 11.98
15.25 13.98 12.69 11.91 11.44
14.30 12.85 11.66 1 1 .22 10.80
16.88 15.13 13.46 13.03 12.60

8.59 8.56 8.18
12.86 11.89 10.59 10.10 9.41
16.29 14.57 13.06 12.48 12.23
16.28 14.95 13.66 13.06 12.89
14.62 13.49 12.13 11.50 10.89
16.07 14.53 13.15 12.55 12.14

9.88 9.73 9.64

9.88 9.73 9.64
16.23 14.70 14.37 13.81 13.55

13.81 12.90 11.82 10.91 10.26

14.25 13.09 11.85 11.21 10.94

13.95 12.88 11.21 10.63 9.75

16.35 14.76 13.53 12.81 12.55

14.83 13.52 11.54 10.31 9.49

14.89 13.11 11.48 11.05 10.52

16.89 14.73 12.77 12.17 11.79

14.69 13.35 12.08 11.58 11.09

14.18 12.99 11.77 11.30 10.85

18.25 16.44 14.63 14.05 13.68

17.82 16.33 14.28 13.42 12.94

13.26 12.56 11.74 11.08 10.90

14.50 13.11 12.76 12.10 11.82

16.42 14.51 12.66 11.73 11.27

15.33 13.52 11.35 10.29 9.79

15.86 14.42 13.14 12.57 12.25

J 09



Table B.l continued

ID a 6 R
(1950) (1950)

H K

36 5:33:47.24 -6:29:19.3 12.75 12.32 11.76 11 38 11 27

1 1
:19:25 - 2 12 -94 12 - 15 ".2 Jo.!

8

I

:

11 5:33:48.93 -6:25:43.7
9 .80 g 5g g

82 5:33:49.24 -6:19:27.2 14.54 13.68 12.53 1 7 1

'

111 5:33:49.40 -6:16:39.0 15.75 14.33 13.04 12.34 12 14
83 5:33:51.50 -6:30:24.3 15.21 13.90 12.59 11.90 11 68
64 5:33:52.13 -6:22:26.7 14.23 13.26 12.23 11 54 11*14
157 5:33:52.56 -6:23:52.1 16.40 16.44 13.68 12 99 12 20
74 5:33:53.65 -6:33:07.0 14.67 13.54 12.57 11 82 11 62

113 5:33:54.69 -6:19:05.0 16.21 14.37 12.80 12 25 11 97
47 5:33:54.74 -6:32:57.7 13.33 12.49 11.67 10 96 10*79

265 5:33:55.57 -6:25:17.7 19.48 16.56 13.18 11 40 10 16
124 5:33:55.59 -6:27:49.7 15.69 14.33 12.14 11.00 10 10
174 5:33:55.69 -6:29:17.6 16.59 15.14 13.82 13 32 13 04
21 5:33:56.17 -6:28:48.1 8 . 78 8 .28 7 M

129 5:33:56.89 -6:21:25.2 16.29 14.72 13.38 12 77 12 45
285 5:33:57.53 -6:24:58.9 16.68 15.43 13.33 11 95 10 46
154 5:33:57.98 -6:33:37.0 13.66 12.98 12 62

9 5:33:58.58 -6:19:20.0 9.17 8 51 8 2 \

214 5:33:59.83 -6:26:38.6 17.66 16.09 14.86 13^60 12 74
293 5:33:59.84 -6:28:02.9 19.74 17.03 14.25 13.62 13 14
42 5:34:00.46 -6:28:16.2 13.68 12.48 11.11 10.35 10 05

267 5:34:00.69 -6:22:54.9 15.68 14.90 15 18
140 5:34:02.98 -6:17:32.4 16.46 14.71 13.33 12.73 12.53
72 5:34:03.79 -6:24:57.0 14.51 13.46 12.61 11.44 10.58

142 5:34:03.87 -6:36:38.1 16.10 14.76 14.59 14.01 13.71
273 5:34:04.20 -6:25:43.4 15.10 14.52 14.41

206 5:34:04.31 -6:31:53.8 17.66 15.83 14.59 14.05 13.71

739 5:34:04.70 -6:29:01.0 8.61 8.46 8.34

187 5:34:05.98 -6:29:28.4 17.14 15.44 14.01 13.36 12.98

2 5:34:06.01 -6:21:06.6 11.34 10.57 10.04

6 5:34:06.19 -6:32:01.7 11.71 11.23 11.19
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Table B.l continued

ID a 6 RIV T
1 J

(1950) (1950)

55 5:34:06.25 -6:33:21.6 14.72 13.01 10.84
103 5:34:06.90 -6:35:46.5 15.52 14.27 13.67
119 5:34:10.09 -6:16:11.7 15.75 14.32 13.00
78 5:34:10.82 -6:35:10.6 14.71 13.59 13.74

258 5:34:11.07 -6:17:54.1 18.67 16.51 14.58
127 5:34:11.22 -6:35:55.7 15.79 14.62 14.14
170 5:34:11.75 -6:26:11.6 16.82 15.15 13.77
51 5:34:14.51 -6:31:55.4 13.77 12.82 11.93
67 5:34:15.25 -6:35:46.4 11.90

220 5:34:15.63 -6:22:31.6 17.65 15.64 13.99
147 5:34:17.34 -6:17:14.4 16.21 14.53 13.08
205 5:34:18.52 -6:17:50.6 17.48 15.65 14.08
155 5:34:18.73 -6:30:57.9 16.61 14.97 13.68
81 5:34:18.99 -6:29:55.3 15.28 13.68 12.28

H K

9.68 9.21

13.07 12.77

12.07

12.51 11.31

14.10 13.61

13.55 13.24

13.18 12.94

11.22 10.93

11.01 10.32

13.44 13.08

12.47 12.11

13.45 13.14

13.10 12.77

11.59 11.30
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Table B.2. L1641 North: Effective Temperatures and Luminosities

ID Sp. Type loe-fTpff)ov * en ) A T /T VV(Ha) Notes

58 M2 1 ^AA U.4U -0.04 24
70 M2.5 1 K'iAo.0o4 U.zl -0.26

191 M3.5 ^ ^1 9 o.4y -0.56
137 M4 4Q8 U.oo -0.67 80
95 M2.5 0.004 n in

u.iy -0.57
709 E
65 K7 o.uuz 1 noi.uy -0.24

...

108 F8 } 7Q9 H 710.(1 0.53

...

54 M3.5 3 ^19 u.yo O.Oz
210 M3.5 O.O 1 z n siU.oo 59
225 K7 ^ nT)9o.uuz 7QO. I O -0.83
148 M5 3 477 u.u. -U. (0 13
222 M3 3 ^9^ 1 nni .uu -l.ZO
97 M3 3 544 n 7Qu. (

y

-U.4o ...

69 M2 3 ^44 1 SQi .oy 0.1/ ...

61 MO 3 ^sn U. lo n ir
u.io

57 M2.5 3 ^14 n aqu.iy U.ll 10
121 M5 3 477 U. I u -U.U4 1 A

14
25 F7 3 799 n 71U. 1 o 1191.1Z ...

68 MO 3 580 n iqu. ly -U.IO

145 M3 3.525 1 41 U.Do

102 K3 3.675 5.24 0.19

44 Ml 3.562 1.37 0.35 14
80 M0.5 3.571 1.27 -0.31

60 M4 3.498 1.13 0.12

106 M2.5 3.534 1.18

1 K3 3.675 0.64 0.34

98 M4 3.498 0.0: -0.56 30 Ca II

100 M2 3.544 1.59 -0.42 10

126 M4 3.498 0.53 -0.66 11

Continued, next page.
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Table B.2 continued

ap. lype MTeff) Av L/L© W(Ha)

116 M4 3.498 0.81 -0.58
89 M3.5 3.512 0.0: -0.58

...

46 G7 3.735 0.33 0.06
73 K5 3.643 0.0: -0.44
93 M3 3.525 0.0: -0.52 60
53 M3 3.525 0.49 -0.05

172 M6 3.447 0.0: -0.88 13
43 B6 4.114 0.91 2.40
7 MO 3.580 0.36 0.43 20

125 M4 3.498 0.60 -0.63
161 M3 3.525 0.0: -0.90
77 Ml 3.562 0.68 -0.17 120

118 M3.5 3.512 0.25 -0.69 45
20 F5 3.809 0.0: 0.98
31 A5 3.984 0.64 1.45

136 M3 3.525 1.00 -0.68

52 MO 3.580 0.0: -0.10 14
63 M1.5 3.553 0.49 -0.08

66 MO 3.580 1.04 0.25 22/40
143 M3.5 3.512 0.59 -0.81

76 K5 3.643 4.80 0.54 18
62 M4.5 3.488 0.09 -0.06 10

132 M6 3.447 0.0: -0.61 17
71 M2.5 3.534 0.50 -0.20

56 M2 3.544 0.16 -0.10

244 M4.5 3.488 0.25 -1.31 188
236 K5 3.643 5.98 -0.43 13
49 K3 3.675 1.26 0.13

59 M3 3.525 0.12 -0.13

128 M5 3.477 0.0: -0.56 36
733 M2: 3.544 4.06 0.48

112 M3 3.525 0.41 -0.65

Notes

Ca II
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Table B.2 continued

ID Sp. Type log(Teff) Av L/T,^ VV ^ilOj

36 G6 O. 1 ou

=====

U.04 0.16
15 K5 3 64^ J..Do 0.36 11
11 F7 ^ 7QQ n n.U.U. 0.98
82 K7 3 602 U.OO -U.ol
111

83

M2.5 3 534 n qa -U.54 63/105
M2.5 3 534 o toU.OZ -U.4o

64 MO 3 580 u.4u -U./2

...

75
157 M3 1 ^9^ U.U. A A 1-0.91
74 M0.5 3.571 1 03 U.OU

...

113 M5 3.477 U.U. -U.Dl 14
47 K3 3.675 9 91Z.Z± n oft

265 Ml 3.562 1 1 8Q n finU.UU 10
124 K7 3.602 3 fi^ n 1

7

U.l 1 71

...

174 M3 3.525 n qi-u.y i

21 KO 3.720 1 to1 .ou ...

129 M3.5 3.512 0 4^ n 7fi-u. / o
285 E oo clib
154 M4.5 3.488 "U.OO ...

9 Kl 3.706 9 97 1 TOl.OZ ...

214 Ml 3.562 1 47 n Q7-u.y <

293 M3.5III 3.544 7 ^ "U.OU 1 c\

42 M0.5 3.571 1 47 n ttU.OO
267 M3 3.525 1.45 -1 w-L .OU 1 ^10
140 M4 3.498 0 79 -fl 79U. 1 z

72 M0.5 3.571 0.57 -0.37 13
142 M2.5 3.534 0.50 -0.81

273 M4.5 3.488 0.0: -1.52

206 M4 3.498 1.24 -1.17

739 B8 4,041 1.82 2.25

187 M4 3.498 0.43 -1.03

2 G8 3.729 3.73 0.64

6 G6 3.750 1.27 0.25

Notes

Ca II

Ca II
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Table B.2 continued

ID Sp. Type log(Teff ) Av L/L© W(Ha)

55 K5III 3.643 7.31 1.09
103 G4 3.763 5.81 0.37
119 M3 3.525 0.35 -0.60
78 K8 3.602 2.19 -0.22 110

258 MO 3.580 7.82 -0.38
127 K3 3.675 4.25 -0.11

170 M3.5 3.512 1.05 -0.85
51 MO 3.580 0.23 -0.12
67 MO 3.580 1.82 0.46 148

220 M6 3.447 0.0: -1.09 17
147 M4 3.498 0.28 -0.67 10
205 M4.5 3.488 0.36 -1.07

155 M3.5 3.512 0.87 -0.83

81 M3.5 3.512 0.61 -0.30 12

Notes

Ca II
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Table B.3. L1641 South: Optical and Near- Infrared Photo.net

ID Of AV T)
I J

(1950) ^iyou
)

qy o.oy. iz. 15 -8:08:31.6 11.90
fi1 o.oy. 14.oy -8:03:57.6 13.04
127 o.oy. ly.Zo -8:08:01.4 14.74
92 o.oy.zu.oy -8:06:02.6 13.21
147111 o.oy.zo.yo -8:05:28.5 14.62

o.oy.zo.o ( -8:01:55.5 9.43
52 'vlQ-OQ A1o.oy .zy.4o -8:08:55.9 11.77

1 1Q-I- J- Z) o.oy .ou.ol -8:00:35.7 12.40
41 o.oy.o / .lo -8:07:51.3 13.40

1 in-LOU ^•°.Q-Q7 OCo.oy.o i .Zo -8:08:15.4 13.01
o.oy.fn.z4 -o:Uz:z7.9 13.27

35^ o.oy .<±o.uu -8:0o:46.9 19.43 17.25 14.34
cr1Q , 4'? 00 -8.04:19.4 12.12 11.70 10.91

173 ft .no . C7 o-8.U8:o < .o 18.04 16.08 13.90
171 ft.no.o7-8.0z:z7.0 17.89 16.16 14.28

5 ^•10-47 90u.oy .^t ( .oy fi.nn.o7 a-o.uy:z i

A

13.17 12.39 11.15
37 vlQ-47 AA -8:0o:58.4 14.85 12.75 9.62
107 ^•IQ-Afi 1 fto.oy.^ro.io 8,(17. 117

17.10 15.58 13.10
23^ ^•10-40 1Ao.oy .iy . o'i ft. 1 1 .OO 7-8.11:zo.7 18.66 16.64 13.99

^•10-^1 07o.oy.oi.z / -8:0 < :4o.4 14.53 13.29 11.21

o.oy.oi.oz -8:08:o8.7 14.72 14.03 13.04
154 o.oy .oo.od -o.u8.oi.y 17.69 15.94 14.09
14 5:39:53.39 -8:05:04.4 14.15 13.30 12.06
53 5:39:53.45 -8:09:16.5 15.68 14.75 13.60
19 5:39:53.92 -8:09:32.7 14.33 13.42 11.97
84 5:39:54.46 -8:05:33.2 16.63 15.16 13.25
162 5:39:54.50 -8:08:50.9 17.82 16.12 14.02

7 5:39:55.28 -8:07:28.9 12.37 11.39 9.76
179 5:39:55.32 -8:06:29.1 17.93 16.18 13.76
220 5:39:57.13 -8:08:09.2 18.45 16.48 13.81

H K

11.23

12.43

14.14

12.33

14.02

8.68

10.79

11.16

12.82

12.27

12.46

13.54

10.47

13.29

13.61

10.56

8.39

12.01

13.02

10.33

12.39

13.32

11.46

12.98

11.27

12.56

13.31

9.27

12.83

12.76

11.07

12.21

13.66

11.99

13.55

7.98

10.34

10.34

12.69

11.86

12.07

12.92

10.34

12.87

13.21

10.32

7.69

11.50

12.16

9.90

12.25

12.94

11.19

12.80

11.02

12.27

12.87

8.91

12.43

12.26

Continued, next page.
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Table B.3 continued

ID Q

(1950)

6

(1950)

R H K

33

110

43

422

21

44

13

108

305

69

272

68

142

172

35

114

46

12

201

47

82

137

174

60

169

195

155

3

59

202

182

250

5:39:57.38

5:39:59.45

5:39:59.78

5:40:00.03

5:40:00.33

5:40:01.18

5:40:01.28

5:40:01.29

5:40:02.55

5:40:02.80

5:40:03.37

5:40:03.44

5:40:03.64

5:40:04.12

5:40:04.52

5:40:05.58

5:40:05.99

5:40:06.24

5:40:06.31

5:40:06.40

5:40:06.78

5:40:07.03

5:40:07.35

5:40:08.24

5:40:08.45

5:40:08.51

5:40:08.55

5:40:09.48

5:40:09.86

5:40:10.01

5:40:11.11

5:40:11.22

-8:09:51.3

-8:10:31.7

-8:11:07.3

-8:08:14.1

-8:06:28.2

-8:11:39.3

-8:09:58.6

-8:11:16.7

-8:08:28.4

-8:10:38.2

-8:12:25.0

-8:11:13.7

-8:09:47.6

-8:13:07.7

-8:10:33.4

•8:08:47.2

8:11:39.3

8:10:35.8

8:07:10.6

8:08:31.5

8:07:59.0

8:03:56.1

8:09:43.6

8:08:44.8

8:03:15.6

8:11:28.6

8:08:25.4

3:08:35.8

3:11:20.5

3:03:32.7

3:08:39.2

3:10:10.7

14.52

16.94

15.07

19.91

14.28

15.08

13.74

18.20

19.52

16.03

19.13

16.26

17.59

18.36

14.75

17.18

15.39

11.66

18.33

15.51

16.94

17.46

18.07

16.10

17.81

18.23

17.40

10.47

15.83

18.26

18.18

18.92

13.56

15.26

13.91

17.87

13.18

13.95

12.73

16.45

17.30

14.71

16.99

14.84

15.90

16.70

13.65

15.54

14.30

10.76

16.48

13.97

15.27

15.66

15.94

14.63

16.44

16.28

15.59

9.94

14.40

16.35

16.36

16.94

12.09

13.21

12.11

14.89

11.98

12.20

11.11

13.71

14.93

13.27

14.64

12.80

13.60

15.02

11.87

13.27

12.70

9.38

14.44

11.76

13.05

13.63

13.23

12.46

15.03

13.97

13.25

9.28

12.05

14.16

14.12

13.76

11.37

12.25

11.34

13.94

11.33

11.41

10.52

12.55

13.97

12.83

13.87

11.94

12.55

14.45

11.12

12.27

11.97

8.81

13.73

10.83

12.22

13.02

12.18

11.54

14.75

13.10

12.48

9.10

11.05

13.50

13.37

12.56

11.04

11.49

10.97

13.23

11.07

11.15

10.21

11.73

13.46

12.54

13.60

11.23

12.10

14.16

10.81

11.84

11.71

8.52

13.37

10.41

11.57

12.68

11.62

11.15

14.10

12.74

12.05

8.95

10.65

13.10

13.02

12.04
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ID

Table B.3 continued

a 6 R I

(1950) (1950)
H K

4 5:40:11.46 -8:09:02.5 12.75 11.92 10.64 10 20 9 95
372 5:40:12.25 -8:11:38.4 19.71 17.58 14.70 4 15

8 5:40:13.90 -8:18:23.3 ... 13 35 ^ 47
'

76 5:40:15.76 -8:06:33.4 16.25 15.27 13.53 12 97 12 65
144 5:40:15.81 -8:06:28.0 16.90 15.53 13.44 nil 250
273 5:40:16.41 -8:02:41.4 18.85 17.89 16.39 15.62 16 43
86 5:40:17.62 -8:02:35.2 16.51 15.52 14.04 13 49 13 25
39 5:40:17.90 -8:04:52.1 14.87 14.02 12.69 12 20 12 01
164 5:40:18.06 -8:16:35.5 14.87 14.03 13.42 12 46 11 71

2 5:40:18.10 -8:07:41.6 10.71 10.39 9.95 9 79 9*70

50 5:40:19.15 -8:07:59.8 15.53 14.47 13.29 12 73 12 52
49 5:40:19.89 -8:07:46.3 15.86 14.61 12.80 11 95 11 29
153 5:40:20.14 -8:02:39.0 17.62 16.78 15.39 14.85 15 08
16 5:40:21.34 -8:09:17.9 14.14 13.60 12.75 12 19 12 04
1 5:40:21.53 -8:06:34.7 10.69 10.40 9.96 9 81 9 69

64 5:40:21.64 -8:05:00.3 16.02 15.17 14.07 13 51 13 i 8
112 5:40:21.80 -8:03:00.3 17.04 16.09 14.76 14 11 14 03
88 5:40:22.95 -8:07:16.9 17.08 15.50 13.56 12 81 12 47
65 5:40:23.02 -8:03:21.2 15.88 14.95 13.56 13.12 12 80
126 5:40:23.17 -8:05:25.2 17.28 15.73 13.71 12.95 12 63
79 5:40:23.37 -8:03:35.7 16.34 15.39 13.80 13 25 12 94

122 5:40:23.90 -8:10:02.7 17.36 15.66 13.66 12.84 12 49
73 5:40:24.00 -8:03:26.4 16.25 15.35 13.89 13.45 13.25

143 5:40:24.01 -8:07:16.8 17.73 15.95 14.02 13.32 12.97
38 5:40:24.89 -8:08:22.7 15.19 13.85 12.02 11.32 10.98
32 5:40:25.74 -8:09:38.7 14.69 13.83 12.41 11.77 11 52
48 5:40:26.10 -8:02:18.3 15.33 14.27 13.03 12.49 12.26
63 5:40:27.10 -8:05:20.6 15.97 15.17 13.90 13.23 13.13
58 5:40:27.34 -8:08:37.0 15.86 14.49 12.80 12.12 11.79
134 5:40:27.46 -8:09:00.7 17.53 16.26 14.70 13.66 12.98

109 5:40:27.65 -8:07:58.9 16.98 15.50 13.83 13.23 12.87

193 5:40:28.13 -8:10:14.4 18.40 16.46 14.31 13.80 13.30
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Table B.3 continued

ID a 6 R I

(1950) (1950)

24 5:40:30.49 -8:06:20.9 14.37 13.43
22 5:40:31.03 -8:03:53.4 10.76 10.45
93 5:40:31.77 -8:05:41.4 16.79 15.79

138 5:40:33.03 -8:06:24.9 17.58 16.09
106 5:40:34.02 -8:02:20.6 15.53 14.57
56 5:40:34.65 -8:04:43.3 15.91 14.99
54 5:40:34.98 -8:10:42.5 15.98 14.82
51 5:40:36.12 -8:03:52.7 15.45 14.33
29 5:40:36.45 -8:09:59.6

25 5:40:37.53 -8:06:09.2

81 5:40:40.43 -8:02:24.5

42 5:40:41.60 -8:09:15.2

125 5:40:44.38 8:12:50.8

J H K

12.14 11.40 11.22

10.04 9.85 9.77

14.29 13.52 13.48

14.65 14.01 13.81

12.98 12.08 11.28

13.55 12.86 12.59

12.95 12.10 11.50

12.52 11.61 11.31

12.29 11.66 11.41

12.05 11.12 10.51

14.00 13.55 13.18

12.05 11.48 11.19

14.48 13.48 12.83
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Table B.4. L1641 South: Effective Temperatures and Luminos,ties

ID Sp. Type log(Teff ) Av L/Ln vv^naj iNotes

9 K7 3.602 0 1fi n 1 n-u.iu
61 M1.5 3.553 u.u. -U.OZ

•••

127 M2 3.544 -l.oU

•••

92 MO 3.580 -U.4D

• ••

147 M2.5 3.535 1 97
—

18 K5 3.643 1.30 1 m 1 O /~1 TT
18 Ca II

52 MO 3.580 2 87 u.zz
119 K8 3.591 5 34
41 K7 3.602 0.0: -0 79U. 1 z
130 M5 3.477 1.08 -0 56
90 M2 3.544 1.44

• • •

355 M6 3.447 0.0: -1 9fi

• * • • .

.

6 K3 3.675 0.0: n 9s
173 M4 3.498 2.06 -0 81

171 M3 3.525 2.25 -0 91

5 K4 3.662 1.74 0.39

...

37 Mill 3.544 5.91 1.37
107 K5 3.643 6.14 0.06

...

235 M3 3.525 4.06 -0.60 ou.
30 K3 3.675 4.76 0.72
34 K5 3.643 0.95 -0.47

...

154 K8III 3.591 5.68 -0.40

14 K8 3.591 0.11 -0.18

53 MO 3.580 0.10 -0.81

19 K5 3.643 2.28 0.10

84 M2 3.544 1.92 -0.50

162 Ml.

5

3.553 3.88 -0.60

7 AO 4.000 6.19 2.09

179 M2.5 3.534 3.06 -0.60

220 Ml 3.562 5.94 -0.29

Continued, next page.
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Table B.4 continued

ID Sp.Type log(Teff ) Av L/L0 W(Ho) Notes

33

110

43

422

21

44

13

108

305

69

272

68

142

172

35

114

46

12

201

47

82

137

174

60

169

195

155

3

59

202

182

250

K8
M2
K5

M1.5

Ml
MO
G6
K8

M3.5

M2.5

M3
Ml
MO

M2.5

K5
K6

MO
B5

M3.5

Ml
M3.5

M3.5

M2
K6

M2.5

M1.5

M4
B5

K7
M4
M3
M0

3.591

3.544

3.643

3.553

3.562

3.580

3.750

3.602

3.512

3.535

3.525

3.562

3.580

3.534

3.643

3.622

3.580

4.176

3.512

3.562

3.511

3.511

3.544

3.622

3.535

3.553

3.498

4.176

3.602

3.498

3.525

3.580

0.74

3.25

3.91

6.00

0.46

1.39

4.04

6.13

4.50

0.40

4.81

2.50

4.88

2.50

3.53

6.19

1.09

6.32

2.19

3.23

1.06

1.89

6.06

5.13

0.66

5.44

1.13

4.05

4.14

1.75

2.81

6.69

-0.12

-0.35

0.22

-0.72

-0.14

-0.11

0.79

-0.19

-0.95

-0.69

-0.78

-0.25

-0.30

-1.17

0.28

-0.00

-0.34

2.74

-1.00

0.25

-0.56

-0.71

-0.06

0.21

-1.36

-0.41

-0.65

2.54

0.27

-0.95

-0.79

-0.17

100

65

27

134 Ca II

30

15:

48
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Table B.4 continued

ID Sp. Type log(Teff ) Av L/L0 W(Ha) Notes

A AO 4.000 5.28 1.64
379 Mo 3.525 4.75 -0.82

8O J) cDO 4.176 8.84 1.42
7fi vj4 3.754 4.00 -0.16

144 A/TO 3.544 1.31 -0.64
971 MU 3.580 0.31 -1.90
£fi vj4 3.754 4.07 -0.36
3Q r o 3.809 3.75 0.25

1 fid Ml 3.562 0.0: -0.88
o ad 3.903 1.19 1.45

Ml 3.562 0.25 -0.68
49 1V10 0 CO c:o.ozo 0.0: -0.64
153 IVl 1 3.562 0.0: -1.67
Ifi J\ 1 3.706 0.67 -0.28

1X A n 4.UUU 1.85 1.55
64 V9.IVO 0.591 0.03 -0.99

119 r y 3.785 4.13 -0.60

IVlZ Q C A AO.044 2.63 -0.55

H9 o. <6o 3.80 -0.18

1 2fi 1V1Z.0 o.5o4 l.ol -0.72

79 K6 3.622 1.88 -0.67

122 M1.5 3.553 3.88 -0.45

73 Kl 3.706 3.06 -0.48

143 Ml 3.562 4.75 -0.50

38 Ml 3.562 1.98 0.01

32 K5 3.643 2.08 -0.10

48 Ml 3.562 0.24 -0.58

63 K5 3.643 1.64 -0.74

58 M2.5 3.535 0.69 -0.47

134 Ml 3.562 1.52 -1.11

109 Ml 3.562 2.85 -0.62

193 M5 3.477 0.19 -1.20

36:

12:

28:

220 Ca II

76

24:

340 Ca II
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Table B.4 continued

Sp- Type log(Teff ) Av L/L0 W(Ha) Notes

24 G4 3.754 3.79 0.37
22 F4 3.819 0.42 0.99
93 G6 3.750 3.99 -0.49

138 M2.5 3.534 1.44 -1.13
106 M0.5 3.571 0.01 -0.57 100 Ca II
56 G5 3.760 3.60 -0.23

54 Ml 3.562 0.88 -0.48 67
51 K2 3.690 4.15 0.16
29 K5 3.643 0.24 -0.25

25 K5 3.643 2.94 0.14 32
81 G5 3.760 0.86 -0.70

42 M4 3.498 0.0: -0.30
125 M2 3.544 3.11 -0.87
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Table B.5. C-K Region: Optical and Near-Infrared Photometry

ID Q * R I

(1950) (1950)
H K

51 5:37:53.82 -8:15:00.5 16.82 15.23 13 29 12 44 11 Q9
49 5:37:55.32 -8:15:47.0 16.40 15 06
18 5:37:55.83 -8:18:08.5 14 58 13 55
50 5:37:57.43 -8:10:34.7 16.93 14.91 12 76 11 65 11 ii

5:37:57.65 -8:10:26.7 17.13 15.28 1.0 94 3
91 5:38:00.52 -7:57:06.6 16.12 14 68
6 5:38:00.74 -8:09:03.4 12.71 11 79

73 5:38:01.60 -8:12:47.1 17.22 1544
47 5:38:02.93 -8:09:06.8 16.78 15 03
62 5:38:04.20 -8:08:35.0 17.31 15 83
39 5:38:08.19 -8:08:08.8 16.57 15 02
65 5:38:09.62 -8:05:50.8 17.54 15.49
52 5:38:09.77 -8:14:47.5 17.30 15.33
7 5:38:13.06 -8:05:32.4 12.90 11.48

131 5:38:16.67 -8:03:47.9 18.64 16.72
38 5:38:17.06 -8:14:02.1 16.68 14.54
10 5:38:18.94 -7:59:22.4 12.20 11.75
2 5:38:21.94 -8:06:53.1 12.86 11.80

4 5:38:22.11 -8:06:04.7 12.89 11.74
41 5:38:22.38 -8:08:41.6 16.64 14.97
24 5:38:22.57 -8:06:23.3 14.89 13.42

5 5:38:23.80 -8:07:27.1 12.10 11.23
32 5:38:24.57 -8:10:25.0 16.00 14.52
11 5:38:26.92 -8:00:01.9 12.98 12.34

28 5:38:26.93 -7:57:55.8 15.32 14.52

8 5:38:27.67 -8:16:46.2 13.14 12.45

1 5:38:31.20 -8:14:44.6 12.18 11.69

35 5:38:32.45 -8:07:49.7 16.48 15.04 14.10 13 61 13 38
30 5:38:33.51 -7:57:08.6 15.45 13.99

64 5:38:35.51 -8:07:31.0 17.65 15.41 13.30 12.52 12.04

10.64 9.73 8.91

13.47 12.32 11.62

13.26 12.33 11.66

14.90 14.43 14.06

13.35 12.57 12.12

13.79 13.07 12.72

13.33 12.32 11.87

9.78 8.96 8.21

13.26 11.74 10.79

11.53 10.19

10.17 9.32 8.69

10.34 9.51 9.16

11.60 10.14 9.34

12.09 11.17 10.56

10.03 9.35 8.96

12.66 11.76 11.30

11.75 11.20 11.07

11.34 10.94 10.82

Continued, next page.
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Table B.5 continued

ID a 8 R
(1950) (1950)

36 5:38:35.99 -8:15:22.3 j-u.oo
34 5:38:36.06 -7:59:59.5 16 05
155 5:38:36.95 -7:58:31.1 18 QQ-t O. C/C7

60 5:38:37.89 -8:05:42.0 17 52
165 5:38:42.17 -8:11:27.7 20.91
124 5:38:45.91 -8:06:54.7 19 80
14 5:38:47.92 -7:58:35.4 13.54
16 5:38:49.83 -8:09:23.9 14.68
29 5:38:51.48 -8:16:13.9 16.24
40 5:38:53.85 -8:09:00.9 16 96
17 5:38:54.79 -8:02:08.9 14 57
25 5:38:56.29 -8:16:48.9 15.47
3 5:39:01.11 -8:07:20.2 11.88

139 5:39:01.98 -7:59:43.8 19.43
57 5:39:03.14 -8:06:40.5 17.41
31 5:39:04.19 -8:03:37.5 16.16
68 5:39:06.33 -8:06:13.4 17.85
26 5:39:06.79 -8:09:39.6 16.08
63 5:39:07.98 -8:00:58.6 17.34
9 5:39:12.14 -8:08:31.7

42 5:39:19.27 -8:08:01.5

117 5:39:19.86 -8:05:01.9

33 5:39:20.38 -8:06:02.7

58 5:39:23.98 -8:05:28.7

84 5:39:26.12 -8:12:23.4

23 5:39:29.43 -8:08:56.0

19 5:39:37.16 -8:07:51.2

54 5:39:37.28 -8:08:15.2

66 5:39:39.81 -8:01:22.6

H K

14.63

14.86

16.53

16.01

17.10

16.70

12.86

13.10

15.12

15.22

13.79

14.12

11.07

16.73

15.81

14.55

15.73

14.68

15.98

14.04 13.48 13.31

15.17

13.57

12.90

14.35

11.94

11.21

14.24

11.13

10.32

11.70 10.78 10.36

13.95

13.16

13.52

12.54

13.15

12.38

10.45 9.80 9.21

14.70

13.38

13.01

13.71

15.34

11.91

14.74

14.21

13.21

14.63

15.37

11.78

13.40

13.01

13.54

14.17

12.78

11.54

13.03

14.84

11.23

14.15

13.16

12.34

14.02

15.07

10.79

12.82

12.27

12.76

13.70

12.55

10.36

12.80

14.75

11.07

13.66

12.61

11.99

13.55

14.78

10.34

12.70

11.86

12.25
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Table B.6. C-K Region: Effective Temperatures and Lunr.nosities

ID Sp.Type log(TefI ) Av L/L0 VV(Ha) Notes

51 1\ 1 3.643 3.15 0.03
49 iV / e 3.602 4.52 -0.16
18 A/TO 3.580 4.70 -0.22
50 Ivlo O tor3.525 3.28 -0.11
56 ivlo 3.525 3.85 -0.34
91 ivioe O cor

3.525 6.02 -0.68
6 i\ue. O.720 1.39 0.85

73 0 coro.ozo 4.39 -0.56
47 ivloe O cor3.525 4.23 -0.49
62 iviO O.OZO 6.32 -1.33
39 K'vXV O.043 3.27 -0.02
65 Q /l 77 r 1 n

5.16 -0.92
52 M3 ^ o.Olz A 1 r

4.15 -0.48
7 F0-G0p o.ouy 0.0: 1.79

131 -LVl U

.

o.OoU 3.18 -0.00
38 XV Q ft/1 9 0.47 1.10
10 KO o. < ZU 3.20 0.35
2 Kle: 3.706 0.72 1.10
4 K7 3.602 1.31 0.76

41 K7 3.602 1.71 0.60
24 M2.5 3.534 3.34 -0.12

5 K7: 3.602 1.46 0.70
32 jK7 3.643 2.70 0.21
11 K7 3.602 3.57 -0.06

28 K7 3.602 6.01 -0.75

8 K7 3.602 4.35 0.03
1 KO: 3.720 2.81 0.28

35 Ml 3.562 5.00 -0.75

30 M3 3.525 5.25 -0.38

64 M6vr 3.447 4.87 -0.81

25

47 Ca II

38

230 Ca II

16 Ca II

13

42

Continued, next page.
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Table B.6 continued

ID Sp. Type log(Teff ) Av L/L0 W(Ho) Notes

36 M5 3.477 5.14 -0.18
34 M2 3.544 5.59 -1.00

155 K7 3.643 0.93 1.28
60 M3 3.525 6.54 -1.42

165 K7 3.602 0.12 1.23
124 Ml: 3.562 1.05 0.83
14 K5 3.643 3.93 0.08
16 M2 3.544 2.60 0.19
29 MO 3.580 5.93 -0.71

40 M4.5 3.488 5.60 -1.06

17 K7 3.602 4.74 -0.61

25 M3 3.525 5.80 -0.56

3 Kle: 3.706 1.42 0.82
139 M6 3.447 6.53 -0.59

57 M3.5 3.512 6.13 -1.27

31 M3.5 3.512 4.80 -0.73

68 K7e 3.602 2.37 0.34

26 M3 3.525 5.26 -0.90

63 Ml 3.562 6.38 -1.30

9 MO 3.580 3.54 -0.14

42 M2.5 3.534 6.45 -1.32

117 K7 3.602 4.88 -0.67

33 MO 3.580 4.36 -0.48

58 M3.5 3.512 6.23 -1.31

84 M4.5 3.488 7.72 -1.63

23 Ml: 3.562 2.64 0.19

19 K7 3.602 5.20 -0.72

54 M5 3.477 4.33 -0.58

66 K5: 3.643 4.72 -0.60

10

110 Call

40 Ca II
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Table B.7. V380 Region: Optical and Near-Infrared Photometry

a 6 R I J
(1950) (1950)

114 5:32:49.78 -6:39:03.00 16.31 14.81 12.57
46 5:32:50.29 -6:49:17.05 14.17 13.42 12.49
180 5:32:50.42 -6:43:05.51 14.22
35 5:32:52.13 -6:50:46.06 13.50 12.74 11.84

124 5:32:53.54 -6:46:08.53 16.85 15.28 13.84
36 5:32:54.31 -6:47:52.85 13.21 12.76 12.18
84 5:32:54.66 -6:47:32.80 15.73 13.87 12.27
54 5:32:54.67 -6:49:17.68 14.82 13.67 12.48
66 5:32:54.87 -6:44:14.83 15.56 13.98 12.48
29 5:32:55.67 -6:42:39.44 12.59 12.18 11.67
37 5:32:59.31 -6:49:48.00 13.90 12.97 11.56

165 5:33:02.03 -6:46:43.76 17.62 16.07 14.89
162 5:33:04.90 -6:52:24.55 17.58 15.85 13.79
39 5:33:05.19 -6:47:09.19 14.35 12.99 11.63
175 5:33:05.85 -6:38:16.76 17.97 15.93 13.83
32 5:33:06.74 -6:39:23.00 12.77 12.34 11.79
76 5:33:08.23 -6:41:34.28 15.62 14.16 12.76
9 5:33:10.81 -6:47:03.18 10.68
5 5:33:15.01 -6:45:42.24 10.93

89 5:33:19.67 -6:47:09.72 16.32 14.73 13.39
55 5:33:23.19 -6:42:53.00 15.20 13.73 12.46
12 5:33:31.23 -6:48:53.74 12.66 12.03 11.24
73 5:33:31.35 -6:42:17.42 15.71 14.26 12.85
20 5:33:31.53 -6:44:30.91 13.06 12.16 11.12
30 5:33:31.67 -6:40:02.58 13.22 12.32 11.28
51 5:33:32.22 -6:38:32.52 14.64 13.53 12.65
34 5:33:34.27 -6:44:22.96 13.69 12.75 10.86
56 5:33:34.99 -6:42:48.96 14.42 13.74 12.94
83 5:33:35.53 -6:46:03.57 16.42 14.61 13.06
16 5:33:35.54 -6:52:03.07 9.29

123 5:33:35.74 -6:44:25.14 17.72 15.53 13.41

78 5:33:36.00 -6:48:49.66 15.57 14.45 13.41

H K

11.61 11.27

11.92 11.71

13.79 13.69

11.23 11.04

13.24 12.92

11.83 11.78

11.59 11.24

11.82 11.57

11.90 11.62

11.31 11.29

10.75 10.10

14.22 14.09

13.29 12.93

10.85 10.47

13.05 12.40

11.42 11.33

12.01 11.69

10.41 10.34

10.45 10.37

12.81 12.58

11.79 11.56

10.71 10.59

12.15 11.84

10.28 9.53

10.77 10.44

11.38 10.62

10.06 9.41

12.43 12.25

12.47 12.16

9.03 8.92

12.81 12.34

12.78 12.58

Continued, next page.
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Table B.7 continued

ID a
6 R I J H

(1950) (1950)
K

72 ^•^•^q noo.oo.oy.Uo -6:44:32.75

15 O.OO.Ot) . 14 -6:48:30.06

109 J.oo.41 .4Z -6:44:56.05

45 O.0o.4Z.4o -6:50:24.68

220 U.OO. 4:Z.0U -6:42:22.11

132 5-33-4H 'i/l -0:4 ( :J2.56

7 ^•^^•Afi 1 4O.OO. ^±U. 14 -o. 01:26.69

188 -0.oo:U4.75

231 R 33-4.0O.OO.^f 07.00 p.. A "7 .A A Q/2-0.4 ( .4U.o6

99 5-33-ii3 fir -d.4d.Uz.oz

118 5-33-54 04 -D.OZ.Z / .oD

82 5-33-56 03 f\-A Q-9Q on-o.4o.zy .zy

69 5-33-59 9fi -0.4D.Zo.y4

28 5-33-59 ^

1

-D.44.40.Zo

130 5-34-00 Wl -D.OU.oU.Zo

59 5-34-02 23 fv4fi- 1 Q /I 7U.40. iy .4 (

40 5-34-02 56 O.OU.0 1 .00

163 5-34-03 08 -fi-40-97

125 5-34-03 60

200 5-34-04 31 -fi-44-^9 fi«

229 fi./i o

.

a n 70-D.4o.4y. to

48 5:34:06.85 -6:41:41.33

153 5:34:06.99 -6:46:07.26

88 5:34:07.53 -6:38:31.84

67 5:34:08.37 -6:45:09.20

170 5:34:09.46 -6:51:58.30

31 5:34:18.04 -6:51:27.26

129 5:34:18.39 -6:48:58.41

159 5:34:20.65 -6:41:35.40

8 5:34:21.86 -6:51:18.92

70 5:34:24.20 -6:43:14.43

161 5:34:24.35 -6:43:39.58

68 5:34:24.44 -6:50:43.37

16.25 14.18 12.35 11.79 11.38
13.23 12.16 11.02 10.38 10.12

17.06 15.24 12.78 11.86 11.41
14.78 13.42 12.30 11.37 10.60
18.84 16.61 14.43 13.94 13.57

17.26 15.75 14.43 13.44 12.89

10.52 10.23 10.14

18.41 16.25 14.19 13.63 13.34

18.63 17.08 15.91 15.37 14.99

17.20 15.02 13.12 12.58 12.25

16.67 15.43 14.26 13.78 13.46

16.50 14.57 12.86 12.29 11.99

16.07 14.21 11.23 9.51 8.12

8.36 7.68 6.50

17.84 15.59 13.57 13.02 12.84

15.20 13.89 12.76 12.03 11.66

13.81 13.27 12.62 12.09 12.06

18.14 16.14 14.40 13.72 13.18

17.21 15.33 13.71 13.17 12.93

19.55 16.77 14.85 13.06 11.79

19.36 17.02 15.32 14.78 14.07

14.43 13.50 12.48 11.82 11.63

18.06 15.98 12.95 11.57 10.70

15.33 14.44 13.42 12.85 12.70

15.11 14.18 13.24 12.61 12.41

18.42 16.25 14.16 13.78 13.19

11.70 11.14 10.99

17.38 15.74 14.34 13.95 13.79

18.28 16.09 15.16 14.76 14.44

10.30 10.02 9.94

15.41 13.96 11.97 11.06 10.57

18.17 16.11 13.92 13.02 12.45

15.86 14.14 12.60 12.04 11.73
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e B.8. V380 Region: Effective Temperatures and Lnminosifo

ID Sp. Type \0fr(TP ff) A

~======

\r\crl TIT \ tvt .iog(i,/L©) Notes

114 K0 3.720 6 88

.

"•47
46 K5 3.643 1 31

180 M5 3.477 o n- 1 1 o"1-18
35

124

K4
M3

3.662

3.525 1 31

o.io

n qa

36 G3 3.760 0 75 n c\a

84 M4.5 3.488 0 56 -U.oo
54 M0.5 3.571 1.19 -u.zo
66 M2 3.544 2.69 -fl 1

1

29 Gl 3.772 0.62
37 MO 3.580 0.19 n noU.Uz

165 M3.5 3.512 0.31 1 1%
162 M4 3.498 0.62 -fl QOu.yz
39 M3 3.525 0.0: -fl fid

175 M6 3.447 0.0: 1 IT?

32 G5 3.760 0.50 n 1 ^

76 M3.5 3.512 0.0: u.ou
9 F5 3.809 0.17 0 fi8u.uo ...

5 K0 3.720 0.15 0 41
89 M3.5 3.512 0.56 -fl 7^
55 M3 3.525 0.62 -0 ^6
12 K2 3.690 1.06 0 ^4
73 M3 3.525 0.56 -0 52
20 MO 3.580 0.0: 0.18
30 MO 3.580 0.0: 0.11
51 MO 3.580 1.25 -0.30
34 K5 3.643 2.50 0.57
56 Kl 3.706 1.56 -0.26

83 M4.5 3.488 0.25 -0.68
16 F2 3.838 0.41 1.34

123 M5 3.477 1.75 -0.67
78 Ml 3.562 0.62 -0.69

Continued, next page.
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Table B.8 continued

inID bp. Type log(Teff ) Av L/L©

72 M5 3.477 1.00 -0.33
15 M0.5 3.571 0.69 0.28

109 MO 3.580 5.75 0.12
45 M2 3.544 1.25 -0.20

220 M5.5 3.462 1.06 -1.16
132 M3 3.525 0.87 -1.12

7 F7 3.799 0.03 0.69
188 M5 3.477 1.56 -1.00
231 Ml 3.562 3.31 -1.40
99 M4 3.498 3.44 -0.35

118 M2 3.544 0.50 -1.06
82 M5 3.477 0.12 -0.62

69 K3 3.675 8.56 1.11
28 Al 4.000 2.93 2.34

130 M6 3.447 0.19 -0.91

59 M2.5 3.534 0.31 -0.49

40 G9 3.730 0.87 -0.18

163 M3 3.525 4.00 -0.78

125 M5 3.477 0.0: -0.98

200 M2 3.544 10.12 -0.27

229 M6 3.447 0.75 -1.55

48 MO 3.580 0.12 -0.35

153 M2 3.544 5.75 0.02
88 M0.5 3.571 0.0: -0.75

67 MO 3.580 0.19 -0.65

170 M6 3.447 0.0: -1.16

31 K5 3.643 0.0: -0.03

129 M4 3.498 0.06 -1.20

159 M2 3.544 6.44 -0.79

8 F6 3.806 0.14 0.81

70 MO 3.580 3.38 0.19

161 M3 3.525 4.25 -0.56

68 M5 3.477 0.0: -0.53
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