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Abstract

I have undertaken a program of ground- and space-based observations to measure

photometric rotation periods and X-ray luminosities for late-type stars in the young

open clusters IC 2391 and IC 2602. With cluster ages of ",30 Myr, IC 2391 and

IC 2602 are ideal sites in which to observe conditions at the ZAMS since the solar

type stars in these clusters have not been on the main sequence long enough to

undergo significant magnetic braking. The ROBAT survey of IC 2391 revealed 80

X-ray sources, 44 of which were found to be associated with stars which are now

classified as new cluster members. Among the solar-type stars in both IC 2391 and

IC 2602, I find a factor of ",25 spread in the distribution of rotation periods, which

range from 0.21 to 4.86 day. I also find a factor of ",10-20 spread in the range

of Lx about a median Lx value of "'1030 erg S-1 for both clusters. These results

show conclusively that stars arrive on the ZAMS with a wide range of rotation rates

and coronal activity levels. When compared to data from older clusters, such as the

Pleiades and the Hyades, there is an overall decline observed in both the rotation

rates and median X-ray luminosity of cluster members with increasing age, however,

while the spread in the range of rotation rates decreases to a small value, the spread

in the range of Lx values as a fraction of the median is observed to increase with age.

This behavior is best explained through a dependence of Lx on Prot which is weak in

the young clusters and strong in the older clusters. The Rossby diagram shows there

is a tight correlation between Lx / Lbol and the Rossby number, Prot divided by the

convective turnover time. Young, rapidly rotating, main sequence stars lie along a

plateau of magnetic saturation, where Lx has a weak dependence on rotation period,

while older, more slowly rotating stars lie in a region on the Rossby diagram where

Lx has a strong dependence on rotation period.
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Chapter 1

Introduction

IC 2391 and IC 2602 are two relatively nearby clusters whose ages (""30 Myr)l

are young enough that solar-type members (late-F to mid-K dwarfs) have just

arrived, or are just arriving, on the zero-age main sequence (ZAMS). The ZAMS

is of some importance to the study of the evolution of angular momentum and the

underlying dynamo in solar-type stars because it represents the dividing line between

the pre-main sequence (PMS) and main sequence (MS) lives of these stars. In the

PMS phase, the angular momentum evolution of these stars is dominated primarily

by gravitational contraction and interactions, for at least part of the time, with

circumstellar accretion disks. The MS angular momentum evolution of these stars

is dominated by magnetic braking, which causes the surface layers to be spun down

through the stellar wind coupling to dynamo-generated magnetic fields. The strength

of these magnetic fields in turn rely on the stellar rotation rate and convective mixing

rate. The braking of rotation in MS stars is therefore a complex feedback process

between the rotation rate of the star and the strength of the surface magnetic fields.

Recently, several theoretical models of angular momentum evolution for solar

type stars have been put forward (e.g., Pinsonneault et al. 1989, 1990; MacGregor

& Brenner 1991; Cameron & Li 1994; Keppens, MacGregor, & Charbonneau 1995).

Such models must take into account many complex physical processes if they hope to

reproduce the distribution of rotation rates seen in open clusters over a wide range of

ages. Because many of the physical parameters involved cannot be specified from first

principals, they must be estimated using empirical data from stars of known mass

and age. Some of these parameters are difficult, or impossible, to measure directly, so

lThroughout this dissertation I will use contraction age for clusters.
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proxies must be found to represent them instead, such as X-ray luminosity for overall

magnetic dynamo strength. In the absence of other empirical data, many models are

forced to normalize their predictions against the Sun.

Over the last two decades a great deal of observational work has been done in

young, open clusters to measure rotation rates and chromospheric/coronal activity

levels. Observed rotation rates (mostly v sin i) in the a Persei cluster (Stauffer et

al. 1985; Prosser 1992), the Pleiades (van Leeuwen et al. 1987, Stauffer et al.

1984, Stauffer and Hartmann 1987), and the Hyades (Radick et al. 1987; Stauffer,

Hartmann, & Latham 1987) have allowed for the measurement of the spin-down time

scales of late-type stars. The data show that 1/3 of the G and K dwarfs in the

a Persei cluster (age ",50 Myr) are rapidly rotating (vsini ~ 100 km s-l), while

another significant fraction are very slow rotators (v sin i :5 10 km S-l). The spin

down time scale for the rapidly rotating G stars appears to be between the age of

the a Persei cluster and that of the Pleiades (age ",70 Myr), where most of the G

star members are observed to be slowly rotating. For the K stars, the braking time

scale appears to be longer, between the age of the Pleiades and the Hyades (age ",600

Myr). Measurements of chromospheric activity levels, such as Mg II h-k emission,

show a wide range of activity for stars in the a Persei and Pleiades clusters with

a decline in the level and range of activity by the age of the Hyades (Simon 1990,

1992). Deep Einstein and ROSAI' pointings of the Pleiades (Caillault & Helfand

1985; Stauffer et al. 1994) and the Hyades (Stern et al. 1981, 1992) show that the

level of coronal activity also declines with age, however large gaps in our knowledge

remain. Einstein did not observe any cluster with solar-type stars on the MS younger

than the Pleiades. And until only recently, little rotation data were known for any

cluster with main sequence solar-type stars younger than the a Persei cluster. It

has been unclear whether stars in a Persei and the Pleiades arrived on the ZAMS

2



with a wide range of rotation rates and activity levels or if these distributions merely

reflect large intra-cluster age spreads, where all stars arrive as active, rapid rotators,

but some have had time to spin down. With the advent of the ROSAT mission, this

situation is now changing.

IC 2391 and IC 2602 are ideal clusters for the study of activity and rotation at

the ZAMS. With a braking time scale estimated to be 20 - 30 Myr (the age difference

between the a Persei and the Pleiades clusters), the G-type stars in IC 2391 and IC

2602 have not been on the main sequence long enough to undergo much rotational

spin down. The relative youth of these clusters also minimizes any uncertainties

introduced by an intra-cluster age spread. Conditions in these clusters are therefore

expected to represent the initial conditions for the subsequent main sequence evolution

of solar-type stars. However, neither IC 2391 nor IC 2602 are particularly populous

clusters. In particular, the lower main sequence of both clusters is ill-defined. Previous

ground-based membership surveys for IC 2391 (Hogg 1960; Buscombe 1965; Perry &

Hill 1969; Perry & Bond 1969) and IC 2602 (Whiteoak 1961; Braes 1962; Hill & Perry

1969) were magnitude limited, with late-F stars typically defining the lower envelope

of the known membership of each cluster. In 19S9, Stauffer et al. (19S9a) conducted

a limited proper motion, photometric, and spectroscopic survey of IC 2391 to search

for new late-type cluster members. They found 10 stars ranging in spectral type from

late-F to mid-M, bringing the total cluster membership to some 40 stars and opening

the way for studies of the youngest solar-type stars on or near the main sequence.

Because IC 2391 and IC 2602 are young, their late-type members are expected

to be quite active. More cluster members could be revealed through their X-ray

emissions. To that end, a 23 ksec ROSAT PSPC pointing of IC 2391 was secured

by T. Simon (PI) in mid-1992. Over 1992 and much of 1993, a raster of 25 ROSAT

PSPC images was made in the region of IC 2602 (J. Schmitt, PI). Presented in this
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dissertation are a complete analysis of the IC 2391 X-ray image and the results of two

years of ground-based photometry and spectroscopy to identify additional members

of IC 2391 and IC 2602, to measure rotation periods for solar-type stars in both

clusters, and to measure coronal activity levels for members of both clusters.

4



Chapter 2

Observations

2.1. A ROBAT Image of IC 2391

IC 2391 was observed by the ROBAT Position Sensitive Proportional Counter

(PSPC) in 18 separate intervals between 1992 May 19 and June 25 for a total accepted

time of 22926 seconds. Details of the individual observation intervals (OBIs) are

summarized in Table 1. The X-ray telescope was positioned at the nominal center

of the distribution of late-type cluster members identified by Stauffer et al. (1989a),

Q = 08h42mOO.Os 5 = -53°00'36.0", J2000.0. A false-color representation of this

image is shown in Figure 1.

The image was analyzed using the Post-Reduction Off-line Software package

running under the the IRAFI system (IRAF jPROS). Subsequent to the preliminary

survey, presented in Patten & Simon (1993), I have completely reanalyzed the image

using version 2.3 of the IRAFjPROS package in order to identify and analyze all the

X-ray sources.

2.1.1. Source Detection

The routines in the DETECT sub-package of IRAFjPROS were utilized to

identify the likely sources in the image. The DETECT routines search for peaks in the

local signal-to-noise ratio across the image and then compute positions for the sources

using maximum likelihood methods. Initially, the detection signal-ta-noise threshold

1IRAF is distributed by the National Optical Astronomy Observatories; PROS is

distributed by the Harvard-Smithsonian Center for Astrophysics
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TABLE 1
PSPC OBSERVATIONS OF IC 2391

UTe Accepted
OBI Date from - to Time (sec)

01 19-May-92 15:47:04 - 16:16:28 1042
02 25-May-92 23:13:35 - 23:44:37 1660
03 26-May-92 00:47:52 - 01:20:56 1570
04 26-May-92 02:09:10 - 02:42:57 819
05 26-May-92 02:43:00 - 02:55:27 736
06 26-May-92 05:23:12 - 06:07:51 1519
07 26-May-92 06:53:35 - 07:43:31 1515
08 26-May-92 08:31:39 - 09:19:10 1569
09 26-May-92 13:37:46 - 14:06:07 1223
10 26-May-92 19:39:12 - 20:25:19 1315
11 27-May-92 02:03:21 - 02:37:26 786
12 27-May-92 02:37:30 - 02:50:28 767
13 27-May-92 19:35:40 - 20:20:48 1404
14 28-May-92 23:02:32 - 23:26:29 1273
15 02-Jun-92 19:01:08 - 19:45:38 1589
16 12-Jun-92 04:09:47 - 04:35:29 1483
17 14-Jun-92 13:17:49 - 13:55:25 1353
18 15-Jun-92 13:10:36 - 13:47:11 1303

was set to a low value ("-'2.5) in order to avoid missing real sources due to locally

high background or source confusion in crowded areas on the image. In later steps of

the analysis, sources were accepted or rejected on the basis of customized photometry

where the source and background apertures could be better specified. The image was

scanned several times using a variety of detection cell sizes (30", 60", 120") because

of the wide variations of the point-spread function (PSF) size from center to edge of

the X-ray telescope. For a few sources, which had very large off-axis angles but were

clearly visible by eye, the DETECT routines failed to return a source position. In

these cases the XEXAMINE task was used, with a 240"cell size, to manually centroid

the source. All the final source positions determined with IRAFjPROS routines use

a maximum-likelihood method within the original, unblocked image.

In 1994 May, a 56 ksec observation (T. Simon, PI) of IC 2391 was made with the

ROSAT High Resolution Imager (HRI) at a position very near the center of the PSPC

image (the HRI image will be discussed in detail in a subsequent paper). Because the

HRI has much higher spatial resolution than the PSPC ("-'5 arcsecond FWHM for the

6



Fig. 1.- A 23 ksec ROSAT PSPC observation of the young cluster Ie 2391. This

false color image is centered at RA. = Sh42m OOs
, Dec = -53°00'36" and has a field of

view of approximately 2 degrees. The original image has been rebinned to 5 arcsecond

pixels and then smoothed by a Gaussian of 23.5 arcsecond FWHM, in order to reduce

the background noise. There are 80 sources present in this image with Lx ;:::: 2 X 1028

ergs S-l.
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HRI as compared to a ",,30 arcsecond FWHM for the PSPC), it was possible to use

this image as a check of the accuracy of the coordinates derived for the PSPC sources.

A comparison of the positions of two dozen sources appearing in both X-ray images

shows excellent agreement between the measured positions. The differences between

the HRI and PSPC coordinates fall well within the expected positional accuracy of

the PSPC detector, though there may be a systematic offset of ",,10 arcseconds to the

south for the PSPC derived positions.

2.1.2. Source Photometry

The IMCNTS routine, in the XSPATIAL package of IRAF/PROS, was used

to extract net counts for each of the sources in the image. For sources within 30

arcminutes off-axis angle (i.e., those sources inside the inner support ring of the

PSPC window), a source aperture, a circular region 120 arcseconds in radius, was

defined within which the total counts at the source position were measured. The

background contribution at the source position was estimated from the counts within

an annulus centered on the source position, using inner and outer radii of 150 and

250 arcseconds respectively. In crowded areas on the image, the background annulus

was often limited in angular range to avoid contamination of the background estimate

by other, nearby sources. Sources outside the PSPC inner support ring (i.e., off-axis

angles> 30 arcminutes), were measured using a source aperture of 180 arcseconds

in radius and a background annulus having radii of 195 and 300 arcseconds. These

larger apertures compensate for the wider PSF at large off-axis angles. Three sources

(designated VXR 72, 73, and 77) near the edge of the PSPC image were measured

with a source aperture 250 arcseconds in radius.

8



There are a number of blended sources in the X-ray image. To measure these, a

large source aperture was defined, centered at an intermediate position between the

cores of the blends, in order to extract the total counts in the blend. Small apertures

centered on the individual source cores of the blend were used to estimate the flux

ratio(s) between the sources. The total net counts were then divided between the

individual sources accordingly.

In total, 80 sources were identified in the image with signal-to-noise ratios;::: 3 (76

such sources were reported in Patten & Simon 1993). The X-ray source positions and

photometry are summarized in Table 2. The sources are listed in order of increasing

right ascension and are prefixed with "VXR", for Vela X-Ray source. Finding charts

for an 80 numbered sources (made using The Digitized Sky Survey2) are presented in

Figure 2. Possible optical counterparts, for which ground-based photometry and/or

spectroscopy were obtained, are marked in each chart. For those charts in which no

stars are marked, the X-ray source is assumed to be positionally associated with the

brightest star nearest the center with the exception of VXR 65 and 78, whose optical

counterparts lie near the edge of the error circle. Six sources (VXR 01, 09, 10, 51,68,

and 74) have no supporting ground-based data, therefore no likely optical counterpart

has been identified in the finding charts.

In general, there are only a few differences between the results from the

preliminary analysis for the 33 known cluster members presented in Patten & Simon

(1993) and those after the reanalysis presented here. For 16 of the 19 previously

reported detections, the differences in the X-ray count rates average to less than 10%.

The star HD 74071 (B6 V) is no longer thought to be associated with the X-ray

2 The Digitized Sky Survey, Space Telescope Science Institute, Association of

Universities for Research in Astronomy, Inc.
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TABLE 2

DETECTED X-RAY SOURCES IN Ie 2391

RA Dec Net Source Net Exposurea Off-Axis
VXR (J2000) (J2000) Counts Error (sec) Angleb Notes

01 8:37:35.7 -53:34:33 628 43 11065 52 1,2
02 8:37:54.0 -52:57:10 1310 48 14790 37
03 8:38:25.9 -52:56:47 167 26 16081 32
04 8:38:44.0 -53:05:19 226 23 15690 30
05 8:38:55.0 -52:57:54 169 25 16135 28
06 8:38:57.3 -53:19:12 319 35 17381 33
07 8:39:00.1 -53:01:34 816 34 15296 27
08 8:39:02.7 -52:42:56 2797 59 15977 32
09 8:39:23.6 -53:31:45 222 33 14145 39 2
10 8:39:33.4 -53:26:21 251 48 13568 34
11 8:39:38.0 -53:10:16 1448 45 17185 23
12 8:39:52.4 -52:58:07 252 24 12978 19
13 8:39:58.6 -53:15:49 971 36 13402 24
14 8:40:03.3 -53:38:22 1007 43 15032 42
15 8:40:15.8 -53:26:32 247 26 17671 30
16 8:40:16.0 -52:56:39 978 47 20268 16
17 8:40:17.9 -52:53:42 304 25 19023 17
18 8:40:18.2 -53:30:29 306 34 17211 34
19 8:40:36.8 -53:07:51 125 23 21448 14
20 8:40:44.6 -52:58:44 132 16 21561 12 3
21 8:40:48.7 -52:48:18 1075 38 17653 16
22 8:40:48.8 -53:38:17 1293 47 15650 39
23 8:40:59.4 -52:58:02 36 12 21825 09 3
24 8:41:04.1 -52:51:44 35.5 20705 12 4
25 8:41:05.1 -52:51:27 35.5 20705 12 4
26 8:41:05.7 -52:38:35 548 40 20700 24
27 8:41:06.9 -53:14:16 121 22 21150 16
28 8:41:08.0 -53:00:08 51 13 21943 08 3
29 8:41:09.4 -53:02:19 72 14 22104 08 3
30 8:41:09.4 -52:54:17 289 39 21365 10
31 8:41:11.0 -52:31:48 145 41 16880 30
32 8:41:11.4 -53:09:16 89 24 22010 11
33 8:41:22.3 -53:04:55 95 26 22308 07
34 8:41:23.4 -52:56:58 105 36 21966 07
35 8:41:24.5 -53:22:48 947 36 16268 23
36 8:41:28.0 -52:35:54 188 25 17662 25
37 8:41:38.5 -53:09:35 180 25 22195 10
38 8:41:39.8 -52:59:43 446 28 22490 03 5
39 8:41:50.2 -53:20:58 114 22 15518 20
40 8:41:53.7 -52:58:07 134 20 22085 03 5
41 8:41:58.1 -52:52:26 440 24 21374 08 3
42 8:42:05.3 -52:54:00 219 19 21549 07 3
43 8:42:07.2 -52:45:17 517 29 18264 15
44 8:42:12.0 -53:06:12 1211 22405 06 6
45 8:42:14.5 -52:56:12 1239 39 21767 05 5
46 8:42:17.7 -53:06:13 212 22405 06 6
47 8:42:18.1 -53:02:06 376 33 22340 03
48 8:42:23.9 -53:07:01 30 22405 07 6
49 8:42:29.7 -52:57:43 298 23 22041 05 5
50 8:42:32.5 -52:27:32 326 39 15688 33
51 8:42:36.7 -53:30:38 192 32 17627 31
52 8:42:46.3 -53:01:11 451 34 21922 07
53 8:42:48.7 -52:52:18 90 18 21239 11 5
54 8:42:49.2 -52:46:47 168 23 18719 16
55 8:42:57.9 -53:06:04 133 21863 10 7
56 8:43:02.4 -53:04:47 121 21863 10 7
57 8:43:04.3 -52:35:43 102 25 17048 27
58 8:43:09.4 -52:50:16 176 29 20248 15
59 8:43:15.8 -52:38:59 118 24 16854 24
60 8:43:26.4 -52:57:44 204 20979 13 8
61 8:43:27.2 -52:58:00 204 20979 13 8
62 8:43:29.2 -52:41:37 762 34 15378 23
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TABLE 2-Continued

RA Dec Net Source Net Exposure" Off-Axis
VXR (J2000) (nOOo) Counts Error (sec) Angleb Notes

63 8:43:32.8 -53:14:11 115 19 15548 19 5
64 8:43:39.1 -52:58:36 124 15 20569 15 3
65 8:43:46.0 -52:51:17 231 25 15027 18
66 8:43:51.9 -53:14:02 128 17 10518 21 5
67 8:43:54.8 -52:41:25 498 31 13488 26
68 8:43:56.0 -53:01:33 84 26 20023 17
69 8:43:56.7 -53:33:52 516 37 16011 38
70 8:44:04.0 -52:53:36 390 31 12313 20
71 8:44:18.2 -53:08:41 119 25 14081 22
72 8:44:26.3 -52:42:51 1010 43 14634 28
73 8:44:48.7 -53:04:53 467 28 16027 26
74 8:45:13.3 -52:43:49 135 35 15797 34
75 8:45:16.2 -52:50:15 426 16475 31 9
76 8:45:25.6 -52:52:00 638 16475 32 9
77 8:45:39.4 -52:25:43 666 49 09594 48
78 8:45:50.6 -53:27:04 2676 63 13519 43
79 8:46:23.0 -52:51:00 477 38 13981 41
80 8:46:31.8 -52:56:51 522 37 12461 41

NOTE.-(I) Used 250" source aperture for this very fa.r off-axis source. (2) Position estimated
using XEXAMINE in IRAF/PROS. (3) Used 60" source aperture plus 10% correction factor. (4)
Used 90" source aperture centered between the source positions. Net counts for the pair are 71 ±
17.1. Flux ratio for VXR 24 / VXR 25 = 1/1. (5) Used 90" source aperture with 1% correction
factor. (6) Used 120" source aperture centered at VXR 46 position. Net counts for VXR 39, 41,
and 43 are 1453 ± 44.3. Used 30" apertures to estimate flux ratio for all three sources at VXR
48/ VXR 46 / VXR 44 = 1/7/40. (7) Used 120" source aperture centered between the source
positions. Net counts for the pair is 254 ± 27.1. Used 30" and 45" apertures to estimate flux ratio
at VXR 55 / VXR 56 = 1.1/1. (8) Used 120" source aperture centered between source positions
plus 10% correction factor. Net counts for the pair are 408 ± 23. Flux ratio for VXR 60 / VXR
61 = 1/1. (9) Used 250" aperture centered between the source positions. Net counts are 1064 ±
52.5. Used 60" apertures at nominal source positions estimate flux ratio at VXR 76 / VXR 75 =
1.5/1.

"Effective exposure time, in seconds, as measured in the PSPC exposure map at the position of
the source.

bMeasured in arcrninutes from the center of the PSPC image.

source VXR 09. A redetermination of the position of VXR 09, which is located at

a large off-axis angle in the image, resulted in a shift of several arcminutes away

from the position of this star. HD 74071 is now assigned an X-ray upper limit using

the previously determined count rate, since the photometric aperture at the star's

position on the sky still overlaps the same area of VXR 09. The star HD 74340

(F6 V) is now assigned an X-ray detection (VXR 30) instead of an upper limit.

An improved background measurement eliminated contamination from other nearby

sources resulting in a higher signal-to-noise ratio for this X-ray source. Finally, the

double-lined, spectroscopic binary HD 74678 and the star CPD-52° 1577 are added

11
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Fig. 2.- Finders for ROSATPSPC X-ray sources in Ie 2391 from HST Digitized Sky

Survey. Each image is 3 arcminutes on a side. The circle is 30 arcseconds in radius

and represents the typical uncertainty in the X-ray source position. The number

in the upper-left corner is the X-ray source number. Labeled stars are possible

optical counterparts to the X-ray source for which we present photometry and/or

spectroscopy in Table 4. Where no star is labeled, the optical counterpart is taken to

be the brightest star closest to the X-ray source position, the exceptions being VXR

01, 09, 10, 51, 68, and 74, for which ground-based data were not obtained.
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to the list of known cluster members associated with X-ray sources (VXR 56 and 11

respectively). These members were overlooked in the preliminary survey.

2.1.3. X-ray Spectroscopy

Routines in the IRAF jPROS XSPECTRAL package were used to determine the

conversion factor between count rate and unabsorbed flux in the ROBAT bandpass of

0.2-2.0 keY. A spectral fit was made to three X-ray sources associated with known,

late-type cluster members (SHJM 2, 8, and 10), located near the center of the PSPC

field-of-view. All three X-ray sources were relatively isolated from other X-ray sources

(i.e., no blends) and were clear of the PSPC window supports during the observation.

I found that a simple two-temperature Raymond-Smith spectral model provided

the best fit to the data, as measured by the X2 statistic provided by the fitting routine.

Coronae with high temperature gas, in conjunction with cooler gas, have been found

to be typical in active stars (e.g., Schmitt 1990), while older, lower activity stars, such

as f3 Hydri, are best characterized by a coronal spectral energy distribution consisting

almost entirely of soft X-rays. The strength of the high temperature component of the

corona is believed to have a strong dependence on age (e.g., Giidel & Guinan 1995).

Because the late-type members of IC 2391 are relatively youthful, they are expected

to be quite active and therefore to have a strong component of high temperature gas

in their coronae.

To complete the spectral model, I assumed cosmic element abundances and

estimated the hydrogen column density toward IC 2391 was using the relation between

N(H) and color excess of Bohlin, Savage, & Drake (1978). Reported values for EB - V

for IC 2391 range from 0.00 (Feinstein 1961; Perry & Hill 1969) to 0.004 ± 0.003

(Hogg 1960) to as high as 0.02 (Levato & Malaroda 1984). Using those known and
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suspected cluster members with B - V colors and spectral types (new photometry

and spectroscopy in IC 2391 is discussed in Section 2.3) and the intrinsic colors of

Johnson (1966), I estimate EB-V = 0.006 ± 0.05, which agrees well with the other

determinations. I therefore adopted N(H) = 1019.4 cm-2 for the spectral model.

The two temperature components in the model, as well as the corresponding

emission measures, were allowed to vary as free parameters in the fitting process.

The low temperature in the model ranged between 0.32 to 0.47 keY for the three

sources that were fit. For the high temperature component, the fitting routines were

unable to converge to a best fit temperature for the stars SHJM 2 and 8, other than to

indicate that such a component was present. This difficulty in determining a value for

the high temperature component may be due to the relatively low sensitivity of the

ROSAT PSPC above 1 keY. For SHJM 10, the fit to the high temperature component

converged to a value of 1.34 keY, with a ratio of emission measures of EMhot/EMcold

= 1.51.

The spectral fits yielded X-ray fluxes in the 0.2-2.0 keY band for the 3 sources

which were then compared to the count rate for each source to yield a conversion factor

of 7.1(±O.5) x 10-12 erg cm-2 S-1 per PSPC count S-I. This value is consistent with

that determined for other ROSAT PSPC X-ray sources in areas with low interstellar

reddening, such as the Hyades (Stern et al. 1994; Pye et al. 1994) and the Taurus

Auriga star-forming region (Neuhauser et al. 1994). The reliability of the conversion

factor to give the correct flux, of course, depends on coronal abundances which have

not yet been established for any cluster star. This conversion factor has been applied

to observed count rates to obtain fluxes for IC 2391 cluster members only (see Chapter

4).
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2.1.4. X-ray Variability Analysis

Because the PSPC observation was made in 18 separate time intervals, spread

over a one month baseline, it is well suited for an X-ray variability analysis.

The IRAF jPROS XTIMING package was used to search for variability in the x
ray sources. The routine VARTST, which incorporates the Kolmogorov-Smirnov

(KS) and Cramer von Mises (CvM) tests, was used to make an initial check for

variability. The IRAF jPROS implementation of the KS and CvM tests utilizes timing

information for the total counts measured in the source aperture. This may produce

erroneous results because it ignores the background count rate at the source: the

signal-to-noise ratio may be artificially increased by the larger count rate, giving a

false indication of source constancy if the background is constant or, if the background

is variable, a false indication of source variability.

As an alternative, I used the routine LTCURV to build an X-ray light curve of

each source. The LTCURV routine tabulates both the counts measured at the source

position and an estimate of the background using the same source and background

regions (without aperture corrections) that were used to extract the X-ray photometry

described in the previous section. I arbitrarily divided the PSPC observation into

100 uniform bins, spaced evenly in spacecraft dock time over the entire period of

the observation. This resulted in 12 uneven bins in terms of the time intervals when

the spacecraft was actually taking data. For a source with 100 net counts, Sturges'

rule (Newman, Haynes, & Terzian 1994) suggests 8 bins are optimal for this kind of

analysis, while for 1000 net counts, the optimal number of bins is 11. By using 12

bins in my timing analysis I oversample the data for the weakest sources, but not

that badly. The binned data were then subjected to a X2 analysis and were also

tested for variability following the Poisson statistic described by Maccacaro, Garilli,

& Mereghetti (MGM) (1987).
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For this analysis, X2 is defined as,

(1)

where Oi is the total number of counts observed at the source position in bin i and E i

is the expected number of counts. The net counts, Ni , and exposure time of each bin,

ii, yield the mean count rate, S = (Li:1 Nil Li':1)ii. Assuming a constant source flux,

the predicted number of net counts in any bin is, Ni = Sii. Given the total counts in

the background annulus, B i , and the ratio of the area of the source aperture to the

area of the background aperture, p, the background can be computed for each bin.

The X2 statistic then reduces to,

(2)

The null hypothesis is that the source is constant over time. The critical value of the

statistic at the 99.0% level for 11 degrees of freedom is X2(0.01; 11) = 24.72. If the

statistic exceeds this value, the null hypothesis is rejected in favor of the alternate

hypothesis, the source is variable.

The results of the variability analysis are summarized in Table 3. The mean,

minimum, and maximum count rates are computed from the 12 binned samples for

each individual source. The probabilities that the source flux varied, based on the

results of the IRAF/PROS KS and CvM tests and the Poisson-based MGM and X2

tests, are also listed. In the final column I provide the ultimate decision as to whether

or not a source varied. If the MGM and X2 tests both agreed the source was not

constant at 2: 99.0% probability, then the source is classified as variable "V". If the

results of both tests were below the 99% level, the source is classified as non-variable

"NV". If the test results were contradictory or inconclusive, the field was left blank.

Of the 80 detected X-ray sources in the PSPC image, 63 were suitable for variability

analysis. The remaining sources either have insufficient net counts for testing and/or
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are blended with other sources. Of the 63 sources tested, 26 were classified as variable,

28 as non-variable, and the remaining 9 as inconclusive. The IRAFjPROS KS and

CvM tests disagreed with the X2 and MGM tests in a dozen cases. For these cases,

a visual examination was made of the background-subtracted X-ray light curves. In

all cases where the X2 and MGM test indicated source variability, the variations in

the light curves were larger than the size of the error bars on individual bins by a

factor of 2-3. Where the X2 and MGM test indicated source constancy, the variations

between bins were consistent with the size of the error bars.

About 40% of the sources tested are classified as variable over the rv1 month

baseline of the observation. This is similar to the result found by Gagne, Caillault,

& Stauffer (1995) for members of the Pleiades. Few of the IC 2391 X-ray sources

though were found to be exceptionally variable, that is, few showed amplitudes of

variability greater than a factor of rv2 beyond that which would be expected from

photon statistics alone. Figure 3 shows the result of dividing the sources into quartiles

based on their mean count rates. The distribution of the deviations from the mean

count rate of individual sources within each quartile is illustrated with the boxes,

where the thick horizontal line represents the median deviation, the box represents

the spread at the 10" level, and the bars indicate the spread at the 20" level. The first

quartile of the distribution contains not only the brightest sources in the image, but

also some of the most variable, as reflected through their large X2 values. However,

it is important to note that when viewed as a fraction of their mean count rates,

the variations seen for sources in the 2nd, 3rd, and 4th quartiles imply a large range

of variability for the faintest sources. That the range of variability appears to be

about the same for sources in the 2nd, 3rd, and 4th quartiles may imply there is

an underlying variable component to the X-ray flux which is the same for all x
ray variables. This component would affect the faintest sources the most and the
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TABLE 3
X-RAY VARIABILITY TESTS FOR Ie 2391 SOURCES

Count Rate Variability Probability
X

2

VXR Mean Min Max KS CvM MGM X
2 Value Notes

01 0.057 0.027 0.090 99 99 NV 99.0 25
02 0.089 0.030 0.627 99 99 99.9 99.9 2331 V
03 0.010 0.000 0.022 NV NV NV 95.0 22 NV
04 0.014 0.002 0.038 99 99 99.9 99.9 61 V
05 0.010 -0.003 0.016 NV NV 95.0 NV 17 NV
06 0.Q18 -0.006 0.069 99 99 99.9 99.9 96 V
07 0.053 0.039 0.067 NV NV NV NV 11 NV
08 0.175 0.141 0.308 99 99 99.9 99.9 137 V
09 0.016 -0.003 0.043 99 99 99.9 99.9 34 V
10 0.Q18 0.001 0.036 NV NV NV 99.9 32
11 0.084 0.060 0.138 99 99 99.9 99.9 55 V
12 0.019 0.009 0.032 NV NV NV NV 11 NV
13 0.072 0.062 0.090 NV NV NV NV 4 NV
14 0.067 0.040 0.122 NV NV 99.9 99.9 53 V
15 0.014 0.006 0.024 95 95 NV NV 15 NV
16 0.048 0.031 0.071 NV NV 99.0 99.9 35 V
17 0.016 0.005 0.035 99 99 99.0 99.9 49 V
18 0.Q18 0.012 0.031 99 99 NV NV 9 NV
19 0.006 -0.007 0.Q15 99 99 99.0 99.9 33 V
20 0.005 0.000 0.011 NV NV NV 99.0 26
21 0.061 0.045 0.110 99 90 99.9 99.9 56 V
22 0.083 0.049 0.216 99 99 99.9 99.9 327 V
26 0.026 0.012 0.036 99 99 NV NV 16 NV
27 0.006 -0.001 0.015 99 99 95.0 NV 19 NV
30 0.014 0.004 0.020 NV NV 95.0 99.0 29
31 0.009 -0.004 0.042 99 99 99.9 99.9 59 V
33 0.004 -0.008 0.024 99 99 99.9 99.9 70 V
35 0.058 0.004 0.113 99 99 99.9 99.9 227 V
36 0.011 0.000 0.Q18 NV NV NV NV 17 NV
37 0.008 -0.001 0.014 NV NV NV NV 16 NV
38 0.020 0.010 0.034 NV NV 95.0 95.0 24 NV
39 0.007 0.000 0.Q18 NV NV 95.0 95.0 20 NV
40 0.006 -0.002 0.018 99 99 99.0 99.9 35 V
41 0.018 0.010 0.033 99 95 99.0 99.9 36 V
42 0.009 0.006 0.021 95 90 99.0 99.0 27 V
43 0.028 0.017 0.040 90 90 NV NV 13 NV
45 0.056 0.038 0.067 NV NV 95.0 99.0 31
47 0.017 0.011 0.046 99 99 99.9 99.9 51 V
49 0.013 0.009 0.025 99 95 95.0 NV 19 NV
50 0.021 0.008 0.038 90 90 NV 95.0 22 NV
51 0.011 -0.002 0.028 99 99 NV 99.0 25
52 0.021 0.010 0.034 NV NV 95.0 95.0 22 NV
54 0.009 0.004 0.018 95 99 NV NV 10 NV
57 0.006 -0.009 0.016 99 99 NV 95.0 24 NV
58 0.009 0.003 0.027 99 95 99.9 99.9 45 V
59 0.007 -0.007 0.015 99 99 95.0 99.9 36
62 0.050 0.040 0.065 99 99 NV NV 16 NV
63 0.007 0.001 0.014 95 90 95.0 95.0 22 NV
64 0.005 0.002 0.011 99 99 NV 95.0 23 NV
65 0.015 0.004 0.022 NV NV NV NV 19 NV
66 0.012 -0.001 0.024 NV NV NV 95.0 24 NV
67 0.037 0.016 0.056 99 99 99.9 99.9 44 V
68 0.004 -0.002 0.012 95 90 NV NV 17 NV
69 0.032 0.020 0.046 90 90 NV NV 11 NV
70 0.032 0.Q15 0.052 NV NV 95.0 99.0 31
71 0.008 -0.006 0.037 NV NV 99.9 99.9 44 V
72 0.069 0.037 0.108 99 99 99.9 99.9 84 V
73 0.029 0.Q18 0.049 95 99 NV 95.0 21 NV
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TABLE 3-Continued

Count Rate Variability Probability
X

2

VXR Mean Min Max KS CvM MGM X
2 Value Notes

74 0.009 -0.011 0.023 99 99 99.9 99.9 52 V
77 0.069 0.011 0.126 NV NV 99.0 99.9 39 V
78 0.198 0.146 0.309 99 99 99.9 99.9 55 V
79 0.034 0.019 0.051 NV NV 99.0 95.0 22
80 0.042 0.017 0.068 99 99 NV NV 19 NV

NOTE.-The confidence level at which the source is variable using the IRAF/PROS Kolmogorov-Smirnov (KS) &
Cramer-von Mises (CvM) tests, the Poisson statistic of MGM, and the X2 statistic. Comparing the MGM and X2

tests I then decide if the source is variable "V" or non-variable "NV". A blank entry indicates that the tests are
indeterminate.

brightest sources the least. Such a component could be something as simple as flares,

for example. For the Sun, flares can produce many times the soft X-ray luminosity of

the "quiet" (Lx rv 1027 erg S-l). But the Sun is, in general, a very faint X-ray source

compared to most other stars. If the stars detected in the IC 2391 ROSAT survey

flare with similar flare luminosities to those seen on the Sun, then it is easy to see

that for an active star with an X-ray luminosity 2-3 dex higher than the quiet Sun,

flaring at the solar level will make up but a small fraction of the overall luminosity of

the star. For a less active star, flaring would make up a more significant fraction of

the overall X-ray luminosity of the star, but would affect the observed PSPC count

rate at the same level as for the brighter stars.

The most variable source in the image, VXR 02, exhibited an outburst in a single

time bin where the count rate was > 10 times higher than its mean count rate in all

other bins. Two stars of spectral-type G9 and K3, with photometry consistent with

cluster membership, appear to be associated with the source. It is unclear at this

time if either or both of these stars are responsible for the X-ray emission. The light

curve during the outburst showed a constant count rate with no evidence of flare-like

activity, such as an impulsive rise or an exponential decay in the count rate, however

the OBI containing the outburst event (on 1992 June 02) was only 1589 seconds
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Fig. 3.- Distribution of deviations from the mean count rate for individual sources

within quartile bins for all 63 sources in the X-ray variability analysis. Because they

are so much brighter than any of the other X-ray sources, VXR 08 and 73 and the

source VXR 02, which was bright in a single time bin are excluded from this plot.
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levels (bars), the 84% and 16% levels (the box), and the median count rate (thick

horizontal line).
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in length. The X-ray spectrum of VXR 02 did become a little harder during the

outburst, which may indicate a flare. A two-temperature Raymond-Smith model fit

to the pre-outburst and outburst spectra yielded temperatures of (T}, T2 ) = (0.27

keY, 1.03 keY) and (0.50 keY, 1.37 keY) respectively. If this outburst was a flare,

then its peak luminosity of 1031.13 erg S-1 was brighter than all but 2 of the 12 flares

reported in Pleiades by Gagne et al. (1995) and as bright as the "super-flare" Pleiads

H II 1136 (Caillault & Helfand 1985) and H II 2034 (Schmitt et al. 1993), which had

flare luminosities of 1032 and 1031.5 erg S-1 respectively. That other flaring events for

this or other IC 2391 stars were not detected during the PSPC observation is not

entirely surprising, given the much larger populations of clusters such as the Pleiades

and the Hyades and the large amount of Einstein and ROBAT observing time already

devoted to these clusters, making the detection of flares in these regions much more

likely.

2.2. A ROBAT X-ray Survey of Ie 2602

A raster of ROBAT PSPC images covermg an '"11 degree2 area of the sky

containing Ie 2602 was made over the year of 1992 and most of 1993 (J. Schmitt, PI).

The raster consisted of 25 separate PSPC pointings, each 1-2 ksec in length. The

reduction and analysis of this PSPC survey of IC 2602 is summarized in Randich et

al. (1995). They report 110 objects detected in X-ra.ys above a limiting Lx = 3-5 X

1028 erg S-I. Forty-four of these X-ray sources correspond to membership candidates

whose optical photometry consistent with cluster membership. The X-ray reductions

of Randich et al. are compatible with the methods I used in Sections 2.1.1 - 2.1.3

to analyze the IC 2391 PSPC image. I therefore adopt the Lx values determined by

Randich et al. for known and possible IC 2602 members.
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2.3. Optical Multi-color Photometry and Spectroscopy

In 1994 March 1-2, the CTIO 0.9-m telescope was used along with a Tektronix

2048 x 2048 CCD to conduct a photometric survey of the optical candidates to

the ROSAT X-ray sources. The CCD was mounted at the Cassegrain focus of

the telescope, providing a field of view of ",,19 arcminutes. Almost all the X-ray

source positions were imaged through broadband V, R, and I filters in the two

nights alloted for this program. The CCD images were bias-subtracted and flat

fielded using standard techniques and routines under IRAF. The photometry was

extracted using a subset of routines from a software package I developed for time

series CCD photometry (see Section 2.5). One field, centered on the star SHJM

9, was observed repeat.edly during each night of the run to measure atmospheric

extinction coefficients. A number of photometric standard stars (Graham 1982) were

also observed throughout the run and were used to transform the photometry to

the Cousins system. Errors in the CCD photometry are estimated to be ",,2% for

stars brighter than V = 16 and ""3-4% for the faintest stars reported here, with the

primary limitation to the accuracy of the photometry being the quality of the CCD

flat fields.

Following the run on the CTIO O.9-rn telescope, a program of low resolution

spectroscopy in IC 2391 and IC 2602 was conducted on the CTIO 1.0-m telescope on

10 nights during the period 1994 March 3 - 23. The spectroscopy was a backup

program on non-photometric nights to a program of time-series photometry (see

Section 2.5) to measure photometric rotation periods for members of both clusters.

The spectra were taken to aid in the identification of new cluster members among

the X-ray source candidates. The CTIO 1.0-m telescope's Cassegrain Image Tube

Spectrograph (the "2D-Frutti") was the instrument used for this program. The

2D-Frutti was configured with grating #26 (600 lines/mm, 5000A blaze) in first
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order to provide coverage in the spectral range of 4200-7600A, with a resolution of

3 - 4A around Ha (>. = 6563A). Because the observing conditions were generally

non-photometric when I chose to operate the spectrograph, the spectra are not

flux calibrated. Instead, an instrumental spectral response function was derived

by comparing observations of A-type field stars to the flux distribution of A-type

spectrophotometric standard stars.

The spectra are presented in Figure 4. Spectral types were assigned by a

visual comparison to the standard spectra in Jacoby, Hunter, & Christian (1984).

The spectral types are generally good to one or two sub-classes, with the greatest

uncertainty being in the early-type stars, due to the lack of spectral features, and

for those stars with low signal-to-noise ratios. In a few cases I was able to assign

a luminosity class from the spectra. All X-ray source candidates surveyed with the

spectrograph appear in Figure 4 with the addition ofthe IC 2391 star SHJM 7, which

is not associated with any X-ray source in the IC 2391 PSPC image, but was identified

as a possible cluster member by Stauffer et al. (1989a).

All available photometry and spectroscopy for the X-ray source candidates in

IC 2391 are summarized in Table 4. A letter in Column (2) identifies the optical

candidate for the X-ray source when there are multiple candidates. These are the

same identifiers used in Figure 2. For each candidate, the offset, in arcseconds,

between the X-ray source position and the position of the optical candidate is listed.

New photometry and spectroscopy for a number of IC 2602 membership candidates

are summarize in Table 5. The IC 2602 stars are prefixed with "R", which designates

them ROSAT X-ray sources.
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pixels in width.
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TABLE 4
OPTICAL PHOTOMETRY AND SPECTROSCOPY FOR IC 2391 X-RAY SOURCE CANDIDATES

Offset Spectral Other

VXR Cando V B-V V-R R-I CiT" Type Name Memberb Notes

02 a 11.55 .. , 0.46 0.52 13 G9 ... S
b 12.74 ... 0.64 0.60 20 1<3 ... S
c 15.25 .. , 0.91 0.89 09
d 15.35 ... 0.57 0.59 31
e 17.15 ... 0.89 0.87 13
f 17.39 ... 0.62 0.66 08
g 16.57 ... 0.77 0.72 2'1
h 15.25 ... 0.47 0.50 29

03 a 10.95 ... 0.37 0.37 16 ... ... S
b 15.83 ... 0.62 0.67 16
c 14.68 ... 0.51 0.49 12

04 6.47 -0.01 ... ... 09 88 V HD 73952 M 2
05 10.29 0.68 0.38 0.36 06 G2 SHJM 1 M
06 a 13.77 ... 0.94 1.00 12 M3 ... S

b 15.86 ... 0.53 0.55 11

~
07 9.63 0.46 ... ... 09 F5 V CPD-52°1568 M 3,4

'0 08 8.78 0.41 ... ... 15 F3 V HD 74009 M 2
11 9.96 0.6'1 ... ... 10 ... CPD-52°1577 M 4
12 11.86 0.8<1 0.49 0.42 12 KO SHJM 6 M 1,5
13 7.27 -0.06 ... ... 12 A2p (S8) HD 74169 M 6
14 10.45 0.57 0.34 0.35 29 GO ... S
15 8.68 1.06 ... ... 14 K3 V/KO III HD 74212 3
16 a 11.84 ... 0.44 0.50 06 G9 ... S 1

b 17.71 ... ... .. . 05
17 a 16.84 ... 0.42 0.55 15

b 15.16 ... 0.74 0.67 23
c 16.33 ... 1.25 1.63 17 ... ... ?
d 16.31 ... 0.47 0.50 23

18 a 13.54 ... 0.79 0.74 01 K4 ... 5 7
b 16.35 ... 0.58 0.53 09
c 12.71 ... 0.22 0.24 30

19 17.Ql ... 1.21 1.56 10 ... ... 5
20 a 13.10 0.84 0.50 0.50 06 G3

b 15.82 ... 0.57 0.52 15
c 17.39 ... 0.74 0.71 22

21 7.31 -0.03 ... ... 10 AO Vb (58) HD 74275 M 8
22 a 11.08 ... 0.40 0.40 31 Gl '" 5

b 15.97 ... 0.35 0.41 18



TABLE 4-Continued

Offset Spectral Other

VXR Cando V B-V V-R R-I Ar4 Type Name Member!> Notes

23 a H.86 ... 0.44 0.46 30
b 15.51 ... 0.49 0.49 32
c 17.82 ". 0.52 0.54 14
d 18.16 ... 0.60 0.56 19

24 a 15.85 ". 1.13 1.45 17 ". ." ?
b 14.45 ... 0.75 0.73 23 ". ... ?

25 a 13.83 ... 0.70 0.67 28 1<2 ... S
b 15.92 ... 0.43 0.45 34

26 a 15.78 ... 0.56 0.54 33
b 16.22 ... 1.14 1.43 30 ". ." ?
c 16.25 ... 0.54 0.54 31
d 17.12 ... 0.72 0.64 35

27 13.97 ... 1.08 1.30 09 M3 ... S
28 a 14.54 ." 0.40 0.41 04

b 17.75 ." 1.29 1.65 04 ... ... S
c 14.01 ." 0.39 0.40 31
d 13.46 ... 0.36 0.37 27

29 a 17.40 ... 1.36 1.71 07 ". ." S

"'" b 17.46 ... 0.57 0.71 09
0 30 9.88 0.46 ". ... 08 F6 V HD 7<1340 M 9

31 11.22 ... 0.37 0.36 03 ". ... S
32 a 15.4,1 ... 0.45 0.48 20

b 14.72 ... 0.68 0.65 25
c 15.34 ... 1.06 0.99 32 ... .. . ?
d 13.68 ... 0.42 0.43 29
e 17.82 ". 0.61 0.63 06
f 18.11 ". 0.46 0.47 03
g 17.75 ... 0.80 0.75 11
h 19.64 ... 1.59 1.91 10 ... ... ?

33 a 16.93 ... 1.27 1.64 08 ... ... ?
b 16.35 ... 0.55 0.54 15
c 12.25 ... 0.36 0.41 29 ... ... ?

34 a 15.43 ... 0.55 0.48 11
b 16.42 ... 0.52 0.54 27
c 16.88 ... 0.74 0.69 27

35 a 12.56 1.00 0.62 0.61 14 1<3e SHJM 3 M 10
b 17.56 ." 0.66 0.66 16
c 18.57 ... 0.84 0.73 23
d 17.53 ... 0.85 0.83 20
e 17.84 ... 0.59 0.64 16
f 15.74 ... 0.50 0.51 26
g 17.53 ... 0.72 0.70 26



TABLE 4-Contillued

Offset Spectral Other

VXR Cando V B-V V-R R-I Ara Type Name Memberb Notes

36 a 12.57 ... 0.89 0.83 25 1<01 III/IV
b 101.06 ... 1.11 1.05 21 1<7 III/IV

37 a 17.10 ... 1.21 1.66 12 ... ... S
b 18.20 ... 0.60 0.59 13
c 13.13 0.49 0.30 0.31 12 A7·9
d 17.07 ... 0.55 0.55 21

38 a 13.36 1.24 0.80 0.78 11 1<7.5e SH.JM 8 M 11
b 16.96 ... 0.71 0.70 16
c 16.96 ... 0.89 0.87 10

39 a 15.7<1 ... 1.10 1.301 11 ... ... S
b 17.15 ... 0.58 0.60 15

40 a 17.14 ... 1.24 1.62 13 ... ... S
b 15.76 ... 0.47 0.019 31

41 13.57 1.26 0.80 0.75 13 I<7.5e SH.JM 9 M 11
42 a 15.88 ... 1.12 1.37 08 M3e ... S

b 16.09 ... 0.46 0.48 13
c 17.40 ... 0.66 0.67 12

>Po d 15.32 ... 0.54 0.50 19.....
e 13.75 ... 0.36 0.38 22

43 7.84 0.67 ... ... 08 G3 V HD 74497 3
44 9.69 0.42 ... ... 08 F6 V CPD-52°1602 M 6
015 a 10.70 0.81 0.46 0.44 10 G9 CPD-52°1604 M 4

b 11.88 0.55 0.34 0.35 10 F6
46 5.56 -0.17 ... ... 17 B9.5 III HD 7·1535 M 8
47 13.96 1.44 0.98 1.09 11 M2e SHJM 10 M 10
48 4.89 -0.17 ... ... 16 B3 IV (SB) HD 74560 M 2
49 a 14.67 ... 0.44 0.44 04 ... ...

b 14.34 ... 0.93 0.96 13 Mle ... S 11
c 16.09 ... 0.69 0.62 11
d 17.23 ... 0.93 0.89 16

50 a 12.5'1 ... 0.45 0.46 22 G6 ... S
b 15.87 ... 0.55 0.5'1 17
c 16.24 ... 0.53 0.54 29
d 16.60 ... 0.57 0.58 30

52 10.30 0.56 0.33 0.32 11 F9 SH.JM 2 M 1
53 a 17.61 ... 1.43 1.79 05 ... ... S

b 18.00 ... 0.92 0.79 04
c 16.22 ... 0.89 0.82 35
d l4.08 ... 0.43 0.45 29



TABLE 4-Continued

Offset 8pectral Other

VXR Cando V B-V V-R R-I Ar" Type Name Memberb Notes

54 a 11.32 ... 0.35 0.36 05 F9
b 13.00 ... 0,42 0,43 26 F7
c 13.24 ... 0.24 0.29 33 mid-A
d 13.92 ... 0.46 0.48 23
e 15.02 ... 1.04 1.03 28 ... ... 8
f 15.61 ... 1.03 1.01 31
g 15.22 ... 0.'19 0,47 33
h 15.67 ... 0.53 0.51 31

55 a 16.29 ... 1.24 1.58 12 ... ... 8
b 15.36 ... 0.45 0.47 24
c 12.'17 ... 0.33 0.33 30 F7 ... 12

56 7.66 0.09 ... ... 11 Al V (88) HD 74678 M 3
57 a 14.'19 ... 0.78 0.76 14 ... .. . S

b 16.54 ... 0.85 0.75 27
c 12.99 ... 0.'16 0,49 38
d 15.73 ... 0.51 0.49 34

*'" e 17.15 ... 0.60 0.65 11
t...:> f 18.31 ... 0.68 0.61 19

58 a 15.49 ... 1.09 1.34 11 early-M ... S
b 11.28 ... 0.25 0.26 34 F6 CPD-52°1623

59 a 18.33 ... 0.80 0.77 14
b 17.76 ... 1.42 1.80 12 ... ... S
c 17.04 ... 1.03 1.01 26

60 a 14,45 ... 0.97 1.13 14 ... SHJM 4 M
b 13.84 ... 0.86 0.85 16 ... SHJM 5 M

61 a 14.20 ... 0.38 0.40 14
b 16.12 ... 0.47 0.51 22

62 a 11.73 0.86 0.50 0.49 10 KO ... S 1
b 18.06 ... 0.69 0.67 04
c 17.38 ... 0.68 0.72 19

63 a H.42 ... 0.55 0.55 08
b 16.61 ... 1.19 1.52 15 ... ... 8
c 18.06 ... 0.53 0.58 19
d 13.18 ... 1.57 1.80 40 M51II

64 a 15.32 ... 0.93 0.90 08 ... ... S
b 15.51 ... 0.75 0.73 24

65 14.13 ... 0.89 0.90 27 MOe ... S 11
66 9.73 0.47 0.28 0.28 05 F5 CPD-52°1631 M 4



TABLE 4-Continued

Offset Spectral Other

VXR Cando V B-V V-R R-I Ara Type Name Memberb Notes

67 a 11.71 ... 0.52 0.51 27 KO ... M 1,4
b 12.62 ... 0.71 0.65 29 KO

69 a 11.67 ... 0,46 0,44 23 Ko ... S 1
b 13.27 ... 0.36 0.40 24 F5 ... 13
c 15.19 ... 0,49 0.51 22

70 10.85 0.64 0.38 0.37 23 G3 CPD-52°1632 M 1,4
71 a 15.32 ... 1.09 1.32 15 M3e ... S

b 16.48 ... 0.66 0.65 08
c 16.30 ... 0.51 0.54 14
d 16.81 ... 0.85 0.82 09
e 16.77 ... 0.59 0.58 11

72 11.46 0.73 0.43 0.41 20 G9 ... M 1,4
73 7.60 0.08 ... ... 12 Al V (SB) HD74955 M 2
75 a 13.77 ... 0.82 0.82 40 ... ... S

b 15.06 ... 1.29 1.62 41 M5
c 16.86 ... 0.83 0.83 25

.... 76 a 12.76 1.05 0.64 0.60 11 K3 ... S
CJ.:l b 1'1.03 ... 0.28 0.31 22

c 16.97 ... 0.54 0.56 10
77 a 9.91 0.50 0.30 0.30 15 F8 ... S

b 16.51 ... 0.6·1 0.63 15
c 16.42 ... 0.58 0.60 27

78 10.44 ... 0.35 0.38 29 G3 ... S 1
79 a 7.75 0.19 ... ... 23 A3 IV (SB?) H075202 M 2

b 12.57 ... 0.37 0.40 13 F9 ...
80 a 11.98 ... 0.52 0.52 23 K2 NGC 2669- 14 S 11,14

b 11.73 ... 0.11 0.14 23 AO NGC 2669-13

NOTE.-Uniess otherwise noted, all photometry and spectroscopy is from this paper. All photometry is in the Cousins
system. (1) H", filled in. (2) photometry Perry & Hill 1969, spectral type Houk 1978. (3) data from SIMBAD. (4) proper
motion (King 1979) consistent with IC 2391 membership. (5) photometry Stauffer et al. 1989. (6) photometry Hogg 1960,
spectral type Levato & Malaroda 1984. (7) star "b" also on spectrograph slit. (8) photometry Hogg 1960, spectral type Houk
1978. (9) photometry Perry & Hill 1969, spectral type Buscombe 1965. (10) B - V from Stauffer et al. 1989. (11) weak H",
emission. (12) binary; (13) star "c" also on spectrograph slit. (14) photometry and spectroscopy are consistent with IC 2391
rather than NGC 2669 membership.

aRadial difference. in arcseconds. between the X-ray source position and the stellllf position.
b "M" = cluster member; "S" = suspected cluster member based on photometry and/or spectroscopy; "?" = uncertain

membership status; blank entry =field star.



TABLE 5
NEW OPTICAL DATA FOR Ie 2602 SUSPECTED MEMBERS

Spectral

R V B-V V -I Type Member Notes

27 14.29 1.80 MOe Y 1,2
29 12.74 1.06 1.23 K4 Y
31 15.11 2.24 M3e Y 1,3
32 15.12 2.16 M3e Y 1,3
43 12.17 0.93 1.11 KO Y
44 14.84 2.03 M3 Y 1
49 11.70 0.75 0.96 GO N
50 14.74 2.07 Mle Y 1,3
52 12.16 0.98 1.15 K4 Y
53A 14.02 1.65 1.85 K5 I N 1
56 13.75 1.27 1.60 K7.5 Y 1
57 15.54 2.44 M3e Y 1,3
59 11.89 0.84 1.01 Ko Y 1
68 11.28 0.87 1.09 Ko Y 4
69C 17.07 2.87 M7 III N 1,5
71 14.60 2.11 K7 III N 1
77 14.19 1.72 Mo Y 1
82 14.98 1.62 2.51 M3e Y 1,3
88A 12.65 1.13 1.34 K4 Y
89 12.92 1.14 1.38 K4 Y
93 13.83 1.62 K7.5 Y 1
94 13.31 1.73 Mo Y 1
95A 11.70 0.80 0.96 G9 Y
96 12.89 1.10 1.36 K4 Y

NOTE.-Unless otherwise noted, all photometry and spectroscopy is from
this paper. (1) photometry from Randich et al. 1995. (2) Ha emission. (3)
Balmer line emission. (4) H,B emission?, also known as HO 307960 and W84.
(5) Appears to be identical in spectral type to giant SW Vir.
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2.4. Proposed New Cluster Members

A color-magnitude diagram for IC 2391, constructed from Table 4, is presented

in Figure 5. Stars that are previously known cluster members (based on proper

motions, photometry, and/or spectroscopy) are designated by squares, while stars

that are suspected members (this dissertation) are shown as open circles. The solid

line is the result of a fit to the Pleiades photometry in Stauffer et al. (1994). Because

most of the high mass stars in IC 2391 lack I-band photometry, V - I colors for

these stars were estimated from their B - V colors using a polynomial relationship

derived from the data in Table II of Johnson (1966) and the transformation between

the (V - Ih and (V - I)c colors for normal main sequence stars given by Bessell

(1979). These estimated colors are only approximate but they should be accurate

enough for the purpose here.

Likely IC 2391 cluster members were selected on the basis of three criteria:

1. Are the positions of the star and X-ray source in close proximity?

2. Is the photometry consistent with a distance modulus of 6.05 magnitudes?

3. If a spectral type exists, is it consistent with the color of the star, taking into

account the very low reddening to the cluster? Does the spectrum show evidence

of youth through features like emission lines or filled-in Ha?

The membership status of all the stars considered as X-ray source candidates is

listed in Column (10) of Table 4. Previously established members are designated as

"M", suspected members (this dissertation) are designated "8", and possible members

are designated as "?". In addition, 6 stars which satisfied the above criteria for

suspected membership (VXR 07, 45a, 66, 67a, 70, & 72) have been designated as
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Fig. 5.- Color-magnitude diagram for possible optical counterparts to X-ray sources

in Ie 2391. Plotted are V magnitude versus V - I color (on the Cousins system).

Filled circles, field stars, open squares, known cluster members, open circles suspected

cluster members (this dissertation). A fit to the Pleiades, scaled to the IC 2391

distance modulus of 6.05 mags, is shown as a solid line.

46



cluster members "M" with the addition of proper motions consistent with cluster

membership from King (1979). Only those IC 2391 stars designated "M" and "S" are

used in the remaining analysis and discussion.

The star SHJM 7, which Stauffer et al. (1989a) included as a possible cluster

member on the basis of its proper motion, radial velocity, and photometry, does not

appear to be a member of the cluster. There is no X-ray emission at the position of

the star in the IC 2391 PSPC image. The spectrum of SHJM 7 (panel 10 in Figure 4)

appears to be that of a late-G star while its photometric colors are those expected for

a mid-K star. If SHJM 7 really is a late-G star, then its V magnitude is inconsistent

with a distance modulus of 6.05 mags. I conclude that SHJM 7 is most likely a

reddened background object, possibly a giant.

Because they only had optical photometry for their X-ray source candidates,

Randich et al. (1995) could only select likely members of IC 2602 on the basis of

criteria numbers (1) and (2) above (the distance modulus of IC 2602 is 5.91 mags).

I was able to secure spectra for 24 of the 44 stars Randich et al. classified as likely

cluster members. For 10 of these 24 stars I was also able to secure new broadband

photometry. In general, the new photometry agrees well with the Randich et al.

photometry. With the addition of the low resolution spectra I was able to examine

the consistency of each star's spectral type with its V magnitude and colors. I

rejected 4 of the 24 stars examined as IC 2602 members on the basis of their spectral

types. All 4 stars (R 49, 53A, 69C, and 71) have spectral types and colors consistent

with more distant objects (background giants). Ultimately, additional observations,

such as radial velocities and proper motions, will be needed in order to more firmly

establish the membership status of many of these potential IC 2391 and IC 2602

cluster members.
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A color-magnitude diagram for known and suspected members in both clusters

is shown in Figure 6. For comparison, a line representing the locus of Pleiades

members and the evolutionary tracks and isochrones of Forestini (1994) have also

been plotted. The "nuclear" age of IC 2391, based on the position of early-type

stars on the Hertzsprung-Russell diagram, is estimated to be "'30 Myr (Hogg 1960;

Perry & Hill 1969). The contraction age of the cluster, based on the position of

the faintest stars thought to be on the main sequence, is estimated to be ",35 Myr

(Hogg 1960; Perry & Hill 1969; Mermilliod 1981). For IC 2602, nuclear age estimates

range from 10 Myr (Whiteoak 1961) to ",8 Myr (Braes 1962) while contraction age

estimates are in the range of 20-40 Myr (Hill & Perry 1969; Mermilliod 1981). A

comparison of the relative distributions of stars in IC 2391 and IC 2602 shows the

two clusters are almost identical in age. The locus of the distribution of stars in both

clusters is compatible with an age estimate of 107.5 years based on the isochrones

of Forestini (1994) (as shown in Figure 6) and Swenson (1994). I therefore believe

an age estimate of 30 Myr for both IC 2391 and IC 2602 is quite reasonable. For

solar-mass stars, the time to evolve down the PMS Hayashi track to the point where

the energy of gravitational collapse supplies less than 1% of the total luminosity of

the star is between 30 and 50 Myr. After ",30 Myr of PMS evolution, a solar-mass

star does not change in luminosity or radius by more than a few percent. Therefore,

the solar-type stars in IC 2391 and IC 2602 should have just arrived, or are just now

arriving at the ZAMS. The low-mass stars in both clusters (the late-K and M stars)

are still a PMS population with another "'50-100 Myr of evolution ahead of them

before they reach the ZAMS.
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Fig. 6.- Color-magnitude diagram for IC 2391 known (filled squares) and suspected

(filled circles) members and IC 2602 (Randich et aI. 1995) known and suspected

members (open diamonds) detected as X-ray sources by ROSAT. As in Figure 5, the

solid line represents a fit to the Pleiades. Theoretical isochrones and evolutionary

tracks from Forestini (1994) are also plotted. Isochrones, from top to bottom,

correspond to logeage) = 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0 years. Evolutionary

tracks, from left to right, correspond to MjM8 = 2.5, 2.0, 1.7, 1.5, 1.3, 1.0,0.8, and

0.5.
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2.5. Optical Time-Series Photometry

In 1992 January (hereafter, season 1) and 1994 March (hereafter, season 2) I

carried out programs of time-series photometry to measure rotation periods for late

type stars in IC 2391 (seasons 1 and 2) and IC 2602 (season 2). Because the stars are

young and most show signs of magnetic activity, though their X-ray emission, they

are expected to be heavily spotted and to show prominent photometric variations in

the visible, modulated on the time scale of the stellar rotation period. Rotational

modulation is a technique that has been in use for decades for measuring the rotation

periods of RS CVn and BY Dra variables as well as PMS T Tauri stars.

I chose to measure rotation periods rather than v sin i for two primary reasons.

First, the uncertainty in the sin i factor can lead to an incorrect picture for the

distribution of angular momentum in a cluster. This is particularly worrisome in a

cluster with a relatively sparse membership. Second, the rotation periods of faint

stars (V ~ 15) can be determined with surprisingly high accuracy, while attempts to

measure an accurate v sin i may be very difficult, especially for the slowest rotators.

There are two major assumptions that must be made in order to make use of

photometric rotation periods. First, the stars must have a single, large spot or spot

group, or a distribution of starspots that will produce a repeatable modulation in the

light curve over several rotation cycles. There is always the possibility, of course, that

the observer could be fooled by symmetric spot distributions (e.g., period doubling

caused by two spot groups located 180 degrees from each other on the surface of the

star), however such a distribution of spots is not likely. The second assumption is

that the derived rotation periods represent the overall rotation rate of the star and

that differential rotation is not a factor.
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In season 1, the CTIO O.g-m telescope was used along with the Tektronix 1024

x 1024 CCD for a program of time-series photometry. The CCD was mounted at the

Cassegrain focus of the telescope (f/13.5), providing a field-of-view of approximately

7.5 arcminutes. In many cases I was able to image several program stars in a single

CCD frame. The use of a CCD also allowed me to use differential photometry

techniques to improve the overall accuracy of the photometry and to work in mildly

non-photometric conditions. Because this observing run was months in advance of the

scheduled ROSAT observation of IC 2391, I was limited to observing the 10 "SHJM"

stars of Stauffer et al. (1989a) and several of the bright X-ray sources seen in the

region of the cluster in ROSAT All-Sky Survey (Schmitt 1991).

Over the 11 night baseline of the run, I cycled through a dozen CCD fields 5 times

per night. A standard broadband V filter was used throughout the run. The choice

of broadband V over other colors was a compromise between the expected amplitude

of light variations due to cool starspots, where the contrast between the spot and

the photosphere gets larger in the blue (Rydgren & Vrba 1983), and signal-to-noise

considerations, since the spectral energy distributions of G and K stars peak in the

yellow and red, making broadband U and B observations more time consuming.

The CCD images were bias subtracted and flat-fielded using standard techniques

under IRAF. Because 6 of the 11 nights of the observing run were non-photometric

for at least part of t.he time, differential photometry techniques were used on all of

the data to build light curves for the program stars. The photometry was extracted

using a special software package developed for this project. Based on the Multi

Object Multi-Frame software of Kjeldsen & Frandsen (1992), the package extracts

photometry by fitting an empirical point-spread function (PSF) to all the stars in

the CCD frame brighter than a specified signal-to-noise ratio limit. A correction

to compensate for small variations in the PSF across the frame is also made using
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aperture photometry. Stars common to all the frames of a particular CCD field

in the time-series program are then used to define an ensemble average magnitude.

Photometry relative to the ensemble average magnitude is then recorded for each

star. All frames of the same program field over the entire observing run are

semi-automatically processed in the same way. This yields very accurate, relative

photometry since the ensemble average is very stable from frame to frame, even

during mildly non-photometric conditions. Intrinsically variable stars do not affect

the ensemble average magnitude greatly, since the average itself is defined by 50 or

more stars in each CCD field. The overall accuracy for these data is typically at a

level of 2-3%, being chiefly limited by photon statistics for the faintest stars and by

the quality of the flat fields for the brightest stars.

In 1994 March, the Automated Single-Channel Aperture Photometer (PC

ASCAP) on the CTIO l.O-m telescope was used to monitor 16 stars in IC 2391

and 10 stars in IC 2602. The IC 2602 stars were selected from a narrow color range

corresponding to late-G/early-K type stars from the optical candidates to the ROSAT

X-ray sources in this cluster. The positions for these stars were supplied by J. Stauffer

& C. Prosser (Center for Astrophysics) in advance of the publication of the Randich

et al. (1995) paper. The PC-ASCAP system was configured with a BVRI filter

set and a 19 arcsecond aperture. The program stars were observed 3-4 times per

night over the 22 night baseline for this run. Conditions were photometric for 13 of

these 22 nights yielding approximately 40 observations total for each of the program

stars. The data were reduced using a stand-alone software package for single-channel

photometry obtained from CTIO. The photometry were placed on the Cousins system

using observations of photometric standard stars (Graham 1982). Photometric errors

are estimated to be about 1%, except for the B - V color, which is estimated to be

accurate to the 2% level. For some of the IC 2391 stars in this program, additional
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data points were added to their light curves from the CCD VRI photometry program

(discussed in section 2.3) carried out on the CTIO 0.9-m telescope immediately before

this run.

Photometric periods were extracted from the light curves from both time-series

programs using a software package I developed based on the Press et al. (1992)

Numerical Recipes PERIOD algorithm. Because these data are not evenly sampled

in time (i.e., any particular sample in our time-series photometry was taken, say,

±15 minutes around the mean sampling interval), it was necessary to use a period

searching algorithm that is compatible with unevenly sampled data. In the PERIOD

algorithm, the Lomb normalized periodogram (spectral power as a function of angular

frequency) is calculated on a "per point" basis rather than on the "per time interval"

basis typical of the Fast Fourier Transform (Press et al. 1993). An example of the

spectral analysis of the light curve for the IC 2391 member SHJM 3 is shown in Figure

7. Figure 7a shows the light curve of SHJM 3, based on relative photometry from

season 1. Figure 7b shows the Lomb normalized periodogram (the power spectrum)

for the light curve. Most of the power appears at a frequency of 1.898 days-I, which

corresponds to a period of 0.527 day. The false-alarm probability for this peak is

< 10-4 , which means there is only 1 chance in 10,000 this peak is spurious. The other

peaks seen in the power spectrum are aliases which correspond to integer harmonics

of the fundamental frequency combined with the window function, the semi-periodic

gaps in the light curve data introduced by the diurnal nature of the observations. In

Figure 7c the light curve of SHJM 3 is folded to the period 0.527 day. All known and

suspected members of IC 2391 and IC 2602 for which I have time-series photometry

were analyzed in this way. Stars with peaks in the power spectrum with false-alarm

probability less than 0.01 were considered rotational modulation detections. In those

cases where multiple peaks appeared above the 30- level of significance, the folded
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light curves for the secondary peaks were examined to make sure there wasn't a lower

power solution with less scatter in the phased data. In all such cases, the peak with

the highest power in the periodogram proved to be the best solution.

Periods were detected for 15 known and suspected members of IC 2391 (8 of 12

stars monitored in season 1 and 9 of 16 stars monitored in season 2). Periods were

detected for 9 of the 10 stars monitored in IC 2602 in season 2. Folded light curves for

all stars with rotation periods are presented in Figure 8 and the periods themselves

are tabulated in Table 6.

To estimate errors in the period determinations, I used the Kovacs formula (as

reformulated by Radick et al. (1987)),

(3)

where P is the measured period, A is the amplitude of the signal, (Tn is the root

mean-squared noise remaining after the signal is removed, N is the number of data

points, and T is the total length of the data set. This formula is intended for evenly

sampled data with a single, sinusoidal signal. My data do not meet these criteria, since

they are unevenly sampled in time and most of the light curves, although periodic,

do not resemble sinusoids. Some of the light curves, in fact, appear to be rather

"noisy" (i.e., variations beyond what would be expected due to photon noise alone).

For some stars, multiple spots or spot groups scattered over the stellar surface will

cause complex variations in the light curve as active regions move on and off the

disk of the star. The light curves of some stars may be affected by bright plage-like

regions which introduce "noise" through flaring activity or through the collapse and

reformation of plages in different positions on the stellar disk. In a few of the light

curves presented here, the amplitudes of the variations are quite low, sometimes not

much above the expected Poisson noise for the individual observations. The Kovacs
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modulation of star light in optical photometry. Shown is the V-band light curve
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TABLE 6

ROTATION DATA FOR LATE-TYPE STARS IN IC 2391/IC 2602

Other Spectral Prot log vsini
Name Name Type V-I (days) NRa (km s-l) Seasonb Notes

IC 2391

VXR 12 SHJM 6 KOe 0.91 3.86 -0.72 16 1
VXR 14 GO 0.69 1.32 -0.74 1,2 1
VXR35a SHJM 3 K3 1.23 0.527 -1.64 90 1
VXR38a SHJM 8 K7.5e 1.58 2.78 -0.95 18 1,2 2
VXR41 SHJM 9 K7.5e 1.55 5.80 -0.63 <15 1,2 3,4
VXR42a M3e 2.49 1.81 -1.18 1
VXR 45a G9 0.90 0.223 -1.95 2
VXR47 SHJM 10 M2e 2.07 0.258 -2.01 95 1
VXR60a SHJM4 2.10 0.93: -1.47 <15 1 5
VXR60b SHJM 5 1.71 0.212 -2.10 150 1
VXR62a Ko 0.99 0.503: -1.62 2 6
VXR64a 1.83 0.543 -1.69 1
VXR70 G3 0.75 2.67 -0.62 2
VXR72 G9 0.84 3.23 -0.70 2
VXR 76a K3 1.24 4.86 -0.68 2
VXR 77a F8 0.60 0.653 -0.79 2

IC 2602

R 29 K4 1.23 2.19 -1.03 2 4
R43 KO 1.11 0.78 -1.46 2
R 52 K4 1.15 0.393 -1.76 2 4
R 59 Ko 1.01 1.32 -1.19 2 4
R68 KO 1.09 0.99: -1.33 2 4,7
R88A K4 1.34 0.204 -2.07 2 4
R89 K4 1.38 4.47 -0.73 2 4
R95A G9 0.96 1.23 -1.21 2 4
R96 K4 1.36 1.81 -0.86 2 4

NOTE.-Colons denote uncertain values. v sin i data from Stauffer et al. 1989. (1) Only last seven nights
of 1992 season data used for period detennination. (2) 1992 season period determination gave ambigiuous
result of 0.734 or 2.70 days. (3) 1992 season light CUl"Ve just short of two rotation cycles, 5.6 day period
estimated from these data. (4) V - I color varies in phase with V-band light CUl"Ve such that the star is
bluest when brightest. (5) Noisy light CUl"Ve. SHJM 4 may be an almost pole-on rapid rotator, given its low
v sin i. (6) Insufficient phase coverage for aCCUl"ate period detel"Inination. (7) Because period so close to 1
day, light CUl"Ve insufficiently sampled in phase space.

aRossby number N R =Prot/Tc
b Denotes whether period detennination was made using data from January 1992 (season 1) or February

1994 (season 2)
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formula does, however, provide an approximation for the minimum error in the period

determinations. Typically, for the time-series data presented here, Un '" 0.02 mag,

P '" 1 day, A '" 0.10 mag, T '" 10 days, and N '" 40. I estimate the errors in the

period measurements are a minimum of ",0.002 day, quite acceptable when compared

to the typical sampling rate of "'0.08 day. For the most rapidly rotating stars in the

sample, the error estimate is closer to "'0.004 day according to Kovacs formula. On

the other hand, experiments with the period searching software showed that shifts of

just 0.002 day away from the best period found in the power spectrum randomized

the light curve in phase space for the most rapidly rotating stars. I therefore have a

high level of confidence in the accuracy of the quoted rotation periods.

Two late-K members of Ie 2391, SHJM 8 and SHJM 9, were observed during

both observing seasons. SHJM 9 had insufficient coverage in season 1 (less than two

rotation cycles) for a good period determination, while SHJM 8 had an ambiguous

period determination from the season 1 data. Although the data from season 2 were

sufficient to determine rotation periods for both stars, I used this opportunity to see if

either of their light curves remained in phase over a ",two year baseline by combining

the data from both observing seasons. For SHJM 8 no significant peak was found in

the power spectrum of the combined light curve. On the other hand, the SHJM 9

light curve was found to have stayed in phase and to have kept relatively the same

shape over both seasons. The near-sinusoidal/sawtooth shape of most of the light

curves for IC 2391 and IC 2602 stars is easily accounted for by large, high latitude

spots and moderate axial inclinations. The IC 2391 star SlUM 9 and almost all the

IC 2602 stars were found to have color changes modulated on the time scale of their

rotation periods. The change in the V - I colors were found to be in phase with the

V band light curve indicating that as the stars get fainter, they also get redder. It is

therefore physically reasonable to assume the light variations are due to the presence
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of cool spots on the surfaces of these stars. Assume F(A)stan the observed flux from

the stellar surface at some wavelength A, is given by the Planck function at the stellar

surface temperature Tstar '

(4)

Similarly, the flux from a spot is given by,

(5)

If the spot covers a fraction f of the visible disk, the flux from the spotted star is

given by,

The change in magnitude at a given wavelength is then,

A I (F(A)star+spot)
um>. = m>.,star+spot - m>.,star = -2.5 og F(A)star '

(6)

(7)

(8)nm>. = -2.5 log ((1- f) + f (~:~i::~)) .
For 20% spot coverage and Tstar-Tspot = 1500K, I estimatenV = 0.20 and nI = 0.17.

So, with spots on the visible surface, the star becomes dimmer and redder. The

amplitude of variability of all the stars for which rotation periods were measured

generally does not exceed 20% in V and a few percent in V - I. Although several of

the stars monitored during season 2 showed color changes of a few percent over the

course of the observing run, these changes were not periodically modulated.

The photometry for variable stars associated with X-ray sources are summarized

in Table 7. Listed are the mean V magnitude, mean V - Rand R - I colors, the

range in V and the colors, and the number of observations of each star. Included in

Table 7 are stars which were monitored for rotational modulation but for which no

periodic signal was found.
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TABLE 7
V.<\.RIABLE STARS

Other

Name Name V ~V B-V ~(B - V) V-R ~(V -R) R-I ~(R- I) N~ Notes

IC 2391

VXR05 SHJM 1 10.29 0.04 0.68 0.38 0.36 0.03 oil 1
VXR 12 SHJM 6 11.86 0.07 53 2
VXRH 10.45 0.08 0.57 0.34 0.35 0.0·1 43 1
VXR 20a 13.10 0.06 0.50 0.03 0.50 0.03 24 3
VXR27 13.97 0.07 1.08 0.07 1.30 0.05 35
VXR 35a SHJM 3 12.56 0.15 50 2
VXR 38a SHJM 8 13.36 0.10 1.24 0.06 0.80 0.05 0.78 0.05 93
VXR 41 SHJM 9 13.57 0.22 1.26 0.07 0.80 0.06 0.75 0.08 98
VXR 42a 15.88 0.05 04 2
VXR 45a 10.70 0.07 0.81 0.46 0 ...4 0.03 35 1
VXR 45b 11.88 0.03 0.55 0.34 0.35 0.05 17 1
VXR47 SHJM 10 13.96 0.13 50 2
VXR52 SHJM 2 10.30 O.O-t 0.56 0.33 0.32 0.04 43 1
VXR 55a 16.29 0.07 0-1 2
VXR60a SHJM 4 14.45 0.09 46 2
VXR 60b SHJM 5 13.84 0.10 46 2
VXR 62a 11.73 0.12 0.86 0.03 0.50 0.05 0.49 0.05 41
VXR 64a lS.32 0.05 45 2
VXR64b 15.51 0.04 44 2
VXR66 9.73 0.03 0.45 0.28 0.27 33
VXR 67a 11.71 0.04 45 2
VXR 67b 12.62 0.0·1 46 2
VXR 70 10.85 0.08 0.64 0.38 0.37 0.05 41
VXR 72 11.46 0.08 0.73 0.43 0.04 0.41 0.06 41
VXR 76a 12.76 0.14 1.05 0.64 0.05 0.60 0.05 40
VXR i7a 9.91 0.07 0.50 0.30 0.30 0.03 36

IC 2602

R 29 12.74 0.16 1.06 0.04 0.64 0.05 0.59 0.06 53
R43 12.17 0.07 0.93 0.03 0.55 0.04 0.55 0.04 52
R49 11.70 0.06 0.75 0.47 0.03 0.49 0.0-1 52 5
R 52 12.16 0.16 0.97 0.59 0.05 0.57 0.06 52 5
R 59 11.89 0.15 0.84 0.50 0.05 0.51 0.04 5·1 5
R68 11.28 0.10 0.87 0.04 0.54 0.04 0.55 0.04 52
R88A 12.65 0.12 1.13 0.06 0.70 0.06 0.65 0.06 52
R89 12.92 0.12 1.14 0.71 0.05 0.67 0.05 53 5
R95A 11.70 0.09 0.80 0.03 0.48 0.04 0.48 0.04 53
R96 12.89 0.13 1.10 0.68 0.06 0.67 0.06 54 5

NOTE.-All photometry is in magnjtudes. (1) range in B - V and l' - R colors consistent with expected shot noise. (2) insufficient or
no time-series color data for analysis. (3) insufficient B - V data for analysis. (4) range in all colors consistent with expected shot noise.
(5) range in B-1' color consistent with expected shot noise.

~For all stars with time-series B-1' observations N = 4
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Chapter 3

Rotation at the ZAMS

A wide range of rotation periods is observed among the known and suspected members

of IC 2391 and IC 2602, from as short as 0.212 day to as long as 5.8 days. There

were several stars, however, for which rotation periods were not detected. Although

they were extensively monitored during both observing seasons, the two earliest IC

2391 SHJM stars, SHJ.M 1 (G2) and SHJM 2 (F9), showed variations only slightly

larger than those expected due to photometric errors alone. The v sin i values of

SHJM 1 and 2 are 35 km S-1 and < 15 km S-l respectively (Stauffer et al. 1989a).

The absence of modulation in the SHJM 2 light curve could merely be due to a long

rotation period, although no long term trends were observed in its light curve. For

both stars the absence of modulation could be due to the presence of only a few, small

spot groups on their surfaces or to a uniform coverage of spots at all longitudes. I

was also unable to detect any modulation in the light curve of the IC 2391 star SHJM

7, but this is not an entirely unexpected result, since the absence of detectable X-ray

emission, combined with its photometric colors and spectral type, indicate this star

may very well be a background giant. For VXR 14, I was unable in the second season

to recover the modulation period of 1.32 day found in the data from the first season,

although the star shows about the same level of variability in its light curve in both

seasons. The remaining stars without a modulation signal are VXR 27, 37a, and 66

in IC 2391 and R 49 in IC 2602. The rotation periods measured for the IC 2391

SH.JM stars are consistent with the v sin i determinations of Stauffer et al. (1989a).

The only exception is SHJM 4, where the Prot value of 0.93: day and the low v sin i

value of < 15 km S-l, may indicate the star is oriented almost pole-on.

For the solar-type stars in both clusters (0.7M8 :s: M :s: 1.3M8) there is a

factor of '"'-'10-20 spread in the rotation periods. This shows conclusively that solar-

67



type stars arrive on the ZAMS with a wide range of rotation rates. Until now,

little rotation data were known for any cluster with main sequence, solar-type stars

younger than the a Persei cluster. It has been unclear whether the stars in a Persei

and the Pleiades arrived on the ZAMS with a wide range of rotation rates or if their

rotation distributions merely reflect the effect of intra-cluster age spreads, where all

stars arrive on the ZAMS as rapid rotators, but some have had time to already spin

down. These empirical data confirm implicit and explicit assumptions and predictions

about the initial distribution of rotation rates made in recent theoretical models of

angular momentum evolution (e.g., Pinsonneault et al. 1990; MacGregor & Brenner

1991; Jianke & Cameron 1993; Cameron & Jianke 1994; Keppens et al. 1995). In

particular, after starting with a PMS rotation distribution similar to that observed

for T Tauri stars (Dinitial = 2De - 25De ), the Keppens et al. (1995) model finds

that by the age of 30 Myr, the distribution of rotation rates ranges from 8 to 80De ,

very similar to the distribution seen in IC 2391 and IC 2602. They were also able to

reproduce the rotation distributions observed in older clusters reasonably well.

Rotation periods for solar-type stars in the older a Persei, Pleiades, and Hyades

clusters were gathered from the literature (Meys, Alphenaar, & van Leeuwen 1982;

Stauffer et al. 1985; Magnitskii 1987; van Leeuwen, Alphenaar, & Meys 1987; Radick

et al. 1987; Stauffer et al. 1987; Stauffer, Hartmann, & Jones 1989b; O'Dell & Collier

Cameron 1993; Prosser et al. 1993; Prosser, Schild, & Stauffer 1993; Prosser et al.

1995) and were used examine the evolution of the distribution of rotation periods with

age. Because IC 2391 and IC 2602 have essentially th~ same age, I have chosen to

combine the rotation data from both clusters and I will use this combined dataset to

represent the "ZAMS" for solar-type stars. Figure 9 shows a comparison between the

rotation period distributions of the combined IC 2391/IC 2602 dataset, the "ZAMS

clusters" , to those for the older clusters. It is interesting to note that (a) the shape
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of the distribution of rotation periods for the ZAMS clusters looks more similar to

that for the much older Pleiades than that for the slightly older a Persei cluster

and (b) there are stars in the ZAMS clusters with rotation periods as long as those

seen for stars in the older clusters. Because of their relative youth, the solar-type

stars in IC 2391 and IC 2602 have just arrived (or are just now arriving) on the

ZAMS, therefore the slowly rotating stars in these clusters must have arrived on the

ZAMS as intrinsically slow rotators. The wide range of angular momenta seen at the

ZAMS must have been endowed during the PMS phase of evolution. It is difficult to

draw any further conclusions from the distributions in Figure 9, beyond this cursory

examination, because of the severe biases inherent in the way these rotation data

are acquired. It is much easier to measure rotation rates for rapidly rotating stars

both photometrically and spectroscopically. Photometrically, only a short temporal

baseline (say, half a dozen days) is required at the telescope to sample several rotation

cycles of a rapidly rotating star. Spectroscopically, v sin i measurements have strict

lower limits on rotational velocity measurements due to spectral resolution limitations

coupled with the confusion of true long period rotators with short period, low axial

inclination stars introduced by the sin i factor. It is also premature to begin comparing

the relative shapes of the cluster rotational velocity distributions because the database

of rotation periods in all of the clusters is still relatively small. The one conclusion,

however, that can be safely drawn from Figure 9 is that stars arrive on the ZAMS

with a wide range of rotation rates.

Among the low-mass members of IC 2391 (the late-K and M stars), a PMS

population, there is a factor of '"10-30 spread in the distribution of rotation periods.

This large spread in rotation rates further indicates that a wide range of angular

momenta must have been endowed at some point earlier in the evolution of these

stars. In IC 2391 and the a Persei cluster, where late-K stars are just arriving on the
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Fig. 9.- Histogram of the distributions of measured rotation periods for solar-type

stars (0.55 ~ V - I ~ 1.30) in the IC 2391 + IC 2602 (upper left), a Persei (upper

right), Pleiades (lower left), and Hyades (lower right) clusters. The data are binned

according to frequency f = p-l = w/27r. Rapid rotators fall to the right in the

histograms.
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ZAMS, a full 1/3 of those stars with measured rotation periods have periods shorter

than 1 day, with the most rapidly rotating stars having periods of 0.2 - 0.5 day.

In order to account for the most rapidly rotating stars seen in these clusters, it is

necessary to begin PMS evolution with a population of stars rotating with periods of

",,1 day while still high on the Hayshi tracks. Why a period of ",,1 day? The moment

of inertia of a 0.5 M8 star decreases by a factor of ""3.5 (Gilliland 1986) between

the evolutionary ages of 3 Myr to 30 Myr, the age of IC 2391 and IC 2602. For a 1

M 8 star the moment of inertia changes by a factor of ",,6 over the same age range.

If the 0.5 M0 PMS star is assumed to be a free rotator (i.e., angular momentum is

conserved) and the star rotates as a solid-body (i.e., dn/dr = 0), its rotation period

will then decrease by the same factor as the moment of inertia as it evolves toward

the ZAMS. Working backwards from IC 2391 and IC 2602, rotation periods of 0.2

day at an age of 30 Myr implies PMS progenitors that must have been rotating with

periods of 0.7 day for 0.5 M0 star and 1.2 day for a 1 M0 star. Are there such rapid

rotators among the PMS stars?

Rotation surveys in the Taurus-Auriga association (Bouvier et al. 1995) and

the Orion Nebula Cluster (Attridge & Herbst 1992; Eaton, Herbst, & Hillenbrand

1995) find a bimodal distribution of rotation periods, with peaks lying near 8 and

2.5 days. The more slowly rotating stars in this distribution have been found

to consist primarily of Classical T Tauri stars (CTTS), while the more rapidly

rotating stars consist primarily of weak-lined T Tauri stars (wTTS) (Edwards et

al. 1993). Figure 10 shows the rotation distributions for wTTS and CTTS with

masses ~ 1M0 and measured rotation periods (Ghosh 1995). In order to explain

this rotation distribution, it has been suggested that interactions between the stellar

magnetosphere and a circumstellar accretion disk, "disk regulation" (Edwards et al.
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1993), force the CTTS to maintain rotation periods of ",,8 days throughout their

evolution along the Hayashi tracks.

Disk regulation is thought to occur in CTTS when the stellar magnetic field

couples the stellar surface to the circumstellar accretion disk. The angular momentum

the star would have acquired through accretion is balanced by that lost to the

circumstellar disk through braking torques. Recent theoretical models for disk

regulation (e.g., Cameron & Campbell 1993; Ghosh 1995; Yi 1995) show that

the delicate balance of angular momentum exchange between the star and the

circumstellar accretion disk is quickly achieved and is maintained for the lifetime

of the disk. The observed low rotation rates for CTTS, stars thought to be actively

accreting material, are therefore conveniently explained by disk regulation. For the

WTTS, on the other hand, the absence of an accretion disk means these PMS stars

are able to spin up as they gravitationally contract while evolving along the Hayashi

tracks.

If the CTTS stars are forced to maintain low rotation rates during PMS evolution

due to disk regulation, this leaves the wTTS as the progenitors of the rapid rotating

G, K, and M stars seen later at the ZAMS. But the most rapidly rotating low-mass

wTTS in the PMS rotation data presented by Ghosh (1995) have rotation periods

2::1.2 day. The most rapidly rotating 0.5 M0 wTTS, TAP 41, has rotation period of

1.21 day, while the most rapidly rotating 1 M0 wTTS, TAP 9, has a period of 1.6

day. To make matters worse, angular momentum losses due to magnetic braking or

mass loss through coronal mass ejections, like those observed on the young star AB

Doradus (Cameron & Robinson 1989a, 1989b), make the production of rapid rotators

by the age of IC 2391/IC 2602 even more problematic.

I consider two possibilities that could solve this problem: (a) the most rapidly

rotating PMS stars have not yet been found and (b) the CTTS, not the wTTS, are the

72



progenitors of the rapid rotators. While it is true that wTTS are difficult to identify

as PMS stars, since they do not exhibit the line emission and infrared excesses that

make the CTTS so easy to identify as PMS stars, it is difficult to believe the most

rapidly rotating wTTS stars have been missed in light of the extensive campaigns to

measure PMS rotation periods to date (e.g., Attridge & Herbst 1992; Eaton et al.

1995; Bouvier et al. 1993; Bouvier et al. 1995). Moreover, since recent estimates

place the ratio of wTTS to CTTS numbers at ::2:8:1 (Neuhauser et al. 1995), then

the sheer numbers of wTTS begs the question of why a larger fraction of ZAMS

stars aren't rapid rotators. It is therefore difficult to completely dismiss the CTTS as

the progenitors since a great deal of angular momentum is stored in a circumstellar

disk. A few X 10-2M0 of material orbiting 1 AU from a 1 M0 (2 R0) PMS star,

rotating with a period of 4 days, contains'"10 times the angular momentum of the

star. Although the rotation rates of CTTS are thought to be generally low, if many

of the CTTS are obscured/veiled by the presence of the circumstellar disk, then

the measured rotations rates may not be those of the stellar surface at all. It has

been recently suggested that the photometric periods obtained for CTTS may in

fact be beat periods caused by the interaction between misaligned magnetospheres

(associated with a relatively rapidly rotating CTTS) and clumpy, circumstellar discs

(Smith, Bonnell, & Lewis 1995). Given the lack of rapid rotators among the wTTS

population, the fact that the true surface rotation rate of many CTTS cannot be

measured due to veiling or obscuration, and the ample angular momentum stored in

a typical CTTS circumstellar disc, the progenitors of the rapid rotators on the main

sequence may very well lie in the CTTS population of PMS stars.
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Chapter 4

Coronal Activity at the ZAMS

With a list of known and suspected IC 2391 cluster members in hand, the conversion

factor between X-ray count rate and unabsorbed flux, determined in section 2.1.3,

and the assumed distance of 162 pc were used to compute X-ray luminosities for

the IC 2391 X-ray sources. These X-ray luminosities are summarized in Table 8.

Also shown in Table 8 are the normalized Lx / Lbol ratios. To compute the absolute

bolometric magnitudes, I used the bolometric corrections of Johnson (1966) for stars

with V - Ie < 2.32. For stars with V - Ie > 2.32, I calculated BC l using equation 6

of Monet et al. (1992). Table 9 summarizes X-ray upper limits for IC 2391 members

which were not detected in the PSPC survey. These upper limits are given at the 30

level of significance and were calculated in accordance with the Bayesian approach of

Kraft, Burrows, & Novak (1991).

The X-ray luminosities for known and suspected members of IC 2602 are

summarized in Table 4 of Randich et al. (1995). Because their reduction methods

are compatible with my own, I adopt their X-ray luminosities without modification.

I also adopt the 30- upper limits for undetected Braes and Whiteoak stars in IC 2602

listed in Table 5 of their paper, however, only 10 of these stars (B 17, 19, 29, 31, 32,

33, 47, 51, 56, and 57) have photometry and spectroscopy consistent with IC 2602

membership. The upper limits for only these 10 stars are adopted for this analysis.

In Figure lla, Lx versus V-I color is plotted for known and suspected members

of IC 2391 and IC 2602. For comparison, Lx versus V - I is plotted for the ZAMS

clusters along with data for main sequence members of the Pleiades (Stauffer et al.

1994; Micela et al. 1994) (Figure lIb) and the Hyades (Stern et al. 1994, 1995;

Pye et al. 1994) (Figure l1c). In their ROBAT survey of the Hyades, Stern et al.
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TABLE 8
X-RAY DETECTIONS OF KNOWN OR SUSPECTED MEMBERS OF Ie 2391

VXR V-I M v Mbal log Lx logRx Member

02a 0.98 5.50 5.24 29.72 -3.70 S
02b 1.24 6.69 6.16 29.72 -3.33 S
03a 0.74 4.90 4.85 29.36 -4.21 S
04 (-0.10) 0.42 0.06 29.50 -5.99 M
05 0.74 4.24 4.19 29.36 -4.47 M
06a 1.94 7.72 6.31 29.61 -3.38 S
07 (0.52) 3.61 3.66 30.07 -3.98 M
08 (0.48) 2.73 2.80 30.59 -3.80 M
11 (0.67) 3.91 3.91 30.27 -3.68 M
12 0.91 5.81 5.63 29.63 -3.63 M
13 (-0.06) 1.22 1.02 30.20 -4.90 M
14 0.69 4.40 4.37 30.17 -3.59 S
16a 0.94 5.79 5.59 30.03 -3.25 S
18a 1.54 7.49 6.60 29.59 -3.28 S
19 2.77 10.96 8.59 29.11 -2.97 S
21 (-0.03) 1.26 1.16 30.13 -4.92 M
22a 0.80 5.03 4.94 30.26 -3.27 S
25a 1.37 7.78 7.10 28.58 -4.09 S
27 2.37 7.92 6.04 29.10 -3.99 S
28b 2.94 11.70 9.11 28.71 -3.16 S
29a 3.08 11.35 8.58 28.86 -3.22 S
30 (0.52) 3.83 3.88 29.47 -4.48 M
31 0.72 5.17 5.13 29.28 -4.18 S
35a 1.23 6.51 6.00 30.11 -3.00 M
37a 2.87 11.05 8.55 29.25 -2.84 S
38a 1.58 7.31 6.37 29.64 -3.32 M
39a 2.43 9.69 7.73 29.21 -3.21 S
40a 2.86 11.09 8.61 29.13 -2.94 S
41 1.55 7.52 6.61 29.66 -3.21 M
42a 2.49 9.83 7.81 29.35 -3.04 S
44 (0.49) 3.64 3.71 30.08 -3.95 M
45a (0.90) 4.65 4.48 30.10 -3.62 M
46 (-0.16) -0.49 -1.19 29.32 -6.67 M
47 (2.07) 7.91 6.34 29.57 -3.41 M
48 (-0.16) -1.16 -1.87 28.47 -7.79 M
49b 1.89 8.29 6.94 29.47 -3.26 S
50a 0.90 6.49 6.32 29.66 -3.32 S
52 0.65 4.25 4.24 29.66 -4.16 M
53a 3.22 11.56 8.59 28.97 -3.10 S
54e 2.07 8.97 7.38 29.30 -3.26 S
55a 2.82 10.24 7.81 29.13 -3.26 S
56 (0.11 ) 1.61 1.72 29.09 -5.74 M
57a 1.54 8.44 7.55 29.12 -3.37 S
58a 2.42 9.44 7.50 29.28 -3.23 S
59b 3.22 11.71 8.74 29.19 -2.83 S
60a 2.10 8.40 6.80 29.03 -3.76 M
60b 1.71 7.79 6.64 29.03 -3.82 M
62a 0.99 5.68 5.43 30.04 -3.30 S
63b 2.71 10.56 8.27 29.21 -2.99 S
64a 1.83 9.27 8.02 29.12 -3.18 S
65 1.78 8.08 6.85 29.53 -3.24 S
66 0.56 3.68 3.72 29.43 -4.59 M
67a 1.03 5.66 5.37 29.91 -3.45 M
69a 0.90 5.62 5.45 29.85 -3.48 S
70 0.75 4.80 4.74 29.84 -3.77 M
71a 2.41 9.27 7.33 29.27 -3.31 S
72 0.84 5.41 5.29 30.18 -3.21 M
73 (0.09) 1.55 1.65 29.81 -5.04 M
75a 1.64 7.72 6.70 29.76 -3.08 S
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TABLE 8-Continued

VXR V-I Mv Mbo! log Lx log Rx Member

76a 1.24 6.71 6.18 29.93 -3.11 S
77a 0.60 3.86 3.88 30.18 -3.77 S
78 0.73 4.39 4.34 30.64 -3.14 S
79a (0.23) 1.70 1.84 29.88 -4.90 M
80a 1.04 5.93 5.63 29.96 -3.29 S

NOTE.-Membership flag has same meaning as in Table 4. X-ray luminosity is in
units of erg s-1. V - I estimated from B - V color given in parentheses. log R x =
log(Lx /Lbot}. Lbol values calculated assuming Le =3.826 x 1033 erg s-l, Mbol,e =
4.83, and BCe = 0.00. For VXR 02 and VXR 60 the X-ray flux for each source has
been divided evenly between the optical candidates.

(1995) elected to use 20' detections and 20' upper limits in their analysis. To maintain

consistency in the comparisons between the ZAMS clusters and Hyades X-ray data,

I used only the 30' detections from the Stern et al. (1995) paper and estimated 30'

upper limits from their published 20' upper limits. For those early-type stars in the

Pleiades and Hyades without I-band photometry, V - I colors were estimated by

fitting a polynomial relation between the B - V color for normal, main sequence

stars (Johnson 1966) and Cousins V - I color. Published photometry on the Kron

system were converted to the Cousins system using the polynomial relation between

(V - I)K and (V - I)e of Bessell & Weis (1987). One caveat is that the Bessell &

Weis relation may be in error by up to 20% for the reddest stars (V - Ie > 2.0).

The distributions of Lx versus V - I color for IC 2391, IC 2602, and the Pleiades

show the maximum value of Lx generally rises through the A and F stars and peaks

near V - 1= 0.7, which corresponds to stars with spectral type of mid-G. Red-ward

of the G stars, the maximum Lx declines with decreasing stellar mass. This rise and

decline in the maximum value of Lx with increasing color is due to a combination of

(a) the increasing depth of the surface convection zone, (b) decreasing stellar surface

area, and (c) magnetic saturation, where there is a limit to the number of active

regions (or magnetic flux) on the stellar surface.
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TABLE 9
X-RAY UPPER LIMITS FOR KNOWN MEMBERS OF Ie 2391

RA Dec Spectral Off-Axis
Name (J2000) (J2000) Type Angle" Mv Mbol log Lx log Rx Notes

HD 73681 083710.69 -531533.8 Al V 46 1.84 1.78 < 29.27 < -5.53
HD 73722 083726.50 -523843.1 F5 V 47 2.87 2.80 < 29.11 < -5.28
HD 74044 083916.62 -521850.4 A3m 49 2.48 2.36 < 28.76 < -5.81
HD 74071 083923.95 -532623.9 B6 V 35 -0.55 -1.15 < 29.52 < -6.45
HD 7<1117 083943.13 -52 57 51.9 F2IV/V 23 3.05 2.96 < 29.18 < -5.14
HD 74146 083957.70 -530318.3 85 IV (S8) 18 -0.84 -1.44 < 28.81 < -7.28
HD 74145 084001.72 -524213.3 A7/8 III/IVm 26 2.52 2.40 < 28.80 < -5.75

-l HD 74196 084017.53 -530056.0 B9/AO (SB) 15 -0.45 -0.99 < 28.96 < -6.9500
HD 7<1195 084017.72 -52 55 19.8 B3/5 V (SB) 14 -2.41 -3.23 < 28.80 < -8.03
SHJM 7 084152.03 -530647.1 G7 06 6.47 6.00 < 28.29 < -4.82 2
HD 74517 084207.91 -530934.4 A3 V (S8) 09 2.58 2.47 < 28.74 < -5.78
HD 74516 0842 10.00 -525804.3 Al V 03 1.36 1.30 < 28.30 < -6.69
HD 74561 0842 18.33 -535409.0 F3 V 54 3.33 3.26 < 28.73 < -5.48
HD 74665 084253.23 -534501.4 A3 Vn (SB) 45 2.12 2.00 < 28.94 < -5.72

NOTE.-These stars do not have VXR numbers because they were not detected 65 X-ray sources in the ROSAT PSPC image.
All coordinates are from SIM8AD except those of SlUM 7, which are from Stauffer et al. (1989). S8 = spectroscopic binary.
Bolometric correction estimated from values tabulated by Johnson (1966) for normal main sequence stars. X-ray luminosity is in
units of erg 5- 1 . log Rx =log(Lx1Lbol)' (1) Possible non-member. (2) Spectral type from this paper, Ha filled·in.

"Measured in arcminutes from the center of the PSPC image.
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Fig. llb.- Same as Figure lOa except IC 2391 and IC 2602 stars are plotted as filled

squares and filled diamonds respectively and data for members of the Pleiades cluster

(Stauffer et al. 1994; Micela et al. 1995) have been added for comparison. Pleiades

stars are marked wit.h crosses while downward pointing carets mark Pleiades X-ray

upper limits. Downward pointing triangles mark upper limits for Ie 2391 and Ie
2602 stars.
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Fig. llc.- Same as Figure lOb except now the comparison is between IC 2391/IC

2602 and members of the Hyades (Stern et al. 1994, 1995; Pye et al. 1995). X-ray

detections from RASS (Stern et al. 1995) (crosses), from a 40 ksec PSPC pointing

(Stern et al. 1994) (bold X 1s), from the PSPC paintings of Pye et al. (1995) (bold

crosses). Upper limits are marked with downward pointing carets for RASS data and

bold carets for the PSPC pointing datasets.
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Figure lla shows that among the solar-type stars in the ZAMS clusters, the

distribution of Lx has a wide dispersion. This suggests that solar-type stars arrive

on the ZAMS with a wide range of activity levels. Comparing the distribution of

Lx versus color index for stars in the ZAMS clusters, the Pleiades, and the Hyades

(Figures llb and c), there is a wide range in the X-ray luminosities of stars at any

given color in all of the clusters. In particular, there are late-type stars of similar color

in all four clusters with similar Lx values, despite the enormous difference in cluster

ages (30 Myr to 600 Myr). This is not what one would expect to see according to

empirical scaling laws for the decay of activity with age (e.g., the Skumanich (1972)

inverse square-root law). There are also a number of very active stars, with Lx '" 1030

erg S-l, present in all three clusters. In the Hyades, the most X-ray active stars (V471

Tau, vB 141, BD+23°635, and BD+22°669) are all known binary systems (Stern et al.

1995). In the Pleiades the brightest X-ray sources (Hn 253, 314, 738, 739, 1384, and

2147) consist of three rapidly rotating G dwarfs, a photometric binary, an apparently

single A-type star, and a spectroscopic binary, respectively (Mermilliod et al. 1992;

Liu, Janes, & Bania 1991). There are insufficient data at this time to explore duplicity

issues for the late type stars in IC 2391 and IC 2602, but many of the early-type stars

associated with X-ray sources in both clusters are known to be spectroscopic binaries

(The X-ray emission from IC 2391 early-type stars was discussed in Patten & Simon

(1993) and will not be repeated here).

Focusing on the solar-type stars (0.55 ~ V - I ~ 1.30), the cumulative luminosity

functions (CLF) for the combined IC 2391/IC 2602 data, the Pleiades, and the Hyades

are plotted in Figure 12. The CLF shows the fraction of stars in each cluster with

luminosities greater than a given Lx value. The CLF for each cluster was calculated

using the Kaplan-Meier Estimator (Feigelson & Nelson 1985), which makes use of

upper limits as well as detections. The median value of the CLF for each cluster
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shows there is indeed an overall decline in Lx with age. However, from the age of

IC 2391/IC 2602 (""30 Myr) to the age of the Pleiades (""75 Myr), the median X-ray

luminosity falls by a factor of 4, about twice as much as predicted by the Skumanich

inverse square-root scaling law, while from the age of IC 2391/IC 2602 to the age of

the Hyades (""600 Myr), the median X-ray luminosity falls by more than 1 dex while

the Skumanich law would predict only a factor of ",,4 decrease. This decline in X-ray

activity is illustrated in Figure 13, where the median X-ray luminosity is plotted for

solar-type stars in IC 2391/IC 2602, the a Persei cluster (Prosser et al. 1996), the

Pleiades, and the Hyades. The range of Lx about the median values is indicated by

the error bars on each point, which designate the Lx values at the 25th- and 75th

percentile levels of the CLF for each cluster. This interquartile range avoids using the

brightest X-ray sources in all three clusters, which may owe their high luminosities to

binarity, and also avoids the low Lx portions of the CLFs, which represent the lowest

Lx X-ray detections for solar-type stars in each cluster and incorporates uncertainties

in the distributions due to the upper limits in the data. The median, 25th-percentile,

and 75th-percentile X-ray luminosities for all three CLFs are summarized in Table

10. Also plotted in Figure 13 is a point representing the Lx of the "quiet" Sun,

with errors bars indicating the Lx of a solar coronal-hole and the Lx of the "active"

Sun (Vaiana & Rosner 1978). The dotted line in Figure 13 represents the predicted

coronal activity according to the Skumanich (1972) inverse square-root decay law,

normalized to the median Lx of Ie 2391/IC 2602. The validity of the Skumanich law

to adequately describe the decay of chromospheric activity (and rotation rates) has

already been called into question in several papers over the last decade (e.g., Benz,

Mayor, & Mermilliod 1984; Simon, Herbig, & Boesgaard 1985; Barry, Cromwell, &

Hege 1987). It is clear the Skurnanich law does not fit the X-ray data in Figure

13. Instead a simple power law with an exponent a = -1.2, shown as a solid line

in Figure 13, provides a much better fit to the data. Although the Skumanich law
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enjoys some theoretical backing as the natural result of a simple spin-down model

in which the angular momentum loss is described by a Weber & Davis (1967) model

(i.e., a magnetosphere with radial, open field lines) and the magnetic field strength

is assumed to scale linearly with the rotation rate (Durney 1972). The fact that

the Skumanich law does not fit the observed decline in chromospheric, transition

region, and X-ray emission demonstrates that such a simple model does not apply

to real stars. More recent models consist of a stellar wind plus a combination of

open magnetic field lines, which remove angular momentum from the star, and closed

magnetic field lines, which do not remove angular momentum from the star (e.g.,

Mestel & Spruit 1987), a configuration much closer to what is observed for the Sun.

TABLE 10
THE EVOLUTION OF X-RAY ACTIVITY FOR SOLAR-TYPE STARS

Age
log Lx

Cluster (Myr) Median 25th-percentile 75th-percentile log(ALx)"

IC239t+IC2602 30 29.95 30.17 29.63 30.0
a Persei 50 29.60 29.87 2:J.10 29.7
Pleiades 75 29.35 29.83 29.05 29.8
Hyades 600 28.80 29.17 28.20 29.1

NOTE.-Luminosities have units of erg s-l. Median, 25th-percentile, and 75th-percentile emission levels
taken from the cumulative luminosity function for solar-type stars for each cluster.

"The luminosity range is the difference in Lx measured at the 25th- and 75th-percentiles in the cumulative
luminosity function of each cluster.

If the observed surface rotation rates of solar-type stars decay to low levels by

age of Hyades and if the level of dynamo activity scales with the rotation rate, then

one would expect the level of X-ray activity to also decay to low levels with age. This

is indeed what is observed through the decrease in the median value of Lx with age.

However, the spread in the distribution of Lx, defined as the energy range between

the 25th- and 75th-percentiles as a fraction of the median in the individual cluster

CLFs, appears to grow larger with increasing cluster age. Among the ZAMS solar

type stars, the spread in the range of measured rotation periods, from the shortest
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Fig. 13.- The evolution of X-ray activity for solar-type stars with age. Plotted in

order of increasing age are the median X-ray luminosities for IC 2391/IC 2602, the a

Persei cluster, the Pleiades, and the Hyades. The point at ",5 Cyr represents the Lx

of the quiet Sun. The error bars for the cluster points are defined by the 25th- and

75th-percentile Lx values from the CLF distribution for each cluster. For the Sun

the error bars are defined by the Lx values for a solar coronal hole and the active

Sun.
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to the longest, is a factor of 10-20. Among the Hyades solar-type stars, the spread

in the range of rotation rates is only a factor of 2-3. If the level of dynamo activity

scales with the rotation rate one would expect the spread in the X-ray luminosities to

narrow as the spread in the rotation periods narrows by the age of the Hyades. Since

they do not, I am led to consider what factors are really contribute to the observed

spread in Lx among all three clusters.

4.1. Selection Effects

Selection effects may playa role in creating the observed increase in the spread

of Lx with age if the X-ray surveys for IC 2391 and IC 2602 are not complete. Unlike

the Pleiades and the Hyades, whose members are selected on the basis of photometry,

proper motions, and spectroscopy, the late-type stars in IC 2391 and IC 2602 are

primarily an X-ray selected sample, so there are few X-ray upper limits in either

survey. On the other hand, the PSPC pointing at IC 2391 was quite deep, with a

limiting Lx for a 30- detection at the image center of", 2 x 1028 erg S-1 , well below the

lowest Lx value determined for suspected and known IC 2391 solar-type members.

Although it is possible some stars may have been erroneously rejected as members

in my photometric and/or spectroscopic surveys of the optical counterparts to the

X-ray sources, this seems unlikely given the few stars located near the IC 2391 main

sequence (see color-magnitude diagram in Figure 5) that were classified as field stars.

Even if a few very low Lx members of IC 2391 and Ie 2602 were rejected in error,

a simple simulation shows that the slope of the CLF for the ZAMS clusters would

not be significantly different if they had been included. Selection effects therefore do

not appear to be a major factor in determining the observed spread in Lx for ZAMS

solar-type stars.
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4.2. Lx versus Axial Inclination

Doppler imaging and photometric light curve fitting for T Tauri stars and some

active main sequence stars indicate that large polar spots may be a common surface

features on these stars. If active regions on these stars are concentrated near the

poles (or, in the other extreme, near the equator), the observed X-ray luminosity of

any single star at Earth may be affected by a disk filling factor that goes like the

inclination of the rotation axis of the star. There are 7 stars in the Hyades 1 and 13

stars in the Pleiades 2 which have measured rotation periods, v sin i, and Lx. These

data, along with the Barnes-Evans relation (Barnes & Evans 1976), were used to

estimate inclination angles for these stars. Aiihough these data are sparse for this

kind of analysis, no obvious correlation was found between Lx and the inclination

angle for stars in these two clusters. This extends and confirms a similar analysis by

Stauffer (1991) for the Pleiades.

4.3. Binarity

Binarity can affect the observed distributions of Lx in two ways: tidal-locking

and X-ray source confusion. In the first case, close binary systems (Porb ~""5 days)

will experience strong tidal interactions which locks the surface rotation period to

the orbital period (Prot = Porb)' The more rapid rotation powers up the dynamo in

these stars, resulting in greater X-ray and chromospheric activity than would be seen

in a single, more slowly rotating star of similar age. However, most of the known

binaries in the Hyades and the Pleiades do not appear to be "close" systems (i.e.,

IVB 31, 52, 63, 64, 65, 73, and 102

2H II 314, 324, 625, 708, 727, 739, 1039, 1136, 1332, 2244, 2741, 2881, and 3163
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close enough for tides to affect their surface rotation rates). Of the known binaries

in Hyades surveyed spectroscopically, few show the large radial velocity variations

consistent with close binary systems (e.g., Griffin et al. 1988). Indeed, most of

the binary systems in the Hyades are found to have Porb> 100 days implying that

truly short-period binary systems are rare. Among the nearby solar-type stars in the

field, the majority are found to be in multiple component systems, however few of

these ("'10%) are close binary systems where tidal forces would affect rotation rates

(Duquennnoy & Mayor 1991). Tidally-locked binaries may therefore account for some

of the scatter in Lx in each cluster, but not for the entire spread.

I believe it is the second case, X-ray source confusion, where binarity has the

greatest effect on the spread in distribution of Lx. The ROBAT PSPC has a spatial

resolution of only ",30 arcseconds. Binary systems with small apparent separations on

the sky will lead to confusion as to the division of X-ray flux between the two or more

stars in the system. For example, assume a G dwarf, detected as an X-ray source,

has an unseen, close M dwarf companion. It is then unclear what fraction, if any, of

the observed X-ray emission is due to the G star alone. If some of the X-ray emission

is contributed by the M star, the Lx value of the G star will be overestimated. But

there is a limit on how much error could be introduced to G star X-ray luminosities.

In Figures lla, b, and c there is an overall decrease in the maximum Lx value with

increasing color index in all four clusters (seen best in Figure 11b). I noted earlier

that this decrease is probably the result of "magnetic saturation" combined with the

decrease in stellar surface area for increasing color. In all four clusters considered

in Figure 11, the maximum level of X-ray emission for M stars appears to be a few

x 1029 erg s\ with a typical Lx value being 1029 erg S-l. Since the median Lx value

for solar-type stars in IC 2391 and Ie 2602, is '" 1030 erg S-l the impact of unseen

companion stars on the distribution of Lx in these clusters is likely to be minimal.
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For solar-type stars in the Hyades, on the other hand, the median Lx value for these

stars is "" 1029
, comparable to the Lx values for the brighter M-dwarfs in this cluster.

The effect of unseen binary companions could have a major effect on the observed

spread of Lx in the Hyades.

4.4. Rotational Modulation

Rotational modulation may create a spread in the observed distribution of Lx

among stars of similar mass because of the random sampling of cycle phases in

individual stars. Simple simulations show that stars that vary in brightness in a

sinusoidal pattern spend more time near the extremes of their cycles than near the

mean. For the Sun, rotational modulation introduces a ""1 dex variation in the solar

Lx in the 8-20A bandpass over a single rotation cycle (KrepliD et al. 1977). Because

the ROSAT PSPC pointing at IC 2391 consisted of many short integrations spread

over a time scale of several weeks, it was possible to search for evidence of rotational

modulation signals in the X-ray flux of those member stars for which photometric

rotation periods have been determined. No evidence of modulation was found in

any of the X-ray light curves, although I should note the OBIs are not optimally

spaced for this kind of analysis. No X-ray variability analysis has been published

for the IC 2602 X-ray sources so it's not possible to examine these data for evidence

of rotational modulation at this time. Gagne et al. (1995) conducted a temporal

variability analysis of the ROSAT Pleiades data (Stauffer et al. 1994) but did not

report on any evidence for rotation modulation of Lx for stars in that clusters.
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4.5. Long-Term Activity Cycles

It has been speculated that 1/3 of solar-type stars in the field may undergo

long-term variations due to solar cycles or "Maunder Minimum"-type episodes (e.g.,

Baliunas & Jastrow, 1990). The Sun is observed to vary by almost 2 dex in its 8-20A

bandpass X-ray flux during the solar cycle (Wagner 1988). Again, from a statistical

standpoint, assuming sinusoidal shaped cycles, most stars would be expected to be

found near the extremes of their cycles in any sample drawn from a cluster population,

therefore any contribution to the spread in the distribution of Lx due to long-term

cycle activity should be reflected in the observed Lx distribution for each cluster.

However, in none of the four clusters considered in Figure 11 is a spread of 2 dex

seen in the distribution Lx. An even more direct way of searching for long-term

variations in young stars is to compare X-ray data taken over a long time-interval.

Although neither IC 2391 nor IC 2602 were observed by Einstein, both the Pleiades

and the Hyades were. For the Pleiades, Stauffer et al. (1994) and Micela et al. (1995)

found that stars observed by both Einstein and ROSAT varied relatively little in Lx

over the decade baseline between the two missions. Most variations were within a

factor of 2 about the mean and almost all variations were within a factor of about ",4

about the mean. A similar result was found for the Hyades by Stern et al. (1995).

Although this may seem to indicate that large cyclic changes in Lx like those seen

for the Sun do not appear to occur in young cluster stars, it's important to note that

although the fractional change in the Lx emission from the Sun is quite large over

the solar cycle (a factor of 2 dex), the absolute change in energy is quite small (few

x '" 1028 erg S-l). When compared with the median Lx emission levels of young

cluster stars (1029- 30 erg S-l), the absolute energy variations of the Sun over a solar

cycle is just a small fraction of these star's overall X-ray luminosity. If the effect of

long-term cycles is to produce changes of order 1028- 29 erg S-l in X-ray luminosity
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over the course of a cycle, independent of the mean Lx value of a star, then it is easy

to accommodate long-term active cycles variations within the observed distributions

of Lx for the young clusters.

4.6. Lx versus Rotation Rate

The assumption (or expectation) that the level of X-ray activity scales with the

rotation rate is made throughout this chapter. To examine whether there really is a

correlation between rotation rate and activity level, Lx versus Prot has been plotted

for stars in IC 2391/IC 2602, the Pleiades, and the Hyades in Figure 14. The stars

in IC 2931 and IC 2602 show a weak correlation, if any, between Prot and Lx while

the stars in the Pleiades and Hyades show a fairly strong correlation between Prot

and Lx (the single outlier point among the Hyades data is the star vB 50 which is

a known binary system). For the Pleiades and Hyades, much of the spread in the

distribution of Lx values for solar-type stars (rv1 dex of the spread for both clusters)

can be explained by a dependence of Lx on Prot. This agrees with the conclusions of

Stauffer et al. (1994) who find a strong correlation between v sin i and Lx for stars

in the Pleiades and Soderblom et al. (1993) and Simon (1990) who find a correlation

between chromospheric emission levels and rotation rate for stars in that cluster.

Taken together, the data in Figure 14 show there is a strong correlation between Prot

and Lx for increasing cluster age.

In summary, stars arrive on ZAMS as relatively active stars with wide range

of Lx emission levels. The median level of activity decays with age correlated with

the overall decrease in rotation rates with age. The spread in the distribution of Lx

among the solar-type stars within each cluster appears to be due to a combination

of different factors. In the ZAMS clusters, the spread in Lx values is probably due
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mostly to solar-type activity cycles and source confusion due to binarity combined

with a weak dependence of Lx on Prot. For the older clusters, much of the spread in

Lx values appears to be due to a strong dependence of Lx on Prot combined with

the effects of source confusion due to binarity and activity cycles.
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Chapter 5

The Relation Between Activity and Rotation

In 1984, Noyes et al. found a tight correlation between RHK , the Ca II H+K emission

normalized to Lbol, and the Rossby number, NR , a quantity closely related to the the

dynamo number. They show that stars with surface convection zones (spectral types

ranging from late-F through M) follow a relatively tight relation between RHK and

NR , connecting the rotation rate of a star to its level of dynamo activity. The Rossby

diagram was extended to FUV emission lines, using data from the International

Ultraviolet Explorer satellite, by Simon, Herbig, & Boesgaard (1985). They found

a turnover in the Rossby diagram near a value of log N R = -0.4 suggesting the

existence of a "saturation" plateau for chromospheric emission, though they did not

have any data with Rossby numbers less than log NR = -0.35. Simon & Fekel (1987)

confirmed the existence of the saturation plateau though the addition of a number of

rapidly rotating, chromospherically active stars. In this chapter I extend the Rossby

diagram to X-rays by plotting R x = Lx / Lbo1 versus the Rossby number, NR, the

ratio of the of the rotation period to the convective turnover time, for late-type stars

in IC 2391, IC 2602, the Pleiades, the Hyades, and a sample of field stars. Plotted in

Figure 15a are Rx versus NR for stars with spectral types ranging from late-F through

M. Figure 15b is the Rossby diagram plotted for solar-type stars only. The X-ray

luminosities used to create Figures 15a and b are from ROSAT observations, except

for a number of field stars where only Einstein values were available. Convective

turnover times were calculated using equation (4) of Noyes et al. (1984).

The Rossby diagram for X-rays shows a relationship which turns over or breaks

near log NR I'V -0.5 and a "saturation" plateau for X-ray emission among rapidly

rotating stars. The outlier Hyad near log NR = -0.1 is the known binary vB 50.

Whether the relation is actually flat for small Rossby number or has a very shallow
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triangles), IC 2602 (filled squares), the Pleiades (filled diamonds), the Hyades (open

circles), main sequence stars in the field (open squares). A Sun symbol marks the

position of the "quiet" Sun.
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slope is unclear in view of the scatter in the data points. The Rossby diagram for

X-rays appears to share similar features with the Rossby diagram for C IV emission

presented by Simon & Peke! (1987) where they too found a break in the relation

near a value of log NR "-' -0.5 and a plateau in Rc IV at small Rossby numbers.

This turnover, or break, may indicate there is a fundamental change in the nature

of the stellar dynamo for rapidly rotating stars. Knobloch, Rosner, & Weiss (1981)

speculated that the mode of convection shifts from being large cells, like those seen

on the Sun, to rolls parallel to the rotation axis of the star when the Rossby number

of the star falls below a certain critical value.

The existence of a saturation plateau has been interpreted to mean there is a cap

on the maximum rotational braking rate ("magnetic saturation") for young, solar

type stars. In the magnetic braking model of Mestel & Spruit (1987), for example, the

shrinking of the critical Alfvenic radius combined with the growth of "dead zones" in

the magnetosphere (i.e. closed magnetic loops) for rapidly rotating stars can led to a

cap on the braking rate. In order to reproduce the distribution of rotation rates seen

in open clusters of various ages, some recent models of angular momentum evolution

in solar-type stars (e.g., Keppens et al. 1995, Jianke & Cameron 1994) have assumed

the strength of the magnetic brake is proportional to some power of the rotation rate

of a star with a cap on how strong the brake can be. The observed break or turnover

in the (Rx , NR) relation near log NR ,,-,-0.5 is extremely similar to the rotation rate

chosen for the braking cap in one of the simulations presented in Keppens et al.

(1995). By assuming the braking rate has a cap at 10 times the current solar rotation

rate, which corresponds to a value of log N R "-' -0.5, they were able to reproduce the

observed distributions of rotation rates in young open clusters reasonably well.

The Rossby diagram can also be viewed as an evolutionary relation, with stars

moving from left to right on the diagram as they are rotationally braked. Where on
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the diagram any individual star begins its main sequence evolution is determined by

the its rotation period at the ZAMS. Figure 15b shows that solar-type stars in IC 2391

and IC 2602 generally lie on the saturation plateau. Most of the Pleiades members

also lie on the saturation plateau, but a few slowly rotating stars have moved off

the plateau to join most of the older Hyades members and field stars, which occupy

the lower right portion of the diagram. Stars which lie on the plateau have a small

range in Lx values (",1 dex) for large range of Rossby number, while stars off the

plateau (log NR > -0.5), show a large range in Lx values ("'2 dex) over a small

range in Rossby number. The relatively large spread in Lx values as a fraction of the

median value and a relatively narrow spread of rotation rates for solar-type stars in

the Hyades makes sense in terms of the Rossby diagram, since most of the solar-type

stars in this cluster do not lie on the saturation plateau. Although there is a much

larger spread of rotation rates among the solar-type stars in IC 2391 and IC 2602,

magnetic saturation restricts the observed distribution of Lx values to a relatively

narrow spread around the median.

Models of angular momentum evolution can exploit the Rossby diagram to place

constraints on a model parameters. For example, those models which use core

envelope decoupling (i.e., the radiative core rotates differentially from the outer

convective envelope) (e.g., Pinsonneault et al. 1990; MacGregor & Brenner 1991,

Jianke & Cameron 1993, Keppens et al. 1995) are able to reproduce the rapid

decrease in rotation rates for solar-type stars between the ages of the a Persei and

Pleiades clusters ("'20-30 Myr) by reducing the amount of angular momentum that

has to be removed from the star (just the surface layers are braked) to produce the

low surface rotation rates. This particular approach has the advantage that turbulent

mixing, introduced by rotational shear between the rapidly rotating core and the more

slowly rotating envelope during the braking process, leads to light element destruction
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(Pinsonneault et al. 1989, 1990). Since stars arrive on the ZAMS with a wide range of

rotation rates, turbulent mixing provides a mechanism for light element destruction

that is proportional to the amount of braking in the stellar surface layers. The most

rapidly rotating stars are braked the most (i.e. they have the most angular momentum

to lose) and therefore experience the greatest shear between the core and the envelope

for the longest amount of time. This results in a lowering of the light element surface

abundances. Stars that arrive on the ZAMS as intrinsically slow rotators experience

much less braking of their surface layers, minimizing the turbulent mixing responsible

for light element destruction. This model is supported by measurements of lithium

abundances in the a Persei cluster, (Balachandran et al. 1988) where there are stars

with low v sin i values but high Li abundances. Under core-envelope decoupling, this

implies these stars arrived on the ZAMS as slow rotators. On the other hand, there

are no stars in the a Persei cluster observed to have high v sin i values and low Li

abundance, since a rapidly rotating star which has not yet been magnetically braked

has not had a chance to destroy its lithium.

If core-envelope decoupling is, in fact, the best model for the internal structure

of a star being magnetically braked, one question that arises is whether the strength

of the coronal fields involved in the braking process should be scaled to the rotation

period of the core or to the rotation period of the envelope. I believe the Rossby

diagram can give some insight into this question. If the stellar envelope is quickly

spun down, leaving behind a rapidly rotating core, and if the strength of the coronal

field scales with the rotation of the core, then slowly rotating stars with large values

of Lx should be observed in the a Persei and Pleiades clusters. Because v sin i

measurements have the uncertainty of the sin i factor, Prot measurements are the

only way to test this hypothesis. Among the rotation period data for stars in a

Persei and the Pleiades there are not, in fact, any stars observed in either cluster
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with long Prot and large Lx values. Such stars would be expected to lie in the upper

right portion of the Rossby diagram with Rx values near saturation (rv 10-3 ) and

NR ranging between 0.3 and 1.0. I believe the sharp turnover or break in the Rossby

diagram therefore rules out B <X ncore as a viable option in these models unless the

coupling time scale between the core and envelope is extremely short.
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Chapter 6

Summary

I have conducted a survey of late-type stars in the young open clusters IC 2391 and

IC 2602 for the purpose of establishing the initial distribution of rotation rates and

activity levels for the main sequence evolution of solar-type stars. Using a ROSAT

PSPC X-ray image of IC 2391, in combination with ground-based optical photometry

and spectroscopy, I have identified an additional 43 stars as likely members of this

cluster. This more than doubles the previously cataloged membership of 35 stars.

ROSAT imagery of IC 2391 has also allowed me to measure X-ray luminosities for

cluster members. These luminosities provide a measure of the level of coronal activity

for the late-type members of IC 2391. Two time-series photometry campaigns in IC

2391 and IC 2602 yielded rotation periods for 25 late-type members of these two

clusters. These rotation periods provide a measure of the distribution of angular

momentum among similar massed stars. Because of their relative youth, these

measurements of rotation rates and coronal activity levels in IC 2391 and IC 2602

provide important empirical data on the final state of solar-type stars after pre

main sequence evolution and the initial conditions for main sequence evolution. In

particular I find:

1. A factor of ",10-20 spread in distribution of rotation periods among solar-type

stars with periods ranging from as short as 0.21 day to as long as 4.86 day.

This result demonstrates conclusively that stars arrive on the ZAMS with a

wide range of angular momenta,

2. The rotation periods for the low-mass K and M stars in IC 2391, a pre-main

sequence population, are found to range from as short as 0.26 day to as long

as 5.8 day. This large spread in rotation rates implies that for all late-type
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stars a wide range of angular momenta has to have been endowed even earlier

in the pre-main sequence evolution of these stars. However, given the slow

rotation periods observed for both Classical and weak-lined T Tauri stars and

the relatively narrow range of those periods, it is difficult to account for the

most rapidly rotating stars and the wide range of rotation rates seen among the

IC 2391 K and M stars,

3. Solar-type stars arrive on the ZAMS with a generally high level of coronal

activity, as shown by their large X-ray luminosities and a t'V1 dex spread in the

range of X-ray luminosities. In comparison with the older Pleiades and Hyades

clusters, there is an overall decline of both the rotation rates and median level

of coronal activity levels with increasing age, however there are similar mass

stars in IC 2391, IC 2602, the Pleiades, and the Hyades with similar rotation

rates and X-ray luminosities despite the enormous range of cluster ages. The

decline of the median level of coronal activity with age is not consistent with

the Skumanich decay law, but instead declines more rapidly following a power

law decay with an exponent of -1.2.

4. Although rotation rates and the median level of coronal activity both decline

with increasing cluster age, the spread in the range of Lx as a fraction of the

median value appears to increase with age, while the spread in the range of

the rotation periods narrows. A number of factors were considered to explain

the observed spread of Lx values in each cluster. These factors include source

confusion, binarity, long-term activity cycles, and the dependence of Lx on

Prot. The spread in the distribution of Lx in each cluster appears to be due

to a combination of each of these ractors. In IC 2391 and IC 2602, the spread

in Lx is probably due mostly to long-term activity cycles and source confusion

due to binarity combined with a weak dependence of Lx on Prot- For the older
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clusters, much of the spread in Lx appears to be due to a strong dependence of

Lx on Prot, combined with the effects of source confusion due to binarity and

long-term activity cycles.

5. A tight correlation exists between Rx and the Rossby number for late-type main

sequence stars. The Rossby diagram shows a turnover, or break, in the relation

near a Rossby number of 0.3 and saturation plateau for X-ray emission among

rapidly rotating stars. Young cluster stars with small Rossby numbers fall along

the saturation plateau, where there is only a weak dependence of X-ray activity

level on rotation rate. Older, more slowly rotating stars with Rossby numbers

> 0.3 lie in a region of the Rossby diagram where a small range of Rossby

number corresponds to a wide range of X-ray activity levels.

The spin-down of late-type stars involves a complex feedback mechanism whereby

the level of coronal activity is governed by the stellar rotation rate, which in turn

determines the efficiency of the underlying magnetic dynamo. The dynamo generates

the magnetic fields that heat the corona and couple with the stellar wind that brakes

the stellar surface, slowing the rotation rate of the star with time. In this work I

have shown that solar-type stars arrive on the ZAMS as generally active stars with

a wide range of rotation rates. Those stars rotating with periods less than ,,-,6 days

(which includes all solar-type stars with measured Prot in Ie 2391 and Ie 2602) begin

their angular momentum evolution on the plateau of magnetic saturation, where the

dependence of coronal activity on rotation rate is weak. If the magnetic field strength

scales as the level coronal activity, then the strength of the magnetic brake is the same

for all stars on the saturation plateau, regardless of their individual rotation rates.

As these stars evolve and spin down, they move off the saturation plateau when their

rotation periods grow longer than "-'6 days. At that point, solar-type stars enter

a braking regime where the level of coronal activity, and therefore the strength of
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magnetic braking, depends strongly on rotation rate. For these stars, the longer they

brake and the more they spin down, the less effective the magnetic brake becomes.
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