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Abstract. In a deep X-ray survey of the Pleiades open clustaeffries et al. 1997), Praesepe (Randich & Schmitt 199Ber
we use the ROSAT High Resolution Imager to explore a regi¢gRandich et al. 1996a, Prosser et al. 1996, Prosser & Randich
of the cluster formerly surveyed with the PSPC. These n&®97, Prosser et al. 1997), Coma_(Randich et al. 1996b),
observations substantially improve upon both the sensitivity aNGC 2422 (Barbera et al. in preparation), IC 4665
the spatial resolution for this region of the Pleiades, allowin@iampapa et al. 1998), NGC 752 _(Belloni & Verbunt 1996),
us to detect 18 cluster members not detected before andNKBC 6940 |[(Belloni & Tagliaferri 1997) and IC 4651
members not included in the catalogs used in previous survgjgelloni & Tagliaferri 1998). These observations have
The high sensitivity of the present observations permits usgobstantially increased our knowledge of the evolution of X-ray
obtain more stringent upper limits for 72 additional membeestivity levels of late—type stars.
and also provides sufficient numbers of stars to enable us to Notwithstanding this flourishing of new data, a number of
explore the dependence &f, on stellar rotation for the slow issues remain unresolved. For example, the origin of the spread
rotators of the Pleiades. Using the new high sensitivity X-raf the X-ray luminosity function (XLF) for open cluster mem-
observations and the recent rotational measurements we distigss of a given spectral type is not understood: Thus, while itis
the activity-rotation relationship in the Pleiades solar type stakniown that this spread is smaller than the corresponding spread
We also present new photometric observations of optidalr field stars of the same spectral type, that the mean (and me-
counterparts of a number of X-ray sources detected in previalian) L, decrease with age, and that fast rotators have activity
surveys but not yet identified. levels higher than those of slow rotators, it is nevertheless un-
clear if the observed spread can be attributed simply to intrinsic
Key words: X-rays: stars — stars: coronae — open clusters awariability of coronal emission. Furthermore, we do not under-
associations: individual: Pleiades stand how the evolution of X-ray luminosity depends on stellar
mass, nor do we understand if and how this evolution is different
for single and binary stars.
1. Introduction The Pleiades cluster represents a key sample of stars in
_ any study of these issues: It is one of the best-studied open
Observations of open clusters allow us to study the eVO'”“Efbsters, with a fairly complete membership list down to the
of physical quantities during the main sequence life of staffig-M dwarfs in the central region where our HRI fields
In the last few years, ROSAT observations have explorgds |ocated, and has been the subject of an extensive cam-
coronal properties in a large number of open clusters: Pleia n to measure rotational velocity and photometric peri-
(Stauffer et al. 1994, hereafter Paper[l._Schmitt etal. 1995 (cf[Prosser etal. 1993a, 1993b, 1995b; Jones et al. 1996,
Gagre et al. 1995, Micela et al. 1996, hereafter Paper |irishnamurthi et al. 1998 Queloz et al. 1998). Furthermore,
Hyades [(Stern et al. 1992, 1994; Pye etal. 1994), IC 23R4 yichness and proximity make it one of the best X-ray tar-
(Patten & Simon 1993; 1996; Simon & Patten 1998), NGgets pecause it is possible to detect a significant fraction of the
6475 (James & Jeffries 1997; Prosser etal. 1995a), IC 26{gster stars with relatively small numbers of distinct pointings
(Randich et al. 1995), NGC 2516€_(Dachs & Hummel 199¢;, contrast to the Hyades, for example, in which the loose spa-
Send offprint requests 1. Micela tial distribution makes it quite time-consuming to obtain good

* Table 2 is available in electronic form at CDS via ftp 130.79.128@0verage of its me.mbers). As a consequence, the Pleiades _iS the
** Deceased, Aug. 16, 1998 most deeply studied open cluster at X-ray wavelengths; since
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Table 1.Characteristics of the HRI observations: ROSAT observation Request (ROR) number, field center coordinates, nominal exposure times,
dates of observation, and number of detections obtained using a Wavelet-based algorithm Sect. 2.1). For ROR 201412, we list separately
two segments obtained nearly a year apart.

ROR Field R.A.(2000) DEC(2000) Exposure Start End Number of
Name h:m:s o Time Date Date Detections
[sec]
202069 H-A 3:42:21.6 24:55:48.0 30193 19-Feb-96  4-Mar-96 16
202070 H-B 3:43:14.3 25:16:12.0 29283 11-Feb-96 4-Mar-96 16
201412 H-1 3:44:14.3 24:06:00.0 4643 4-Sep-94 5-Sep-94 22
H-1 22876 7-Aug-95 9-Aug-95
201413 H-2 3:45:31.2 24:34:48.0 24202 13-Aug-94  22-Aug-94 29
201776 H-6 3:46:07.1 23:21:00.0 27846 20-Feb-95 24-Feb-95 20
202068 H-5 3:47:50.4 23:55.12.0 28896 21-Feb-96 4-Mar-96 35
201414 H-3 3:48:16.7 23:38:24.0 34160 5-Feb-95 6-Feb-95 36
202060 H-P 3:49:33.5 23:48:00.0 32629 9-Feb-96 2-Mar-96 24
Total -
detections 198

2
A
I

the launch ofEinstein X-ray survey observations have been
reported by Caillault & Helfand (1985), Gagret al. (1995),
Micela et al. (1985, 1990, 1996), Schmitt et al. (1993), and
Stauffer et al. (1994).

In order to explore some of the unresolved issues mentioned,,
above, it is important to gain as complete a knowledge as pos-N
sible of the X-ray emission properties of the Pleiades stars. As
a further step in toward that goal, this paper reports and su@wﬁ
marizes the full set of ROSAT HRI observations devoted to t@b oo
investigation of this cluster. R SRR

Our paper is organized as follow: in Sect. 2 we describe the | .. . )
observations and data analysis and present data for the Pleiades |
stars; we discuss the relationship between the X-ray IuminosityN
and rotation in Sect. 3 and summarize our results in Sect. 4. In
the appendix A we present X-ray data for field stars, in appendix 8
B, for sources notidentified with cataloged objects together with : _
new photometric observations of their optical counterparts. In & | : ! ! [

27

the appendix C we present CCD photometry of cataloged stars 400 350 340
around unidentified sources. RA (2000)
Fig. 1. Targeting of HRI (small solid circles) and previous PSPC (large
2. HRI observations and data analysis dotted circles) observations, superposed on a map of known Pleiades
stars.

We present data from eight ROSAT High Resolution Im-

ager (HRI,[Zombeck et al. 1990) observations targeted to- . _ . )

ward the Pleiades. These pointing directions were selected” iournal of observations is presented in Table 1. Note that
to resolve source-confused regions in images obtained wif§ WO segments of ROR 201412 were also analyzed separately
the ROSAT Position Sensitive Proportional Counter (PSPENC€ they were obtained nearly a year apart. For a subsample of
Briel & Pleffermann 1995), and to narrow the error circles Oq:tars,. this circumstance and t_h.e partial oyerlaps between fields
previously unidentified PSPC sources. By targeting regionsR'Mit @ study of X-ray variability on the time scale of a year.
the cluster previously covered only by the less sensitive external N Fi9.L1 we show the sky coverage of the HRIfields together
part of the PSPC field, these HRI exposures of about 30 kélél&h the optical positions ofstars fr.om thg Plelad_es membership
reached limiting sensitivities comparable (within a factor tw@)2t@l0g we have adpptE]dQ\Iso indicated in the figure are the

to those achieved in the central part of existing PSPC obsif!ds of view of previous PSPC observations (Paper I; Paper ).
vations. In addition, one of the pointings (ROR 202060) wast The plejades catalog employed in this study was provided
deSIgned to determ'ne the X'ray |umII’IOSItIeS Of H”'2341 ar't{,'i, C. F. Prosser and J. R. Stauffer as part of the Open Cluster
HI1-2284, two of the mostly slowly rotating K dwarfs in theDatabase project, which currently may be accessed at http:/cfa-
Pleiades. www.harvard.edutstauffer.
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Note that the HRI fields targeted regions previously seen onlgt be identified with any cataloged objects. An inspection of
in the outer, less sensitive regions of the PSPC fields of viewlinding charts, reported in appendix B, shows that in a large
The combined fields of view of the eight HRI images corfraction of the cases there is an “obvious” stellar counterpart
tain 260 stars with astrometric and/or photometric indicatiofsside the error circle. We identify most of the Pleiades stars
of membership; optical characteristics of these stars are suwith an offset smaller than 8 arcsee 87%), all the other have
marized in Table 2. Photometry is photoelectric when such daa offset smaller than 1Sobut one (HII-15[) that has an off-
are available, and photographic otherwise. set of~19 arcsec. In some cases a large offset can be due to
position uncertainty in our optical catalog (such as in the case
of TS-51x which has a position different by 8 arcsec from the
corresponding star in the Guide Star Catalog, GSC). The prob-
For the detection of sources, we applied the Wavelet transfoatility of identifying an X-ray source with a Pleiades member
method of Damiani et al. (1997). While this algorithm doesncorrelated with the emission is very small and the number of
not require an exact knowledge of the detector point spreaxpected spurious identifications in the entire survey is less than
function (PSF), it was nevertheless specifically “tuned” for o®.
HRI application (Damiani et al., in preparation). Over all fields, Even the high angular resolution of the HRI was unable
we found 177 distinct X-ray detections, some of which wet® resolve ambiguities in five cases: (1) HII-298/299, (2) HlI-
detected in more than one field. 883/879, (3) HII-1794/1805, (4) HII-1392/1397, and (5) HII-

In this particular application of the algorithm, a flat fielde@500/2507. For the purpose of computing luminosities, in the
image was constructed from both an exposure map (which méigst three cases we apportioned the count rate equally between
els the vignetted cosmic X-ray background and the intrinsiwo late-type counterparts; in the remaining two cases, we at-
detector nonuniformities) and a particle map (which modeigbuted the emission to a late-type star rather than its A-type
particle-induced background that increases at large off-axis aeighbor.
gles and contributes a substantial fraction of the total observed For purposes of consistency, we used the same Wavelet al-

2.1. Source detections

background,(Snowden 1998, Snowden et al. 1994). gorithm to determine count rate upper limits for all undetected
Our detection thresholds were set to correspond roughlyrt@mbers in our Pleiades catalog.
a gaussian equivalent of 44 For typical livetimes of~30 In seeking an explanation for the large number of uniden-

ksec, such thresholds yietd1 spurious source per field. Duetified sources, we computed the number of sources unrelated
to its high spatial resolution, the typical number of photons peith the Pleiades expected in our fields, using sensitivity maps
HRI resolution element is small, even for rather long exposureshtained from the Wavelet algorithm at a spatial resolution of
With photon statistics in the HRI images therefore far from the0’ x 10”. When a given area of sky was observed more than
gaussian limit (cf. Damiani et al. 1997), a large number of simonce, we retained the observation of highest sensitivity. For each
lations are required to determine proper acceptance threshold’.x 10" pixel we estimated the number of expected sources,
At the end of the detection process, we removed instrumerssuming a hydrogen columngN= 10°! cm~2 obtained by in-
tal hot spots known to be present in a fraction of fields (cferpolationfrom data of Stark et al. (1992) and power law spectra
David et al. T99B). with photon indexes between 1 and 2. For our full square
Count rates were computed using source effective exposdegjree region, we estimate a total of 26 to 27 field sources, us-
time as function of position in the field of view (exposure maghg the log(N)-log(S) of Branduardi et al. (1994), or between
computed according to the recipe of Snowden et al. (1994). 32 and 34 sources, if we adopt the log(N)-log(S) of Hasinger et
al. (1993). These numbers suggest that most of our unidentified
2.2 |dentifications sources are of origin unrelated with the Pleiades.
Our search for catalogued counterparts of Pleiades X-ray de L
tections used a coincidence circle of’2@dius. Following the (}'3' X-ray fluxes and luminosities
initial identification process, we deduced the presence of asy¢e employed the detailed shape of the HRI PSF
tematic offset between the optical and X-ray positions of up {David et al. 1998) in determining fluxes. We computed a
6 arcsec (median of measured values in an individual imagexionversion factor from count rate to flux in the 0.1-2.4 keV
some of the observations. Such shifts are due to limitationshand, assuming a single-temperature Raymond spectrum with
the ROSAT aspect corrections and are of the same order askhe0.8 keV and an average value of g = 20.4 cm~2.
spatial resolution of the HRI. In order to improve our identifiSince Gaga et al. (1995) found typical Pleiades coronal
cations, we corrected the X-ray source positions for the me@mperatures in the range of 0.8-1.4 keV, our temperature as-
offset measured in each field and then repeated the identifisamption introduces a systematic conversion factor uncertainty
tion process. After this second iteration, we identified 117 X-rayf less than 20%. For stars with known anomalous reddening
sources with 120 Pleiades members and 24 with field stars fr¢@auffer & Hartmann 1987), we have computed the conversion
SIMBAD catalogs or with stars known as non members, either

from the Hertzsprung cataldg (He”ZSP“_mg 1947) or from HCG HII-153 is an A star and it is possible that it is not the true source
catalog (Stauffer et al. 1991). A remaining 36 detections coOyéine emission
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factors assuming kT=0.8 keV and the hydrogen column derivedg -

from the individual E(B-V). For consistency with previous

X-ray measurements, luminosities were computed assuming,

the “standard” cluster distance of 127 pc instead of the news | I

Hipparcos distance (116 pc, Mermilliod et al. 1997).
X-ray characteristics of the 260 Pleiades stars falling in our 2 _| .

fields of view are summarized in Table 3, where the firstand sec-~ I .

ond columns list a running number and star name, and columys .

3 and 4 report offsets between X-ray and optical positions §1g 1 " VI

arc seconds of right ascension and declination, respectively~In "y ) _-"' ! b

column 5 we report the detection significance in equivatent o } P ™ i .

! i

(i.e., same probability as the normal distribution with this value). & |
Columns 6 and 7 contain the X-ray count rate and its error, and !y
columns 8 and 9, the value df, and L../Ls.;, respectively. g - I 1

The bolometric correction has been computed using Johnson'’s

(1966) data for stars witB - V < 1.34, Monet et al's (1992) _
dataforstarsredderth®-V >1.34aV-1 >1.6andthecon- & ] ‘ . . .

version from M, to Mo, by Lang (1992) for the stars without 0.0 0.5 1.0 15 2.0
measured colors. For B stars, the valueg pind L, / Ly, are B-v

placed in parenthesis because we believe they suffer UV lgad. 2. Distribution oflog L. versus B- V. Vertical line segments con-
contamination (cf. Sect. 2.4). We show in Fids. 2 &hd 3 scattexct different measurements of the same star.

plots of L, andlog L,. /L., versis B -V, respectively. Verti-

cal line segments connect different measurements for the samer -
star. The distribution for HRI sources may be compared with the Tl I

log(L./Ly,;) distribution based on PSPC sources in the Pleiades
as shown by Giampapa et al. (1998, Fig. 5) I % x
;

{ 'j‘ R

M .
An investigation of both the UV susceptibility of the HRI de-g il. rI I !
tector and the B-star count rates inferred in this study has ledXst - .t !
to the conclusion that the HRI cannot determine accurate X-rgy I '1 iI .
i L]

2.4. Indeterminate luminosities for B-type stars

luminosities for B-type stars. Whereas the HRI detected 8 of by

11 B stars present in the observed Pleiades region, the PSPC | * ! L I

detected only 3 of these stars. Moreover, the HRI X-ray lumi- ©

nosities naively inferred for the three common B star detections . I

are significantly higher than those measured with the PSPC. i 1
f M

Recent laboratory measurements have shown that the
(?_

HRI UV/ion shield has a “UV leak” ~ enhanced transmis- | | | | ‘

sion for wavelengths longward ef2000A(Barbera et al. 1997, 0.0 05 1.0 15 2.0
Zombeck et al. 1997), where early-type stars with photospheric B-v

temperatures of the order of 10000-15000 K have the bulk @f; 3 Scatter plotofog(L, /Lso:) versus B - V. Vertical line segments
their emission. In spite of its much lower sensitivity to UV emisconnect different measurements of the same star.

sion, however, the PSPC still detected some B stars. Hence we

cannot arbitrarily attribute all detected HRI counts to UV con- o .

tamination. 3. X-ray emission and rotation

In Fig.[4 we report the measured luminosity excess (the dify this section we discuss the dependence of X-ray emis-
ference between |Umin03ity inferred from the HRI and that i%‘ion on rotation, Concentrating main|y on the slow rota-
ferred fromthe PSPC)VerSUSthe absolute bolometric magnltqg% We take advantage of both new|y available measure-
forthe B starsin our survey. Also included in this figure is the efents of long periods and small rotations (Prosser et al. 1995b,
cess for the star Vega (square+cross, from Zombeck et all 19%fjshnamurthi et al. 1998, Queloz et al. 1998) and of the high
plotted by applying the conversion factor used here to its megmsitivity of the HRI observations (which allows us to detect
sured HRI count rate. The clear dependence of observed exggi sources).
on absolute stellar magnitude is entirely attributable to the UV | Fig.[§ we display the stellar X-ray luminositf{) values
leak. obtained from the observations reported here versus the rotation

rate for the corresponding stars, as measured by the projected
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Table 3. X-Ray properties of observed Pleiades stars

# Name ARA ADEC SIN Rate + logL, log LLZ:,I Field off-axis
[arcsec] [arcsec] [cts/ksec] erg/sec [arcmin]
1 HHJ-126 <3.75 .. <2939 <-212 H-A 18.1
2 HHJ-191 <3.26 .. <2933 <-225 H-A 17.9
3 HHJ-148 <2.22 .. <29.16 <-2.00 H-A 16.3
4 HHJ-69 <0.89 .. <2877 <-244 H-A 10.0
5 HHJ-125 <0.70 .. <2866 <-276 H-A 9.1
6 HHJ-120 <2.05 .. <2913 <-2.09 H-A 15.4
7 HCG-58 -8.1 5.3 8.3 715 1.71 29.67 —-291 H-B 17.6
8 SK-702 1.6 3.1 5.6 0.74 0.25 28.69 —-3.04 H-A 7.8
9 HHJ-212 <2.89 .. <2928 < -233 H-B 17.3
10 HCG-65 2.7 2.8 157 498 0.53 29.51 -3.23 H-A 13.7
11 HCG-71 1.2 —-46 10.7 6.00 0.93 29.60 —-2.80 H-A 15.9
12 AK-1b078 1.9 0.6 10.6 1.61 0.28 29.02 —-3.86 H-A 7.2
13 SK-676 -0.1 2.7 105 1.53 0.27 29.00 -2.92 H-A 55
14 HCG-74 <0.51 .. <2852 <-266 H-A 6.8
15 HHJ-45 <0.67 .. <2864 <-251 H-B 8.5
16 HCG-93 <3.72 .. <2939 <-272 H-1 17.8
17  HHJ-107 <0.86 .. <2875 < -264 H-B 10.3
18 HCG-97 0.0 -0.9 9.1 1.87 0.50 29.09 -3.19 H-A 11.8
19 HCG-100 <4.87 .. <2950 < -251 H-A 17.9
20 SK-650 <0.82 .. <2873 <-294 H-B 9.2
21 HHJ-71 <1.72 .. <29.05 <-221 H-1 14.4
22 HHJ-65 <1.42 .. <2897 <«<-221 H-1 13.3
23 HII-97 1.7 —24 124 3.94 0.58 29.41 —-3.48 H-A 15.3
24 AK-1b121 -0.7 —0.30 45.2 17.56 0.93 30.06 -3.2 H-B 7.7
25 HCG-109 <1.92 .. <2910 <-261 H-A 15.2
26 HHJ-76 <1.00 .. <2882 <«<-231 H-1 10.9
27 HCG-112 <5.22 .. <2953 <«<-225 H-B 19.8
28 SK-622 <0.80 .. <2872 <-310 H-B 9.6
29 HII-134 -3.7 7.3 12.2 3.35 0.50 29.40 -3.24 H-1 11.8
30 HCG-115 -1.1 3.4 55 1.02 0.33 2882 -3.11 H-B 9.8
31 HII-153 -18.5 49 10.8 2.94 0.48 29.28 -551 H-B 13.1
32 HII-158 <4.94 .. <2951 <-498 H-1 18.0
33 HHJ-43 <0.84 .. <2874 .. H-1 9.8
34 TS-51x -11.0 -0.1 145 3.98 0.48 29.42 —-4.44 H-B 11.4
35 SK-609 <1.90 .. <2910 <-329 H-B 15.0
36 HII-174 -2.1 48 157 16.08 3.38 30.02 -3.19 H-B 17.7
37 HI-173 2.9 -1.1 123 290 0.44 29.28 —-4.18 H-B 9.1
38 HII-193 -0.8 2.8 8.3 1.42 0.43 2897 —4.40 H-1 10.4
39 HHJ-218 <2.12 .. <2914 <-275 H-B 15.9
40 HCG-126 <1.86 .. <29.09 <-291 H-B 15.2
41 SK-596 0.7 -1.2 6.2 1.14 0.35 28.87 —-3.22 H-B 9.7
42 HCG-135 -1.7 -2.2 7.9 1.70 0.46 29.05 -259 H-1 9.7
43  HII-233 <1.53 .. <29.00 <-493 H-1 13.5
44 JRS-26 <1.82 .. <29.08 <-270 H-1 14.5
45 HCG-134 <2.39 .. <2920 <-292 H-B 16.4
46  HII-263 0.6 7.0 245 9.47 0.78 29.79 —-3.43 H-1 10.8
47  AK-1b165 <2.67 .. <2924 < -368 H-B 17.2
48 SK-586 <6.81 .. <2965 <-211 H-2 18.6
49 AK-1b174 <1.78 .. <29.07 <-403 H-B 15.1
50 HHJ-217 <1.47 .. <2898 < -267 H-1 13.4
51 HII-298 0.9 0.7 411 792 0.46 29.72 -3.81 H-1 4.1
52 HII-299 —4.6 38 411 7.92 0.46 29.72 -3.64 H-1 4.2
53 HII-303 -0.4 -0.8 399 16.85 0.97 30.04 -3.64 H-1 0.1
54 HCG-145 <4.09 .. <2943 < -246 H-2 18.5
55 HCG-146 <2.75 .. <2926 <-232 H-2 16.4

56 HII-320 -11 11 144 24.02 5.04 30.20 -3.26 H-2 19.9
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Table 3. (continued)

# Name ARA ADEC SIN Rate =+ logL, log LLbzl Field off-axis
[arcsec] [arcsec] [cts/ksec] erg/sec [arcmin]
57 HHJ-57 <0.79 .. <2871 .. H-1 9.3
58 HII-324 .. <24.02 .. <3020 <-255 H-2 18.5
59 HI1-335 1.0 0.7 13.8 331 041 29.34 -3.24 H-1 2.7
60 HCG-143 44 -103 54 547 153 2956 —-2.24 H-B 16.6
61 HII-338 0.4 09 36.6 13.92 0.95 29.96 —-4.20 H-1 2.9
62 HCG-149 . <24.02 .. <3020 <-198 H-2 18.9
63 HII-344 <3.91 .. <2941 < -510 H-1 17.9
64  HII-345 -34 06 314 18.44 1.3 30.08 —-3.15 H-2 14.9
65 HHJ-243 <2.42 .. <2920 < -—-248 H-2 15.8
66 HCG-156 <3.59 .. <2937 < -261 H-2 17.9
67  HHJ-190 <0.74 .. <2868 < -280 H-1 8.8
68 HII-357 1.5 3.6 17.0 446 0.52 29.47 -3.17 H-1 5.3
69  HII-370 <1.65 .. <29.03 <-361 H-1 14.0
70  HHJI-68 <5.76 .. <2958 <-174 H-B 19.3
71 HII-390 <0.59 .. <2859 <-391 H-1 7.6
72 HHJ-46 <2.2 . <2916 <-—-1.99 H-2 15.2
73 HII-405 -7.7 -30 57 416 121 29.44 —-443 H-2 18.4
74 HII-430 1.1 1.0 5.0 097 0.34 28.80 —-4.50 H-1 10.4
75  HHJ-24 <2.43 .. <29.20 .. H-2 15.6
76  HCG-166 <0.94 .. <2879 <-319 H-1 10.3
77  HII-447 3.4 59 6.3 1.81 053 (29.08) —6.79) H-1 13.8
78  HII-470 <5.45 .. <2955 < -464 H-5 18.1
79  HII-468 3.6 -0.2 26.7 9.38 0.75 (29.79) —(7.31) H-1 8.7
80  HII-476 —-5.6 -35 55 1.97 0.60 29.11 -4.46 H-1 14.0
81  HHJ-183 <1.35 .. <2895 < -257 H-2 11.6
82  HII-489 —-3.7 -33 119 3.97 0.60 2942 —-4.22 H-2 11.9
83  HHJ-223 <2.54 e <2922 < -241 H-6 16.3
84  HHJ-274 <1.78 .. <29.07 <-269 H-1 14.4
85  HII-513 —-9.6 -20 50 2.05 0.63 29.13 -3.46 H-6 15.8
86  HHJ-54 <2.20 .. <2916 < —-207 H-6 15.6
87  HCG-172 <1.86 . <29.09 <-239 H-2 13.7
88  HII-522 <4.98 .. <2951 < -358 H-1 19.2
89  HHJ-48 <0.74 .. <28.69 <-239 H-B 8.5
90  HII-531 <2.17 .. <2915 <-518 H-1 15.4
91  HII-541 <2.94 .. <2928 < —-645 H-2 16.3
92  HII-554 -1.9 27 126 247 0.38 29.21 -3.37 H-2 4.4
93  HCG-177 <0.71 .. <2867 <-316 H-2 6.3
94  HCG-185 <1.37 .. <2896 < —-259 H-6 12.7
95  HII-563 -0.9 —-3.2 387 15.47 0.88 (30.01) —6.65) H-2 8.0
96 HHJ-14 <3.29 .. <29.33 .. H-1 18.0
97  HCG-183 <1.72 .. <29.05 <-332 H-1 14.1
98 HCG-181 -35 -01 11.2 2.07 0.35 29.13 —-2.88 H-2 34
99  HHJ-273 -2.3 33 54 0.89 0.30 28.77 —2.97 H-2 3.1
100 HII-636 <131 .. <29.00 < —-397 H-6 12.7
101 HII-624 <2.81 . <2927 <292 H-2 16.4
102 HII-652 <2.81 .. <2927 < -531 H-1 16.8
103 HHJI-99 <4.27 .. <2945 < -204 H-1 18.1
104 HHJI-106 <6.16 .. <2961 <-183 H-6 19.3
105 SK-520 <1.64 .. <29.03 < -277 H-6 14.1
106 HII-673 <2.64 e <2924 < -290 H-2 16.0
107 HII-686 -28 —-121 538 3.82 1.08 29.40 —-3.24 H-2 16.6
108 HII-697 <0.63 .. <2861 <-572 H-2 7.0
109 HII-708 15 —-24 838 8.16 1.96 29.73 —-4.02 H-1 18.8
110 HCG-194 -3.1 37 93 1.76 0.47 29.06 —2.95 H-2 45
111  HI-717 1.3 —-40 46 1.48 0.50 2899 -594 H-2 14.7

112 HIl-727 -1.1 1.2 349 1091 0.72 29.85 -4.06 H-2 3.5
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Table 3. (continued)

# Name ARA ADEC SIN Rate =+ logL, log LLbzl Field off-axis
[arcsec] [arcsec] [cts/ksec] erg/sec [arcmin]
113 HII-745 2.1 03 53 3.03 0.92 29.30 —4.71 H-2 17.6
114 HII-746 —4.5 10 57 1.24 0.39 2891 —4.45 H-2 9.2
115 HII-801 -1.9 41 116 275 045 29.26 -5.84 H-6 12.9
116 HII-785 -0.4 -50 124 5,86 0.78 (29.58) —(7.41) H-2 134
117 HHJI-25 <0.96 .. <28.80 .. H-2 9.7
118 HCG-202 -2.3 48 8.9 139 0.38 2896 —-2.49 H-6 7.7
119 HII-813 <0.74 .. <2869 < -368 H-2 8.4
120 HII-817 6.7 03 97 2.00 0.37 (29.12) —€.54) H-2 5.5
121 HII-859 <0.68 .. <2865 <-6.62 H-2 7.8
122 HII-882 -1.1 1.8 30.2 7.17 0.53 29.67 -3.11 H-6 34
123 SK-488 15 27 104 243 043 29.20 -2.87 H-2 8.1
124 HII-879 4.5 -32 96 145 0.26 2898 —-3.85 H-2 8.1
125 HII-883 -0.9 139 96 145 0.26 2898 -3.75 H-2 8.2
126  HII-890 -5.8 -32 49 3.09 0.93 29.31 -282 H-2 14.8
127 HII-885 <6.69 . <2964 <342 H-2 19.1
128 HII-915 -2.0 32 155 2.88 0.37 29.28 -3.25 H-6 0.3
129 HII-906 11 19 159 476 0.58 29.49 -2.83 H-2 10.5
130 HII-923 —-2.7 —-0.0 2338 5.42 0.51 2955 —-4.19 H-6 0.9
131 HII-916 3.6 -12 95 286 0.51 29.27 -3.84 H-2 9.6
132  HII-948 <1.41 .. <2897 < -537 H-6 13.3
133 HHJI-367 <1.53 .. <29.00 <-813 H-2 12.4
134 HII-975 -1.1 19 120 187 0.32 29.26 —-4.39 H-6 8.6
135 HII-974 <3.23 .. <2933 < -—-323 H-2 16.7
136 HHJ-33 <2.33 . <29.18 .. H-6 16.2
137 HHJ-105 <1.33 .. <2894 < -248 H-2 11.4
138 HII-996 45 -11 74 1.86 0.53 29.09 —-455 H-2 11.7
139 HII-1005 <3.97 .. <2942 <832 H-2 17.8
140 HHJI-249 <1.89 . <29.09 < -247 H-2 135
141 HHJI-326 <2.35 . <2919 < -2.68 H-2 14.8
142  HII-1039 -1.3 52 133 5.66 0.74 29.76 —-3.26 H-6 15.3
143 HII-1032 55 1.7 257 21.46 1.38 30.15 —3.27 H-2 15.7
144  HII-1029 <3.49 .. <2936 < —-3.17 H-2 16.9
145 HII-1081 0.7 -0.3 113 165 0.28 29.11 -3.37 H-6 6.4
146 HII-1084 <2.81 .. <2947 < -506 H-6 17.6
147 HHJ-9 <0.57 .. <2857 .. H-B 7.5
148 HII-1103 2.2 1.7 117 210 0.35 29.20 —-3.21 H-6 7.4
149 HHJ-140 <4.13 .. <2943 < -196 H-5 18.4
150 HII-1094 <3.26 .. <2933 < -326 H-5 17.3
151 SK-465 <5.21 .. <2953 < -197 H-6 18.0
152 HII-1117 <5.24 .. <2954 < -421 H-5 18.4
153 HII-1095 <4.68 .. <2949 < -367 H-2 18.2
154 HIlI-1110 <2.88 .. <2933 < -341 H-2 15.8
155 HII-1122 <7.48 .. <2969 < —-438 H-5 19.7
156 HII-1124 <3.40 . <2935 < -3.67 H-5 17.5
157 HII-1139 <2.29 e <2918 < -486 H-6 16.2
158 HII-1136 23 20 385 16.47 0.89 30.16 —3.05 H-6 11.6
159 HHJI-104 <3.25 .. <2933 <—-209 H-6 18.3
160 HHJI-75 <7.81 .. <2971 < -155 H-2 19.6
161 HHJI-159 <0.77 .. <2870 < -283 H-9 9.5
162 HII-1173 <5.04 .. <2952 < -272 H-2 17.8
163 HCG-240 -3.2 74 46 3.08 0.95 29.31 -—-2.07 H-6 14.7
164 HII-1200 <1.15 .. <2888 < —-496 H-6 11.9
165 HII-1215 2.7 25 6.2 3.46 0.95 29.36 —4.23 H-6 17.6
166 HHJ-95 <0.95 .. <2880 <-249 H-5 11.2
167 HHJI-257 <1.34 .. <2894 < -259 H-5 12.6

168 HCG-247 -0.9 12 7.1 191 0.52 29.10 -3.08 H-6 12.8
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# Name ARA ADEC SIN Rate =+ logL, log LLbzl Field off-axis
[arcsec] [arcsec] [cts/ksec] erg/sec [arcmin]
169 HHJI-174 <2.63 <2924 < -237 H-6 17.2
170 HHJI-299 <1.50 .. <2899 < -274 H-5 13.4
171  HII-1275 1.5 -3.6 6.1 155 0.47 29.01 -430 H-6 151
172 HII-1280 -11.9 -53 56 483 1.37 2950 -2.82 H-5 17.9
173 HII-1286 <2.77 <2945 < -288 H-3 16.8
174 HII-1284 <1.15 <2888 < -555 H-5 11.5
175 HII-1298 <4.38 <2946 < -354 H-3 16.7
176 HII-1305 31 36 94 3,55 0.62 29.37 —-3.25 H-6 15.6
177 HII-1306 —-7.1 0.2 125 7.19 1.02 29.77 -3.07 H-5 15.8
178 HII-1321 —4.3 -26 95 3.80 0.64 2940 -294 H-5 14.2
179 HII-1332 —4.2 91 7.3 281 0.73 29.27 —-3.57 H-3 15.8
180 HCG-258 24 1.0 11.6 2.18 0.38 29.16 —-3.01 H-5 9.9
181 HHJ-203 <2.13 <2915 < -246 H-6 16.4
182 HII-1338 25 70 5.0 3.69 1.08 29.38 —4.93 H-5 14.7
183 HII-1355 0.8 3.0 136 3.60 0.47 2943 -3.26 H-5 10.2
184 HII-1362 <3.69 <2938 < -5.09 H-5 15.0
185 HII-1380 <0.90 <2877 < -6.28 H-5 9.7
186 HII-1375 <2.66 <29.24 <-6.09 H-5 13.6
187 HCG-266 0.7 3.8 47 0.86 0.30 28.75 -3.01 H-3 13.7
188 HII-1392 -2.2 -3.1 220 545 0.50 2955 —-4.12 H-5 6.1
189 HII-1397 <5.45 <2955 < -537 H-5 6.0
190 HHJI-427 8.1 -16 51 1.28 0.39 2892 -3.23 H-5 9.7
191 HCG-269 0.5 49 52 1.30 0.39 2893 —-2.77 H-3 11.5
192 HII-1425 <1.06 <2884 < -585 H-3 11.7
193 SK-417 <2.30 .. <2918 < -262 H-3 16.0
194  HII-1432 11 53 332 13.80 0.82 (29.96) —1.63) H-5 12.2
195 HHJI-16 <1.18 < 28.89 .. H-3 11.9
196 HCG-277 -2.3 3.0 141 3.24 043 29.33 -291 H-3 104
197 HHJI-73 <1.52 .. <29.00 <-234 H-3 13.6
198 HII-1512 —4.2 09 51 134 043 28.94 —-3.68 H-3 13.6
199 HII-1532 -1.0 35 136 271 034 29.25 -3.23 H-3 10.2
200 HII-1531 -1.0 31 230 574 0.51 2958 -3.01 H-3 3.8
201 HHJ-26 <0.72 .. < 28.67 .. H-5 8.9
202 HHJ-152 -1.9 39 6.0 0.78 0.24 28.71 —-2.88 H-3 8.2
203 HHJ-438 -1.7 55 7.6 0.93 0.29 28.79 —-354 H-5 7.9
204 HHJ-122 <0.43 .. <2845 < -294 H-3 5.9
205 HII-1613 -0.1 3.3 134 244 0.35 29.20 —-4.64 H-5 14
206 HII-1645 <1.06 <2884 < —-4.44 H-3 11.6
207 HII-1695 <0.84 <2874 < -355 H-5 9.3
208 HHJ-21 <1.63 .. <29.03 < -207 H-3 14.4
209 HHJ-240 -3.8 36 6.6 0.78 0.28 28.71 —-2.92 H-5 6.1
210 HII-1726 5.0 28 119 6.00 0.81 29.60 —4.46 H-5 13.9
211 HCG-307 18 3.7 17.2 288 0.33 29.28 —2.17 H-3 6.3
212 HHJ-156 <0.43 <2845 < -3.09 H-3 4.4
213 HHJ-225 <0.48 <2850 <-3.16 H-5 5.5
214 HII-1756 -0.1 -16 79 1.17 0.33 2888 —-3.69 H-3 8.1
215 HCG-315 1.7 2.0 100 142 0.24 28.97 —-2.66 H-3 0.8
216 HHJ-232 47 -34 97 2.64 0.45 29.24 -250 H-3 12.3
217 HHJ-336 3.2 1.2 6.9 0.92 0.28 28.78 —-3.17 H-3 3.7
218 HHJ-151 <0.45 <2847 < -295 H-3 3.1
219 HI-1797 15 11 119 213 0.35 29.15 —-4.57 H-3 0.2
220 HII-1794 2.9 13 145 156 0.20 29.01 —-4.64 H-5 6.3
221 HHJ-188 <0.79 <2871 <-282 H-5 9.2
222 HII-1805 —-11.7 —-1.2 145 1.56 0.20 29.01 —-345 H-3 6.5
223 HCG-321 <0.53 <2854 <-221 H-3 7.3
224  HII-1823 2.9 -09 50 0.93 030 (28.78) —7.09) H-3 13.1
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# Name Rate =+ logL. log LLbzl Field off-axis
[arcsec] [cts/ksec] erg/sec [arcmin]
225 HHJ-171 <0.96 <28.80 <-271 H-3 10.8
226  HII-1827 2.68 0.38 29.25 -3.16 H-5 8.0
227 HII-1856 291 0.51 29.28 —-451 H-5 11.2
228 HCG-328 <0.84 <2874 < -2.60 H-5 9.4
229 HHJ-184 <1.25 <2891 < -267 H-5 12.0
230 HII-1924 425 0.63 29.44 —-4.23 H-3 12.9
231 HII-1912 527 144 29.54 —-4.63 H-5 18.7
232 HCG-335 <6.03 <2960 <-165 H-5 19.7
233 HHJI-96 <6.00 <29.60 <-156 H-5 19.7
234 HHJ-207 <5.57 <2956 < -2.07 H-5 19.7
235 HHJ-86 <1.92 <2910 <-211 H-3 15.4
236 HII-2034 14.31 0.85 29.97 -2.75 H-5 13.9
237 HIl-2144 3.8 045 29.30 -2.99 H-P 7.3
238 HII-2147 40.96 1.29 30.43 —-3.05 H-3 14.1
239 HII-2168 721 155 (29.67) —{.46) H-P 16.2
240 HII-2193 2.64 0.48 29.24 -3.23 H-P 15.5
241 HII-2195 <0.48 <2850 < -6.04 H-P 7.2
242 HCG-362 215 0.61 29.15 -3.24 H-P 16.3
243 HHJ-308 <1.38 <2896 < -2.65 H-P 13.6
244 HCG-363 0.81 0.28 28.73 -3.03 H-P 9.3
245 HII-2281 <0.41 <2843 < -397 H-P 54
246  HII-2284 219 0.37 29.16 —4.20 H-P 3.3
247  HI-2311 1.01 0.32 2882 —-451 H-P 5.4
248 HHJ-158 <0.75 <2869 <-287 H-P 9.1
249 HHJ-142 1.12 0.33 2887 -2.62 H-P 6.7
250 HII-2341 1.89 0.38 29.09 -435 H-P 0.3
251 HII-2425 <0.50 <2851 <-6.89 H-P 5.7
252 HII-2462 <0.52 <2853 < -473 H-P 6.8
253  HII-2500 18.12 0.62 30.08 —3.40 H-P 6.1
254 HII-2507 <36.24 <3038 <—-475 H-P 6.3
255 SK-293 271 0.38 29.25 —-2.74 H-P 7.8
256 HHJ-256 <1.17 <2888 <-293 H-P 12.6
257  HII-2602 6.43 0.75 29.69 —-2.67 H-P 14.7
258  HII-2655 <2.80 <2926 < -2.67 H-P 17.3
259 HCG-396 <1.44 <2897 <-219 H-P 14.1
260 HII-2786 3.61 1.02 29.37 —4.30 H-P 17.1

equatorial rotation ratev(sin(z)) for G stars, defined as starduminosities for K stars is larger than one order of magnitude.
with 0.5 < B-V < 0.8 (Fig[®a) and K stars, defined as &8 Moreover, we note that in both cases, the Hyades member stars
B-V, <1.4 (Fig[Bb); vertical line segments connect differerfpluses) tend to cluster in a region of these diagrams lying below
measurements of the same star. Filled symbols represent staedistribution of Pleiades data points. We also note that if we
with B — V < 0.63andB — V < 1.1, in the two panels, useL./L;, as an activity indicator, instead d@f,, the weak
respectively. dependence on rotation seen in the Pleiades G star sample dis-
These two figure panels suggest that G and K stars in tygpears altogether; this effect may simply reflect the fact that
Pleiades are in two different regimes as far as concern the Pleiades G stars with the bluest color (and largest values
rotation-coronal emission connection: Whereas the G star savhf,,,;) tend to have systematically higher rotational velocities,
ple displays a correlation betweén andv sin(i) (albeit with concentrated in the 10-20 kmsrange, with very few stars with
a best-fit regression slope less steep than that of the canonicaln(i) < 5kms~!. Finally, it is striking that for the K star
“Pallavicini law,” L, « v?), the Pleiades K star sample doesample, the use df, /L;,; as an activity indicator, rather than
not show such a correlation between X-ray luminosity and ré-,, reduces the observed scatter; however, in this case it is also
tation, down to values of sin(i) ~ 3kms~!. Furthermore, true that- half of the slow rotators have the same activity levels
whereas the G stars show a scatter about the best-fit regres&smeasured b¥../ L;,;) as the fast rotators.
curve of roughly half an order of magnitude, the spread of X-ray
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Fig. 4. Measured luminosity excess (difference between luminosities
inferred from the HRI and the PSPC) versus absolute bolometric mag-« | I

nitude for B stars in our survey. Open squares indicate the three stars®

detected both in the HRI and PSPC, the arrows indicate the stars de- = '
tected with the HRI and undetected with the PSPC. The square with g - ! -

plus indicate Vega (see text). - I I I.

The usual explanation for these observations relies upon the
properties of a star that determine the control parameters of lin- g r
ear dynamo theory, i.e., the depth of the convection zone, the +
convective turn-over time scate,,.,,, and the Rossby number Q| ; +',r .
(the ratio between the stellar rotational period and the convective ™ HI *
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time scale; see Noyes et al. 1984). These arguments have how-,
ever severely flawed precisely because they are based entirely 7 . . [ .

on reasoning developed from linear dynamo theory: Linear dy- 1 10 50 100

namo theory predicts the rate of growth of unstable magnetic vein()

dynamo solutions, but cannot be used to predict the nonlinggy. 54 and b.Scatter plot ofZ, vs.v sin(i) for stars with0.5 < B -
behavior of these solutions; in contrast, observed stellar mag-< 0.8 (panela) and with0.8 <B - V, < 1.4 (paneb). Vertical line

netic activity (and whence stellar magnetic dynamos) are alegments connect different measurements of the same star. Plus-sign
served in a manifestly nonlinear state (since stellar magnegignts represent the Hyades. Filled symbols in pahetpresent stars
fields are not observed to grow at exponential rates). Since With B - Vo < 0.63. Filled symbols in pandi represent stars with
nonlinear mechanisms which are thought to limit the growfh- Vo <1.1.

of stellar magnetic fields are entirely different from those pro-

cesses which lead to the instability in the first place, it would be

remarkable if the nonlinearly-determined amplitudes dependedg when compared to their activity cycles. In that way, one can
on the control parameters of the linear problem. (for example) compute the statistically-steady quantity of mag-

It might therefore be useful to consider anew the processradtic flux (or the associated X-ray activity level) generated by
nonlinearly-limited dynamo growth and the associated limitéhe dynamo process; these statistically steady indicators of stel-
tions on stellar activity, and quite apart from the linear problerar activity are then a measure of the thermodynamic efficiency
As a starting point, we note that the dynamo process can df¢he dynamo engine.
viewed as a heat engine which produces magnetic fields as aNow, let us focus on stars of a given mass. In that case,
consequence of being (ultimately) powered by a star’s nucldhe observations tell us that as such stars age, they despin, and
burning. Since stellar dynamos operate in a nonlinearly-limit¢liat as they despin, we observe a steadily-decreasing X-ray lu-
regime, correlating the work done by these heat engines witfinosity andL,./L;,; ratio. Hence, we can conclude that the
stellar properties (such as mass and rotation rate) requires orgytoamo’s thermodynamic efficiency declines with stellar rota-
compute properties of stellar activity averaged over time scatem. This simple-minded picture has a definite prediction for the

o
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o

expected scaling df,, on stellar rotation for a stellar population g -
of fixed age (as in clusters): the corresponding scaling exponent
should be smaller than that obtained for a stellar population of « |
fixed mass but broad distribution in stellar age (and hence in ©
stellar rotation rate). This point is consistent with the results of _ o o
Pallavicini et al. (1981), which showed a relationship between 8§ 7
v sin(¢) andL,, but notwithL, / L, for slowly—rotating stars .
of various spectral types. 2

What about “saturation” of stellar activity? Whatever the " +
precise nature of the saturation process, one expects it to be fung, e
damentally related to the backreaction of the magnetic Lorentz & |
force on the internal motions of the star which gives rise to the +
dynamo effect. Model calculations of nonlinear dynamos (e.g., g - +
Cattaneo & Hughes 1996; Vainshtein, et al., 1997) show that
when dynamos attain nonlinear saturation (not to be confuseds |
with the “activity saturation” just mentioned above), the total ~ — T |
magnetic energy tends to a maximal statistically-steady value, 1 5 Rc:lgtional period [h:l?ml 100 500
so that the total magnetic flux produced tends to a statistically-
steady maximal value. This maximal value is associated with a o
maximal field strength, and a magnetic field filling factor whose & |
value depends upon the control parameters of the calculation.
We now conjecture that stellar rotation largely determines this g - b)
filling factor, and not the maximal field strength. In that case,
one can associate “activity saturation” with saturation of thefill- <o | =
ing factor; that is, we conjecture that there is a maximal value of 8 I.
the magnetic field filling factor, which we will identify with the3 o o UI I
maximal magnetic flux state found, for example, in the surfage &7 I" 5 I
magnetic flux distribution in solar active regions. The activity—
saturated state should then correspond to covering the entire |
stellar surface with activity similar to solar active region lev- b +
els. This picture has several implications: First, it implies that +
for “activity saturated” starsl, should vary with stellar mass & Yl
for the simple reason that stars with smaller mass have smaller {I
surface area; this is observed. Second, it implies that “activity— g !
saturated” stars should show a very weak, if any, variation in ; ; 1'0 5'0 1(')0 5"30
the L.,/ Ly, ratio (since both decline with stellar mass); this Rotational Period [hours]
is observed. Third, this simple model predicts that “activity—
saturated” stars should have mean surface X-ray fluxes at sgfgé
active region levels (i.eo- 107 ergs cnm? s—1); this is also ob- "
served.

More specifically, we can ask to what extent the observare slow rotators, while in the activity—saturated regime stars oc-
tions support the implications of this theoretical model piGupy different regions which are arranged in parallel horizontal
ture. As already mentioned, Pallavicini et al. (1981) demofines, each corresponding to a fixed value offhe—L,,; ratio;
strated a relationship betweensin(i) and L., but not with 3 similar (but cleaner) picture is expected if one can measure
L/ Lo, for slowly—rotating stars of various spectral types; thighe stellar rotation period instead; indeed, we display in[Fig. 6 a
is expected on the basis of the just—discussed model. Furthiatter plot of X-ray luminosityl,, ) versus rotationgleriodfor
more, for stars with X-ray luminosities sufficiently large thag subset of Pleiades stars for which the rotational period could
log L./ Lyor =~ —3, the data suggests that such stars then engf obtained independently from measurement of the projected
a “saturated” regime, where no further increases in X-ray prequatorial rotation speed. This figure, although based on a much
duction are observed (Stauffer et al. 1994). In this regimés smaller sample size, nevertheless is consistent with the notion
determined by, and not any longer by rotation; again, thighat the dwarf K star slow rotators of the Pleiades are already in
is as expected in our model. Panel (b) of Elg. 5 illustrates this “activity—saturated” regime. In this figure, the Hyades have
effect: it shows that the “saturated” bluest stars (filled symbolsgriods longer than those of analogous stars in the Pleiades, and
lie systematically above the comparable reddest stars. Thus, gpgear to be far away from the saturated regime.
would expect — and one sees — that in the— v sin(i)-plane, Aninteresting question is at what value of the stellar rotation
stars of different spectral types occupy the same position if thejte the transition to “activity saturation” takes place, and how

og(Lx)

6a and b.Scatter plot ofZ, vs. rotational period for G (pane)
K stars (pandd). Symbols as in previous figure.
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Table Al. X-ray detections of field stars or of stars with unknown membership

Name R.A. Dec. ARA ADEC V B-V V-l SIN Rate =+ Field Offaxis Memb.
(J2000) (J2000) [arcsec] [arcsec] [cts/ksec] [arcmin]
HCG-50 3:41:33.59 25:06:49.8 6.8 3.9 1725 ... 214 438 2.40 0.74 H-A 156 N
HCG-102 3:43:12.02 24:44:46.7 —3.1 -—-12.9 17.16 ... 2.85 46 4,70 1.42 H-A 15.9 N
HII-52 3:43:13.4 25:16:01. 15 135 13.02 .. .. 31.8 9.02 0.63 H-B 10.2
HI1-180/182 3:43:47.7 24:02:20.0 4.5 1.7 12.01/16.0 ... . 7.8 1.63 0.46 H-1 7.1
AK-1B146 3:43:50.51 25:16:09.5 3.4 -0.3 9.63 0.52 .. 49 0.63 0.23 H-B 83 N
HCG-133  3:43:57.18 24:13:21.6 1.9 3.5 1757 .. 244 56 1.09 0.36 H-1 83 N
HCG-140  3:44:09.87 24:16:06.1 0.7 —-1.0 16.20 .. 217 74 155 0.44 H-1 102 N
HCG-160  3:44:39.50 24:31:44.2 0.0 -3.7 16.79 .. 253 6.8 2.13 0.60 H-2 122 N
HCG-173  3:44:57.02 23:59:30.8 10.5 4.0 1453 ... 1.08 7.9 2.16 0.58 H-1 11.7 N
HD 23353  3:45:22.57 23:12:17.5 2.6 0.4 86 .. .. 9.3 2.60 0.48 H-6 13.6
HI1-659 3:45:25.86 23:25:49.6 -3.6 2.9 12.04 0.94 0.94 17.8 459 0.50 H-6 106 N
HCG-225  3:46:31.97 23:59:00.5 —3.2 9.2 1455 .. .. 59 4.88 1.34 H-5 183 N
HI1-1403 3:47:24.1 23:54:03.3 7.7 —4.6 14.62 .. . 47 0.65 0.24 H-5 6.1
HII-1576 3:47:47.5 23:54:28.9 0.0 1.9 14.4 ... 64 0.94 0.29 H-5 0.8
HIl-1644 3:47:55.8 23:40:00.0 6.0 15.6 16.2 .. .. 4.6 0.41 0.18 H-3 5.5
HCG-303  3:47:58.89 23:29:07.8 —0.3 -—-2.7 16.75 .. 3.24 115 2.20 0.34 H-3 101 N
HCG-310  3:48:11.10 23:39:44.8 1.8 2.8 1649 ... 227 6.1 0.79 0.25 H-3 19 N
HCG-311  3:48:13.20 23:58:48.4 2.4 25 17.81 1.04 290 8.0 1.29 0.34 H-5 6.3 N
HI1-1857 3:48:25.1 23:38:11.3 4.6 2.7 12.38 .. .. 51 0.50 0.17 H-3 2.2
HCG-326  3:48:31.66 24:04:44.8 7.9 10.8 18.00 ... .. 45 1.60 0.53 H-5 13.4
HD 23822 3:48:56.9 23:51:28.8 15.0 0.6 6.47 0.42 .. 6.9 1.60 0.44 H-P 9.8
HI1-2296 3:49:25.6 23:48:32.9 4.6 2.9 1255 .. .. 6.2 0.81 0.25 H-P 2.0
HCG-373  3:49:35.99 23:56:24.7 0.7 —-0.7 1742 ... 226 6.9 1.66 0.46 H-P 84 N
HD 283068 3:49:58 23:57.3 7.5 5.6 9.4 .. e 1.2 1.77 0.48 H-P 11.0

this value depends on the valuelf,;. The data in hand pro- show aL,—v sin(i) correlation (similar, but not identical, to

vides a hint as to when saturation occurs: the transition occtire “Pallavicini law”), but the K stars do not; second, the spread

when L,/L;,; ~-3i.e. when log(L,) ~ A + B*log(v sin(i)) ~ of X-ray luminosities for the K stars is larger than for the G

log(Lye:) - 3. This determines the rotation at which the transitiostars. Our results thus confirm that the K stars in the Pleiades

occurs for a given L. are in a “saturated” regime as far as rotation—activity correlation
is concerned.
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sources is likely of extragalactic origin. stars of unknown membership status present in other catalogs.

New photometric observations of optical counterparts of Xcor these sources we report X-ray data in Table Al, where the
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§pendix A: field stars
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Table B1. Unidentified X-ray sources. PLHX is a running number indicating unidentified source in present HRI X-ray survey. PLEX number
are from Stauffer et al. (1994)

# RA DEC S/N Rate + Notes Field Offaxis

PLHX (J2000)  (J2000) (cts/ksec) [arcmin]

1 3:41:25.7 24:46:43.7 4.7 1.89 0.61 H-A 15.7
2 3:42:01.7 25:06:59.2 7.4 1.93 0.51 GSC H-A 12.1
3 3:42:12.5 24:52:46.8 7.8 1.15 0.33 H-A 3.7
4 3:42:14.2 24:59:26.8 21.1 3.98 0.39 PLEX3 H-A 4.0
5 3:42:22.3 24:56:01.8 9.6 1.54 0.29 PLEX5 H-A 0.3
6 3:42:42.4 25:16:51.9 54 0.56 0.19 GSC H-B 7.3
7 3:42:47.0 25:09:01.9 7.8 2.10 0.55 H-B 9.5
8 3:43:13.3 24:52:48.8 6.5 1.66 0.48 PLEX14 H-A 12.2
9 3:43:16.7 24:54:08.7 4.8 1.20 0.39 PLEX15 H-A 12.7
10 3:43:25.4 24:08:34.7 7.0 1.90 0.54 H-1 11.5
11  3:43:39.5 25:16:49.4 12.8 2.19 0.32 H-B 5.8
12 3:44:27.3 24:04:45.1 5.0 0.53 0.21 H-1 3.2
13  3:44:36.2 24:19:10.1 54 1.46 0.48 GSC H-1 14.1
14  3:44:49.5 24:04:049 4.9 0.52 0.21 H-1 8.2
15 3:45:00.5 24:37:209 538 1.26 0.41 PLEX78 H-2 7.5
16  3:45:09.4 24:27:56.0 4.6 0.58 0.23 H-2 8.5
17  3:45:15.4 24:40:135 9.0 1.49 0.29 PLEX87 H-2 6.5
18  3:45:17.1 24:27:06.0 7.8 1.45 0.39 H-2 8.3
19 3:45:19.6 24:28:26.0 13.9 3.44 0.51 H-2 6.9
20 3:45:49.8 23:16:25.4 4.7 0.49 0.21 H-6 6.1
21  3:46:26.8 23:07:50.3 4.8 1.66 0.54 H-6 13.9
22  3:47:08.9 24:03:15.6 7.7 2.14 057 PLEX166 H-5 12.4
23  3:47:30.7 23:36:22.2 4.9 1.62 0.49 H-3 10.7
24  3:47:37.4 23:55:43.4 4.6 0.62 0.23 H-5 3.0
25 3:47:39.2 23:33:59.8 14.1 3.15 0.41 Paperll (tab.6) H-3 9.6
26 3:47:57.2 23:39:57.5 7.4 0.77 0.24 H-3 4.7
27  3:48:11.0 23:32:35.1 4.8 0.62 0.21 H-3 6.0
28  3:48:11.3 23:45:00.9 4.6 439 1.31 H-5 11.3
29  3:48:19.8 23:36:12.6 8.8 0.99 0.28 H-3 2.3
30 3:48:21.0 23:52:58.3 15.6 3.16 0.39 H-5 7.3
31 3:48:28.1 23:55:05.7 5.0 0.93 0.31 H-5 8.6
32 3:48:32.9 23:28:57.6 4.5 0.59 0.21 H-3 10.1
33  3:48:41.2 23:32:37.5 8.3 11.43 2.05 Ext. PLEX313 H-3 8.0
34  3:49:.07.1 23:35:117.1 49 1.16 0.37 H-3 11.9
35 3:49:13.7 23:46:17.0 4.9 1.64 0.50 H-3 15.2
36 3:50:00.4 23:33:48.7 16.3 6.82 0.72 PLEX314 H-P 15.5

Using the model “X-Count” of Favata et al. (1992) modwere previously detected with the PSPC (Paper | and Paper 1),
ified to take into account the dependence of stellar emissiasindicated. Three stars, with possible GSC identifications are
level on age (cf._ Micela et al. 1993 ahd Sciortino et al. 1995hcluded in this table. The unidentified sources are of special in-
we expect to deteet 10 field stars in the combined HRI fieldsterest because in principle some may be unknown cluster mem-
of view, about one third of the overall number of sources (galagers, other field stars or perhaps stars belonging to the adjacent
tic and extragalactic) expected on the basis of log(N)-log(S) @durus star forming region or the Hyades cluster. Given the high
Hasinger et al. (1993) or Branduardi et al. (1994). Since thember of expected extragalactic sources and the faintness of
number of detections we attribute to field stars lies abaut Plausible counterpartsinthe POSS plates, however, itis perhaps
above this expectation, it is possible that a small number of quore likely that most of these sources are of an extragalactic
“field stars” are actually cluster members or members of tinature.
nearby Taurus association. In Fig.[B1 we present finding charts from Digitized Sky
Survey centered on the positions of the remaining unidentified
sources. The 20arcsec radius identification circle we have used
is indicated on the charts.

The characteristics of the remaining 36 sources with no known
counterparts are reported in Table]B1. Some of these sources

Appendix B: sources unidentified with cataloged stars
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Fig. B1. Finding charts for unidentified HRI sources detected in the Pleiades region; star fields extracted from the STScl DSS. Each chartis 3’
on a side, centered on the HRI position. Identification circles are indicated.

B.1. CCD photometry of unidentified sources taken from Landolt (1992) for the 1992 observations or with

standards taken from Landolt (1992), Joner & Taylor (1990),

éﬂd Schild (1983) for the 1994 observations. Each night's in-
{rumental magnitudes were transformed onto a standard BV

has been obtained by one of us (CP). CCD photometry ohnson) and | (Kron) system. Standards with Cousins-system

. X N33 colors were transformed to the Kron V-| system using the
obtained during 1992 November and 1994 November USIBE hsformation equations of Bessell & Weis (1987). The accu-

a 2048 CCD on the 1.2m Whipple Observatory telescope atcy of the derived magnitudes is considered to be on the order

: ) . . . r
M. ngk[ns, Arizona. Durlng.each night's opservatlons, a SST a few-several hundreths of a magnitude for the brighter ob-
of extinction stars were monitored, along with standard stars

In regard to previous ROSAT PSPC and HRI observations
the Pleiades (Paper | and Paper II), CCD photometry of can
date optical counterparts for some unidentified X-ray sourc
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Fig. B1. (continued)

jects, increasing to on order 0.10 mag for the fainter objedtse source identified with the star HI1-1403 since Paper Il uncor-

measured. rectly listed it among the non identified sources. The columns
In Tabld B2 we provide photometry for optical counterparis Table[B3 give 2000 coordinates, available BVI photometry,

near the locations of unidentified PSPC X-ray sources from Rae number of observations in each filter, and a flag indicat-

per |. These sources are identified by their source number fromg whether the object’'s photometry would be consistent with

Paper | and given a prefix name “PLEX” for Pleiades X-ragluster membership. The final column provides additional notes

source. The PLEX sources in Table B2 were all observed withand/or cross-references, PLHX numbers refer to the HRI source

the Northwest PSPC field of Paper I. In Tdbld B2 we list souroeimber in Tablé Bl1, and PLEX number refers to the PSPC

name, available VI photometry, the number of observationssource number from Paper I. Due to a nearby bright star and

each filter, and a flag indicating whether the object’s photomegxtreme faintness of the optical counterparts for the source at

would be consistent with cluster membership. The final colunB:46:23.7, 23:55:39.4), reliable photometry could not be ob-

provides additional notes, including relative locations of thained from the available observations. Among the sources of

optical counterparts on the finding charts in Fig. 8 of PaperTable[B3, one corresponds to a non-member HIl star and an-

and cross-references to optical star identifications and/or thteer, PLHX22, has an optical counterpart with photometry con-

PLHX X-ray sources detected in the present HRI observatiossstent with cluster membership.

At the end of Tablg@ B2 are listed two additional X-ray sources

which were not reported in Paper |, but which were detected

in the standard analysis provided by the ROSAT Science D&tapendix C: CCD photometry

Center with the original data. These sources have been sequ#rtataloged stars around unidentified sources

tially numbered continuing from PLEX317 in Paper | Whil

to PLEX319 appears to be ared star with relatively large PTOR®% Most of these stars have not had CCD photometry available
motion and is not considered at this time to be a cluster meg}-

. . . eviously. Included as a matter of interest in Tdblé C1 is an
ber, although its photometry would be consistent with clust f(tremely faint, red object (Anon1) found on the CCD obser-
membership. '

L - . vations which might be considered a candidate cluster member
We list in Tabld B3 those PSPC sources originally listed g

its limi h hough i I il I
‘unidentified’ from Table 6C of Paper Il. We include in this tabl%%jﬁ?ooﬁelf plgggsgogg%ﬂ%t;ﬁ;rgggr stgﬁ:g Pefél)glarlzvzid
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Table B2. CCD Photometry of Unidentified Sources from Stauffer et al. 1994

Name \% V-lg  vi Mem Notes

PLEX3 18.15 0.67 11 N PLHX4, extended/galaxy?

PLEX5 17.88 125 11 N PLHX5, galaxy

PLEX15 19.77 137 22 N PLHX9, galaxy?

PLEX17 1142 075 11 Y AK1B121: B-V=0.83, V-Rk=0.42

PLEX21 1732 075 11 N brighter object to NW within circle
1872 0.68 11 N fainter object to N within circle
16.73 097 11 N bright object to SE just outside circle

PLEX22 19.13 0.73 11 N western object of pair north of X-ray position
19.76 131 11 N eastern object of pair north of X-ray position
20.04 0.77 11 N fainter object south of pair

PLEX23 21.09 143 11 N faint object approx. 30arcsec S of X-ray position

PLEX27 20.29 119 22 N

PLEX29 01 faint object 30arcsec south of HII1150 has:1k8.5
PLEX45 2052 205 11

galaxy?
PLEX52 21.77 267 11 object to NW of X-ray position
PLEX61 18.07 3.19 11 HHJ-243
PLEX64 16.14 226 11 HCG-156: B-V=1.59, V-Rk=1.18
PLEX73 19.15 127 11 galaxy

PLEX76 1790 1.00 22
1740 159 22
PLEX77 19.88 0.77 11

star to SW of X-ray position on circle edge
star to S of X-ray position on circle edge
faint object approx 50arcsec east of X-ray position

PLEX78 20.27 163 22 PLHX15
PLEX82 1950 335 22 HHJ-48
PLEX87 21117 112 11 PLHX17

PLEX318 17.61 274 22
PLEX319 19.93 3.33 44

HHJ-273, X-ray source at: 3:45:19.4, 24:32:20 (2000)
X-ray source at: 3:45:24.3, 24:38:53 (2000)

Z2<XZ2<XZ2Z2Z2zZz2Z2<<2Z2Z

Notes:PLEX3: object to east of X-ray position has (V,V-1k) = (18.22, 0.81); object to west of X-ray position has (V,V-1k) = (18.52, 0.91)
PLEX15: brighter star to east, just outside circle on chart, has (V,V-1k) = (16.25, 1.19)

PLEX23: brighter star to southwest, outside of circle has (V,V-Ik) = (15.80, 1.04)

PLEX45: brighter star on edge of circle to west has (V,V-1k) = (16.62, 1.05)

PLEX73: another galaxy approx. 30arcsec W of PLEX73 has (V,V-lk) = (18.95, 1.30)

PLEX76/77: these two “sources” lie near each other, may in fact be one source.

Table B3. CCD Photometry of unidentified Sources from Micela efable C1. CCD Photometry of Stars around nonidentified X-ray
al. 1996 sources

RA DEC V  B-V V-lx vbi Mem Notes Name \ B-V V-Rxk V-lx vbri Mem
(J2000)  (J2000)

HIl 81 1356 0.94 0.52 0.86 1111 N

3:46:03.9 23:57:46.7 1850 .. 131 101 N PLEX114 HII 83 1483 1.13 0.62 1.02 1111 N
3:46:06.6 23:53:38.2 20.74 .. 2.01 101 N H11450 16.20 1.00 0.53 0.83 1111 N
3:46:23.7 23:55:39.4 .. (®) SK-586 17.19 2.66 1001 Y
3:47:09.3 24:03:06.5 16.63 .. 248 101 Y PLHX22 SK-676 16.50 244 1001 Y
1759 ... 116 101 N SK-702 17.31 271 1001 Y

3:47:24.2 23:54:03.7 13.96 0.91 0.85 111 N HI1403 HCG-109 17.28 2.66 2002 Y
3:47:39.1 23:33:56.6 18.81 .. 1.17 101 N PLHX25 HCG-145 16.64 249 1001 Y
19.18 ... 0.81 101 N HCG-146 17.87 2.87 1001 Y

3:48:07.2 24:16:34.0 17.41 1.13 1.09 111 N HCG-160 16.79 2,53 1001 Y
: : — HCG-170 16.30 080 051 0.69 1111 N

(a) there are two optical objects near the X-ray position HCG-177 1687 .. 256 1001 Y
HCG-181 16.14 2.36 1001 Y

HCG-194 16.69 2.79 3002 Y

further observations would be necessary to ascertain its méifion ~ 22.75 ... - 478 1000 ¥?

bership status. Comparison of the 1992 CCD images with thgon1: approx. optical position= 3:44:52.5, 24:36:52 (2000)
Digitized Sky Survey from STScl of a plate taken 1951 in fact
suggests the possibility of detectable proper motion.
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