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ABSTRACT 
We analyze an X-ray-selected sample of 128 late-type (F-M) stars. These stars were identified as optical 

counterparts to serendipitous X-ray detections made by the Einstein Observatory Extended Medium Sensitivity 
Survey. Once identified as X-ray sources, the sample was followed up by an extensive program of optical 
observations, including high-resolution and low-resolution spectroscopy and photometry. Spectral types, 
luminosity classes, distances, X-ray luminosities, projected rotation rates (p sin i), radial velocities, and binary 
status have been determined for the sample. 

We find that Lx is correlated with i; sin i for single stars. The best fit yields Lx oc (p sin i)105±0'08 for 
F7-M5 stars. A segregation between dwarfs and giants is not seen. However, Lx does not correlate with 
Q sin i, which leads us to believe that the correlation seen with v sin i is actually a correlation with radius. 
Indeed, Lx correlates strongly with radius (color, mass) for main-sequence stars. 

These results, which appear to be at odds with previous work, provide plausible evidence for saturated 
levels of stellar coronal activity. There exists an upper limit to the coronal activity exhibited by any late-type 
star which is determined by the star’s radius and, hence, convection zone depth. An X-ray-selected sample of 
late-type stars will preferentially contain stars at this limit. 
Subject headings: stars: late-type — stars: rotation — stars: X-rays 

I. INTRODUCTION 

Coronal X-ray emission from late-type stars (i.e., those with 
outer convective envelopes) is caused by nonradiative heating 
of the upper layers of a stellar atmosphere. The current view is 
that this process functions due to the presence of magnetic 
fields which are generated by a magnetic dynamo. The catalyst 
for such a dynamo is differential rotation and convective 
motions. Therefore, the obvious parameter to compare with 
stellar X-ray luminosity is stellar rotation. 

The seminal paper on this topic was written by Pallavicini et 
al in 1981. In it, the authors considered the correlation 
between soft X-ray luminosity (Lx) and projected rotational 
velocity (v sin i) for a sample of 34 late-type (F-M), single stars. 
The sample was chosen from the Center for Astrophysics 
stellar survey program and other pointed-observation pro- 
grams of various guest investigators to the Einstein Observa- 
tory. Rotational velocities were obtained from the literature. 
Consequently, this sample was optically selected and biased 
toward the selection criteria of the various Einstein observers 
and optical spectroscopists whose data were used. 

Pallavicini et al. (1981, 1982) came to the following conclu- 
sions: (1) Lx did correlate with v sin i in stars of spectral type 
later than F7. The best fit to the data was Lx = 1027(i; sin i)2 

ergs s_1. (2) Lx did not correlate with Lbol for these same 
stars. This result was in contrast to their discovery that Lx = 

1 Research done in part at the Multiple Mirror Telescope, operated jointly 
by the Smithsonian Astrophysical Observatory and the University of Arizona. 

2 Visiting Astronomer, Kitt Peak National Observatory, operated by 
Associated Universities for Research in Astronomy, Inc., under contract with 
the National Science Foundation. 

3 Also Istituto di Radioastronomía del CNR, Bologna, Italy. 

10_7Lbol for a sample of O and B stars which they also ana- 
lyzed. (3) They found no difference in X-ray behavior between 
luminosity classes III, IV, and V among the late-type stars. (4) 
The early F stars fitted neither correlation. They were overlu- 
minous in X-rays when placed on the early-type, Lbol relation 
and underluminous in X-rays when placed on the late-type, 
v sin i relation. 

Other studies of optically selected samples have shown a 
relation between Lx and rotation in late-type stars, although of 
somewhat different form. Mangenay and Praderie (1984) found 
that a power-law relation between Lx and an effective Rossby 
number (i.e., a parameter which combines rotation rate with a 
parameter which characterizes the convection zone) fitted the 
data well for all spectral types. Marilli and Catalano (1984) 
claimed that the proper correlation was that Lx was an expo- 
nential function of rotation period. Other investigators have 
discovered departures from the Palavicini relation at rapid 
rotation rates for the F dwarfs (Walter 1983), the G dwarfs 
(Walter 1982), and late-type dwarfs in the Pleiades (Caillault 
and Helfand 1985; Micela et al. 1985). These authors suggest 
that the Lx versus v sin i relation flattens out at high rotational 
velocities. 

We have decided to explore the relationship between Lx and 
rotation in late-type stars from a different perspective by using 
our X-ray-selected sample. In this way, we avoid the biases 
associated with the optically selected samples which were men- 
tioned above. Instead, our sample is biased toward strong 
coronal activity (i.e.. X-ray emission). This approach has not 
been tried before due to the lack of large, X-ray-selected, stellar 
samples and the enormous amount of ground-based observing 
time required to properly identify and follow up serendipitous 
X-ray detections. Indeed, other studies involving X-ray- 
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selected samples of stars have suffered from small-number sta- 
tistics (cf. Favata et al 1988; Caillault et al 1986). In the 
present study, this difficulty is overcome by using what we 
believe to be the largest and best optically observed, X-ray- 
selected sample of stars to date. 

A description of the sample and the optical observations is 
given in § II. In § III, we attempt to correlate Lx with rotation 
and other optically derived parameters. The implications 
which our results have for theories of stellar coronal emission 
are discussed in § IV. Section V contains a summary. 

II. OBSERVATIONS 

The data base from which this sample of stars was defined 
was the Einstein Observatory Extended Medium Sensitivity 
Survey (EMSS; Gioia, Maccacaro, and Wolter 1987). This 
contains an unbiased sample of 835 X-ray sources which were 
detected serendipitously by the Einstein Observatory Imaging 
Proportional Counter (IPC; Gorenstein, Harnden, and Fabri- 
cant 1981). The central region of each IPC frame (circle having 
a 5' radius around the target object) associated with a pointed 
observation was excluded from the sample in order to avoid 
selection biases. The size of the sample has greatly increased 
over the previously published MSS (Gioia et al 1984; Macca- 
caro et al 1982) due to the inclusion of more IPC fields and the 
reprocessing of detected sources down to the 4 o level. Optical 
identification of the MSS sources showed that about 25% of 
them were associated with stellar objects in our Galaxy (Gioia 
et al 1984; Stocke et al 1983). 

For convenience of observation, we have defined a sub- 
sample of the EMSS above ô = —20° for which the IPC data 
were reprocessed before 1985 August 15. This will not bias the 
sample, since the order in which the IPC frames were repro- 
cessed was random with respect to stars. This subset includes 
809 IPC fields covering 441 deg2 of the sky (56% of the total 
EMSS) and yielding 471 serendipitous detections. The 
Palomar Observatory Sky Survey (POSS) was used to locate 
candidate optical counterparts within the X-ray position error 
circle. Error circle diameters typically ranged from 30"-60" for 
most sources. Then, low-dispersion spectroscopy was obtained 
for as many of these objects as possible in order to identify the 
most likely X-ray source. A few sources were also observed 
with either the Einstein Observatory High Resolution Imager 
(HRI) or the EX OS AT. These sources have a positional accu- 
racy of a few arcsec. 

The primary criterion for identification was observation of a 
well-known class of X-ray emitting object (e.g., QSO, BL Lac, 
AGN, cluster of galaxies, dMe or dKe flare star, RS CVn 
binary, cataclysmic variable). When more than one star was 
located within an X-ray position error circle, stars which 
showed evidence of chromospheric activity (i.e., optical emis- 
sion lines) or rapid rotation were identified with the X-ray 
source. Identifications based on these criteria were made irre- 
gardless of apparent magnitude or fx/fv ratio. When choosing 
among more than one “ normal ” star or “ normal ” stars and 
“ normal ” galaxies, the identification was made on the basis of 
the fx/fv ratio. Previous work on the MSS, for which reasonable 
identifications were found for 100% of the sources, has shown 
a dichotomy in apparent magnitude between Galactic and 
extragalactic identifications at mv ~ 16 (Stocke et al 1983; 
Maccacaro et al 1988). This arises from the fact thsitfx/fv is 
small (< 10“x) for most stellar objects. Therefore, stars dimmer 
than 16th mag generally have X-ray fluxes too faint to have 
been detected in the MSS. 

This criterion can be used with great confidence for two 
reasons. First, the MSS was small enough that all possible 
counterparts on the POSS were observed spectroscopically. 
Second, many of the MSS source identifications were con- 
firmed by reobservation with either the HRI or, at radio wave- 
lengths, the Very Large Array (VLA). 

To date, 74% of the sources in this EMSS subsample have 
been positively identified with either Galactic or extragalactic 
objects. Over a 2 yr period, we obtained extensive optical spec- 
troscopy and photometry of the 137 stars identified with X-ray 
sources in this subsample, 128 of which are of spectral type F 
through M. Of the 124 sources not yet identified, only six have 
objects in the error box at or brighter than 16th mag. The rest 
have only objects fainter than 16th mag. We assume from the 
previous MSS work that they are probably extragalactic 
sources. The six unidentified sources associated with brighter 
objects are not positive identifications because fx/fv is too high 
for their spectral type. Thus, these could also prove to have 
extragalactic optical counterparts. On the other hand, these 
stars could have unseen M dwarf companions which are the 
true source of the X-rays, or the stars themselves could have 
unusually high X-ray luminosities or have been detected while 
flaring. 

The last two paragraphs illustrate an important caveat in 
using this serendipity survey. Unless one has an accurate X-ray 
position, one is never quite sure if one has made the proper 
identification. Identifications can be made with various degrees 
of confidence, but the true X-ray detection could still be of an 
object below the POSS magnitude limit, or an unseen compan- 
ion, or a combination of flux from more than one source. By 
using the fx/fv criterion, one eliminates the possibility of 
making an unusual discovery (e.g., an extremely X-ray- 
luminous, yet otherwise normal-looking star). Consequently, 
one cannot make grand statements and hypotheses based on 
individual objects from this sample. Only when analyzed sta- 
tistically, based on trends seen in a large number of objects, can 
this sample be used to draw astrophysical conclusions. 

The observational data for this EMSS subsample of stars 
consist of one soft X-ray (0.3-3.5 keV) flux, fx, at the time of 
IPC detection and the following optical data for all members 
of the sample (except a few of the faintest of dwarfs): (1) 5 Â 
resolution spectroscopy covering 223600-7600 for the red 
(K-M) stars only; (2) 2 Â resolution spectroscopy covering 
223600-6000; (3) 0.1 Â resolution echelle spectroscopy of the 
region around the Mg i b lines (5187 Â); (4) UBVRI photo- 
metry. 

The low-resolution spectroscopy was obtained with spec- 
trographs at the Multiple Mirror Telescope (MMT) on Mount 
Hopkins, AZ, the Steward Observatory 2.3 m telescope, and 
the No. 2 0.9 m telescope, both on Kitt Peak, AZ. The high- 
resolution spectroscopy was obtained with the echelle spec- 
trographs at the MMT and 1.5 m Tillinghast reflector on 
Mount Hopkins, and the stellar spectrograph at the McMath 
Solar Telescope on Kitt Peak. 

The photometry was obtained either with the Catalina Pho- 
tometer at the Steward Observatory 1.5 m telescope on Mount 
Lemmon, AZ or with the Automated Filter Photometer 
(AFP2) at the No. 2 0.9 m telescope on Kitt Peak. Both filter 
sets were prescribed by Bessel (1976) with UBV on the Johnson 
system and RI on the Kron-Cousins system. 

The low-resolution spectra were used to assign spectral 
types to each member of the sample, including stars already 
cataloged in the SAO and other bright star catalogs. This was 
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important, since the spectral types given in the SAO catalog 
were often inaccurate. All spectral types given in this paper 
were assigned by us. The MK classification system was used 
for all stars. The stars were classified by comparison to stan- 
dards and calculation of feature ratios found in the catalogs of 
digital spectra of Turnshek et al. (1985), Jacoby, Hunter, and 
Christian (1984), and Turnshek (1981). 

Distances to each star were calculated using trigonometric 
parallaxes when available. If not, photometric parallaxes were 
calculated using the Mv versus (V — I)KC relation of Reid and 
Gilmore (1982) for the K and M stars, and the Mv versus 
(B—V) relation of Gliese (1982) for the F and G stars. The 
photometry was also used to verify the spectral type, to dis- 
tinguish between luminosity classes, and to check for inter- 
stellar reddening. For a few stars, values of EB_V and Áv were 
calculated. Those stars for which we were unable to obtain 
photometry, or which had photometry contaminated by 
another star, were assigned an Mv from the spectral type using 
the values given for standards in Boeshaar (1976) for the M 
stars and Mikami (1978) for earlier types. 

After examining the spread in the Mv versus spectral type 
and color relations, we estimate the errors in Mv to be 1.0 mag 
for spectroscopic parallaxes and 0.4-0.6 mag for photometric 
parallaxes. Given the errors in our measurement of V (typically 
0.1-0.2 mag), this translates into a typical error of 46% and 
18%-28% in distance, respectively. The error in these relations 
is much larger than the error in Mv introduced by the error in 
measuring colors or by misclassifying a star by one subtype. 
Errors in Mv for trigonometric parallaxes are usually on the 
order of 0.1 mag (10% in distance). 

The soft X-ray flux, fx, was derived from corrected IPC 
counts s_1 by assuming a thermal spectral distribution with 
metallic emission lines (Raymond and Smith 1977). The con- 
version factor adopted here is 2 x 10“11 ergs cm-2 count-1. 
The fx was also corrected for any interstellar absorption that 
was evident from the optical photometry. Errors in fx were 
computed using Poisson statistics on the number of IPC 
counts and were typically on the order of 20%. The soft X-ray 
luminosity, Lx, was computed for each star assuming isotropic 
emission. The 1 a errors which are quoted for Lx in Tables 1 
and 2 were computed by propagating the errors in both/x and 
the distance for each star. 

Furthermore, there were five EMSS sources which had two 
Me dwarfs (not always associated) in the IPC error circle. If 
both stars were at the same distance and had the same rotation 
rate, then the X-ray flux was divided between them in propor- 
tion to Lbol since Lx/Lhol is essentially constant for M dwarfs 
(Rucinski 1984; Fleming et al 1988). If not, the total X-ray flux 
was assigned to each star, and they are marked as upper limits 
in all tables and figures. 

The 0.1 Â resolution echelle spectroscopy centered at 5187 Â 
was used to measure rotation rates (v sin i) and radial velocities 
for each star. Both quantities were measured using the cross- 
correlation technique of Tonry and Davis (1979) with the tem- 
plates described by Latham (1985). The manner in which we 
measure rotation rates and estimate errors is identical to that 
described by Hartmann et al. (1986). The echelle resolution 
limits the ability to measure rotation below 10 km s-1. Zero- 
point corrections to the radial velocities were determined by 
observing I AU standards (Bouigue 1973) as well as the dawn 
and dusk skies. 

This last measurement was made at several epochs for each 
star in order to look for variations in radial velocity which are 

characteristic of short-period, “ astrophysical ” binaries. In this 
study, we wish to keep such binaries separate from the single 
stars. 

The stellar parameters which are directly used in this paper 
are listed in Tables 1 and 2. Data for the apparently single stars 
are tabulated in Table 1, while Table 2 contains the binary star 
data. The first column contains the EMSS source name, while 
other catalog designations are given in the next column. Spec- 
tral type is listed in the third column. The adopted values for 
stellar radius (as described in § Ilia) are listed in the fourth 
column, and the measured values of Lx and v sin i are in the 
fifth and sixth columns. 

A complete compilation of all the observational data on the 
EMSS stellar sample can be found in Fleming (1988). A larger 
listing of data on the M dwarfs, as well as a more extensive 
treatment, has already been published (Fleming et al. 1988). 

in. ANALYSIS 

The four pre-main-sequence (PMS) stars listed in Tables 1 
and 2 are excluded from the following analysis since there are 
so few of them and PMS stars may have a radically different 
mechanism for emitting X-rays compared to dwarfs and giants 
(see the review by Rosner, Golub, and Vaiana 1985). 

a) Single Stars 
We begin the rotation/X-ray analysis with the apparently 

single stars. This refers to those members of the sample which 
showed no evidence for radial velocity variation. In Figure 1, 
Lx is plotted against v sin i for these stars. As was mentioned in 
the previous section, the resolution of the echelle spectra 
prevent us from measuring v sin i accurately below 10 km s'1. 
Consequently, those stars in our EMSS subsample for which 
v sin i < 10 km s-1 will be of little use in determining the 
relation between v sin i and Lx. However, we plot them in 
Figure 1 in one bin at v sin i = 5 km s -1 to see if they generally 
have values of Lx less than those stars for which t; sin i > 10 km 
s-1. 

After eliminating the stars which are dubious X-ray sources 
(i.e., those stars whose positional error circles contain other 
possible stellar or extragalactic contributors to the X-ray 
detection), there are 16 stars in the low-rotation bin which have 
Lx > 1029 ergs s-1. This is the X-ray luminosity one would 
expect a star rotating at v sin i = 10 km s-1 to have from the 
Pallavicini et al. relation. Half of these stars fit well within the 
scatter about the Pallavicini et al. relation. Of greatest concern 
are the stars which have v sin i < 10 km s -1 and log Lx > 30.5 
ergs s- ^ There are no single stars in the sample of comparable 
X-ray luminosity which have v sin i > 10 km s-1. However, 
one must remember that we have identified the binaries in our 
sample from radial velocity variations. Any binary systems 
whose orbital axes are inclined towards the line of sight would 
be included in the low-rotation bin in Figure 1. Since there are 
identified binaries in our sample which do have such high 
X-ray luminosities, it is reasonable to assume that the X-ray 
“ bright ” stars in the low-rotation bin of Figure 1 are binaries. 

In order to retain a proper sense of scale, we have added the 
data for the late-type stars which were used by Pallavicini et al. 
to Figure 1. We plot the data for all single stars of spectral 
types F0-M5 (excluding PMS stars) in Figure la, while we 
exclude the points which represent the early F stars (F0-F6) 
from Figure lb. These figures show that, while some of the 
EMSS stars fall along the Lx oc (i; sin i)2 relation, others fall 
well below it. In addition, the early F stars from the EMSS 
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TABLE 2 
Binary Stars 

EMSS Other 

(HD) 

Sp. Type R 

(106 km) (1029 ergs s 1) (km s 

1E0842. 
1E1440. 
1E1208. 
1E0105. 
1E0002.' 
1E1737. 
1E2119. 
1E0730. 
1E1222. 
1E0451 
1E0824J 
1E2038. 
1E0134. 
1E1806. 
1E0438. 
1E1615. 
1E1127. 
1E1213. 
1E1654. 
1E1441. 
1E2116, 
1E0009, 
1E1022 
1E1049 
1E1211 
1E0244 
1E0505 
1E0348 
1E0011 
1E1520, 
1E0657 
1E0801 
1E0234 
1E1559, 
1E2148 
1E2113 
1E1533 
1E1548 
1E0315 
1E0924 
1E1530. 
1E0429. 
1E1050. 
1E0241 
1E1457, 
1E2346 

7+1900 
4+5213 
6+3924 
3+3144 
9+1602 
3+6847 
7+1655 
3+6546 
5+2549 
7-0305 
0+2944 
3-0046 
4+2027 
1+6944 
6+0213 
0+3114 
,9-1502 
,9+3809 
.0+3515 
.7+5208 
.7-1042 
.9+1417 
.6+1121 
.5-0849 
8+1206 
9-0024 
.0-0527 
.2-1404 
.6+0840 
.8-0625 
5+7518 

.7+2425 
2-0321 
.8+1753 
.3+1420 
.4+0517 
.0+0919 
.8+1125 
.8-1955 
,3+3942 
.6+1342 
.4+1755 
.2-0925 
.7+1045a 
.0+2226 
.9+1842b 

74607 
129674 
105881 

6680 
42 

160922 

59581 
108102 

71208 
197010 

9902 

100022 

129920 

SA091772 

106400 
SAO130113 

136905 
SAO6052 

16287 

GL 343 

F2 V 12.75 1.13 ± 1.07 
F3 V 12.18 1.73 ± 1.63 
F5 V 9.11 0.94 ± 0.37 
F5 IV 13.17 0.92 ± 0.37 
F5 V 11.26 5.85 ± 2.34 
F5 V 11.63 1.10 ± 0.26 
F6 V 10.46 35.05 ± 33.27 

F6 V-IV 10.46 6.45 ± 5.97 
F7 V 8.31 6.43 ± 2.54 
F8 V 9.54 3032.96 ± 2849.09 
F8 V 9.54 2.66 ± 2.49 
F8 V 9.54 18.57 ± 17.12 
F9 V 5.62 3.16 ± 1.18 
F9 V 7.24 3.89 ± 1.53 
F9 V 9.76 17.86 ± 16.69 
GO V 7.41 24.43 ± 9.96 
GO V 7.41 9.44 ± 8.90 
G2 IV 15.98 968.23 ± 918.32 
G2 V 7.30 3.36 ± 1.39 
G2 V 6.66 1.14 ± 0.44 
G2 V 5.29 7.23 ± 3.18 
G5 V 4.05 3.46 ± 1.36 
G6 V 5.47 10.29 ± 4.28 
G7 V 6.22 11.63 ± 11.02 
G8 V 5.42 2.53 ± 0.98 
G9 V 4.72 4.27 ± 1.69 
G9IV 3.58 23.85 ± 8.83 
KO IV 4.92 4.68 ± 1.99 
KO V 3.25 3.99 ± 1.65 
KO III 121.79 62.39 ± 58.59 
Kl IV 20.49 5.77 ± 5.42 

K1 V-IV 4.69 8.50 ± 3.48 
K2 V 4.83 0.20 ± 0.09 
K3 V 4.20 1.03 ± 0.43 

K3 V-IV 4.94 56.91 ± 54.23 
K4 V-IV 8.50 12.60 ± 5.22 
K4e V 5.01 3.73 ± 1.57 

K5 V-IV 5.01 10.74 ± 4.23 
K5 V 7.24 4.67 ± 1.81 
K8 V 4.57 0.27 ± 0.08 
K8 V 5.64 13.88 ± 7.95 

K8e PMS 13.60 23.44 ± 21.88 
MOe V 4.15 2.57 ± 2.44 
MOe V 3.78 1.55 ± 0.88 
M2e V 3.13 3.29 ± 1.85 
M3e V 2.24 1.29 ± 0.74 

< 10 
70 ± 11.7 

68 ± 20.5 
12 ± 2.0 

< 10 
100 ± 10 
17 ± 1.1 

< 10 
100 ± 10 
11 ± 0.4 
100 ± 10 

95 ± 10 
21 ± 3.0 
11 ± 1.8 
95 ± 10 

< 10 
60 ± 7.6 
22 ± 3.0 
58 ± 9.7 

110 ± 10 
17 ± 1.0 
14 ± 0.7 

< 10 
22 ± 4.4 
35 ± 2.5 

< 10 
< 10 
< 10 
< 10 
< 10 
< 10 

30 ± 3.0 
30 ± 3.0 
23 ± 1.5 

< 10 
21 ± 2.6 

< 10 
11 ± 1.2 
28 ± 2.6 
20 ± 3.2 
21 ± 4.8 

behave like those from Pallavicini et a/., i.e., they also fall below 
the (v sin i)2 relation. 

Taking the EMSS data points in Figure lb which lie above 
i; sin i = 10 km s- \ we calculated two statistical parameters to 
test the significance of correlation : the linear correlation coeffi- 
cient (Pearson’s r) and the Spearman rank-order coefficient 
(rs), as described by Downie and Heath (1965). The results 
(r = 0.497 ; rs = 0.349) indicate that the null hypothesis which 
states that Lx and v sin i are uncorrelated [h0(Lx, v sin i)] can 
be rejected at the 99% and 94% confidence levels, respectively. 

Assuming that Lx and v sin i are correlated, we fitted a power- 
law relation to the EMSS data using the method of least- 
squares and taking into account the observational errors in 
both quantities. The result was 

Lxoc(v sin01O3±o'24, 

where xv
2 = 2.56. When one includes the stars which have 

upper limits on v sin i by assigning values of t; sin i = 5 ± 5 km 
s ~1 to them, the best fit is 

Lxoc(v sin0105±0-08, 
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log vsin o (km/s) 
Fig. Ifl 

Fig. 1.—(a) Soft X-ray luminosity vs. projected rotational velocity for all single stars from the EMSS subsample. All stars which have v sin i < 10 km s_1 are 
plotted in one bin at v sin i = 5 km s-1. Stars of spectral type F0-F6 are represented as solid dots, while those of spectral type F7-M5 are represented as solid 
squares. Also plotted are the late-type stars from Pallavicini et al. (1981; F0-F6 are open dots and F7-M5 are open squares). The solid line represents theLx oc 
(v sin i)2 relation of Pallavicini et al. Small numbers in parentheses indicate overprinted points, {b) Soft X-ray luminosity vs. projected rotational velocity for all single 
stars from the EMSS subsample. All stars which have v sin i < 10 km s_1 are plotted in one bin at v sin i = 5 km s-1. Only spectral types F7-M5 are plotted {solid 
squares). Also plotted are the late-type stars from Pallavicini et a/. (1981 ; open squares). The solid line represents the Lx oc (v sin i)2 relation of Pallavicini et al. The 
dashed line represents the Lxccv sin i relation which was fitted to the EMSS data. 

where Xv2 = 4.09. This fit is shown in Figure lb. The low- 
velocity points do not alter the slope for the EMSS sample. 

In an attempt to look for correlations with rotational period, 
however, we found a quite different result. Using the informa- 
tion in Popper (1980), along with color and absolute magni- 
tude, we estimate the radius of each star. Then, the projected 
angular rotational velocity, Q sin i, was calculated for each star 
by dividing v sin i by the radius. A plot of Lx versus Q sin i is 
shown in Figure 2. The statistical correlation parameters 
(r = 0.109; rs = 0.077) indicate that h0(Lx, Q sin i) can only be 
rejected at the 43% and 31% confidence levels, respectively. In 
essence, Lx does not correlate with Q sin i. 

As a check, we also estimated the radius of and calculated 
Q sin i for each late-type star in the Pallavicini et al. sample in 
the same manner. The statistical correlation parameters of Lx 
versus Q sin i for the Pallavicini et al. sample (r = 0.465 ; rs = 
0.363) indicate that h0(Lx, Q sin i) can be rejected at the 94% 
and 85% confidence levels, respectively. This confirms that Lx 
probably does correlate with rotation for the stars in the 
Pallavicini et al. sample. 

Therefore, the correlation seen between Lx and v sin i for the 
stars in our EMSS subsample must, in reality, be a correlation 
of Lx with radius and not rotation. In order to investigate the 

physical significance of this correlation, we plot Lx versus 
radius for all single stars in our EMSS subsample in Figure 3. 
The statistical correlation parameters (r = 0.794; rs = 0.672) 
indicate that h0(Lx, R) can be rejected at the 99.9% confidence 
level in both cases. 

Before deciding whether the observed correlation between 
Lx and radius in the EMSS late-type stars is real or artificially 
induced, one must consider the empty regions of Figure 3. 
First, there is the lower, right-hand corner which represents 
stars of large radius (e.g., massive dwarfs and giants) and low 
X-ray luminosities. In order to be detected by the EMSS, stars 
with low Lx must be in the solar neighborhood. However, F 
and G dwarfs and giants are rare within 25 pc of the Sun. 
Therefore, the sensitivity limit of the EMSS would prevent the 
detection of such stars. Second, the upper, left-hand region of 
Figure 3 represents stars of small radius (e.g., low-mass dwarfs) 
and high X-ray luminosities. At such high values of Lx, a star 
could be detected in the EMSS for hundreds of parsecs from 
the Sun, a volume of space which contains plenty of low-mass 
dwarfs (i.e., the low-mass dwarfs are much more numerous per 
unit volume than the higher mass stars which were detected.) 
Therefore, it is clear that the upper, left-hand region of Figure 3 
is truly empty, whereas the lower, right-hand region may 
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Fig. \b 

contain points which represent stars beyond the EMSS detec- 
tion limit. 

The points in Figure 3 have also been coded by rotation. 
One can see that the slow rotators generally have lower values 
of Lx than the rapid rotators except for the F stars (R ~ 106 

km), where all rotation rates are mixed vertically in the 
diagram. This implies that Lx is a function of two parameters : 
rotation and radius (or mass, color, convection zone depth, 
etc.). Lx increases with rotation until it reaches a limiting value. 
The upper limit on Lx is a function of radius, increasing with 
increasing radius. An X-ray-selected sample is better suited 
than all other types of samples for defining this upper limit. 
One cannot formally fit a boundary to a set of data, but we 
have drawn a line on Figure 3 (with a slope of 2) which nicely 
follows the trend in the data. It is highly suggestive that the 
upper boundary to the data in Figure 3 (the saturation lumin- 
osity, Lx

{sai\ which is described later in this paper) may have 
the following functional form : 

LJC
(sat) cc R2 cc M2 , 

since R is nearly proportional to M along the main sequence. 
If all late-type stars could be represented in Figure 3, the 

collection of all points would not strongly correlate with 
radius, unlike the upper limit on Lx. But since the EMSS sub- 
sample is X-ray-selected, it preferentially detects stars which lie 
along the upper boundary. Therefore, the correlation seen in 
Figure 3 is artificially induced by an observational selection 

effect. This permits us to understand better how the physics of 
saturation depends on various stellar parameters. 

b) Binary Stars 
The Lx versus v sin i diagram for those EMSS stars in astro- 

physical binary systems is shown in Figure 4a. An examination 
of this figure reveals the fact that narrow-lined, as well as rota- 
tionally broadened, spectra are seen among the binaries. Is this 
what one would expect from a synchronously rotating system? 
The primary should rotate with a period equal to the orbital 
period which, in the case of these binaries, is typically less than 
10 days. An angle of inclination effect cannot be used to 
explain the presence of narrow-lined spectra among these 
binaries since the very radial velocity variations which identify 
them as binaries were observed. 

The detection of these narrow-lined binaries, which account 
for 30% (14 out of 47) of the binaries in our EMSS subsample, 
can be explained if the secondary is a faint Me or Ke dwarf. 
With a large mass ratio, a synchronous binary system could 
have a primary with a t; sin ¿ < 10 km s"1 and still have detect- 
able radial velocity variations. Such a system would be nonin- 
teracting and, in all probability, the true source of the X-rays 
would be the Me or Ke dwarf companion. Support for this 
hypothesis comes from one example among these binaries 
which, due to its apparent brightness, is already well-observed. 
The F5 dwarf œ Draconis (IE 1737.3 + 6847) is an SB1 whose 
radial velocity curve is known (P = 5.28 days, k = 35.4 km 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

9A
pJ

. 
. .

34
0.

10
11

F 

log Q sin o (rad/s) 

Fig. 2.—Soft X-ray luminosity vs. projected angular rotational velocity for those single stars from the EMSS subsample which have v sin i > 10 km s Only 
spectral types F7-M5 are plotted. These data are statistically uncorrelated. 

log R (km) 
Fig. 3.—Soft X-ray luminosity vs. stellar radius for all single stars in the EMSS subsample. The symbols are coded by rotation as follows: stars—v sin i > 40 km 

s-1; crosses—40 > v sin i > 10 km s-1; solid dots—v sin i < 10 km s-1; open dots—no rotation measurement. The dashed line represents the plausible saturation 
boundary of Lx

(sat) oc R2. 
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Fig. 4.—Soft X-ray (0.3-3.5 keV) luminosity vs. projected rotational velocity for the binaries from the EMSS subsample. This plot includes only stars of spectral 
type F0-M5 and excludes pre-main-sequence stars. All stars which have u sin i < 10 km s-1 are plotted in one bin at log v sin i = 0.9. Upper limits on Lx due to 
ambiguous detections are indicated by arrows, (b) Soft X-ray luminosity vs. stellar radius of the primary for all binaries in the EMSS subsample. The symbols are 
coded by rotation as follows: stars—v sin i > 40 km s -1 ; crosses—40 > i; sin i > 10 km s_ 1 ; solid dots—v sin i < 10 km s~1 ; open dots—no rotation measurement. 
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s-1; Abt and Levy 1976). A typical mass and radius for an F5 
dwarf are 1.3 M0 and 1.2 R0’ respectively. Suppose that this 
F5 dwarf is synchronously orbiting with an M2 dwarf (0.42 
M0). Then, the rotational velocity of the F5 dwarf, derived 
from the equation: vrot = 2nR/P, should be 11.5 km s-1. This 
result is entirely consistent with the observed t; sin ¿ < 10 km 
s"1. The amplitude of the radial velocity variation can be esti- 
mated by rewriting Kepler’s Third Law in the form vTCl = 
(M/P)1/3, where M is the total mass of the system in units of 
M0, F is the period in units of days, and vrel = vprimary/fi is in 
units of 213 km s- ^ The reduced mass, n, of this system is 0.24. 
Substituting the values given above into this relation, we calcu- 
late ^primary (the amplitude of radial velocity variation of the 
primary) to be 35.2 km s_1, which is in excellent agreement 
with the observations. Therefore, it is reasonable to assume 
that co Draconis has an M dwarf companion. We further 
suggest that this is probably also true for the other narrow- 
lined binaries in our EMSS subsample. 

Among the binaries in the subsample which exhibit rotation- 
ally broadened line profiles, 34% appear to be of the RS CVn 
type. W UMa type binaries account for 13%, Me dwarfs for 
9%, and Ke dwarfs for another 9%. There are also two 
cataclysmic variables and one pre-main sequence star among 
the binary sample (not shown in Fig. 4a). 

For those binaries with measurable rotational velocities, the 
statistical correlation parameters (r=—0.023; rs = 0.050) 
indicate that h0(Lx9 v sin i) can only be rejected at the 9% and 
19% confidence levels, respectively. X-ray luminosity does not 
correlate with v sin i. Not even the induced correlation with 
radius is seen, as it is in the case of the single stars (Fig. 1). 

However, Lx may correlate with radius. This is not imme- 
diately evident from a visual inspection of Figure 4fr, where Lx 
is plotted against the radius derived from the primary com- 
ponent. But the statistical parameters (r = 0.317; rs = 0.260) 
indicate that h0(Lx9 R) can be rejected at the 98% and 93% 
confidence levels, respectively. It appears that the upper 
boundary on Lx for the binaries may also be a function of 
radius (or mass, color, etc.). Unfortunately, the binary star data 
which is displayed in Figure 4b spans a smaller range in radius 
than the single star data in Figure 3. 

Furthermore, no great separation is seen in Figure 4b 
between stars of different rotation rates. However, we empha- 
size an important caveat regarding the measurement of v sin i 
for the binary stars. If the system is a single-line spectroscopic 
binary, then the observed line broadening will be caused by the 
rotation of the primary. But if the system is a double-line spec- 
troscopic binary which is spectroscopically blended (i.e., a wide 
pair having small velocity separation), then the line widths will 
vary from epoch to epoch as the radial velocity of each com- 
ponent changes. Consequently, v sin i values measured from 
line widths could overestimate rotation. We fail to note v sin i 
for those binaries whose cross-correlation peak width (i.e., 
echelle spectral line broadening) varied from epoch to epoch. 

IV. ROTATIONAL SATURATION 

The results presented above for the single stars constitute the 
best observational evidence yet for rotational saturation in the 
coronae of late-type stars. Unlike previous samples of stars 
which have been used to support this idea (e.g., Vilhu and 
Walter 1987), the EMSS subsample was selected to contain the 
brightest X-ray sources among all types of stars in a completely 
unbiased (except, of course, for X-rays) manner. 

The concept of rotational saturation in coronal, as well as 

chromospheric, heating has been suggested by several authors 
to explain the breakdown of the functional dependence 
between coronal and chromospheric flux and rotation (or 
Rossby number) at high rotation rates (Vilhu and Walter 1987; 
Skumanich 1986; Skumanich and MacGregor 1986; Vilhu 
1984). The basic argument involves the limited area of the 
stellar surface. As more surface field is generated with increas- 
ing rotation, a point is eventually reached where the stellar 
surface is totally covered with active regions. The footpoints of 
magnetic loops crowd each other out, and no new loops can be 
created. Consequently, nonradiative coronal heating reaches a 
maximum value, and so does X-ray emission. This would 
explain the dependence of the upper limit to Lx on radius in 
Figure 3. This boundary is scaling with surface area. 

Another idea involves magnetic feedbacks in the convection 
zone (cf. Gilman 1983). As increased angular velocity causes 
the generation of stronger magnetic fields, the Lorentz forces 
which result act to decrease differential rotation and inhibit 
convection in the zone. This, in turn, will decrease magnetic 
field strength until the differential rotation increases again. 
This cyclical process would effectively limit the extent to which 
a corona could be heated. Such an upper boundary would be a 
function of convection zone parameters and, hence, mass, 
color, radius, etc. 

The observational results presented above are, by them- 
selves, insufficient to prove conclusively that stellar coronae 
saturate at high rotational velocities. Ideally, one would wish 
to plot Lx versus vrot for each star and to normalize both 
parameters by the saturation value of that parameter which 
one would expect given each star’s radius (mass). Then, all stars 
would fall on the same locus of positive slope, increasing to 
unity and then flattening out to a slope of zero. Unfortunately, 
the saturation values of Lx and t;rot as a function of stellar 
radius (mass) are not determined. In Figure 5, we attempt to 
approximate the plot described above by using both LJLhol 
(Fig. 5a) and X-ray surface flux, Fx (Fig. 5b) as surrogates for 
Lx/Lx

isat). Both quantities are plotted against an unnormalized 
v sin i, so we have coded each point by spectral type since one 
would expect the points which represent stars of different 
masses to fall along separate loci. 

In both figures, the distribution of points for all spectral 
types (except perhaps type M) is quite flat. If rotational satura- 
tion of stellar coronae is indeed a real effect, then it appears 
that X-ray selection has given us a sample which only falls 
along the flat part of the curve which was described in the last 
paragraph. However, it is interesting to compare the dispersion 
of the data points in Figures 5a and 5b. The values of LJLbol 
spread slightly over three orders of magnitude, while the 
spread in Fx is only one and one-half orders of magnitude. 
Furthermore, the mean values of LJLhol and Fx for each spec- 
tral type are given in Table 3. The values in Table 3 range over 
almost two orders of magnitude for Lx/Lboh while the values 
for Fx are within a factor of 2. This suggests that surface area 
(4tcR2) is a better surrogate than Lbol for Lx

(sat) (if it exists). 
We have already characterized the saturation boundary in 

terms of Lx (Lx
(sat) oc R2). Given this and the preceding dis- 

cussion, one would expect Fx
(sat) to be constant as a function of 

stellar radius (mass). In Figure 6, we plot Fx versus B—V color 
for both single stars and binaries following Figure 6 of Vilhu 
and Walter (1987). We use B—V color as the abscissa of Figure 
6 for ease of comparison to the results of Vilhu and Walter. 
The dashed lines represent their X-ray upper bound for 
0.1 <B—F <0.6 and the locus of F^Fbol=10~3, about 
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Fig. 5.—(a) Fractional X-ray luminosity vs. projected rotational velocity for all single stars from the EMSS subsample (excluding ambiguous detections and 
PMS). Solid dots represent type M, open dots represent type K, triangles represent type G, and stars represent type F. The dashed lines indicate <Lx/Lbol) for each 
spectral type (from Table 3). Note the wider spread in the ordinate compared to Fig. 5b. {b) Soft X-ray surface flux vs. projected rotational velocity for all single stars 
from the EMSS subsample (excluding ambiguous detections and PMS). Solid dots represent type M, open dots represent type K, triangles represent type G, and stars 
represent type F. The dashed lines indicate <FX> for each spectral type (from Table 3). Note the narrower spread in the ordinate compared to Fig. 5a. 

which most of their M dwarfs fell. The dotted lines represent 
the loci of FJFhol = 10-2 5 and 10-2. The EMSS stars lie 
below their upper bound for the bluer stars, but our sample 
contains many more K and M stars which reach fractional 
X-ray luminosities as high as 10" 2 5. 

The upper bound on Fx (i
7

;c
(sat,) appears to increase steadily 

with color until one reaches B—V = 0.6; then it appears that 
Fx levels off to a constant value (~7 x 107 ergs s-1 cm-2) at 
B—V >0.6. This constant value represents the point at which 
the coronal heating mechanism operates at its greatest effi- 
ciency. Since Fx is normalized by surface area, Fx

(sat) is not 
directly determined by the radius (such as Lx

(sat) oc R2). The 
fundamental question which is answered by deciding whether 
Fx

(sat) is constant or (Fx/Fbol)
(sat) is constant (i.e., Fx

(sat) oc c7Feff
4) 

is this. Does stellar X-ray emission at saturated levels depend 

upon the internal energy source, or is it determined purely by 
surface area? 

The steady decrease in Fx
(sat) as a function of increasing 

stellar mass for F — F < 0.6 results from the decrease in con- 
vection zone depth. According to the magnetic dynamo sce- 
nario, poloidal magnetic field is created from the turbulent 
twisting of the toroidal field which is buoyantly rising through 
the convection zone (the a-effect). This poloidal magnetic field 
reinforces the original fields from which the toroidal magnetic 
field was first created (the Q-effect) and feeds the dynamo. If the 
convection zone depth is too shallow (i.e., convective turnover 
time is too short), then the toroidal magnetic field will float to 
the stellar surface before the a-effect has had time to operate. 
Thus, the dynamo mechanism and the associated non- 
radiative coronal heating process are apparently less efficient. 

TABLE 3 
Mean Coronal Emission Parameters of Single Stars by Spectral Type 

Parameter M K G F 

(LJL^y   1.06 x HT3 5.40 x IO“4 1.37 x 10“4 3.83 x IO"5 

<FX> (ergs cm-2 s-1)   1.10 x 107 7.31 x 106 9.97 x 106 4.09 x 106 
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log v sin ù (km/s) 
Fig. 5b 

This could explain why the F stars are underluminous in 
X-rays at high rotation rates, as illustrated in Figure la. 

As for the binaries, their saturation limit in Fx appears to be 
similar to that of the single stars. The situation for the binaries 
is more complicated, however, when one considers that the 
X-ray-omitting region is not just the surface area of the 
primary, but also that of the secondary and the intervening 
area as well. A complete analysis of these X-ray-selected 
binaries must await the determination of their periods, when 
one can then draw more significant astrophysical conclusions. 

V. SUMMARY 

We have presented X-ray and rotational data for an X-ray- 
selected, flux-limited sample of 128 late-type stars. This is 
the largest and best optically observed X-ray-selected sample 
to date. For single stars of spectral types F7-M5, Lx oc 
(i; sin i)105*0 08 but does not correlate with Q sin i. Stars of 
spectral types F0-F6 are slightly underluminous in X-rays for 
this relation. However, Lx does correlate with radius for these 
stars. 

These results appear to contradict the earlier work of Palla- 
vicini et al. (1981), but in reality they do not. The Pallavicini et 
al sample was optically selected and, hence, more representa- 
tive of stars at all levels of activity. It could well be that Lx oc 
(v sin i)2 for stars which are at levels below saturated activity. 
Our X-ray-selected sample is more representative of the 
highest levels of X-ray activity, which do appear to saturate. 
These stars lie along the upper limit on Lx, which is a function 
of surface area, and thus a strong correlation of Lx with radius 

is artificially induced. When one normalizes Lx by the surface 
area (Fx), one finds that Fx

(s¡lt) increases with color until 
B—V = 0.6, where it appears to level off at a constant value 
{Fx ~ 1 x 107 ergs cm-2 s-1). Although these results do not 
conclusively prove that rotational saturation in stellar coronae 
is a real effect, they do indicate that it is plausible. Further- 
more, these data (especially as presented in Figs. 3 and 5) 
suggest that saturation in Lx is a geometric effect caused by 
limited surface area. The value of Lx

(sat) depends most strongly 
upon radius, rather than T'({. 

The Lx for binaries from this sample correlates with neither 
v sin i nor Q sin i, but it may correlate with radius. This behav- 
ior is different from that of the single stars because the situation 
in binary systems is more complicated. One must consider 
emission from both components and the area in between. 

This work was part of a Ph.D. dissertation at the University 
of Arizona. T. F. would like to acknowledge members of his 
committee for many useful comments : J. Liebert, R. F. Green, 
M. Giampapa, S. White, and R. E. White, Jr. We thank 
L. Hartmann for advice on the measurement of rotational 
velocities; D. Latham, R. Peterson, and R. Stefanik for assist- 
ance with the reduction and analysis of the echelle data; and J. 
Stocke, S. Morris, and E. M. Green for collaboration in obtain- 
ing the optical data. We also thank F. R. Harnden, Jr. and H. 
Tananbaum for critical readings of the manuscript. This work 
was partially supported by NASA grants NAG8-666 and 
NAS8-30751 and by the Smithsonian Scholarly Studies grant 
SS88-03-87. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

9A
pJ

. 
. .

34
0.

10
11

F 

LATE-TYPE STARS 1023 No. 2, 1989 

£ 
o 
in 
in 
tiû 
Sh 
0) 

Pjh 
CiO 
o 

0.0 0.4 0.8 1.2 1.6 2.0 
B - V 

Fig. 6.—Soft X-ray surface flux versus color for all F0-M5 stars from the EMSS subsample. Single stars are plotted as solid dots, while binaries are plotted as 
open dots. The dashed lines represent the upper bound to Fx for 0.1 < B—V < 0.6 given by Vilhu and Walter (1987) and the locus of constant Fx/Fbol = 10“3. The 
dotted lines represent the loci of constant FJF^i values of 10" 2,5 and 10“ 2. 
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