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ABSTRACT 

An X-ray survey of the central region of the Hyades cluster with the Einstein Observatory has 
demonstrated that soft X-ray emission is a common property of the stars in the cluster. Of the 85 
stars surveyed, about half are detected above a sensitivity threshold of ~10 28 5 ergs s-1 (0.2-4.0 
keV) at the Hyades distance (—45 pc). More than 80% of the F and G dwarfs are X-ray sources, as 
well as three Hyades giants (01 Tau, y Tau, and 8 Tau). The brightest X-ray source is 71 Tau 
(Lx >103i) ergs s-1), a rapid rotator (v sin /—200 km s_1) of spectral type FO V. The high incidence 
of X-ray emission and range of observed X-ray luminosities provide convincing evidence that stellar 
coronae produce the observed X-ray emission. These coronae, however, are significantly brighter 
than that of the Sun: the typical X-ray luminosity for solar-type Hyades is —1029 ergs s-1, or —30 
times that of the Sun in an active phase; one G1 dwarf, HD 27836, has an X-ray luminosity of —1030 

ergs s-1, or —300 times that of the Sun. Our data cannot be explained by simple acoustic heating 
models. It is likely that the relatively rapid rotational velocity of the Hyades solar type dwarfs 
compared to the Sun is an important factor in producing enhanced X-ray activity: if Lx depends 
upon rotation in a simple way for solar type dwarfs, i.e., Lx ccv* or fía, our data suggest a~2. The 
use of coronal scaling laws yields reasonable values of maximum coronal temperature and fraction of 
stellar surface area covered for the Hyades coronae. Follow-up studies with Einstein and IUE are 
currently under way to better restrict these and other coronal model parameters. 
Subject headings: clusters: open — stars: coronae — X-rays: sources 

I. INTRODUCTION 

Stellar X-ray astronomy has recently achieved a new 
prominence as a direct result of observations from the 
HEAO 1 and HEAO 2 {Einstein Observatory) satellites. 
Except for the low energy components of classical X-ray 
binaries having high X-ray luminosities in the 2-10 keV 
band (L* —1036-1038 ergs s-1), soft X-ray (£<2 keV) 
stellar sources were at first restricted to fairly unusual 
objects, such as RS CVn systems (Walter, Charles, and 
Bowyer 1978), hot white dwarfs (Lampton et al 1976; 
Margon et al. 1976), dwarf novae (e.g., Mason et al 
1978), or binaries with magnetic white dwarfs such as 
AM Her (e.g., Szkody et al 1980). Only a few “normal” 
systems such as a Cen (Nugent and Garmire 1978), 
Sirius (Mewe et al. 1975; Lampton et al. 1979), and Vega 

1 Guest Observer with the Einstein Observatory {HEAO 2). 

(Topka etal. 1979) were detected with rocket experi- 
ments or HEAO 1. Observations from Einstein have 
changed this picture dramatically, demonstrating that 
soft X-ray emission is a common phenomenon in stars 
(Vaiana etal. 1981; Walter and Bowyer 1981; Ku and 
Chanan 1979; Long and White 1980). The observed 
X-ray luminosities (1027-1032 ergs s“1) and soft spectra 
{kT< several keV) strongly suggest that coronae, or in 
some cases winds, are responsible for such stellar X-ray 
emission. 

Because theories of the formation and heating of 
stellar coronae are at present in a primitive state (Vaiana 
and Rosner 1978; Linsky 1980<2, b), it is important to 
accurately determine the functional dependence of stel- 
lar X-ray luminosity on such parameters as spectral 
type, luminosity class, rotation, and elemental abun- 
dances. Earlier models of acoustic wave heating (e.g., 
Mewe 1979) based upon homogenous plane-parallel 
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atmospheres, and neglecting the effect of plasma con- 
finement by magnetic fields, fail to explain even solar 
observations (Bruner 1979; Athay and White 1978). The 
order-of-magnitude or more variation of X-ray luminos- 
ity among stars of the same spectral and luminosity 
class is also not accounted for by simple acoustic heat- 
ing models (Vaiana et al 1981). 

Much as the study of stellar clusters has proven a key 
step in understanding stellar evolution and the evolu- 
tionary state of the Sun, similar studies in soft X-rays 
promise to be highly fruitful in understanding stellar 
coronae. Known distance, homogeneous composition, 
and equality of age are among the advantages of cluster 
surveys which will help decouple the influence of indi- 
vidual stellar parameters on X-ray emission. 

The Hyades cluster has been thoroughly observed 
optically because of its importance as a distance stan- 
dard and calibration point for stellar evolution (van 
Bueren 1952; van Altena 1966, 1969; Pels, Oort, and 
Pels-Kluyver 1975; Hanson 1975; Oort 1979). It is also 
an excellent choice for an X-ray survey, because of its 
proximity (d~45 pc: Hanson 1980), and an indicated 
low X-ray absorption from ultraviolet and visible mea- 
surements (Bohlin, Savage, and Drake 1978; Taylor 
1980). In this paper we report the results of an extensive 
survey of the cluster center (~5° diameter) for soft 
X-ray sources with the Einstein Observatory (HEAO 2). 
In § II we discuss the observations, in § III we provide a 
catalog of the soft X-ray sources detected, in § IV we 
give an analysis of the survey data, and compare our 
observations with those from other surveys of stellar soft 
X-ray sources, in § V we derive constraints on coronal 
parameters using coronal loop scaling laws, in § VI we 
discuss our results in the context of coronal heating 
theories, and in § VII we summarize our results. 

II. OBSERVATIONS 

The large (>20°, Oort 1979) angular extent of the 
Hyades cluster effectively prohibits a complete survey 
with the limited observing time available on Einstein. 
However, the central region of the cluster, about 5° or 2 
pc diameter at the Hyades distance of 45 pc (Hanson 
1980), contains ~50% of the brightest (F<10) Hyades. 

During the period 1979 June to 1980 March, we 
observed 27 Hyades fields of ~IoXIo extent with the 
Einstein Imaging Proportional Counter (IPC). The IPC 
is sensitive to soft X-rays from ~0.2 to 4.0 keV (at the 
nominal gain setting), and yields images with ~ T-2/ 

resolution, as well as timing and some spectral informa- 
tion (see § III, Giacconi et al. 1979; Gorenstein, 
Hamden, and Fabricant 1981 for more detailed discus- 
sions of the Einstein Observatory and IPC performance). 
The effective exposure for each IPC image ranged from 
~ 1000 to 4000 seconds; the minimum detectable soft 
X-ray flux for these exposures was ~ 1.5X10“13 ergs 
cm“2 s“1, which corresponds to a limiting X-ray 
luminosity (Lx) of 3.6X1028 ergs s“1 at 45 pc. 

In Table 1 we list the center coordinates and observ- 
ing times for each IPC field, and in Figure 1 we show 
the extent of the survey fields superimposed on a repro- 
duction of Becvar’s (1974) stellar atlas, which displays 
stars brighter than 10th visual magnitude. 

Data from the observations were analyzed using 
the standard Einstein production processing routines 
{Einstein Handbook 1979): each field was aspect cor- 
rected, and data taken during Earth occultation, South 
Atlantic anomaly passes, etc., were removed to produce 
a final X-ray image. These routines also searched each 
field for evidence of X-ray sources (see § III). A com- 
posite image of all 27 fields was then made; this is 
shown in Figure 2 (Plate 8). Most of the individual 
X-ray sources are visible in this figure as bright patches 
(although their apparent visual intensities may be mis- 
leading in some cases due to overlapping fields). The 
variation in background level is largely due to the differ- 
ing exposure times for each field. 

III. A CATALOG OF SOFT X-RAY SOURCES IN THE 
HYADES 

The Einstein production processing routines indicated 
the presence of >100 discrete sources in our observing 
fields. However, from a number of discussions with 
Observatory scientists (F. Seward, R. Hamden, private 
communication) and the explanation of source detection 
routines outlined in the Observatory documentation, we 
estimate that only about half of these are valid detec- 
tions. This is because the detection routines indicate the 
presence of a source using a background level calculated 
within an annulus of inner and outer radii 8' and 153 
from field center. Since the level of diffuse soft X-ray 
background observed decreases from field center to edge 
as a result of telescope vignetting, the production 
routines will sometimes “detect” spurious sources located 
near field center and occasionally miss real sources near 
field edge. We undertook a source-by-source analysis of 
the IPC images using programs available at the Center 
for Astrophysics (CFA), the results of which suggest a 
good correlation with the visual presence of a given 
source in the IPC image and source strength at a level 
>5 a above the actual adjacent background. (In the case 
of the weakest sources, the maximum likelihood estima- 
tor used in the production routines yields a confidence 
level which is not immediately convertible into a num- 
ber of “a” above background; we estimate that such 
weak sources are at the equivalent of the 3-4 a level, 
and such sources are classified as “marginal” in the 
figures and tables which follow.) 

In Table 2 we give the locations, optical identifica- 
tions, X-ray fluxes, and luminosities (see below) of the 
sources identified with Hyades cluster members (Pels, 
Oort, and Pels-Kluyver 1975; Hanson 1975). Approxi- 
mately 10 sources not associated with known cluster 
members will be discussed in later publications. 
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TABLE 1 
Center Coordinates and Observing Dates 
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IPC 
Field No. 

Center Coordinates 
(1950) 

Observing 
Date(S) 

Total Time in 
Processed Image (s) 

3510 . 
3511 . 
3512 . 
3513 . 
3514 . 
3515 . 
3516 . 
3517 . 

3518 . 
3519 . 
3520 . 
3521 . 

3522 . 

3523 . 

3524 , 

3525 

3526 

3527 
3528 
3662 
3663 
3664 
3665 
3666 
3667 
3668 

4476 

20r 

28 
25 
25 
31 
31 
22 
20 

4 22 
4 20 
4 20 
4 20 

l00.s0 
43.2 
48.0 
48.0 
36.0 
36.0 
55.2 
31.2 

55.2 
00.0 
00.0 
00.0 

4 20 00.0 

4 22 55.2 

4 25 48.0 

4 28 43.2 

4 28 43.2 

25 
22 
31 
17 
17 
17 
17 
17 
20 

48.0 
55.2 
36.0 
4.8 
4.8 
4.8 
4.8 
4.8 

00.0 

4 22 55.2 

15o30'00" 
15 54 00 
16 18 36 
15 30 29 
16 18 36 
15 3000 
16 42 36 
15 54 00 

15 06 00 
17 06 36 
16 18 36 
14 41 24 

13 53 24 

14 17 24 

14 41 24 

15 06 00 

16 42 36 

17 06 36 
17 31 12 
14 41 24 
15 06 00 
15 54 00 
14 17 24 
16 42 36 
17 31 12 
17 55 12 

15 54 00 

9/10/79 
9/10/79 
9/11/79 
9/09/79 
9/11/79 
9/09/79 
2/20/80 
9/11/79 
2/20/80 
9/09/79 
3/07/79 
3/07/79 
9/09/79 
2/19/80 
9/09/79 
2/10/80 
9/09/79 
2/19/80 
9/09/79 
2/20/80 
9/09/79 
2/20/80 
9/11/79 
3/03/80 
3/02/80 
3/02/80 
2/20/80 
2/10/80 
2/10/80 
2/10/80 
2/10/80 
2/20/80 
9/09/79 
2/20/80 
9/10/79 

2432 
1632 
2964 
2041 
1514 
1902 
1742 
2654 

1981 
2291 
1159 
3449 

2956 

3336 

3316 

2544 

2013 

2044 
4245 
3159 
2653 
1951 
2576 
3211 
1852 
3433 

1624 

Optical identifications of the X-ray sources were de- 
termined by noting the centroid of position given by the 
IPC production routines and searching for a Hyades 
optical counterpart within a circle of —l' radius. In 
~ 80% of the sources which met our detection criteria, a 
Hyades optical counterpart was found; most of these 
were within ~1' of the X-ray position (see Table 2). 
Since there is an average of ~2 X-ray sources per IPC 
field and an average of ~3 Hyades stars with 16 in 
each field, and since the effective angular resolution of 
the IPC is <2', the probability that any given optical 
identification is due to chance alone is < 10 -4. Searches 
of radio source and nonstellar optical source catalogs 

(Dixon 1970a, b, 1978, 1979) have produced no alterna- 
tive identifications for X-ray sources associated with 
Hyades stars. In Figure 3 we plot an H-R diagram of 
the Hyades in our observing fields, indicating those that 
were detected as soft X-ray sources. 

Two methods were used to derive X-ray fluxes. For 
the stronger sources, we used computer programs avail- 
able at CFA to calculate source counts in a circular area 
centered at the best source position and an annulus 
centered at the same location to calculate adjacent back- 
ground. Pulse-height data from the IPC were fitted to 
thermal spectra with assumed values of kT from 0.1 to 
10 keV, increasing the assumed source temperature until 
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further changes in the calculated flux were <20% due to 
the matching of high energy X-ray cutoff and exponen- 
tial dropoff of the assumed spectra (the temperature 
estimated here is not a good indication of true source 
temperature because of spatial variations in the IPC 
gain: see below). We found very good agreement be- 
tween fluxes derived using this method and the direct 
conversion of IPC counts per second (cts s_1) to X-ray 
flux used by Vaiana etal (1981) of ~2X10-11 ergs 
cm-2 s”1 per IPC ct s_1 for an assumed thermal 
spectrum at kT~ 1 keV. For weaker X-ray sources, 
where counting statistics are the largest sources of error, 
we therefore used the above conversion factor to esti- 
mate fluxes. All fluxes are listed in Table 2. 

In the analysis that follows, we have not included a 
discussion of X-ray spectral information from the IPC. 

Because there are systematic variations of the IPC gain 
over angular sizes comparable with the spatial resolution 
of the IPC, derived constraints on temperature for our 
sources are highly uncertain at present. New spectral 
fitting procedures currently being developed at CFA 
may alleviate this problem in the future (R. Hamden, 
private communication). 

The X-ray luminosity (Lx) for each Hyades source 
was derived using the fluxes in Table 2 and the individ- 
ual distance of each star calculated using the proper 
motion and cluster convergent point data of Hanson 
(1975). Errors in the derived values of Lx, which we 
estimate as ~35-60%, may come from a number of 
sources: (1) the statistical counting errors, which range 
from ~5% for the brightest sources to —50% for the 
weakest; (2) systematic errors in converting IPC cts s_1 

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



TA
BL

E 
2 

H
ya

de
s X

-R
ay

 S
ou

rc
e 

C
at

al
og

 

C/} r" 
KO 

O'! 
CM 

ft 
00 

s 
I u 

ÖÜ K 

<2 J- • fe I X c 

£Pt <u I 

^ "S ^ 
ä S 9 ^ 
: S'-3 -2 * O -Ö > c*5 •;=! -a 2 ■ Pm O 

X o ^ 

«J P 
ÍH o o 
U 

a 
O 

y 
& ^ 

Ë 

U SÙ 
£ 
o ö 

Q 
ffi 

# 

« C/3 
O «o 
vd. 

— Tt cn Tj- 

C/3 
Û 
< 

O 
On (N 

Ü 

P p 
O VO 
~ l 

*0 O m 
O ’—< o 

i/o On OO O ^ 
oo ,~l 

«o NO 'O 
TT Tt Tt 

r- tr> NO NO NO NO NO NO m m m 

<N — r- rt 
—' o —‘ 

© *o oo 
Ö OO (N 

> 
oo rl 

XOS 

m C/3 

»o r- p 
00 OO ON CN (N <N 

*0 © ^ 
< <N '/S 

PQ C/3 

Tt 
II NO 

« 9 C/3 < 

(N OO CS »O ON NO 
ON OO ON ON oo oo (N <N (N (N (N (N 

p © 
cn tj-* 

mONwnrNmONNOt^'i/Nmm(Nm 
ÖOO—¡^©OÖÖO—‘ÖÖ 

NO 
Tf 

52i: 

oo oo oo 
^ ^ ^t 

ON ON 
^ Tj- 

IT) 
ON 
TJ- 

mTj-TtNO(N100U-)(N—'(NONO—' NONONONO(NNONOfN(N(N'— (N(N NONONONOU'->NONO‘/'>i/-}l/'Ncr>l/-}*/-} mcncncommcnromcomcom 

os 
NO 

Tl- Tt Tl- 
© © © 

p p p 
NO NO NO 

> > > C > 
© QO NO NO Tt ^ ^ Ph tCH Ph 

tj- r- <n © © ,, NO 

+ + > V- 

i H 

PQ 
— m 

lO ON t— NO <N OO vo VO NO 

+ + + 

m ^ ■ oo m no rj- »o »r> r- t> r- (N (N (N 

>—1 (N m Tt 

(N oo CO NO 
© © 

P ON 
»O |> 

o 
s > 

o 

WO 00 p wo 

§ + 

oo wo (N 00 NO NO r- CN (N 

o oo p 
CO © 

> Ö, p 
x x 

c3 
E 

x © © r- no 
OO NO (N ’—< 

CO CO 
© —‘ 

CO wo 
wo oo <N CO 
r- wo 

On t — —i — CN (N WO WO WO WO CO CO CO CO 

P Tf 
On co 

>1 CN 
¡¿S 

c3 
M ¿a 

p oo 
© ON OO 

Ö 
3 

rj- p p Os p 
OÑ OO OÑ OO © CN CN CN CN CO 

- ? 
p p 
wo —’ CN 

wo co 
© © 

NOCNcOOOCNCNWOCOWOr' 
^©©©—■©©©©© 

r- oo Tf co 
ON OO CO 
r- 

—■ p On 

CO © 
© —! 

cN r- Tf wo 
On WO Tt CN 
wo 

£} Q co 'To »—1 

CN CN 
'T 'T 

CN CN 
'T 'T 

CN 

OOOO^CONOr-NONOOOOO CN’—'CNeN'—l’—ir^'’—'CNCN »/owowowowowo'Twowowo cocococococorrcococo 

OO so 
'T 

> > 
< 0 

o — — 

OO NO 

+ 

PQ 

3 ^ H 

NO —' r- on CN NO OO ON CN p NO cd O 

> + > 3 + 

I > . 
6! 

CN ON wo 'T 

r- oo 
> < , 

S ^ k X 

X X p P 
co 'T ( 

cN r- r- cN 
© © © © 

OO Tf ( I 

NO CO t"- CN rf wo 'T CO 

WO ON ON © 'T 'T 
© © —' 

P P NO WO 
© wo wo 
On t~~~ 'T 

> > 
Q oo © X tin 

NO I 
'T p 

^ Qh 
t s 

r- 
I 

II £22 3 p CN 'T t NO p NO « o o cd f-M CO 2 ^ £ f-H 
r- > + + I 

ON NO CO 00 oo r- CN CN 

© ’T CN ON CO wo ON © © r- oo oo CN CN CN 

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



TA
BL

E 
2—

Co
nt

in
ue

d 

a 

« 1 
O . 'I t/5 ^ GJD 

X! 
fV r2 - 

£?7 0) I 

2 S 

<U T3 12 < 
25U %' 

g g ^-a . 

Q ” >< <§• « 

O O 
u 
13 o 
a 
O 

y 73 
fe 3 

b 

i 
«5 

PH 00 -S « 
o Q 

K 

ö 
2 

m vo »o vo m o 

W <n p 'O 
oo m <N —<" 'O o 

5: 

©ooo^o 

^ F— Tj- p 
oo oo r^’ (N rn 

>>>> 
£ oo o ; O O Ph , 

Í > 

^ O ^ 

¡A 
Q 
< 

^ (N 
^ © o iy2 

viw< .-S: Ûh 

© 
VI 

© CN 
Os Os <N (N 

© © vS 

m*n<N‘o<Nr^'^(N\o 
© © —‘ © © © © © © 

p p rNpn 
oo oo on oo (N (N (N (N 

O p p p 
Tt —’ OO (N 

(Nm(Nr- 
© © © —^ 

^T) OO m rt 
© © 

no no r^- 

(N oo no m nti m mTtTfmmTj- 
m ro Tt »o »o »o (N (N (N (N (N (N 
Tf Tf ^ TJ- Tfr 

NONomTi-r-fsmr~tN 
NONONONniONONTiNONn 

no co 
© 

ON ON 
t~-’ © 

oo — r- ON © CN *0 NO NO o NO 3 o o o cd OO 5 
2 2 2 ^ ^ H 

+ + i 

o L2 ° —* o c2 no »o r- f_i 
+>1+^+g 

OO ON »T) Tj- NO On © ON © © (N (N 00 00 00 OO CN (N ?N (N 
3 

PQ 
< 

PQ 
< 

: ’<fr . ON OO en Tf oo oo (N <N 

CN lO OO OO 

© P P 
© CN (N <N 

© 
VI 

p no no r- 
00 00 OO 00 (N (N CN (N 

p p O 
CN Tf 

ON - 
© - 

'^NOiONONONOCNÖCNTfr 
l^^^oo^oooo 

no no »o 

■'d- rf 

(N (N no 1 '—1 CN (N NO NO NO NO co ro en co 

© — © © 

p p p p 
no ^ no 

I > > 
oo S r- © Ph S Ph 

I CO ^ 

NO NO NO NO 

^i- n- ti- 
co CO CO CO PI 
Tf Tl- Tf Tf Tt 

^_^__vOTl-(NNONONONO(NiO 
NONONONONONONONONONONONO cocococococococococococo 

© © © © 

P © P P 
NO NO OO ON 

>>>> ^ 

r- ON Tt 
os r-' oí P Tt 

NO (N ?9 P^ o ^ 

© r- © Tt Tt (N NO 3 NO NO O çÿ O O NO p, NO NO 
+ £ + + 

oo r- no oo no r- © r- NO NO oo oo 00 OO OO 00 (N CN CN CN 

§ 
> 

o ~ © ^ 
X o S S 

g ^ Il 2 II 2 NO NO © O' CO Tt 
‘ ! C/5 ' no «n r- u. i 

 <U <' + + ' 

r- cN r- on ON ON OO 00 CN CN 

3 

Ö o •© 

Tt I 

13 a 

S 

TJ G 

£ 

G 
'ß 

% 

§ 

© 
ON 

eu 
O 0 
1 s 
o1 

3 13 
U 
o 
13 
(U C/5 X) 
o 
13 
£ 

c/5 
D 

NO >o On 
*5 »-h 

X 
5 . G *-h fl « X 
6 6 S § 
îa ’*** ÖQ 

s 

s X 

d c3 O ca 
g ^ 

P 
¡fe 
° Î3 ^ S fl fl 

•C ^ ex W 

« § fl '-Ö 
i2 S J/3 o 

,<u 

C/3 

§ ^ o o 
¿3 ^ 
fl o P <ü «2 ex T) CA 
fe S NO 

(Á S 
S g c/i C 
S £ 
.S 
^ -a 
o -S 

S; g 

c ^ 
^ ? 
TJ X 
§ 2 
s” a w 

eu ^ 
^ % 
o 8 

s ° 
^ s 1/3 ra 
•2 ° 
X 00 

£?ö o o 
1^11 ,—1 CA ÇA 
8 ö <u Ö o ¿> > > 
^ a x o (U T fl O 
B s s ë 
^ °â - 
-b pi ^ Ö 
wfe I « 
ç&oofQç^^ U NO73 

ON O 

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

îP h
 <

 10
%
 i

nd
ic

at
es

 p
ro

ba
bi

lit
y 

th
at
 s

ta
r 

is 
H

ya
de

s 
m

em
be

r 
(f

ro
m
 H

an
so

n 
19

75
; 

pr
op

er
 m

ot
io

ns
) 

is 
sm

al
l; 

no
te

, 
ho

w
ev

er
, 

th
at
 e

ar
lie

r 
w

or
k 

(P
el

s, 
O

or
t, 

Pe
ls-

K
lu

yv
er
 1

97
5;
 V

an
 B

ue
re

n 
19

52
; v

an
 A

lte
na

 1
96

6, 
19

69
) i

nd
ic

at
ed

 th
es

e 
st

ar
s 

as
 c

lu
st

er
 m

em
be

rs
. 

g M
cC

lu
re
 1

98
0. 

h S
pe

ct
ro

sc
op

ic
 b

in
ar

y.
 



19
8l

A
pJ

. 
. .

24
9.

 .
64

7S
 

STELLAR CORONAR IN HYADES 653 
~r T 

3 - 

4 - 

5 - 

6 - 

7 - 

8 - 

V 9 - 

10 - 

11 - 

12 - 

13 - 
,4> 

15 - 

16 L 
0.0 

4» 

• DETECTION 
C MARGINAL DETECTION 
O NOT DETECTED 

Ç) o 

% 
• • 
C <&• 

©uo 
cm 

° â 
5°o 

•• 

1.0 1.5 
B-V 

I I I ^ I I AO F0 GO KO MO 
APPROXIMATE SPECTRAL TYPE 

Fig. 3.—H-R diagram of Hyades in survey fields, indicating 
those detected in soft X-rays (0.2-4.0 keV). 

to flux, which are probably <20% (Vaiana et al. 1981); 
(3) errors in the individual stellar distances (<10%), 
which contribute <20% errors in luminosity; (4) sys- 
tematic errors in instrument calibration (<20%, except 
at field edge; R. Hamden, private communication); and 
(5) possible systematic effects of interstellar absorption. 

The last source of error depends upon uncertainty 
regarding the amount of X-ray absorbing gas along the 
Une of sight to the cluster; for a number of reasons, we 
believe the column density of interstellar gas is so small 
as to have a negligible effect upon the calculated values 
of Lx. Lya measurements of the neutral hydrogen den- 
sity towards a Tau, at a distance of ~20 pc, yield upper 
limits of <0.2 atoms cm-3 (Bohlin, Savage, and Drake 

1978). The reddening toward the cluster is very low 
(Eb_v<0.003 [Allen 1973; Taylor 1980]), suggesting 
that there are no substantial gas clouds between the Sun 
and the Hyades. Thus the column density between Earth 
and the cluster is probably <3X 1019 atoms cm-2, low 
enough so as not to affect the flux above —0.15 keV. 
Also, since the typical neutral gas density within —100 
pc of the Sun has been observed to be extremely low, 
—0.1 atom cm-3 or lower (Bohlin, Savage, and Drake 
1978; Holberg etal. 1980), interstellar X-ray absorption 
is unlikely to affect our results. 

In Table 3 we summarize the survey results, indicat- 
ing the fraction of stars detected in groupings by spec- 
tral type and luminosity class, as well as the median Lx 

for each group. 

IV. RESULTS AND ANALYSIS 

Inspection of Figure 3 reveals that >50% of the 93 
Hyades in our observing fields have been detected as 
X-ray sources. In Figure 4 we plot the X-ray luminosi- 
ties of the detected stars derived using the methods 
outlined in § III. Since our sensitivity threshold is — 
10 286 ergs s_1 at the Hyades distance, it is quite possi- 
ble that all of the Hyades in our fields emit X-rays. 
Some may simply have lower X-ray luminosities. For 
example, the Sun, with Lx —10275 ergs s_1 during a 
typical active phase (Smith and Gottlieb 1974) could not 
have been detected at the Hyades distance with similar 
exposure times, unless it were in a flaring state. 

Even more remarkable is the fraction (>80%) of F 
and G dwarfs that emit X-rays above our detection 
threshold. Although three of these stars are known spec- 
troscopic binaries (see Table 2), and it is conceivable 
that there are many undiscovered binaries in the Hyades 
(Trimble 1980; but see Abt 1980), it is unlikely that 
mass transfer in close binary systems can account for 
so many instances of X-ray emission. The evolution- 
ary state of the detected X-ray stars, the range of Lx 
(10 28 5-1030 ergS s-1^ the lack of observable stellar 

winds, and the high detection rate are conclusive argu- 
ments for the ubiquity of stellar coronae in the Hyades. 

TABLE 3 
Survey Summary 

Dwarfs Giants White Dwarfs 

Parameter A2-F5 F6-F8 G0-G8 K0 and Later K0 DA 

Detected  9 8 11 17 3 0 
Not detected   7 1 2 33 01 22 

Median log Lx ... 28.5 28.9 29.1 <28.5 -29.0 <28.5 

Note.—(1) One giant, e Tau, not in survey fields. (2) Confirmed Hyades white dwarfs only. 

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



19
8l

A
pJ

. 
. .

24
9.

 .
64

7S
 

654 STERN ETAL. Vol. 249 

i  i i i i 
AO FO GO KO m 

APPROXIMATE SPECTRAL TYPE 

Fig. 4.—X-ray luminosity (0.2-4.0 keV) of stars detected vs. 
color index. Typical error bars are indicated. The horizontal dashed 
lines indicate the approximate boundaries of the survey sensitivity 
limit. The vertical dashed line indicates connects two observations 
of the same star, BD +14°690, a spectroscopic binary, made 6 
months apart. The luminosity of the Sun viewed as a star in the 
same X-ray band during a typical active phase is indicated. 

a) Range of Lx in Hyades Dwarfs 

Examination of Figure 4 shows there is little apparent 
change in the range of Lx observed along the Hyades 
main sequence. Our results, however, are biased by our 
sensitivity threshold. This is most apparent at the ex- 
treme upper and lower ends of the main sequence, 
where many stars have not been detected in soft X-rays. 
The median value of log Lx indicated in Table 3 shows 
that the X-ray luminosity function does change from A 
to M stars, peaking in the F and G stars, where it is well 
determined because of the high (>80%) detection rate. 
An unexpected result is the wider range of Lx for the 
extreme upper and lower main sequence stars. In fact, 
the brightest source in the cluster is 71 Tau, an A8-F0 
dwarf (the exact spectrum is probably hard to type 
because of its extremely rapid rotation: v sin 190-200 
km s_1; Uesugi 1976; Kraft 1965) with Lx>\030 ergs 
s-1. Many K and M dwarfs are undetected, yet some 
have values of Lx comparable to typical Hyades F and 
G stars (~1029 ergs s-1). Of the K and later type 
dwarfs, only Hz II 2411, vA 288, vA 305, and vA 351 

are known flare stars (Pesch 1968, 1972): vA 288 and vA 
351, the only two in our observing fields, were both 
detected. The significant fraction (>30%) of K and later 
type dwarfs showing X-ray emission suggests, however, 
that flaring is not a likely explanation for the observed 
X-ray emission (an analysis of time variability is cur- 
rently in progress and will be reported on in a future 
paper). 

b) Lx of Giants and White Dwarfs 

Four giants, all of spectral type G9 or K0 III, are 
members of the Hyades: 01, y, 5, and e Tau. The first 
three were located in our observing fields, and all three 
were detected, though with a range of almost an order of 
magnitude in Lx (Fig. 4). Bahúnas, Hartmann, and 
Dupree (1980) have reported a correlation of ultraviolet 
fluxes in the high temperature transition region lines of 
C iv, Si iv, and N v, the strengths of the emission 
reversals in the Ca n H and K Unes, and the X-ray 
fluxes observed in the Hyades study. The reality of this 
correlation will require confirmation from simultaneous 
optical, UV, and X-ray observations, since variability 
due to long-term stellar activity cycles could strongly 
influence the results. Bahúnas, Hartmann, and Dupree 
did not, however, find any evidence of Ca n or ultra- 
violet variability in the Hyades giants over a 6 month 
period. 

Of the 11 confirmed Hyades white dwarfs (Eggen 
1969), two were located in our observing fields, but none 
were detected above our sensitivity threshold. None of 
the white dwarfs in our fields has an effective tempera- 
ture comparable to the high X-ray luminosity white 
dwarfs HZ 43 or Feige 24 (Lampton et al 1976; Margon 
et al 1976). Many other white dwarfs which are not 
Hyades members were also located in our observing 
fields: upper limits to X-ray emission from these objects 
will be reported on in a subsequent pubhcation. 

c) Variation of Lx/Lhol 

The spectral types, luminosity classes, and distances 
of the Hyades stars are sufficiently well determined to 
allow us to compute the ratio of X-ray to total stehar 
luminosity (here labeled Lx/Lbol, where “bol” refers to 
bolometric). This ratio is a useful tool for comparison 
with the predictions of coronal heating theories which 
depend upon convective motions as the primary energy 
source. Since in late type stars the energy transport in 
the region below the photosphere is presumed to be 
convective, Lx/Lbol is thus a measure of the heating 
“efficiency” for the corona. 

In Figure 5 we show the variation of this ratio in 
several spectral type groups along the main sequence, 
and for the giants. We have also plotted the range of 
quiet and active values of Lx/Lbol for the Sun. As we 
move along the main sequence toward later spectral 
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types, there is a clear increase in the maximum value of 
this parameter. However, as noted before in the case of 
Lx, the range of Lx/Lbol must surely be increasing as 
most of the K and later type dwarfs are not seen. The 
range of Lx/Lbol in the K and later type dwarfs is 
probably ~±2-3 orders of magnitude, whereas the G 
stars have a spread in Lx of only about ±1 order of 
magnitude. The low values of Lx/Lbol for the giants are 
in stark contrast to those of the dwarfs, reflecting much 
lower surface fluxes in these stars. 

d) Comparison with Other Coronal Surveys 

Vaiana et al. (1981) have reported on an extensive 
stellar survey with the Einstein Observatory (hereafter 
referred to as the CFA survey). Their main conclusions 
are: that stellar coronae are common phenomena in the 
nearby stars, and probably throughout the Galaxy; that 
there are large variations (orders of magnitude) of Lx 

within a given spectral and luminosity class; and that 
abnormally fast rotators often have enhanced soft X-ray 
emission compared with more slowly rotating stars. 
These results extend earher observations of stellar 
coronae on rockets and HEAO1 (Gorenstein and Tucker 
1976; Topka etal. 1979; Hamden etal. 1977; Walter 
etal. 1980). 

At this preliminary stage of the CFA survey, the 
detected sample of main sequence F stars (15) and G 
stars (7) is not very large; also, the observational biases 
are difficult to estimate, since nine of these stars were 
observed from a preplanned target list, and only selected 
upper limits are reported. Comparisons with the Hyades 
survey should therefore be regarded as preliminary. 
There are, however, indications that the typical X-ray 
luminosity for F dwarfs in the Hyades and in the CFA 
survey is about the same: log Lx ~29. We note that two 
of the F stars in the CFA survey, HD 28736 and HD 
26781, are Hyades members (Pels, Oort and Pels-Kluyver 
1975). In Table 4 we list derived X-ray luminosities for 
these stars as well as for HD 27406, a Hyades member 
detected fortuitously by Feigelson and De Camph (1980). 

The G dwarfs, of which there are more in the Hyades 
survey (13) than in the CFA survey (7), have apparently 

Fig. 5.—Ratio of X-ray to total luminosity for Hyades stars as 
a function of spectral type for dwarfs and giants. 

an order of magnitude lower typical Lx in the CFA 
survey (~1028) than in the Hyades survey (~1029). 
Because of the order of magnitude or more variation in 
L*, more data on G stars in the field are clearly needed. 
If this difference is not an artifact of poor sampling 
statistics, it could be due to stronger rotational braking 
in the G and later type dwarfs, resulting in decreased 
coronal activity for field stars compared to the (younger) 
Hyades dwarfs (see § VIZ>). 

Ku and Chanan (1979) have reported on a survey of 
the Orion Nebula region with the IPC on Einstein. In 
follow-up observations with the Einstein HRI (High 
Resolution Imager), 120 discrete sources have been de- 

TABLE4 
Hyades Members Detected in Other X-ray Surveys 

X-Ray 
Other Optical Coordinates Flux Logb 

Sourcea HD Designation Sp V (1950) (10~13 ergs s-1) Lx 

V   26781 4-10°551 F5 7.1 4hllm49s,+lO^'SS" -6 29.1 
V   28736 + 5°674 F3 6.4 4h29m25s, + .5°18,15" -4 29.0 
F  27406 +18°623 F8 7.5 4h17m18s,+19°06'54" ~3 28.9 

aV=: Vaiana et al. 1980; F=Feigelson and DeCampli 1980. 
b Hyades distance of 45 pc assumed. 
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tected (Chanan, private communication). The high spa- 
tial resolution (2"-5") of the HRI allows the sources to 
be identified with main sequence or pre-main sequence 
stars of spectral types from O to K. The maximum Lx 

for F and G stars in the Orion region is ~10315 ergs 
s_1, or about 30 times the maximum Lx observed in the 
Hyades. The fraction of F and G stars detected above 
the Lx sensitivity limit of ~1030 ergs s“1 for Orion is 
~25-50%, suggesting a significantly higher median Lx 

than in the Hyades. 

V. CONSTRAINTS ON CORONAL PARAMETERS 
USING SCALING LAWS 

In spite of the weak constraints on source spectra 
discussed previously in § III, it is possible to perform a 
consistency check of the coronal emission hypothesis 
using the available luminosity data. Assuming that the 
emission is from closed loop structures as in the solar 
corona (Rosner, Tucker, and Vaiana 1978), the X-ray 
luminosity can be written as: 

Lx=n2 K{T)H{l7rR2t), (1) 

where n is the electron density, A(T) is the radiative loss 
function for optically thin emission (computed, e.g., by 
Cox and Tucker 1969, and by Raymond, Cox, and 
Smith 1976), H is the scale height of the emitting region, 
2 is the fraction of visible disk covered by emitting 
loops, and R is the stellar radius. If we assume, as in the 
solar case, that the loop plasma is static, then the 
following relation should be valid: 

«2A(r)«10"6r7/2/^2- (2) 

This relation, the so-called scaling law for coronal loops, 
has been derived by a number of authors (e.g., Rosner, 
Tucker, and Vaiana 1978; Vesecky, Antiochos, and 
Underwood 1979) and basically follows from the re- 
quirement that the conductive flux in the loop be dis- 
sipated by radiation. The relation is independent of the 
details of the heating mechanism; it should hold for 
either acoustic or magnetic heating as long as the loop is 
static. 

Another constraint is that the size scale of the emis- 
sion H be less than or of the order of the gravitational 
scale height Hg (Vesecky, Antiochos, and Underwood 
1978): 

tf<7Jg = 8.26X1077yg, (3) 

where g is the stellar surface gravity. If the height of the 
emitting loops is less than 77 , relation (3) clearly fol- 
lows. If the loop height is much greater than 77g, most of 
the material will be contained within a few gravitational 
scale heights, so that (3) still follows. 

Combining relations (l)-(3), we obtain limits on the 
various parameters. For example, 

T<t * x m 
8.26X1013 ¿X 

2irR2 

2/5 
(4) 

for a given 2. Or, 

2<2 max 
8.26 X1013 Lx 

gT5'2 2itR29 (5) 

assuming a given temperature. Relations (4) and (5) also 
set minimum values to the density and pressure, and to 
the magnetic field needed to confine the plasma inside a 
loop. 

In Figure 6, the values of Tmax for various values of 2 
and for all our sources are shown. Within each luminos- 
ity class, dwarfs and giants, the variations in g and R are 
small compared to the observed variations in Lx, so that 
Tmax is essentially a function of 2 and Lx. 

The main conclusion that can be drawn from the 
figure is that all our data are compatible with the stellar 
corona hypothesis. Even for full coverage of the disk, 
2=1, Tmax is greater than or of the order of 106 K for 
all sources. However, for the low-luminosity dwarfs, full 
coverage does imply a relatively low Tmax, especially in 
view of the fact that Lx is significantly larger than that 
of the Sun. The average temperature of active region 
plasma in the Sun is ~3X106 K, which implies a 
coverage 2 of only a few percent, as is observed. If we 
assume that the temperatures of the Hyades coronae are 
somewhat higher than that of the Sun, e.g., Tmax>5X 
106, then we conclude that for most of our sources, 
2< 10%. This is an interesting conclusion since it im- 
plies that variations in the soft X-ray emission should be 
observed as the star rotates. 

VI. DISCUSSION 

a) Coronal Heating: Do Acoustic Models Workl 

Until recently it was generally accepted that the solar 
corona arose from heating via acoustic waves generated 
in photospheric motions such as the five-minute oscilla- 
tion (e.g., Moore and Fung 1972). A number of authors 
(Ulmschneider 1967; De Loore 1970; Landini and 
Monsignori-Fossi 1973; Gorenstein and Tucker 1976; 
Mewe 1979) have extended this theory to predict coronal 
X-ray fluxes for late-type stars. However, observations 
of EUV lines formed in the solar transition region 
indicate that the upward propagating energy flux in 
acoustic waves fails by several orders of magnitude to 
account for the observed coronal radiation (Athay and 
White 1978; Bruner 1979). All of the above models also 
fail to take into consideration the influence of the stellar 
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Fig. 6.—Computed values of rmax as a function of surface 
X-ray flux and area coverage factor (2). The lower portion of the 
graph indicates the distribution of the stellar surface X-ray flux 
(X2) for the Hyades dwarfs (open histogram) and giants (hatched 
histogram). The position of the Sun is indicated by O in the upper 
portion of the figure, with Tmax set equal to the observed coronal 
temperature of ~2X 106 K. 

magnetic field which, by analogy with the solar corona, 
must play an important role (see § IW, and Vaiana and 
Rosner 1978). 

Models for stellar coronae which are based on the 
acoustic wave heating hypothesis, and in particular those 
which use the minimum flux corona concept of Hearn 
(1975)—e.g., Mewe (1979)—are in strong disagreement 
with the X-ray data of both the CFA survey (Vaiana 
etal. 1981) and our results for the Hyades. Some 
quantitative discrepancies can possibly be reduced: 
Mewe, for example, calculates X-ray fluxes in the 0.16- 
0.28 keV band, while the Einstein IPC is sensitive out to 
4.0 keV; this should, however, make at most a factor of 
3 difference in the coronal fluxes between temperatures 
of 106-107 K (see Raymond, Cox, and Smith 1976 as a 
reference for plasma emissivity in various X-ray bands). 
There is, however, severe qualitative disagreement in the 
prediction of X-ray luminosity along the main sequence. 
Acoustic heating models predict weak or no emission in 
early A stars, a peak in emission near F0, with a gradual 
falloff from F0 to G5 followed by a rapid drop from G5 
to KO (de Loore 1970; Mewe 1979). These predictions 
follow directly from the requirement that there be a 
vigorous surface convection region in a star in order for 

photospheric mass motions to be present, and, conse- 
quently, for acoustic waves to be generated. The X-ray 
surface flux is also predicted to increase rapidly with 
increasing stellar luminosity (decreasing surface gravity). 

When examined in detail, none of the above predic- 
tions is confirmed by our data: if the X-ray luminosity 
function of the Hyades dwarfs peaks at all, it is closer to 
spectral type GO than F0; At spectral type K0 and later, 
where the acoustic flux models predict little or no X-ray 
flux, about 30% of the dwarfs have X-ray luminosities 
comparable to the F and G dwarfs—this implies signifi- 
cantly greater surface fluxes than in the earlier type 
stars, as can be seen in Figure 5; At least one A2 star 
(68 Tau) has an X-ray luminosity comparable to the F 
and G dwarfs. The brightest X-ray source in our survey, 
71 Tau, while it is of roughly the spectral type predicted 
to have the largest X-ray flux by acoustic heating theo- 
ries, is clearly atypical for its spectral class, as can be 
seen by examination of Figure 3—its strong X-ray 
emission is possibly the result of its rapid rotation (we 
note, however, that an undiscovered faint, late type 
binary companion in a wide orbit may account for 
X-ray emission in some A star systems). The Hyades 
giants have roughly the same range of X-ray luminosi- 
ties as the dwarfs, from which we may infer that their 
surface fluxes are typically an order of magnitude lower, 
again in contrast to the predictions of the acoustic 
heating theories. 

The most difficult observation to explain by simple 
acoustic heating is the median log Lx for the Hyades 
G0-G8 dwarfs (~29) compared to the Sun (~27.5). 
The Hyades dwarfs appear to be quite similar to the Sun 
in temperature and luminosity, and perhaps slightly 
more metal rich (see § VIZ?). Clearly, other characteris- 
tics of the solar type Hyades (which are not included in 
simple acoustic heating theories) must be considered 
before we can understand the X-ray emission in these 
stars. 

Z?) Rotation and Stellar Activity in the Hyades 
and Other Main Sequence Stars 

Wilson (1966), Kraft (1967), and Skumanich (1972) 
have demonstrated a strong correlation of chromo- 
spheric activity (as measured by emission reversals in 
the cores of Ca n H and K) with main sequence age for 
solar type stars. Skumanich has suggested a ~r~1/2 law 
for such emission; this same law also appears to hold for 
rotation on the main sequence (Skumanich 1972; Smith 
1979; Soderblom 1980), although Smith and Soderblom 
disagree as to whether or not the Sun obeys this scaling 
law. Skumanich (1979), Walter and Bowyer (1981), 
Walter (1981), and Ayres and Linsky (1980) have sug- 
gested a similar correlation between X-ray luminosity 
(Lx) or the parameter Lx/Lhol and the stellar equatorial 
rotational velocity ve or angular velocity fí. Skumanich 
suggests a quadratic dependence of Lx with 12 for late 
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type single main sequence stars and a linear dependence 
for spectroscopic binaries, based upon a small sample of 
stars observed on HEAD 1. Walter (1981) and Walter 
and Bowyer (1981) suggest a linear dependence for both 
RS CVn binaries and late F-G stars for Lx/Lhol versus 
Q. Ayres and Linsky note a strong correlation of Lx/Lbol 

versus ve, declining to propose a particular functional 
form, although their compilation of data suggests a 
quadratic dependence. 

The sample of solar-type (G0-G8) Hyads we have 
detected in soft X-rays is large enough (11) and com- 
plete enough (~85% detection rate) that sample aver- 
ages should be characteristic for the cluster as a whole. 
The stellar rotational velocity data for these stars are 
not, however, complete. Values of v sin i have been 
measured for seven of the solar type dwarfs detected in 
soft X-rays, mostly of spectral type G0-G2 (Kraft 1965; 
Soderblom 1980). The average v sin i from these studies 
are ~ 11 km s-1 and 7 km s_1, respectively. 

The decrease in ve with spectral type (Kraft 1967) 
suggests that we may use these numbers as upper limits 
if we include stars of later spectral type than G2. 
Correcting by the factor 4/tt for random spin axis 
orientations, we find that ^<9-14 km s-1 for the 
solar-type Hyades. Using the average values of Lx/Lbol 

for the Sun (~10-6; see § IV and Ayres and Linsky 
1980) and solar type Hyades derived in § IV, the ratio of 
this parameter for the Hyades relative to the Sun is at 
least 30. The equatorial rotation velocity of the Sun is 
2.1 km s-1 (Allen 1973). Thus, if we seek a simple 
dependence of Lx/Lbol upon ve (or in our case, fí, since 
the stellar radii are presumed roughly equal), our data 
suggest a quadratic rather than a linear dependence. 

The apparent discrepancy between our results and 
those of Walter (1981) may be due to a number of 
observational causes: the inclusion in Walter’s sample of 
stars from spectral type F8-K5, only seven of which are 
single stars, the use of X-ray data from a number of 
different instruments {HEAO 1) A-2 Low Energy De- 
tectors, Einstein IPC, and HRI) with differing low en- 
ergy cutoffs in the ^ keV band, and a particularly high 
value of Lx/Lbol for the Sun (10_6-10-5). In this 
regard, the Hyades survey data are internally self- 
consistent in that they all are from the Einstein IPC, and 
the stars considered are all of the same approximate 
spectral and luminosity class. The point chosen for the 
solar X-ray luminosity (~10275) is actually conserva- 
tive, in that it is the measured value for the Sun in a 
moderately active state taken from Smith and Gottlieb 
(1974). These and other possibly unknown observational 
effects may allow both results to be reconciled at some 
later date. 

The high (>1030 ergs s_1) median Lx for F and G 
stars in the Orion Nebula region (see § V) also suggests 
a correlation of stellar activity with age. X-ray surveys 
of the Pleiades and the Ursa Major group are currently 

under way (D. Helfand, J. Linsky, private communica- 
tions); these observations will be quite useful in pinning 
down the functional form of the (Lx, main sequence 
age, rotation)-relation. 

c) The Influence of Other Stellar Parameters on 
Soft X-ray Emission in the Hyades Dwarfs 

Could other properties of the Hyades stars besides 
age or rotation produce the difference in Lx between the 
solar type Hyades and the Sun? 

There exists a long standing discrepancy between 
spectroscopic and photometric measures of the Hyades 
metal abundance (Nissen 1980; Flower 1980). Hardorp 
(1980a) has suggested a resolution of the disagreement 
in favor of a solar metal abundance. In fact, one of the 
G stars in our survey (HD 28099, Lx ~ 10296 ergs s-1) is 
suggested by Hardorp (19806) as a “perfect” solar 
spectral analog with respect to its line spectrum and 
energy distribution, even though it is of somewhat later 
spectral type (G6 V) than the Sun. Conversely, the 
absolute visual magnitude and B—V color index of the 
Sun would place it right on the Hyades main sequence, 
if we use the most recent distance modulus determina- 
tion of Hanson (1980; m—M=3.3Q). While more recent 
work (Twarog 1981, Branch, Lambert and Tompkin 
1980) suggests that the Hyades are slightly metal-rich, it 
is unlikely that we can account for the difference in 
X-ray emission between the Sun and the Hyades G stars 
in terms of elemental abundances influencing the mech- 
anical energy generated in photospheric motions. 

The detailed properties of the stellar convection zone 
may also influence coronal heating (Linsky 19806). The 
Hyades G0-G8 dwarfs should have solar-like convec- 
tion zones, if we neglect the effects of rotation; numeri- 
cal simulations of the solar convection zone do, 
however, indicate that rotation may have a significant 
effect on its depth (Gilman 1979, Glatzmeier 1980). 
Because of their complexity and the detailed calcula- 
tions entailed to apply them to the Hyades, a discussion 
of such models is clearly beyond the scope of this paper. 
We note, however, that any dependence of the proper- 
ties of the convection zone on rotation will be implicitly 
included in any rotational scaling law formulation (see 
(d) below). 

d) Magnetic Heating Models and the Solar 
Analogy 

Because of the mounting evidence from solar and 
stellar observations cited above that acoustic heating 
models, at least in their present form, are no longer 
tenable, it is now widely believed that some form of 
magnetic dissipation must be responsible for coronal 
heating. Two general types of mechanisms have been 
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suggested for such heating, loosely labeled wave dissipa- 
tion and current dissipation. In the wave mechanism, 
the energy is generated by photospheric motions and 
then propagated up to the corona in the form of Alfvén 
waves (Wentzel 1976, 1977, 1979; lonson 1978; Hollweg 
1978). In the current mechanism, the coronal field is 
postulated to be stressed, due either to the winding of 
field lines by photospheric motions or to the emergence 
from the photosphere of new flux in an already twisted 
state. If the stresses are sufficiently large, the resulting 
narrow current layers can dissipate rapidly by some 
anomalous resistivity such as that caused by ion-acoustic 
or ion-cyclotron turbulence (Rosner, Tucker, and Vaiana 
1978; Sturrock and Uchida 1980). 

It is important to note that just as in the case for 
acoustic heating, photospheric motions are necessary 
for magnetic heating. In both models, the power source 
for the heating is mass motion at the stellar surface. 
Standard theory also predicts that convection or some 
other type of nonsteady motion is necessary to generate 
surface magnetic fields. For example, the solar field is 
believed to be due to a dynamo process involving the 
interaction of differential rotation and surface convec- 
tion (Leighton 1969; Parker 1979). Differential rotation, 
by itself, cannot maintain a magnetic field (Cowling 
1934), and cannot account for solar activity (Parker 
1970). In fact, the basic mechanisms proposed for pro- 
ducing and sustaining the solar differential rotation all 
require the presence of surface convection (Tassoul 
1978). 

Since models for the formation and heating of stellar 
coronae are in a primitive state (see, e.g., Linsky 19806), 
it is not possible at present to predict on theoretical 
grounds any simple scaling relation between X-ray 
luminosity and stellar rotational velocity. However, cer- 
tain features of the formation of the solar corona appear 
to be well understood. In virtually all models of the 
solar dynamo (e.g., Babcock 1961 ; Leighton 1969; Parker 
1970; Yoshimura 1975) the coronal magnetic field is 
believed to be primarily toroidal and is generated from a 
poloidal seed field via differential rotation in both lati- 
tude and radius. The toroidal field is produced in the 
convection region below the photosphere. Once a critical 
magnitude for the field is reached ( Bc ~ 200 gauss esti- 
mated for the Sun), magnetic buoyancy causes it to 
erupt into the corona, giving rise to sunspots, active 
regions, etc. It is important to note that the rate of 
generation of magnetic energy in this process es more 
than sufficient to power the (solar) coronal X-ray losses. 
The total amount of toroidal magnetic field energy 
generated in one solar cycle is ~ 1036 ergs (Parker 1970), 
which yields a time-averaged luminosity of ~ 1027 5 ergs 
s“1; wavelike mechanisms such as those described above 
may also contribute significantly to the coronal heating. 

If a dynamo process similar to that postulated for the 
Sun does occur in the Hyades G stars, then one can 
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expect a coronal heating rate, and hence, any X-ray 
luminosity of at least 

T 
*~87ttc’ 

where Bc is the critical field strength described above, V 
is the volume over which the field is formed, and rc is a 
stellar cycle time analogous to the 11-year solar cycle. 

The parameters V and rc depend primarily on the 
properties of the differential rotation, fí(r,0). Fis de- 
termined by the depth of the differential rotation; rc, 
which is essentially the time required for the differential 
rotation to amplify the toroidal field to the value Bc, is 
determined by the magnitudes of dü/dr and dÜ/dO 
(Parker 1979). Lacking a generally accepted theory of 
stellar differential rotation (Tassoul 1978), we simply 
assume that the form of Q(r, 0) in the Hyades G stars is 
the same as in the Sun. In this case we expect that V is 
independent of ve, but that rc is proportional to ve. 
Based on this assumption, we conclude that Lx cc B^ve. 

The key unknown is the dependence of Bc on ve. In 
the case of the Sun, Bc is empirically determined from 
estimates of the observed magnetic flux emerging from 
the photosphere in one solar cycle (Babcock 1961). Since 
the typical magnetic field in the Hyades G stars is not 
known, we cannot empirically prescribe the value of Bc 

for these stars. In general, we expect it to be larger for a 
larger rotation rate (shorter cycle), but the exact depen- 
dence can only be given by a complete dynamo model, 
which is not yet available. 

Hence, all that we can conclude is that Lx has a 
higher dependence on ve than linear, and which may be 
compatible with a quadratic scaling law, as our data 
suggest. We note also that there is no reason to expect, a 
priori, the same dependence of Bc on ve for stars of 
widely different spectral type or luminosity class, since 
the value of Bc is likely to depend upon the characteris- 
tics of the convection zone. Thus Lx may well scale in a 
different manner for dwarfs and giants; many more 
observations will be required to clarify the nature of any 
such scaling relations. 

VII. SUMMARY AND CONCLUSIONS 

The results of the preceding sections may be sum- 
marized as follows: 

1. Stellar coronae are common among the Hyades 
stars, with observed X-ray luminosities (0.2-4.0 keV) of 
~10286-1030 ergs s_1 in 50% of the stars in the cluster 
center and indications that most, if not all, of the 
Hyades have X-ray emitting coronae at some level. 

2. The X-ray luminosity function for F and G dwarfs 
in the Hyades is well determined, with median values of 
Lx ~ 1029 ergs s~1 for both spectral classes, and a spread 
in X-ray luminosity of about an order of magnitude. 

STELLAR CORONAE IN HYADES 

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



19
8l

A
pJ

. 
. .

24
9.

 .
64

7S
 

660 STERN ETAL. Vol. 249 

3. Acoustic heating models fail to predict the ob- 
served X-ray fluxes in either a quahtative or a quantita- 
tive fashion. 

4. For a sample of 13 Hyades dwarfs of spectral type 
G0-G8, the X-ray luminosity is ~30 times that of the 
Sun, and appears to require a quadratic dependence of 
Lx or Lx/Lho[ on t>e or Ü, if such simple scaling laws are 
assumed to hold. 

The observations we have discussed so far have raised 
far more questions than they have answered. In particu- 
lar: What are the temperatures of these coronae? Are 
they variable over a large range of time scales, such as in 
the Sun, and what can we infer from such variability 
observations about the geometric structure of the 
coronae? How do the X-ray observations relate to those 
in visible and ultraviolet hght? 

In an attempt to answer some of these questions, we 
are currently conducting a follow-up series of observa- 
tions with Einstein to better determine spectral and 
temporal parameters for selected stars; in addition, 
Zolcinski et al (1981) have observed a number of the 
Hyades dwarfs with the International Ultraviolet Ex- 

plorer, and are currently analyzing the data from these 
observations. Other observations in X-rays and visible 
hght are also planned. It is only by such intensive 
studies that we may be able to determine the true 
functional dependence of the coronal heating on stellar 
parameters, and to better understand the place of the 
solar corona in relation to other stellar coronae. 
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PLATE 8 

Fig. 2.—Composite image of 27 X-ray fields in survey 

Stern et al (see page 648) 
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