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Abstract. As part of a coordinated program of multi-
wavelength observations of RS CVn close binary systems, we
observed 15 systems with the VLA and 10 systems with IUE,
simultaneously or nearly simultaneously with the ROSAT All
Sky Survey observations of these stars. Of the 22 systems ob-
served with ROSAT, three were observed both by IUE and the
VLA. The principal aim of this program was to check the valid-
ity of the existing empirical correlations between the radio and
soft X-ray emissions of their coronae, and between the chromo-
spheric/transition region and coronal emissions. Previous stud-
ies of these correlations were usually based on nonsimultaneous
observations and thus might be biased by source variability.

Radio observations were made at 3.6, 6 and 20 cm. Of the
15 observed RS CVn systems, we detected 11 with > 40 confi-
dence at one or more wavelengths. The IUE observations were
made within the RIASS (ROSAT-IUE All Sky Survey) program.
We present the results of the VLA observations, along with the
corresponding subsets of the ROSAT PSPC X-ray and WFC
XUV survey, and RIASS IUE observations.

We obtained an extended VLA/IUE/ROSAT simultaneous
coverage of one system, TY Pyx, covering more than one orbital
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period. These observations reveal that the quiescent radio flux of
TY Pyx is relatively constant over time scales of up to 7 hours,
but that it did change by a factor of 3 over 24 hours, probably
due to a flare on 1990 Nov 12. The UV, XUV and X-ray fluxes
do not show large day-to-day or phase-related variability.

The observation of the decay phase of aradio flare on EI Eri,
with no accompanying X-ray or XUV flare, suggests that the
lack of a strong correlation between X-ray and radio flares pre-
viously noted for dMe flare stars holds for RS CVn systems as
well. We suggest that the radio flare may have been due to a
coherent emission process such as electron cyclotron emission.

The simultaneous measurements presented here provide a
unique test of the general correlation between radio and soft X-
ray luminosities, Lygio ~ L7 (Drake et al. 1989) with a power-
law slope close to unity, which was previously derived using
data obtained years apart. Our derived slopes are consistent with
and thus support the general correlations between coronal and
chromospheric/transition region emissions previously derived
from nonsimultaneous measurements of a much larger sample
of these variable sources. However, the importance of simulta-
neous measurements for accurate energy balance calculations
is stressed.

Key words: stars: binaries: close — stars: coronae — stars: flare
—radio continuum: stars — ultraviolet: stars — X-rays: stars

1. Introduction

The class of RS Canum Venaticorum (RS CVn) systems, orig-
inally defined by Hall (1976), is now thought to consist of bi-
naries characterized by strong Ca II H and K emission, a hotter
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star of spectral type F or G and luminosity class IV or V, a cooler
star of spectral type G or K and luminosity class IV or V, and an
orbital period of between one day and two weeks. Hall classi-
fied similar detached binaries with periods of less than one day
as short-period RS CVn systems, and those with periods longer
than two weeks, and possessing one component of spectral class
G or K and luminosity class II-1V, as long-period RS CVn sys-
tems. Members of the three classes are now often referred to,
without distinction, as RS CVn systems.

The Ca II emission from these stars indicates a high level
of chromospheric activity. While only Ca II emission was a
defining characteristic, the activity of RS CVn systems typically
manifests itself in many other ways. RS CVn systems exhibit
periodic or quasi-periodic brightness variations attributed to the
presence of cool, dark starspots covering large fractions of the
stellar photosphere (Byrne 1992; Eaton 1992). Enhanced emis-
sion is observed in chromospheric and transition-region lines in
the ultraviolet, and there is evidence for concentrated bright re-
gions analogous to solar plages (Neff 1992; Linsky 1992). Dark
photospheric starspots and bright chromospheric/transition re-
gion plages sometimes appear spatially correlated (Rodond
et al. 1987), but not always (Pagano et al. 1992; Rodond 1992).
Measurements of thermal bremsstrahlung emission in soft X-
rays indicate that components of RS CVn systems possess mag-
netically confined coronae with temperatures of roughly 10°
to 5 x 107 K (Swank et al. 1981; Majer et al. 1986; Dempsey
et al. 1993b). Finally, RS CVn systems show strong continuum
radio emission at centimeter wavelengths, with “quiescent” lu-
minosities typically between 10'6 and 107 ergs~! Hz~! (Mutel
et al. 1987; Drake et al. 1989), and larger radio flares, both of
which are generally attributed to nonthermal gyrosynchrotron
emission from mildly relativistic electrons.

Drake et al. (1989) found that the 6 cm radio luminosity,
Lg, and the soft X-ray luminosity, L,, of RS CVn systems are
statistically correlated. Given that the X-ray and radio emission
are generally believed to be radiated by different populations
of electrons (i.e., thermal and nonthermal electrons, respec-
tively), the origin of the correlation was unclear. Also, because
the available radio and X-ray observations were typically ob-
tained years apart, it was not known whether Lg and L, vary in
phase with each other. The previous nonsimultaneous observa-
tions indicated only that the mean values (log L¢) and (log L)
(as approximated by the mean of the logarithms of one or more
measurements) for a large sample of systems are correlated.
However, RS CVn systems exhibit a great deal of variability,
particularly at X-ray and radio wavelengths, and any correlation
between the variations of Lg and L, for a single system about
their mean values could be confirmed only with simultaneous
measurements. If such a correlation exists, it would suggest a
close physical connection between the radio and X-ray emis-
sion, which might also account for the relationship between
(log Le) and (log L) of different systems.

Also chromospheric and transition region activity indica-
tors, such as mean Mg II and C IV emission line fluxes, re-
spectively, appear to be correlated with coronal X-ray emission
(Ayres et al. 1981; Walter 1982; Oranje et al. 1982). However,

owing to the the variability of RS CVn systems at all wave-
lengths, simultaneous observations could provide new insight
into the nature of the mechanism behind the observed correla-
tion.

In pursuit of this objective, we have observed 15 RS CVn
systems at centimeter wavelengths with the VLA and 10 systems
with IUE simultaneously or nearly simultaneously with ROSAT
X-ray and EUV observations obtained during the All Sky Survey
phase of the mission. A preliminary report of these observations
was presented by Linsky et al. (1992). Our relatively unbiased
selection criterion for the VLA observations was the ability to
observe several targets that happened to lie near the same ecliptic
longitude and thus could be observed simultaneous with ROSAT
within a few hours of each other. The targets selected for TUE
observations tended to be the brighter systems. We measured
radio fluxes at three wavelengths, 3.6, 6, and 20 cm, to obtain
spectral information with which to constrain the characteristics
of the source region.

The simultaneous ROSAT, IUE, and optical observations
of 10 RS CVn systems, including three of those we observed
also with the VLA, will be described in detail in subsequent
papers (Neff et al. 1993; Kiirster et al. 1993). These studies
will be mainly concerned with rotationally induced variability
due to surface inhomogeneities. The present paper addresses
only correlations of averaged luminosities. However, we in-
clude here a more extended data set for TY Pyx, which was
the subject of a major VLA-IUE-ROSAT coordinated observ-
ing campaign and will be described further in a companion paper
(Neff et al. 1993). A preliminary report of the TY Pyx data was
presented by Kiirster et al. (1992). Ayres et al. (1993) have also
completed a correlated IUE-ROSAT study of about 80 late-type
stars.

2. Observations

The complete VLA-IUE-ROSAT observation log is presented
in Table 1. Details on the observations with the different instru-
ments and data reduction methods are given in the following
subsections.

2.1. VLA observations

We obtained the radio observations from 1990 August to
November using the NRAO Very Large Array.! We generally
observed at 3.6, 6, and 20 cm, with the array divided into two
subarrays to allow simultaneous measurements at two of the
three wavelengths at any given time. At each wavelength, two
50 MHz bandpasses were used, with central frequencies 8465
and 8415 MHz (3.6 cm), 4885 and 4835 MHz (6 cm), and 1515
and 1465MHz (20 cm). Table 2 summarizes the dates, array
configurations, subarrays, and wavelengths of the individual ob-
servations. We flagged and calibrated the data, and made maps
' The VLA is a facility of the National Radio Astronomy Observatory
which is operated by Associated Universities, Inc., under cooperative
agreement with the National Science Foundation.
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Table 1. Observation log: the dates are included between 1990 August and 1991 January.

Name Catalog No. ROSAT PSPC IUE VLA

¢ And HD 4502  Jan 3-4-5 Dec 31

LX Per HD 19845  Aug9-10 Aug 9

UX Ari HD 21242 Aug6-7 Aug 9

HD 22403 Aug7-8-9 Aug 9

V711 Tau HD 22468 Aug 1-2-3 Aug 2

EI Eri HD 26337 Aug8-9-10 Aug 9

HD 37824  Sep 6-7 Sep 6-7

TW Lep HD 37847 Sep 3-4-5 Sep 6

HD 39576  Sep 8-9 Sep 7-8-9-10
SZ Pic HD 39917 Sep 7-8-9 Sep 6-7-8-9-10-11
SV Cam HD 44982  Sep 14-15 Sep 13 Sep 12

TY Pyx HD 77137 Nov 10-11-12 Nov 10-11-12-13  Nov 9-10-11-12
DK Dra HD 106677  Oct 22-23-24 Oct 21

IL Com HD 108102 Dec 8-9 Dec 9

WWDra HD 150708 Jan 4-5-6-7-8-9-10  Jan 8

Z Her HD 163930 Sep 11 Sep 11 Sep 12

V772 Her HD 165590 Sep 12-13-14 . Sep 12

AR Lac HD 210334 Dec 11-12-13 Dec 12-13

A And HD 222107 Dec 31, Jan 1-2 Dec 31

CQ Aur HDE 250810 Sep 11-12-13 Sep 11-12
MMHer HDE 341475 Sepll Sep 12

RW UMa Nov 11-12-13-14 Nov 10-11-12

Table 2. VLA array configurations

Array
Dates Configuration ~ Subarrays and Wavelengths
1990 Aug 9 B 2 (3.6/20cm and 3.6/6 cm)
1990 Sep 6-7 B 2 (3.6/20cmand 3.6/6 cm)
1990 Sep 8-11 B 2 (1 source per subarray, 3.6/6,/20 cm)
1990 Sep 12 B 1 (array not divided, 3.6 cm only)
1990 Nov 9-12 C 2 (3.6/20cm and 3.6/6 cm)

of the sources, using the NRAO Astronomical Image Process-
ing System (AIPS) software. The observations during Novem-
ber used 3C286 as a primary flux calibrator, while the rest used
3C48. We “cleaned” those maps containing significant radio
sources using the Cotton-Schwab algorithm as implemented in
the AIPS routine MX.

For the 3.6 and 6 cm observations, we examined a circu-
lar region of radius 2" around the optical position for radio
sources with fluxes at least four times the r.m.s. noise level. We
obtained optical positions and proper motions from the SAO
Catalog for all of the targets, except RW UMa, for which we
used the AGK 3 Catalog position. The SAO Catalog positions
were checked against positions obtained from the Hubble Space
Telescope Guide Star Catalog and found to agree to within 2.
We used the SAO positions in preference to the GSC positions,
because the latter do not include annual proper motions, which,
when integrated over the interval between position measurement
and our observations, are significant.

At 20 cm, where the beam size exceeded our 2" crite-
rion, we checked for 40 radio sources within the halfwidth of
the beam from the expected position. For sources detected at

3.6 cm, we used the 3.6 cm position as our expected position
at 20 cm.

In three cases, UX Ari, EI Eri, and TY Pyx, we found ra-
dio sources well above the 40 detection threshhold (39-75 o),
but located 2 to 3” from the SAO positions. We were for-
tunate to find precise astrometric radio and optical positions
for UX Ari (Johnston et al. 1985) and for TY Pyx and EI Eri
(White et al. 1990) which reduced the discrepancies to less than
1", permitting reliable identifications of the radio sources with
our target systems. In one other case, SZ Pic, a weak source
was found between 2 and 3 from the SAO position, with the
exact position varying from day to day within the beam size,
as is typical for weak sources. Drake et al. (1989) also noted
a radio source at the same offset, within our resolution, from
the SAO position. We therefore classify the source as a possible
detection of SZ Pic.

The measured peak radio fluxes and upper limits are summa-
rized in Tables 3 and 4. For those systems that were observed
on two or more days but not detected on any individual day,
the table entries reflect the combined data from all days, for
maximum sensitivity.
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Table 3. VLA detections (with 1o errors)

RS CVn 1990 Flux (mly)

System Date 3.6 cm 6 cm 20 cm

UX Ari Aug9 438 £ 010 497 £+ 0.15 540 £+ 043

EI Eri Aug 9 variable

HD 22403 Aug 9 050 £ 008 0.60 =+ 0.14 < 204

TW Lep Sep 6 451 +£ 023 207 £ 020 110 £ 0.30°

HD 37824 Sep 6-7° 030 £+ 0.07 < 044 < 1.60

SZ Pic ¢ Sep 6 061 + 011 092 =+ 0.16 < 148
” Sep 7 075 £+ 013 126 =+ 0.16 < 1.60
? Sep 8 < 044 < 052 < 124
” Sep 9 < 048 < 056 < 124
” Sep 10 < 040 084 <+ 0.13 < 1.28
? Sep 11 036 £+ 009 083 =+ 0.11 < 1.28

V772 Her Sep 12 771 £+ 0.14

MM Her Sep 12 036 £+ 0.06

Z Her Sep 12 033 £+ 0.07

SV Cam Sep 12 041 £ 0.07

TY Pyx Nov 9 222 + 009 239 + 0.22 < 52
” Nov 10 143 £+ 006 136 =+ 0.08 < 32
” Nov 11 1.54 £+ 006 140 <+ 0.08 < 3.0
” Nov 12 448 + 006 456 =+ 0.10 433 + 047

“Marginal detection (3.70) but consistent with the 3.6 and 6 cm positions to within the

resolution of the 20 cm observation.
®Nondetection (< 4c) on each individual day.

“Possible detection, offset by 2 to 3” from SAO position, but consistent with the

measured position of Drake, Simon, & Linsky (1989).

For the detected systems, we also measured the circular po-
larization. In Table 5, we list the circular polarizations detected
for UX Ari, as well as 40 upper limits where those limits are
below 50%.

2.2. ROSAT observations

The ROSAT observations were obtained during the ROSAT All
Sky Survey. During each 96 minute orbit, ROSAT scanned a
great circle of ecliptic longitude, covering the entire sky in
six months. Each source fell within the 2° diameter field of
view of the PSPC for up to 30s of each orbit over > 2 days.
For a more detailed description of the survey see Cruddace
et al. (1989). The ROSAT PSPC (see Triimper 1984; Pfeffer-
mann et al. 1987) is sensitive to X-rays in the energy range 0.1
—2.4keV. The WFC (Wells et al. 1990; Kent et al. 1990), with
a 5° field of view, observed each source for up to 80's of each
orbit, over 2 5 days, alternating each day between two filters,
S1A and S2A, with XUV bandpasses of 0.08 —0.18 keV (67.5
—152.5A) and 0.06 - 0.11 keV (112.5 — 192.5A), respectively.

Further details of the ROSAT PSPC and WFC observa-
tions of RS CVn systems, and the analysis of these X-ray and
XUV observations, may be found in Dempsey et al. (1993a)
and Brown et al. (1993), respectively. We note that the XUV
luminosities were computed assuming the plasma temperatures
derived by Dempsey et al. (1993b) in their analysis of PSPC All

Sky Survey data and the XUV emissivities computed by Mewe
et al. (1985, 1986).

2.3. IUE observations

The TUE observations were scheduled within the RIASS pro-
gram so as to obtain at least one SWP (11501950 A) low-
dispersion and one LWP (2000-3200 A) high-dispersion spec-
trum at or near the times when each target was observed by
ROSAT during the All Sky Survey. The IUE spectra are listed in
Table 6. Only for TY Pyx and AR Lac was sufficient IUE time
allocated to cover an entire orbital period or more. For TY Pyx,
each SWP spectrum consisted of three exposures at the same
offset to include exposure time while the individual LWP spectra
were being “read down.” Thus, while the cumulative exposure
in each SWP spectrum was 90 to 120 minutes, the effective
time resolution was approximately 6 hours. For the complete
IUE observation log of these two systems, the reader is referred
to the papers by Neff et al. (1993) and Kiirster et al. (1993).
The IUE spectra were extracted and calibrated with the stan-
dard IUE RDAF routines. In Table 7 we report the integrated
fluxes at Earth derived by integrating the corresponding fea-
tures using a local background continuum defined on each side
of the line. A complete description of the IUE data analysis can
be found in the two above-quoted papers on the TY Pyx and
AR Lac extended data sets. For these two systems, only phase-
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Table 4. Upper limits (40)

RS CVn 1990 Flux (mJy)

System Date 36cm  6cm 20 cm
LX Per Aug9 <028 <040 <1.08
HD 39576  Sep 7-10 <032 <038 <092
CQ Aur Sep 11-12° <022 <048 <0.72
RWUMa  Nov 10-12° <016 <064 <176

20On 12 September, observations were made only at 3.6 cm.
®Observations at 6 and 20 cm were made only on 11 November.

Table 5. Circular polarization and 40 upper limits

RS CVn 1990 % Circular Polarization (+ is RCP)
System Date 3.6cm 6 cm 20 cm
UX Ari Aug9 =25 £ 2 -18 £ 3 -18 < 22
TW Lep Sep 6 < 19 < 44
V772 Her Sep 12 < 5
TY Pyx Nov 9 < 17 < 33
” Nov 10 < 17 < 21
? Nov 11 < 15 < 22
? Nov 12 < 5 < 9 < 20
Table 6. Log of the RIASS IUE observations
Star HD No. Image Disp. Date UT Start  Exp. Phase
|T) Time Time
hh:mm ~ min  mid. exp.
¢ And 4502 SWP 40501 low 1990 Dec 31 04:07 20 0.581
” LWP 19501 high 1990 Dec 31 03:31 15 0.579
” LWP 19502 high 1990 Dec 31 04:33 10 0.582
V711 Tau 22468 SWP 39386 low 1990 Aug 03 02:23 30 0.913
SV Cam 44982 SWP 39634 low 1990 Sep 14 06:09 100 0.105
TY Pyx* 77137
DK Dra 106677 SWP 39889 low 1990 Oct 21 01:20 75 0.551
” LWP 19045 high 1990 Oct 21 00:11 30 0.550
IL Com 108102 SWP 40294 low 1990 Dec 09 14:54 120 0.163
? LWP 19378 low 1990 Dec 09 16:06 280 0.273
WW Dra 150708 SWP 40549 low 1990 Dec 08 08:46 100 0.835
” LWP 19524 high 1990 Dec 08 12:15 303 0.882
Z Her 163930 SWP 39613 low 1990 Sep 12 00:48 120 0.860
” LWP 18763 high 1990 Sep 12 02:38 90 0.876
ARLac® 210334
A And 222107 LWP 19500 high 1990 Dec 31 01:35 4 0.629
”? SWP 40500 low 1990 Dec 31 02:03 30 0.630

@ See Neff et al. (1993).
b See Kiirster et al. (1993)

averaged fluxes, outside of flare and eclipse phases, are given

in Table 7.

3. Results

3.1. Spectral characteristics of the radio emission

In Table 8, we list the spectral indices « (defined by S, o %)
and their +10 errors for those stars detected at multiple wave-

lengths. Three of these stars, UX Ari, HD 22403, and TY Pyx,
exhibit spectra that are flat or slightly decreasing with increasing
frequency, consistent with previous observations of quiescent
emission (Mutel et al. 1987). There are several possible expla-
nations for flat spectra in terms of gyrosynchrotron emission.
Optically thin gyrosynchrotron emission from a homogeneous
source of electrons with a power-law energy distribution will
produce such spectra for small power-law indices 6 < 3 (Dulk
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Table 7. Integrated net emission line fluxes at Earth in units of 10™'* erg s ™! cm™2 for the RS CVn systems in Table 6.

Star ClI NV OI(@ CI OI() SiIV CIV Hell CIl+ Sill Al Sillll+ Mgllk Mgllh
(o1 +.+SI
¢ And 33 8.1 30.1 106 49 107 212 91 87 219 3.7 13.6 5055  348.0
V711 Tau 114 5.0 16.0 246 86 371 193 82 152 0.27
SV Cam 1.0
TY Pyx 13 15 1.8 37 22 87 18 21 26 0.7 0.9 32.4 23.5
DK Dra 15 33 68 2.8 27 129 24 31 54 2.4 99.3 70.8
IL Com 0.8 . 10 07 08 21 1.0 1.2 9.3 5.8
WW Dra 0.2 03 09 .. 08 07 06 1.3 7.9 7.4
Z Her 02 04 04 08 08 22 09 1.5 ..  abs 13.7 11.3
AR Lac 34 33 54 80 22 45 23 10 50 73 25 23 87.0 65.9
A And 54 39 410 137 53 125 248 159 179 293 52 112 793.0  593.0
Line identification: CIII: 1175 A; N'V: 1239-1243 A; OI(a): 1302-1305-1306 A; CII: 1334-1336 A;
OI(b)+CI: 1356 A(blended); SiIV: 1394-1403 A; CIV: 1548-1551 A; He Il+Fe II: 1640 A(blended);
CI: 1658 A + [OTII]: 1658-1661 A; Sill: 1808-1817 A; AlIII+FeIIl: 1855 A(blended);
SiII]: 1892 A+ SI: 1900 A + CII: 1909 A + ST: 1915 A; Mgl k: 2795.5 A; Mg Il k: 2802.7 A
30F ' Table 8. Radio spectral indices (S, o< v<)
g 25F { } { E RSCVn 1990
=20F { { { { { { { 3 System Date 3.6-6 Q6—20
3o15E { { } { { } E UX Ari Aug 9 —0.25+0.07 —0.07 £ 0.07
: o F { }' HD 22403  Aug?9 —0.14+0.26
g OF 3 TW Lep Sep 6 +1.50 +0.20 +0.50 £ 0.30
& osf 3 SZ Pic Sep 6 —0.80 + 0.56
0.0F » Sep 7 —1.02 +0.47
3.0F 3 » Sep 11 —1.64 +0.65
x 2.5 E TY Pyx Nov 9 -0.14+0.21
2 _20F ﬁ}ﬂﬂ 3 ” Novi0  +0.10£0.15
Eg15E H}H{}# I 3 » Nov 11 +0.20 £0.14
o=1.0F } i} 3 » Nov 12 —0.03 +0.05 +0.04 £ 0.10
M 05 3
0.0 3
10.0 10.5 Doy1:: ‘(OUT) 1.5 120 Called quiescent emission) is primarily from a more extended

Fig. 1. 3.6 cm radio fluxes, averaged over 10 minute intervals, with 1o
uncertainties, and X-ray (PSPC) count rates for TY Pyx, 1990 Novem-
ber 10-12 UT

& Marsh 1982; Massi & Chiuderi Drago 1992). However, since
flat spectra seem to be the rule for quiescent emission, this expla-
nation requires a physical mechanism that predicts small values
of 6 when the radio flux is low and the star is not flaring. In
fact, small values of §, and hence significant numbers of very
energetic electrons, are expected during flares rather than dur-
ing quiescent periods (Morris et al. 1990). It is more likely that
the flat spectra are indicative of emission from a number of dif-
ferent source regions with different physical characteristics, as
illustrated in Mutel et al. (1987). For example, the nonthermal
synchrotron emission models of Chiuderi Drago & Franciosini
(1993) show that flat spectra persist for many days after a flare,
since initially synchrotron radiation from relativistic flare elec-
trons in a compact set of loops with high magnetic fields dom-
inates but subsequently the observed low flux emission (often

region with smaller magnetic fields. Their model is consistent
with the core-halo model of Mutel et al. (1985).

We note that in Table 8 one star, TW Lep, shows large pos-
itive spectral indices and another star, SZ Pic, shows large neg-
ative spectral indices. Also the observed 6-cm fluxes are well
above the quiescent values for those stars cited by Drake et al.
(1989, 1992). These spectral indices can be explained within
the framework of the core-halo model of Mutel et al. (1985).
Large positive values of o can occur early during a radio flare
when the compact source is very optically thick at centimeter
wavelengths and synchrotron self-absorption is important. On
the other hand, large negative values of a: can occur when the
emission late in a flare is dominated by an optically thin halo
source and § is large indicating that the electron energy distri-
bution has lost most of its high energy component.

3.2. The variability of TY Pyx quiescent emission

The nature of quiescent radio emission from RS CVn stars re-
mains an open question. We shall use the term “quiescent emis-
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Fig. 2. Simultaneous 3.6 cm radio and C IV fluxes, and daily averages
of the WFC count rates (+ for filter S1A, X for filter S2A), for TY Pyx,
1990 November 9 — 13 UT

sion” in the sense of low-level, slowly varying emission. A
stricter definition might require in addition that the star reaches
its minimum radio flux level before the radio emission could be
called quiescent. However, such a minimum level is difficult to
identify reliably without long-term observations of the star in
question, and emission at this level may not be qualitatively dif-
ferent from emission meeting our less strict definition. In order
to examine the nature of quiescent emission, we have plotted in
Figs. 1 and 2 the 3.6 cm flux of TY Pyx as a function of time.
The light curve shows no evidence of radio flares on time scales
of a few hours or less. We do, however, find flux variations of
up to a factor of 3 between consecutive days, much greater than
the variations within each day’s observations, which last up to 7
hours. Quantitatively, the r.m.s. variations of the average daily
fluxes were 51% of the mean for the 4 days, while the r.m.s.
variations of 10 minute averages within each day, about the
mean for that day, ranged from 14 to 28%. Since measurements
for even a constant source will show an r.m.s. variation equal to
the uncertainty o,eqs in the measurement, the actual variability
Ocorr 18 (02 — 0255)/%. This corrected r.m.s. variation ranged
from 13 to 19% for the 10 minute averages, while for the daily
averages the correction was negligible.

The higher fluxes on the first and last days (Nov 9 and 12)
could be attributed to small flares rather than to quiescent emis-
sion. However, at least on Nov 12 when our observations extend
over 2.9 hours, the radio flux was relatively constant. The max-
imum and minimum fluxes, 4.74 + 0.20 mJy and 4.18 + 0.33
mly differ by only 1.50, and a least-squares fit assuming expo-
nential decay gives a timescale of 36*%/ hours. This could be
either a long duration flare occurring after the end of the PSPC
observations or a flare at that time which rose, remained con-
stant for at least 3 hours, and then decayed more rapidly after
the end of our observations.

The alternative hypothesis is that the slowly varying emis-
sion observed on Nov 12, as well as that on Nov 9, represents
quiescent emission. Under this assumption, we see that the qui-
escent emission from TY Pyx varies only slightly about the
mean over timescales of up to 7 hours, but shows large day-to-
day variations. This would have implications for various models
of the origin of quiescent emission. For example, consider the
frequently proposed hypothesis that the slowly varying quies-
cent emission level is composed of a large number of small
flares overlapping in time. Assuming that the flares occur at a
certain average rate r, and that the probabilities of individual
flare events are uncorrelated, we see that the number of flares
N occurring in a time interval of length ¢ will follow a Pois-
son distribution with mean N = rt, as long as ¢ is greater than
the duration of an individual flare. Since the r.m.s. variations
of a Poisson distribution as a fraction of the mean are of order
N7 « t~1/2, we would expect larger fractional variations
on smaller time scales. In fact, we see the exact opposite. This
implies either that the small flare duration is of the order of
several hours, so a fairly constant level is maintained over our
7 hour observations, or that there is some correlation between
individual flares over that time scale.

A portion of the slower variation could be attributed to ro-
tational modulation of the radio-emitting plasma onto and off
the visible hemisphere, since the average flux was higher on the
first and last days of observation, which were separated by 3.05
days, nearly the full 3.2 day period of TY Pyx. However, the
flux on these two days differed by a factor of 2 so that if we
were to assume rotational modulation of an active region, then
we must still explain the intrinsic variations on a time scale of
several days.

Unfortunately, the ROSAT PSPC observations of TY Pyx
covered only the two middle days of the radio observations,
over which time interval there was little evidence of variabil-
ity in either the radio or X-ray emission (see Fig. 1). Thus, we
were unable to use this case to decide whether variations in the
quiescent radio and X-ray emission of an individual system are
correlated. The 3.6 cm radio fluxes, C IV fluxes obtained with
IUE, and the ROSAT WFC count rates in each filter (S1A and
S2A), averaged over the orbits in each day, are shown in Fig. 2.
While the WFC observations span the entire 4 days of the radio
observations, the poor signal-to-noise ratio of the daily aver-
ages makes it difficult to draw any conclusions about variability
of the XUV emission. The absence of large flux enhancements
in the C IV and XUV bands and the inadequacy of the rota-
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tion modulation hypothesis lead us to the conclusion that the
enhanced radio flux on Nov. 12 was probably due to a flare.

3.3. A flare on EI Eri

Our radio observations of EI Eri clearly show the decay phase of
a flare (see Fig. 3). The peak of the flare occurred before 12:00
UT, 1990 August 9, and probably before 10:30 UT when our
observations began. The peak flux at 3.6 cm was at least 20 mJy.
By the end of our observations at 18:30, it had dropped to 0.4 =
0.7 mJy, suggesting a 40 upper limit on the post-flare quiescent
flux of < 2.8 mly. There does not appear to be any evidence
of a flare decay in the X-ray or XUV data. On the contrary,
the PSPC and WFC count rates gradually increased during the
period of the radio observations. The absence of an obvious
correlation between centimeter emission and X-rays in specific
flare events has previously been noted in observations of dwarf
flare stars (Karpen et al. 1977; Kundu et al. 1988). On the other
hand, X-ray monitoring of 0 CrB (Stern et al. 1992) revealed
a simultaneous X-ray and radio flare, as well as two other X-ray
peaks whose rough coincidence with longer duration increases
in radio flux may or may not indicate an actual relationship
between the two.

The 20 cm flux of 8.8 mJy at the start of the observation
was 51 £ 6% right circularly polarized, while the 6 cm flux of
14 mJy was 20 + 3% right circularly polarized, and the 3.6 cm
flux had a possible average right circular polarization (3.30) of
5 £ 1.5%. The polarization at 6 and 20 cm seemed to decline
with time, although after 12:00 UT the total flux levels were
too low for accurate polarization measurements. The 3.6 and 6
cm fluxes appeared to decay exponentially with time scales 7
of 4.5+ 0.8 hr and 4.3 & 0.5 hr, respectively. The time scale for
decay of the 20 cm emission, 7 = 4.3 2.6 hr, though uncertain
due to the smaller number of measurements, is consistent with
the 3.6 and 6 cm flux decay time scales. We note that Mutel
et al. (1987) also detected large values of circular polarization
(30 — 78%) from another RS CVn system HR 1099.

We should note that there was some difficulty in the anal-
ysis of the 6 cm data on EI Eri. On the longest baselines of
~ 100-170k2, the image appeared resolved into two distinct
sources separated by 2. Both sources decreased in flux from
6-8 mly, resembling the flare decay seen at the other two fre-
quencies, so a confusing source is ruled out. Since such a double
source was not seen at 3.6, where it could also have been re-
solved, and more importantly, since 2" would correspond to
a separation of 2 x 103 cm at a distance of 75 parsecs (Fekel
et al. 1987), which would be an implausibly large source size
for an RS CVn, the data from the longest baselines were as-
sumed to be corrupted. Therefore, only baselines of < 40kA
were used in finding the fluxes cited above as well as those
shown in Fig. 3. An examination of the calibrated visibilities
from the first observation of EI Eri at 10:30 UT as a function
of baseline length confirmed that the real part was constant at
~ 14 mJy for baselines < 50k, while for longer baselines the
visibilities were extremely erratic. Thus we are reasonably con-
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Fig. 3. Radio fluxes at 3.6 cm (+), 6 cm (*), and 20 cm (A), as well as
ROSAT PSPC and WFC count rates (filter S1A) for EI Eri, during the
observed radio flare

fident that the fluxes obtained from the baselines of shorter than
40k are accurate.

Fekel et al. (1987) have made spectroscopic observations
of EI Eri and have deduced various parameters of the sys-
tem. They measured values for the mass function f(m) =
(M, sin 4)* /(M + M3)? = 0.0041 and for the line-of-sight com-
ponent of the semimajor axis of the orbit of the primary star,
aysini = 7.29 x 10'° cm. Using these values, as well as their
constraints on M; and on M /M, we find that the two stars are
separated by a distance a, with6.9Rg < a < 8.9R,. Adopting
avalue of a = 7.9 R, assuming a spherical radio source region
of diameter a, and using d = 75 parsecs (Fekel et al. 1987), we
calculate brightness temperatures of T}, (3.6 cm) = 2.1 x 10° K,
Ty (6cm) = 4.1 x 10°K, and T} (20 cm) = 2.9 x 10'°K at the
start of our observations. The values of T} at the flare peak may
have been even larger.

First, we consider whether the observed flare may be ex-
plained as gyrosynchrotron emission from mildly relativistic
electrons. The brightness temperature of incoherent emission is
limited by the effective temperature T¢¢ of the emitting elec-
trons. Using the formulas of Dulk & Marsh (1982) for power-
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law electrons, we see that the maximum value of T, achieved
when § = 2, § = 20° and v/vg = 100, is 1.9 x 10! K. There-
fore, to account for the emission at 20 cm, an emitting region of
diameter 9.75R ¢ = 1.24a would be required. However, for the
20 cm emission to have the observed degree of circular polariza-
tion, v/vg must be < 30 (Dulk 1985), again assuming 6 = 2,
and therefore, Teg must be < 8.6x 10° K. Moreover, in this case,
the optical depth 7 must be < 1, and thus T3 = 77T would be
even smaller. Adopting 7 = 1/5 as a generous upper limit on
the optical depth for which the circular polarization formula of
Dulk (1985) would hold, we find that T;(20cm) < 1.7 x 10° K.
Therefore, a gyrosynchrotron radio source would require a di-
ameter of 32.6Rs =~ 4a, or an area of roughly 12.6a%. This
is different from the picture suggested by VLBI observations
of UX Arietis and Algol at shorter wavelengths (e.g., Mutel
et al. 1985) in which emission is observed from both from a
compact core (smaller than the stellar photosphere) and a halo
with an area approximately four times the square of the system
size.

A more plausible alternative to a gyrosynchrotron explana-
tion of the flare is a coherent mechanism, such as plasma emis-
sion or electron cyclotron maser emission. A coherent mecha-
nism for the radio emission, in which a small number of elec-
trons radiate efficiently, would also naturally account for the lack
of a corresponding X-ray flare. Plasma emission is not expected
to escape at frequencies above 1 GHz (Melrose 1987). Electron
cyclotron maser emission occurs at harmonics of the cyclotron
frequency. Direct maser emission is expected to be restricted
to the first or second harmonic, since these modes would grow
most rapidly, extracting all the free energy from the electron
distribution and thus suppressing higher modes (Dulk 1985),
although indirect mechanisms may be able to produce some-
what higher harmonics (Melrose 1991). If the observed flare
were due to electron cyclotron maser emission at the second
harmonic of the cyclotron frequency, then a field of 1500G
would be required to account for the emission at 3.6 cm. This
implies an emission region close to the stellar photosphere, if
the radio emission originated in magnetic loops emerging from
starspots with field strengths similar to typical solar values of
3500 G. The association of flare emission with starspots and the
assumed starspot field strength are both plausible, but not yet
supported by observations.

3.4. Correlation of radio and X-ray emission

As shown by our EI Eri data and by observations of other stars,
flares at either X-ray or radio wavelengths are typically not ac-
companied by significant variability at the other wavelength
band. Whether variations in quiescent radio and X-ray emission
show correlation is uncertain. Doyle et al. (1992) noted that a
steady increase in 6 cm flux from II Peg was accompanied by a
steady increase in X-ray flux measured by GINGA, and a steady
decrease in radio flux the next day was accompanied by a steady
decrease in X-ray flux. In other cases (e.g., Stern et al. 1992),
the correspondence is less clear. It is difficult to give a definite
answer to the question of correlation of nonflaring radio and
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Fig. 4. L3 ¢ versus L, (from ROSAT PSPC) for the stars detected at 3.6
cm, excluding EI Eri. The solid line is a least-squares fit to the simulta-
neous values of log L3 ¢ andlog L, shown. The dashed line is the analo-
gous maximum-likelihood fit (Drake 1992) to the nonsimultaneous data
of Drake et al. (1989, 1992). The dotted line is the maximum-likelihood
fit to the nonsimultaneous data of Dempsey et al. (1993a)

X-ray emission without more extended simultaneous observa-
tions of individual systems. However, it may still be possible
to gain some insight into the nature of the correlation between
radio and X-ray emission noted by Drake et al. (1989) using
observations of different systems. In order to do so, we must
compare the relationship between radio and X-ray luminosities
derived from nonsimultaneous measurements with that derived
from our simultaneous observations.

In Table 9, we list the 3.6 cm luminosities of the systems
we detected, along with the simultaneous or nearly simultane-
ous ROSAT X-ray luminosities from Dempsey et al. (1993a).
The luminosities are based on distances from Strassmeier
et al. (1988). The stated uncertainties do not include any un-
certainties in the distances.

InFig. 4, we have plotted the 3.6 cm luminosity Ls ¢ against
the X-ray luminosity L, on a log-log scale for the 10 de-
tected systems. EI Eri was not included because there was no
correspondence during the flare between the radio and X-ray
luminosities and quiescent radio emission at the end of the
flare was below the detection threshhold. The solid line is an
unweighted least-squares fit to our sample, corresponding to
L3.6 ~ L(a):.96:1:0.24‘

The dashed line represents the maximum-likelihood fit
Lg ~ L1014 (Drake 1992) to the nonsimultaneous data pre-
sented by Drake et al. (1989, 1992), excluding systems with
log L, < 29.45 which could be active single stars misiden-
tified as RS CVn systems (Drake 1992). The dotted line is
the maximum-likelihood fit Lg ~ L. 14019 to the nonsimul-
taneous ROSAT PSPC and VLA data reported by Dempsey
et al. (1993a). The maximum-likelihood method used to obtain
these two fits, which allows the inclusion of upper limits as well
as detections, is described in Drake et al. (1989). While the latter
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Table 9. X-ray, XUV, UV and radio luminosities of the RS CVn systems.

RSCVn

System HD No. Distance Lbol d Ly Lgy Lgy Lc 1v LMg I1h+k Ly g
(pc) (1034 ergs s—l) (1030 ergs s_l) (1030 ergs s‘l) (1030 ergs s_l) (1030 ergs s“l) (1030 ergs s_]) (|015 erg s—! Hz_l)
¢ And 4502 31 9.73 1.17 0.13 0.26 024 9.80 -
LX Per 19845 145 3.84 7.65 NDb ND - - <7.04
UX Ari 21242 50 2.51 120 0.91 0.72 - - 13.1+03
22403 55 0.86 10.1 0.89 0.79 - - 1.82 £+ 0.29
V711 Tau 22468 36 243 23.77 1.26 1.07 0.57 - -
EI Eri? 26337 5 2.87 13.8 1.38 145 - - 742 + 60.8
37824 164 15.17 159 ND ND - - 9.68 1 2.26
TW Lep 37847 220 28.66 61.3 5.67 <4.05 - - 262+ 13
39576 85 0.52 0.83 ND ND - - <2.76
SZ Pic® 39917 30.0 0.20 0.330 ND ND - - 0.454 & 0.086
SV Cam 44982 74 0.78 1.60 ND ND 0.06 - 2.69 % 046
TY Pyx® 77137 55 1.82 4.63 0.63 0.78 0.31 2.02 539+ 022
DK Dra 106677 130 25.46 24.06 ND ND 2.61 34.36 -
IL Com 108102 86 L18 2.95 .0.87 ND 0.19 133
WW Dra 150708 180 575 15.51 ND ND 031 5.93 -
Z Her 163930 75 2.26 1.46 ND ND 0.15 1.68 223 £+ 047
V772 Her 165590 41.7 0.46 4.06 0.46 <0.51 - - 16.1 03
AR Lac 210334 40 1.98 10.55 127 207 043 2.92 -
A And 222107 23 5.34 372 0.46 0.64 0.16 8.76 -
CQ Aur 250810 220 3.98 1.32 ND ND - - <1273
MM Her 341475 190 2.19 3.56 ND ND - - 15.6 + 2.6

AThe uncertainty in L1, g reflects the range of fluxes seen over the decay of the radio flare.
OND = Not Detected

€The average 3.6 cm fluxes over the days for which there were ROSAT PSPC observations were used in computing L3 ¢.

dThe bolometric luminosities, except for HD 39576, are taken from Drake, Simon & Linsky (1989) but have been scaled to the distances

from Strassmeier et al. (1988) and given in the third column,

two relations are both derived from 6 cm radio luminosities, we
felt that comparison with our 3.6 cm data was more useful, be-
cause of the smaller number of systems we detected at 6 cm. As
mentioned above, RS CVn quiescent spectral indices are gen-
erally relatively flat or slightly negative, so that we expect the
relation of log L¢ and log L, to be shifted slightly upward with
respect to the relation of log L3 ¢ and log L, in Fig. 4. However,
for spectral indices —1 < a < 1, the shift was less than 0.22
in the logarithm of L,44;,. The observed correlation of spectral
index with luminosity (Mutel et al. 1987) will also tend to make
the slope of the 6 cm relation smaller than that of the 3.6 cm
relation, but this should have only a minor effect over the small
range of luminosities in our sample. Given the small size of our
sample, and the correspondingly large uncertainty in the slope
of the relation, these effects should be negligible.

The slope of the relationship derived from simultaneous ob-
servations agrees to within 1o with both of the previously stated
relations for nonsimultaneous data. This is to be expected, so
long as the correlation of (log Lyagi0) and (log L), deduced from
nonsimultaneous measurements, is more important than the de-
viations from the mean luminosities. We would expect a signif-
icantly different slope for simultaneous and nonsimultaneous
relationships at the same radio frequency only if (a) A log Lyagio,
defined as log Lragic — (108 Lyagio), and Alog L, defined as
log L, — (log L), for individual systems were strongly corre-
lated, (b) this correlation had a slope significantly different from
that of the correlation of mean quantities, and (c) the ranges of
Alog Leadio and Alog L, for individual systems were signifi-
cant fractions of the ranges of (10g Lragio) and (log L) over the
sample of systems observed.

A quantity that is more sensitive to the possible correlation
of Alog Lgi0 and Alog L, is the r.m.s. scatter o of simulta-
neous measurements about the relationship between log Liagio
and log L. For nonsimultaneous measurements, this scatter has
three independent components, which add in quadrature. There
is a contribution from the scatter of individual systems about the

relationship of (log Lyagio) and (log L) for different systems.
Systems with the same mean X-ray luminosity can have differ-
ent mean radio luminosities, and vice versa. In addition, there
are contributions from the variations A log Ly,g;, and A log L,
for each system. Even if A 10g Ly,gio(t) and A log L, (t) are cor-
related, measurements at widely separated times ¢ should not
be. Thus for nonsimultaneous measurements, these two contri-
butions to the scatter must add in quadrature as independent
random quantities.

For simultaneous measurements, the scatter due to indepen-
dent variations of (log Lyagio) and (log L,) for different systems
is the same as for nonsimultaneous measurements. However,
the contributions to the scatter from A log Ly, and Alog L,
may differ for simultaneous measurements. If A log Ly, and
Alog L, are uncorrelated, their contributions to the scatter are
the same as in the nonsimultaneous case. If they are perfectly
correlated, and obey a relationship Alog Lygi0 = mAlog L,
with the same slope m as the relationship of (log Lyagio) and
(log L), then the contribution due to variations A log Lragio
and A log L, will be reduced to zero. In intermediate cases, the
contribution from A log Ly, and A log L, will be less for si-
multaneous measurements than for nonsimultaneous measure-
ments to the extent that A log Ly,gi, and A log L, are correlated
and to the extent that the slopes are the same.

In the above discussion we have used the term scatter some-
what loosely. To determine whether the empirical values of
the scatter for simultaneous and nonsimultaneous measure-
ments differ, we adopt the definition o = [(1/N) ) (log L2SS —
log LP™1 2]1/2, where the sum is over a sample of N systems,

meas represents the measured radio luminosity, and LP' is the
radio luminosity predicted from the measured X-ray luminosity
and a linear least-squares fit of log Ly,gi, as a function of log L.
Because the slopes of the different least-squares fits we consider
are similar, a different definition of the r.m.s. scatter & would

not greatly change our results.
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Using this definition, we find that the scatter oy, of our ten
simultaneous measurements about their best fit is 0.40, corre-
sponding to a variation of a factor of 2.5 in L,,4io. The r.m.s. scat-
ter due to uncertainties in the measurement of the radio fluxes
is 0.07. However, since independent contributions to the scatter
add in quadrature, only 1.5% of o, is due to these uncertainties
and their contribution is negligiable. For the 44 systems from
Drake et al. (1989) with nonsimultaneous detections in both ra-
dio and X-ray (excluding one long period system, o Aur, which
would have contributed 30% of the total scatter), the scatter
opsL of the measured log Lg values about the least-squares fit
to the same 44 points is 0.45, which corresponds to a variation
of a factor of 2.8 in L,q,. We expect the scatter to decrease
systematically with smaller sample sizes, since a least-squares
fit, by definition, minimizes o, and therefore the r.m.s. scatter
of a small sample about a fit to that sample will be less than the
scatter of the same sample about the “true” relationship defined
by alarger population. Indeed, a set of 10 systems chosen atran-
dom from the 44 systems from Drake et al. (1989) produced a
scatter of,g;. Of 0.42. This suggests that the values of the scatter
for simultaneous and nonsimultaneous measurements are not
significantly different.

In terms of the theoretical framework described above, there
are three possible explanations for the similarity of ogim and
opsL. First, the scatter of {log Lyagio) among different systems
with similar values of (log L) could be more important than the
variations A log Lragio and A log L, of individual systems. Sec-
ond, Alog L. and Alog L, for an individual system could
be uncorrelated or poorly correlated. Third, Alog Lyagio and
Alog L, could be well correlated, but this correlation could
have a significantly different slope than that of the correla-
tion of (log Lragio) and (log Lg). The third possibility seems
unlikely, since it would probably require two different mech-
anisms for correlating mean radio and X-ray luminosities and
deviations from those means. Thus the first and second possi-
bilities are most likely. To distinguish between these two expla-
nations would require long-term simultaneous observations of
individual systems.

3.5. Correlation of UV/XUV and X-ray/radio emission

Empirical correlations between radiation emitted at different
wavelengths from stellar chromospheres and coronae are well
established on the basis of nonsimultaneous data. For exam-
ple, several studies (Ayres et al. 1981; Walter 1982; Oranje
et al. 1982; see also Jordan & Linsky 1987) have shown that, as
the energy loss from the chromospheres of active stars increases,
the total energy loss from the overlying transition region and
corona increases more rapidly with increasing plasma temper-
ature. Schrijver (1987) showed that when the so-called basal
flux is subtracted from chromospheric lines, the power-law cor-
relations among chromospheric, transition region and coronal
energy losses become much tighter. Hammer et al. (1982) called
attention to the less rapid decrease of the mechanical (magnetic
and non-magnetic) energy flux (F},) with chromospheric pres-
sure (Dchr), 1-€., d(log Fr,)/d(log perr) < 1, while the total en-
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ergy loss (Fjss) from the transition region and corona increases
faster than the transition region pressure p;,.. This difference in
dependence of the energy balance terms on the local pressure
for the different temperature regimes in a stellar atmosphere,
ie., d(log Fy,)/d(10g penr) < d(log Floss)/d(log pyyr), appears
to be generally valid and is consistent with available chromo-
spheric and coronal models (Jordan 1980; Vernazza et al. 1981;
Rosner et al. 1978). Moreover, Hammer et al. (1982) demon-
strated that one of the consequences of this inequality is that the
observed trend of energy losses from the atmospheres of active
stars is a necessary requirement for the stability of the entire
chromosphere/transition region/corona system.

Our data set permits us to test these empirical correla-
tions using simultaneous observations. To avoid systematic er-
rors in the luminosities due to the uncertain distances, we use
the distance-independent fractional luminosities, Ly /Lpoi, to
search for correlations among the X-ray, UV, XUV and radio
data sets. The fractional X-ray luminosities L, /Ly, are plot-
ted in Fig. 6 versus UV emission line fractional luminosities
Ly/Leor.

The linear log-log or power-law relation between the tran-
sition region and X-ray fractional luminosities, previously ob-
tained from nonsimultaneous data, is here confirmed with simul-
taneous data for 10 systems. The Mg I h + k and other chromo-
spheric line fractional luminosities show the largest spread and
weakest dependence upon X-ray luminosities (bottom panel of
Fig.5). Inthe case of the MgII, 4 + k line luminosities, the corre-
lation is rather poor also because the luminosity range covered
is too small, so that it is impossible to derive any reasonable
conclusion. Weighted least-squares regression fits to the log—
log data give the mean slopes 1.02 £ 0.21 and 1.36 £ 0.21 and
correlation coefficients 0.68 and 0.89 for the co-added chromo-
spheric (Mg II+ O I+C I)and transitionregion (Si IV+C IV +
N V) line fractional luminosities, respectively. Table 10 summa-
rizes the derived slopes and correlation coefficients for each UV
line. The weight attributed to each data pointis w; = g;1/1/0y,,
where oy, is the standard deviation of the log(L; / Lyo1) data de-
rived from the uncertainty in the X-ray count-rates, while g; is
a quality factor we have assumed for each spectrum depending
on its S/N (¢; = 1 for SV Cam, WW Dra and Z Her spectra,
and g; = 2 for the other systems).

The XUV fractional luminosities (L g1/ Lyor and Lsa / Lot),
in the upper panel of Fig. 5, are tightly correlated with each
other and with the X-ray fractional luminosities. Weighted least-
squares regression fits to the log—log data give mean slopes
0.91 4 0.17 (for Ls/Lpoi versus Lgi/Lyor), 1.02 £ 0.17 (for
Ly /Lo versus Lgy /Lyop), and 1.06 £ 0.18 (for Ly, / Ly, versus
Lsy/Leot), with linear correlation coefficients 0.97, 0.95, and
0.91, respectively. In this case only the o for the X-ray data was
used to compute the weight.

The least luminous X-ray source in our sample, ¢ And, sys-
tematically deviates from the correlation trends defined by the
entire data set (see Fig. 5). Its chromospheric and transition
region lines appear overluminous, which perhaps could be ex-
plained if a flare-like event were occurring at the time of our
observations. We note, however, that ¢ And is the only super-
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Table 10. a and b coefficients of the linear fits 1og(Lz / Lot)
= alog(Lx/Leot) + b resulting from a weighted best fit to the data.
cis the correlation coefficent, and No. the number of points
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Wavelength a b c No.
CIII (1175A) 1.27 +0.18 3.60 0.97 7
NV (1241 A) 0.98 £ 0.19 1.95 0.71 9
Ol (1304 A) 1.74 + 0.40 5.46 0.58 8
CII (1335 A) 1.31 £ 0.19 3.30 0.95 9
OI+CI (1356 A) 1.16 £ 0.28 2.95 0.77 4
SiIV (1394, 1403 A) 1.94 + 0.30 7.02 0.90 8
CIV (1550 A) 1.24 +0.19 2.53 "0.89 10
Hell (1640 A) 1.52 +£0.22 4.47 0.96 9
CI+[OII] (1658 A) 1.93 £ 0.31 6.81 0.86 9
Sill (1808, 1817 A) 2.87 £ 041 11.44 0.96 7
ALIIL (1855 A) 1.80 £0.35 6.92 0.95 4
Mgllh +k (2795,2802A) 0.71 +0.91 -1.18 0.13 8
S1 (69-146 A) 1.02 £ 0.17 1.07 0.95 11
S2  (113-200 A) 1.06 £0.18 1.24 091 10
3.6cm 0.46 £ 0.21 4.96 0.81 10

giant in our limited sample of RS CVn systems, so that we can
not ascertain whether the observed excess is connected with
its luminosity class, and the time coverage is not sufficiently
extended to verify the flare hypothesis.

No clear correlation is apparent between either Lg /Ly OF
Ls3/Lyo and fractional luminosities at 3.6 cm, L3 gem /Lol
but it may possibly be hidden by the rather large spread in the
data (Fig. 6). The Lg1/L3¢ and Lg,/Ls 6 ratios for the five
systems with simultaneous XUV and microwave observations
span the range from 10'3-3 to 10'*7 with mean value 10'3-9%06,

Because only 10 systems were observed simultaneously, the
derived correlations may not show less scatter than those de-
rived from nonsimultaneous observations, but they should have
more accurate slopes as they are based on simultaneous obser-
vations of chromosphere, transition region and coronal plasmas
in the atmospheres of active stars, which are generally variable.
As for the radio data presented in the preceding section, the
intrinsic data spread that we observe attributable to temporal
variability does not exceed the data spread among the different
stars. We may conclude, therefore, that while nonsimultane-
ous data are adequate to derive qualitative trends in classes of
objects between luminosities in different bandpasses, accurate
energy balance calculations for specific objects should rely on
simultaneous observations. Actually, the simultaneous observa-
tions of RS CVn systems presented in this paper show power-
law dependencies of the fractional luminosities L,/ Ly,; versus
LC IV/Lbol (1.24 + 0.19) and L3.6/Lbol Versus LC IV/Lbol
(3.73 £ 0.14), respectively, differ somewhat from those derived
from a large sample of active binary giant and dwarf stars ob-
served at X-ray and radio wavelengths years apart in time (1.59
£ 0.24 and 2.18 + 0.27, respectively) by Drake et al. (1989).

4. Conclusions

The main results of our coordinated VLA, ROSAT and IUE
observations may be summarized as follows:

1. Observations of TY Pyx during the first 3 of 4 days sug-
gest that quiescent radio emission in RS CVn systems, defined
as low-level emission with no obvious signs of flaring, can be
characterized by a relatively constant level on time scales of up
to 7 hours, but that this level can vary by a factor of 2 between
consecutive days. If quiescent emission is the sum of many
small flares, this implies either that a typical small flare lasts
for at least several hours, or that the occurrence of individual
flares is correlated over a similar time scale. The most probable
explanation for the enhanced radio emission on 1990 Nov 12 is
a flare.

2. The detection of a radio flare in its decay phase from
EI Eri, with no associated change in the simultaneous X-ray
count rate, points toward a poor correlation between radio and
X-ray flares on RS CVn systems, similar to the lack of cor-
relation that has been noted for dMe flare stars. While a gy-
rosynchrotron mechanism for the flare emission is not ruled
out, the large source size that would be required (roughly four
times the orbital separation of the two components in diameter,
or larger if the actual flare peak preceded the start of our ob-
servations) makes a coherent mechanism, such as an electron
cyclotron maser, a more likely explanation. A coherent mech-
anism involving efficient radio emission from a small number
of electrons, which have negligible impact on the overall X-ray
emission, could also account for the lack of correlation between
radio and X-ray emission.

3. Despite the poor correlation of flare emission, and the
uncertainty as to how closely variations in the quiescent ra-
dio and X-ray emission of an individual system are corre-
lated, our simultaneous VLA and ROSAT observations support
the existence of the correlation between the centimeter radio
and soft X-ray luminosities of RS CVn systems proposed by
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Fig. 5. L;/Lyo versus fractional luminosities in the SIA and S2A
XUV bandpasses of the WFC, in the 3.6 cm radio band, and in typ-
ical chromospheric and transition region lines from simultaneous or
nearly simultaneous observations with ROSAT, IUE, and the VLA.
The correlation coefficients are given in the upper left corner of each
plot

Drake et al. (1989) on the basis of their noncontemporaneous
data. Both the slope (L3 ~ L%%%0-24) and the r.m.s. scatter
(6(log L3 6) ~ 0.40) of the relationship are consistent with the
results of nonsimultaneous X-ray and 6 cm radio observations.
There are two possible explanations for why the r.m.s. scatter of
the simultaneous measurements is not significantly lower than
that of the nonsimultaneous data. Either the values of log Lyagio
and log L, for individual systems are weakly correlated, or the
scatter about the correlation (Lyagio) ~ (Lz)™ for both simulta-
neous and nonsimultaneous measurements is dominated by the
deviations of individual systems from this relationship, so that
the variations A log Liagi0 and A log L, of 1og Ly,gio and log L,
about their mean values, which are uncorrelated for nonsimul-
taneous measurements, do not contribute significantly to the
scatter in either case.

103
T T I T T T T | T T T T T T
- * S1A 4
-3 © S2A -
3 - i
) s ;
N
O s § -
o L 4
) - o -
— L]
L . i
L o 4
5 - e ]
- ° -
1 1 | | | | 1 I 1 1 1 | | 1 L
-19 -18 -17

IOg (L3.6 cm/Lbol)

Fig. 6. The fractional luminosities in the S1A (closed circles) and S2A
(open circles) XUV bandpasses of the ROSAT WFC versus the corre-
sponding (L3.6/ Lyot) luminosities

4. Simultaneous microwave, X-ray, XUV and UV observa-
tions of active stars are presented for the first time. We con-
firm the linear log—log or power-law dependence of X-ray, tran-
sition region and chromospheric emission previously derived
from nonsimultaneous data, although our slopes differ some-
what from the previous values. No correlation is found, however,
between microwave and XUV energy emission.

5. Although the mean correlations between emission at dif-
ferent wavelengths derived from our simultaneous observations
of a limited sample of RS CVn systems do not differ signif-
icantly from the empirical correlations based on nonsimulta-
neous observations of a larger sample of stars, we note that
individual energy loss rates measured from simultaneous ob-
servations often deviate significantly from the mean relations.
Thus one should base model calculations for specific stars on
measured simultaneous data.

As pointed out by the referee, this paper highlights the con-
tinuing need for long-term systematic observations of active
stars simultaneously at all wavelengths from the radio to x-rays.
These studies should cover many orbital and rotational periods
with minimal data gaps to separate the spatial inhomogeneity
from temporal variability and to determine the time scales for
variability and the appropriate energy budgets. Clearly more
work must be done to understand the relationship between qui-
escent and flare emission, thermal and nonthermal processes,
and the physics that underlies the flux-flux relationships of dif-
ferent spectral features. We therefore encourage more simulta-
neous observing campaigns that are focussed to address these
important questions.
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