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I INTRODUCTION 

This  i s  the f i n a l  t e c h n i c a l  repor t  f o r  the I U E  Guest Observer Program 

e n t i t l e d  "Coordinated U l t r a v i o l e t  and Radio Observa t ions  of Se lec t ed  Nearby 

S t a r s "  f o r  the pe r iod  1 October 1984 t o  30 September 1987. During t h a t  

pe r iod ,  t h i s  program h a s  b e e n  success ive ly  a s s igned  the  proqram I D  FSGKL, F S H n  

and FSIKL. I t  has been funded by a t c ta l  amount of $37,329 under  NASA Grant  

NAG 5-477 from 1 October 1984 t o  30 September 1987. 

A l l  of the  US2 s h i f t s  a s s igned  t o  t h i s  program have been s u c c e s s f u l l y  

completed wi th  s imul taneous  I n t e r n a t i c n a l  U l t r a v i o l e t  Explorer  ( I U E )  and 

Very Large Array ( V L A )  o b s e r v a t i o n s  of the  proposed t a r g e t  stars. There w e r e  

no US1 IUE s h i f t s  a s s igned  t o  this program. The t a r g e t  stars inc luded  dwarf 

M f l a r e  stars and RS CVn stars. Both classes of stars e x h i b i t  s lowly  vary ing  

microwave r a d i a t i o n  as w e l l  as powerful f l a r e s  of s h o r t e r  d u r a t i o n .  The 

combined u l t r a v i o l e t  ( IUE)  and microwave ( V L A )  obse rva t ions  have provided 

i m p o r t a n t  new i n s i g h t s  to the  r a d i a t i c n  mechanisms a t  these  t w o  

w i  de iy-separa ted  r e g i o n s  of the e iec t romagnet ic  spectrum. Tney nave also 

provided  in fo rma t ion  abou t  t h e  phys ica l  c o n d i t i o n s  a t  d i f f e r e n t  l e v e l s  i n  the  

s t e  iiar atmospheres . 
The r e s e a r c h  suppor ted  under this g r a n t  has been r e p o r t e d  i n  s i x  ( 6 )  

p u b l i s h e d  papers  and one ( 1 )  paper submitted f o r  pub l i ca t ion .  This  f i n a l  

t e c h n i c a l  report con ta ins  r e p r i n t s  of these seven ( 7 )  papers .  

The i n i t i a l  s c i e n t i f i c  r e t u r n s  of the proposed r e s e a r c h  d e a l t  l a r g e l y  

w i t h  the V L A  microwave obse rva t ions ,  f o r  the IUE d i d  n o t  i n i t i a l l y  d e t e c t  any 

s te l lar  burs t s .  These VLA r e s u l t s  included t h e  d i scove ry  of narrow-band 

microwave r a d i a t i o n  and r a p i d  t i m e  v a r i a t i o n s  i n  the microwave r a d i a t i o n  of 

dwarf M flare stars (see the followincj papers  A, €3 and C ) .  They i n d i c a t e  

t h a t  conven t iona l  r a d i a t i o n  mechanisms cannot  e x p l a i n  the microwave emiss ion  



from these stars. I t  must i n s t e a d  be a t t r i b u t e d  t o  cohe ren t  r a d i a t i o n  

mechanisms such as an e l ec t ron -cyc lo t ron  maser o r  cohe ren t  plasma r a d i a t i o n .  

These nechanisms provide impor tan t  c o n s t r a i n t s  on both t h e  magnetic f i e l d  

s t r e n g t h  and the  e l e c t r o n  d e n s i t y  i n  the coronae of dwarf M f l a r e  stars. 

Var i ab le  microwave emission from F.S CVn s t a r s  can provide impor tan t  

c o n s t r a i n t s  on t h e  s i z e  of the  emi t te r  (see the  fo l lowing  papers  D and E ) .  

A v a r i a t i o n  of only  30 seconds or  shor te r  r u l e s  our emission from both 

components of these b ina ry  stars, and probably  l i m i t s  them t o  s i z e s ,  L, of L 

.,ln -_ .n!!-- *.- 
I U ’ -  LU I U  GIN.  w e  &rive d m q n e t i c  f i e i d  s t r e n g t h ,  H I  of li < i s  G f o r  ” - 

t h e  vary ing  RS Cvn stars, and a t t r i b u t e  the  microwave v a r i a t i o n s  t o  abso rp t ion  

by a thermal  plasma loca ted  between the b i n a r y  stars. Cur ious ly ,  the  magnetic 

Ap stars have i n t e n s e  magnetic f i e l d s  with no d e t e c t a b l e  microwave r a d i a t i o n ,  

s u g g e s t i n g  t h a t  they do no t  have h o t ,  dense coronae and s t r o n g  s t e l l a r  winds 

(see t h e  fo l lowing  paper D) . 
I r o n i c a l l y ,  w e  de t ec t ed  both slowly-varying u l t r a v i o l e t  r a d i a t i o n  and 

u l t r a v i o l e t  b u r s t s  dur ing  the  f i n a l  episode of fundinq f o r  t h i s  q r a n t .  These 

r e s u l t s  are summarized i n  the l a s t  two papers  of t h i s  r e p o r t  (see t h e  

fo l lowing  papers  F and G). I n  genera l ,  u l t r a v i o l e t  v a r i a t i o n s  and b u r s t s  

occur when no s i m i l a r  v a r i a t i o n s  are Eetec ted  a t  inicrowave wavelengths and 

vice ve r sa .  Although t h e r e  is some over lap ,  t he  v a r i a t i o n s  i n  these  two 

spectral  reg ions  are u s u a l l y  uncorrela  t e d ,  sugges t ing  that  t h e r e  is l i t t l e  

i n t e r a c t i o n  between the a c t i v i t y  cen te r s  a t  the  two a s s o c i a t e d  atmospheric  

l e v e l s .  

I n  our f i n a l  s e c t i o n  IV, we n o t e  t h a t  w e  have s p e n t  a l l  of the $37,329 

a l l o c a t e d  f o r  this research between 1 October 1984 and 30 September 1987, 

and t h a t  w e  have completed a l l  of the proposed r e sea rch .  
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A .  FLARE STARS AND SOLAR BURSTS: HIGH RESOLUTION IN 

TIME AND FREQUENCY * 

K E N N E T H  R .  L A N G  

Departmenr of Physics and Aslronomy. Tufis University, Medford. MA 02155, U . S . A .  

Abstract. Coronal loops on the Sun and nearby stars are investigated using observations at 20 cm wavelength 
with high resolution in time and frequency. Observations of the dwarf M star AD Leonis with high time 
resolution using the Arecibo Observatory have resulted in the discovery of a quasi-periodic train of circularly 
polarized spikes with a mean periodicity of 32 5 ms and a total duration of 150 ms. The individual spikes 
had rise times of I 5 ms, leading to an upper limit to the linear size L S 1.5 x 10' cm for the spike emitter. 
This size is only 0.005 of the estimated radius of AD Leonis. Provided that the emitter is symmetric, it has 
a brightness temperature of TB 2 10l6 IC, suggesting a coherent burst mechanism such as an electron-cyclo- 
tron maser. Coronal oscillations might modulate the maser output, producing the quasi-periodic spikes. 
Observations at closely spaced wavelengths, or high frequency resolution, using the Very Large Array have 
revealed narrow-band structure ( d v / v  5 0.01) in solar bursts and in the slowly-varying radiation of the dwarf 
M star YZ Canis Minoris. The narrow-band emission cannot be explained by continuum emission processes, 
but it might be attributed to electron-cyclotron maser radiation. Maser action at the second or first 
harmonic of the gyrofrequency implies magnetic field strengths of 250 and 500 G, respectively. Thus, 
observations with high resolution in time and frequency suggest coherent processes in the coronae of the 
Sun and dwarf M stars. The scientific potential of these discoveries may be best fulfilled by the construction 
of a solar-stellar synthesis radiotelescope. 

1. Introduction 

Very Large Array (VLA) observations at widely spaced wavelengths refer to different 
levels within the ubiquitous coronal loops that are the dominant structural element of 
solar active regions. The slowly-varying 6 cm emission often originates in the legs of 
coronal loops, while the slowly-varying 20 cm emission comes from the hot dense 
piasma trapped -within the legs mnG zpm G f c G i G i i A  h p s  & ~ ? g  e: d., !?89; Lx,g m d  
Willson, 1983,1984; Lang et af., 1983; McConnell and Kundu, 1983; Kundu and Lang, 
1985). VLA snapshot maps indicate that the impulsive component of microwave bursts 
is usually located near the apex of coronal loops (Marsh and Hurford, 198 1; Lang and 
Willson, 1983, 1984; Willson and Lang, 1984; K u d u  and Lang. 1985). These bursts 
may be trigered by temperature enhancements within coronal loops or by changes in 
the configuration of coronal magnetic fields. 

The solar analogy sugests that coronal loops may also play a dominant role in the 
microwave emission from dwarf M flare stars. These stars exhibit slowly-varying 
microwave radiation that may be similar to the quiescent, or nonflaring, slowly-varying 
radiation of solar active regions. These stars also exhibit microwave bursts that are 
similar to those emitted by the Sun (Linsky and Gary, 1983; Pallavicini et al., 1985). 

Recent investigations have revealed two new approaches to the study of coronal loops 
on the Sun and nearby stars. They involve observations at 20 cm wavelength with high 

I * Proceedings of the Workshop on Radio Continua during Solar flares, held at Duino (Trieste), Italy, 
27-31 May, 1985. 

Solar Physicr 104 (1986) 227-233. 
0 1986 by D .  Reidel Publishing Company 
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resolution in time and frequency. Observations with high time resolution using the 
Arecibo Observatory have led to the discovery of quasi-periodic spiked emission from 
the dwarf M star AD Leonis (Section 2). Observations at closely spaced wavelengths, 
or high frequency resolution, reveal narrow-band structure during solar bursts and in 
the slowly-varying radiation of the dwarf M star YZ Canis Minoris (Section 3). This 
paper highlights these recent results that seem to require coherent radiation mechanisms. 
It also draws attention to their possible implications for a solar-stellar synthesis 
radiotelescope. 

2. Quasi-Periodic Spikes from AD Leonis 

Ifthe solar analogy is applicable, slowly-varying emission and stellar bursts from nearby 
stars ought IO be emiiied horn toroid : O O ~  that zc a fiac:ioG of 2 S ~ ! ! Z  d i u s  i~ 
linear extent. Thermal bremsstrahlung from coronal loops on nearby stars would, 
however, be too weak to be detected, and thermal gyroresonant radiation would require 
impossibly large coronal loops for this radiation to be detected at 20 cm wavelength. 

2 

lBh 19mlos lgrn I 1' 19rn12s lgrn 13' 

U N I V E R S A L  T I M E  

Fig. 1. The total power detected at a frequency of 1115 MHz (21.2 cm) while tracking the dwarfM star 
AD Leonis. Both the left-hand circularly polarized (LCP-top) and the right-hand circularly polarized 
(RCP-bottom) signals are shown. Here the integration time is 5 ms. The data exhibit a train of five 
quasi-periodic spikes with a mean periodicity of T, = 32 5 5 ms, a total duration of T, = 150 ms (horizontal 
bar I) ,  and circular polarizations of about 33%. The data also include individual spikes that are 100% 
left-hand circularly polarized. Each of the spikes had a rise time of 5 5 ms, leading to an upper limit to 
the linear size L 5 1.5 x 108cm and a brightness temperature of TB 2 10l6 K if the spike emitter is 

symmetric. 
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Non-thermal and/or coherent emission processes are required if the slowly-varying or 
burst emission originates from stellar loops or star spots that are similar in size to their 
counterparts on the Sun. 

As illustrated in Figure 1, observations of A D  Leonis at 1415 MHz (2 1.2 cm) indicate 
a train of quasi-periodic spikes that suggest a coherent burst emitter that is modulated 
by coronal oscillations. The quasi-periodic spikes have a mean periodicity of 32 t 5 ms 
and a total duration of 150 ms. They have a maximum flux density of 300 mJy and 
circular polarizations of about 33%. Each of the spikes have rise times of I 5 ms, the 
integration time employed. 

An upper limit to the linear size of the emitting region is L I 1.5 x 10' cm, the 
distance that light travels in 5 ms. This is only 0.005 of the estimated radius of 
AD Leonis (R = 3.0 x 10" cm). Provided that the spike emitter is symmetric, it has an 
area that is less than 2.5 x of the surface area of the star's visible disk. The 
maximum flux density and linear size can be combined with the star's distance (4.85 pc) 
to infer a brightness temperature of TB 2 1OI6 K from the Rayleigh-Jeans expression. 

The high circular polarization of the spikes indicates an intimate connection with 
strong stellar magnetic fields, whereas the high brightness temperatures suggest a 
coherent emission mechanism. Similar highly circularly polarized spikes with high 
brightness temperatures (T, 2 10" K) have been observed during solar bursts (Droge, 
1977; Slottje, 1978). The spikes emitted from both the Sun and AD Leonis may be 
explained by electron-cyclotron maser emission (Melrose and Dulk, 1982). Magnetic 
field strengths of H = 250 and 500 G are inferred if the radiation is at the second or first 
harmonic of the gyrofrequency, respectively. 

But what accounts for the quasi-periodic spikes? Some process must modulate the 
coherent burst emitter in a quasi-periodic manner. One possibility is coronal oscillations 
that provide a currently-popular explanation for longer (50 ms to 5 s) quasi-periodic 
puisarions during some soiar bursts (Roberts er ai., i984j. An inhomogeneiiy of sire 
u = 2 x lo7 cm might account for the quasi-periodic spikes with an Alfven velocity 
corresponding to H = 250 G and plausible values of density. 

3. Narrow-Band Structure in Solar Bursts and in the Slowly-Varying Radiation 
from YZ Canis Minoris 

Recent VLA observations at closely spaced wavelengths near 20 cm have provided 
evidence for coherent emission processes during solar bursts (Lang and Willson, 1984). 
One highly circularly polarized (100%) burst exhibited a factor of two difference in 
brightness temperature (1.5 x lo8 K and 0.8 x 10' K) at two wavelengths separated by 
only 32 MHz (burst 7 of Figure 2 at 1658 and 1690 MHz). The high circular polarization 
and narrow bandwidth (dv/v 5 0.01) of thls burst are comparable to those expected 
from electron-cyclotron masers. Although the burst source was apparently resolved, the 
10 s integration time of the VLA may have integrated several briefer, spatially-separated 
coherent spikes. 

Narrow-band, slowly-varying microwave radiation has been detected from the dwarf 

-7- 
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Fig. 2. A sequence of right circularly polarired (RCF') impulsive bursts from a solar active region observed 
at wavelengths near 20 cm (1400 MHz). The top and bottom profiles are separated by only 30 MHz; burst 7 
has a factor of two difierence in brightness temperature over this narrow fieqiieaq kten%I, suggestkg 

coherent burst emission This figure originally appeared in Lang and Wilson (1984). 

M star YZ Canis Minoris at frequencies near 1465 MHz. Slow variations over time- 
scales of an hour and as much as 20mJy in strength peak at different times for 
frequencies v = 1415 and 1515 MHz (Figures 3 and 4), indicating narrow-band struc- 
ture of bandwidth A v  5 100 MHz, or A v / v  5 0.1. Cyclotron line structure from gyrore- 
sonant radiation can be ruled out because the high flux density and large observing 
frequency would require coronal loops that are more than one hundred times larger than 
the star. 

We might speculate that the slowly-varying radiation from YZ Canis Minoris is due 
to continuous low-level, coherent burst activity. High circular polarization would be 
expected to be occasionally observed if the coherent mechanism is associated with 
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Y Z  CMi 12/10/84 1415 MHz 

1415 MHz 

1515 MHz 

t 1 

UNIVERSAL TIME (Hours) 

Fig. 3. Slowly-varying emission from the dwarf M flare star YZ Canis Minoris at two closely spaced 
frequencies of 141 5 and 15 15 MHz and at 4885 MHz. The emission at the two frequencies peaks at different 
times, suggesting a coherent emission mechanism with a bandwidth of less than 100 MHz. There are  no 

detectable fluctuations at 4885 MHz. 
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Fig. 4. VLA snapshot maps ofthe emission from the dwaif M flare star YZ Canis Minoris. The unresolved 
emission peaks at different times at two frequencies separated by only 100 MHz, suggesting a coherent burst 
mechanism. Tne contours are at intends of 6 , 8 ,  IC, 12, ... Jy'beatii area. nitb x n ~ ~ n r n  va!ues of !4 and 
22 Jy,beam area at 06 : 20 LT and 1415 and 1515 hlHz, respectively. and 25 and 10 Jy,'bean area at 

07 : 30 UT for the same respective frequencies. 

intense magnetic fields, and the stochastic nature of continued bursts might explain the 
variability of the observed microwave radiation. 

4. Conclusions 

Observations at 20 cm wavelength with high resolution in time and frequency have 
provided evidence for coherent emission mechanisms on the Sun and nearby stars. 
However, observations are limited by infrequent use of the Arecibo Observatory and 
the Very Large Array for solar and stellar observations. The scientific potential suggested 

-10- 
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by the data presented here can only be fully realized by the development of a solar-stellar 
synthesis radiotelescope. Such an instrument would be dedicated to solar and stellar 
observations with high angular, temporal and frequency resolution. 

Acknowledgements 

Radio astronomical studies of the Sun at Tufts University are supported under Air 
Force Office of Scientific Research grant AFOSR-83-0019 and contract 
N0014-86-K-0068 with the Office of Naval Research.Investigations of flare stars at 
Tufts University are also supported by NASA grant NAG 5-477, and our simultaneous 
VLA and Solar Maximum Mission observations of the Sun are supported by NASA 
p a n t  NAG 5-501. 

References 

Drage, F.: 1977, Astron. Astrophys. 57, 285. 
Kundu, M. R. and Lang, K. R.: 1985, Science 228, 9. 
Lang, K. R. and Willson, R. F.: 1983, Adv.  Space Res. 2 ,  91. 
Lmg. K R.  and Willson. R. F.: 1984. Adv.  Space Res. 4 ,  105. 
Lang, K. R., Wilson, R. F.. and Gaizauskas, V.: !98?, .d,stre,nhy!;a. 1. 267, 455. 
Lang, K. R., LVilIson, R. F., and Rayole, J.: 1982, Asrrophys. J .  258, 384. 
Linsky, J.  L. and Gary, D. E.: 1982, Asrrophys. J .  274, 776. 
Marsh, K A. and Hurford, G. J.: 1980, Asrrophys. J .  240, L111. 
McConnell, D. and Kundn, M. R.: 1983, Asrrophys. J. 269, 698. 
Melrose, D. B. and DA, G.: i982, Asnophys. J .  259, 844. 
Pallavicini, R.. Willson, R. F., and Lang, K R.: 1985, Asnon. Aszrophys. 149, 95 
Roberts, B., Eduin, P. M., and Bern, A. 0.: 1984, A s n o p h y .  J. 279, 857. 
Slottje, C.: 1978, hhture 275, 520. 
Willson, R. F. and Lang, K. R: 1984, Aswophys. J.  279, 427. 

-1 1- 



THE ASTKOPHYSICAL JOUR\AL. .W5 363-368.1986 June 1 
( 1986 The America AalronorniLal Socely All righis rcxrvcd Printed in L S A  

B. MILLISECOND RADIO SPIKES FROM THE DWARF M FLARE STAR AD LEONIS 
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ABSTRACT 
The Arecibo Observatory was used to detect two circularly polarized bursts at 1415 MHz from the dwarf 

M star AD Leonis with total durations of 50 s and 25 s. A sequence of quasi-periodic pulsations with a mean 
periodicity of r p  = 3.2 & 0.3 s and a total duration of T~ = 25 s was superposed on the 50 s burst. The strong- 
est pulse was itself composed of a train of quasi-periodic spikes with a mean periodicity of r p  = 32 5 ms 
and a total duration of T~ = 150 ms. Both the quasi-periodic spikes and individual spikes had rise times of 
r R  _< 5 ms, and they were up to 100% circularly polarized. An upper limit to the linear size of the spike- 
emitting region is L < 1.5 x lo8 cm, the distance light travels in 5 ms. This size is only 0.005 of the estimated 
radius of AD Leonis. Provided that the emitter is symmetric, it has an area which is less than 2.5 x I O - '  of 
the area of the stellar disk and a brightness temperature of T, 2 10l6 K. The high degrees of circular polariz- 
ation indicate an intimate connection with the star's magnetic field, and the high brightness temperatures 
suggest ii coheiefit LuiiiSt mcchaiiism scch as zfi e!ectrcn-cyc!ctrcr! miser cr mheren! p!asma radiation. If the 
electron-cyclotron maser emits at the second harmonic of the gyrofrequency, the longitudinal magnetic field 
strength H ,  = 250 G and constraints on the plasma frequency imply an electron density of N ,  P 6 x IO9 
cm- '. Coherent plasma radiation at the first or second harmonic of the plasma frequency, respectively, require 
N ,  = 2 x 10" cm-> and H ,  4 500 G or N e  = 6 x lo9 cm-3 and H I  @ 250 G. The quasi-periodic pulsations 
and spikes may be due to some process that modulates the coherent burst emitter. One possibility is radial 
oscillations in a coronal loop that are excited by energetic trapped particles or by an impulsive source. In  this 
event, an Alfven velocity of D,, = 2 x lo9 cm s-I, a coronal loop of extent a, = 2 x lo9 cm, and a loop inho- 
mogeneity of size a,  = 2 x IO' cm are inferred for the dwarf M star. Energetic particles that are trapped 
within closed magnetic structures might alternatively modulate the coherent emission. 
Subjecf headings: polarization - radio sources: variable - stars: flare - stars: individual - 

stars: radio radiation 

I. INTRODUCTION 

Rare, powerful (10-20 Jy), long-lasting (several hours) radio 
bursts from dwarf M flare stars have been occasionally 
ohserved at meter wavelengths (frequencies oi a few hundred 
MHz) during many thousands of hours of observations in the 
1970s (Lovell 1969; Spangler and Moffet 1976; Davis et al. 
1978). Brightness temperatures of T, 2 10'2-10'5 K were 
derived from the measured flux densities under the assumption 
that the radio eiiiittei was sma!lei than the stellar disk. Weaker 
la few tenths of 1 Jy) radio bursts of shorter duration (tens of 
seconds) occur more frequently with a rate comparable to that 
of optically visible flares from the same stars (one every 5.4 
hours; Spangler, Shawhan, and Rankin 1974). 

The first polarimetric study of these stellar radio bursts was 
provided by Spangler, Rankin, and Shawhan (1974) who 
showed that a burst from AD Leonis with a duration of 
r = 40 s was as high as 92% circularly polarized. The 
maximum amplitude of this burst was 520 mJy, which corre- 
sponds to T, 2 10" K at 430 MHz if the emitter has a radius 
equal to that of the dwarf M star (R = 3.0 x 10'" cm; Petter- 
sen 1980). This highly circularly polarized burst was also the 
first radio burst to be observed from AD Leonis. 

The improvement in sensitivity made possible by the large 
collecting area of the Very Large Array (VLA)' led to the 

' The VLA is a facility of the National Radio Astronomy Observatory, 
which is operated by Associated Universities. Inc., under contract with the 
National Science Foundation. 

detection of relatively weak (10 mJy), highly circularly pol- 
arized bursts from dwarf M flare stars at decimetric wave- 
lengths. For example, nearly 100% right-hand circularly 
polari7ed bursts have been observed at 1420 MHz at about the 
same time from both coiiiponen:s ~f the dwarf h4 binary star 
system UV Ceti (L726-8B) and L726-8A (Fisher and 
Gibson 1982): one 100% right-hand circularly polarized 6 cm 
burst from L726 - 8A exhibited quasi-periodic flux variations 
with a period of r p  = 56 i 5 s (Gary, Linsky. and Dulk 1982). 
The VLA has also been used to detect reiatively weak. highly 
circularly polarized bursts from the single dwarf M star YZ 
Canis Minoris (Fisher and Gibson 1982: Pallavicini. Lang. and 
Willson 19851, as well as slowly varying quiescent or non- 
flaring, emission of a few mJy from YZ Canis Minoris (Lang 
and Willson 1985). both components of the binary star system 
EQ Pegasi (Topka and Marsh 1982), and the binary dwarf M 
stars YY Geminorum and Wolf 630 (Linsky and Gary 1983). 
Two 6 cm bursts with nearly 100% left-hand circular polariz- 
ation have also been observed from the single dwarf M star AD 
Leonis (Gary 1985); these bursts showed significant structure 
at the limiting 3.3 s time scale provided by the fastest VLA 
integration time. 

This suggests a serious limitation for the VLA and most 
other large radio telescopes. The large integration times of 
5 10 s that are used to detect weak signals prohibit the detec- 
tion of rapid bursts. In fact, individual microwave bursts, or 
variations within microwave bursts, from dwarf M stars are 
often unresolved in time when observed with the VLA. We 
have therefore begun a program of monitoring these stars with 
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high time resolution (better than 1 ms) at the Arecibo Observa- 
tory. 

After several hours of observation, a stellar eruption was 
observed from AD Leonis at 1400 MHz with a maximum flux 
density of 130 mJy. This burst was composed of highly left- 
hand circularly polarized (lOO'%) spikes with rise times Of T R  < 
200 ms (Lang et al. 1983). An  upper limit to the linear size 
L 2 6 x 10' cm and a brightness temperature of T, 2 l O I 3  K 
were inferred from these rise times. Twenty hours of sub- 
sequent observations led to the detection of two other bursts at 
1415 MHz that are discussed here. 

In  4 11 of this paper we present observations of highly left- 
hand circularly polarized (up to 100%) spikes from AD Leonis 
at 1415 MHz with rise times T~ < 5 ms. These rise times 
provide an upper limit of L 2 1.5 x IO' cm, and a lower limit 
to Ts 2 1 O I 6  K for a symmetric emitter. Some of the spikes 
were part of a quasi-periodic train of spikes With a iiieaii 
periodicity of T~ = 32 i 5 ms and a total duration of T~ = 150 
ms. This spike train was itself one pulse in a quasi-periodic 
sequence of pulsations with a mean periodicity of 7p = 3.2 
i 0.3 s and total duration of T~ = 25 s; the pulsations were 
superposed upon a longer lasting (50 s) burst. In 5 Ill we inter- 
pret the high brightness temperatures and high circular 
polarization of the spikes in terms of coherent maser emission 
processes. The quasi-periodic trains of pulses and spikes are 
discussed within the framework of similar effects that have 
been observed during solar bursts. One possible explanation of 
the quasi-periodic pulsations and spikes is magnetoacoustic 
oscillations in a coronal loop that modulate the maser action. 

1 

11. OBSERVATIONS 

On 1985 July 15, we observed the dwarf M star AD Leonis 

to 1917 U T  at the Arecibo Observatory. At this frequency the 
antenna beamwidth is 3:3, and the system sensitivity is 8 K per 
Jy at zenith (1 Jy = ergs s - '  cm-2 Hz-I). Both the left- 
hand circularly polarized (LCP) signals and the right-hand 
circularly polarized (RCP) signals were recorded using 
separate receivers. Linear polarization was not obtained. The 
ellipticity was 0.95. and the uncertainty in circular polarization 
due to cross talk between the two receivers was 5"0 .  A band- 
width of 4 MHz was employed, with an integration time of 
5 ms. The flux density scale was established by calibration 
observations of PKS 0453 + 22 (3.25 Jy at 1415 MHz) and PKS 
0333+12 (1.8 Jy at 1415 MHz) immediately before and after 
the observations of AD Leonis. 

As illustrated in Figure 1, a circularly polarized (LCP) burst 
with a maximum flux density of S,,, = 30 mJy, a total dura- 
tion of T = 50 s, and a degree of circular polarization of SO'%- 
100% was observed around 1819 UT. Another, weaker burst 
with S,,, = 10 mJy, T = 25 s, and 100% LCP was observed 
about 20 s after the decay of the more intense burst. Because 
no similar variations in signal level were observed during this 
observation or during 20 hours of other observations of AD 
Leonis, we assume that the variations lasting 50 s and 20 s 
represent bursts rather than a slowly varying background that 
would be expected to continue during the rest of the observa- 
tions. The burst flux densities reported here are therefore 
absolute values with respect to negligible quiescent radiation 
from the star. (No other bursts were detected at 1415 MHz 
during 2 hours centered at transit at the Arecibo Observatory 
on 1984 November 7-10 and 1985 July 13, 14, 16, 19,20, and 
21.) 

(Glicsc 388, dM3.5e) at a f:equency of 1415.0 MHz from 1745 

1 

A sequence of five quasi-periodic pulsations, or oscillations, 
with a mean periodicity of T~ = 3.2 0.3 s and a total dura- 
tion of T~ = 25 s were superposed upon the more intense 50 s 
burst (see Fig. 1). The strongest pulse had S,,, = 70 mJy when 
the data were averaged by running means over 312 ms. The 
pulses had circular polarizations of 50"A1-1 OO?41. (Quasi- 
periodic, highly left-hand circularly polarized ( 100%) burst 
emission at 1400 MHz with fluctuations at time scales of - 2 s, 
I O  s, and 25 s were previously reported for AD Leonis (Lang et 
al. 1983), but no single periodicity dominated the data.) 

When the strongest pulse, marked A in Figure 1, was 
observed with 5 ms integration time, it was found to be com- 
posed of a train of five quasi-periodic spikes with a mean 
periodicity of T~ = 32 5 ms and total duration of T~ = 150 
ms (Fig. 2). These spikes had S,,, = 300 mJy and circular 
polarizations of - 33% with respect to the longer lasting 50 s 

Fig. 1) were resolved in time with durations of -c 1 s. and they 
exhibited no detectable structure on shorter time scales. 

Here we also note that higher flux densities are obtained 
with shorter integration times. The long integration of - 10 s 
at the VLA and other large radio telescopes would smooth out 
the individual spikes, leading to a serious underestimate of the 
flux density and perhaps ;educing the quasi-periodic spikes to 
undetectable levels. 

As illustrated in Figure 3, the time, Ar, between spikes was 
not completely regular, but instead showed a tendency to 
increase with At = 25,30,40. and 32 ms for sequential spikes; a 
sixth spike occurred at Ar = 80 ms. The individual quasi- 
periodic spikes had rise times T~ < 5 ms, and isolated. nonper- 
iodic spikes like 2A (Fig. 2 )  and B (Fig. 1) had similar rise times. 
Spike B was 100% & 544 left-hand, circularly polarized, with a 
rise time of sR 2 5 ms (see Fig. 4). 

L 1.5 x IOg cm, the distance that iignt travels in 5 ms. This 
size is only 0.005 of the estimated radius of AD Leonis 
( R  = 3.0 x 10" cm; Pettersen 19SO). Provided that the spike 
emitter is symmetric, it has an area which is less than 
1 5  x of the surface area of the star's visible disk. 

We can use the maximum flux density. S,, = 300 mJy, to 
infer a lower limit to the brightness temperature T, 2 10l6 K 
using the Raylei&-Jeans expression (Lane 1980) and assuming 
a symmetric source of linear size L 5 1.5 x IO' cm, a distance 
D = 4.85 pc = 1.55 x lO"cm, and a frequency of 1415 

hl.rrt VU,JL .  The pu!ses imrr?edi.!e!y before and after pulse. A (see 

A -  *----- 1;-:+ tn tho I i n e ~ r  rim= of t h e  emitting reginn is f i l l  up+, 1 1 ' 1 ' 1 L  L" LA'" ....-..I ...-- ...- - - - - -  .-.-. 

M H ~  = 1.415 x 109 HZ. 

III. DISCUSSION 

What accounts for the millisecond spikes emitted by AD 
Leonis at 1415 MHz? The high circular polarization of up to 
100% indicates an intimate connection with strong stellar 
magnetic fields, whereas the high brightness temperatures of 
TB 2 10l6 K suggest a coherent emission mechanism. Similar 
short-lived ( 5 20 ms), highly circularly polarized (lOO"h), 
bright (T' 2 1OI2 K) spikes have been observed at decimetric 
wavelengths during solar bursts (Droge 1977; Slottje 1978, 
!9SO). These spikes have been explained in terms of electron- 
cyclotron (or gyrosynchrotron) masers at the gyrofrequency 
and perhaps its low harmonics. (Maser is the acronym for 
microwave amplification by stimulated emission of radiation.) 
We know that solar bursts at 1415 MHz occur near the apex of 
coronal loops (Willson 1983; Lang and Willson 1983, 1984; 
Kundu and Lang 1985), and we may therefore argue by 
analogy that the spikes from AD Leonis are due to the maser 
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FIG. 1.-Total power detected at a frequenc) of 1415 MHz (21.1 cm) while tracking the dwarf 51 star .AD Leonis. Both the left-hand circularly polarred (LCP. 
top) and the right-hand circularl) polarized (RCP. botrom) signals are shown. Here the data have been smoothed by running means IO @\e an efiective inregmion 
time of 312 ms. The LCP plot exhibits two circularly polanzed bursts lasting -50 s and 25 s. A quasi-periodic sequence of fike pulses IS superposed upon the longe: 
burst near the strongest pulse A. These pulses had a mean periodicity of T~ = 32 = 0.3 s and a total duration of ?D = 25 s. The features marked A and B are shown 
with a 5 ms integation time in Figs. 2-4. 

action of electrons trapped in stellar loops. If this is the case, we 
would not expect a strong correlation between radio bursts 
and optical flares of dwarf M stars. In fact, there is no strong 
correlation between bursts observed in these two spectral 
regions (Spangler and Moffet 1976). 

The theory of electron-cyclotron maser emission from 
coronal loops was first investigated by Twiss (1958) and Twiss 
and Roberts (1958), and Wu and Lee (1979) delineated the 
conditions at which the coherent emission will escape from 
magnetic loops. The theory has been subsequently developed 
in greater detail and applied to coronal loops by Holman, 
Eichler, and Kundu (1980), Melrose and Dulk (1983, Sharma, 
Vlahos, and Papadopoulos (1982), Holman (1 983), Melrose, 
Hewitt, and Dulk (1984), Sharma and Vlahos (1984),and Dulk 
(1985). The coherent radiation of solar bursts emitted from 
coronal loops can be generated at the first or second harmonic 
of the gyrofrequency vH = 2.8 x 106H1 Hz, where H I  is the 
longitudinal magnetic field strength. 

A relatively strong magnetic field and low-density plasma 
are required for the electron-cyclotron maser to work. That is, 
the gyrofrequency inH must be greater than or equal to the 
plasma frequency vp = 8.9 x 103h':'' Hz, where N e  is the elec- 
tron density in cm-3. For y H  > 3vP, radiation at the first har- 
monic of the gyrofrequency grows the fastest and extracts most 
of the free energy. However, the radiation must pass through 
overlying atmospheric layers where the radiation frequency is 
equal to 2 or 3 times the gyrofrequency. The radiation will 
therefore suffer severe gyroresonance absorption and will most 
likely never reach the observer. 

The problem of gyroresonant absorption may be overcome 
if the escaping radiation is generated by a maser at the second 
harmonic where the radiation frequency v = 2vH (Melrose and 
Dulk 1982; Vlahos, Sharma, and Papadopolous -1983; 
Melrose, Hewitt and Dulk 1984). The much faster growth of 
the first harmonic must then be suppressed and this is possible 
for \tH z vp. It is unlikely that significant amplification will 
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FIG. ?.-The strongest pulse marked A in Fig. 1 is displayed with a 5 ms integration time. Here the background level of the longer burst has been subtracted from 
the data. and the flux density scale is with respect IO this background. Pulse A is composed of a train of five quasi-periodic spikes with a mean periodicity of 
7,. = 32 5 5 ms and a total duration of rD = 150 ms. The emission contained within the horizontal bar marked 1 is shown on an expanded scale in Fig. 3. 
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FIG. 3.-Quasi-periodic spikes from pulse A are exhibited on an expanded scale with 5 ms integration time. Each of these spikes had a rise time ofr, I 5 ms. 
leading to an upper limit to the linear size L 5 1.5 x IO8 cm for the spike emitter. 
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occur at harmonics greater than two because faster growth at 
the first and second harmonics would extract all the free energy 
(Dulk 1985). 

These conditions provide constraints on the electron 
density, N e ,  and the longitudinal magnetic field strength, H,. 
For v = 1.4 x lo9 Hz = 2vH. we obtain HI = 250 G, and for 
vp 5 vH = 7.0 x IO8 Hz, an electron density of N e  z 6 x IO9 
cm-3 .  . 

Although electron-cyclotron maser emission at the second 
~ a ~ l ~ l o i i i c  of the gryofreqEency mzy explain the observed 
spikes from AD Leonis, it is not necessarily the only explana- 
tion. For example. under conditions that apply to the low solar 
corona, second harmonic maser emission may never reach 
appreciable levels (Sharma and Vlahos 1984). 

The high brightness temperature, high Lircular polarization. 
and rapid variations of the millisecond spikes might be 
explained by coherent plasma radiation. For v8 4 E',... plasma 
radiation is favored over electron-cyclotron emission. 

Radiation at the first harmonic of the plasma frequency can 
be seriously attenuated by collisional damping (electron-ion 
collisions) in the overlying layers of an extensive stellar corona. 
For the Sun, the first harmonic is strongly absorbed for fre- 
quencies higher than 100-500 MHz, whereas the second har- 
monic is observed up to 2-5 GHz. If solar conditions prevail 
on AD Leonis, we might be seeing spikes at the second harmo- 
nic of the plasma frequency. Nevertheless, we might imagine a 
stellar corona with less extent and absorption, thereby permit- 
ting radiation at the first harmonic of the plasma frequency to 
escape. 

For a radiation frequency v = 1.4 x IO9 Hz equal to isp or 
2 v p  we infer an electron density N e  = 2 x 10" cm-3 and 
N e  = 6 x lo9 ~ r n - ~ ,  respectively. The condition that ttH 4 l ;p  

then leads to the constraint H, 4 500 G for the first harmonic 
and H, 4 250 G for the second harmonic. 

But what accounts for the quasi-periodic spikes and pulsa- 
tions? Some process must modulate the coherent burst emitter 
in a quasi-periodic manner. Here we can draw upon the rich 
literature on modulations and oscillations of solar bursts. 

Quasi-periodic solar pulsations with a mean periodicity of 

is inferred. 

L,.-- 

5 O m J y  1 

The spike 
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has a rapid rise 

T~ z 1 s have been observed at decametric (Achon 1974), meter 
(Tapping 1978). and decimetric (Gotwols 1971) wavelengths 
during type IV bursts. Quasi-periodic fluctuations with period- 
icities of 0.1-8 s have even been detected during solar bursts at 
X-ray wavelengths (Dennis, Frost. and Onvig 1981; Orwig, 
Frost, and Dennis 1981 ; Kane et al. 1983; and Kiplinger er al. 
1983), and there is some evidence for hard X-ray variations 
with rise times of T~ I 20 ms. 

Extensive observations of quasi-periodic solar oscillations 
have been carried aiii ai meter ::'ave!e~gths fer r?ear!y two 
decades. Trains of pulses with a range oi periodicities of rP = 
50 ms to 5 s and durations of T~ = 1-50 s have been observed. 
Tapping (1978) showed that the duration times, T ~ .  decrease 
systematically with decreasing pulsation period rP. Moreover, 
Pick and Trottet (1978) showed that enhanced pulses recurring 
with i p  = 1.7 s contain trains of spikes of mean periodicity 
T~ = 0.37 s. The pulses and spikes that we have observed from 
AD Leonis exhibit analogous behavior. with T~ decreasing 
with decreasing T ~ ,  and rapid spikes occurring within a pulse of 
slower periodicity. Moreover, Gary, Linsky, and Dulk (1982) 
observed quasi-periodic oscillations with T~ = 56 & 5 s during 
a circularly polarized 6 cm burst from L726 - 8A, the dwarf M 
companion of UV Ceti. 

One currently popular explanation for the quasi-periodic 
solar bursts is magnetoacoustic oscillations in a coronal loop. 
According to this theory, small amplitude radial oscillations 
are excited in a magnetic flux tube with periods on the order of 
the tube radius, a, divided by the Alfven velocity, V ,  
(Rosenberg 1970, 1972). Meerson, Sasorov, and Stepanov 
( 1  978) noticed that the fast magnetohydrodynamic waves in 
Rosenberg's theory are radiatively damped to such an extent 
that they cannot account for the long-lasting solar oscillations. 
They proposed that energetic protons trapped within closed 
magnetic structures provide the energy to feed the waves and 
continually excite them. Roberts, Edwin, and Benz (1983, 1984) 
have alternatively argued that density enhancements in 
coronal loops support and trap the fast waves that are natu- 
rally excited by an impulsive source such as a stellar burst. 

Regardless of the exact mechanism of excitation, the 
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maximum periodicity of these coronal oscillations is given by 
T~ = 2.6a/rA. For sizes a P 10’ cm and Alfven velocities cA 2 3 
x 10’ cm s -  I ,  maximum periodicities of - 1 s are obtained. 

For impulsively generated oscillations, the onset time and 
duration of the quasi-periodic phase can be related to the size, 
a, and the height, h, of the emitter (Roberts, Edwin, and Benz 
1983, 1984). Moreover, the duration time, T ~ ,  is related to the 
pulsation period, T ~ .  At fixed h and uA, the duration time tD 
will decrease with decreasing T ~ .  

indicate that T~ decreases with decreasing ‘tP, as predicted by 
the theory of coronal oscillations. In addition, plausible physi- 
cal parameters can be obtained from the observed periodicities. 
Foi a magne:ic fe!d s!rer?g!h cf 250 G, as inferred from coher- 
ent emission at the second harmonic of the gyrofrequency, we 
obtain an Alfven velocity of uA = (H2/4np)1’2 = 2 x lo9 cm 
s - ’  for a plausible density of N = lo9 cm-3 ( p  is the mass 

density). Pulsation periodicities of T~ = 3.2 s and 32 ms then 
require sizes a ,  = 2 x IO9  cm and a2 = 2 x lo7 cm, respec- 
tively. 

Coronal loops on the Sun have sizes on the order of 
2 x IO9 cm, and the smaller size of 2 x IO’ cm for the faster 
spikes is well below that inferred from the light travel time 
argument. We might view the smaller size as an inhomegeneity 
in a larger stellar loop. Duration times of 0.15 and 25 s are 
consistent with a constant heizht of h = 2 x IO9 cm and a time 

i 

! 
I 

1 
~ 

i I 
i Our observations of quasi-periodic spikes and pulsations 

i 

of -1 s between the generation of the disturbance and the 
onset of the quasi-periodic phase. 

Gary, Linsky, and Dulk (1982) reasoned that the 56 s oscil- 
lations observed in the 6 cm burst from L727-8A might be 
caused by a periodic modulation of the source by an external 
agent or by a periodic modulation of the energy release mecha- 
nism. We agree with their conclusion that flux tube oscillations 
might modulate coherent maser action. However, this is not 
the only plausible mechanism for producing apparent period- 
icities. Energetic particles might be trapped within closed mag- 
netic structures, bouncing between magnetic mirrors at times 
T P Ljc, where L is the size of the magnetic trap and c is the 
velocity of light. Perhaps mirroring energetic particles interfere 
with and modulate the coherent maser action. 
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C. NARROW-BAND, SLOWLY VARYING DECIMETRIC RADIATION FROM THE 
DWARF M FLARE STAR YZ CANIS MINORIS 
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ABSTRACT 
Narrow-band, slowly varying microwave radiation has been detected from the dwarf M star YZ Canis Minoris 

at frequencies near 1465 MHz. This quiescent, or nonflaring. emission cannot be attributed to gyroresonant 
radiation from coronal loops; the loops would have to be more than 200 times the stellar radius in size with 
magnetic neia sirciigik of fl 2 l!E G a! !his dis!mr_e. The narrow-band structure ( A v / v  I 0.1) of the slowly 
varying radiation cannot be explained by continuum emission processes such as thermal bremsstrahlung, thermal 
gyroresonant radiation, or nonthermal gyrosynchrotron radiation. Our observations may be explained by 
coherent burst mechanisms like electron-cyclotron masers or coherent plasma radiation. Maser action at the 
second harmonic of the gyrofrequency implies a longitudinal magnetic field strength of 250 G and an electron 
density of Ne = 6 X lo9 ~ m - ~ .  Coherent plasma radiation at the second harmonic of the plasma frequency 
similarly requires Ne = 6 X lo9 but a longitudinal magnetic ficld strength of H, << 250 G. The slow 
variation of the, narrow-band emission might be explained by the stochastic nature ol continued low-level, 
coherent burst activity. There are possible analogies with narrow-band decimetric bursts observed on the Sun. 
Subject headings: stars: coronae - stars: flare - stars: radio radiation 

. c ., 

i 
I. IhTRODUCTION 

Nearby main-sequence stars of late spectral type exhibit 
uiescent, or nonflaring, X-ray emission whose absolute 1 k & ~ n s i t y  ~-m.ay be as much as 100 times that of the Sun 

I (Johnson 1981; Vaiana erai. i9Sl). This suggests that these 
: stars may have hot stellar coronae and large-scale coronal 

loops with strong magnetic fields. Quiescent microwave radia- 
tion might be emitted by electrons trapped within stellar loops 
or by e!ectrons spiraling about magnetic fields above starspots. 

Quiescent microwave emission has. in fact, been detected 
from six dwarf M stars usmg the Very Large Array (VLA). 
They are W Ceti (Gary and Linksy 1981), both components 
of the binary star system EQ Pegasi (Topka and Marsh 1982), 
YY Geminorum and Wolf 630 (Linksy and Gary 1983), the 
suspected spectroscopic binary AU Microscopii (Cox and 
Gibson 1985), and YZ Canis &oris (Pallavicini Willson, 
and Lang 1985; Kundu and Shevgaonkar 1985). YZ Canis 
Minoris is curiously unique in being the only single. or nonbi- 
nary, dwarf M star that is know to exhibit quiescent micro- 
wave radiation. 

The quiescent radiation from dwarf M stars is slowly vari- 
able over time scales of hours (Linsky and Gary 1983; 
Paliavicini, Willson, and Lang 1985). An example is shown in 
Figure 1 where the 6 cm flux density from YZ Canis Minoris 
rises to 7 mJy over periods of half an hour. Kundu and 
Shevgaonkar (1985) have pointed out that the microwave 
radiation from this star is highly variable with a flux density 
that varied by a factor of 5 in 2 days and reached a peak value 
of 3 mJy at 20 cm wavelength, but their 2 hr synthesis maps 
may have underestimated the peak flux density of the slowly 

I .  
i varying component that varies on time scales shorter than 2 

hr. In addition, Rondonb et ai. (1984) have reported variable 
microwave radiation from YZ Canis Minoris at 6 cm wave- 
length with a peak flux density of 5 mJy and a duration of 
2 30 minutes. If this was the slowly varying radiation il- 
lustrated in Figure i, iib &.m&ith with ix c!traviolet flare 
that occurred 7 minutes earlier may have been purely coinci- 
dental. 

Most of the dwarf M stars detected at microwave wave- 
lengths exhibit X-ray radiation with absolute X-ray luminosi- 
bes of L, = io”‘ ergs s-l (W Cet), ?O’ss ergs s-’ (EQ 
Peg), ergs s-l (YY Gem). ergs s-l (Wolf 630), 
and 10:’ ergs s-l (YZ CMi). By way of comparison. the Sun 
has an average L, = ergs s-l that is attributed to 
thermal bremsstrahlung of hot electrons trapped in the 
ubiquitous coronal loops that dominate the structure of the 
solar corona. This suggests that the slowly varying, quiescent 
microwave radiation of dwarf M stars may be due to thermal 
electrons trapped in extensive coronal loops. 

The X-ray observations rule out detectable thermal brems- 
strahlung at microwave wavelengths; the temperatures and 
emission measures inferred from the X-ray data indicate that 
the microwave bremsstrahlung flux density is at least two 
orders of magnitude below the detection threshold of the 
VLA. Thermal gyroresonant, or cyclotron, radiation might 
nevertheless account for the quiescent microwave emission 
from dwarf M stars. This process explains most, if not all, of 
the quiescent microwave emission from coronal loops on the 
Sun (Kundu and Lang 1985). However, gigantic coronal loops 
with intense magnetic fields (several hundred gauss) and enor- 
mous heights of three stellar radii are required to explain the 
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FIG. 1.-A plot of the total intensity I (rop)  and degree of circular polarization. p ,  (horroni) observed at 4885 MHz from the dwarf M star YZ CMi on 
1983 October 25. A circularly polarized impulsive ( I 20 s) burst and circularly polarized. slowly vaying ( - 1 hr) radiation are observed. The visibility data 
were phase shifted to source center and then averaged, baseline by baseline, over a 30 s interval. They were then vector averaged to produce these time 
profiles. The theoretical 3 u noise level of these data is - 1.35 mJy. 

j 
I 6 cm (or 5000 M H Z )  emission from dwarf M stus. Gymreso- 

name radiation of thermai electrons in extensive coronae was 
nevertheless once believed to be the most likely explanation 
for the slowly varying quiescent emission frorn these stars 
(Gary and Linsky 1981; Topka and Marsh 1982). 

An alternative microwave emission mechanism is nonther- 
mal gyrosynchrontron emission by mildly relativistic electrons 
(L imb  and Gary 1983; Pallavicini, WiIlson, and Lang 1985). 
An attractive aspect of this mechanism is that the emitting 
sources can be relatively small with sizes comparable to those 
of starspots. The unattractive aspect of the nonthermal gyro- 
synchrotron hypothesis is that the mildly relativistic electrons 
must be accelerated more or less continuously in the magnetic 
fields of starspots. 

Our recent VLA observations of YZ CMi indicate that 
neither thermal gyroresonant radiation nor nonthermal gyro- 
synchrotron radiation can account for the slowly varying, 
quiescent microwave radiation of this star. In § I1 we present 
observations of the slowly varying radiation with a maximum 
flux density of 20 mJy m d  naiiow-band frequency structure 
( A v / v  I 0.1) at frequencies near 1465 MHz. Possible ex- 
planations for this radiation are examined in § 11. Thermal 
gyroresonant radiation would require impossibly large coronal 
loops and magnetic field strengths. The narrow-band structure 
cannot be explained by continuum emission processes such as 
thermal bremsstrahlung, thermal gyroresonant radiation, or 
nonthemal gyrosynchrotron radiation. Coherent burst mecha- 
nisms seem to be required. 

11. ORSFRV4TIC)NE 

The dwarf M star Y2 Canis Minoris (GL 285, dM4.5e) was 
observed with two subarrays of the VLA on 1984 December 
10 in the A configuration. One subarray of 13 antennas had 
signal frequencies of 1415 M H Z  and 1515 MHz, and the other 
subm2y of 14 znntemizs Dad si-mal frequeocies of 4835 MHz 
and 4885 MHz. The bandaridth at all four frequencies was 50 
MHz. The total intensity, I. and circular polarization. pc or 
Stokes parameter V ,  were sampled for every 10 s. and the data 
were calibrated by observing 3C 286 (14.51 Jy at 14l5 MHz 
and 7.4 Jy at 4885 MHz) and 0735 + 178 (2.2 Jy at 1415 MHz 
and 2.1 Jy at 4885 MHz). 

The calibrated visibility data were used to construct a 4.5 hr 
synthesis map of the unresolved source. The calibrated data 
were then phase shifted to bring the microwave source exactly 
at the center of the 4.5 hr map. There were no confusing 
sources in the field of view. 

The calibrated, phase-shifted visibility data were then aver- 
aged, baseline by baseline, with running means over a 1.5 
minute time interval, and then vector averaged. The theoret- 
ical 3 u noise level obtained in this way was 2.3 mJy at 4885 
MHz and 2.9 mJy at 1415 MHz. The total intensity at 1415 
MHz and 1515 MHz exhibited slowly varying fluctuations of 
as much as 20 mJy, which is well above the noise level (see 
Fig. 2).  However, there were no detectable variations at 4885 
MHz for this observation. 

An examination of the calibration amplitudes at the times 
of the gaps in Figure 2 indicates that they are constant and 
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FIG. 2.-?kts of the s!owly v q i q  eziission from the dwarf M flare star YZ CMi observed at two closely spaced frequencies of 1415 MHz and 1515 
MHz and at 4885 MHz on 1984 December 10. Both the total intensit? (flux) and degree of circular polarization ( p c )  are plotted as a function of time. 
Noticc that the total intensity at two frequencies separated by 100 M H z  near 1465 MHz peak at difierent times. indicating a narrowband radiation 
mechanism. Also notice that there are no detectable variarions a! 4885 MHz on th~s d q .  Here the visibility data were phase shfted to source center and 
then averaged. baseline by baseline. over a 1.5 minute intend. They were then vector averaged to produce time profiles with 3 u noise levels of 1.9 m I y  at 
1415 MHz and 1515 M H z  and 2.3 mJy at 4885 MHz. No quiescent emission uas detected at 6 cm where the plot represents the nonzero vector-averaged 
noise level. 

have the same value at 1415 M H z  and 1515 MHz within the 5 
u noise level of 3.3 mJy for the 3 minute cahbration interval. 
Changing calibrator amplitudes therefore do not produce the 
flux variations shown in Figure 2. This is confirmed by the 
unchanging peak-to-peak noise level of about 3 mJy depicted 
in the figure. 

The interesting aspect of Figure 2 is that the slow variations 
in total intensity peak at different times for frequencies v = 
1415 and 1515 MHz, indicating narrow-band structure of 

,bandwidth Av << 100 MHz, or Avjv << 0.1. This narrow- 
'band structure was confirmed by constructing snapshot 
'synthesis maps over time intervals of 1.5 minutes centered at 
06:20 UT and 07:30 UT (Fig. 3). The snapshot maps had an 
effective half-power beamwidth of l'.'O x 1'.'6. The maximum 
flux values at 0620  were 14 and 22 mJy per beam area at  1415 

and 1515 M E ,  respectively, while at 07:30 they were 25 and 
10 mJy per beam area at 1415 and 1515 MHz,  respectively. 

Although 1415 MHz and 1515 MHz lie outside the pro- 
tected band for radio astronomy, there was no indication of 
interference. This is reflected by the unchanging calibrator 
amplitudes and the absence of interference patterns in the 1.5 
minute maps (Fig. 3) and in a 2 hr map (not shown). 

111. DISCUSSION 

What accounts for the observed narrow-band structure? 
Continuum emission processes like thermal bremsstrahlung, 
thermal gyroresonant radiation, or gyrosynchrotron radiation 
will not normally exhibit such spectral features. Of course, 
thermal electrons gyrate around magnetic fields, emitting 
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FIG. 3.-VLA snapshot synthesis maps of the total intensityover a 1.5 minute time internal centered at 06:20 UT and 07:30 UT for signal frequencies 
of 1415 MHz and 1515 MHz. The contour intervals of these maps are 6. 8. 10. .  . mJy per beam area. and the synthesized beam (l'.'O X 1'.'6) is illustrated 
by the cross-hatched ellipsoid at the upper left. Notice that the unresolved emission peaks at different times at two frequencies separated by only 100 MHz 
near 1465 MHz, indicating a narrow-band radiation mechanism. 

cyclotron lines at harmonics of the gyrofrequency. CETTPE? 
sheets could lead to enhanced gyroresonant radiation from 
relatively thin coronal layers where the magnetic field is 
constant, and in this case, individual cyclotron lines might be 
observed. In fact, the VLA has been used to resolve individual 
coronal loops on the Sun, thereby detecting individual 
cyclotron lines (Willson 1985~) .  However, when an entire star 
is observed, the complex magnetic geometry should lead to 
varying magnetic field strengths and the cyclotron lines ought 
to be smoothed into a continuum. 

Moreover, we can rule out gyroresonant radiation for the 
observations presented here. The gyroresonant layers in a 
stellar corona will lie fully outside the star and form closed 
surfaces around it. The observed radiation will be generated at 
the maximum harmonic, n, for which the corona still remains 
optically thick, for this outermost layer absorbs underlying 
radiation at lower harmonics. The maximum observed Aux 
density, S ,  will be given by the Rayleigh-Jeans law (Lang 
1980), and the radius of the emitting source will be given by 

SD2 
v 2  T 

~2 = 10'3- cm2, 

where S is the source flux density in Jy; D is the distance in 
cm; T is the temperature in K; and the observing frequency, 
v, is given by 

v = 2.8 X lo6 nH, Hz, ( 2) 

ll,. (Sl~-h+l.v fer 2 l c ~ g i t ~ d i n d  =~qy~et ic  field cf strength U W " Y  
iarger values of R will be obtained when the magnetic field 
geometry and the visible area of the gyroresonant surface are 
taken into account.) For YZ CMi, we substitute S = 0.02 Jy, 
D = 5.99 pc = 1.8 x 1019 cm, v = 1.5 X lo9 Hz, and T = 
1Q6K to obt& R = 5.4 X IOu e. 

Thus, the hypothetical gyroresonant radiator must have a 
radius of R = 5.4 X 10" cm which is 200 times as large as the 
star's radius of 2.6 x lo1' cm pettenen 1980). (Smaller values 
of R amounting to a few stellar radii were previously obtained 
because lower flux densities were observed at higher frequen- 
cies.) Because the gyroresonant layers remain optically thick 
out to no more than n = 6 for normal stellar coronae 
(Zheleznyakov and Tikhomirov 1984), the required magnetic 
field strength for radiation at 1500 MHz is H 2 100 G. Such 
strong magnetic fields at 200 stellar radii are simply incon- 
ceivable. Even a well-ordered dipolar field has a strength that 
goes as the cube of the radius, implying a surface magnetic 
field strength of 0.8 x lo9 G. 

Thus, the narrow-band, slowly varying radiation from YZ 
CMi cannot be explained by conventional radiation mecha- 
nisms. We might speculate that the star could be continually 
radiating coherent bursts. Coherent radiation processes like 
electron-cyclotron masers have been used to explain some 
microwave bursts on the Sun and nearby stars (Melrose and 
Dulk 1982; Holman 1983). Some solar bursts exhibit high 
brightness temperatures, TB 2 10'' K, that require coherent 
mechanisms (Slottje 1978), and other sdlar bursts have ex- 
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hibited narrow-band ( A u / u  < structure that suggests 
coherent emission (Lang and Willson 1984; Willson 19856). 
In addition, microwave bursts from the dwarf M star AD Leo 
have millisecond rise times and high brightness temperatures 
that require coherent emission processes (Lang et d. 1983; 
Lang and Willson 1986). Coherent burst mechanisms might 
therefore be adopted to explain the observed narrow-band, 
slowly varying microwave radiation through continuous burst 
activity. 

High circular polarization would be expected to be occa- 
sionally observed if the coherent mechanism is associated with 
intense magnetic fields, and the stochastic nature of continued 
bursts might explain the variability of the observed microwave 
radiation. 

If the e!ectron-cyc!ntmn maser radiates at the second 
harmonic, or n = 2, of the gyrofrequency as suggested by 
Melrose and Dulk (1982), then we obtain a longitudinal 
magnetic field strength of H, = 250 G for a radiation frequency 
of 1400 MHz. The first harmonic radiation is expected to be 
attenuated by gyroresonant absorption in overlying atmo- 
spheric layers, and second harmonic radiation may dominate 
the emission when the gyrofrequency IS roughly equal to the 
plasma frequency up = 8.9 X lo3 N;l2  Hz, where the elec- 
tron density is in cm-3 (see Dulk 1985). This means that the 

' electron density A: = 6 X lo9 cm-3- 
i The coherent process might alternatively be attributed to 
/plasma radiation. For example, type JY bursts with AU/Y I 
10.1 have been observed at frequencies Y = 200-1500 MHz. 
Benz and Tarnstrom (1976) have shown that a coherent syn- 

'chrotron mechanism for the narrow-band type IV bursts re- 
cj*&ies either M excessively large number of relativistic dec- 
trons or an unstable pitch angle msotropy. They argue that 
plasma emission processes might exFlain these bursts. Plasma 
processes involving electron beams have also been invoked to 
explain weaker, narrow-band ( A u / u  I 0.1) bursts or blips 
observed a? deciqetric wzveleqgh 01~r i i  other solar bursts 
(Furst, Benz, and Hirth 1982; Benz, Bernold, and Dennis 
1983). However, analogies with these solar features may be 
consnained by their rapid temporal variations. The narrow- 
band type IV bursts have lifetimes of several minutes, and the 
weaker blips last less than 0.25 s. In contrast, the narrow-band 

slowly varying radiation from YZ Canis Minoris lasts for 
hours. 

If YZ Canis Minoris has a solar-like corona, then the first 
harmonic of the plasma frequency will be absorbed by elec- 
tron-ion collisions at frequencies u = 1400 MHz, but the 
second harmonic will escape. For this case we obtain Ne = 6 
X 109cm-3, but for plasma radiation to dominate we require 
u I ,  << u p  or the longitudinal magnetic field strength H, << 
250 G. 
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with the Air Force Office of Scientific Research. Our VLA 
observations of the Sun are supported by contract NOOO 
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Note added in manuscript.-Dr. Ronald D. Ekers (private 
communication) has pointed out that the narrow bandwidths 
and long fluctuation times of the decimetric radiation from 
YZ CMi are comparable to the decorrelation frequencies and 
decorrelation times of the interstellar scintillation of pulsar 
radiation. Our observations might therefore be explained by 
interstellar scintillation, but YZ CMi is about 100 times closer 
than the scintillating pulsars. The fluctuating electron number 
density would therefore have to be 100 times greater than that 
detected along the line of sight to these pulsars if the observed 
decorrelation is attributed to interstellar scintillation. 
Muitipie-wave:ength \'LA observafioos c3c be =sed to test the 
scintillation hypothesis: the decorrelation frequency and time, 
respectively, scale as the fourth and first power of the observ- 
ing frequency. An emitter located at the distance of YZ CMi 
must have a linear size smaller than lo4 km in order to give 
rise to detectable scintillation in this dense interstellar medium 
(see Lang 1971 for relevant formulae and pulsar data). If a 
source of this size accounts for the decimeuic flux density 
from YZ CM, then its brightness temperature is TB 2 l O I 4  K, 
whch may again require a coherent radiation mechanism. 
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ABSTRACT 

The dwarf 74 stars  YZ Canis X i n o r i s  and AD Leonis e x h i b i t  narrow-band, slowly vary ing  (hours )  
microwave emission t h a t  cannot be explained by convent iona l  thermal r a d i a t i o n  mechanisms. 
The dwarf ?I stars AD Leonis and Wolf 424 emit rap id  sp ikes  whose h igh  b r i g h t n e s s  
tempera tures  s i m i l a r l y  require a nonthermal r a d i a t i o n  process.  We a t t r i b u t e  them t o  
cohe ren t  mechanisms such as an e lec t ron-cyc lo t ron  maser o r  coherent  plasma r a d i a t i o n .  If 
t h e  e l ec t ron -cyc lo t ron  maser emits a t  the second o r  t h i r d  harmonic of t h e  gyrofrequency, t h e  
ce rona l  mggnetic field crr-na-h - -- ---0 -.e 3 = 250 C- nr 167 G and constraints on t he  plasma f requency  
imply an e l e c t r o n  d e n s i t y  of Ne = 6 x lo9 cm-3. Coherent plasma r a d i a t i o n  r e q u i r e s  similar 
v a l u e s  of e l e c t r o n  d e n s i t y  but  much weaker uiagnetic f i e l d s .  Radio s p i k e s  from AD Leonis and 
Wolf 424 have rise times TR < 5 ms, i n d i c a t i n g  a l i n e a r  s i z e  of L < 1.5 x 10gcm, o r  less 
than  0.005 of t he  s te l la r  r ad ius .  Although Ap magnetic s t a r s  have s t rong  d ipo le  magnetic 
f i e l d s ,  they  e x h i b i t  no d e t e c t a b l e  gyroresonant r a d i a t i o n ,  sugges t ing  t h a t  t hese  s t a r s  do 
no t  have h o t ,  dense coronae. The b inary  RS CVn star UX Arietis e x h i b i t s  v a r i a b l e  emission 
a t  6 c m  vave length  on t i m e  scales ranging from 30 s t o  more than one hour. The s h o r t e s t  
v a r i a t i o n  impl i e s  a l i n e a r  s i z e  much l e s s  than  t h a t  of t he  ha lo  observed by VLBI techniques ,  
and most probably s i z e s  smaller than those of t he  component s t a r s .  The observed v a r i a t i o n s  
might be due t o  abso rp t ion  by a thermal p l a s m a  loca t ed  between t h e  stars. 

DUARF 3 FLAX STARS 

The dwarf i4 f l a r e  stars e x h i b i t  r e l a t i v e l y  weak microvave b u r s t s  ( a  few t e n t h s  of one J y )  
K i th  a rate comparable t o  t h a t  of o p t i c a l l y  v i s i b l e  f l a r e s  from the  same stars. Quiescent ,  
o r  n o n f l a r i n g ,  microvave e n i s s i o n  has also now been de tec t ed  from s e v e r a l  dwarf M stars 
us ing  the Very Large Array (VU). These s t a r s  e x h i b i t  au i e scen t  X-ray emission wnose 
a b s o l u t e  iuminos i ty  may be as rrmch BS 109 times t h a t  of the  323. 39th the  zicrowave and the  
X-ray emission sugges t  t-hat dwarf M s t a r s  have hot  s te l la r  coronae and l a rge - sca l e  coronal  
l oops  with s t rong  magnetic f i e l d s .  i n  t h i s  s e c t i o n  we will demonst ra te  t h a t  bo th  the  
q u i e s c e n t  nicrowave d s s i o n  and t h e  nicrobave b u r s t s  from duarf Y s’d:s c a u o t  be 
aZtr’,jnte.’ t o  thermzl r a d i a t i o n  mechanism. The requ i r ed  non-:hemal esLss ion  processes  can 
pror5Ce s-zingen: c o m z r 2 i n t s  on the eleczron d e c s i q  2zd =gno,:ic f i e l d  szrzng:h in :he 
s ~ e l l t -  coronae. 

Sr;?zz accou~lts for +the slowly vary ing  nicrowave d s s L o n  fron &z.=rf 3 s r z r s ?  Tne X-ray 
o b s e r v a t i o n s  r u l e  out  d e t e c t a b l e  thermal bremsstrahlung a t  d c r o w a v e  wavelengzhs; t h e  
tempera tures  and emission measures in fe r r ed  from t h e  X-ray d a t a  i n d i c a t e  t h a t  the  microwave 
f l u x  d e n s i t y  i s  a t  least two o r d e r s  of magnitude below the  d e t e c t i o n  th re sho ld  of the  FbA.  
Thermal e l e c t r o n s  g y r a t i n g  about  la rge-sca le  magnetic f i e l d s  might exlit decec tab le  
gy ro resonan t ,  o r  cyc lo t ron ,  r a d i a t i o n .  The r a d i a t i o n  w i l l  be emi t t ed  i n  gyroresonant l a y e r s  
t h a t  l i e  o u t s i d e  t h e  v i s i b l e  star a t  a r ad ius ,  R, given  by t h e  Rayleigh-Jeans law 111 

where S i s  the  source f l u x  d e n s i t y  i n  Jy; D i s  the  d i s t a n c e  i n  cm;  T i s  the  temperature 
i n  K; and the  observing frequency v ,  is  given by 
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= 2.8 x l o6  nH Hz ( 2 )  

where n is t h e  maximum harmonic f o r  which the s t e l l a r  corona s t i l l  remains o p t i c a l l y  th i ck .  

Gyroresonance r a d i a t i o n  of thermal  e l e c t r o n s  i n  e x t e n s i v e  coronae w a s  once be l i eved  t o  be 
t h e  most l i k e l y  exp lana t ion  f o r  t he  slowly va ry ing .qu ie scen t  emission of dwarf M f l a r e  
stars. Values of R amounting t o  a few s t e l l a r  r a d i i  were obta ined  fo l lowing  d e t e c t i o n  of 
low f l u x  d e n s i t i e s  a t  6 cm wavelength,  and g i g a n t i c  coronal  loops of about three times 
l a r g e r  than the  v i s i b l e  star were envisaged. However, we have now de tec t ed  s t r o n g e r  
slowly-varying emission a t  longe r  wavelengths (20 cm) from YZ Canis \Finoris 1 2 1 .  
S u b s t i t u t i n g  t h e  r e l e v a n t  d a t a  (S = 0.02 J y ,  D * 5.99 pc = 1.8 x 1019 c m ,  v = 1.5 x lo9 Hz 
and T = l o 6  K) i n t o  equat ion  1 ,  we  o b t a i n  R = 5 .4  x 10 2 c m ,  which i s  200 times l a r g e r  than  
t h e  v i s i b l e  s ta r ' s  rad ius .  S t rong ,  la rge-sca le  magnetic f i e l d s  ex tending  ou t  t o  200 s te l la r  
r a d i i  are inconce ivable .  

Our obse rva t ions  of narrow-band s t r u c t u r e  from YZ Canis Minoris a d d i t i o n a l l y  r u l e  ou t  a 
thermal r a d i a t i o n  mechanism f o r  i t s  slowly-varying microwave emission 121.  Moreover, o t h e r  
obse rve r s  subsequent ly  found narrow-band s t r u c t u r e  i n  hour-long v a r i a t i o n s  from AD Leonis 
and s h o r t e r  b u r s t s  from UV Ceti 1 3 1 .  The narrow-band r a d i a t i o n  has  bandwidth Av < 0.1 v. 
Continuum emiss ion  processes  l i k e  thermal bremsstrahlung, thermal gyroresonant  r a d i a t i o n  o r  
gyrosynchro t ron  r a d i a t i o n  w i l l  no t  normally e x h i b i t  such s p e c t r a l  f e a t u r e s .  Coherent 
r a d i a t i o n  processes  l i k e  e l ec t ron -cyc lo t ron  masers can g ive  r i s e  t o  the  observed na r rowband  
s t r cc tu ro , ,  hut hefore exp la in ing  t h e s e  processes we will provide a d d i t i o n a l  ev idence  f o r  
coherent  b u r s t  emission from dwarf M stars. 

Af t e r  s e v e r a l  hours of obse rva t ion  a t  the  Arecibo Observatory,  a s t e l l a r  e r u p t i o n  w a s  
d e t e c t e d  from AD Leonis a t  20 cm wavelength wi th  a maximum f l u x  d e n s i t y  of 30 d y .  The 
b u r s t  was composed of h igh ly  le f t -handed  c i r c u l a r l y  po la r i zed  (100%) sp ikes  wi th  r i s e  times 
of 7R < 200 ms.  
t empera ture  of TB < 

An up e r  l i m i t  t o  t he  l i nea r  s i z e  L < 6 x lo9  cm, and a b r i g h t n e s s  
K (symmetric emi t t e r )  were i n f e r r e d  from these  rise t i m e s  141. 

1 0 0 m J y  

1 

I 
,eh IS" 10.3' ll.OS 11.1' 11.2' 11.3' 

U N I V E R S A L  TIME 

Pig. 1. The t o t a l  power de t ec t ed  a t  a frequency of 1415 n t z  (21 .2  cm) w h i l e  t r ack ing  t h e  
dwarf M star AD Leonis. The left-hand c i r c u l a r l y  po la r i zed  (LCP) s i g n a l  has been d isp layed  
wi th  a 5 m s  i n t e g r a t i o n  t i m e .  There a r e  f ive  quas i -per iodic  sp ikes  wi th  a mean periodici:y 
of T~ = 32 5 5 m s  and a t o t a l  d u r a t i o n  of TD = 150 m s .  
of TR < 5 m s ,  l ead ing  t o  an upper l i m i t  t o  t he  l i n e a r  s i z e  L < 1.5 x 108 c m  f o r  t he  sp ike  
emitter. A symmetric source of t h i s  s i z e  would have a b r i g h t n e s s  tempera ture  of TB > 
K ,  r e q u i r i n g  a coherent r a d i a t i o n  mechanism. 

AS i l l u s t r a t e d  i n  F igure  1, subsequent Arecibo obse rva t ions  r e s u l t e d  i n  t h e  d e t e c t i o n  of 
quas i -pe r iod ic ,  h igh ly  po la r i zed  s p i k e s  a t  20 c m  wavelength from AD Leonis 151. The sp ikes  
had rise t i m e s  of TR < 5 ms. 
i s  L < 1.5 x lo8  cm, the  d i s t a n c e  t h a t  l i gh t  t r a v e l s  i n  5 mi l l i s econds .  
f i v e  hundredths  of t he  estimated r a d i u s  of PD Leonis. Provided t h a t  t he  emitter i s  
spne t r i c ,  i t  has a b r i g h t n e s s  temperature g r e a t e r  than 10 l6  K. 

Each of t h e s e  s p i k e s  had a rise t i m e  

An upper l i m i t  t o  the  l i n e a r  s i z e  of the  sp ike  e m i t t i n g  r eg ion  
This size is only  
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We have subsequent ly  de t ec t ed  sp ikes  of sho r t e r  rise t i m e  TR = 0.1 s from AD Leonis t h a t  are 
100% right-hand c i r c u l a r l y  p o l a r i z e d ,  a s  w e l l  as sp ikes  from Wolf 424 wi th  r i s e  t i m e s  TR C 5 
m s .  
The h igh  degrees  of c i r c u l a r  p o l a r i z a t i o n  (up  t o  100%) i n d i c a t e  an i n t i m a t e  connection wi th  
t h e  s ta r ' s  magnetic f i e l d ,  and the  h igh  b r igh tness  tempera tures  sugges t  a coherent  r a d i a t i o n  
mechanism such a s  an e l ec t ron -cyc lo t ron  maser o r  coherent  plasma r a d i a t i o n .  The coherent  
process  provides  c o n s t r a i n t s  on the  e l ec t ron  d e n s i t y ,  Ne , and t h e  magnetic f i e l d  s t r e n g t h ,  
H ,  i n  t h e  s te l la r  coronae / 6 / .  I f  t he  e lec t ron-cyc lo t ron  maser emits a t  the  second o r  t h i r d  
harmonic of the gyrofrequency, t h e  long i tud ina l  magnetic f i e l d  H = 250 G o r  167 G and 
c o n s t r a i n t s  on the  plasma frequency i m p l y  an e l e c t r o n  d e n s i t y  of Ne - 6 x l o 9  cm-3. 
Although we do not know the  harmonic w i t h  c e r t a i n t y ,  t he  h igh  c i r c u l a r  p o l a r i z a t i o n  r e q u i r e s  
a s t rong  magnetic f i e l d ,  and high harmonics provide slow growth and i n s u f f i c i e n t  o p t i c a l  
depth .  Coherent plasma r a d i a t i o n  a t  the f i r s t  o r  second harmonic of t he  plasma frequency 
r e s p e c t i v e l y  r e q u i r e  Ne = 2 x 1010 

A l l  of t hese  sp ikes  r e q u i r e  h igh  b r igh tness  tempera tures  i n  excess  of 1013 K. 

and H << 500 G o r  Ne = 6 x lo9 and H << 250 G. 

MAGNETIC STARS 

Although we have ru l ed  out  thermal gyroresonant r a d i a t i o n  from dwarf M stars ,  such r a d i a t i o n  
might be d e t e c t e d  from the magnetic s t a r s  t h a t  have l a r g e ,  s t r o n g  magnetic f i e l d s  171. 
These stars have magnetic f i e l d  s t r eng ths  of a few hundred t o  a few thousand gauss. The 
observed f i e l d  s t r e n g t h s  vary  i n  a roughly s i n u s o i d a l  f a sh ion  wi th  pe r iods  i n  the  range of 1 
t o  10 days. Most of t hese  magnetic s t a r s  a l s o  vary  i n  b r i g h t n e s s  and have s p e c t r a l  l i n e s  
t h a t  vary i n  s t r e n g t h ;  t h e  per iod  of v a r i a t i o n  i s  always t h e  same a s  the magnetic period. 
The magnetic v a r i a t i o n s  are expla ined  by a d i p o l a r  magnetic f i e l d  t h a t  is f rozen  i n t o  t h e  

geometry. It i s  t y p i c a l l y  d i p o l a r  with two magnetic po les  of oppos i t e  s i g n  and unequal 
s t r t n g  th .  

r o t a t i n g  s t a r .  A s  t he  s t a r  r o t a t e s ,  the observer  sees d i i f e r e i i t  aspects  cf tho, m ~ a n ~ ~ i r  o'.---- 

D e t a i l e d  c a l c u l a t i o n s  i n d i c a t e  that the  gyroresonant  l a y e r s  l i e  f u l l y  o u t s i d e  the  star and 
form c losed  s u r f a c e s  around i t  J 8 J .  The degree  of c i r c u l a r  p o l a r i z a t i o n  depends on the  
a n g l e  between rhe l i n e  of s i g h t  and the a x i s  of the magnetic d i p o l e .  The magnetic f i e l d  
s t r e n g t h  can be i n f e r r e d  from the harmonic of the  gyrofrequency. As an example, t h e  
magnetic stars E Ursae ? ia jor i s  and a2 Canum Venaticorum have maximum magnetic f i e l d  
s t r e n g t h s  of 960 and 3,500 gauss  r e spec t ive ly ,  and r e s p e c t i v e  d i s t a n c e s  of 20.0 and L 3 . 5  
parsecs .  
d e n s i t y  Ne = lo9 
0.8 d y .  

We have observed t h e  11 magnetic srars l i s t e d  i n  Table 1 wi th  the  VLA f o r  a t  l e a s t  one hour 
each  a t  6 cm have1eng:h. No emission was de tec t ed  from t h e s e  stars at  a 3 s igna  l e v e l  of 
about  0.2 mJy ( s e e  Table). The r e s u l t s  i n d i c a t e  that s t rong  s u r f a c e  magnetic f i e l d s  are no t  
s u f f i c i e n t  t o  produce d e t e c t a b i e  r ad io  ezissisii. The r i i gne t i c  !.p s r z r s  prnbably  do  not  have 
t h e  h o t ,  dense coronae a?.' s:ellar wi-nds r equ i r ed  t o  produce s i g n i f i c a n t  r a d i o  lux inos izy .  
I n  c o n t r a s t ,  r a d i o  eFdssion 'has been de tec ted  from at  l e a s t  two helium-rich,  magnetic 
v a r i a b l e  Bp stzrs wi:h k i logauss  photospheric f i e l d s  (u O r i  f and 'FIR 1890) 181. 

For these  Darameters and assuming an e l e c t r o n  tempera ture  Ye 5 IO7 K,  and e l e c t r o n  
t h e  computed flux d e n s i t y  f o r  gyroresonant  emission a t  v = 10 GEz i s  

-As Cilus:rzted 5 P'-gxe 2 ,  the b ina ry  XS CVn star W L-ieris e x M b i t s  v c i a b l e  d s s l o n  ai 
5 cc m v e l a G h  oz s z d s  f r o m  33 s zo mze one b- /a / .  3 ma-as:, 
t h e  flux a t  20 GP xve1eng:h haad a nea r iy  cons t an t  va lue  of zbout 30 njy. from -,he s h o R e s t  
v a r i a t i o n s  of 30 s ,  we p lace  an upper l i m i t  of L < 9 x 1011 cm f o r  the s i z e  of t he  emitting 
r e g i o n  under the  assumption that the source cannot move f a s t e r  than t h e  v e l o c i t y  of l i g h t .  
T h i s  s i z e  is four times maller than that  of t he  halo component ob ta ined  from 6 an VLBX 
o b s e r v a t i o n s ,  bu t  compeiable t o  the  upper limit given  by VLBI f o r  the  co re  component. 

V e l o c i t i e s  cons ide rab ly  below the v e l o c i t y  of l i g h t  are most l i k e l y .  For exam le ,  p l a u s i b l e  

r e s u l t  i n  an a f v e n  v e l o c i t y  of 2 x 108 cm s-1 < VA c 7 x 109 c m  s-1. Tnis  impl ies  a sou rce  
s i z e  of L = 6 x lo9 cm t o  2 x 1011 cm and a b r igh tness  tempera ture  of TB > 1011 K t o  TB > 

K f o r  t he  rap id  30 s v a r i a t i o n s .  These s i z e s  are small compared t o  t h e  s e p a r a t i o n  
between the two stars (i - 1.4 x 10l2 cm) and to t h e  s i z e s  of t h e  stars themselves (L = 1.4 
x 1011 cm and 4.2 x 1011 cm). 

magnet ic  f i e l d  s t r e n g t h s  of B = 10-109 gauss and e l e c t r o n  d e n s i t i e s  of Ne = 10 P -lo8 

A model t h a t  might e x p l a i n  the  r e l a t i v e l y  abrupt  v a r i a t i o n s  of less than 10-20 minutes is  
one i n  which the v a r i a b l e  emission i s  absorbed by a thermal plasma l y i n g  between the two 
s t a r s .  High temperature plasma may r e s ide  i n  coronal  loops  which are comparable i n  s i z e  
t o  t h e  b i n a r y  system. Absorption of radio emission from one component of UX Arietis by 
t h e  thermal plasma i n  coronal  l oops  lying along the  l i n e  of s i g h t  might then  e x p l a i n  both 
t h e  v a r i a t i o n s  a t  6 cm and the  absence of v a r i a t i o n s  a t  20 c m  wavelength 191. 
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Table 1. Upper l i m i t s  a t  the  3 sigma l eve l  t o  t h e  6 c m  f l u x  d e n s i t y ,  S,  of magnetic stars 
t h a t  e x h i b i t  no d e t e c t a b l e  r a d i a t i o n  at t h i s  wavelength. 

P H D S 
STAR NAYE mv (days )  (gauss )  (PC) (mJy) 

a Andromedae 
I Cass iope iae  
53 Camelopardi 
30H Ursae b j o r i s  
y V i r g i n i s  
E Ursae Major i s  
a2 Canum Venaticorum 
I L ib rae  
B Coronae Borea l i s  
x S e r p e n t i s  
y Equule i  

2 .1  
4.5 
6.0 
5.0 

1.8 
2.9 
4.5 
3.7 
5.3 
4.7 

3.0 

0.9636 
1.7405 
8.0278 

11.58 

50.0887 
5.4694 

18.4870 
1.5958 

-- 

- 

- 

500 
1030 

17000 
1200 

436 
960 

3500 
300 

6100 
1840 
3500 

7 

41.6 
47.6 

7.0 
25.0 

9.9 
20.0 
43.5 
43.5 
32.3 
33.3 
47.6 

. -~ , 

UX A r i  
Juw l0.1905 

0.23 
0.35 
0.21 
0.20 
0.15 
0.25 
0.20 
0.20 
0.18 
0.20 
0.23 

- __ 

,..,""I 

-4 v--wLh-v'--- - - 
11 I2 I )  

U N I V E R S A L  TIME 

Fig. 2. A p l o t  of t he  t o t a l  i n t e n s i t y ,  I, observed a: 1465 W ,  4835 Xiz, and 4885 MIZ 
from the  RS CVn star UX Arietis on June 10, 1985. The v i s i b i l i t y  d a t a  w e r e  phase s h i f t e d  
t o  t h e  source  cen te r  and then  vec to r  averaged, base l ine  by b a s e l i n e ,  over a 6.67 s 
i n t e r v a l  t o  produce t h e s e  t i m e  p r o f i l e s .  

Radio as t ronomica l  s t u d i e s  of t n e  Sun and o t h e r  active sfars a t  Tuf t s  Tfniversity are 
s u p c r t e d  under giazt -L*OSR-S3-0019 r izh  rfie Air Force =:ice of S c i e n r i f i c  *search and 
5f coatrac: ZiOiOOOiL-S6-K-3068 i i z n  the Off ice  of -Xavzl research (Ohi j .  bves: iga5ons  of 
d=zzf U fiarc stars and Z CFn s t a r s  a t  Iufzs L-L-cersizy t r e  a l s o  suppoorzed by f;ZSAgrznf 
Y'- L S -  i i:-- - b l L  
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ABSTRACT 
The VLA was used to observe the RS CVn stars, UX Arietis, HR 1099, HR 5110, and I1 Pegasi with a time 

resolution of 6.6 s at two pairs of wavelengths near 4835 MHz and 1415 MHz. Variable emission was detected 
from UX Arietis at 4835 MHz on time scales ranging from 30 s to more than 1 hr, but there were no detect- 
able variations at 1415 MHz. From the rise time of the shortest variation of -30 s, we use the light-travel 
time argument to obtain an upper limit to the source size of L I 9 x 10" cm, or about 4 times smaller than 
the halo size determined from VLBI techniques. More plausible Alfven velocities of 2 x 10' cm s- l  < 
y A  5 7 x IO9 cm s- l  ir?lp!y SC)ETCP sizes of 6 x !09 cm 5 L < 2 x 10" cm for the 30 s variations. These sizes 
are smaller than the binary separation and most-likely smaller than the size of an individual star. Here we 
also derive a magnetic field of H < 15 G for the varying source and show that the relatively rapid time scales 
of the variations cannot be due to synchrotron radiation losses. Instead we suggest that the variations may be 
due to absorption by a thermal plasma located between the stars. 
Subject headings: stars: binaries - stars: individual - stars: radio radiation - radio sources: variable 

,, 

I. INTRODUCTION 

Observations of RS CVn stars at centimeter wavelengths 
have shown that some of these objects exhibit strong and vari- 
able emission on time scales of minutes to several days. Among 
the more active and well studied RS CVn stars are UX Arietis 
(G5 V + K1 IV) and HR 1099 (G5 IV + K1 IV). Gibson, 
Hjellming, and Owen (1975) showed that the flux from UX 
Arietis at 2095 MHz and 8085 MHz decreased by about a 
factor of - 2.5 over a 24 hr period. Feldman et al. (1978) subse- 
quently discovered variations on a time scale of a f w  hoiiis I from HR 1099 at 10.5 GHz. Shorter variations were reported 1 from HR 1099 by Brown and Crane (1978); the 2695 MHz flux 

, underwent rapid, and possibly periodic, fluctuations on a time 
I scale of about 4 minutes. 

I he microwave radiation from UX Aeetis 2nd FIR 1099 is 
often highly circularl\ polarized, especially. but not exclusively, 
during periods of little variation (Brown and Crane 1978; 
Mutel and Weisberg 1978; Mutel et al. 1985; Pallavicinl 
Willson, and Lang 1985). During a variation, the radio spec- 
trum is usually inverted, with a spectral index, a % 1. These 
properties suggest that the emission mechanism is gyrosynch- 
rotron radiation from mildly relativistic electrons radiating in 
magnetic fields of a few tens of gauss (Owen, Jones, and Gibson 
1976). 

Recent VLBI observations have provided information about 
the sizes of a number of RS CVn Stars. Mutel et al. (1985) and 
Lestrade et al. (1985) have shown that UX Arietis contains an 
unresolved core (size L 5 3 x 10" cm) embedded in extended 
halo of about 3.2 x IO'' cm in size and that HR 1099 contains 
a single unresolved component whose size is L 5 1.1 x 10'' 
cm. The separations between the binary components of UX 

~ Arietis and HR 1099 are, - 1.5 x 10l2 cm, and 8.4 x 10" cm, 
I respectively. Observations of HR 5110 at 8.4 Lestrade et af. 
(1984) indicate a source size of 1.1 x 10'' cm, comparable to 
the overall size of the binary system. The VLBI size estimates, 
together with the observed flux densities indicate peak bright- 
ness temperatures of T, 2 4 x 10' K for HR 5110 and T, 2 

I 

1O'O K for UX Ari and HR 1099. A temperature of 10'' K is 
not inconsistent with the idea that the radio emission is due to 
gyrosynchrotron emission, but significantly higher brightness 
temperatures might indicate a coherent emission mechanism 
such as an electron-cyclotron maser (Melrose and Dulk 1982). 

More stringent limits to the size and brightness temperature 
can be obtained by measuring the rise time of the variable 
emission using the light-travel time argument to place an 
upper limit to the size. This approach has, for example, recently 
been  sed to derive S:ightness !empera!ures of 7'' 2 10l6 K 
from intense millisecond spikes emitted by the dwarf M star 
AD Leonis (Lang and Willson 1986). 

In this paper we present 6.6 s VLA observations of UX 
Arietis at HR 1099, HR 5110, and I1 Peg at two pairs of fre- 
quencies near 1415 MHz and 4835 MHz. The RS CVn stars 
HR 5110 and II Peg were studied because both are known to 
vary at radio wavelengths (Feldman 1979; Viner 1979; Span- 
der, Owen. and Hulse 1977). In $ I1 we present the data and 
;how that UX Arietis exhibited variations on time scales 
ranging between -30 s to more than 1 hr. In $ In we discuss 
these observations and derive an upper limit of 
L 5 1.98 x 10" cm for the source size. Here we also derive a 
magnetic field of H < 15 G for the varying source and show 
that the time scale of the variations cannot be due to synchro- 
tron radiation losses. Instead we suggest that the variations 
may be due to absorption by a thermal plasma located 
between the stars. 

11. OBSERVATIONS 

The RS CVn stars UX Arietis HR 1099, HR 51 10, and I1 Peg 
were observed with the VLA (B configuration) on 1985 June 
10. One subarray containing 13 antennas was used to observe 
at frequencies of 1415 MHz and 1465 MHz and another sub- 
array containing 14 antennas was used to observe at fre- 
quencies of 4835 MHz and 4885 MHz. In all cases the 
bandwidth was 50 MHz. The fringe visibilities were sampled at 
a rate of 6.67 s, and the data were calibrated from observations 
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of 3C 236 (14.51 Jy at 1465 MHz and 7.4 Jy at 4835 MHz) and 
0333+321 (3.14 Jy a t  1465 MHz and 2.64 Jy at 4835 MHz). 
The raw data were first examined, baseline by baseline, for the 
presence of interference or any obviously bad data. 

The edited data were then calibrated and used to make syn- 
thesis maps of the sources which were then cleaned and fitted 
with two-dimensional Gaussian functions in order to deter- 
mine their locations to within about one-tenth of the beam- 
width (1Y9 x 2:'O at 4885 MHz, 3:'7 x 5:'O at 1465 MHz). The 
6.6 s data were then phase-shifted to bring the sources exactly 
into the center of the map. Finally, these data were vector- 
averaged, baseline by baseline, and used to construct plots of 
total intensity, I ,  and circular polarization, p, , as a function of 
time for the 2 hr observation interval. For a 6.6 s integration 
time the theoretical 3 cr rms noise level is - 7 mJy at 1415 MHz 
and 1465 MHz and - 6 mJy at 4835 MHz and 4885 MHz. 

Our observations indicate that HR 1099, HR 5110, and I1 
Peg exhibited no significant fluctuations in intensity on any 
time scales ranging from 6.6 s to more than 1 hr, but that UX 
Ari varied significantly throughout the 2.5 hr period of obser- 
vation. in Tabie i ,  we give the total intensity and circular 
polarization at 6 and 20 cm wavelength for each of the four 
sources. For HR 1099, HR 51 10, and I1 Peg, the 3 cr errors were 
determined from the rms noise levels on the synthesis maps. 

In Figure 1 we show the plots of total intensity for UX 
Arietis at 4835 MHz, 4885 MHz, and 1465 MHz. These plots 
indicate that UX Arietis was much more intense and time 
variable at 4835 MHz and 4885 MHz. There was no  detectable 
circular polarization at any frequency, to a limit of 5%. The 

I major variations in flux occur on time scales of h- 10-20 
minutes, but faster variations are also apparent in the data. 
The peak flux occurs at - 1145 UT with an amplitude of -770 
mJy. In contrast, the flux at 1415 MHz and 1465 MHz has a 
nearly constant value of -30 mJy. In Figure 2 we show a 
section of data with variations as short as 30 s. Here, the data 
at 4835 MHz and 4885 MHz have been averaged together in 
order to improve the signal-to-noise ratio. The burst denoted 
by an arrow has an amplitude of ,- 30 mJy and a rise time of 
-30 s. In order to check that these fluctuations are real and 
not caused by instrumental effects. we constructed a series of 2 
minute snapshot maps at both 4835 MHz and 4885 MHz at 
various times during these observations. Small phase errors, 
for example, mighr mimic rapid time variations if the effective 
phase center varies by a mall fraction of the synthesized beam 
over time scales of a few minutes. Examination of these maps, 
however, confirmed that the fluxes derived from them were 
nearly identical a t  4835 MHz and 4885 MHz and that they 
agreed with the values determined by vector-averaging the 
da t a  

111. DISCUSSION 

Our observations of UX Arietis indicate that the 6 cm flux 
varied on time scales ranging from -30 s to more than 1 hr. 
From the shortest variations of - 30 s, we can place an upper 
limit of L I 9 x 10'' cm for the size of the emitting region 
under the assumption that the source cannot move faster than 
the velocity of light. This size is 4 times smaller than that of the 
halo component obtained from 6 cm VLBI observations 
(Mutel, Doiron, and Phillips 1984; Mutel et al. 1985), but com- 
parable to the size of the core component ( I  5 3 x 10" cm) 
found by Mutel et al. (1985). With an amplitude of -30 mJy 
and a size of L 5 9 x 10" cm, we derive a brightness tem- 
perature of T, 2 lo9 K. 

Velocities considerably below the velocity of light are most 
likely. For example, plausible magnetic field strengths of 
H = 10-100 G and electron densities of N e  = 107-108 cm s - ~  
(Gibson, Hicks, and Owen 1974; Mutel, Doiron, and Phillips 
1984), result in an Alfven velocity of 2 x lo8 cm s - '  _< V' 
7 x IO9 cm s-'. This implies a E ~ F C P  size ef L = 6 x IO9 ciii 
to 2 x 10" cm and a brightness temperature of T, 2 10" K to 
Ts 2 I O l 3  K for the rapid 30 s variations. These sizes are small 
compared to the separation between the two stars 
( L  = 1.4 x 10l2 cm) and to the sizes of the stars themselves 
(L = 1.4 x 10" cm and 4.2 x 10" cm). 

Dulk and Marsh (1982) have shown that brightness tem- 
peratures of up to -10" K may be explained in terms of 
gyrosynchrotron emission from nonthermal particles radiating 
in magnetic fields of a few tens of gauss, but that significantly 
higher brightness temperatures may require a coherent emis- 
sion mechanism such as an electron cyclotron maser. In prin- 
ciple, the possibility of a brightness temperature as high as 10l3 
K would favor a coherent emission mechanism. However, since 
electron-cyclotron maser emission is expected to be highly cir- 
cularly polarized (Melrose and Dulk 1982), the unpolarized 
variable emission discussed here would seem to exclude this 

Synchrotron self-absorption with a spectral index of a = 2.5 
has been invoked to explain the inverted spectra often 
observed during radio bursts from RS CVn stars (Owen, Jones, 
and Gibson 1976; Spangler 1977; Hjellming and Gibson 1980). 
The turnover frequency due to synchrotron se!f-at?sorption is 
visa = 8.1 x 10-4(Sm/R)2 5H1's (Slysh 1963), where is given 
in MHq R is the source solid angle, and H is the magnetic field 
strength in G. If it is assumed that the absence of burst emis- 
sion at 21 cm is due to synchrotron self-absorption, then the 
source size may be estimated. Adopting v = 5000 MHz, S, = 
270 mJy, and H = 100 G, we derive a source size of L GZ 10" 
cm, which exceeds the upper limits established from plausible 

p ~ t i ~ ~ ! ~ r  c s h ~ e ~ t  e i ~ i ~ j i ~ i i  IIidiaiiisiii. 

TABLE 1 

JOURNAL OF OBSERVATlONS 
~~~ 

Date Wavelength Flux Polarization 
(1985) UT Time (cm) (mJy) (%) 

20 20.1 f 0.25 5 5  
11 Pegasi ............... Jun 10 0 9 0 3 4 9 5 1  6 9.2 -+ 0.4 + 10 
UXAnetis ............. Jun 10 1052-1330 6 120-270 1 5  

20 30 5 5  
HR IO99 ............... Jun 10 2103-2253 6 11.8 -+ 0.3 <5 

20 16.8 f 0.4 - 27 

HR 5110 ............... Jun 9 2308-0411 6 17.2 k 0.2 + 11.7 
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inferred from the data of Carlos and Popper (1971). 
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Alfven velocities for the 30 s variations. However, smaller mag- 
netic fields of H % 10 G imply a smaller size of L % 3 x 10” 
cm under synchrotron self-absorption hypothesis. 

Fields as small as 10 G are in fact suggested by the lack of 
polarization of the 6 cm burst emission. Dulk and Marsh 
(1982) have shown that the degree of circular polarization, p,, 
of optically thin gyrosynchrotron radiation from mildly rela- 
tivistic electrons having a power law distribution in energy is 

Here, vH = 2.8 x 106H is the gyrofrequency, 6 is the electron 
energy index, and 0 is the angle between the magnetic field and 
the line of sight. For 6 = 3-4, we require H s 15 G and 
8 2 70” in order to yield a circular polarization of less than 
about 5 % ,  the approximate upper limit obtained from the 
VLA observations. 

Fields as low as 15 G may, however, present a problem 
regarding the relatively rapid timescales of the 6 cm variations. 
According to Mullan (1985), an outburst observed from an RS 
CVn star has a time scale that is controlled by the evolutionary 
time scale of a coronal loop that expands outward from the 
steller surface. Eventually the outburst will “turn off” when 
the loop de-couples from the steller interior. When this 
happens it is expected that the burst lifetime will be determined 
by the synchrotron radiative loss lifetime (Chiuderi and 
Chiuderi-Drago 1967) 

1.8 x 10’ 
H 2  

S. t l I2  

For H = 15 G, we find f , ,2 = 222 hr, which is inconsistent with 
the much shorter time scales of variability reported here. 

One possibility is that the major dips in intensity during the 
peak of the gradual burst are due to absorption by thermal 
plasma located between the stars. Observations of the Sun at 
centimeter wavelengths sometimes show .. negative ” bursts in 
which the flx decreases abruptly before or dcring graduix! rise 
and iaii bursts (Covington and Dodson 1952; Tanaka and 
Kakinuma 1960: Covington 1969). These events are sometimes 
associated with Hz prominences or filament activity that 
obscure the underlying microuave sources for brief periods of 
time (Sawyer 1977a. b). 

A model that might explain the relatively abrupt variations 
of less than 10-20 minutes is one in which the variable emis- 
sion is absorbed by a thermal plasma lying between the two 
stars. There is ample evidence for thermal plasma within the 
UX Arietis ‘system. X-ray observations indicated the presence 
of two emission components with electron temperatures T, z 
8 x lo6 and -5 x 10‘ K (Swank er al. 1981). The lower tem- 
perature emission is believed to arise in coronal loops whose 
lengths are a small fraction of the radius of the more active 
star. The higher temperature plasma may reside in coronal 
loops which are comparable in size to the binary system. 
Simon, Linsky, and Schiffer (1980) have also found evidence for 
loops which interconnect two stars and which serve as con- 
duits for mass exchange. These loops may provide the mecha- 
nism by which particles are accelerated, giving rise to radio 
bursts (Uchida and Sakurai 1983; Mullan 1985). 

The orbital phase of UX Arietis during the time of our 

observations was 4 = 0.457-0.472, as computed from the 
ephemeris of Carlos and Popper (1971), where zero phase cor- 
responds to the cooler, more active KO IV star in front. This 
means that the more active star was situated on the far side of 
its orbit, as shown schematically in Figure 3, so that burst 
emission which was generated near that star had a greater 
probability of passing through material lying between the two 
stars than at any other time. 

Observations indicate that both gyroresonant and thermal 
bremsstrahlung processes contribute to the centimeter wave- 
length opacity on the Sun (Lang, Willson, and Rayrole 1982; 
Dulk and Gary 1983; Lang, Willson and Gaizauskas 1983; 
McConnell and Kundu 1984). Under the assumption that 
gyroresonance absorption is the dominant mechanism at 6 cm 
wavelength, field strengths of 445-595 G are required if the 
absorption occurs at the third or fourth harmonic of the gyro- 
frequency. In the present case, however, unless the absorption 
occurs close to the secondary G5 star, fields as high as these 
imply surface fields which are much larger than those deduced 
from starspot analyses of RS CVn and late-type stars (Bonsack 

gyroresonance absorption plays a role in modulating the burst 
emission from the active star in UK Arietis. 

The optical depth due to thermal bremsstrahlung however 
does not depend on the magnetic field, and is given by 

(4.7 x i o lO~ , )  
In L ,  

- - A  e:--- i n o q .  XA..--.. i n o ? ~  I%,.* ;* CPPmC ..-i;bP1.. tho+ aiiu aiiiiuii 1702, J v i a i L y  1 7 0 ~ 1 .  i i i u ~  I L  JCCIIIJ u u i r n r r j  LA.O.L 

9.78 x I O - ~ N , ~  
v2 T,  3‘2 V 

TTB = 

where N e  is the electron density, T,  is the electron temperature, 
and L is the path length through the absorbing medium. For 
a temperature of = IO’ IC, an electron density of N ,  = 
1.5 x lo9 and a path length L = 10” cm (the approx- 
imate size of the binary system) we have 5TB = 0.5 at 
v = 4.8 x IO9 Hz. If the unattenuated flux of the slowly 
varying emission is taken to be 220 mJy at 1130 UT, for 
example, then the flux after absorption by the thermal plasma 
is - 140 mJy, in good agreement with the observed value. The 
reiativeiy rapid dips in rorai inrensiry at i i3G ET, ii00 UT and 
1215 UT might then reflect changing physical conditions 
within coronal loops lying between the stars. Absorption by 
thermal plasma between the active loops might also explain 
the total absence of variations at 20 cm. Since the thermal 
optica! depth varies nearby as it, where i. is the wmelength, 
the opacity from this surrounding plasma might be negligible 
at 6 cm. but not at 20 cm. If the optical depth is high enough, 
the underlying source of variable emission (as well as the effect 
of the chan-@ng loops) would not be detected. In this case, the 
quiescent 20 cm emission would likely originate in a larger 
halo surrounding the stars. High time resolution observations 
over a range of frequencies at different phases of the 6.43 day 
binary orbit would provide a useful test of this model. 
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ABSTRACT 

The International Ultraviolet Explorer and the Very 
Large Array were used to simultaneously observe the 
dwarf M flare stars YZ Canis Minoris and AD Leonis 
and the RS CVn star Lambda Andromedae. Narrow-band , 
slowly varying radiation near 20cm wavelength was 
detected from YZ Canis Minoris. This radiation 
cannot be attributed to conventional emission 
processes, but may be explained by a coherent 
emission mechanism. The Mg I1 h+k line intensities 
also underwent changes in intensity, although the 
connection between the microwave and ultraviolet 
variations is unclear. Impulsive microwave bursts 
were detected from AD Leonis, but there were no 
significant variations in the Mg I1 line intensities. 
Finally, enhancements in several ultraviolet emission 
lines were detected on timescales of about an hour 
from Lambda Andromedaewithout accompanying variations 
at 6cm or 20cm wavelength. 

Kepords: Active Stars, Stellar Bursts 

1. INTRODUCTION 

Recent microwave and uitravioiet observations of 
nearby active stars indicate that these objects 
exhibit a number of phenomena that may be related 
to our understanding of physical processes thar: occur 
on the Sun. Very Large Array observations of the 
dvarf ?! flare stars 72 C z L s  W c r i s  a d  the RS CVn 
s t a r  LX Arietis, for example, have shown that these 
stars emit microwave raciiation that fluctuates on 
timescales of tens of minutes to several hours (Ref. 
1-3) . Variations on similiar timescales have also 
been detected from the dvarf M flare star EQ Pegasi 
(Ref. 4 )  and the RS CVn star Lambda Andromedae 
(Ref. 5 )  at ultraviolet wavelengths using the IUE 
satellite. Quiescent emission as well as bursts of 
shorter duration have also been observed from a 
number of active stars at radio wavelengths (Refs.6- 
7,:) as well with the IUE and X-ray satellites 
(Ref. 8). 
Both the slowly varying and impulsive emission from 
active stars may have analogues with fluctuations 
detected on the Sun. The slowly-varying component 
of solar radio emission at centimeter wavelengths, 
for example, is believed to be caused by changes in 
coronal magnetic loops above active regions, while 

the more impulsive bursts are thought to be triggered 
by rapid reconnections of magnetic fileds of inter- 
connecting loops. VLA observations of solar active 
regions at 2cm. 6cm and 20cm wavelength, for example, 
indicate that the emission originates respectively 
at the feet, legs and apex of magnetic loops (Ref. 
9 ) .  The 20cm emission is the radio wavelength 
counterpart of coronal loops detected at X-ray wave- 
lengths and may be attributed to the thermal bremss- 
trahlung of milllon degree piasma trapped within 
magnetic loops. The 6cm emission is attributed to 
the gyroresonant emission of thermal electrons 
spiralling around magnetic fields that are connected 
to underlying sunspots, while the 2cm radiation can 
be attributed to either thermal bremsstrahlung or 
gyroresonant emission in the transition region. 

Both ultraviolet and X-ray data also provide evidence 
for plasma and magnetic fields near active stars. 
Simon, Linsky and Schiffer (Ref. l o )  for,for example, 
showed that enhanced Mg I1 emission from UX Arietis 
could be attributed to mass flow in magnetic flux 
tubes that connect the binary components. The 
intense quiescent X-ray emission from stars of late 
spectral type has been attributed to emission from 
stellar coronae and large-scale coronal loops with 
strong magnetic fields (Ref. 10-12’1. Finally,optical 
wavelength observations of solar-type stars have 
revealed the presence of starspots with associated 
magnetic fields of several thousand gauss (Ref. 1 3 1 5 ) .  

Thus, there is a strong indication that the solar 
analogy is applicable to other active stars and that 
simdtaneous nultiple-wavelength observations might 
specify conditions in different levels in the stellar 
atmspheres where hrst or  slowly varying emission 
occurs. Since observations obtained at ultraviolet 
wavelengths refer to physical conditions in the 
chromosphere or transition region, while observations 
at radio wavelengths generally refer to conditions 
in coronal loops, simultaneous observations may 
provide information about the relative locations of 
stellar variations and about the physical mechanisms 
that give rise to them. 

2 .  OBSERVATIONS 

2.1 The VLA Observations 

In this section we discuss simultaneous IUE and V U  
observations of the dwarf M flare stars YZ Canis 
Minoris and AD Leonis and the RS CVn star Lambda 

New lmights in Astrophysics, Proc. Joint NASA/ESA/SERC Conference, University College London, 14-16 July 1986, ESA SP-263 (September 1986) 

33 



58 R F WILLSON & K R LANG 

-32 QUALITY 

T U L E  1. 
Andromedae. I n  Table  1 we g ive  t h e  d a t e  and t i m e  t h a t  
each s tar  was observed w i t h  t h e  VLA and IUE. Since one 

about  b u r s t s  o r  o t h e r  v a r i a t i o n s ,  t h e  f u l l  V L A  was 

s imul t aneous ly  k, , thin two d i f f e r e n t  wavelength bands. 
One suba r ray ,  c o n t a i n i n g  13  an tennas ,  w a s  used t o  
observe  a t  f r e q u e n c i e s  of 1415 MHz and 1465 MHz and 
ano the r  suba r ray ,  c o n t a i n i n g  14 an tennas ,  was used 
t o  obse rve  a t  4835 MHz and 4885 MHz. The f u l l  d e t a i l s  
of ou r  obse rv ing  procedure  and d a t a  a n a l y s i s  a r e  

I n  Table  1 w e  p r e s e n t  t h e  r e s u l t s  of ou r  obse rva t ions ,  

VLIIXET nr L"IIII0Y i,ms "a u*,D1 Aw,"rwlL,,*E 

of our  o b j e c t i v e s  w a s  t o  o b t a i n  s p e c t r a l  in format ion  

d iv ided  i n t o  t w e  suba r rays  and used t o  obse rve  L i n e  i m Xl1* SIP 2611, SdP Xi16 I"? 26111 <"I 26,)" 
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where f o r  each  star and obse rva t ion  pe r iod  w e  give 
t h e  t o t a l  i n t e n s i t y  and c i r c u l a r  p o l a r i z a t i o n  a t  
6cm and 20cm wavelength.  
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~ 2.2 'Pie I C E  o b s e r v a t i o n s  

'The IUE o b s e r v a t i o n s  were made u s i n g  bo th  t h e  short  
wavelength (1175-2000 A) SWP camera and t h e  long 
wavelength  (2000-3200 A) LWP camera. The SWP obser- 
v a t i o n s  were made a t  low d i s p e r s i o n  ( s p e c t r a l  reso- 
l u t i o n  6 A) whi le  the LWP obse rva t ions  were made 
a t  bo th  low and h igh  ( s p e c t r a l  r e s o l u t i o n - -  0.2 A) 
d i s p e r s i o n .  I n  a l l  cases, t h e  s t a r s  were observed 
through the l a r g e  10" x 20" a p e r t u r e .  In  gene ra l ,  
each  o b s e r v a t i o n  c o n s i s t e d  of two o r  three time- 
t r a i l e d  exposures  of abou t  10 minutes  each .  I n  t h i s  
way we could  search f o r  r a p i d  v a r i a t i o n s  i n  spec t r a l  
L L L I C  LLLLCLIDILY D U C ~  as occur  du r ing  f l a r e s .  
I n  g e n e r a l ,  on ly  t h e  Mg I1 h+k l i n e s  nea r  2800 A 
were d e t e c t e d  i n  t h e  Lh'P s p e c t r a .  The SWP s p e c t r a  
of Lambda Andromeda con ta ined  a number of chromo- 
s p h e r i c  ar.d t r a n s i t i o n  l i n e s ,  of which t h e  most 
prominent a r e  01, C I I I  and CIV. I n  Tab les  2 and 3 

LLLLS6LaLeV i r i l e  I L L S I I ~ ~ L l e ~  f o r  bo th  
t h e  rnT' and ShT' s p e c t r a .  S ince  t h e r e  is  c u r r e n t l y  
no adopted  a b s o l u t e  ca1ibra:ion f o r  t h e  IL'E i n  the 
high d i s p e r s i o n  mode, the h i g h  d i s p e r s i o n  L F  
i n t e g r a t e d  l i n e  i n t e n s i t i e s  . f o r  Lambda Andromeda 
a r e  r e l a t i v e  v a l u e s  only .  
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3 .  DISCUSSION 

Our obse rva t ions  i n d i c a t e  t h a t  each  of t h e  t h r e e  
s t a r s  v a r i e d  i n  i n t e n s i t y  a t  u l t r a v i o l e t  o r  r a d i o  
wavelengths .  In  t h i s  s e c t i o n  w e  w i l l  b r i e f l y  d i s c u s s  
t h e s e  v a r i a t i o n s .  

3 .1  TZ Canis X i n o r i s  

YZ Canis  Minor i s  (GL285) is  a n  a c t i v e  f l a r e  star 
t h a t  h a s  been w e l l  s t u d i e d  a t  o p t i c a l  and r a d i o  
wavelengths .  Coordina ted  o p t i c a l ,  r a d i o  and X-ray 
o b s e r v a t i o n s  have r e s u l t e d  i n  t h e  d e t e c t i o n  of a 
l a r g e  number of f l a r e s ,  b u t  on ly  a few appea r  t o  have  
heen  detected sitxi~lraneously i n  211 t h r e e  usve- 
l e n g t h  ranges  (Refs.  17-18). 

P rev ious  VLA obse rva t ions  of YZ C N i  a t  6cm i n d i c a t e  
t h a t  t h e  source  i s  v a r i a b l e  on t i m e s c a l e s  of tens 
o f  minutes  t o  a n  hour  ( R e f .  1 ) .  The IXA d a t a  
ob ta ined  on December 10, 1984 and shown i n  F igu re  1 
have been d i scussed  i n  d e t a i l  by Lang and Wi l l son  
(Ref. 2 ) .  T h i s  f i g u r e  shows t h a t  t h e  emis s ion  a t  the 
lower f r e q u e n c i e s  undergoes slow v a r i a t i o n s  on 
t i m e s c a l e s  of about  an hour  bu t  t h a t  t h e  pe&s i n  
t o t a l  i n t e n s i t y  a t  v=1415 ?lHz and v=1515 YFlz occur  
a t  d i f f e r e n t  times. Th i s  behav io r  seems t o  i n d i c a t e  
a narrow band emiss ion  p rocess  of bandwidth Av~100  
?fHz o r  Av/v 20.1. The emiss ion  i s  a l s o  h i g h l y  
c i r c u l a r l y  p o l a r i z e d ,  and becomes more so as t h e  
f l u x  l e v e l  i n c r e a s e s .  There were no d e t e c t a b l e  
v a r i a t i o n s  a t  6cm wavelength.  A s  d i scussed  by  Lang 
and Wi l l son  (Ref. 2 ) ,  t h e  narrow band s t r u c t u r e  of 
t h e  s lowly  va ry ing  r a d i a t i o n  cannot  b e  exp la ined  by 
continuum emiss ion  p rocesses  such  a s  the rma l  bremss- 
t r a h l u n g ,  gyroresonant  emiss ion  o r  non-thermal 
gyrosynchro t ron  r a d i a t i o n .  It may be exp la ined  by  
cohe ren t  emis s ion  mechanisms such a s  a n  e l e c t r o n -  
c y c l o t r o n  maser o r  coherent  plasma r a d i a t i o n .  

Our VLA obse rva t ions  a t  20cm a l s o  i n d i c a t e  t h a t  
YZ C M i  was h i g h l y  v a r i a b l e  on September 30,1984 
(F igu re  2 ) .  On t h i s  day, however, t h e  i n t e n s i t i e s  
a t  t h e  two c lose ly-spaced  f r e q u e n c i e s  a t  v=1465 hHz 
and ~ 1 4 1 5  MHz were t h e  same, and f o r  t h i s  reason  
w e  have  averaged t h e  d a t a  a t  t h e s e  two f r e q u e n c i e s .  
Here, as f o r  t h e  b u r s t  shown i n  F i g u r e  1 ,  t h e  pol -  
a r i z a t i o n  i s  g r e a t e s t  (p.=90%) a t  t h e  peak of t h e  
b u r s t .  C 
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on September 30, 1984 i n d i c a t e s  t h a t  t h e  Mg I1 l i n e  
~- -, ; lux had about  t h e  same v a l u e  a s  t h a t  d u r i n g  t h e  

, 
, we n o t e  t h a t  t h e  Mg I1 fir" obsegy;dlby Linsky e t  a 1  

1 

a c t i v e "  pe r iod  on December 10, 1984. For comparison, 
1415 M H ~  rZ CMI lZ,10/84 

3% (Ref.  19) was 1 .3  x 10 e r g  cm , o r  about  
e q u a l  t o  t h e  lowest  l e v e l  on December 10. 1984. 

r 

rc--------.---------- 

- I  
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1465.1515 MHz 

4835.4885 MHZ 

Y Z  Conis Minoris 

Oec 10,1984 

M9 n 

I 
1 2 3 4 5 6 7 8 9  

U N I V ~ ~ S P L  i i w i  

F i g u r e  3 .  

3.2 AD Leonis  

AD Leon i s  (GL 388) i s  a n  a c t i v e  dwarf M f l a r e  s t a r  
known t o  e x h i b i t  f r e q u e n t  and i n t e n s e  b u r s t s  a t  
o p t i c a l  (Ref. 20) and r a d i o  (Refs .  7.21) wavelengths .  
Our IUE o b s e r v a t i o n s  on f o u r  s u c c e s s i v e  days f a i l e d  
t o  show any d rama t i c  changes i n  t h e  Mg I1 l i n e  f l u x ,  
a l though  t h e r e  i s  some i n d i c a t i o n  of a small enhance- 
ment on November 8 ,  1984. The VLA d a t a ,  however, 
i n d i c a t e  t h a t  t h e  microwave f l u x e s  d i d  va ry  con- 
s i d e r a b l y  from one day t o  t h e  n e x t  ( s ee  Table  1 ) .  It 
was on November 8 t h a t  t h r e e  impu l s ive  b u r s t s  were 
d e t e c t e d ,  of which t h e  most i n t e n s e  i s  shown i n  
F i g u r e  4 .  T h i s  f i g u r e  shows t h a t  t h e  b u r s t ,  which was 
more i n t e n s e  a t  6cm, had a r i s e  t ime of 26.7 s ,  and 
was c h a r a c t e r i z e d  by two impulsive peaks ,  each 
l a s t i n g  a b x t  20 c .  The t u n  weaker b u r s t s .  not  shown 
h e r e ,  were de rec red  o111y a t  6cm and were u n p o l a r i z e d ,  
wh i l e  t h e  more i n t e n s e  b u r s t  shown i n  F igu re  4 was 
50% c i r c u l a r l y  p o l a r i z e d  a t  6cm and 30% c i r c u l a r l y  
p o l a r i z e d  at 2 0 ~ ~ 2 .  

t n  I 

F i g u r e  4 .  
The l a c k  of of obvious c o r r e l a t i o n  between t h e  
i n t e n s i t i e s  of t h e  u l t r a v i o l e t  and r a d i o  emis s ion  
sugges t s  t h a t  t h e  a c t i v i t y  was confined t o  t h e  
co rona l  r e g i o n s  of t h e  s t a r .  

As shown i n  F igu re  3 ,  t h e  Mg I1 l i n e  i n t e n s i t i e s  
were a l s o  t i m e  v a r i a b l e .  I n  t h i s  c a s e ,  t h e  IUE 
o b s e r v a t i o n s  began about  t h r e e  hour s  b e f o r e  those  

! a t  t h e  VLA. F i g u r e  3 showf2that  th5 Mf I1 l i n e  f lux  
decreased13rom - 2r4 r l 1 0  e r g  cm s t o  
1 . 4  x 10 r g  cm 

' - 1 . 0  x 10-15erg cm 
Unfor tuna te ly ,  t h e  h i g h  l e v e l  of background no i se  and 0730 ~ made a direct comparison Lambda Andromeda (HR 8961) is  an RS CVn system w i t h  
between 
w i t h  t h e  VLA d a t a  impossible .  The only obse rva t ion  

i n  about  30 minu tes ,  reaching 3 .3  Lambda Andromeda -?s-l about  a n  hour  l a t e r .  

0430 a n  o r b i t a l  pe r iod  of 20.5 days.  D e t a i l e d  pho tomet r i c  
s t u d i e s  show quas i -pe r iod ic  o p t i c a l  v a r i a t i o n s  t h a t  
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may be  a t t r i b u t e d  t o  s t a r s p o t s  (Refs.  22-23). 
Analyses  of t h e s e  v a r i a t i o n s  sugges t  t h a t  t h e  
evolved ,  a c t i v e  s tar  r o t a t e s  about  once every  54 
days (Ref. 24) .  IUE o b s e r v a t i o n s  have sugges ted  a 
c o r r e l a t i o n  between t h e  i n t e n s i t i e s  of  u l t r a v i o l e t  
s p e c t r a l  l i n e s  and t h i s  54 day p e r i o d  ( R e f .  24) and 
have a l s o  i n d i c a t e d  t h a t  t h e  s tar  e x h i b i t s  f l a r e l i k e  
b r i g h t e n i n g s  on t imesca le s  of s e v e r a l  hour s  (Ref. 5 )  

Lombda Andromedae 

and r a d i o  o b s e r v a t i o n s  of f l a r i n g  a c t i v i t y  on 

dune 10,1985 
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ABS TXACT 

W e  p r e sen t  simultaneous observat ions of the  RS CVn systems UX A r i e t i s  and 

HR 1099 wi th  the I n t e r n a t i o n a l  U l t r a v i o l e t  Explorer ( I U E )  s a t e l l i t e  and the 

Very Large Array ( V L A ) .  Fla r ing  a c t i v i t y  is observed a t  u l t r a v i o l e t  

wavelengths with the IUE when none is de tec t ed  a t  r ad io  wavelengths w i t h  the 

VLA.  W e  have a l s o  observed r a d i o  f l a r e s  with no detectable u l t r a v i o l e t  

u l t r a v i o l e t  a c t i v i t y .  Thus, f l a r e s  i n  the  two spectral reg ions  are e i t h e r  

uncor re l a t ed  o r  weakly c o r r e l a t e d .  T h e  f l a r i n g  emission probably o r i g i n a t e s  

i n  c’iifferent regions a t  t he  t*lo waveiengtns. Radio f l a r e s  from XS CVn stars 

may o r i g i n a t e  i n  sources  t h a t  are l a rge r  than ,  or cornparable to ,  a star i n  

s i z e .  This is i n  sha rp  c o n t r a s t  to ccmpact, coherent  radio f l a r e s  from &arf 

M stars. The u l t r a v i o l e t  flares from 3S CVn stars ?robably o r i g i n a t e  i n  

sou rces  t h a t  are smaller than a component star. 

3 8 .  
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I INTRODUCTION 

The RS Canum Venaticorum, or  RS CNn, systems l i k e  UX A r i e t i s  and HR 1099 

are b inary  stars whose components are l a t e - type  dwarfs or  subgiants  w i t h  

s p e c t r a l  type G o r  K. Va r i a t ions  i n  their l i g h t  curves and observa t ions  

of Ca I1 H and K l i n e s  have r e spec t ive ly  been a s soc ia t ed  with photospheric  

s t a r s p o t s  and chromospheric plages tha t  are probably on the K s tar [see 

Gondoin (1986) f o r  HR 10991. Extended t r a n s i t i o n  regions are suggested by 

obse rva t ions  of i n t e n s e  u l t r a v i o l e t  emission l i n e s  [see Simon and Linsky 
. . -  

(1980) f o r  UX Arietis and HR 10991, and the f a c t  t h a t  some RS CVn sys t ems  havp. 

been i d e n t i f i e d  wi th  s o f t  X-ray sources sugges ts  t he  presence of high- 

temperature  co rona l  plasmas. 

However, t he  r e l a t i o n s h i p  between the  s t a r s p o t s  , chromospheric a c t i v i t y ,  

and the h y p o t h e t i c a l  coronal  loops is  not  c lear ,  p a r t i c u l a r l y  a t  t i m e s  of 

s t e l l a r  f l a r e s .  Observat ions of asymmetries i n  the wings of u l t r a v i o l e t  

emiss ion  l i n e s  have been i n t e r p r e t e d  i n  terms of 'mass  upflow i n  unspotted 

reg ions  [see Baliunas and Dupree (1982) for Lm.da P-mkomedae!, m d  similar 

asymmetries during an u l t r a v i o l e t  f l a r e  from UX Arietis have been i n t e r p r e t e d  

i n  t e r m s  of mass f l o w  along magnetic flux tubes Lhat connect  the K s ta r  +a %he 

G star [see Simon, Linsky and Sch i f f e r  (1980) l .  Specula t ions  about  mass f l o w  

betiieen the  component stars might a t  f i r s t  s i g h t  be related to r a d i o  flares 

from i?s CVn stars, f o r  t hey  have been i n t e r p r e t e d  i n  terms of nonthermal 

gyrosynchrotron r a d i a t i o n  from a volume that  i s  s e v e r a l  times l a r g e r  than a 

star's s i z e  [see Feldman e t  a l .  (1978) f o r  HR 10991. However, previous 

coord ina ted  u l t r a v i o l e t  and r a d i o  observat ions sugges t  t h a t  the u l t r a v i o l e t  

emission is confined to a smal le r  volume on one star, and t h a t  there nay not  be 

a c a u s a l  r e l a t i o n  between a c t i v i t y  i n  the  two s p e c t r a l  regions [see we i l e r  e t  

a l .  (1978) f o r  UX Arietis and HR 10991. 
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I n  this paper w e  p r e s e n t  simultaneous observa t ions  of UX Arietis and HR 

1099 a t  u l t r a v i o l e t  and r a d i o  wavelengths. F l a r ing  a c t i v i t y  is observed a t  

u l t r a v i o l e t  wavelengths when none is  lretected a t  r a d i o  wavelengths,  and vice 

versa .  The observa t ions  are given in  6 I1 where w e  show t h a t  f l a r e s  i n  the two 

spectral  reg ions  are e i t h e r  uncorrelated or only weakly c o r r e l a t e d .  I n  4 I11 

w e  d i scuss  these observa t ions  and use them w i t h  o ther  data t o  argue t h a t  the 

f l a r i n g  emission o r i g i n a t e s  i n  d i f f e r e n t  regions a t  the, two wavelengths. Radio 

f l a r e s  from Rs CVn systems most l i ke ly  o r i g i n a t e  i n  sources  tha t  are l a r g e r  

than ,  or comparable t o ,  a star i n  s i z e ;  b u t  this is i n  s h a r p  c o n t r a s t  to  the 

r a d i o  r a d i a t i o n  from dwarf M stars t h a t  e m i t  coherent  r a d i a t i o n  from compact 

sources .  U l t r a v i o l e t  flares from RS CVn systems probably o r i g i n a t e  i n  sources  

t h a t  are smal le r  than a component s t a r .  

11. OESERVATIONS 

The RS CVn systems UX Arietis and HR 1099 were observed s imultaneously with 

t h e  I n t e r n a t i o n a l  U l t r a v i o l e t  Explorer ( I i l E )  s a t e l l i t e  and the Very Large Array 

( V L A )  on 1987 January 6 and 7 .  UX Arietis w a s  observed w i t h  the VLA from 0251 

t o  0757 UT on January 6 and with the IUE &r ing  t h e  8-hour U.S. S h i f t  2 on the 

same day (roughly 0 t o  8 hours  UT) .  Hi? 1099 - a s  observed w i t h  the TLA f ron  

2219 UT on January 6 t o  0835 UT on January 7 and With the IVE during the 8-hour 

0,s. S h i f t  2 on January 7. 

The VLA ( C  conf igu ra t ion )  was divided i n t o  two subar rays  of 13 antennas 

each  i n  order  t o  s imultaneously observe a t  four  f requencies .  One subarray w a s  

used t o  observe a t  f requencies  of 1465 MHz and 1515 MHz and the o the r  one w a s  

used a t  4835 MHz and 4885 MHz. The f r inge  r i s i b i l i t i e s  were sampled a t  a r a t e  

of 6.67 s ,  and +,e da ta  were ca l ib ra t ed  from observa t ions  of PKS 0333 + 321 

f o r  5 minutes every 40 minutes. The f l u x  dens i ty  s c a l e  was e s t a b l i s h e d  from 

o b s e r v a t . ~ - ~ n s  of 3c , 3 G  (7.5 Sy a t  4635 Wz and 14.7 J y  a t  1465 MHz) . 
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The VLA d a t a  were f i r s t  examined, b a s e l i n e  by b a s e l i n e ,  f o r  any 

i n t e r f e r e n c e  or obvious ly  bad d a t a  # a t  were removed. The e d i t e d  data were 

t h e n  c a l i b r a t e d  and used to  make s y n t h e s i s  maps of t h e  sources  which were then  

c l e a n e d  and f i t t e d  wi th  two-dimensional Gaussian f u n c t i o n s  i n  o r d e r  to 

de termine  t h e i r  l o c a t i o n s  t o  w i t h i n  about  one-tenth of t h e  beamwidth (3".7 x 4".3 

a t  4885 MHz, 12".7 x 14".4 a t  1465 MIiz). The 6.6 s d a t a  w e r e  then  p h a s e - s h i f t e d  

t o  b r i n g  t h e  sources e x a c t l y  i n t o  the c e n t e r  of t h e  map. F i n a l l y ,  t h e s e  d a t a  

were vector-averaged,  b a s e l i n e  by b a s e l i n e ,  and used to  c o n s t r u c t  p l o t s  of t o t a l  

- i n t e n s i t y ,  'I, and c i r c u l a r  p o l a r i z a t i o n ,  pc, as a f u n c t i o n  of t i m e .  For a 6.6 s 

i n t e g r a t i o n  t i m e ,  t h e  t h e o r e t i c a l  3a rms n o i s e  l e v e l  is - 7 mJy a t  1465 MHz and 

1465 MHz and - 6 mJy a t  4885 MHz. 

The IUE o b s e r v a t i o n s  were made by a l t e r n a t e l y  us ing  t h e  s h o r t  s a v e l e n g t h  
0 0 

(1175-2000 A) SWP camera and t h e  long wavelength (2000-3200 A )  LWP camera. The 

SWP o b s e r v a t i o n s  w e r e  made a t  low d i s p e r s i o n  (spectral r e s o l u t i o n  6 A )  whi le  t h e  

LWP c b s e r v a t i o n s  were made a t  high dispersion (spectral  r e s o l u t i o n  - 0.2 A ) .  The 

0 

0 

camera c o n s i s t e d  of t w o  or three t i m e - t r a i l e d  exposures  of about  10 ininutes each. 

I n t e g r a t e d  l i n e  i n t e n s i t i e s  were determined for each 10-minute i n t e r v a l  and used 

t o  detect f l a r e s ,  Wnen no f l a r e s  were d e t e c t e d ,  the d a t a  were combined t o  g i v e  

i n t e g r a t e d  l i n e  i n t e n s i t i e s  over  an i n t e r v a l  of &out  30 minutes ,  The SX? spectra 

of UX Arietis and HR 1099 c o n t a i n e d  a number of chromospheric and t r a n s i t i o n  

r e g i o n  l i n e s ,  of which the most prominent are 0 I, C 111, and C N. Here we have 

p l o t t e d  v a r i a t i o n s  i n  t h e  i n t e g r a t e d  i n t e n s i t y  of the  C I V  l i n e  a t  1549 A, b u t  
0 

s imi la r  v a r i a t i o n s  w e r e  observed f o r  t h e  o t h e r  two prominent l i n e s .  No v a r i a t i o n s  

were d e t e c t e d  i n  the Mg 11 h + k l i n e s  observed wi th  the LWP camera near  2800 A. 
0 

The combined VLA and IUE d a t a  are shown i n  F i g u r e s  1 and 2.  An i n t e n s e  u l t r a -  

v i o l e t  f l a r e  was observed frcrn LJX A r i e t i s  a t  about  0530 UT on January  6 ( F i g u r e  l ) ,  
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but  there w a s  no detectable r a d i o  f l a r e  a t  e i ther  4885 MHz o r  1465 MHz ( a l s o  

Figure 1). 

As i l l u s t r a t e d  i n  Figure 2 ,  a c i r c u l a r l y  po la r i zed  r a d i o  f l a r e  w a s  

observed from HR 1099 a t  1465 MHz a t  about  0500 UT on January 7, but  t h e r e  was 

no d e t e c t a b l e  f l a r e  a t  e i t h e r  4885 MHz or a t  u l t r a v i o l e t  wavelengths. 

Both of the l a t t e r  two wavelengths r e f e r  t o  lower l e v e l s  i n  the s te l lar  

atmos phere than the  longer 20.4 cm (1465 MHz) wavelength where the f l a r e  

occurred.  There is a p o s s i b i l i t y  t ha t  the slow f ive-hour  inc rease  i n  the 

. i n t q r a t e d  intensity *Le m -.. L v  line Wxs i e ia ted  to subsequenr t r i g g e r i n g  or  

t h e  r a d i o  f l a r e  observed a t  h igher  l eve l s  i n  the  s t e l l a r  atmosphere, but  t . e  

f l a r e  i t s e l f  w a s  no t  de t ec t ed  a t  the lower l e v e l s .  

Thus, our simultaneous V L A - I U E  observa t ions  of UX Arietis and HR 1099 

i n d i c a t e  t h a t  i n t e n s e  u l t r a v i o l e t  f l a r e s  are emi t ted  from RS CVn systems when no 

r a d i o  f lares  are de tec t ed ,  and tha t  r ad io  f lares  are observed when n3 

c o u n t e r p a r t  i s  de tec t ed  a t  u l t r a v i o l e t  wavelengths. Previous observa t ions  of 

t h e  RS CVn system Lamda Andromedae a l so  ind ica t ed  u l t r a v i o l e t  v a r i a t i o n s  tha t  

were n o t  de t ec t ed  a t  r a d i o  wavelengths with the VLA (Wil lson and Lang, 1986 1, 

and previous  r a d i o  v a r i a t i o n s  from UX Arietis a t  4885 M!!z were not  de tec ted  a t  

e i t h e r  1465 MHz w i t h  the V L A  or a t  u l t r a v i o l e t  wavelengths with the TJE (Wil lson 

and Lang, 1987)-  As discussed  i n  T e a r e r  d e t a i l  i n  the next s e c t i o n ,  the 

f l a r i n g  emission a t  d i f f e r e n t  wavelengths probably o r i g i n a t e s  i n  d i f f e r e n t  

r e g i o n s ,  w i t h  s h o r t e r  wavelengths r e f e r r i n g  to  smaller reg ions  t h a t  are deeper 

w i t h i n  the  atiiosphere of the active K star. 

I11 DISCUSSION 

Weakly po la r i zed  ( p c  < 20%) radio r a d i a t i o n  was always observed d u r i n g  

our  obse rva t ions  of *m 1099 wi th  flux rle;?t.ltie..s 3 - 50 mJy. .4 c i r c u l a r l y  
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po la r i zed  ( p c  I 55%) r a d i o  f l a r e  w i t h  S I 100 mJy w a s  superimposed upon the 

weaker qu ie scen t ,  o r  nonf l a r ing ,  r ad ia t ion .  I f  the r ad ius ,  R, of the  r a d i o  

Source is comparable t o  the separa t ion  of the component stars (R - 10l2 c m )  

then t h e  b r iqh tness  temperatures ,  TA, corresponding t o  these two values  of 

f l u x  dens i ty  are TB = 2 . 3  x lo9 K and TB = 4.6 x lo9  K (us ing  the  Rayleigh- 

Jeans l a w  with a d i s t ance  of 33 pc). Simi la r  b r igh tness  temperatures  are 

i n f e r r e d  f o r  t he  r a d i o  r a d i a t i o n  from UX Arietis if the  source i s  comparable 

i n  s i z e  t o  the sepa ra t ion  ‘of the compcnent stars (Willson and Lang, 1987). 

Thus, p l a u s i b l e  b r igh tness  temperatures are i n f e r r e d  i f  the r ad io  

r a d i a t i o n  o r i g i n a t e s  i n  sources  t h a t  a r e  l a r g e r  than t h e  s t e l l a r  s i z e  and 

comparable t o  the b ina ry  s tar  separa t ion .  The r a d i o  f l a r e s  c a n  then be 

expla ined  by nonthermal gyrosynchrotrcn r ad ia t ion .  The low-f requency cu to f f  

of t h e  spectrum of one b u r s t  from HR 1099 has  been expla ined  by synchrotron 

s e l f - a b s o r p t i o n  i n  a source of this s i z e  with p l a u s i b l e  magnetic f i e l d  

s t r e n g t h s ,  H, of H = 10 t o  100 Gauss (Feldman e t  a l . ,  1978). Such a l a rge  

racliic! sccrce s i z e  is c m s i s t e n t  w:th T-LBI sbservati=ns of L?? krietis a id  

HR 1099 a t  4.98 GHz. UX Arietis has a r a d i o  ha lo  with a l i n e a r  s i z e ,  L, of 

L I 3 x 10’2 c m  and a core  of s i z e  L C 3 x 10’’ c m  (Mutel e t  al . ,  1985), and 

t h e  upper l i m i t  to t\e r a d i o  s i z e  of €3 1039 i s  L < 1 x 1OI2 cr~l (Mutel e t  al.,  

1984) . Dota i led  cons ide ra t ions  of the se l f - abso rp t ion  of gyrosynchrotron 

r a d i a t i o n  i n d i c a t e  t h a t  the source size will i nc rease  a t  lower frequen-‘ ,ies 

(Kle in  and Chiuderi-Drago, 19871, so even l a r g e r  sources  are expected a t  our 

observ ing  f requencies  near 1.4 G H z .  

I f  the r a d i o  sources  were smaller than a s t a r  i n  s i z e ,  with r a d i i  R < 10’’ c m ,  

then  the b r igh tness  temperatures  would be Tg > 10l2 K a t  our observing frequency 

of 1455 MHz ( f o r  a d i s t ance  of 33 pc and an assumed f l u x  of 200 mJy) .  Such a 

h i g h  b r i g h t n e s s  temperature suggests  a coherent  r a d i a t i o n  mechanism. Compact, 
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c o h e r e n t  radio s o u r c e s  have, i n  f a c t ,  been i n f e r r e d  from the r a p i d ,  m i l l i -  

second v a r i a t i o n s  i n  r a d i o  b u r s t s  from t h e  dwarf M star AD Leonis (Lang and 

Wil l son ,  1986a 1 .  The narrow-band s t r u c t u r e  expected for c o h e r e n t  r a d i a t i o n  

h a s  a l s o  been observed i n  the r a d i o  r a d i a t i o n  from a n o t h e r  dwarf M s ta r  YZ Canis  

Minoris  (Lang and Wil l son ,  1986b, 1987) w i t h  bandwidths,  Av, of Av/v - 0.03 a t  

our  observ ing  f requency  of v 1465 MHz. I f  t h e  iLs CVn stars r a d i a t e  similar 

narrow-band c o h e r e n t  emiss ion ,  w e  might have d e t e c t e d  a d i f f e r e n c e  i n  t h e  

r a d i a t i o n  observed a t  1465 MHz and 1515 MHz. The v a r i a t i o n s  and the s i g n a l  

l e v e l  observed a t  t h e s e  two f requencies  w e r e ,  wi th in  the observational 

u n c e r t a i n t i e s ,  i d e n t i c a l  dur ing  our o b s e r v a t i o n s  of HR 1099. Moreover, the  

observed v a r i a t i o n s  i n  t h e  r a d i o  r a d i a t i o n  had t i m e  s c a l e s  T > 30 s,  p l a c i n g  

l i m i t s  L C 1 0 l 2  c m  on the l i n e a r  s i z e ,  us ing  the l i g h t - t r a v e l  t i m e  argument. 

Thus, t h e  a v a i l a b l e  data s u g g e s t  that t h e  RS CVn stars do n o t  e m i t  c o h e r e n t  

radio r a d i a t i o n  from compact sources  t l a t  are inuch s m a l l e r  t h a n  a star i n  s i z e ,  

and  i n  t h i s  r e s p e c t  they  d i f f e r  from the dwarf M stars. 

Radio b u r s t s  from Rs CVn stars may o r i g i n a t e  i n  l a r g e - s c a l e  c o r o n a l  loops 

t h a t  are anchored i n  the active K star b u t  exceed it i n  s i z e .  Such loops have 

been  sugges ted  by e x t r a p o l a t i o n s  from t r a n s i t i o n  r e g i o n  p r e s s u r e s  u s i n g  a 

h y d r o s t a t i c  s c a l i n g  l a w  (Simon z?d Linsky, 19801. They would be l a r g e  enauqh 

t o  p e r m i t  gyrosynchro t ron  r a d i a t i o n  w i t h  plausible b r i g h t n e s s  tempera tures  

and s y n c h r o t r o n  s e l f - a b s o r p t i o n  a t  low radio f requencies .  The hot plasma 

t r a p p e d  w i t h i n  these loops  could also  be of s u f f i c i e n t l y  low e l e c t r o n  d e n s i t y ,  

Ne, t o  p e r m i t  the r a d i o  r a d i a t i o n  to escape.  R a d i a t i o n  a t  f r e q u e n c i e s ,  v ,  less 

t h a n  the plasma frequency vp = 8.9 x l o3  Ne1l2 would be absorbed.  

d e t e c t  t h e  r a d i a t i o n  observed from HR 1099 a t  1465 MHz, t h e  e l e c t r o n  d e n s i t y  

must je N, < 1010 cm-3. 

I n  o r d e r  t o  
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Much higher  e l e c t r o n  d e n s i t i e s  a r e  requi red  to  account  f o r  the u l t r a v i o l e t  

emission l i n e s  observed during u l t r a v i o l e t  f l a r e s  from RS CVn stars. This  

sugges ts  that  these f l a r e s  o r i g i n a t e  c l o s e  t o  the s te l lar  t r a n s i t i o n  region i n  

sou rces  t h a t  are most l i k e l y  smaller  than a component s t a r  i n  s i z e .  The f a c t  

t h a t  u l t r a v i o l e t  f l a r e s  are no t  usua l ly  c o r r e l a t e d  w i t h  r a d i o  f l a r e s ,  and v i ce  

v e r s a ,  is  c o n s i s t e n t  with d i f f e r e n t  scurces  f o r  t he  r a d i a t i o n  emi t ted  i n  these  

two s p e c t r a l  reg ions ,  and the  r a d i a t i c n  a t  the s h o r t e r  u l t r a v i o l e t  wavelengths 

most l i k e l y  o r i g i n a t e s  i n  smaller sources t h a t  l i e  deeper i n  the atmosphere of 

the K star .  Tnis sugges ts  t h a t  mass f l o w  between stars is not  respons ib le  f o r  

t h e  u l t r a v i o l e t  f l a r e s  of RS CVn s t a r s ,  and t h a t  t he re  mus t  Se some other  

exp lana t ion  f o r  the l i n e  asymmetries t h a t  led  to specu la t ions  about  such mass 

flows (Simon, Linsky and S c h i f f e r ,  1980).  

Radio astronomical  s t u d i e s  of the Sun and o the r  a c t i v e  stars a t  Taf t s  
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FIGURE LEGENDS 

Fig.  1. V L A  and IUE o b s e r v a t i o n s  of L?X Arietis on 1987 January  6. P l o t s  of 

t h e  t o t a l  i n t e n s i t y ,  I, observed w i t h  the V L A  a t  1465 MHz (20.4 c m  - t o p )  and 

4885 MHz (6.1 cm - middle)  are compared with a p l o t  of t h e  i n t e g r a t e d  i n t e n s i t y  

of the C I V  l i n e  (1549 A )  observed with the IUE (bot tom) .  Here t h e  v e r t i c a l  
0 

e x t e n t  of each box cor responds  to  t h e  3 0  n o i s e  l e v e l ,  w h i l e  the h o r i z o n t a l  

e x t e n t  denotes  the t i m e  i n t e r v a l  for each spectrum. I n  t h i s  c a s e ,  the  VLA 

- o b s e r v a t i o n s  did not  begin  u n t i l  almost three hours  a f t e r  those wi th  the IUE,  

b u t  t h e y  did show that there w a s  no d e t e c t a b l e  r a d i o  emiss ion  dur ing  the 

i n t e n s e  u l t r a v i o l e t  f lare o c c u r r i n g  a t  about  0530 UT. 

Fig.  2. %A and IUE o b s e r v a t i o n s  of €33 1099 on 1987 January 6 and 7 .  P l o t s  of 

t h e  t o t a l  i n t e n s i t y ,  I, and degree  of c i r c u l a r  p o l a r i z a t i o n ,  pc, observed with 

t h e  VLA at 1465 MHz (20.4 cm - t o p )  a r e  compared with a p l o t  of t h e  t o t a l  

i n t e n s i t y  observed w i t h  the VLA a t  4885 MHz (6.1 cm - middle)  and a p l o t  of the 

i n t e g r a t e d  i n t e n s i t y  of the C N l i n e  (1549 A )  observed with t h e  ILiE (bot tom) .  
0 

Iiere Lie v e r t i c a l  e x t e n t  of each box corresponds  t o  t h e  3a n o i s e  l e v e l ,  w h i l e  

the h o r i z o n t a l  e x t e n t  denotes  the time i n t e r v a l  for each spectrum. ?.lt.ough 

t h e r e  i s  a s l o w  i n c r e a s e  i n  t h e  f l u x  from t h e  C I V  l i n e  between 01 and 05 UT, 

the c i r c u l a r l y  p o l a r i z e d  b u r s t  observed a t  1465 MHz around 05 UT w a s  n o t  

d e t e c t e d  a t  either 4885 MtIz or a t  u l t r a v i o l e t  wavelengths.  
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