
D IP A R TIM EN TO D I A STR O N O M IA

E SC IEN ZA D ELLO SP A ZIO
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INTRODUCTION

In the past twenty years several classes of stars of late spectral type have

been discovered as sources of radio emission; among them, those showing the

stronger emission, and that have therefore been studied more extensively, are

the classes of the RS CVn and Algol-type systems, so called from the names

of their prototypes. These systems are close binaries with orbital periods of a

few days showing a strong activity over the whole spectrum, from X-rays to

radio wavelenghts, which is very similar to the solar case (spots, chromospheric

active regions, X-ray and radio emitting coronae, 
ares) but on much greater

scales. The origin of this high degree of activity, generally associated with the

cooler, more evolved star, is attributed to the presence of strong magnetic �elds,

generated by the dynamo mechanism which is very e�cient in these systems

due to the presence of deep convection zones and to the rapid rotation induced

by tidal forces, that tend to syncronize the rotational and orbital periods of the

stars.

The radio emission of these systems is highly variable, and is characterized

by low-activity (quiescent) periods, with 
ux densities of a few mJy, and by


ares with typical 
ux densities of 100�200 mJy, rising up to 1 Jy for the most

intense events. Although these systems have been extensively studied in the

past, until a few years ago the only available data were sporadic observations,

generally made at a single frequency, expecially in the case of the quiescent

component; in the past few years however many multifrequency observations

of both the 
ux density and polarization have become available, and long-term

monitoring programs of these systems have been started, allowing a better un-

derstanding of the radio emission properties in the active and quiescent phases.
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These properties will be described in Chapt. 1.

The characteristics of the observed radio emission (high brightness tem-

perature and circular polarization) suggest that it is due to gyrosynchrotron

emission from a non-thermal distribution of mildly-relativistic electrons; ther-

mal bremsstrahlung from the coronal plasma would give in fact 
ux densities

several orders of magnitude lower than the observed ones. This mechanism is

able to successfully reproduce both the 
are spectra, assuming an inhomoge-

neous source, such as a magnetic loop (Klein & Chiuderi Drago 1987), and the

quiescent spectra in the assumption of a homogeneous source with a magnetic

�eld � 10 G (Chiuderi Drago & Franciosini 1993). The existence of a strong cor-

relation between the radio and X-ray luminosities, recently found also for other

types of stars (G�udel & Benz 1993; Benz & G�udel 1994), led some authors to

propose an alternative interpretation for the quiescent component, assuming

that the emission in both frequency bands is due to the same distribution of

thermal particles (Drake et al. 1989, 1992); however, in this hypothesis the

magnetic �eld con�guration must be very di�erent from the dipolar �eld re-

producing the 
aring emission (Chiuderi Drago & Franciosini 1993). In the

non-thermal case, on the contrary, the low values of the magnetic �eld needed

to reproduce the quiescent spectra are compatible with a source located at the

loop top, and moreover they are in agreement with the observed lifetime of the

quiescent component (Massi & Chiuderi Drago 1992).

Several VLBI observations have shown that, while the emission in active

phases arises from a compact component (core) of stellar size, during quiescent

phases the emission is associated with an extended halo, with dimensions of

the order of the binary separation; sometimes an intermediate structure, where

both components are present, is observed (see for example Mutel et al. 1985;

Lestrade et al. 1988; Massi et al. 1988). This suggests the idea of a continuous

evolution of the radio emission from active to quiescent phases: the quiescent

component would be the residual emission from the distribution of electrons

that are injected in the source at the 
are onset and have then lost their energy

due to collisions with thermal electrons and to the emission of synchrotron

radiation.
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A variation of the emission with time is observed also during the initial

phases of 
ares, when the 
ux density increases due to the acceleration of new

particles in the source. Recent observations made at the E�elsberg radiote-

lescope allowed to obtain some spectra that are clearly associated with this

initial phase (Torricelli Ciamponi et al. 1995); moreover, VLBI observations

have shown that also the source structure varies, increasing its dimensions dur-

ing the rising phase (Trigilio et al. 1995).

At the light of these observations, in this thesis we have developed a quan-

titative model of the time evolution of the radio emission during the decay

and rising phases of 
ares. In the �rst case, considered in Chapt. 2, we have

computed the emission from a population of electrons that is accelerated in

the source at the time t = 0 and then undergoes energy losses. The temporal

variation of the distribution causes a variation of the spectrum, which changes

its shape from a typical 
aring spectrum to a typical quiescent one. It will be

shown that the predictions of the model are in very good agreement with the

observations, in particular it is possible to reproduce the evolution of the source

structure from core-halo to halo as the 
ux density decreases. In Chapt. 3 the

initial rising phase of the 
are is considered, adding to the equation describing

the evolution of the energy distribution a term representing the injection of new

energetic particles in the source, and the results are compared with the spectra

observed at E�elsberg. The increase in the number of relativistic particles in

the loop during this phase makes the emission increase with time, and, as it

will be shown, causes an apparent increase of the source size, in agreement with

VLBI observations.

Recent observations of some RS CVn and Algol systems, extended over

several consecutive orbital periods, have shown that the stellar rotation can

modify the observed radiation by inducing a modulation which can be inter-

preted assuming that the radiation arises in sources located near the stellar

equator, that are partly or completely occulted as the star rotates. This modu-

lation is much more evident during periods of strong activity, when the emission

comes from compact regions of stellar size near the photosphere. In some cases

peaks of emission are observed always at the same orbital phase (Elias et al.
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1995; Feldman et al. 1978); Elias et al. (1995) also found a correlation between

the maximum radio emission and the minimum in the optical light curve. This

suggests that the emission, in analogy with the solar case, comes from small

coronal active regions located above the photospheric spots. We have studied

the e�ect of stellar rotation computing the emission from an equatorial dipolar

loop anchored on the stellar surface. Two di�erent cases have been considered:

in the �rst case it is assumed that the emission is constant in time, while in

the second one we consider the decay of a 
aring event occurring in the loop

at a given time. The results of the model are discussed and compared with ob-

servations in Chapt. 4. The rotation of magnetic loops where 
ares are taking

place is able to reproduce very well the observations, in particular the radio

light curve of UX Ari observed by Elias et al. (1995) and the series of outbursts

observed on the system HR 1099 in February 1978 (Feldman et al. 1978).

A very important characteristic of the radio emission is the circular polar-

ization, which in the stellar case is nearly the only diagnostic of the magnetic

�elds present in the coronae of these systems. The principal property of the

observed polarization is the reversal of its sense which occurs generally at fre-

quencies between 1.4 and 5 GHz, independently of the spectral shape: it is in

fact observed both with positive spectral indexes, characteristic of the 
aring

emission, and with 
at or decreasing spectra during quiescent phases. The cur-

rent interpretation of the polarization reversal is the transition of the source

from optically thin to optically thick, however the gyrosynchrotron models pre-

dict that this should happen in a part of the spectrum where the spectral index

is positive. The only way to obtain a reversal with 
at spectra is to consider

ad-hoc models consisting of more components with suitable parameters (Mutel

et al. 1987), or it is necessary to assume that the density of relativistic electrons

increases strongly with the distance from the star (Morris et al. 1990; Jones et

al. 1994). In Chapt. 5 we shall show some observations of a highly variable and

polarized emission at 1.4 GHz, which can be attributed to a coherent emission

process. This component is polarized in the opposite sense with respect to the

high-frequency emission and shows a slow variation on long timescales which,

at low signal-to-noise ratios, could be mistaken for incoherent emission, such as
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gyrosynchrotron emission. We propose that this coherent component is always

present, although not always distinguishable, and that the polarization rever-

sal observed at low frequencies is due to this component and is not a property

of gyrosynchrotron emission itself. Moreover, it will be noted that there is a

discrepancy between the current gyrosynchrotron models and the polarization

trend at high frequencies.
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CHAPTER 1

PROPERTIES OF RS CVn AND

ALGOL-TYPE BINARY SYSTEMS

x 1.1 General 
hara
teristi
s of RS CVn systems

Close binary systems of the RS Canum Venati
orum (RS CVn) type, a
-


ording to the original de�nition by Hall (1976), are binaries with orbital periods

between 1 and 14 days showing, outside e
lipse, a strong emission in the CaII

H and K lines, mu
h stronger than generally observed in single stars of the

same spe
tral type; the primary 
omponent is a main-sequen
e star or a sub-

giant (luminosity 
lass V or IV) of spe
tral type F or G, while the se
ondary,

whi
h is 
ooler and usually more massive and evolved, is typi
ally a K subgiant

(in most 
ases K0 IV). There are two other related 
lasses, still 
hara
terized

by the presen
e of emission in the H and K lines: the short-period RS CVns,

with P

orb

< 1

d

and a F{G V{IV primary, and the long-period RS CVns, with

P

orb

> 14

d

and a subgiant or giant 
omponent of spe
tral type G{K. As noted

by Linsky (1984), a better subdivision between the two 
lasses of RS CVn and

long-period RS CVn stars is given by P

orb

= 20

d

, sin
e, due to the e�e
t of tidal

for
es a
ting re
ipro
ally on the two 
omponents, subgiant stars in systems with

P

orb

< 20

d

rotate syn
hronously (i.e. with P

rot

' P

orb

). In long-period binaries

on the 
ontrary this syn
hronization is not present.

In most 
ases the two stars have nearly the same mass of the order of

1�1:5M

�

; evolutionary studies indi
ate than one or both 
omponents have al-

ready left the main sequen
e and have developed 
onve
tive envelopes (Popper
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& Ulri
h 1977). Generally these systems are deta
hed, i.e. neither 
ompo-

nent is suÆ
iently evolved to �ll its Ro
he lobe; there are however some 
ases

of semideta
hed systems, su
h as HR 5110 and RT La
 (Hall 1989; Welty &

Ramsey 1995).

The emission in the CaII H and K lines is generally asso
iated with the


ooler star, whi
h is the most a
tive of the two 
omponents, although also the


ompanion often shows a 
ertain degree of a
tivity, expe
ially if the two stars

have similar spe
tral types. Besides the CaII lines, these systems show a strong

a
tivity over the whole spe
trum, from X-rays to radio wavelengths, whi
h is

very similar to the solar a
tivity (spots, 
hromospheri
 a
tive regions, X-ray

and radio emitting 
oronae, 
ares), but on mu
h greater s
ales. This a
tivity is

attributed to the presen
e of strong magneti
 �elds generated by the dynamo

me
hanism, due to the intera
tion of weak pre-existing �elds with the 
onve
-

tive motions of the outer layers of the star and with di�erential rotation; sin
e

this me
hanism depends on the velo
ity of these motions, it is very eÆ
ient in

RS CVn systems be
ause these stars rotate very rapidly due to orbital syn
hro-

nization. This explains also why the 
ooler star is generally more a
tive: being

the more massive one, it is also more evolved, therefore it has a larger radius

than the other 
omponent and is thus rotating faster.

One of the main 
hara
teristi
s of RS CVn systems is a quasi-sinusoidal

modulation of the photometri
 light 
urve, with a period similar to the orbital

one and amplitude of 0:01 � 0:4 mag (Catalano 1983; Vogt 1983). In analogy

with the solar a
tivity, this distorsion has been interpreted as due to the presen
e

of spots or spot groups obs
uring a great part of the visible hemisphere of the

star; this assumption 
an also explain the irregular variations observed in the

light 
urve as 
hanges in the size and position of the spots. Their distribution

on the stellar surfa
e has been derived by reprodu
ing the photometri
 light


urves with simpli�ed models (Dorren et al. 1981; Rodon�o et al. 1986; Elias et

al. 1995), or by analyzing the distorsions indu
ed by the rotation of the spots on

the line pro�les using the Doppler Imaging method, whi
h allows the 
al
ulation

of a detailed map of the stellar surfa
e (Vogt & Penrod 1983; Gondoin 1986;

Strassmeier et al. 1991; Vogt & Hatzes 1991; Donati et al. 1992). All these
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studies indi
ate the presen
e of large spots or spot groups, � 500�1300 K 
ooler

than the photosphere, that 
over up to 30�40 % of the stellar surfa
e and 
an be

present also at high latitudes, 
ontrary to the solar 
ase. In most 
ases a polar

spot is observed, whi
h persists for several years, together with one or more

spots at lower latitudes, often near the equator and generally smaller and with

a shorter lifetime (of the order of a few months). Photometri
 observations

over several years suggests the possibility of an a
tivity 
y
le, with periodi


variations of the light 
urve amplitude and therefore of the spotted area, on

times
ales of the order of 15� 20 years (e.g. Rodon�o et al. 1995).

The Doppler Imaging method has been applied also to spe
tra in the Stokes

parameter V, in order to obtain magneti
 maps of the stellar surfa
e (Donati

et al. 1990, 1992), �nding �elds of the order of 300 G asso
iated with the polar

spot and of � 700� 1000 G near the equator, and 
overing about 18 % of the

stellar surfa
e. These results agree with previous measurements of extended

�elds of 600 � 1000 G, obtained from the study of the Zeeman broadening of

spe
tral lines (Giampapa et al. 1983; Gondoin et al. 1985). Due to the la
k

of resolution of these methods, these values are in reality underestimated, sin
e

they are mean values over the spotted area, and it is possible that the e�e
tive

magneti
 �eld inside the spot umbra 
ould be higher, of the order of some kG.

RS CVn systems show a strong 
hromospheri
 a
tivity indi
ated by o

a-

sional emission in the H� line (whi
h is always present in the 
ase of the most

a
tive systems like HR 1099, UX Ari e II Peg), and by the presen
e in the

ultraviolet spe
trum of several emission lines originating in the 
hromosphere

and in the transition region between 
hromosphere and 
orona, with 
uxes one

or two orders of magnitude greater than the typi
al values for the quiet Sun.

The emission in
reases further during 
ares, rea
hing intensities up to 1000

times those observed in the strongest solar 
ares (Simon et al. 1980). The

observations have also eviden
ed a modulation of the line intensities with the

rotational period (Bopp & Tal
ott 1978; Little-Marenin et al. 1986; Rodon�o et

al. 1987; Drake et al. 1995), whi
h 
an be interpreted, in analogy with the solar


ase, as due to the presen
e of 
hromospheri
 a
tive regions, lo
ated on the 
ool


omponent, that are more or less visible depending on orbital phase. Moreover
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in many 
ases the lines are stronger at the minimum of the photometri
 light


urve (Gondoin 1986; Rodon�o et al. 1987; Huenemorder et al. 1990), implying

that a
tive regions are lo
ated above the spot groups, as on the Sun.

Another important property of RS CVn systems is the presen
e of strong

X-ray emission, with luminosities L

X

� 10

29

� 10

31

erg se


�1

(about 10

2

� 10

4

times that of the quiet Sun), indi
ating the presen
e of a 
orona whi
h emits

thermi
ally at temperatures of the order of 10

7

K. Besides the quies
ent emis-

sion, strong long-lasting (several hours or days) 
ares are observed, with lumi-

nosities L

X

� 10

32

erg se


�1

and energies E

X

� 10

34

� 10

37

erg, i.e. up to 10

5

times the energy of the strongest solar 
ares (Pallavi
ini 1995). Spe
tros
opi


observations performed with the Einstein satellite (Swank et al. 1981) and

more re
ently with ROSAT (Dempsey et al. 1993) have shown that the 
oronal

plasma is 
omposed by at least two 
omponents: a \
ool" 
omponent with tem-

perature T = 1�3�10

6

K and luminosity of 10

30

�10

31

erg se


�1

, and a \hot"


omponent with T = 1 � 4 � 10

7

K and luminosity of 2 � 10

29

� 7 � 10

31

erg

se


�1

. While for the low-temperature 
omponent the values are very similar for

the entire group of observed systems, those relative to the higher temperature


omponent are more variable from one system to the other; the same is true for

the emission measures (EM =

R

n

2

e

dV ), that are of the order of 10

52

� 10

53


m

�3

for the 
ool 
omponent and vary between 2� 10

52

and 3� 10

54


m

�3

for

the hot 
omponent.

The high temperature of the 
oronal plasma requires a 
on�nement me
ha-

nism, sin
e for T

>

�

10

7

K the gravitational �eld alone is not able to 
on�ne the

gas. This me
hanism is provided by magneti
 �elds, that are, as we said before,

very strong in these systems and are responsible for the observed a
tivity. In

the assumption that the 
oronal plasma is 
ontained in magneti
 loops, as on

the Sun, Swank et al. (1981) found that for the 
ool 
omponent the sour
e has

stellar dimensions and is probably 
on�ned in small loops 
overing the stellar

surfa
e, while the sour
e asso
iated with the hot 
omponent is extended over

the whole binary system. This situation, whi
h is 
ommon to the radio emis-

sion as we will see, implies the existen
e of a very extended magnetosphere in


ommon to both stars. Theoreti
al 
al
ulations, developed assuming that both
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omponents of the system possess a global dipolar magneti
 �eld and that the

more a
tive star has bipolar spot groups as on the Sun, show that it is possible

to have magneti
 loops both an
hored on the a
tive star or inter
onne
ting the

two 
omponents (U
hida & Sakurai 1983).

The hypothesis that the two 
omponents at di�erent temperatures are 
on-

�ned in loops of di�erent size is 
on�rmed by observations of the e
lipsing system

AR La
 performed with the EXOSAT satellite during a 
omplete orbital 
y
le,

in two di�erent energy bands between 0.05 and 2 keV and between 1 and 30 keV

(White et al. 1990a). The observations show a redu
tion of the low-energy X-

ray emission during e
lipses, whi
h is not observed in the more energeti
 band:

this implies that the 
ool 
omponent (whi
h emits at lower energies) must be


on�ned in small loops of stellar size, while the hot one, whi
h is not e
lipsed,

must be 
ontained in loops extended over the binary system.

x 1.2 Radio emission of RS CVn systems

One of the fundamental 
hara
teristi
s of RS CVn systems is the presen
e

of a strong 
ontinuum radio emission at 
entimeter wavelengths, with luminos-

ity between 10

14

and 10

18

erg se


�1

Hz

�1

, many orders of magnitude higher

than observed on the Sun and on single late-type stars. The emission is highly

variable and is 
hara
terized by periods of a
tivity when strong 
ares are ob-

served, with 
ux densities generally of the order of a few hundred mJy, but that


an rea
h values up to � 1 Jy. These events have typi
al times
ales of the order

of a few hours, with a de
ay slower than the rising phase, and 
an o

ur for

several days: an example is the series of outbursts observed in February 1978

on the system HR 1099 (Feldman et al. 1978), whi
h o

urred over the nine

days of observation with a mean frequen
y of one per day (Fig. 1.1).

A
tive periods are separated by periods of low a
tivity, when the emission

is mu
h weaker, generally of the order of a few mJy (i.e. one or two orders of

magnitude lower than 
ares). A 
omparison between the radio emission and

the mean variation of the opti
al light 
urve over a period of several years seems

to indi
ate that the strongest 
ares have a greater probability to o

ur near the
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Fig. 1.1 Radio light 
urve of HR 1099 at 10.5 GHz during the February 1978 
are (Feldman

et al. 1978).

minimum of the opti
al luminosity, i.e. at the time of maximum 
overage of

the stellar surfa
e with spots, while near the opti
al maximum generally only

quies
ent emission or moderate 
ares are observed (Umana et al. 1995).

Although the radio emission from RS CVn systems has been extensively

observed sin
e their dis
overy, in most 
ases the observations have been sporadi


and limited to a single frequen
y (typi
ally 5 GHz), expe
ially for the quies
ent

emission whi
h was often 
omparable or lower than the sensitivity limit of the

radioteles
opes being used. Only during the past few years have reliable mul-

tiwavelength observations of both intensity and polarization be
ome available

in the literature, espe
ially for the most a
tive systems UX Ari, HR 1099 and

HR 5110 (Pallavi
ini et al. 1985; Willson & Lang 1987; White et al. 1990b;

Massi & Chiuderi Drago 1992; Umana et al. 1993; Su et al. 1993; Fox et al.

1994; Jones et al. 1994). These observations are in agreement with the results

{ 11 {



Fig. 1.2 Spe
tra of the 
aring (a) and quies
ent (b) emission. Data are from Feldman et al.

(1978), Pallavi
ini et al. (1985), Su et al. (1993) and White & Fran
iosini (1995).

of a statisti
al study of the spe
trum and polarization properties performed by

Mutel et al. (1987), who observed a sample of RS CVn systems at 1.4, 4.9 and

15 GHz during a period of three years and 
ompared their results with the few

previously published data.

The general properties of the radio emission dedu
ed from the observations


an be summarized as follows: during strong 
ares the spe
trum has a positive

spe
tral index � ' 1 (de�ned as F

�

/ �

�

) up to 8�15 GHz, while for moderate


ares generally there is a peak at lower frequen
ies and the spe
trum is 
atter.

Typi
al quies
ent spe
tra are instead 
at, with �

<

�

0 between 1.4 and 15 GHz.

In some 
ases very similar values of � have been observed during di�erent low-

level a
tivity periods (Pallavi
ini et al. 1985; Massi & Chiuderi Drago 1992).

Some examples of 
aring and quies
ent spe
tra are shown in Fig. 1.2.

Mutel et al. (1987) have shown that there is a very good 
orrelation be-

tween the spe
tral index measured between 1.4 and 5 GHz, and the ratio of the

radio luminosity at 5 GHz to the mean luminosity, log(L

R

=hL

R

i), in the sense

that � de
reases, going from positive to negative values, as the luminosity de-


reases (Fig. 1.3a). This 
orrelation is 
on�rmed by an analysis of other re
ent
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observations, reported in Tab. 1.1, as it 
an be seen in Fig. 1.3b.

The emission is 
ir
ularly polarized, with a degree of polarization �




an-

ti
orrelated with the 
ux density: while the quies
ent 
omponent 
an rea
h

values of �




up to 40 %, 
ares are generally unpolarized or weakly polarized

(�




<

�

10 %). No eviden
e for signi�
ant linear polarization has been reported:

this is presumably be
ause, even if there were signi�
ant linear polarization in-

trinsi
 to the sour
e, the large Faraday rotation during the propagation of the

radiation through the stellar 
orona and the la
k of spatial resolution would

destroy it 
ompletely.

Non-e
lipsing systems, su
h as HR 1099, HR 5110 and UX Ari, often show

a reversal in the sense of 
ir
ular polarization between 1.4 and 5 GHz (HR 5110

has always been found to be unpolarized at 1.5 GHz); moreover, for the best

studied obje
ts the sense of polarization at a given frequen
y has been observed

to be nearly always the same over more than 15 years. Generally at frequen
ies

above 5 GHz the sense is right-hand (Stokes parameter V > 0) for HR 1099

and HR 5110, and left-hand (V < 0) for UX Ari.

The presen
e of 
ir
ular polarization and high brightness temperatures

(T

b

= 10

8

� 10

9

K for the quies
ent 
omponent and T

b

>

�

10

10

K for 
ares)

has generally been interpreted as due to gyrosyn
hrotron emission from mildly-

relativisti
 ele
trons (e.g. Owen et al. 1976; Kuijpers & van der Hulst 1985).

Thermal bremsstrahlung must in fa
t be ex
luded, sin
e, in order to repro-

du
e the observed 
ux densities, it requires values of temperature and emission

measure several orders of magnitude higher than those obtained from X-ray

observations (Borghi & Chiuderi Drago 1985; Kuijpers & van der Hulst 1985).

The assumption of gyrosyn
hrotron emission from a non-thermal (power-law)

distribution of mildly-relativisti
 ele
trons (Lorentz fa
tor 
 = 1 � 10) 
an re-

produ
e the spe
trum of the 1978 
are on HR 1099, assuming that the emission

originates in an inhomogeneous sour
e, with a uniform magneti
 �eld of � 100

G and a de
reasing ele
tron density (Borghi & Chiuderi Drago 1985), or with a

uniform density and a magneti
 �eld 
onsisting of an ar
ade of dipolar loops an-


hored on the a
tive star or 
onne
ting the two 
omponents (Klein & Chiuderi

Drago 1987).

{ 13 {



Fig. 1.3 Correlation between the spe
tral index �(1.4-5 GHz) and log(L

R

=hL

R

i). (a) Rela-

tion found by Mutel et al. (1987); (b) relation obtained with the data in Table 1.1.
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Tab. 1.1 Radio observations of RS CVn systems added to the Mutel et al. (1987) 
orrelation

in Fig. 1.3b

Stella Dist. �(1.4-5) L

5 GHz

Data Ref

(p
) (erg/s Hz)

UX Ari 50 � 0.181 4.08 10

16

12/01/84 1

� 0.219 3.01 10

16

29/01/84 1

0.183 1.50 10

17

23/03/84 1

1.151 3.58 10

17

10/06/85 2

1.825 8.05 10

17

10/06/85 2

0.275 8.34 10

16

25/01/89 4

� 0.070 1.48 10

16

9/08/90 6

1.218 5.51 10

17

5/07/93 7

0.802 3.92 10

17

22/12/93 7

0.842 3.62 10

17

23/04/94 7

� 0.080 4.67 10

16

13/08/94 7

HR 1099 35 � 0.174 3.20 10

16

12/01/84 1

� 0.171 2.57 10

16

29/01/84 1

� 0.293 1.72 10

16

10/06/85 2

1.199 1.35 10

18

9/10/88 3

0.507 5.18 10

17

15/10/88 3

0.272 3.41 10

17

21/10/88 3

� 0.529 1.34 10

16

25/01/89 4

� 0.036 1.50 10

17

5/07/93 7

� 0.214 2.88 10

16

1/12/93 7

� 0.147 1.96 10

16

23/04/94 7

� 0.031 4.30 10

16

13/08/94 7

HR 5110 52 � 0.129 5.54 10

16

9/06/85 2

� 0.111 1.13 10

16

25/01/89 4

0.057 2.42 10

16

26/01/89 4

0.293 1.01 10

17

18/02/89 5

0.533 1.54 10

17

6/03/89 5

0.396 1.42 10

16

18/06/93 7

1.198 6.49 10

17

18/12/93 7

0.100 1.98 10

16

8/04/94 7

� 0.064 2.40 10

16

10/06/94 7

1 - Pallavi
ini et al. (1985) 5 - Umana et al. (1993)

2 - Willson & Lang (1987) 6 - Fox et al. (1994)

3 - Su et al. (1993) 7 - White & Fran
iosini (1995)

4 - White et al. (1990b)
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The interpretation of the quies
ent 
omponent has been more 
ontroversial,

also be
ause of the limited spe
tral data available until a few years ago. From

the analysis of a sample of 122 RS CVn systems Drake et al. (1989, 1992) found

a 
orrelation between the X-ray luminosity L

X

and the radio luminosity at 6


m L

6

, des
ribed by the relation L

6

=L

bol

/ (L

X

=L

bol

)

1:13

, where L

bol

is the

bolometri
 luminosity of the system. This 
orrelation led the above authors to

suggest the hypothesis that the quies
ent emission is due to gyrosyn
hrotron

radiation from the same population of thermal ele
trons responsible for the hot

X-ray 
omponent. Using the observed values of the X-ray and 6-
m radio 
ux

for UX Ari, Drake et al. estimate that the sour
e should possess a magneti


�eld B � 200 G, whi
h is in agreement with the values dedu
ed from 
are

spe
tra. However a uniform magneti
 �eld is not able to reprodu
e the 
at

quies
ent spe
trum, sin
e thermal gyrosyn
hrotron emission gives a spe
tral

index � = + 2 in the opti
ally thi
k 
ase and � = � 8 in the opti
ally thin


ase, while the observed one is generally between � 0:9 and + 0:1 (Mutel et

al. 1987). Numeri
al 
al
ulations have shown that the only way to reprodu
e

the quies
ent spe
trum in the thermal 
ase is to assume that the magneti


�eld de
reases with distan
e from the a
tive star as r

�1

(Chiuderi Drago &

Fran
iosini 1993). Although a similar trend might be plausible in the presen
e

of intera
tion between the magneti
 �elds of the two 
omponents, it seems

rather unlikely that the magneti
 
on�guration during quies
ent phases is so

di�erent from that of a dipolar �eld, whi
h reprodu
es very well not only the


aring spe
trum of HR 1099, but also the stru
ture of a
tive regions in the solar


orona. On the 
ontrary, a non-thermal distribution of ele
trons, des
ribed by a

power-law, 
an reprodu
e very well the 
at spe
trum of the quies
ent emission

in the assumption of a homogeneous sour
e with a magneti
 �eld of the order

of 10 G (Chiuderi Drago & Fran
iosini 1993), as long as suÆ
iently energeti


ele
trons (


max

>

�

50) are present. Magneti
 �elds of this order of magnitude

are 
ompatible with the observation that the quies
ent emission has a lifetime

of at least two days (Massi & Chiuderi Drago 1992) and suggest that the sour
e

is lo
ated at the top of the magneti
 loops.

In two re
ent papers, G�udel & Benz (1993) and Benz & G�udel (1994) have
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shown that the 
orrelation between radio and X-ray luminosity is not limited

to RS CVn systems only, but is valid for several 
lasses of late-type (F to M)

stars with 
oronal magneti
 a
tivity, extending with nearly the same slope over

�ve orders of magnitude, independently of age, spe
tral type, binarity, rotation

and photospheri
 and 
hromospheri
 a
tivity; moreover, this 
orrelation also

holds for solar 
ares. A

ording to the above authors su
h 
orrelation 
an be

explained assuming a 
ommon me
hanism of energy release, during whi
h part

of the energy goes into heating of the 
orona, generating the X-ray emission, and

part goes into a

eleration of the parti
les responsible for the radio emission.

Fig. 1.4 VLBI map of UX Ari at 4.98 GHz (Mutel et al. 1985).
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The hypothesis that the quies
ent 
omponent is due to non-thermal emis-

sion like 
ares is 
on�rmed by several VLBI observations of RS CVn systems

(Mutel et al. 1984, 1985; Lestrade et al. 1984a, 1984b; Little-Marenin et al.

1986; Massi et al. 1988; Trigilio et al. 1993, 1995). These observations have

shown that, while 
ares are generally asso
iated with a 
ompa
t bright sour
e

(
ore) of size 
omparable to the stellar radius, the quies
ent 
omponent arises

from an extended halo, whose dimensions are of the order of the binary sep-

aration; sometimes, as in the 
ase of an observation of UX Ari (Mutel et al.

1985), a 
ore-halo stru
ture is observed, where both 
omponents are present

(Fig. 1.4). The existen
e of these three possible stru
tures of the radio sour
e

(
ore only, 
ore-halo and halo only) suggested to Mutel et al. (1985) that they


ould represent three di�erent phases of the de
ay of a 
aring event: in this

hypothesis, the 
ore originates at the 
are onset, due to the a

eleration of

parti
les in a 
ompa
t a
tive region with high magneti
 �eld, whi
h is initially

opti
ally thi
k. The sour
e then expands outwards in regions of lower �eld

strength, be
oming opti
ally thin and giving the 
ore-halo stru
ture. The 
ore

then disappears rapidly, due to the higher eÆ
ien
y of energy losses, leaving

only the halo whi
h de
ays more slowly; in this s
enario the quies
ent emission

would originate during the de
ay of the halo and would therefore be the last

residual of the 
aring event.

More re
ent VLBI observations (Lestrade et al. 1988; Trigilio et al. 1993,

1995) performed during the rising phase of 
ares however indi
ated that the

sour
e maintained a 
onstant size (
omparable to the binary system separation)

while the 
ux density rose, and the same was true during the initial phases of

the de
ay, with a slight de
rease of the sour
e size towards the end of the 
are.

This implies that there is not an expansion of the sour
e, as suggested by Mutel

et al. (1985), but the variations of the 
ux density and opti
al depth are rather

due to variations in the number of emitting parti
les in the sour
e.

In some 
ases, at frequen
ies below 3 GHz, a highly-variable and highly-

polarized emission has been observed, with �




>

�

50 � 70 % (Brown & Crane

1978; Gibson et al. 1978; Mutel & Weisberg 1978; Fix et al. 1980; Simon

et al. 1985; Lestrade et al. 1988). The rapid variability, together with the
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high brightness temperature (> 10

9

K) and polarization are not 
onsistent with

the gyrosyn
hrotron me
hanism, and have generally been interpreted as due to


oherent outbursts.

x 1.3 Chara
teristi
s of Algol-type systems

Algol-type binaries are often 
onsidered together with RS CVns sin
e they

show an X-ray and radio emission with similar 
hara
teristi
s as RS CVn sys-

tems, in spite of being physi
ally di�erent; moreover, there are some systems

with intermediate 
hara
teristi
s (su
h as HR 5110, RT La
, AR Mon) that are

sometimes 
lassi�ed as RS CVn, sometimes as Algols.

Algol-type systems are 
lose e
lipsing binaries 
onsisting of a main-sequen
e

primary of spe
tral type B{A, and a subgiant or giant se
ondary of spe
tral

type G{K whi
h �lls its Ro
he lobe and is therefore transferring mass on the


ompanion. The 
ool se
ondary 
omponents of these systems, being rapidly-

rotating 
onve
tive stars, should show all the 
hara
teristi
s of 
hromospheri


and photospheri
 a
tivity observed in RS CVn systems (Hall 1989). However

the study of these properties is diÆ
ult be
ause of the higher luminosity of

the primary and the emission from the 
ir
umstellar material, that dominate

the blue and ultraviolet region of the spe
trum, making the 
ontribution of

the se
ondary hardly distinguishable. Nevertheless, in some systems a weak

emission in the 
entral part of the CaII H and K lines, attributable to the 
ool

star, has been observed; moreover, UV observations have shown the presen
e of

emission lines with 
uxes 
omparable to those of RS CVns mostly originating

from the se
ondary (Guinan & Gim�enez 1993). In addition, observations of the

Algol light 
urve in the infrared at 1.2 �m, where the 
ontribution of the 
ool

star is higher, have shown variations of the depth of the minima during both

e
lipses and eviden
e of a photometri
 wave with amplitude of � 0:05 � 0:1

mag, indi
ating the presen
e of spots on the se
ondary 
omponent (Ri
hards

1990).

Like RS CVn systems, Algol-type binaries show an X-ray emission with

luminosity L

X

� 10

30

� 10

31

erg se


�1

, 
hara
terized by strong long-duration
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ares and by a quies
ent emission, whose spe
trum is 
ompatible with two

thermal 
omponents at di�erent temperatures (T


ool

� 1�6�10

6

K and T

hot

�

2�5�10

7

K); the emission is attributed to 
oronal plasma 
ontained in magneti


loops around the K star.

The properties of the radio emission are also similar to those of RS CVn

systems: the mean luminosity of Algol-type systems at 6 
m is hL

R

i = 2� 10

16

erg se


�1

Hz

�1

and the radio emission is 
hara
terized by 
ares and by a qui-

es
ent 
omponent of the order of a few mJy with a 
at spe
trum (Umana et

al. 1993), 
onsistent with gyrosyn
hrotron emission. Contrary to RS CVn sys-

tems, however, the emission is generally unpolarized or very weakly polarized,

even during quies
ent periods. VLBI observations of Algol have shown that

the emitting region has dimensions 
omparable to the binary system (Mutel

et al. 1985; Lestrade et al. 1988; Massi et al. 1988) and that during 
ares a


ore-halo stru
ture is present, similar to that of UX Ari (Mutel et al. 1985).

Moreover, in the 
ase of Algol a highly-variable and polarized emission has also

been observed, indi
ative of 
oherent emission pro
esses (Lestrade et al. 1988).
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CHAPTER 2

TIME EVOLUTION OF THE

RADIO EMISSION

x 2.1 Introdu
tion

As mentioned in Chapt. 1, VLBI observations of RS CVn systems have

shown that the sour
e has a variable stru
ture, with the emission 
on
entrated

in a 
ompa
t and very bright region (
ore) during strong 
ares, and extended

over the entire binary system (halo) during quies
ent phases; at intermediate


ux levels often a 
ore-halo stru
ture is observed, where both 
omponents are

present (Mutel et al. 1985; Lestrade et al. 1988). Based on these 
hara
teristi
s,

Mutel et al. (1985) proposed in a qualitative way that the quies
ent 
omponent

might 
onstitute the �nal phase of the de
ay of a 
aring event. A

ording to the

above authors, in fa
t, this 
omponent is due to the emission from the fra
tion

of ele
trons of the initial distribution that remained trapped in regions of low

density and magneti
 �eld, where syn
hrotron and 
ollision energy losses are less

eÆ
ient, and that therefore 
an radiate longer. This hypothesis is in agreement

with the UX Ari observations by Massi & Chiuderi Drago (1992), who showed

that the quies
ent 
ux density remained 
onstant, within the measurement

errors, for at least two 
onse
utive days, implying a maximum magneti
 �eld

of 30 G in the sour
e; moreover, theoreti
al 
al
ulations of gyrosyn
hrotron

models indi
ate that in order to reprodu
e the quies
ent spe
tra a magneti


�eld of B � 10 G is required (Chiuderi Drago & Fran
iosini 1993).

In this 
hapter we will propose a quantitative model that takes these obser-
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vations into a

ount. We will assume that ele
trons are a

elerated impulsively

at the 
are onset (t = 0) with a power-law energy distribution that reprodu
es

the 
are spe
trum, and that they are then subje
t to energy losses by 
ollisions

with the ele
trons of the thermal plasma and by emission of syn
hrotron radia-

tion. The variation with time of the parti
le distribution modi�es 
onsequently

the spe
trum of the emitted radiation; as we will see, preliminary 
al
ulations

performed in the assumption of a homogeneous sour
e show that, for a mag-

neti
 �eld of the order of 5 G, the 
omputed spe
trum 5� 6 days after the 
are

onset is in very good agreement with the spe
tra of the quies
ent emission. The

predi
tions of this model on the lifetime of the quies
ent emission agree with

the observations, that indi
ate that the frequen
y of low- and medium-intensity


ares (50�200 mJy) in these systems is suÆ
iently high (Neidh�ofer et al. 1993;

Torri
elli Ciamponi et al. 1995; Umana et al. 1995; Trigilio et al. 1996; Massi

et al. 1996), 
on�rming the hypothesis that ele
trons are a

elerated during


ares. This result motivated us to improve the model, introdu
ing a more re-

alisti
 sour
e stru
ture, with a dipolar magneti
 �eld, and taking into a

ount,

in the 
al
ulation of the evolution of the distribution and of the spe
trum, both

the ele
trons es
aping into the loss-
one and the in
uen
e of the thermal 
oronal

plasma through free-free emission and absorption and the Razin e�e
t. As we

will see, this model reprodu
es very well the spe
tral 
hara
teristi
s of RS CVn

systems, as well as the evolution of the sour
e stru
ture.

x 2.2 Time evolution of the energy distribution and of the spe
trum:

general equations

The time evolution of an isotropi
 and homogeneous energy distribution

N(
; t) is des
ribed in general by the following equation (Melrose & Brown

1976; Melrose 1980):

�N(
; t)

�t

+

�

�


�

N(
; t)

d


dt

�

= Q(
; t)� �

L

N(
; t) ; (2:1)

where d
=dt represents the energy variation of the ele
trons as a 
onsequen
e

of losses or gains, assumed to depend only on 
 (d
=dt = '(
)), Q(
; t) is
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the sour
e fun
tion des
ribing the density of ele
trons that are inje
ted in the

sour
e at time t per unit time and energy band, while �

L

N(
; t) represents the

density of ele
trons that are removed from the region, again per unit time and

energy band. The general solution of Eq. (2.1) is given by (Melrose & Brown

1976):

N(
; t) =

d


Æ

d


N(


Æ

; 0) e

[H(
)�H(


Æ

)℄

+

+

1

j'(
)j

Z




Æ




d


0

e

[H(
)�H(


0

)℄

Q [


0

; t� h(


0

) + h(
)℄ ;

(2:2)

where N(


Æ

; 0) is the distribution at the initial time t = 0, with 


Æ

= 
 (t = 0),

and:

h(
) =

Z




1

d


0

j '(


0

) j

; H(
) =

Z




1

�

L

j '(


0

) j

d


0

: (2:3)

The relationship between 


Æ

and 
 
an be derived by integrating the equation:

d


dt

= '(
) : (2:4)

There are several fa
tors 
ontributing to the de
rease of the ele
tron energy;

in a magnetized plasma the most important me
hanisms are Coulomb 
ollisions

with thermal ele
trons, bremsstrahlung, emission of syn
hrotron radiation and

inverse Compton e�e
t (Petrosian 1985; Pa
hol
zyk 1970). However in our 
ase

only losses by Coulomb 
ollisions and syn
hrotron radiation are important,

while the other two me
hanisms are generally negligible. In a fully ionized

plasma 
ollision and syn
hrotron losses are des
ribed by the following relations

(Petrosian 1985):

_
C = � 6� 10

�13

n

e

_
S = � 1:3� 10

�9

B

2




2

(2:5)

where n

e

is the thermal plasma density, B is the magneti
 �eld in the sour
e,

and we have taken for syn
hrotron losses a mean value over the ele
tron pit
h

angle (angle between velo
ity and magneti
 �eld).

The relative importan
e of these pro
esses depends on energy: 
ollision

losses dominate for low values of 
, while syn
hrotron losses are more impor-

tant at high energies. Therefore, 
ollision losses have the e�e
t of redu
ing
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the number of low-energy ele
trons, 
attening the distribution, while radiative

losses strongly redu
e the number of energeti
 ele
trons, 
ausing a sharp 
uto�

at a given value of 
 whi
h depends on time. As a result, if both e�e
ts are

present after some time one obtains a 
atter distribution with a lower maximum

energy with respe
t to the initial one.

Using Eq. (2.5), Eq. (2.4) be
omes:

�

d


dt

= �+ �


2

; (2:6)

with � = 6� 10

�13

n

e

and � = 1:3� 10

�9

B

2

, from whi
h we obtain:


(t) =

A


Æ

� tanA�t

A (1 + A


Æ

tanA�t)

; (2:7)

where A =

p

�=�.

The time evolution of the spe
trum 
an be obtained by substituting, at any

time t, the energy distribution N(
; t) derived from Eq. (2.2) in the expressions

for the gyrosyn
hrotron emissivity and absorption 
oeÆ
ient, and then 
om-

puting the intensity by solving the transfer equation. Approximate expressions

for the emissivity j

�

and the absorption 
oeÆ
ient k

�

in a plasma, valid for

�=�

b

� 3� 4, where �

b

is the gyrofrequen
y, have been derived by Klein (1987)

extending the method developed by Petrosian (1981) for emission in a va
uum.

In the 
ase of an isotropi
 energy distribution N(
) they 
an be written as:

j

�

=

e

2

�

2 


r

� �

b

�

Z

1

1

d
 Y

Æ

(
; �)N(
)

k

�

=

� e

2

2m

e


 n �

r

� �

b

�

Z

1

1

d
 Y

Æ

(
; �)

�

dN(
)

d


�

N(
) (2


2

� 1)


 (


2

� 1)

�

(2:8)

where � is the angle between the magneti
 �eld and the line of sight, and:

Y

Æ

(
; �) =

Z

2s

Æ

Æ




1=2

"

3

(1 + t

2

Æ

)

1=4

[� a(t

Æ

; s

Æ

) b(t

Æ

; s

Æ

) (1 + t

2

Æ

) + a

�


os �℄

2

n sin � (1 + a

2

�

) a

2

(t

Æ

; s

Æ

)

; (2:9)

where " = 1=

p

1� n

2

�

2

, t

Æ

= " n � sin � and � =

p




2

� 1=
. The quantities
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Z

Æ

, s

Æ

, a(t

Æ

; s

Æ

) and b(t

Æ

; s

Æ

) are given by:

Z

Æ

=

t

Æ

e

1=

p

1+t

2

Æ

1 +

p

1 + t

2

Æ

;

s

Æ

=




"

2

�

�

b

(1 + t

2

Æ

) ;

a(t

Æ

; s

Æ

) =

�

(1 + t

2

Æ

)

�3=2

+

0:503297

s

Æ

�

1=6

;

b(t

Æ

; s

Æ

) =

�

(1 + t

2

Æ

)

�3=2

+

1:193000

s

Æ

�

1=6

�

1�

1

5 s

2=3

Æ

�

:

(2:10)

The expressions of j

�

and k

�

in the two ordinary (+) and extraordinary

(�) modes are obtained by substituting in Eq. (2.8) the 
orresponding values

of the refra
tion index n

�

and of the polarization 
oeÆ
ients a

��

, that 
an be

written as:

n

2

�

= 1�

X

1 + Y j 
os �j (�� �

p

1 + �

2

)

;

a

��

=


os �

j 
os �j

1

�� �

p

1 + �

2

;

(2:11)

where:

X =

�

2

p

�

2

; Y =

�

b

�

; � =

Y sin

2

�

2 (1�X) j 
os �j

(2:12)

(�

p

= plasma frequen
y).

In the assumption that the two modes of radiation propagate indepen-

dently, it is possible to solve the transfer equation separately, obtaining the

intensity in the ordinary and extraordinary modes, I

�

, and then the total in-

tensity I = I

+

+ I

�

from whi
h the 
ux density is derived.

x 2.3 Time evolution in a homogeneous sour
e

As a preliminary 
al
ulation, we 
onsider the evolution of the emission from

the halo only, whi
h is assumed to 
onsist of a 
ylindri
al sour
e of radius L=2

and height L, where L is equal to the binary separation (L ' 1:2 � 10

12


m),

with a uniform magneti
 �eld B � 30 G and a 
onstant density of relativisti


ele
trons. For simpli
ity we assume that the thermal 
oronal plasma in
uen
es
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only the ele
tron distribution through 
ollisions, but we negle
t the e�e
t on

the emitted radiation (free-free and Razin e�e
t), 
onsidering the emission as if

taking pla
e in a va
uum (n

�

' 1).

We also assume that ele
trons are a

elerated impulsively at the 
are onset,


orresponding to t = 0, and are then subje
t to energy losses only; in this 
ase

in Eq. (2.1) we have Q (
; t) = �

L

= 0 and Eq. (2.2) is redu
ed simply to:

N(
; t) = N(


Æ

; 0)

d


Æ

d


: (2:13)

If the initial distribution is an isotropi
 power-law of the form:

N(


Æ

; 0) = K (


Æ

� 1)

�Æ

; (2:14)

with 


Æ1

� 


Æ

< 1 and K = N

Æ

(Æ � 1) (


Æ1

� 1)

Æ�1

, where N

Æ

is the total

number density of relativisti
 ele
trons at t = 0 (N

Æ

=

R

1




Æ1

N(


Æ

; 0) d


Æ

), the

distribution at a time t is given by:

N(
; t) = K(1 + tan

2

A�t)A

Æ

[A
 (1 +A tanA�t)� A+ tanA�t℄

�Æ

(1� A
 tanA�t)

2�Æ

(2:15)

with 


1

� 
 � 


2

, where:




1

=

A


Æ1

� tanA�t

A (1 +A


Æ1

tanA�t)

; 


2

=

1

A tanA�t

: (2:16)

The 
ondition 


1

, 


2

> 1 implies the existen
e of two 
hara
teristi
 times t

1

and t

2

, given by:

t

1

=

1

A�

ar
tan

A(


Æ1

� 1)

1 + A

2




Æ1

; t

2

=

1

A�

ar
tan

1

A

: (2:17)

For t < t

1

, all parti
les of the initial distribution still have 
 > 1 and therefore

emit gyrosyn
hrotron radiation. For t

1

� t < t

2

the lower-energy ele
trons have

been thermalized, giving 


1

= 1; the number density of relativisti
 ele
trons

de
reases with time, be
oming equal to zero for t = t

2

, when also 


2

= 1 and

all parti
les have lost their energy. For t � t

2

there is no more emission from

the sour
e.
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If we indi
ate with N

R

(t) the total number density of relativisti
 ele
trons

at time t:

N

R

(t) =

Z




2

(t)




1

(t)

N(
; t) d
 ; (2:18)

we obtain:

N

R

(t)

N

Æ

=

8

>

>

>

>

<

>

>

>

>

:

1 t < t

1

�

A(1�A tanA�t)(


Æ1

� 1)

(1 + A

2

) tanA�t

�

Æ�1

t

1

� t < t

2

0 t � t

2

:

(2:19)

The time evolution of the energy distribution in the two 
ases Æ = 2 and

Æ = 3, with 


Æ1

= 1:1, is shown in Fig. 2.1 for a magneti
 �eld B = 10 G and

a thermal plasma density n

e

= 10

8


m

�3

. The de
rease of the number of low-

energy ele
trons due to 
ollision losses 
auses a 
attening of the distribution,

whi
h be
omes nearly 
onstant with a sharp 
ut-o� near the upper limit 


2

.

The value of 


2

depends strongly on the magneti
 �eld, de
reasing rapidly with

in
reasing B; moreover, the 
attening at low energy is higher for higher values

of n

e

(Fig. 2.2).

The e�e
t of the thermal plasma density and the magneti
 �eld on the time

evolution of N

R

(t)=N

Æ

is shown in Fig. 2.3. The number density of relativisti


ele
trons falls o� very rapidly in the �rst hours after the 
are onset as a result

of 
ollisions, then the de
rease depends on the magneti
 �eld, being slower for

lower values of B. If B

>

�

20 G the entire population is thermalized after two

days; sin
e the observations by Massi & Chiuderi Drago (1992) imply a lifetime

of the quies
ent 
omponent �

>

�

2

d

, it follows that it should 
ome from regions

where B � 10 G.

Fig. 2.4 shows the time evolution of the spe
trum in the 
ase Æ = 2,

n

e

= 10

8


m

�3

, for B = 10 G and B = 5 G, assuming � = 45

Æ

, a distan
e

d = 50 p
 (distan
e of UX Ari) and an initial 
olumn density N

Æ

L = 10

17


m

�2

, in agreement with the values derived for 
ares. As it 
an be seen, the

spe
trum be
omes opti
ally thin in the frequen
y range of interest one or two

days after the 
are, and then it maintains nearly the same shape until there is a

suÆ
ient number of high energy ele
trons (
 � 50), that are ne
essary to keep
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Fig. 2.1 Time evolution of the energy distribution for Æ = 2 (a) and Æ = 3 (b), in the 
ase

of a magneti
 �eld B = 10 G and a thermal density n

e

= 10

8


m

�3

.

Fig. 2.2 E�e
t of the variation of B (a) and n

e

(b) on the distribution for t = 24

h

in the


ase Æ = 3. In both 
ases the solid 
urve 
orresponds to B = 10 G, n

e

= 10

8


m

�3

.
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Fig. 2.3 Time evolution of the total number of relativisti
 parti
les, given by Eq. (2.19), in

the 
ase Æ = 3, for di�erent values of the magneti
 �eld (a) and thermal density (b). In both


ases the solid 
urve 
orresponds to B = 10 G, n

e

= 10

8


m

�3

.

the spe
trum 
at up to 15 GHz. When this is no longer true the slope at high

frequen
ies in
reases. In the 
ase B = 5 G the spe
tral shape remains almost

the same for 5�6 days after the 
are onset and is in very good agreement with

the slope of the observed quies
ent spe
tra. Similar results are obtained with

Æ = 3, although the spe
trum is steeper and the 
ux density de
reases more

rapidly.

This simple model also predi
ts that the intensity of the emitted radiation

from regions 
lose to the star, where the �eld is higher (B > 50 � 100 G),

dominates over the halo emission in the �rst hours after the 
are onset, but

de
reases very rapidly, and after one or two days only the weak emission from

the halo remains, in agreement with VLBI observations.

The validity of the model depends on the 
aring rate in these systems,

whi
h must be at least of one event per week in order to maintain the qui-

es
ent emission. In order to determine the frequen
y of 
ares, a monitoring

program of UX Ari at the E�elsberg radioteles
ope was started in De
ember

1992 (Neidh�ofer et al. 1993; Torri
elli Ciamponi et al. 1995; Massi et al. 1996);
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Fig. 2.4 Time evolution of the spe
trum 
omputed in the two 
ases B = 10 G (a) and B = 5

G (b), for Æ = 2, n

e

= 10

8


m

�3

, � = 45

Æ

, and N

Æ

L = 10

17


m

�2

. The spe
trum for t = 0

is indi
ated with a solid line. The other spe
tra have been obtained, from top to bottom, at

intervals of 1 day, from t = 1

d

to t = 8

d

.

the observations are performed in the intervals between other s
heduled observa-

tions, therefore they span a frequen
y range between 1.4 and 43 GHz, depending

on the available re
eiver. These observations show that, although very strong


ares (F

�

> 300 mJy) are rather rare, medium- or low-energy 
ares (50 mJy

� F

�

� 200 mJy) are very often observed (Fig. 2.5). Similar results have been

obtained during a monitoring program of HR 1099 at 5 GHz performed at the

Noto radioteles
ope sin
e 1990 (Umana et al. 1995).

Sin
e these observations 
on�rm the assumption that ele
trons are a

eler-

ated episodi
ally during 
ares, we de
ided to re�ne the model, in
luding several

e�e
ts that had been negle
ted in the simpli�ed preliminary version. First, we

will drop the assumption of a uniform magneti
 �eld, assuming instead that

the emission takes pla
e in a magneti
 loop; moreover, in the 
al
ulation of the

distribution of relativisti
 ele
trons we will take into a

ount also the parti
les

leaving the sour
e into the loss 
one. We will then 
onsider the in
uen
e of the


oronal thermal plasma not only on the evolution of the parti
le distribution,
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Fig. 2.5 Observations of UX Ari performed at the E�elsberg radioteles
ope between De-


ember 1992 and Mar
h 1995 at variuos frequen
ies between 1.4 and 43 GHz (Neid�ofer et al.

1993; Torri
elli Ciamponi et al. 1995; Massi et al. 1996).

as in the preliminary model, but also on the emitted radiation, by in
luding in

the transfer equation both the thermal free-free emission and absorption and

the Razin e�e
t.

x 2.4 Time evolution in a dipolar loop

We 
onsider a sour
e 
onsisting of a magneti
 loop whi
h 
onne
ts two

starspots on the stellar surfa
e. The loop is generated by a dipole lying on the

plane of the sky and buried at a 
ertain depth below the photosphere: the depth

and the dipole strength are determined by imposing that the magneti
 �eld in

the 
entre of the spots is perpendi
ular to the stellar surfa
e and has a given
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value B

max

. In the following 
al
ulations we have adopted the value B

max

=

1000 G, in agreement with observations (Giampapa et al. 1983; Gondoin et al.

1985; Donati et al. 1990, 1992). For the sake of simpli
ity, we assume that the

loop is �xed on the plane of the sky, in spite of the stellar rotation; this is a

very strong approximation, whi
h we will drop later in Chapt. 4.

The studies on the starspot distribution on RS CVn systems (see Chapt.

1) show that typi
al spots have a radius R

spot

' 15

Æ

� 25

Æ

, while their position

varies greatly from one observation to the other. A variation of the angular

separation of the spots 
auses a variation of the sour
e surfa
e and volume.

Sin
e the sour
e is opti
ally thin almost everywhere, ex
ept very 
lose to the

star, the only important geometri
al parameter is its volume, whi
h depends

also on the starspot radius. In the following 
al
ulations we will 
onsider an

angular separation � = 60

Æ

and � = 90

Æ

between the 
entres of the two spots.

For the sake of simpli
ity and in order to redu
e the 
omputer time, we

have assumed that the magneti
 �eld varies only on the plane of the sky, and is


onstant along lines parallel to the line of sight. In the plane of the sky the loop

is limited by the two lines of for
e passing through the borders of the starspots,

while along the line of sight the sour
e is assumed to have a triangular shape, as

in the model by Klein & Chiuderi Drago (1987), with a semiaperture � whi
h

is varied from � = R

spot

to � = 1:5R

spot

, in order to have 
omparable sizes of

the spots in the two dire
tions. To avoid the problem due to the fa
t that the

approximations (2.8) are not valid in a small interval around � = 90

Æ

, we have


onsidered a mean value � = 85

Æ

for the angle between the magneti
 �eld and

the line of sight. A sket
h of the sour
e stru
ture on the plane of the sky is

shown in Fig. 2.6.

The sour
e volumes 
orresponding to our 
hoi
e of the parameters are

shown in Tab. 2.1. The spot radius has been limited to 20

Æ

be
ause in the 
ase

� = 90

Æ

a radius of 25

Æ

would give a loop surfa
e one order of magnitude larger

than the whole binary system, and in the 
ase � = 60

Æ

the spot separation

would be too small in 
omparison to their sizes.

The total number density of relativisti
 ele
trons N

tot

= N

Æ

V has been


hosen in order to reprodu
e a 
ux density of the order of 100 � 150 mJy at
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Fig. 2.6 Sket
h of the sour
e in the plane of the sky. The starspots are marked as thi
k

ar
hes: R

spot

= 20

Æ

and the separation between the 
entres is � = 90

Æ

(a) and � = 60

Æ

(b).

The sour
e is limited by the solid lines; dotted lines represent the levels of 
onstant B, having

assumed B

max

= 1000 G

15 GHz, whi
h is the most 
ommonly observed value during a
tive periods. All


al
ulations are referred to the distan
e of the system UX Ari, d = 50 p
.

The loop is �lled with a thermal plasma with temperature T = 1:5 �

10

7

K, in agreement with the mean value of the hot 
omponent temperatures

derived from re
ent X-ray observations (Dempsey et al. 1993). The thermal

plasma density n

e

has been assumed uniform within the sour
e and left as a free

parameter. Although the magneti
 stru
ture in the stellar 
orona may generate


onsistent density inhomogeneities between di�erent loops, our approximation

of a 
onstant density within the same magneti
 loop is not signi�
antly di�erent

from the real situation. In fa
t, assuming that the ele
tron density in the loop

is distributed a

ording to hydrostati
 equilibrium, it de
reases to 0:7n

Æ

at

R = 10 R

?

, where n

Æ

is the density at the stellar surfa
e, and then it remains

almost 
onstant. The presen
e of the 
ompanion, if it is on the same side of
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Tab. 2.1 Sour
e volume as a fun
tion of the starspot size R

spot

and � and

of the angular separation �

R

spot

(

Æ

) � (

Æ

) Volume (
m

3

)

� = 60

Æ

� = 90

Æ

15 15.0 1:30� 10

36

2:34� 10

37

22.5 2:01� 10

36

3:61� 10

37

20 20.0 1:88� 10

37

9:57� 10

38

30.0 2:97� 10

37

1:52� 10

39

the loop, as well as the rotation of the system, make the density de
rease even

more slowly.

As in the preliminary 
ase of the previous se
tion, the initial ele
tron energy

distribution is assumed to be an isotropi
 power-law with esponent Æ = 2 and

Æ = 3, de�ned for 


Æ1

� 


Æ

< 1, with 


Æ1

= 1:1, whi
h evolves in time due

to radiation and 
ollision energy losses. It is also assumed that ele
trons are

a

elerated at t = 0 uniformly over the whole loop; this hypothesis is justi�ed

by the fa
t that, even if ele
trons are inje
ted in a 
ertain point of the loop,

the time needed to �ll the entire loop volume is negligible with respe
t to

the 
hara
teristi
 times
ales of the 
are de
ay. The presen
e of a 
onverging

magneti
 �eld, however, 
auses a leak from the emitting region of ele
trons with

small pit
h angle, that penetrate deeper in the stellar atmosphere where they

rapidly lose their energy. This phenomenon 
auses an anisotropy in the energy

distribution; however, due to 
ollisions with protons of the thermal plasma, the

distribution be
omes isotropi
 again in a 
hara
teristi
 time (Spitzer 1962):

�

d

' 3:11� 10

�20

v

3

n

e

�

8:4� 10

11

n

e

�

3

(2:20)

where � = v=
. The number of parti
les with energy 
 es
aping from the sour
e

into the loss-
one per unit time 
an be estimated as:

�

dN

dt

�

l


= �




l


4�

N(
; t)

�

d

= �

(1� 
os 

Æ

)

2 �

d

N(
; t) ; (2:21)
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where 


l


= 2� (1� 
os 

Æ

) is the loss-
one solid angle, and:


os 

Æ

=

r

1�

B

B

max

; (2:22)

where B is the lo
al magneti
 �eld. In this 
ase, Eq. (2.1) be
omes:

�N(
; t)

�t

+

�

�


�

d


dt

N(
; t)

�

= �

(1� 
os 

Æ

)

2 �

d

N(
; t) : (2:23)

If we substitute � with an average value over the initial energy distribution, so

that �

d

be
omes 
onstant, from Eq. (2.2) we obtain:

N(
; t) = N(


Æ

; 0)

d


d


Æ

e

�(1�
os 

Æ

) t=2�

d

: (2:24)

The distribution N(
; t) therefore has the same shape as Eq. (2.15) with an

additional exponential term. For ele
trons with � ' 1 and the values of the

parameters adopted in this 
hapter, the loss-
one e�e
t is always very small, and

the evolution of the distribution is not signi�
antly di�erent from the previous


ase. In the 
ase of mildly-relativisti
 ele
trons, that have a lower mean value

of �, the exponential term 
an redu
e substantially the number of parti
les at

a given time, 
ausing a more rapid de
ay of the 
are.

As mentioned in the previous paragraph, the presen
e of the thermal

plasma has been taken into a

ount also in the 
al
ulation of the emitted radia-

tion, in
luding in the model both the thermal free-free emission and absorption

and the Razin e�e
t. In our assumption of a uniform density the Razin e�e
t,

whi
h strongly suppresses the radiation at frequen
ies �

<

�

20 n

e

=B, be
omes

very important at great distan
es from the a
tive star, where the magneti
 �eld

is low. In order to take this e�e
t into a

ount, the 
omplete expression of

the emissivity and absorption 
oeÆ
ient (Eq. (2.8)) in a medium with n

�

6= 1

must be 
onsidered. The free-free emission and absorption appear instead as

additional terms in the transfer equation.

x 2.5 Comparison with observations

The radio spe
tra of RS CVn systems available in the literature show a large

variety of intensity and spe
tral trends. Sin
e there are no spe
tral observations
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arried out several times during the same 
aring event, a dire
t 
omparison of

the 
omputed spe
tra with the observed ones will not give any useful informa-

tion on the model parameters, in parti
ular on the spe
tral index Æ, the loop

volume and the thermal plasma density.

In spite of the large variety of observations, Mutel et al. (1987) have shown

the existen
e of a very good 
orrelation between the logarithm of the observed

luminosity relative to the average one, L

R

=hL

R

i, at 5 GHz, and the spe
tral

index � measured between 1.4 and 5 GHz (see Fig. 1.3a). Considering also

the relation obtained from other re
ent observations (Fig. 1.3b), we see that,

although a 
ertain s
attering is present, not a single data point falls in the lower

right or in the upper left 
orner of the diagram. More pre
isely, it happens that,

for the totality of the observations, log(L

R

=hL

R

i) must be larger than 1:31��1:1

and smaller than 1:31 �+ 0:64.

The Mutel et al. plot of the log(L

R

=hL

R

i) vs. � 
orrelation is shown in

Fig. 2.7 together with some of the 
urves obtained from our model: ea
h 
urve

was obtained by 
al
ulating the luminosity and spe
tral index at di�erent times,

and ea
h 
urve di�ers from the others in the initial parameters. The adopted

value of the mean radio luminosity, hL

R

i = 5� 10

16

erg se


�1

Hz

�1

, has been

obtained by averaging the luminosities of the stars listed in Tab. 3 of Drake et

al. (1989).

The 
urves shown in Fig. 2.7 have been obtained, for ea
h value of the

exponent Æ of the initial energy distribution, assuming � = 90

Æ

and � = R

spot

=

20

Æ

, and 
hanging the total number of relativisti
 ele
trons and the thermal

plasma density. A variation of the �rst parameter, N

tot

= N

Æ

V , rigidly shifts

the 
urves in the verti
al dire
tion if the radiation is opti
ally thin at both

frequen
ies (1.4 and 5 GHz), leaves them un
hanged in the region where they are

both opti
ally thi
k and shifts the points in the upper right dire
tion (in
reasing

both L and � ) in the 
ase when the radiation is opti
ally thin at 5 GHz and

thi
k at 1.4 GHz. We 
an therefore 
on
lude that no sensible variations in the

shape of the 
urves shown in Fig. 2.7 are obtained by varying N

tot

. Upper and

lower limits of N

Æ

, inferred from the observations, are 5� 10

3

� N

Æ

� 2� 10

4

for Æ = 2 and 3� 10

5

� N

Æ

� 1� 10

6

for Æ = 3.
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Fig. 2.7 Comparison of the 
omputed relationship log(L

R

=hL

R

i) vs � with the observed

data points given by Mutel et al. (1987). The 
urves have been obtained assuming R

spot

=

� = 20

Æ

, � = 90

Æ

in the two 
ases Æ = 2, N

Æ

= 10

4


m

�3

(a) and Æ = 3, N

Æ

= 6� 10

5


m

�3

(b). Di�erent 
urves 
orrespond to thermal densities n

e

= 10

8


m

�3

(solid line), 5 � 10

7


m

�3

(dashed line), 10

7


m

�3

(dash-dotted line) and 5� 10

6


m

�3

(dotted line).
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Fig. 2.8 Radio spe
tra obtained assuming n

e

= 10

7


m

�3

, � = 90

Æ

, R

spot

= � = 20

Æ

, in

the two 
ases Æ = 2, N

Æ

= 10

4


m

�3

(a) and Æ = 3, N

Æ

= 6 � 10

5


m

�3

(b). The 
urves

represent the 
are spe
trum for t = 0 (solid line) and, from top to bottom, that emitted after

2, 6, 10, 15, 20 days.
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Fig. 2.9 Brightness distribution of the sour
e at � = 5 GHz, 
omputed at the 
are onset

(a) and after 6 days (b), assuming Æ = 2, R

spot

= � = 20

Æ

and � = 90

Æ

. Intensity 
ontours

are at 5 � 10

�10

, 10

�9

, 2 � 10

�9

, 5 � 10

�9

, 10

�8

, 2 � 10

�8

and 4 � 10

�8

erg 
m

�2

se


�1

Hz

�1

sr

�1

. The highest brightness 
ontour has been shadowed for the sake of 
larity. The


ross indi
ates the distan
e of the 
ompanion when the system is in quadrature.

The in
uen
e of the thermal ele
tron density on the 
onsidered 
orrelation

is instead very important sin
e it drasti
ally 
hanges the slope of the 
urves at

low frequen
y; we see in fa
t from Fig. 2.7 that a thermal ele
tron density in

ex
ess of 10

7


m

�3


auses the reversal of the 
urves toward the bottom right


orner, in 
lear 
on
i
t with the observations. A variation of the parameters �,

� and R

spot

, leaving n

e

and N

tot

un
hanged, does not sensibly a�e
t the shape

of the 
urves.

The radio spe
tra obtained during the 
are (t = 0) and at di�erent times

after it are shown in Fig. 2.8 for Æ = 2 and Æ = 3. The loop parameters are

the same of Fig. 2.7 and a thermal plasma density n

e

= 10

7


m

�3

has been

assumed.

As far as the parameter Æ is 
on
erned, we noti
e that the spe
tra obtained
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Fig. 2.10 Same as Fig. 2.9 but with a spot separation � = 60

Æ

.

assuming Æ = 3 satisfy the log(L

R

=hL

R

i) vs. � 
orrelation in a wider range of

parameter values, but that a mu
h larger number density of relativisti
 parti
les

is required to reprodu
e the observed 
ux density. Another important di�eren
e

is noti
ed in the lifetime of the emitted radiation, whi
h de
reases mu
h faster

for Æ = 3. Although the available data do not allow a dis
rimination between

the two values, the 
hoi
e Æ = 2 appears more reasonable for energeti
 reasons.

Using again the same loop parameters and Æ = 2, we have 
omputed the

brightness distribution of the radio sour
e at 5 GHz during the 
are (t = 0)

and six days later. The derived maps are shown in Fig. 2.9 for � = 90

Æ

and in

Fig. 2.10 for � = 60

Æ

. The parameter � is in fa
t the one whi
h mostly a�e
ts

the sour
e size.

Figs. 2.9 and 2.10 show that the brightness distribution far from the star

(R > 4 R

?

) does not 
hange mu
h with time, while the mu
h brighter region

(about a fa
tor of 40) present at a distan
e R ' 2R

?

at t = 0 disappears in a few
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days. These results, whi
h do not appre
iably 
hange if Æ = 3 is assumed, agree

very well with the assumption of a 
ore-halo to halo evolution of the sour
e

stru
ture.

The model therefore reprodu
es very well the 
hara
teristi
s of RS CVn

spe
tra as well as the evolution of the sour
e from a 
ore-halo to a halo stru
ture.

This evolution was impli
itly present also in the preliminary model, although

the assumption of a 
onstant magneti
 �eld within the sour
e made it impossi-

ble to show it in a quantitative way, and is 
ompletely in agreement with VLBI

observations 
arried out in di�erent epo
hs (Mutel et al. 1984, 1985; Lestrade

et al. 1984a, 1984b, 1988; Little-Marenin et al. 1986; Massi et al. 1988; Trigilio

et al. 1993, 1995). Further support to the model 
ould 
ome from observations

of both the spe
trum and the sour
e stru
ture during the de
ay phase of a


are, in order to evidentiate the temporal variations. Su
h observations, unfor-

tunately not yet available, 
ould give important informations on the physi
al


hara
teristi
s of the sour
e.

x 2.6 Possible 
ospatiality of the X-ray and radio emission

As mentioned in Chapt. 1, although the X-ray and radio emission ob-

served in RS CVn systems have di�erent origins (syn
hrotron emission from

non-thermal parti
les in the radio band, emission from a population of ther-

mal ele
trons in the X-ray band), the luminosities observed in the two bands

are strongly 
orrelated (Drake et al. 1989, 1992; Dempsey et al. 1993). In

two re
ent papers, G�udel & Benz (1993) and Benz & G�udel (1994) have shown

that this 
orrelation is not limited to RS CVn systems, but is valid for di�erent

types of stars and also for solar 
ares, extending with nearly the same slope over

several orders of magnitude. A

ording to these authors, the interpretation of

this remarkable 
orrelation must be sear
hed in the primary pro
ess of energy

release (magneti
 re
onne
tion?), where a relationship must exist between the

energy spent to heat the plasma and the energy whi
h goes into a

elerating

the parti
les, and therefore also between the X-ray and radio emissions. As

we said in Chapt. 1, X-ray observations show that the hot 
omponent of the
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oronal plasma is extended over dimensions 
omparable to the binary system,

like the radio emission (Swank et al. 1981; White et al. 1990a); it is therefore

interesting to exhamine the possibility of a 
ospatiality of the X-ray and radio

emission.

The log(L

R

=hL

R

i) vs. � plot shown in the previous se
tion puts a very

stri
t 
onstraint on the thermal plasma density in the sour
e, whi
h 
annot be

larger than 10

7


m

�3

independently of the other parameters. Su
h a 
onstraint


an be used for a 
omparison with the emission measures derived from X-ray

observations of RS CVn systems. The emission measures of the hot 
omponent

span from 2� 10

52


m

�3

to 3� 10

54


m

�3

(Dempsey et al. 1993). A maximum

thermal density of 10

7


m

�3

would imply a sour
e volume V � 2�10

38

�3�10

40


m

3

. A

ording to Tab. 2.1, a volume of the order of 10

39


m

�3

is obtained

assuming the following values for the loop parameters:

� = 90

Æ

; R

spot

' 20

Æ

; 20

Æ

� � � 30

Æ

:

Therefore the 
onstraints on the thermal plasma density derived from the

log(L

R

=hL

R

i) vs. � 
orrelation are not in 
lear 
on
i
t with a possible 
ospatial-

ity of the X-ray and radio emission, although the upper limit of the required vol-

ume is about one order of magnitude larger than the maximum volume assumed

in this paper for the radioemitting loop. Of 
ourse an agreement between the

radio and X-ray emitting volumes 
an still be a
hieved with a smaller starspot

separation, if larger values for the starspot radius R

spot

or for the angle � are

assumed.

It must be pointed out that the in
uen
e of the thermal plasma on the low-

frequen
y radio spe
trum through free-free absorption and Razin e�e
t does not

depend on this parti
ular model. The derived 
onstraint on the thermal ele
tron

density has therefore a very general validity. On the other hand, the remarkable


orrelation between the X-ray and radio luminosities does not ne
essarily imply

that the ele
trons emitting in the two frequen
y bands must be 
ospatial in

the same loop. In the 
ase of solar 
ares, for instan
e, it is believed that the

same pro
ess is responsible for the a

eleration of energeti
 parti
les emitting

gyrosyn
hrotron radiation in the radio spe
trum and of those that, stopped
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in the lower and denser layers of the atmosphere, produ
e the plasma heating

and the 
onsequent enhan
ement of the X-ray emission. Although strongly


orrelated, the two emissions take pla
e in di�erent portions of the loop.
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CHAPTER 3

INTERPRETATION OF THE RISING

PHASE OF FLARES

x 3.1 Introdu
tion

In the previous 
hapter we have developed a time-dependent model of the

radio emission in order to interpret the quies
ent 
omponent as the �nal phase

of a 
are de
ay; for this reason the model 
onsidered only the evolution of

the emission due to energy losses, negle
ting the rising phase whi
h, for the

times
ales of interest, 
ould be 
onsidered instantaneous. However the 
are ris-

ing phase is important, being linked to the parti
le a

eleration me
hanism and

thus to the energy release in the sour
e. Until some time ago the only available

data on the rising phase were observations of light 
urves at a single frequen
y,

showing that this phase has a typi
al duration of a few hours; re
ently, how-

ever, some spe
tra have been obtained at E�elsberg whi
h are 
learly asso
iated

with an in
rease in the radio 
ux density and therefore 
an be attributed to the

initial phase of a 
are.

In this 
hapter we will therefore study the evolution of the radio emission

during the rising phase of 
ares, introdu
ing in our model a 
onstant inje
tion

of relativisti
 ele
trons: the addition of this term 
onstrasts the e�e
t of energy

losses, allowing an in
rease of the emission with time. We will 
onsider for

the sour
e stru
ture a magneti
 loop similar to that of the previous 
hapter,

assuming that ele
trons are a

elerated at the top and then �ll rapidly the entire

loop; in this 
ase, as we will see later, we obtain an energy distribution whi
h
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is no longer homogeneous, but depends on the position inside the loop.

x 3.2 Observations of 
are spe
tra during the rising phase

During the monitoring program of UX Ari performed at the E�elsberg

radioteles
ope some 
are spe
tra were obtained, whi
h 
an be attributed to the

initial rising phase, sin
e the 
orresponding data indi
ate an in
rease of the


ux density over a times
ale of the order of a few hours (Torri
elli Ciamponi

et al. 1995). These spe
tra are shown in Fig. 3.1, together with the other

single-frequen
y observations performed during the same time intervals. Data

referring to di�erent orbital phases are indi
ated with di�erent symbols, and a

phase di�eren
e of 0.01 
orresponds to about 1.5 hours.

Sin
e the emission 
an in
rease only if an energy supply, in form of a

eler-

ated parti
les, is present, the times
ale of the 
ux density in
rease gives an idea

of the duration of the a

eleration me
hanism. From the observations shown in

Fig. 3.1 we infer that the parti
le a

eleration 
an last for a long time, up to

two days; the data, however, have been sampled at long time intervals, therefore

we 
annot ex
lude the possibility that the observed in
rease of the 
ux density

is not due to a single long-lasting parti
le a

eleration, but the parti
les are

a

elerated in a su

ession of shorter-duration bursts. Sin
e we do not have the

possibility of determining, from the available data, the real stru
ture of these


ares on shorter times
ales, we will 
onsider ea
h of them as single events.

The observations show that the spe
tral index � of the radiation re
eived

from UX Ari is positive between 1.4 and 10 GHz, ex
ept for 
are 4 where � > 0

only up to 5 GHz. The measured values of � are di�erent from 
are to 
are and

vary with time during the same 
are, ranging from 0.31 to 0.73 in the frequen
y

range 2:7�5 GHz, and from 0.13 to 0.38 in the range 5�10:5 GHz (�0:11 in the


ase of 
are 4). These values agree with the spe
tral indexes measured in the

spe
tra of other RS CVn systems, that, between 1.4 and 5 GHz, vary between

� = � 0:7 and � = 1 (Mutel et al. 1987), with higher values referring to higher

luminosity periods. The fa
t that all spe
tra in Fig. 3.1 show positive spe
tral

indexes at frequen
ies below 5 GHz implies that this is a 
hara
teristi
 of the
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Fig. 3.1 Spe
tra observed at di�erent times for four 
ares during the rising phase. (a)

Flare 1: � = 0:78 
orresponds to JD 2448965.170; (b) Flare 2: � = 0:10 
orresponds to JD

2449462.930; (
) Flare 3: � = 0:86 
orresponds to JD 2449467.790; (d) Flare 4: � = 0:47


orresponds to JD 2449478.160.
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are rising phases. In fa
t, as shown in Chapt. 2, during the de
ay phase the

spe
tral peak shifts towards lower frequen
ies and the spe
tral slope 
hanges

sign be
oming negative at these frequen
ies.

The 
ommon interpretation for spe
tra with a positive spe
tral index at

radio wavelengths is syn
hrotron self-absorption. The values of � measured

for UX Ari are however lower than the 
anoni
al slope for gyrosyn
hrotron

emission from an opti
ally thi
k homogeneous sour
e, whi
h is approximately

given by � = 2:5 + 0:085 Æ (Dulk 1985). The evolution of the distribution

due to energy losses 
annot explain the observed spe
tra, sin
e this me
hanism

makes the spe
trum opti
ally thin, as shown in the previous 
hapter; moreover,

this di�eren
e is found also when the 
ux density is in
reasing, i.e. during the

rising phase where the spe
tral features depend not only on energy losses but

also on the inje
tion of new parti
les. However, it is possible to reprodu
e the

spe
tral indi
es � < 2:5 observed during 
ares by assuming that the emission

originates in an inhomogeneous sour
e. In fa
t, as we said in Chapt. 1, this

hypothesis was su

essfully used to reprodu
e the spe
trum of the February

1978 
are on HR 1099 in two opposite 
ases: a 
onstant magneti
 �eld with a

varying density of relativisti
 ele
trons (Borghi & Chiuderi Drago 1985), and a

dipolar magneti
 �eld with uniform density (Klein & Chiuderi Drago 1987). In

the next se
tion we will show that, in a realisti
 magneti
 
on�guration, during

the phase of parti
le inje
tion the ele
trons distribute themselves inside the loop

with a density whi
h is no more uniform, but depends on the position in the

sour
e.

x 3.3 Energy distribution of relativisti
 ele
trons during the 
are

rising phase

The geometry of the region where the energy produ
tion, and therefore the

parti
le a

eleration, takes pla
e is not known, although the emission properties

suggest the presen
e of loop-like magneti
 stru
tures analogous to those present

in the solar 
orona. Sin
e relativisti
 ele
trons stream along magneti
 �eld lines,

their density will be distributed in the sour
e in a way stri
tly related to the

�eld 
on�guration; however, this distribution 
an be strongly a�e
ted by the
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presen
e of energy losses. In the 
ase of mildly-relativisti
 ele
trons, 
ollision

losses have a typi
al times
ale t


oll

� 10

9

=n

e

hours, while for syn
hrotron losses

t

sin


� 10

4

=B

2

hours. The values of the magneti
 �eld range from � 1� 10 G

in the 
orona to � 1000 G at photospheri
 level, while the small gravitational

s
ale height implies an almost 
onstant thermal density (Massi & Chiuderi

Drago 1992) with n

e

� 10

7

� 10

8


m

�3

. Hen
e, while 
ollision losses will

in
uen
e the emission in the same way everywhere in the loop on times
ales of

the order of 1� 2 days, syn
hrotron losses will strongly suppress the radiation

from the regions 
loser to the photosphere in a few minutes after the 
are onset,

but will a�e
t the radiation from the outer regions only after some hours. Sin
e

di�erent regions of the sour
e 
ontribute to the emission at di�erent frequen
ies,

the di�erent eÆ
ien
y of energy losses in di�erent parts of the loop strongly

a�e
ts the spe
tral shape already after a few minutes from the beginning of the

a

eleration. These 
onsiderations imply that radiative losses must be taken

into a

ount even during the rising phase, in whi
h a large amount of new

relativisti
 parti
les is inje
ted in the sour
e.

For the sake of simpli
ity, we assume that the magneti
 
on�guration is

perfe
tly symmetri
 with respe
t to the loop axis, and that ele
trons are in-

je
ted at the top, uniformly and isotropi
ally over the entire 
entral se
tion of

the loop, at a rate

^

Q(
; t) el. 
m

�3

se


�1

; in any 
ase, even if the parti
les were

a

elerated predominantly in one dire
tion, the ele
tron distribution would be-


ome isotropi
 in a short time due to 
ollisions with the protons of the thermal

plasma (see Chapt. 2).

The time needed for the relativisti
 ele
trons to �ll the loop, t

din

� L=


(L = loop length), is very short (� 7 se
 if L � R

?

and � 1 min if L is


omparable to the size of the binary system). Therefore the ele
trons di�use

rapidly from the a

eleration site to the entire magneti
 loop, rea
hing in a very

short time a spatially symmetri
 distribution with respe
t to the loop axis. From

our point of view, the attainment of this spatial distribution 
an be 
onsidered

instantaneous sin
e, for the moment, we have no way of investigating this short

transient phase. These 
onsiderations 
ould led us to think that ele
trons are

distributed uniformly in the loop; as we will see, however, the presen
e of an
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inhomogeneous magneti
 �eld in
uen
es the �nal distribution, 
ausing it to

depend on the position inside the loop.

We des
ribe the magneti
 �eld using polar 
oordinates (r; �), where � = 90

Æ


orresponds to the inje
tion region. Ele
trons stream along the �eld lines, and

therefore, for the 
ontinuity equation, the number of ele
trons 
rossing a given

se
tion of a magneti
 
ux tube must be 
onstant. This implies that the parti
le

density at a given point (r; �) is proportional to that at the inje
tion site through

a fa
tor A(� = 90

Æ

)=A(�), whi
h takes into a

ount the variation of the loop

se
tion. From the 
onservation of magneti
 
ux (r �B = 0) we have then:

A(90

Æ

)

A(�)

=

B(r; �)

B(r; 90

Æ

)

; (3:1)

and therefore the density in the point (r; �) is proportional to the 
orresponding

magneti
 �eld.

On the other hand, ea
h of the ele
trons a

elerated at � = 90

Æ

streams

downward along a magneti
 �eld line until its initial pit
h angle  

Æ

satis�es the

relation

sin

2

 

Æ

=

B(r; 90

Æ

)

B(r; �)

: (3:2)

At this lo
ation the ele
tron is re
e
ted and begins to os
illate between this

point and the symmetri
 mirror point until it loses all its energy by radiation

or 
ollisions. Hen
e, ea
h position in the loop, identi�ed by the 
orresponding

value of the magneti
 �eld B(r; �), 
an be asso
iated to the value of the initial

pit
h angle  

Æ

of those ele
trons that are re
e
ted at that point. Ele
trons with

 <  

Æ


ontinue their way towards the stellar surfa
e, while those with  >  

Æ

are trapped in the region above that lo
ation and 
ontribute to in
rease the

density around the loop top. If we 
onsider a generi
 se
tion of the loop, the

mirror me
hanism redu
es the number of parti
les in a small volume below that

layer by the fra
tion:

R

 

Æ

0

sin d 

R

�

0

sin d 

= 1� 
os 

Æ

: (3:3)

Taking both these me
hanisms into a

ount, Eqs. (3.1) and (3.3) imply

that at a given position (r; �) the distribution of inje
ted ele
trons has the
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form:

Q(
; t; r; �) =

^

Q(
; t)

 

1�

s

1�

B(r; 90

Æ

)

B(r; �)

!

B(r; �)

B(r; 90

Æ

)

: (3:4)

We stress again that this expression does not take into a

ount the time ne
-

essary for ele
trons to �ll the entire loop, and, moreover, it is 
orre
t only if

^

Q

does not 
hange in time, i.e. only if

^

Q(
; t) �

^

Q(
). However it 
an be 
on-

sidered a good starting point for deriving the spatial distribution of ele
trons

trapped in a magneti
 loop at a given time after inje
tion.

In the 
ase of parti
le inje
tion plus energy losses, Eq. (2.1), whi
h de-

s
ribes the time evolution of the energy distribution, takes the form:

�N(
; t; r; �)

�t

+

�

�


�

d


dt

N(
; t; r; �)

�

= Q(
; r; �) ; (3:5)

and the general solution (2.2) be
omes:

N(
; t; r; �) = N(


Æ

; 0; r; �)

�


Æ

�


+

1

jd
=dtj

Z




Æ




Q(


0

; r; �) d


0

: (3:6)

The 
omplete expression of the energy distribution at time t is obtained by


arrying out the integral in Eq. (3.6) and substituting the relation (2.7) between




Æ

and 
 and the expression (2.6) for d
=dt. We assume that both the inje
ted

energy distribution Q(
; t; r; �) and the initial distribution N(


Æ

; 0; r; �) have

the same dependen
e on the position (r; �) along the loop, given by Eq. (3.4),

and the same dependen
e on energy, des
ribed by a power-law, with:

^

N(


Æ

; 0) = K

Æ

(


Æ

� 1)

�Æ

; 


Æ1

� 


Æ

� 1 ;

^

Q(
; t) = Q

Æ

K

Æ

(
 � 1)

�Æ

; 


Æ1

� 
 � 1 :

(3:7)

In these expressions K

Æ

= N

Æ

(Æ� 1) (


Æ1

� 1)

Æ�1

and N

Æ

is the total density of

relativisti
 ele
trons at the loop top (� = 90

Æ

) at t = 0. We 
an interpret this

term as a residual population from a previous 
are: in this 
ase, however, as

seen in Chapt. 2, its form 
annot be 
onsidered anymore that of a power-law.

However, sin
e we do not have any information on the time elapsed from the

previous 
are, and hen
e on the true shape of the residual distribution, we have

assumed a power-law for the sake of simpli
ity. The total density of parti
les
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Fig. 3.2 Variation with time of the energy distribution, in the 
ase Æ = 2, 


Æ1

= 1:1,

B(r; 90

Æ

) = 0:1 G, n

e

= 10

7


m

�3

, in two regions of the loop where B = 100 G and B = 10

G. The distribution has been 
omputed assuming Q

Æ

= 10

�2

se


�1

(left) and Q

Æ

= 10

�5

se


�1

(right). The distribution is shown for t = 0 (solid line), 1

h

(dotted line), 3

h

(dashed

line) and 6

h

(dot-dashed line).

inje
ted in the sour
e per unit time at the loop top is therefore Q

Æ

N

Æ

. The

result of the integral I =

R




Æ




^

Q(


0

) d


0

in Eq. (3.6) depends on the value of


: sin
e at a given time t the distribution N(
; t; r; �), due to energy losses, is

de�ned for 
 � 


1

(


Æ1

; t), while Q(
; t; r; �) is de�ned only for 
 � 


Æ1

> 


1

, we
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Fig. 3.3 Time evolution of the total density of relativisti
 ele
trons in the two 
ases Q

Æ

=

10

�2

se


�1

(left) and Q

Æ

= 10

�5

se


�1

(right), for di�erent values of the magneti
 �eld. The

others parameters are the same of Fig. 3.2.

obtain:

I =

Q

Æ

K

Æ

Æ � 1

8

<

:

(


Æ1

� 1)

1�Æ

� (


Æ

� 1)

1�Æ


 � 


Æ1

(
 � 1)

1�Æ

� (


Æ

� 1)

1�Æ


 > 


Æ1

:

(3:8)

Fig. 3.2 shows the time evolution of the energy distribution in the 
ase

Æ = 2, 


Æ1

= 1:1, at two di�erent positions in the loop 
orresponding to B = 100

G and B = 10 G, assuming B(r; 90

Æ

) = 0:1 G and n

e

= 10

7


m

�3

. The

distribution has been 
omputed for two di�erent values of Q

Æ

. As it 
an be

seen, for Q

Æ

= 10

�2

se


�1

the inje
tion term dominates over energy losses and

the number of parti
les in
reases with time, tending to a steady state; energy

losses however modify the shape of the distribution, 
attening it at low energies

and in
reasing its slope at high energies. If on the other hand Q

Æ

is very low

(10

�5

se


�1

), in regions of low magneti
 �eld the distribution remains nearly

steady, while for higher �elds the rapid de
rease of the number of high-energy

ele
trons, due to the higher eÆ
ien
y of syn
hrotron losses, is balan
ed only

in part by the new a

elerated parti
les, 
ausing the formation of a knee in
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the distribution. It is to be noted that in the 
ase Q

Æ

= 10

�2

the energy

distribution does not depend mu
h on magneti
 �eld, and in parti
ular it 
an

be 
onsidered in good approximation a power-law in all points of the loop; this

is 
onsistent with our hypothesis of the previous 
hapter, where we had assumed

that the distribution at the end of the inje
tion was a homogeneous power-law.

In the 
ase Q

Æ

= 10

�5

, on the 
ontrary, this is no longer true in regions of high

magneti
 �elds.

Fig. 3.3 shows the time evolution of the total density of relativisti
 ele
-

trons, N

R

(t) =

R

N(
; t)d
, for di�erent values of the magneti
 �eld B, for the

two 
onsidered values of Q

Æ

. If Q

Æ

is large, the number of ele
trons in
reases

until it rea
hes a 
onstant value at in
reasingly larger times as B de
reases; if

Q

Æ

is small, there is an in
rease only during the initial phases of the 
are, then

losses begin to dominate and the number of ele
trons de
reases.

x 3.4 Evolution of the spe
trum and of the brightness distribution

As mentioned in Chapt. 2, the time evolution of the spe
trum is obtained

by substituting the energy distribution at time t, given by Eq. (3.7), in the

approximate expressions for the emissivity and absorption 
oeÆ
ient derived

by Klein (1987; Eq. (2.8)), and then 
omputing the 
ux density. As in the

previous 
ase we 
onsidered the presen
e of the thermal 
oronal plasma by

in
luding in the 
al
ulation of the emission both the free-free 
ontribution and

the Razin e�e
t.

For the sour
e stru
ture we have adopted the same model of the previous


hapter, 
onsidering a magneti
 loop lying on the plane of the sky and 
onne
t-

ing two starspots on the stellar surfa
e, and assuming that the �eld is 
onstant

along lines parallel to the line of sight.

For the geometri
al and physi
al parameters of the loop we have used the

values adopted in the previous 
hapter, and we have 
omputed the evolution of

the spe
trum in the two 
ases Q

Æ

= 10

�2

se


�1

and Q

Æ

= 10

�4

se


�1

, assuming

an initial density of ele
trons at the loop top equal to N

Æ

= 5� 10

3


m

�3

. We

abandoned the value Q

Æ

= 10

�5

se


�1


onsidered in the previous se
tion sin
e
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Fig. 3.4 Time evolution of the spe
trum in a loop with � = 90

Æ

, R

spot

= 20

Æ

, B

max

= 1000

G, for Æ = 2, n

e

= 10

7


m

�3

, N

Æ

= 5� 10

3


m

�3

, in the two 
ases Q

Æ

= 10

�2

se


�1

(a) and

Q

Æ

= 10

�4

se


�1

(b).

it is too low to be able to 
ontrast losses and therefore to allow an in
rease of

the 
ux density, and moreover, as already noted, sin
e it is in 
ontrast with the

assumptions made in Chapt. 2.

The results are shown in Fig. 3.4. It 
an be seen that the strongest

variations of the 
ux density or of the spe
tral shape take pla
e shortly after

the beginning of the a

eleration; similar results, although assuming t = 0 at

the end of the parti
le inje
tion, were found in Chapt. 2. In the 
ase of Fig.

3.4a, where the number of a

elerated parti
les is quite high, the 
ux density

in
reases due to the in
rease of the total number of ele
trons, while the shape

remains un
hanged, sin
e in this 
ase losses are negligible. If Q

Æ

is lower, as

in Fig. 3.4b, the higher eÆ
ien
y of energy losses in regions of high magneti


�eld 
lose to the stellar surfa
e rapidly redu
es the emission from these regions

modifying the shape of the spe
trum, whi
h be
omes opti
ally thin at higher

frequen
ies; the in
rease of the 
ux density on longer times
ales is due to the


ontribution to the emitted radiation from regions of lower magneti
 �eld, where

energy losses are negligible.
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Fig. 3.5 Brightness distribution on the plane of the sky at t = 0 (a) and t = 4

h

(b) in

the 
ase shown in Fig. 3.4a. Contour levels 
orrespond to an intensity I = 10

�9

, 2 � 10

�9

,

5�10

�9

, 10

�8

, 2�10

�8

, 5�10

�8

e 10

�7

erg 
m

�2

se


�1

Hz

�1

sr

�1

. Contours 
orresponding

to intensities greater than 2 � 10

�8

erg 
m

�2

se


�1

Hz

�1

sr

�1

have been shadowed for the

sake of 
larity. The 
ross marks the position of the 
ompanion star when the system is in

quadrature.

We have also 
omputed the brightness distribution on the plane of the sky

in the two 
ases of interest (Fig. 3.5 e 3.6), for t = 0 and t = 4 hours. In

both �gures we have shadowed the 
ontours 
orresponding to intensities higher

than 2 � 10

�8

erg 
m

�2

se


�1

Hz

�1

sr

�1

. As it 
an be seen, the inje
tion

of energeti
 parti
les into the loop, whi
h in
reases the density of emitting

ele
trons expe
ially in the outer regions where the magneti
 �eld is lower, 
auses

an in
rease of the intensity of the emitted radiation: this results in an apparent

in
rease of the size of the radio sour
e whi
h assumes a 
ore-halo stru
ture in

agreement with VLBI observations (Mutel et al. 1985; Lestrade et al. 1988).

The e�e
t is higher for higher values of the inje
tion rate Q

Æ

.

This result agrees very well also with VLBI observations of a 
are o

urred
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Fig. 3.6 Same as Fig. 3.5 in the 
ase of Fig. 3.4b. Contour levels are the same as in Fig.

3.5.

on HR 1099 on April 29, 1992 (Trigilio et al. 1995), for whi
h it was possible

to follow the evolution of the emission in both the rising and de
ay phases.

During the rising phase the 
ux density and the sour
e size at 5 GHz in
reased

by a fa
tor of 3 and 2, respe
tively, in three hours: these values are very similar

to those obtained with our model in the 
ase Q

Æ

= 10

�4

se


�1

. The di�erent

values of the 
ux density and the initial sour
e size obtained from the model

with respe
t to the observed ones 
an be abs
ribed to a di�erent value of the

initial density N

Æ

or to a longer time interval elapsed from the 
are onset.

x 3.5 Comparison with the UX Ari observations

We have used the model des
ribed in the previous se
tions to reprodu
e

the spe
tra of UX Ari observed at E�elsberg (Fig. 3.1). To this aim, we need to

take into a

ount the in
uen
e of the di�erent model parameters on the shape
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and on the time evolution of the spe
trum.

Regarding the spe
tral index Æ of the initial energy distribution and of

the distribution of inje
ted ele
trons, it determines the slope of the opti
ally

thin part of the spe
trum, but it does not signi�
antly a�e
t the opti
ally

thi
k part, hen
e its 
hoi
e is not 
ru
ial in our 
ase; its value was therefore

�xed to Æ � 1:7 � 2. The slope of the opti
ally thi
k part depends instead

on the 
hoi
e of the spot radius R

spot

and separation �, whi
h determine the

loop size and therefore the relative extension of the halo and the 
ore. From

opti
al observations values of R

spot

= 20

Æ

� 30

Æ

are dedu
ed, while � is mu
h

more variable (see e.g. Vogt & Hatzes 1991; Elias et al. 1995). For a given

R

spot

, a variation of � 
hanges the slope of the opti
ally thi
k part of the

spe
trum: for example, if � de
reases the spe
trum steepens, sin
e this redu
es

the 
ontibution from regions of low magneti
 �eld far from the star, that emit

predominantly at lower frequen
ies. The 
hoi
e of � is however limited by the


hoi
e of R

spot

to a range of values that give reasonable loop sizes.

An important parameter is the time t

Æ

when the parti
le a

eleration, and

hen
e the 
are, starts, sin
e it determines the shape of the energy distribution at

the time of the observation. Unfortunately, given the sparse temporal 
overage,

it is not possible to infer t

Æ

from our data: in fa
t, the 
are onset 
ould have

o

urred at any time between the observation of the �rst rising spe
trum and

a pre
eding observation of quies
ent emission. The emission level at t = t

Æ

,

before the 
are onset, is determined by N

Æ

, while the intensity at any later

time depends on the 
hoi
e of Q

Æ

, n

e

and B

max

.

The thermal plasma density, n

e

, from the 
onsiderations of the previous


hapter, must have a value n

e

<

�

10

7


m

�3

. In this 
ase the 
al
ulations have

shown that the best agreement with the observed spe
tra is obtained assuming

smaller values of n

e

; we have therefore assumed n

e

= 10

6


m

�3

for all four


ares.

The value of the magneti
 �eld B

max

at the base of the loop determines

the eÆ
ien
y of syn
hrotron energy losses. As shown in Chapt. 2, these losses

determine a 
uto� in the spe
trum whi
h moves towards lower frequen
ies with

in
reasing B

max

, due to the suppression of the emission from higher energy

{ 57 {



Tab. 3.1 Parameters used to reprodu
e the spe
tra of the four observed 
ares

Æ � (

Æ

) R

spot

(

Æ

) B

max

(G) N

Æ

(
m

�3

) Q

Æ

(se


�1

)

Flare 1 2.0 75 20 300 2:35� 10

5

1:5� 10

�5

Flare 2 1.7 90 20 1000 4:0� 10

2

2:2� 10

�3

Flare 3 2.0 50 20 500 1:0� 10

6

5:0� 10

�5

Flare 4 2.0 90 20 1000 4:4� 10

3

1:65� 10

�4

ele
trons. The 
hoi
e of B

max

is linked to the 
hoi
e of the time interval t� t

Æ

from the 
are onset and depends on the position of the spe
tral peak.

In order to �t the observed spe
tra, we have �rst reprodu
ed a ground

level emission assuming a spe
i�
 value for t

Æ

and deriving in this way N

Æ

; the

subsequent evolution of the spe
trum is then determined by 
hoosing B

max

,

� and Q

Æ

in order to reprodu
e the observed spe
tral 
hara
teristi
s (position

of the peak, spe
tral index and 
ux density in
rease with time). The results

are shown in Fig. 3.7 and the adopted values of the parameters are given in

Tab. 3.1. The values of � reported in Tab. 3.1 imply very extended loops,

over dimensions 
omparable to the binary system separation. The magneti


�eld at the base of the loop derived from the 
omparison with observations is

of the same order of magnitude or slighly lower than the photospheri
 values

derived from opti
al observations (Giampapa et al. 1983; Gondoin et al. 1985;

Donati et al. 1990). The lowest values are found for 
ares 1 and 3, for whi
h, as

explained later, we are observing a later phase of the 
are, and are 
onsistent

with the fa
t that we do not see anymore the emission originating 
lose to the

photosphere, whi
h is 
ompletely de
ayed, but only that 
oming from higher


oronal regions.

The times shown in Fig. 3.7 are those a
tually used in the 
al
ulation,

that have been derived from the real time intervals between the observations,

and not from the approximated orbital phases shown in the �gure. For 
ares 2

and 4 (Figs. 3.7b and 3.7d, respe
tively) the level of emission at t = t

Æ

is that


orresponding to the quies
ent phase of the star. However, the identi�
ation

of this level with the quies
ent one, although it seems the most obvious and
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Fig. 3.7 Comparison between observed and 
omputed spe
tra for the four 
ares of interest.

(a) Flare 1; (b) 
are 2; (
) 
are 3; (d) 
are 4.

elegant 
hoi
e, is not always the best. In fa
t, the evolution of the energy

distribution has been derived in the assumption of a 
onstant parti
le inje
tion

rate and therefore the model must be applied in this limit. For example in 
are

1 the emission keeps high but almost at the same level for a time �t � 1 hour,

implying that the 
are is near its maximum, i.e. we are observing a phase where

the a

eleration is almost over. To reprodu
e su
h a 
ase the only possibility

is to assume a very low value of Q

Æ

in this time interval; however, the same
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Q

Æ


annot reprodu
e the whole rising phase starting from a quies
ent level of

about 10 mJy. For this reason we have assumed phase � = 0:93 as starting time

and the 
orresponding emission as ground level. The same happens for 
are 3

where we suppose that phase � = 0:19 
orresponds to t� t

Æ

= 0:3 hours. Flares

2 and 4, for whi
h the evolution 
an be followed from the beginning, 
learly

show a longer time evolution. In parti
ular, it be
omes 
lear that 
are 4 is the

only one having a negative spe
tral index between 5 and 10 GHz be
ause many

hours have passed sin
e the start of the a

eleration.

The good agreement of the model results with the observed spe
tra 
on�rms

the interpretation of the 
aring emission in terms of gyrosyn
rothron emission

from relativisti
 ele
trons 
ontinuously inje
ted in a magneti
 loop. How long

this 
ontinuous supply of a

elerated ele
trons 
an last is not known. For 
are

3, for example, the data show that the emission in
reases for 23 hours; however

our model, in whi
h the amount of a

elerated parti
les is 
onstant in time,


an reprodu
e only part of this evolution, namely 2 hours. This fa
t suggests

that in reality the inje
tion rate is variable and that the observed 23 hours

in
rease is probably due to a su

ession of unresolved strong bursts. For the

two 
ares 2 and 4, for whi
h it is possible to follow the evolution starting

from the quies
ent emission ground level, we derive 4 and 13 hours respe
tively

of 
onstant inje
tion. In any 
ase, we 
an 
on
lude that the observed 
are

rising phases imply a 
ontinuous supply of relativisti
 ele
trons at least for

some hours. The observations are however too sparse in time to allow a de�nite

better 
omprehension of the pro
ess.

As Fig. 3.7 shows, this model is able to reprodu
e 
ares having di�erent

spe
tral shapes and observed at di�erent phases of their evolution, thanks to

the interplay of radiative losses and 
ontinuous inje
tion of fresh relativisti


ele
trons. Flares observed near the peak (
ares 1 and 3) have a very low in-

je
tion rate, while those observed in their full rising phase need higher values

of Q

Æ

. We have also seen in the previous se
tion that the predi
tions of the

model on the in
rease of the 
ux density and the sour
e size are in very good

agreement with VLBI observations. Despite the good results, it is evident from

the above 
onsiderations that a deeper insight in the inje
tion me
hanism and
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hen
e in the physi
s of the 
are will be possible only by taking into a

ount also

temporal variations of the inje
tion rate. However a more detailed model 
an

give useful information only if more 
omplete data sets be
ome available, with

a better time 
overage of the evolution of the 
are spe
trum from its onset to

the end of its de
ay.
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CHAPTER 4

ROTATIONAL MODULATION

OF THE RADIO EMISSION

x 4.1 Introdu
tion

Observations of RS CVn and Algol-type bynaries show that the sour
e of

radio emission is asso
iated with the a
tive 
omponent of the system; sin
e

the a
tive star is rapidly rotating with a period nearly equal to the orbital one

(see Chapt. 1), this suggests the possibility that the observed radiation 
ould

vary with time as a fun
tion of orbital phase. Some authors investigated this

possibility in the past (e.g. Gibson et al. 1978; Mutel & Morris 1988), but the

s
ar
e available data, and in parti
ular the la
k of observations extended over

a suÆ
iently long period of time, led to the 
on
lusion that this relationship

did not exist. Re
ently, however, new observations of some RS CVn and Algol

systems have been performed over several 
onse
utive orbital periods, showing

that during high-a
tivity phases the radio 
ux density varies with time with

a period 
omparable to the orbital one. This modulation is evident only at

high 
ux levels, while it is not observed during quies
ent phases, and 
an be

interpreted assuming that the emission 
omes from a 
ompa
t sour
e, lo
ated

near the stellar surfa
e, whi
h is o

ulted as the star rotates. The fa
t that the

quies
ent 
omponent arises from the entire binary system, as shown by VLBI

observations, 
an explain the absen
e of modulation at lower 
ux levels.

In order to interpret these observations, in this 
hapter we will develop

a simple model in whi
h the radio emission arises from a dipolar loop whi
h
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is lo
ated at the stellar equator and is seen under di�erent angles as the star

rotates. We will �rst 
onsider the 
ase of emission from a population of ele
trons

whi
h is 
onstant in time; we will then assume, instead, that a 
are o

urs in the

loop and then the emission de
ays due to energy losses, a

ording to the model

des
ribed in Chapt. 2. As it will be seen, this model reprodu
es su

essfully

the observed light 
urves.

x 4.2 Observations of rotational modulation of the radio emission

The �rst indi
ation of a possible relationship between the radio 
ux density

and the orbital phase was obtained from the observations of UX Ari performed

during the monitoring program at the E�elsberg radioteles
ope (Neidh�ofer et

al. 1993; Torri
elli Ciamponi et al. 1995; Massi et al. 1996). As mentioned

in Chapt. 2, the system is observed during the gaps between other s
heduled

observations, at various frequen
ies between 1.4 and 43 GHz depending on the

available re
eiver; in spite of the poor temporal 
overage and the variety of the

observing frequen
ies, if we plot the observed 
ux density as a fun
tion of the

orbital phase � (Fig. 4.1) we see that the most intense 
ares (with F

�

>

�

200

mJy) are more 
ommon around � = 0, when the a
tive star is in front, while

they are never observed around � � 0:4, where a sharp minimum is found; on

the other hand, the emission at 
ux levels lower than � 50 mJy does not show

any signi�
ant modulation. This behaviour 
an be interpreted as a geometri


o

ultation of the sour
e during the rotation of the system. The fa
t that

the modulation is present only at higher 
ux levels implies that the sour
e of

the most intense emission is a 
ompa
t region near the stellar surfa
e, while

the quies
ent 
omponent should arise from an extended region, too large to

be obs
ured, in agreement with the 
ore-halo stru
ture observed with VLBI

te
hniques (Mutel et al. 1985; Lestrade et al. 1988).

These results are 
on�rmed by other observations of UX Ari by Elias et

al. (1995): these authors observed the system at 5 GHz in O
tober 1992, just

before the start of the E�elsberg monitoring program, about three times per

day during three 
onse
utive orbital periods, simultaneously with observations
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Fig. 4.1 Observations of UX Ari performed at the E�elsberg radioteles
ope from De
ember

1992 to Mar
h 1995, plotted as a fun
tion of orbital phase (Neidh�ofer et al. 1993; Massi et

al. 1996). Observations at di�erent frequen
ies are indi
ated with di�erent symbols.

of the light 
urve at opti
al wavelenghts. The temporal behaviour of the radio

emission, shown in Fig. 4.2, indi
ates that UX Ari was at the beginning of

a new a
tive period, and shows a series of peaks of di�erent intensity, with

the highest ones 
orresponding to � � 0, while there is a minimum around

� = 0:7. Comparing the radio and opti
al data, these authors found that

the opti
al and radio light 
urves, plotted as a fun
tion of orbital phase, are

perfe
tly anti
orrelated, with the maximum total radio 
ux 
orresponding to

the minimum of the opti
al emission. This result 
learly indi
ates that the

emission arises in 
oronal a
tive regions lo
ated above the starspot groups.

A similar asso
iation between maximum radio emission and spots has been

observed also on the single star AB Dor by Lim et al. (1992, 1994).
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Fig. 4.2 Observations of UX Ari performed in O
tober 1992 at 5 GHz by Elias et al. (1995).

In (a) we show the 
ux density as a fun
tion of time; in (b) the observations are plotted as a

fun
tion of the orbital phase.

Rotational modulation of the emission has been observed also at lower 
ux

levels (10 � 80 mJy) on Algol by Lef�evre et al. (1994): observing the system

for three 
onse
utive orbital periods outside of e
lipses, these authors found a

systemati
 de
rease of the radio 
ux density between phases 0:2 � 0:35, and

an in
rease for � = 0:6� 0:75. A similar, although less evident behaviour was

found also for the system �

2

CrB.

During high-a
tivity periods, when the sour
e is subje
t to frequent and

strong 
ares, the radio light 
urve shows a more 
omplex behaviour. Trigilio

et al. (1996) observed UX Ari with the Noto radioteles
ope from January 7 to

February 6, 1993, 
overing almost �ve 
onse
utive orbital periods. Their obser-

vations, plotted in Fig. 4.3 as a fun
tion of orbital phase, show a ba
kground

emission of the order of 100 � 200 mJy, whi
h appears to be modulated with

the orbital period, with a maximum at � = 0 and a minimum at � � 0:5; su-

perimposed on this emission there is a series of strong 
ares with 
hara
teristi


times
ales of a few hours, o

urring at all orbital phases with similar tempo-

ral behaviour. It is probable that in this 
ase two sour
es 
ontribute to the

observed emission: one, asso
iated with a
tive regions at low latitudes, whi
h
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Fig. 4.3 Observations of UX Ari at 5 GHz performed at the Noto radioteles
ope in January-

February 1993 (Trigilio et al. 1996), plotted as a fun
tion of orbital phase.

is partially o

ulted during the stellar rotation giving rise to the modulated


omponent, and the other, where 
ares o

ur, whi
h is always visible, possibly

asso
iated with the polar spot derived from opti
al observations (e.g. Vogt &

Hatzes 1991).

In the light of these new results, we have examined old radio observations of

a
tive stars, in parti
ular the series of outburts observed on the system HR 1099

in February 1978 (Feldman et al. 1978), that lasted for nine days, 
orresponding

to three orbital periods. In their paper, the authors noti
ed a periodi
ity of

about one burst per day, but, sin
e the orbital period is nearly three days, they


on
luded that there was no signi�
ant 
orrelation between the radio peaks and

the orbital phase. However, when we plotted their data as a fun
tion of phase
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(Fig. 4.4), we realized that all peaks fall around three well de�ned orbital phases

(0, 0:3 and 0:6 � 0:7), therefore suggesting that the emission 
ould have been

originated in three a
tive regions simultaneously present on the star. The peaks

are very narrow, and expe
ially those at � � 0:3 have very rapid rise and de
ay

times: this is probably due to a region that is 
ompletely e
lipsed during the

stellar rotation and remains visible only for a short period of time. A pe
uliar


hara
teristi
 of these bursts is that they slightly drift towards higher orbital

phases in su

essive periods.

x 4.3 Modulation of the emission from a steady parti
le distribution

In order to reprodu
e the observed rotational modulation, we have 
om-

puted the gyrosyn
hrotron emission from a dipolar magneti
 loop an
hored on

the surfa
e of the a
tive star and rotating with it. For the sake of simpli
ity,

we have assumed that the loop lies on the equatorial plane and that the star's

rotation axis is perpendi
ular to the line of sight. This is a rather strong ap-

proximation, sin
e it is stri
tly valid only for e
lipsing systems su
h as Algol;

the most a
tive RS CVn systems on the 
ontrary usually have a low in
lination

of the rotation axis with respe
t to the line of sight, and are therefore viewed

nearly pole-on (ex
ept for UX Ari, whi
h has i = 60

Æ

, the in
lination is i = 33

Æ

for HR 1099 and only 9

Æ

for HR 5110). However we will see that even with

su
h an approximation the model allows us to obtain results in good agreement

with the observations.

The stru
ture of the sour
e on the equatorial plane is the same as in the

previous 
hapters, i.e. the sour
e 
onsists of a magneti
 loop 
onne
ting two

starpots on the stellar surfa
e, whi
h is generated by a dipole buried below the

photosphere and lying on the equatorial plane. The magneti
 �eld varies only

on the equatorial plane and is 
onstant along lines perpendi
ular to it. The only

di�eren
e with the previous 
ases is that now we have assumed, for the sake of

simpli
ity, that the height of the sour
e perpendi
ularly to the equatorial plane

is 
onstant and given by L ' R

?

.

As a preliminary 
al
ulation, we 
onsider the e�e
t of rotation on the ra-
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Fig. 4.4 Observations of HR 1099 during the series of outbursts in February 1978 (Feldman

et al. 1978). (a) Radio light 
urve during the nine observing days; (b) 
ux density as a fun
tion

of orbital phase. Data relative to di�erent orbital periods are indi
ated with di�erent 
olours

for the sake of 
larity.
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diation from a non-thermal population of ele
trons whi
h does not vary with

time. We assume that the energy distribution is a power-law of the type de-

s
ribed by Eq. (2.14), with minimum energy 


1

= 1:1 and total density of

relativisti
 ele
trons N

Æ

; the value of the exponent Æ has been �xed to Æ = 2.

The gyrosyn
hrotron emission is 
omputed using the approximate expressions

by Klein (1987) for di�erent values of the angle � between the line of sight and

the loop axis; varying � between 0

Æ

and 360

Æ

we obtain the radio light 
urve

during a 
omplete stellar rotation. In this 
ase the 
al
ulation of the intensity

is 
ompli
ated by the fa
t that the emissivity and the absorption 
oeÆ
ient are

no longer 
onstant along the line of sight, but vary due to the di�erent values

of the magneti
 �eld and of the angle � in di�erent points of the loop. In the


al
ulation we have also taken into a

ount the in
uen
e of the thermal 
oronal

plasma through free-free emission and absorption and the Razin e�e
t.

Opti
al observations show the presen
e of large spots or spot groups with

radii of the order of 15

Æ

� 30

Æ

and angular separation 60

Æ

� 110

Æ

(Dorren et al.

1981; Vogt & Penrod 1983; Gondoin 1986; Rodon�o et al. 1986; Vogt & Hatzes

1991; Elias et al. 1995). If the sour
e 
onsists of a very extended loop 
onne
ting

two large spots with large separation, as in the previous 
hapters, only a small

fra
tion of it will be o

ulted by the star: in this 
ase we obtain only a weak

modulation of the emission due only to the variation of the angle between the

magneti
 �eld and the line of sight. The modulation e�e
t be
omes stronger if

we instead 
onsider a small loop, an
hored on two spots inside a single starspot

group, whi
h is nearly 
ompletely o

ulted by the star when � � 180

Æ

, thus


onsiderably redu
ing the observed emission. For this reason, in this 
hapter

we will 
onsider smaller loops, in order to better evidentiate the 
ux variations.

Fig. 4.5 shows the 
ux density as a fun
tion of phase � = �=2� for a loop

with R

spot

= 10

Æ

and angular separation � = 40

Æ

, at the three frequen
ies

1.4, 5 and 10.5 GHz. As it 
an be seen, the modulation indu
ed by the stellar

rotation gives rise to a broad peak 
entered at � = 0, 
orresponding to � = 0

(when the loop is in front), and a minimum at � = 0:5, whose depth is higher

if a higher fra
tion of the loop is obs
ured by the star. The modulation is more

evident at higher frequen
ies, in agreement with the fa
t that the emission at
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Fig. 4.5 Rotational modulation of the emission from a loop with a 
onstant ele
tron energy

distribution. The three 
urves 
orrespond to 1.4, 5 and 10.5 GHz. The 
al
ulations are

referred to UX Ari (R

?

= 2:1�10

11


m, d = 50 p
). The adopted parameters are R

spot

= 10

Æ

,

� = 40

Æ

, B

max

= 1000 G, N

Æ

= 10

6


m

�3

and n

e

= 10

7


m

�3

. Orbital phase 0 
orresponds

to � = 0.

high frequen
y is more 
on
entrated in the lower regions of the loop, near the

stellar surfa
e, with respe
t to lower frequen
ies, as shown by Klein & Chiuderi

Drago (1987).

The results obtained with this model are in good agreement with the 
ux

variations observed at low 
ux levels by Lef�evre et al. (1994), and with the

ba
kground modulation observed on UX Ari by Trigilio et al. (1996), but the

broad peak at � = 0 is not able to reprodu
e the steeper de
reases observed

in the light 
urves during higher a
tivity periods. However, in the latter 
ase
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the presen
e of 
ares gives an additional 
ontribution to the 
ux variations,

and we 
an therefore obtain a more rapid de
rease of the emission as a result

of the de
ay phase of 
ares. In the next se
tion we will therefore 
onsider the

variations of the emitted radiation due to the 
ombined e�e
t of the stellar

rotation and of the time evolution of the energy distribution due to energy

losses.

x 4.4 Modulation of the emission during the de
ay phase of a 
are

In order to take the 
ontribution of 
ares to the 
ux variations into a

ount,

we assume that a 
are o

urs in the loop at t = 0 when the angle between the

line of sight and the loop axis has a given value � = �

Æ

. For the sake of

simpli
ity, as in Chapt. 2 it is assumed that the parti
le inje
tion in the sour
e

takes pla
e istantaneously at the 
are onset with an isotropi
 and homogeneous

energy distribution des
ribed by Eq. (2.14); the distribution then evolves in

time due to 
ollision and syn
rotron energy losses, and the emission de
ays

a

ording to the model des
ribed in Chapt. 2. Contrary to the previous 
hapters

however, as already anti
ipated in Chapt. 2, we now abandon the unrealisti


hypothesis of a loop whi
h remains �xed on the plane of the sky, and we 
onsider

instead a loop rotating with the star: at ea
h time t > 0 the angle between the

line of sight and the loop axis 
an be obtained from the relation:

�(t) = �

Æ

+

2�

P

orb

t : (4:1)

where we substituted the orbital period of the system, P

orb

, for the rotation

period, P

rot

, sin
e, as already said before, they are generally nearly equal.

The 
omputed light 
urves at 1.4, 5 and 10.5 GHz are shown in Fig. 4.6

for three di�erent values of �

Æ

(0

Æ

, 90

Æ

and 180

Æ

). The adopted values of the

parameters are the same of the previous se
tion, and the 
al
ulations are re-

ferred to UX Ari, whi
h has P

orb

= 6:44

d

. In Fig. 4.7 the light 
urves obtained

in the two 
ases �

Æ

= 0

Æ

and �

Æ

= 90

Æ

(solid lines) are 
ompared with those

obtained 
onsidering only the rotational modulation of the emission from a


onstant parti
le distribution (dotted lines), and those obtained only from the
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Fig. 4.6 Light 
urves obtained in the 
ase of rotational modulation plus time evolution of

the emission, for �

Æ

= 0

Æ

, 90

Æ

and 180

Æ

. The 
al
ulations are referred to UX Ari (d = 50 p
,

P

orb

= 6:44

d

) and the parameters are the same as in Fig. 4.5. The 
urves 
orrespond to 1.4

GHz (solid line), 5 GHz (dotted line) and 10.5 GHz (dashed line).

{ 72 {



Fig. 4.7 Comparison between the light 
urves obtained in the 
ase of rotational modulation

only with a 
onstant distribution (dotted line), of evolution of the distribution only in a �xed

loop (dashed line), and of the 
ombined e�e
t of rotation and evolution (solid line). The


al
ulations have been made at 1.4, 5 and 10.5 GHz in the two 
ases �

Æ

= 0

Æ

and �

Æ

= 90

Æ

with the same parameters as in Fig. 4.5.
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time evolution of a distribution in a �xed loop with �(t) = �

Æ

(dashed lines).

As it 
an be seen, the 
ombined e�e
t of stellar rotation and of time evolu-

tion of the 
ux density gives narrower peaks, expe
ially at higher frequen
ies;

stronger magneti
 �elds or higher thermal densities, in
reasing the eÆ
ien
y of

energy losses, 
an further redu
e the peak width. These results are in very good

agreement with the observed light 
urves during a
tive periods.

Fig. 4.8 shows the 
omparison between the temporal behaviour of the

spe
trum in the three 
ases under 
onsideration: rotation only, evolution only

and 
ombination of rotation and evolution, for the 
ase �

Æ

= 0. The e�e
t of

rotation only with a 
onstant energy distribution is just a periodi
 variation

of the 
ux density keeping the spe
tral shape un
hanged, ex
ept for a small

range of angles � around 180

Æ

where the spe
trum 
an 
hange sensibly be
ause

the sour
e is more e
lipsed at higher frequen
ies, where the emission is more


on
entrated near the stellar surfa
e. For symmetry reasons, the spe
trum is

identi
al in the positions 
orresponding to angles � and 360

Æ

� �. In the 
ase

of time evolution only, as shown in Chapt. 2, the spe
trum 
attens be
oming

opti
ally thin at high frequen
ies, while the 
ux remains nearly 
onstant at low

frequen
ies. Combining the two e�e
ts we obtain a very 
omplex behaviour, as

shown in the bottom panel of Fig. 4.8, with variations of both the 
ux density

and the spe
tral shape.

x 4.5 Comparison with observations

The 
omparison of the spe
tra obtained from the model with the observed

ones 
ould give important informations on the physi
al parameters of the emit-

ting regions. To this aim, we need multifrequen
y observations performed sev-

eral times during one or more 
onse
utive orbital periods, that are unfortunatly

not yet available. We 
an therefore only 
ompare the theoreti
al light 
urves at

a single frequen
y with the observed ones. We will 
onsider in parti
ular the

observations of UX Ari by Elias et al. (1995) and of HR 1099 by Feldman et

al. (1978).

As mentioned in Se
t. 4.2, Elias et al. (1995) observed UX Ari at 5
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Fig. 4.8 Comparison between the predi
ted variations of the spe
trum in the 
ase of rota-

tional modulation only (top), time evolution only in a �xed loop (middle) and when both

e�e
ts are present (bottom). In the �rst 
ase, the spe
tra obtained at angles � > 180

Æ

are


oin
ident with those at angles 360

Æ

� �. The parameters are the same as in Fig. 4.5.
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GHz during three 
onse
utive orbital periods in O
tober 1992, obtaining the

light 
urve shown in Fig. 4.2 and �nding that it is perfe
tly anti
orrelated

with the opti
al light 
urve. The radio emission therefore originates in 
oronal

a
tive regions lo
ated above the photospheri
 spots. The opti
al light 
urve was

reprodu
ed by these authors assuming the presen
e of two large spots or more

probably starspot groups, with radius � 20

Æ

�30

Æ

, both lo
ated at latitude 30

Æ

and separated in longitude by � 110

Æ

; the e�e
tive angular separation between

the two groups, taken on the ar
 of parallel 
onne
ting them, is therefore � 90

Æ

.

One of the spots fa
es the observer for � � 0.

We have assumed that the opti
al light 
urve is due to the presen
e of

two bipolar spot groups and that the radio emission 
omes from two loops,

an
hored on ea
h of the starspot groups. The 
hoi
e of two small loops instead

of a single extended loop 
onne
ting the two groups is ne
essary in order to

have a signi�
ant modulation of the radio emission; on the other hand we 
annot

assume too small loops, otherwise it is not possible to reprodu
e the high values

of the observed 
ux density (up to � 300 mJy) with reasonable values of the

parameters. We have therefore 
onsidered two equal loops, ea
h 
onne
ted to

two spots of radius R

spot

= 15

Æ

and angular separation � = 40

Æ

. In ea
h loop a


are o

urs at a given time t

Æ

and for a given position �

Æ

(di�erent for the two

loops); before the 
are there is no emission and we assume an istantaneous rising

phase as in the previous se
tion. We indi
ate with t

Æ

= 0 the time of the �rst


are; at su

essive times, the total 
ux density is the sum of the 
ontributions

from the two loops.

The parameters used to reprodu
e the light 
urve of UX Ari are shown in

Tab. 4.1. As it 
an be seen, we have 
onsidered for both loops a magneti
 �eld

B

max

= 1000 G in the feet of the loop. In the �rst loop the 
are o

urs for

t

Æ

= 0 at orbital phase � = 0:5, when �

Æ

= 100

Æ

, with an initial density of

relativisti
 ele
trons N

Æ

= 5� 10

7


m

�3

; in the se
ond loop the 
are o

urs for

� = 0:97 and t

Æ

= 3:04

d

, when �

Æ

= 0

Æ

, with N

Æ

= 10

7


m

�3

. The thermal

plasma density is n

e

= 10

7


m

�3

in the �rst loop and n

e

= 10

8


m

�3

in the

se
ond one.

In Fig. 4.9 we show the geometry of the sour
e with respe
t to the observer
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Tab. 4.1 Parameters used to reprodu
e the observations of UX Ari by Elias et

al. (1985). The orbital period of UX Ari is P

orb

= 6:44

d

.

Loop � R

spot

B

max

(G) n

e

(
m

�3

) �(t = 0)

1 40

Æ

15

Æ

1000 10

7

100

Æ

2 40

Æ

15

Æ

1000 10

8

190

Æ

Flare Loop � t

Æ

(d) N

Æ

(
m

�3

) �

Æ

1 1 0.50 0.00 5� 10

7

100

Æ

2 2 0.97 3.04 1� 10

7

0

Æ

at the time of the two 
ares; the 
aring loop has been shadowed for the sake of


larity. In Fig. 4.10 the 
omputed light 
urve is 
ompared with the observations.

As it 
an be seen, the theoreti
al 
urve agrees very well with the observed one,

ex
ept for some small di�eren
es that 
ould be due to the simpli�ed assumptions

of the model. For example the fa
t that the rotation axis is in
lined with respe
t

to the line of sight 
ould explain the rapid 
ux de
reases if the sour
e, instead

of at the equator, is lo
ated at high latitudes in the southern emisphere, where

it 
an be 
ompletely e
lipsed during the stellar rotation.

The 
ase of the HR 1099 observations by Feldman et al. (1978) is more


omplex. As we have said, in February 1978 this system underwent a series of

outburts that lasted nearly nine days (about three orbital periods) with a mean

of one burst per day (Fig. 4.4), and 
ux densities up to � 1 Jy. In this 
ase

there are no simultaneous opti
al observations available, so we do not know the

spot distribution on the stellar surfa
e. However, as already mentioned, if we

plot the light 
urve as a fun
tion of orbital phase we see that all the emission

peaks fall around three well de�ned phases, with a slight drift towards higher

phases in su

essive periods; this suggests the presen
e of three a
tive regions on

the stellar surfa
e. We have therefore 
onsidered three small loops, assuming,

for the sake of simpli
ity, that in the �rst orbital period a 
are o

urs in ea
h of

them when �

Æ

= 0. The position of the loops at the time of the following 
ares

has been determined by the phase of the 
orresponding peaks: the fa
t that they
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Fig. 4.9 Position of the two loops on UX Ari with respe
t to the observer at the time of the

two 
ares. For ea
h time, the 
aring loop has been shadowed for the sake of 
larity.

Fig. 4.10 Comparison between the light 
urve of UX Ari observed by Elias et al. (1995;

diamonds) and the 
omputed one (solid line). The rising phase before � = 0:5 has not been


omputed, having assumed an impulsive rise of the 
are. The �rst 
are o

urs at � = 0:5

and the se
ond at � � 1. For � > 1 both loops 
ontribute to the total emission. The used

parameters are shown in Tab. 4.1.
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Fig. 4.11 Geometry of the loops on the system HR 1099 with respe
t to the observer at the

time of the 
ares in February 1978. For ea
h time, the 
aring loop has been shadowed for


larity. The parameters relative to the seven 
ares are given in Tab. 4.2.
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drift towards higher orbital phases 
an be simply explained by assuming that

at the time of the 
are the loop has a position �

Æ

> 0. We have 
onsidered only

the stronger peaks, negle
ting the two weaker ones at the end of the observation

that 
an be due to low-energy 
ares or to emission residuals from the sour
e.

Contrary to the 
ase of UX Ari, we 
onsidered the possibility that the three

loops 
ould have also di�erent sizes in addition to di�erent physi
al parameters,

and that subsequent 
ares in the same loop were due to energy distributions

of relativisti
 ele
trons with di�erent total number density N

Æ

; for the sake of

simpli
ity we have however assumed that the exponent Æ of the distribution was

the same for all 
ares and for all loops (Æ = 2).

In Tab. 4.2 we give the values of the parameters that better reprodu
e

the observed light 
urve. The 
ares o

ur when the 
orresponding loop is at

the 
entre of the stellar disk, with the axis dire
ted toward the observer or

at a small angle. The system geometry with respe
t to the observer at the

time of the seven 
onsidered 
ares is shown in Fig. 4.11, while the 
omparison

between the observed and theoreti
al light 
urve is shown in Fig. 4.12. As

it 
an be seen there is a very good agreement, in spite of the great di�eren
e

between the adopted geometry of our model and the real geometry of the system

HR 1099, whose axis has a low in
lination with respe
t to the line of sight and

the star is therefore observed nearly pole-on. The two smaller peaks at the

end of the observing period 
an also be reprodu
ed 
onsidering two other small


ares o

urring in the se
ond and third loop.

We have therefore seen that a model whi
h takes into a

ount both the

time evolution of the emission during the 
are de
ay and the system rotation is

able to su

essfully reprodu
e the light 
urves observed during a
tive periods.
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Fig. 4.12 Comparison between the HR 1099 light 
urve observed by Feldman et al. (1978;

diamonds) and the 
omputed one (solid line); for the sake of 
larity the observed data points

have been 
onne
ted with a dotted line. The 
omputed light 
urve is the sum of the 
ontri-

bution of the three loops. The adopted values of the parameters are given in Tab. 4.2.

Tab. 4.2 Parameters used to reprodu
e the observations of HR 1099 by Feldman

et al. (1978). The orbital period of HR 1099 is P

orb

= 2:84

d

.

Loop � R

spot

B

max

(G) n

e

(
m

�3

) �(t = 0)

1 40

Æ

15

Æ

3000 10

8

0

Æ

2 40

Æ

15

Æ

3000 10

8

260

Æ

3 40

Æ

10

Æ

3000 10

8

140

Æ

Flare Loop � t

Æ

(d) N

Æ

(
m

�3

) �

Æ

1 1 0.95 0.00 2� 10

6

0

Æ

2 2 1.23 0.79 1� 10

6

0

Æ

3 3 1.56 1.73 5� 10

5

0

Æ

4 1 1.98 2.92 2� 10

6

10

Æ

5 2 2.31 3.86 5� 10

5

30

Æ

6 3 2.62 4.73 5� 10

5

20

Æ

7 1 3.06 5.99 5� 10

5

40

Æ
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CAPITOLO 5

CIRCULAR POLARIZATION

OF THE RADIO EMISSION

x 5.1 Introdu
tion

In the previous 
hapters we have 
onsidered the interpretation of the prop-

erties of the total 
ux density of RS CVn and Algol-type systems: as we have

seen, the gyrosyn
hrotrom me
hanisms is able to su

essfully reprodu
e the

observed spe
tra and light 
urves, as well as the sour
e stru
ture during both

high-a
tivity and quies
ent phases. We have however negle
ted a very impor-

tant property of the radio emission from these systems, namely the 
ir
ular

polarization of the radiation whi
h 
an rea
h quite high values, expe
ially in

RS CVn systems. The interpretation of the polarization observed in the stellar


ase is not always straightforward, and for this reason it has not been widely

exploited; however, the 
ir
ular polarization of radio emission from a
tive stars

is almost the only diagnosti
 available for studying the stru
ture of magneti


�elds in the 
oronae of these systems, and it is therefore important to try to

understand its properties thoroughly.

The properties of 
ir
ular polarization in RS CVn systems have been stud-

ied for several years, however, despite the available data, they have remained

a puzzle. In this 
hapter we will 
ompare the polarization properties, dedu
ed

from previous and new observations, with the predi
tions of gyrosyn
hrotron

models, evidentiating the diÆ
ulties en
ountered in their interpretation. In

parti
ular, we will propose a new interpretation for the observed reversal of
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polarization of the quies
ent emission at low frequen
ies, suggesting that it is

due to the presen
e of a weak 
oherent 
omponent.

x 5.2 Cir
ular polarization properties and results of 
urrent models

As mentioned in Chapt. 1, only during the past few years, thanks to the

advent of more sensitive radioteles
opes, have reliable multiwavelength observa-

tions of the 
ir
ular polarization of the emission from RS CVn systems be
ome

available, expe
ially for the most a
tive systems UX Ari, HR 1099 and HR 5110

(Pallavi
ini et al. 1985; Mutel et al. 1987; Willson & Lang 1987; White et al.

1990b; Massi & Chiuderi Drago 1992; Su et al. 1993; Umana et al. 1993; Fox et

al. 1994; Jones et al. 1994). The polarization properties have been analyzed for

the �rst time by Mutel et al. (1987), who observed a sample of RS CVn stars at

1.4, 4.9 and 15 GHz during a period of three years and 
ompared their results

with the few previously-published data; these properties have been 
on�rmed

by later observations.

Radio emission from RS CVn systems is 
hara
terized by a degree of 
ir-


ular polarization �




anti
orrelated with the 
ux density: while the quies
ent


omponent 
an rea
h values of �




up to 40 %, 
ares are generally unpolarized

or weakly polarized (�




<

�

10 %). Moreover, the observed degree of polarization

depends on the in
lination i of the stellar rotation axis with respe
t to the line

of sight: the maximum degree of polarization is observed for systems with low i,

su
h as HR 5110, HR 1099 and UX Ari, while it is very low for e
lipsing systems

(i � 90

Æ

), su
h as AR La
 and Algol-type systems. For non-e
lipsing systems

there is often a reversal in the sense of polarization between 1.4 and 5 GHz

(HR 5110 has always been found to be unpolarized at 1.5 GHz); this reversal

is independent of the spe
tral shape, and is observed both during 
ares, with

positive spe
tral indexes, and during quies
ent phases, with 
at or de
reasing

spe
tra. Moreover, for the best studied obje
ts the sense of polarization at

a given frequen
y has been observed to be nearly always the same over more

than 15 years: generally at frequen
ies above 5 GHz the sense of polarization is

right-hand (Stokes parameter V > 0) for HR 1099 and HR 5110 and left-hand
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(V < 0) for UX Ari. This fa
t implies that the polarized emission is asso
iated

with a large-s
ale magneti
 �eld, possibly linked to the polar spots (one of whi
h

is always visible in these systems) and not to loops an
hored on low-latitude

spots: in the latter 
ase in fa
t the stellar rotation would 
ause a modulation

of the sense of polarization, whi
h would 
hange sign during the orbital period,

in 
ontrast with observations.

As mentioned in Chapt. 1, the 
ommom interpretation for the presen
e

of 
ir
ular polarization together with high brightness temperatures is gyrosyn-


hrotron emission from mildly relativisti
 ele
trons. Owen et al. (1976) �rst

suggested that emission from an opti
ally thi
k, self-absorbed sour
e 
ould ex-

plain the observed properties of 
ares, su
h as the low degree of polarization

and the shape of the spe
trum; in parti
ular the polarization reversal 
an be

explained as the transition from an opti
ally thin sour
e at higher frequen
ies

to an opti
ally thi
k one at lower frequen
ies. In the 
ase of the 1978 
are

observed on HR 1099, Borghi & Chiuderi Drago (1985) have shown that both

the shape of the spe
trum and the observed polarization reversal between 1.4

and 5 GHz 
an be obtained with a simple model with uniform magneti
 �eld

and a density of relativisti
 ele
trons whi
h de
reases with the distan
e from

the star. However this model 
annot be applied to the quies
ent emission, sin
e

it predi
ts that the polarization should 
hange sign at a frequen
y where the

spe
tral index is positive, whereas at low a
tivity levels the reversal is observed

to o

ur at frequen
ies where the spe
trum is 
at or de
reasing.

VLBI observations of a 
ore-halo sour
e stru
ture (Mutel et al. 1985;

Lestrade et al. 1988) have led some authors to 
onsider simple sour
e mod-

els 
onsisting of two homogeneous sour
es of di�erent size and magneti
 �eld

strength. As pointed out by Mutel et al. (1987), a two-
omponent model 
an

explain the presen
e of a polarization reversal together with a 
at spe
trum,

provided that the magneti
 �elds in the two sour
es have opposite orientations

with respe
t to the line of sight.

Re
ently Morris et al. (1990) have proposed a two-dimensional magneto-

spheri
 model to interpret the radio emission from late-type a
tive stars. These

authors assume the sour
e 
onsists of a toroidal region, threaded by dipolar �eld
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lines, whi
h 
ontains thermal plasma and a trapped non-thermal distribution of

relativisti
 ele
trons emitting gyrosyn
hrotron radiation. For the spe
ial 
ase

of a pole-on view, they �nd that only a few sets of parameters are 
onsistent

with the observations of the 
aring and quies
ent emission; in parti
ular, the

only way to obtain, for the quies
ent 
omponent, a reversal in the sense of 
ir-


ular polarization with �

<

�

0 is to assume that the relativisti
 ele
tron density

in
reases strongly with radial distan
e.

A similar 
on
lusion was rea
hed also by Jones et al. (1994) in the 
ase of a

three-dimensional dipole �eld with a spheri
ally symmetri
 relativisti
 ele
tron

density. In order to reprodu
e both the frequen
y of reversal and the observed

degree of 
ir
ular polarization they �nd that the magneti
 �eld geometry should

be an ar
ade of loops, with the emitting ele
trons 
on�ned only to a thin shell

at a distan
e of about 2R

?

from the stellar surfa
e.

x 5.3 Results of models in the 
ase of a homogeneous sour
e

In order to interpret the observed polarization properties, we have �rst


omputed the spe
trum and polarization of gyrosyn
hrotron emission from a

homogeneous sour
e, for di�erent values of the sour
e parameters. Emission in

a va
uum as well as in a medium with uniform thermal plasma density n

e

and

temperature T has been 
onsidered; in the latter 
ase Razin suppression and

free-free emission and absorption have been taken into a

ount. For the temper-

ature, as in the previous 
hapters, we have adopted a mean value T = 1:5�10

7

K for the hot 
oronal plasma 
omponent based on re
ent X-ray observations

(Dempsey et al. 1993).

We have assumed that the sour
e has a 
ylindri
al shape, with proje
ted

surfa
e area S = � (L=2)

2

and dimension L along the line of sight; L has been


hosen to be of the order of the binary separation, in agreement with VLBI

observations of the quies
ent 
omponent (Mutel et al. 1985; Lestrade et al.

1988; Massi et al. 1988). The magneti
 �eld B is 
onsidered uniform within

the sour
e and making an angle � with the line of sight.

The distribution of relativisti
 ele
trons has been assumed to have a power-
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law energy spe
trum of the form given in Eq. (2.14), with total number density

of parti
les N

Æ

. The emissivity j

�

and the absorption 
oeÆ
ient k

�

for the

ordinary (+) and extraordinary (�) modes have been 
omputed using the ap-

proximate expressions (2.8) derived by Klein (1987). In the assumption that

the two modes propagate independently we 
an solve the transfer equation sep-

arately for the two radiation modes; the emergent Stokes parameters I (total

intensity) and V (
ir
ularly-polarized intensity) 
an then be obtained by 
om-

bining the intensities I

�

using the relations (Ramaty 1969):

I = I

�

+ I

+

;

V = (I

�

� I

+

)

2a

�+

1 + a

2

�+

;

(5:1)

where a

�+

is the polarization 
oeÆ
ient of the ordinary mode, de�ned in Eq.

(2.11), and we have adopted the 
onvention that V > 0 (right-hand polariza-

tion) when the polarization is in the sense of the extraordinary mode for a

magneti
 �eld dire
ted towards the observer (
os � > 0). The degree of 
ir
ular

polarization is then �




= V=I.

We have investigated the trend of the spe
trum and 
ir
ular polarization

between 1 and 30 GHz for di�erent values of the parameters Æ, N

Æ

, �, B and

n

e

. Spe
i�
 examples of how the 
ux and polarization spe
tra 
hange when the

sour
e parameters are varied are shown in Fig. 5.1. The results obtained for

the polarization show that:

1) the degree of 
ir
ular polarization has a maximum at a 
ertain frequen
y

near the spe
tral peak and then de
reases at higher frequen
ies where the

sour
e is opti
ally thin, as numerous other studies have shown (e.g., Dulk

& Marsh 1982);

2) the polarization is always in the sense of the extraordinary mode (V > 0)

in the opti
ally thin part of the spe
trum, and reverses its sense at a 
ertain

frequen
y below the spe
tral peak;

3) the peak degree of polarization is greater for greater values of B and Æ, while

it de
reases if � or N

Æ

are in
reased. This latter result is 
onsistent with the

observation of smaller degrees of polarization at higher 
ux levels, when

presumably the number of relativisti
 ele
trons in the sour
e is greater than
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Fig. 5.1 Variation of the spe
tra and polarization for a homogeneous sour
e for di�erent

values of the parameters � (a), B (b), N

Æ

(
) and Æ (d). In all panels the solid 
urve was

obtained for Æ = 2, B = 30 G, � = 30

Æ

, N

Æ

= 5 � 10

3


m

�3

. The dotted, dashed and

dot-dashed lines 
orrespond, respe
tively, to: (a) � = 10

Æ

, 50

Æ

, 70

Æ

; (b) B = 3, 10, 100 G; (
)

N

Æ

= 2� 10

3

, 10

4

, 2 � 10

4


m

�3

; (d) Æ = 1:5, 2.5, 3.
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Fig. 5.2 Behaviour of the frequen
ies �

pol

and �

Æ

as a fun
tion of �

pk

, for a series of ho-

mogeneous gyrosyn
hrotron models of varying Æ, �, B and N

Æ

. The panels show �

pol

as a

fun
tion of �

pk

for Æ = 2 (a) and Æ = 4 (b); and �

Æ

as a fun
tion of �

pk

for Æ = 2 (
) and

Æ = 4 (d). The points shown refer to 
al
ulations in a va
uum, with B = 3, 10, 30, 100 G,

N

Æ

= 5 � 10

3


m

�3

(Æ = 2) and 10

6


m

�3

(Æ = 4), � = 10

Æ

(asterisks), 30

Æ

(diamonds), 50

Æ

(triangles), 70

Æ

(squares); and with � = 30

Æ

, B = 30 G, N

Æ

= 10

3

, 2 � 10

3

, 10

4

, 2 � 10

5

,

2� 10

6

, 5� 10

6


m

�3

for Æ = 2 and N

Æ

= 2� 10

5

, 5� 10

5

, 2� 10

6

, 5� 10

6


m

�3

for Æ = 4

(
rosses).

during low a
tivity periods.

Fig. 5.2 shows the relationships between the frequen
y at whi
h the total


ux density is maximum, �

pk

, the frequen
y at whi
h the polarization degree is

maximum, �

pol

, and the frequen
y at whi
h the sense of polarization reverses,

�

Æ

, in the two 
ases Æ = 2 and Æ = 4. In the �gure the frequen
ies obtained

for di�erent values of �, B and N

Æ

are plotted, in the 
ase of emission in a

va
uum. As it 
an be seen, for a �xed value of Æ, and therefore for a �xed

ele
tron energy spe
trum, there is a very good linear 
orrelation between these

frequen
ies (i.e., �

pol

/ �

pk

and �

Æ

/ �

pk

) whi
h is largely independent of the
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Fig. 5.3 E�e
t of a thermal plasma on the relationships shown in Fig. 5.2. The panels are

the same as in Fig. 5.2 ex
ept that the values of B and N

Æ

are �xed while n

e

varies, for four

di�erent values of �. Points with the same � but di�ering n

e

are joined by solid lines. The

parameters are B = 30 G, N

Æ

= 5�10

3


m

�3

(Æ = 2) and 10

6


m

�3

(Æ = 4), n

e

= 0, 5�10

7

,

10

8

, 5 � 10

8


m

�3

, � = 10

Æ

(asteris
s), 30

Æ

(diamonds), 50

Æ

(triangles) and 70

Æ

(squares).

The points most distant from the linear relationship 
orrespond to n

e

= 5� 10

8


m

�3

.

parameters �, B and N

Æ

. The slopes of the linear relationships do depend on

the energy spe
trum, being greater for greater values of Æ.

To investigate the e�e
t of the ambient thermal plasma on �

pol

and �

Æ

,

in Fig. 5.3 we present the same relationships for �xed values of B and N

Æ

,

with varying n

e

, for four di�erent values of �. Points with the same value of

� are joined by a solid line. Both relationships are pra
ti
ally una�e
ted by

the medium until the plasma density is so high (n

e

= 5 � 10

8


m

�3

) that

the spe
trum be
omes strongly suppressed at low frequen
ies due to the Razin

e�e
t.

Therefore, in the absen
e of a signi�
ant Razin e�e
t, whi
h should be
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dis
ernible in the spe
trum, the homogeneous model predi
ts a general linear

relationship between �

pk

, �

pol

and �

Æ

, whi
h is independent of the sour
e pa-

rameters, but depends only on the value of the energy distribution exponent Æ,

whi
h 
an be determined from the observed spe
tral index in the opti
ally thin

part of the spe
trum. In parti
ular we �nd always �

pol

' �

pk

and �

Æ

< �

pk

,

i.e., the peak degree of 
ir
ular polarization 
oin
ides with the spe
tral peak,

but the polarization reversal due to self-absorption o

urs in a region where the

spe
tral index is positive.

This result is in
onsistent with the observations of RS CVn systems: in

fa
t, as pointed out in the previous se
tion, the polarization reversal o

urs

generally between 1.4 and 5 GHz independently of the position of the spe
tral

peak, and in most 
ases the polarization peaks at a mu
h higher frequen
y than

does the 
ux spe
trum.

x 5.4 Extension to inhomogeneous models

Homogeneous models are a 
onvenient tool be
ause of their simpli
ity and

the limited number of free parameters they involve, but we do not expe
t that

they are a good representation of stellar radio sour
es. The appropriate question

to ask is, therefore, what general properties of the polarization of homogeneous

sour
es also apply to inhomogeneous sour
es.

If we think of an inhomogeneous sour
e as a 
olle
tion of several homoge-

neous sour
es, all having the same form of the ele
tron energy distribution, we


an make the following 
onsiderations. In the frequen
y range where all sour
es

are opti
ally thin, the total spe
trum is given by the sum of the single spe
tra

and the emission is thus dominated by the region of the sour
e in whi
h B sin �

is largest. It follows that in su
h an inhomogeneous sour
e the property of ho-

mogeneous models that 
ir
ular polarization de
reases as frequen
y in
reases

above the spe
tral peak will also hold, although with the 
ompli
ation that the

spe
tral peak frequen
y is not the same for all sour
es. This fa
t does not allow

us to extrapolate to the inhomogeneous 
ase the relationships between the fre-

quen
ies �

pk

, �

pol

and �

Æ

. The 
al
ulations of polarization performed with the
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inhomogeneous models des
ribed in the previous 
hapters however 
on�rm the

properties derived in the homogeneous 
ase, i.e. that the polarization degree

peaks 
lose to the spe
tral peak and that the polarizazion reverses below the

peak, in the opti
ally thi
k part of the spe
trum.

Some authors investigated the possibility of obtaining opti
ally thi
k spe
-

tra with a 
at or de
reasing trend, in order to explain in a simple way the

polarization reversal. Jones et al. (1994) analyzed a set of dipole models and


on
luded that it is very diÆ
ult to a
hieve a degree of polarization larger than

1 % at opti
ally thi
k frequen
ies, and that in order to obtain the observed 
at

spe
tra in the assumption of an opti
ally thi
k sour
e the non-thermal ele
tron

density must in
rease with the distan
e from the star, as found also by other

authors (Drake et al. 1987; Morris et al. 1990). A

ording to White et al.

(1989), it is also possible to obtain opti
ally thi
k 
at spe
tra without requiring

that density in
rease with height: it is in fa
t suÆ
ient to assume that both

the energeti
 ele
tron density and the magneti
 �eld strength fall slowly as

height above the stellar surfa
e in
reases. However, the diÆ
ulty of obtaining

the observed values of 
ir
ular polarization with an opti
ally thi
k sour
e still

remains.

x 5.5 Observations of 
oherent emission

As part of a proje
t to study the long-term evolution of the polarization

of RS CVn systems (White 1996), we have been observing the three brightest

and most polarized systems (HR 1099, UX Ari and HR 5110) with the VLA,

at regular intervals of about 4 months sin
e June 1993. Figs. 5.4 (HR 1099,

July 5, 1993) and 5.5 (UX Ari, April 23, 1994) show two examples of the

behaviour of the light 
urves in left (L) and right (R) 
ir
ular polarization at

1.4 GHz. In ea
h 
ase the observation lasted � 20 min and data were obtained

at two sidebands, ea
h of 50 MHz bandwidth and 
entered on 1385 MHz and

1415 MHz, respe
tively. In Fig. 5.4 we plot R and L for 1385 MHz, together

with total intensity data in subsequent s
ans at 4535 and 8065 MHz; Fig. 5.5

shows instead R and L for both 1385 and 1415 MHz, in order to 
ompare the
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behaviour at the two sidebands; the data points are ea
h 10 se
onds apart. In

both these examples the stars were relatively bright. Fig. 5.4 shows that the

left 
ir
ular polarization re
eived from HR 1099 was up to twi
e as strong as

the right, and while R was steadily in
reasing over the 20-minute observation,

L was 
u
tuating rapidly on times
ales as short as 10 s, but overall showed a


lear de
reasing trend. In Fig. 5.5 we see that UX Ari was steady at L, but

showed rapid 
u
tuations in R. From the similarity of the 1385 and 1415 MHz

time pro�les in Fig. 5.5, it is 
lear that the rapidly 
u
tuating 
omponent is

quite broadband, and this was true for HR 1099 also: in both 
ases in fa
t

there appears to be little signi�
ant di�eren
e in the emission between the two

sidebands 30 MHz apart.

To ensure that the observed 
u
tuations in one polarization were real and

not instrumental, we studied the time pro�les of the two polarizations for a

strong ba
kground sour
e in the �eld of view of HR 1099. Su
h ba
kground

sour
es are almost always extragala
ti
 obje
ts whi
h should have essentially

no 
ir
ular polarization, and should not vary on su
h short times
ales. This

was found to hold true for the ba
kground sour
e we investigated, indi
ating

that the 
u
tuations observed in HR 1099 were not instrumental artefa
ts.

The most important 
hara
teristi
s of these observations are that the 
ir-


ular polarization is predominantly due to a broadband 
omponent whi
h has

small variations on very short times
ales, but appears to be slowly modulated

on longer times
ales. If the observations did not have adequate signal-to-noise,

needing longer integration times we would be unable to see the small rapid 
u
-

tuations, but the slower modulation would be evident. The rapid 
u
tuations

are 
hara
teristi
 of a 
oherent emission pro
ess, su
h as plasma emission or


y
lotron maser emission (e.g. see Dulk 1985; Melrose 1991), whi
h are able

to produ
e very high degrees of 
ir
ular polarization. The slower modulation


ould be mistaken for an in
oherent pro
ess su
h as gyrosyn
hrotron emission.

In both our observations, the sense of the predominant 
ir
ular polarization

at 1.4 GHz is opposite to that at higher frequen
ies. On July 5, 1993 the

polarization of HR 1099 was � 29 % at 1.4 GHz, + 7 % at 5 GHz and + 10 %

at 8 GHz; on April 23, 1994 that of UX Ari was + 11 % at 1.4 GHz, � 1 % at
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Fig. 5.4 Time pro�les of right (R; 
rosses) and left (L; diamonds) 
ir
ular polarization at

1.385 GHz during a VLA observation of HR 1099 on July 5, 1993. Data are plotted every 10

se
. The total intensity observed at 4.5 GHz (squares) and 8.1 GHz (triangles) is also plotted.

Error bars of �� are plotted on all points.
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Fig. 5.5 Time pro�les of right (R) and left (L) 
ir
ular polarization during a VLA observation

of UX Ari on April 23, 1994. Data are plotted every 10 se
. Observations in the two sidebands

at 1385 MHz (squares: L; diamonds: R) and 1415 MHz (
rosses: L; triangles: R) are plotted;

ea
h sideband had a bandwidth of 50 MHz. Error bars of �� are plotted on all points.
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5 GHz, � 2 % at 8 GHz and � 3 % at 15 GHz. This is exa
tly the behaviour

attributed to the quies
ent emission of these systems by Mutel et al. (1987).

Highly polarized emission has often been seen in these systems previously,

and has generally been des
ribed as 
are-related emission. Mutel & Weisberg

(1978) and Fix et al. (1980) observed HR 1099 at 1:4�1:7 GHz at Are
ibo and

saw left 
ir
ular polarization of up to 75 %, with rapid variability; on UX Ari

Mutel & Weisberg (1978) found right 
ir
ular polarization of up to 20 %. Brown

& Crane (1978) measured left 
ir
ular polarization of up to 40 % on HR 1099

at 2.7 GHz, and found it to vary on times
ales shorter than 1 hour. Gibson

et al. (1978) measured rapid variability at 1.4 GHz on HR 1099, but with no

polarization data. Simon et al. (1985) dete
ted a highly left-
ir
ularly-polarized

(86 %) 
are from AY Ceti at 1.5 GHz, while Lestrade et al. (1988) saw up to

70 % left 
ir
ular polarization from Algol at 1.7 GHz. The latter example,

also obtained with the VLA, appears quite similar to Figs. 5.4 e 5.5, with

one polarization (R, in the 
ase of Algol) steady while the other shows rapid

but small 
u
tuations superimposed on a steady level of emission. It should

be noted that all of these examples of highly-polarized emission o

urred at a

frequen
y below 3 GHz.

In most of the examples 
ited above, the highly-polarized 
omponent was

attributed to an outburst due to a 
oherent emission me
hanism. On the basis

of Figs. 5.4 e 5.5, however, it is 
lear that only a portion of the emission at

1.4 GHz is due to su
h a me
hanism: the steady level of emission seen in the

weaker polarization is 
learly not related to the rapidly 
u
tuating 
omponent

in the stronger polarization. Thus in this 
ase a 
ombination of two sour
es

of emission is present: a possibly weakly-polarized 
omponent whi
h is steady,

and a highly-polarized 
omponent, possibly 100 % polarized, whi
h has rapid


u
tuations on a short times
ale, but a more gentle modulation on a longer

times
ale. We suggest that the most likely me
hanism for the highly-polarized

emission is plasma emission. The main argument in favour of this is that the

polarization dete
ted at high frequen
ies, where the radio spe
trum is falling and

the sour
e should be opti
ally thin, should represent the extraordinary mode

(x-mode) for gyrosyn
hrotron emission. Sin
e the low-frequen
y polarization
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is in the opposite sense, it probably represents the ordinary mode (o-mode),

whi
h is 
hara
teristi
 of plasma emission. On the Sun plasma emission 
omes

in many di�erent guises; the form whi
h is 
losest to that seen in these stars

is the noise storm emission 
ommon at frequen
ies between 200 and 500 MHz

(Kai et al. 1985): it is broadband, typi
ally 100 % polarized in the sense of the

o-mode, and 
an exhibit both rapid 
u
tuations as well as a slower modulation.

From the observed very high degrees of polarization we infer that the o-mode

emission is at the fundamental of the plasma frequen
y, i.e., � = �

p

' 9000

p

n

e

,

and hen
e arises in a region of the 
orona where the ambient ele
tron density

n

e

� 2� 10

10


m

�3

.

x 5.6 Interpretation of the polarization reversal at low frequen
ies

Based on the observations of low-frequen
y polarization dis
ussed in the

previous se
tion, we suggest a new interpretation for the polarization reversal

of the quies
ent emission observed at frequen
ies below 5 GHz. Presently this

polarization reversal is attributed either to the intrinsi
 o-mode polarization of

self-absorbed gyrosyn
hrotron emission, or to the 
ombination of several gy-

rosyn
hrotron 
omponents, ea
h with a spe
tral peak lo
ated 
onveniently to

reprodu
e the observed properties. As noted above, the o

asional very large

degrees of polarization observed at low frequen
ies and the lo
ation of the in-

version with respe
t to the spe
tral peak are in
onsistent with opti
ally thi
k

models, and the multi-
omponent models are somewhat ad ho
. We suggest in-

stead that the low-frequen
y polarization is not an intrinsi
 property of the qui-

es
ent gyrosyn
hrotron emission, but is a
tually due to the presen
e of weak but

highly-polarized 
oherent o-mode emission superimposed on a weakly polarized

or unpolarized quies
ent 
omponent. When the highly-polarized 
omponent is

strong, it is readily identi�ed as something other than quies
ent emission, as

in the examples shown in Figs. 5.4 e 5.5. Often this highly-polarized 
ompo-

nent will be rapidly varying, but on other o

asions it may vary only slowly

and thus be diÆ
ult to distinguish from the true quies
ent 
omponent on the

basis of temporal properties alone. Moreover, when the 
oherent emission is

{ 96 {



weaker, the rapid low-level 
u
tuations would not be dete
table due to the lim-

ited signal-to-noise in the data, and the slow modulation 
ould be mistaken for

the true quies
ent emission.

We 
annot determine the true sense of polarization of the quies
ent 
ompo-

nent from the available data; however, a few examples seem to indi
ate that the

quies
ent emission at 1.4 GHz has the same sense of polarization as observed

at high frequen
ies, and 
an therefore be attributed to x-mode. On April 23,

1994 the polarization for HR 1099 was + 8 % at 1.4 GHz, + 25 % at 5 GHz,

+ 31 % at 8 GHz and + 35 % at 15 GHz; Fig. 5.6 shows an observation of

HR 1099 at 1.4 GHz on May 15, 1993, lasted for about 6 hours, where the

steady emission observed after the de
ay of the rapidly-variable 
oherent 
om-

ponent is 
learly polarized in the opposite sense. Note the long duration of the


oherent emission in the latter 
ase (several hours), suggesting the need for a


ontinuous a

eleration of ele
trons and hen
e a 
ontinuous energy release in

the sour
e.

The observation by van den Oord & de Bruyn (1994) of a highly-polarized

emission at 0.61 GHz from II Peg (up to 90 %) is 
onsistent with our interpreta-

tion sin
e, based on the solar analogy, we expe
t the highly-polarized 
oherent

emission to be
ome more dominant over the weakly-polarized quies
ent emission

as we go to lower frequen
ies.

One issue whi
h needs to be addressed is why plasma emission should be

observed to be so 
ommon at 1.4 GHz in RS CVn and Algol systems, while it is

largely 
on�ned to lower frequen
ies on the Sun. The 
onventional explanation

for its absen
e at higher frequen
ies on the Sun is the fa
t that the absorption of

plasma emission by the thermal plasma in the 
orona is a very strong fun
tion

of frequen
y: sin
e free-free opa
ity varies as n

2

e

=T

1:5

�

2

, where n

e

is the ambient

ele
tron density, and the plasma frequen
y �

p

varies as n

0:5

e

, the opa
ity at the

plasma frequen
y rises as a very high power of �

p

(see e.g. Benz 1993). Thus

there is a fairly sharp upper limit to the frequen
y range of plasma emission for

a 
orona of a given temperature, ex
ept when very sharp gradients are present

in the 
orona (Benz et al. 1992). However, as already noted in Chapt. 1, the

typi
al temperature of 
oronal material in RS CVn and Algol systems is at least
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Fig. 5.6 Time pro�les of the right (diamonds) and left (squares) 
ir
ular polarization at

1.415 GHz during a VLA observation of HR 1099 on May 15, 1993. The observation lasted

� 6 hours and data are plotted in 1-min intervals. Error bars of �� are plotted on all

points.

an order of magnitude larger than in the solar 
orona, and this e�e
t will redu
e

the opa
ity for plasma emission at a given frequen
y and allow it to appear at

higher frequen
ies than on the Sun.

As noted earlier, the three systems UX Ari, HR 1099 and HR 5110 are all
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observed roughly pole-on, and this fa
t is believed to be 
ru
ial in making them

highly polarized 
ompared with e
lipsing systems su
h as AR La
 and Algol

(Mutel et al. 1987): as mentioned in Chapt. 1, most studies of the magneti


�eld stru
ture on a
tive stars led to the 
on
lusion that there are large long-

lived polar spots on the stellar surfa
e, and sin
e the systems are pole-on we

only ever see a spot of one polarity, whi
h also explains the observed 
onsisten
y

in polarization over long times
ales (Mutel et al. 1987; White 1996). On the

other hand in e
lipsing systems, where emission from both poles is visible, at

higher frequen
ies where the emission is opti
ally thin we 
an expe
t a rough


an
ellation of polarization, whi
h has opposite senses at the two poles, and it

would anyway be low sin
e the magneti
 �eld is nearly perpendi
ular to the

line of sight: this explains why the polarization in these systems is generally

lower. However, 
oherent sour
es are usually more variable than in
oherent

ones, so it is unlikely that 
oherent o-mode sour
es over both poles will have

the same strength at all times, and we might expe
t to see more variability in

the observed polarization. It is possible that 
oherent sour
es over the poles may

be beamed away from us if we are looking at them from the equator: some low-

frequen
y plasma emission on the Sun is known to be beamed, mainly be
ause

o-mode emission at the fundamental is emitted in a region with refra
tive index

mu
h smaller than unity, and must refra
t as it propagates to lower densities

(Melrose & Dulk 1988; Lim et al. 1994). In a 
orona with a predominantly

radial density gradient, this e�e
t will 
ause fundamental plasma emission to

be radially beamed, and therefore for a polar sour
e it will be dire
ted away

from observers in the equatorial plane. Another 
onsideration is that not all

systems will ne
essarily show the 
oherent emission reported here: the system

HR 5110 for example is a very a
tive radio sour
e, is observed nearly pole-on,

and 
an be highly polarized at 5 GHz (Mutel et al. 1987), but so far it has

never shown any 
ir
ular polarization at 1.4 GHz.

If our interpretation of the polarization reversal is 
orre
t, it removes the

need for gyrosyn
hrotron models to reprodu
e the low-frequen
y polarization

of the quies
ent emission observed in these systems, whi
h has proven to be a

diÆ
ult 
onstraint (e.g. Morris et al. 1990; Jones et al. 1994). In parti
ular, it
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may not be ne
essary for the energeti
 ele
tron density to in
rease with distan
e

from the star, as some models of the quies
ent emission have required in order to

reprodu
e both the 
ux spe
trum and the polarization reversal. In some 
ases,

the presen
e of the highly-polarized 
omponent will also 
hange the spe
trum

of the quies
ent 
omponent 
onsiderably: for example, in Fig. 5.4 the spe
trum

obtained if we assume that the quies
ent emission at 1.4 GHz is at the same level

of the right 
ir
ularly polarized emission is quite di�erent from that obtained

if we use the total intensity as the quies
ent level (the spe
trum peaks between

1.4 and 5 GHz, rather than peaking below 1.4 GHz).

x 5.7 Polarization at high frequen
ies

In the previous se
tion we proposed a new interpretation of the polariza-

tion reversal of the quies
ent 
omponent, whi
h removes the problems with

gyrosyn
hrotron models. However, as we will see in this se
tion, the behaviour

of the degree of polarization at high frequen
ies is also in
onsistent with these

models. Figs. 5.7, 5.8 and 5.9 show the 
ux and polarization spe
tra of UX Ari,

HR 1099 and HR 5110, respe
tively, obtained from our observations (White &

Fran
iosini 1995) in 1993 and 1994 and from other previously published obser-

vations with measurements of at least three frequen
ies. The previous data are

taken from Pallavi
ini et al. (1985), White et al. (1990b), Su et al. (1993),

Umana et al. (1993) and Fox et al. (1994). The dates 
orresponding to obser-

vations from ea
h authors are given in Tab. 5.1. Comparing these observations

we see that, ex
ept during strong 
ares whi
h are unpolarized, the degree of


ir
ular polarization �




in
reases with frequen
y (in the R sense for HR 1099

and HR 5110, in the L sense for UX Ari), at least up to 15 GHz, independently

of the shape of the spe
trum. This in
rease be
omes more pronoun
ed as the


ux density de
reases. Only in one 
ase (UX Ari, August 13, 1994) we observed

the polarization peak at 8.4 GHz, whi
h is however still well above the spe
tral

peak frequen
y (

<

�

1:4 GHz).

Moreover, if we separate the observed quies
ent emission in the two oppo-

sitely polarized 
omponents, we see that this in
rease of �




is due to the fa
t
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Fig. 5.7 Flux and polarization spe
tra as a fun
tion of frequen
y observed on UX Ari.

Only observations with measurements of at least 3 frequen
ies are in
luded. The date of the

observation is given above every panel.
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Fig. 5.8 Same as Fig. 5.7 in the 
ase of HR 1099.

{ 102 {



Fig. 5.9 Same as Fig. 5.7 in the 
ase of HR 5110.

that generally the 
omponent with higher 
ux density at high frequen
y (R for

HR 1099 and HR 5110, L for UX Ari) has a 
atter spe
trum, while the other

one de
reases faster with frequen
y. This behaviour is the opposite of what is

predi
ted by gyrosyn
hrotron models: in fa
t where the sour
e is opti
ally thin,

with � < 0, we expe
t a de
reasing degree of polarization with in
reasing fre-

quen
y, be
ause we obtain a 
atter spe
trum for the o-mode, but the emission
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Tab. 5.1 Osservazioni dei sistemi UX Ari, HR 1099 e HR 5110 riportate nelle Fig.

5.7, 5.8 e 5.9

Data Autori Stelle osservate

1984 Pallavi
ini et al. 1985 UX Ari, HR 1099

1988 Su et al. 1993 HR 1099

25-26/1/89 White et al. 1990b UX Ari, HR 1099, HR 5110

18/2-6/3/89 Umana et al. 1993 HR 5110

1990 Fox et al. 1994 UX Ari

1993-1994 White & Fran
iosini 1995 UX Ari, HR 1099, HR 5110

is polarized in the sense of the x-mode.

This problem of obtaining a degree of polarization whi
h in
reases towards

higher frequen
ies has not been addressed by most earlier published models,

whi
h generally have been 
on
erned only with the explanation of the spe
-

trum and of the polarization reversal at lower frequen
ies. Only Jones et al.

(1994) have noted that they 
ould not reprodu
e the behaviour of the degree of

polarization at high frequen
ies. Inhomogeneous models 
an allow an in
rease

of the polarization degree over a 
ertain frequen
y range, but above a given

frequen
y the sour
e be
omes opti
ally thin everywhere, and gyrosyn
hrotron

models then require that the degree of polarization de
reases with in
reasing

frequen
y. One 
an 
ome up with ad ho
 multi-
omponent models whi
h re-

produ
e this behaviour: for example, the sum of an unpolarized steep spe
trum


omponent and a polarized, 
atter-spe
trum 
omponent 
an produ
e a degree

of polarization whi
h is in
reasing with frequen
y. However, even in this 
ase,

above some frequen
y the steep-spe
trum 
omponent be
omes insigni�
ant and

the degree of polarization should again de
rease with in
reasing frequen
y. Our

observations indi
ate that this does not generally o

ur below 15 GHz.
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CONCLUSIONS

In this thesis we have 
onsidered some properties of the radio emission

from RS CVn and Algol-type systems that have been observed re
ently during

both a
tive and quies
ent periods, and we have developed quantitative models

to interpret these 
hara
teristi
s.

As we have seen, radio observations performed in di�erent periods indi-


ate a possible evolution of the spe
trum and of the sour
e stru
ture during


ares, both during the initial phase, when the 
ux density in
reases for some

hours, and during the following de
ay phase whi
h typi
ally lasts for a few

days. These observations have been interpreted with a model whi
h 
omputes

the time evolution of the energy distribution of relativisti
 ele
trons in a dipolar

magneti
 �eld: during the de
ay phase this evolution is determined by 
ollision

and syn
hrotron energy losses, while during the rise phase it is mainly due to

the inje
tion of new a

elerated parti
les in the sour
e, whi
h 
ontrasts the

e�e
t of losses.

The model results show that during the de
ay phase the spe
trum 
hanges

its shape from an opti
ally thi
k, autoabsorbed spe
trum typi
al of 
ares to

an opti
ally thin, 
at or de
reasing spe
trum, whi
h is typi
al of the quies
ent


omponent: this result therefore 
on�rms the hypothesis that the quies
ent


omponent represents the residual emission from a 
are at the end of its de
ay.

The model also reprodu
es very well other observed 
hara
teristi
s, in parti
-

ular it explains the 
orrelation between the low-frequen
y spe
tral index and

the radio luminosity found by Mutel et al. (1987) and the variations of the

sour
e stru
ture, observed with VLBI te
hniques, from the 
ore-halo stru
ture


ommonly seen at high 
ux density levels (Mutel et al. 1985; Lestrade et al.
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1988) to the extended halo when the 
ux density is low (Massi et al. 1988). The

predi
tions of the model indi
ate for the quies
ent 
omponent a lifetime of a few

days, in agreement with previous observations (Massi & Chiuderi Drago 1992);

this lifetime is 
ompatible with the frequen
y of 
ares dedu
ed from monitoring

programs performed at E�elsberg (Neidh�ofer et al. 1993; Torri
elli Ciamponi

et al. 1995; Massi et al. 1996) and Noto (Umana et al. 1995), that show that

medium-intensity 
ares (� 50� 150 mJy) are frequent enough in these systems

to mantain a quies
ent level of emission.

During the rising phase, the in
rease of the 
ux density depends on the

relative importan
e of the inje
tion of new parti
les and of energy losses. The


omparison with the spe
tra observed at E�elsberg (Torri
elli Ciamponi et al.

1995) shows that our hypothesis of a 
onstant inje
tion rate does not allow us

to reprodu
e the entire rising phase of the 
are: in fa
t, for 
ares observed

near the peak it is ne
essary to assume a low value of Q

Æ

, sin
e they are in a

phase where the a

eleration pro
ess is nearly over, while 
ares observed in the

initial phase are reprodu
ed by a higher inje
tion rate. To better understand

the rising phase, and therefore the a

eleration me
hanism, it is hen
e ne
essary

to 
onsider a time-variable inje
tion rate. The model also predi
ts an in
rease

in the sour
e size, due to the in
reasing intensity of the radio emission in the

outer parts as the density of relativisti
 ele
trons in
reases; this result is in good

agreement with the VLBI observations performed by Trigilio et al. (1995).

Long-term observations of some systems have shown that the radiation

emitted from the sour
e 
an be strongly in
uen
ed by stellar rotation: in fa
t a


ompa
t sour
e near the stellar surfa
e, like those asso
iated with the strongest


ares, 
an be partly or 
ompletely o

ulted by the star during its rotation, and

therefore the emission will show a strong modulation as a fun
tion of orbital

phase. We have studied the e�e
t of the modulation by 
omputing the emission

from an equatorial loop an
hored on the star and rotating with it. We have

shown that if the energy distribution of relativisti
 ele
trons is 
onstant in time

one obtains a periodi
 modulation whi
h agrees with the one observed at low


ux density levels; during strong a
tivity periods however, when many 
ares

are present, the light 
urves have narrower peaks, and it is therefore ne
essary
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to take into a

ount also the time evolution of the distribution. The model has

been applied to the light 
urves observed on UX Ari in O
tober 1992 (Elias et

al. 1995) and on HR 1099 in February 1978 (Feldman et al. 1978), obtaining a

good agreement with the observations.

Unfortunately, the study of the evolution of the emission during 
ares and

of the modulation e�e
t indu
ed by stellar rotation is limited by the la
k of

spe
tral observations. In fa
t, although in the last years simultaneous observa-

tions of the radio emission at di�erent frequen
ies have be
ome available, the

full evolution of a 
are spe
trum from its start to the end of the de
ay has

not been studied yet. However, a series of spe
tral observations performed sev-

eral times during a 
are would give important informations on the a

eleration

me
hanism and on the physi
al properties of the sour
e. Moreover, long-term

observations over several orbital periods would allow us to eviden
e spe
tral

variations due to rotational modulation; the 
omparison with simultaneous op-

ti
al observations would also allow us to derive the geometry of a
tive regions

and hen
e the stru
ture of the magneti
 �elds present in the 
oronae of these

stars. We have submitted a proposal to the VLA to observe some systems for 12


onse
utive hours in order to follow the spe
tral evolution during 
ares; unfor-

tunately during the two observations of HR 1099 performed so far the emission

was at a quies
ent level for the entire duration of the observation.

We have also studied the properties of the 
ir
ular polarization observed in

these systems. In parti
ular, we have shown that the inversion in the sense of

polarization of the quies
ent 
omponent between 1.4 and 5 GHz is in 
ontrast

with gyrosyn
hrotron models. However re
ent VLA observations of these sys-

tems have shown the presen
e of a rapidly-varying 
omponent whi
h is highly

polarized in the opposite sense to the higher frequen
y emission and whose 
har-

a
teristi
s are 
ompatible with 
oherent emission at the plasma frequen
y. This


omponent also shows a slow modulation on times
ales of a few minutes, and

therefore, when the rapid 
u
tuations are not observable be
ause they are too

weak or unresolved due to longer integration times, it 
ould be easily mistaken

for gyrosyn
hrotron emission. We have proposed that this highly-polarized 
om-

ponent is often present, although generally too weak to be distinguished from
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the stronger but weakly-polarized quies
ent 
omponent: the total polarization

would then be dominated by that of the rapidly-varying 
omponent, explaining

the observed inversion in the sense of polarization. We have proposed to observe

a sample of RS CVn and Algol systems at 1.4 GHz, with the aim of determining

whether this highly-polarized 
omponent is a 
ommon 
hara
teristi
s of these

systems, and of studying whether it depends on the in
lination of the stellar

rotation axis.

The polarization observations have also eviden
ed a dis
repan
y between

the predi
tions of gyrosyn
hrotron models and the behaviour of the polarization

at high frequen
ies: we have in fa
t noted that it in
reases with frequen
y up to

at least 15 GHz, well above the spe
tral peak. The gyrosyn
hrotron models pre-

di
t that the degree of polarization should de
rease above the frequen
y where

the the sour
e be
omes 
ompletely opti
ally thin; using ad-ho
 inhomogeneous


on�gurations it is however possible to obtain an in
rease of the polarization

over a given frequen
y interval where the sour
e is partly opti
ally thi
k. We

have proposed to perform VLA observations at high frequen
y, up to 43 GHz,

in order to determine if and at whi
h frequen
y the polarization rea
hes its peak

value. The position of the polarization peak 
an give stringent indi
ations on

the magneti
 stru
ture of the sour
e.
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