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Abstract. The rapidly-rotating, chromospherically active late- Rapid rotation is also a very important factor in order to
type star RE 1816+541 has shown signs of intense magne&solve and investigate spatial features in stars. High rotational
activity in various forms. Time-series of high resolution speaelocities ensure that the chromospheric line profiles are ro-
tra have been obtained during three nights and several impationally dominated, favouring the detection of emission and
tant events were detected. Observations contained several cabsorption transients associated with plage and prominence phe-
mospheric lines, allowing us investigate simultaneously the mena, respectively.
sponse of the chromosphere at different heights. ) ! ,
A detailed analysis of the &lline behaviour, in particular, . Ob_servahons of RE 1816_5+541 were f_|rst aymed at seek-
has revealed prominence clouds and plage-like regions in thd ey|dence_ for s_tellar prominences '”.th'? object, as part of
star. Rapid rotation favours detection and further investigati('i'nIorOJECt 1o investigate the nature of this km.d of pheljomena.
of these features. Prominence clouds are seen to lie below%lntgough there are s_everal examples of rap_|d_ly—rotat|ng late-
co-rotation radius. A bright plage-like region was well resolve pe stars showing signs of prominence activity (Cameron &

on the first night. The feature disappeared temporarily durifrpPinson 1989a,b; Collier-Cameron & Woads 1992; Jeffries

meridian crossing, coinciding with the passage ofacloud.Co.JrggE:; Byrne, Eibe & Rolleston 1396), our understanding of

plete obscuration of the plage by the cloud proves that the enﬁ&gllgr promin_ences and th_eir possible.implications is still poor.
sion feature is located on or near the stellar surface, wherg’ga'lzd stl#d|es wereCcarned out onI;gntwo w;slglgkngwn C(?SES:
the cloud is at larger height and is seen in projection onto li?.edK \f/var AB Dor ( amgl;on & R‘ﬁ Inson 1( a"t) and the
A very large flare was also detected during the observatioM., warf HK Adr (Byrne, Eibe & Rolleston 1996, Eike 1997,

having strong effects in all the chromospheric lines selected 6t den_ Oord, Eibe & Byrne 1998, herez_;\fter VEBQS)' Promi-
study, nences in AB Dor occur near the co-rotation radius and may be

formed as condensation at the top of magnetic loops that extend

Key words: stars: activity — stars: chromospheres — stars: in(hgayond th?s radius, whgre the eﬁegtive gravity is directed out

vidual: RE 1816+541 — starspots wards. This condensathn mechanism constitutes thg basis Qf a
model proposed by Collier-Cameragn (1988) to explain promi-

nence clouds formation in rapidly-rotating stars. Under negative

) effective gravity, condensed material could dissipate by diffu-

1. Introduction sion across the field lines, leading to stellar angular momentum

The most extreme examples of magnetic activity phenomel@as. Consequently, it was first thought that prominence clouds
are generally found in rapidly-rotating late-type stars. Curreg@uld contribute significantly to AB Dor’s rotational braking
theories to explain the origin of magnetic phenomena are basat-

on the interaction between plasma and magnetic fields. The two.l.hiS result would have important implications for angular

physical processes of convection and rotation are believe Bmentum evolution studies. Investigations by Stauffer et al.

play a fundamental role in the generation of stellar magne 'f‘984, 1985) showed that rotational braking on G and K type

f|el<_js thrc_)ugh a dynamo mechanism (Pa'ker 1970). In this s §pid rotators of young open clusters occurred too rapidly to
nario rapid rotators among the convective, late-type stars are gg?

. e . explained by conventional angular momentum loss theories,
pected to show signs of stronger activity. This may be not vaI\(;Ha P y 9

h for st t the bott fth ) R a stellar wind. It was therefore interesting to investigate
OWevet, Tor stars at In€ bottom ot the main sequence. eC\?/Wetherprominence clouds could account for the observed spin-
studies of rotation and activity in very late-type dwarfs (Bas

= A . . —down time-scales. However, later work to estimate cloud masses
& '\""?“Cy 1995 ) su?geit all significant change in the rOtat'Oth lifetimes in AB Dor (Collier-Cameron et al.1990) implied
activity connection for the latest-type stars. that they would not be very efficient as a braking mechanism.
Send offprint requests 1. T. Eibe Moreover, in recent work by Collier-Cameron & Jianke (1994)
* Present address: LAEFF, Apdo 50727, E-28080 Madrid, Spainit is concluded that conventional wind models may be adjusted
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to explain the rotational evolution of G and K dwarfs in youn@able 1.Log of the spectroscopic observations of RE 1816+541 taken
clusters, without introducing new braking mechanisms. with the WHT/UES on 25-27 June 1996. The start and end times
Prominences in HK Agr have turned to be fundamentalBf continuous sequences of spectra are recorded. Gaps of 15-20 min
different to those found in AB Dor, since they have been mainfyere due to the observations of B stars and another active late-type
found well below the co-rotation radius. In this case it is ngta" Which was studied as part of a different project. Phaspbdve
possible to apply Collier-Cameron's model (1988) and, ad een calculated according to the ephemeris given in Robblet al/(1995),

. . . . . . = . + 0.
tionally, the role of prominence clouds in rotational braking |sJD 2449921752 + 0.4589E

also dubious.
By analysing further examples of late-type rapid rotators it p,te JD (2450260+) Phase
is possible to obtain more observations of stellar prominences start end start end

and discriminate between different models. Results may nret
only provide a more complete view of the phenomenon but alsg® June
have important consequences in studies of angular momentu% June

0.3905 0.6119 0.861 0.343
0.6278 0.7277 0.378 0.595
1.3998 1.4687 0.060 0.210

evolution. o , 1.4836 15426 0.242 0.371

The star RE 1816+541 is similar to HK Agr in many re- 15519 1.6271 0391 0555
spects. This paper contains the main results derived from an 1.6333 1.7375 0569 0.796
extensive analysis of its &dline variability. These include the 27 june 2.3940 2.4562 0.227 0.362
study of prominence clouds and discrete bright regions, the lat- 24632 25223 0.377 0.506
ter being ascribed to solar-like plage regions. 2.5390 2.6013 0.543 0.678

2.6103 2.7328 0.698 0.965

2. RE 1816+541

RE 1816+541 has been discovered as the optical counterpartto, . . .
a bright EUV source detected during the Wide Field Cameg)é( Caillault & PattersorL{IJ30) the result is R0.52 R,.. This

(WFC) All-Sky Survey phase of the ROSAT mission. Frons I good agreement with the value predicted by the mass-

- i lation for main-sequence stars given in Demircan &
the Hubble Space Telescope Guide Star Catalog (Jenkner efylus re .

1990) the position and magnitude are RA 2 1%™ 16°.8, Dec Kahraman [[T991), R~0.52R,. The latter relation was ob-

= +54 10’ 22" (J2000.0), V=11.7 ' tained using theoretical stellar models for ZAMS stars.

Medium and low resolution optical spectroscopy of this o- FT0M comparison between the estimates of bothaRd

ject was presented by Jeffries, James & Bromage (1994) wResini, itfollows that the stellar inclination must be close t6 90
classed it as a single rapidly—r(;tating dM1-2e star Wim ainz" Combining the radius and mass estimates yields a co-rotation

of 61kms'. Assuming a main sequence radius, this corr&2dis, Roror ~5.45R..
sponds to a period,, B, ~12 sin hrs or 0.5 sind. A high level
gf activity is indicated by strong emission lr_hhh_nd CarH&K, _ Observations and data reduction
oth commonly used as chromospheric indicators. Based also
onits high EUV flux as measured by the WFC, RE 1816+541f& 1816+541 was observed with the 4.2m William Herschel
regarded as one of the most active stars in the solar neighbaettescope (WHT) at the Observatorio del Roque de los Mucha-
hood. Arguments for a youthful evolutionary status, based @fos on the island of La Palma (Canary Islands) between 25—
its rapid rotation and its kinematics, are given by those authops. June 1996, using the Utrecht Echelle Spectrograph (UES,
Mean magnitudes and colours of RE 1816+541 were givehger & Pettini 1998). UES was used in conjunction with a
by Schwartz et all (1995). Robb & Cardinal (1995) obtained di§1.6 lines mnt! grating and 10241024 pixels TEK 24:m
ferential photometry with the Johnson V filter. From the mod=CD. A 1.1 arcsec wide slit was used, which corresponds to two
ulation of the light curve they derived a period of 0.459 d angetector pixels and a resolving poweér\ \ of 55000 (FWHM).
concluded that the star has large active regions on its surfgeg spectra cover the wavelength region 5350-92&1ich
causing the brightness variations. In order to calculate rotatiopgls recorded in 45 orders, allowing simultaneous observation
phases, we have used in this work the ephemeris given by thesghe Hy and Carr IR? emission lines. Because of the limited
authors, HJD=2449927.752 + 0.4589E. size of the detector it was not possible to fit the entire echel-
The combination of this period with, sin; gives a projected logramme. The resulting gaps between consecutive orders were
radius, R sini ~0.55R,,. The absolute visual magnitudeyM of ~8% in the blue up to~59% in the red end of the range.
is derived from the photometry published in Schwartz et alhe integration time was set at 200 s. Time overhead between
(1995), My,=10.32, assuming a distance of about 20 pc (Jeffriezjbsequent exposures waB0 s, yielding a time resolution of
James & Bromage 1994) . Then, using the mass-visual luminoss min. A log of the observations can be found in Tdble 1.
ity relation for low-mass stars from Henry & McCarthy(1993), The three nights of observations were clear. Meteorological
a mass estimate M0.49 M, is obtained. The stellar radius carconditions were generally stable. Spectra obtained on the sec-
be determined from calibrated mass-radius relations. Accordioigd night were of somewhat poorer S/N due to the high winds.
to the empirical mass-radius relation for late M dwarfs produc@&kst seeing conditions were achieved on the last night, 27 June,
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with an average seeing disk, 1.1 arcsec. For the first and second? 4

nights, the average seeing was 1.4 and 1.3, respectively. -
An adequate number of bias frames, flat frames and dark A

cound exposures were taken at the beginning of each night. Th—, 4
Ar calibration lamp spectra were taken throughout the night to
account for possible shifts of the wavelength calibration. Spec- | g
tra were processed semi-automatically using standard packages

within IRAF (Tody et al[ 1986). E 16
T
1.4
4. Calculation of the stellar velocity 1.2
4.1. Radial velocity 1077

The radial velocity was measured in two different ways. First, .8 : : : :
by doing gaussian fits to a single, isolated photospheric absorp- 6558 6560 6562 6564 6566 6568
tion line (Fe1 6546.23) and, second, by applying a cross- Vavel engt h

correlation technique. Fig. 1. The nightly mean i profiles for the nights of August 25 (—-),

The main problems with determining accurate velocitigd!gust 26 (...) and August 27 (~-). Also shown is the overall mean
from gaussian fits are the intrinsic line profile variability angrofile (—) that was used in the analysis of the emission variability.
the blending of photospheric lines due to a combination of rapﬂile vertical line indicates the rest wavelength of H
rotation and late-spectral type. The heliocentric velocity derived
by using this method was24.8 - 2.8 kms™!, a value which o ] o
is close to that obtained by Jeffries, James & Bromage (1992),Variability of chromospheric emission
—21.9+ 15 kms~. In both cases, the error is given as a Sta®- 1 The Hy emission line
dard deviation.

This result was confirmed by cross correlating individu%ge Holine was seen to vary rapidly with significant changes in

spectra with the spectrum of HIC 67155, a non active star w t.h tgquwalent W'?jth dan.d mtlrl]nelprc:ﬁlg. ;]I'thefmobst pror:_ounceld
a M3 spectral type, comparable to that of RE 1816+541. Froéﬁ”a lons occurred during the last night of observations. 1n

the shift of the cross-correlation peak an average velocity p'm are.shown the nightly mean profiles. The parametgrs of
_99.9+3.4kms-! was derived. This does not include resultﬁ‘e gaussian functions that best fltthe_se profiles are glverI in Ta-
from the data obtained during the last night since they gave m (2. Emission appears to be blueshifted by abets km s°

larger uncertainties and the quality of the cross correlation rgthe three nights. This, in principle, may indicate an overall
d'se of the chromosphere. However, as it will be seen later, there

considerably worse. For this reason, the value finally use . S
are numerous absorption and emission events that can also be

referthe spectrato the stellar rest frame wag.g8+3.1kms™!, tibuting to the ob d orofile sh For thi th
obtained as an average of the velocities from cross correlatiGh§'oUtiNg 1o the observed profiie shape. F-or this reason, the
mmetry/asymmetry of the mean profiles will not be discussed

for the first two nights and the velocity from gaussian fits t?yth h level of emission is clearly | ] 5
photospheric lines done on the last night. urther. The mean level of emission is clearly lower on June

and considerably higher on June 27.

Proceeding as in Byrne, Eibe & Rolleston (1996), a search
4.1.1. Rotational velocity for systematic behaviour of thecHine was first done by looking

at the ratios between all individual spectra and a nrearence

As a measure of rotation, the, sini has been calculatedspectrum. Inthis case tieferences an overall mean, made of a
from cross correlation analyses, using again the spectrumt@ifil of 242 spectra that were not affected by significant emission
HIC 67155 as a template. In order to obtain a relationship bevents. This profile is also shown in FIg. dofitinuous ling
tween the width of the cross-correlation peak andini, the for comparison. Its FWHM, 2.38 agrees well with the value
template spectrum has been broadened to different velocitigegsdicted for rotational broadening ..., ~2.31A, suggesting
By cross-correlating the resulting spectra with respect to the dhat doppler broadening dominates over other sources of spectral
broadened template spectrum, a width value was obtained lfoe broadening.
each velocity. The calibration between width and rotational ve- Dynamic Hx ratio spectra for each of the observing nights
locity was then established by doing a linear least-squaresaiie shown in Figg123+4. Each line of a grey-scale image corre-
to those points. The,sin; value obtained for RE 1816+541 isspond to the ratio between an individual profile and the overall
62 + 5kms!, in agreement with results found previously bynean. Spectra are all displayed in a velocity scale relative to the
Jeffries, James & Bromage (1994). stellar rest frame set at —23.76 kmis This technique allows
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Table 2.Parameters of the gaussian fits to the nightly meapkdfiles 6. Analysis of the Hx variations

Night Ao EWA) FWHM(A) Figs.[2£4 were used as a guide to trace significant features in
June 25 6562.69 -2.29 2.31 the individual ratio spectra. Each of them was investigated by

June 26 6562.74  -2.38 2.32 using the gaussian-fitting method that was previously followed

June 27 6562.71 -2.74 2.34 in the case of HK Agr (Byrne, Eibe & Rolleston 1996). Due

to the complexity of the profiles, deblending fits were often
necessary to resolve the contribution of different components.

to rapidly obtain information about the characteristic featurggesults from this analysis are presented in this section.
that are determining the shape of the line profile as well as the

specific velocities at which largest variability takes place.
Visual inspection of the dynamicddratio spectra indicates

thatin general the pattern of the line variability is different fromg sphown in Secl Bl1, several absorption transients were de-
nightto night. Closer examination, however, reveals some COfaete in the course of the observations. They will be labeled
mon features. A narrow absorption transient is neatly definggt jetters A, B and C for quick reference in the text. Transient
in Fig.[2 between phasgs~0.2-0.3. This event appears to obp js the event that was seen to recur on the three nights between
scure completely the prominent emission feature that is Seehiyses.0.2 and~0.3. Transient B is the strong absorption fea-
propagate from blue to red in the line profile betwelen~0— {re seen neap ~0.5, just prior to the major emission event
0.5. Although they are less obvious, these two features recurg june 27. Finally, transient C corresponds to the very deep
the following nights (see Fig&l 3 afd 4). Spectra taken on thgsorption detected near the start of the series on June 25, at
night June 26 are of poorer quality, making detailed analysis gases, ~.0.9-0.1. The possible recurrence of transients B and
the p_roflle more difficult. Unfortunately the phase coverage ef o, the three nights will be discussed below. Subscapt27
the night June 27 was such that the early stages of those ev@pfisse used to indicate the corresponding night in each case.
Were_already missed when the SEries of observations began. The three absorption transients, which have been identified
Signs of another absorption transient are detected at phqﬁﬁg the technique of dynamic spectra, are now analysed in

neary ~0.9. Its existence is, however, more difficult to racqp e detail to check whether they can be explained in terms of
On the night June 25 it appears to occur in connection with Bfbminence condensations of neutral material.
additional redshifted component, manifested in Elg. 2 by the

intense absorption seen in the red during phaseg).9-0.1. _
On the night June 27, observations finished at phas®.96 6.1.1. Transient A
so that only the propagation of the absorption in the blue was

. . , .[9 shows the results from gaussian fits to the well-defined
recorded. Its presence was impossible to confirm on the nigh . : ;
. . bsorption transient centred at phase0.25. Data from dif-
June 26 due to differences in phase coverage.

Evidence of a deep blueshifted absorption is also foundfe ent nights are overplotted using different symbols: + for June

: . . ,0 for June 26, and\ for June 27. The two horizontal lines
:Tt? endt_of the mght fl:rr]\e 25,;:merg|ng 'nl thedpiofllte:JlOAih i? ihe RV diagram ljottom panélindicate the projected rota-
sorption events at tnese phases are aiso detected on ea,| velocity, +v,.sini (v, sini ~61kms!). Changes in the

lowing nights but they exhibit a generally different behawourtadial velocity (RV), equivalent width (EW) and full width at

An extraordinary event occurred on the night June 27. TrHalf maximum (FWHM) appear to be correlated as the tran-

is the most noticeable feature in FIg. 4. It starts as obvio fent moves across theaHprofile. Details of these variations
blue-shifted emissionA~0.6) that propagates rapidly towar re specified below:

the red. A slow and gradual decay phase follows until extra-
emission fades completely at~0.9.

A more detailed study of these events will be deferred for
later section.

6.1. Absorption features

?a' The feature is seen at similar phases during at least three
nights (A ~0.20-0.29 on the night of June 25y ~0.18—
0.29 on the night of June 26,y ~0.23-0.28 on the night of
June 27). The phase coverage in June 27 made itimpossible
5.2. Other spectral lines to detect the complete transit on that night.

The dynamic spectra for the other interesting chromospher%c Agreement between different nights is especially good in

lines which were observed have been constructed in the sameRV’ except for the slightly more redshifted velocmes. mea-
way that in the case ofddand are shown in Figsl B-8. These are sured on June 26 betweenvlo..18 andp~0.21. According .
used here mainly for comparison and more thorough description to the pattern of the EW variations, however, the absorption
will follow in future work. In the case of the He | Pand Na | D- appears _stronger on th_e first night. .

lines the images are made of individual spectra instead of ratigs T_he EW increases rapidly as the feature appears in the blue

in order to improve contrast. The captions of the figures are as wing .Of the profllt_a and continues to move redwar_d_s. Ab-
follows: sorption gets again weaker at larger positive velocities.

4. A sharp peak of EW occurs nea~0.21. At this time the
central position of the feature is shifted to the blue. The pat-
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Dynamic spectrum of Ha on June 25

0.60

0.48

0.30

Phase

0.15

0.01

Fig. 2.Dynamic spectra of Hon June 25. The grey-
scale image is made of ratio profiles that result after
dividing by the overall average. Rotational phases
—400 —200 0 200 are indicated in the left edge and the velocity scale
in the horizontal axis is referred to the stellar rest
frame, set at —23.76 km's.

0.86

Velocity

tern of the EW variations is therefore asymmetric, increasitiglly higher than when seen in the blue. Hig. 4 suggests the
more quickly than it is seen to decline. presence of two maxima of absorption at this time. One appears
5. The FWHM variations show a larger scatter. The featuretis be fixed at 65 kms! while the other is slightly more to the
generally narrow A\ pyw s ~1-1.5) but broadens con-blue but is more variable and propagates slowly to the red un-
siderably nearp ~0.21, coinciding with maximum EW. In til both features finally merge together. Individual ratio profiles
any case, it is much less than expected for rotational broddr these phases are shown in Hig] 10. It can be seen that the
ening,A\ o ~2.31A. broad absorption component has often two peaks suggesting a
6. The central position of the feature varies linearly with phagegssible blend between two individual features whose contribu-
moving from blue to red, in an interval of phade» ~0.1. tions are difficult to assess. In addition, simultaneous emission
7. When observed, the extreme velocities are not perfecidyseen in the blue at these phases with important effects in the
symmetric about zero but systematically blueshifted kyrofile, which may result in larger uncertainties in the velocities
~20kms. measured from gaussian fits. Evidence of absorption at these
phases is also found on the other two nightss(Bnd By in
. Figs.[2 and[13, respectively) but with different behaviowS B
6.1.2. Transient B is seen as strong absorption (E\W. 2&) atv ~—50kms ! and
This feature is seen clearly in F|. 4 {B. It appears at shows little variation with phase. Its appearance, however, may
¢ ~0.36 as a relatively weak (EMO. 034), narrow absorption be influenced by the presence of additional emission in the red
(FWHM~1.053), blueshifted by about —20 knt$ with respect Wing due to the effect of an emission transient as described in
to the stellar rest frame. It rapidly propagates towards the r&gct[6.2. The observed behaviour o Bs more similar as in
increasing in depth and width before disappearing with the stiHs case the absorption is seen to cross the profile from blue to
of a strong flare. Its mean EW and FWHM during the last phag@l. The feature is not so clear and measurements are less accu-
(Ap~0.54-0.62) are, respectively, 0A@nd 1.9G, substan- rate due to the poorer signal-to-noise. It is interesting that the
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Dynamic spectrum of Ha on June 26

0.80

0.20

0.06

~400 —200 0 200
Velocity Fig. 3. As Fig.[2 but for the night of June 26.

extreme radial velocities at the beginning and end of the transitn wing. The absorption component in the red becomes more
(p~0.4 andp ~0.67, respectively) are symmetric with respegirominent for about 30 minXy ~0.04) with an average width

to zero velocity, being the amplitude of the variations close tf about 2.3, close to the expected rotational broadening. It
50kmst. fades atp ~0.1 but it remains visible in the red, before merging
into transient A atp ~0.3.

Unfortunately, differences in phase coverage do not allow
to confirm the same kind of variations on the other two nights.
From Fig[2 it is seen that transient{Js one of the strongest At the end of June 274~0.93), however, there is evidence for
absorption events observed in RE 1816+541. It shows a compiewell defined absorption at —80 km'sthat propagates rapidly
morphology due to the concurrence of several features in figethe red (G in Fig.[4). On the other hand, weak absorption

profile, making an unique interpretation of its evolution moré& the red betweerp ~0.1-0.2 was also observed on June 26
difficult. (Cq6 in Fig.[3). If associated to the same event, the main part

Two discrete components are seen during the onset of aidts evo_Iution cogld have been missed because the series of
event (p~0.9): an already presentredshifted absorption at an &RServations on this night started in factat0.06.
erage velocity of about 10 knt$ and a blueshifted absorption
by ~—60km !, that is moving towards the red. Both featureg o Emission features
are strongly blended at ~0.96, resulting in a very broad and
deep absorption centred at about 10 krh.sA sudden bright- The bright emission transients seen in the khe have also
ening is seen in only one spectrumgat-0.98 and is followed been analysed in order to investigate their origin and their pos-
by the appearance of a weak blueshifted absorption. Note thattzle connection to the absorptions. From Figél 2—4 two major
bright transient (see below) is developing at this time so that tfeatures can be distinguished: a discrete emission seen between
blueshifted absorption is seen superimposed on the blue erpisasesp ~0-0.5 on the three nights (transiedit and a very

6.1.3. Transient C
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Dynamic spectrum of Ha on June 27

0.96

0.84

0.70

Phase

0.54

0.36

0.23

—400 —200 0 200
Velocity

Fig. 4. As Fig.[2 but for the night of June 27.

strong emission event that develops between-0.6—0.9 on 4. The RV changes from blue to red within the entire episode

June 27. and behaves almost linearly with time. Large deviations
from linearity occurred neap ~0.2 and also at the red
end of the curve obtained on June 25.

6.2.1. Transien&l 5. The velocity amplitude exceedssini of the star.
. . . ) 6. Extreme velocities are not symmetric with respect to zero
This feature is seen most clearly on the night of JunedB5 i velocity. On June 25 the RV)\/Nas seen to chanZe from

Fig.[@). Although in less detall, it can also be identified on the 82kms-! to~50kms-! The extreme velocities observed
other two nights@yg anddy; in Figs[3 and, respectively). On on June 26 were —67 kr-n s1in the blue andw75 kms-!

June 27 only the closing phases were covered. Results from 1 the red. but at this night the opening phases of the event
gaussian-fitting analysis are presented in[E1gy. 11. A summary of were miséed.

the most important properties revealed by this method is give7t] Variations in EW are less pronounced. There is a trend of
below: brightening at the closing phases on June 250.4). A
sudden brightening of the feature at the end of its passage
across the disk is also observed on June 27. Unfortunately,
garlier phases of the event were not covered on this night.
The phenomenon persists during three nights.

1. Thewhole event covers at least a phase intenalof-0.5.

2. The feature disappears temporarily between phases 0.2 an
0.3, coinciding with the passage of the absorption transiefit
A.

3. Its width is narrower than expected from the rotationally
broadened stellar profile, its FWHM being of the order of
1.22A.
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Dynamic spectra of Call (8498 A) on June 25 and June 27

0.96

0.84

0.25 0.70
(]
n
©
g
A
0.15 0.54
0.01 0.36
0.86 0.23
—200 0 200 —200 0 200 Fi05.D o  Ca 8498k
. . ig. 5. Dynamic ratio spectrum o on
Velocity Velocity June 25 left) and June 27r{ght).
6.2.2. The strong emission on June 27 the possible heights and latitudes for a co-rotating cloud, on the

An extremelv strond emission feature is clearly seen in the I_snasis of its radial velocity evolution with time and period of vis-
y 9 y ibility in front of the stellar disk. A brief outline of the method

dynamic spectra of June 27 (see [E. 4), starting gea0.6 is given below in order to introduce some parameters that are

?hu;te;t:r?féggso;ﬁ;z;s”' Tzlzlﬁr?:z?ﬁﬁtiﬁrvg:;hoz I?\gfcﬂlﬁg:: oing to be discussed later. For more detailed description the
: icallyl phernc | ader is referred to VEB98.

Zf)lc?\féegnfdoi)sltgvs{h(s(::m?fé%:f-)r}l;r?rgz;qgr;;iiie%ii 2?. VE89_8 assume that.the absorption transients are causeq by

most conspicuoLs aspects is the way it grows rapialy towarf eal, pomt_—llke clouds in the stt_ella.r atmosphe_rg and thus ig-

the red after emerging in the blue wing of the rofile. This ores possmlt_e effect§ due to their sizes. In addition, the mo.tlon

flare will be the subject of further investigation in futu.re workOf the clouds is r?St”Ct?d by the cond'ltlon of co-r.otatlon with

the star at some fixed distance above its surface, i.e. the system

) i is rotating as a rigid body. Constraints on the cloud heigh) (

7. Discussion and co-latitude{.) can then be derived from the variation of

7.1. Prominence clouds its measured radial velocity) with time. This should be linear

] ] ] when the cloud is seen near disk centre, verifying:
The observed evolution of transient A reminds that of the ab-

sorption features detected in the case of HK Agr (Byrne, Eibgdv
& Rolleston 1997). It agrees well with the expected behavioly ¢
of a prominence co-rotating cloud during its transit across the
stellar disk. An estimate of the cloud location in the stellar atmo- where) is the stellar angular velocity andis the cloud’s
sphere can be derived from the observed variation of its radépheric coordinate; = Qt. The origin ofy is set at the stellar
velocity. This has been done by following a specific formulatiodisk centre K is defined ad{ := %: sin §.., which is a constant
developed by VEB98. In that work it is shown how to estimatguantity for a given cloud. Thé( value may be, therefore,

= O?R,siniK ", (1)
(p=0)
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Dynamic spectra of Call (8662 A) on June 25 and June 27

0.96

0.84

0.70

Phase

0.54

0.36

—200 0 200 -200 0 200
Velocity Velocity Fig. 6. As Fig.[B for the Ca1 85424 line.

estimated from the observed radial velocity evolution and iedshift that was found in the first five velocity measurements.
used to derive some limits fa?. andé.. This would affect significantly the results of the fit. From Figs. 3

In order to detect the cloud in absorption, its projected pgnd[9 itis seen that the absorption appears weaker at this time,
sition must be within the stellar disk. For a given inclination dpeing more difficult to detect. It is not possible to determine
the star, this only occurs for certain combinationgipfandd,., Whether this is just an effect of the lower signal-to-noise of the
thus providing a second relation to estimate the location of tREservations at that night or it represents a real variation, per-
cloud. haps due to a larger influence of the emission in progress (see

Analytically, it is impossible to determine independent| ect[6.R). In any case those points were not included in the fit.

both valuesz, andé,. VEB9S introduced a contour technique he crucial values_for the treatment that will follow are those
which allows to constrain them from the observations. Contolf9S€ t0 zero velocity.
of K as a function ofR. andd. will be used here in order to  The results from these fits are listed in Table 3. It can be
establish limits. seen that the parameters derived from the different nights are

The other absorption transient events appear to show meg#ssistentand agree extremely well within the calculated errors.
complex behaviour and are re-examined to see whether they gress and egress occur within a short fraction of the rotational
also be associated to similar phenomena. period, suggesting the feature is at a considerable distance above

the surface if in rigid rotation with the star. Clearly it must
] be over the bright transient that has been fully described in

7.1.1. The cloud detected as transient A Sect[6.Z11 as the discrete propagating emission is completely

Fig. @ shows the radial velocity variations observed on eaenscured atthese phases.

night. Linear least-squares fits to the data are presented inAssuming an inclination of 90 constraints on the height
Fig.[12. Results for different nights are in generally good agreaad latitude of the cloud are set by applying the method devel-
ment. Peculiar to the June 26 observations is the systematied by VEB98, which has been briefly outlined above. The
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Dynamic spectra of Hel D; on June 25 and June 27

0.80 0.96

0.48 0.84

0.25 0.70

Phase

0.15 0.54

0.01 0.36

0.86 0.23
—200 0 200 —200 0 200 Fig. 7. Dynamic spectrum of He Ds. Individual

spectra are shown instead of ratios in order to im-

Velocity Velocity prove contrast.

Table 3. The main parameters of the cloud identified as transient A.  The location of cloud A suggests interesting aspects related
to the clouds formation and stability. First, the cloud latitude
Date dv/dp K AK Phase is reasonably constrained and not far away from the equato-
Ingress _ Egress rial plane. This may constitute an important condition favour-
jﬁ:i 52 12?2"2‘22 8'53? 8'82 8'121 8'222 ing prominence formation. VEB98 investigated the mechanical
June 27 1533:895 0:250 0:013 mi(sséd 0_277' forces governing the gqunlbrla of neut.ral material confined in
the stellar magnetic field at some height above the chromo-
sphere of rapidly-rotating stars. In their analysis it is assumed
that at sufficiently large distances from the star, the effective
&gomponent of the magnetic field is the dipole component. Un-
the K-contour corresponding to the cloud in the— R, di- Qer t_h|s assymptlon |t_ is found that fprce equilibrium on a field
agram shown in Fig_14. This diagram indicates the domalR€ iS Possible only in the equatorial plane. Second, the fact
of possible heightsK./R.) and co-latitudes) for the co- that cl_oud A Iu_as below the co_-rotatlon radius is als_o consis-
rotating cloud detected as transient #i¢k solid line con- Fent with the picture obtained in the case of the rapidly rotat-
tour). Limits to the cloud coordinate®t./R. and., can also "9 late-type star, HK Agr (Byrne et al. 1996, VEB9S). There-
be derived analytically for an inclination of 9@pplying the fore, the prominence formation mechanism invoked in Collier-

formulae derived in VEB98. Results obtained in this way afe@Meron’s model (1988) must be excluded in these cases.
3.86+0.34 < R./R. <3.99 £0.33and0.968 < sinf,. <1

or, equivalentlyg. ~75-90, for the northern latitude solution.  In their review of quasi-static coronal loop models, van den

In any case, the cloud is found to be well below the co-rotatidord & Zuccarello[(1996) show that loops having a temperature
radius, but at a very large distance compared to solar pronimversion at their apices can also be generated by decreasing the
nences. heating at the summit or increasing their cross-sectional area.

average of the thre& values in Tablé13 is used to determin
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Dynamic spectra of Nal D, , on June 25 and June 27

0.60 +0.96
0.48 0.84
(0] B d
&
2 0.25 0.70
A - |
0.15 0.54
0.01 0.36
0.86 - '0.23
5890 5895 5890 5895
Wavelength Wavelength Fig. 8. As Fig.[7 for the Na D-lines.

In this new scenario, however, temperature reversals are 50kms!, an estimation of its latitude was derived assuming a
restricted to heights above the co-rotation radius. surface feature. In this case,

Finally, evidence for this cloud is not found in any of the
other chromospheric lines, which prevents further investigatidtV,,,o.. = vrot Sin i cos A
of the physical conditions of the plasma contained in the promi-
nence. In particular, with theddobservations alone it is impos-where is the latitude of the feature arfél,,, . is the ampli-
sible to determine both the kinetic temperature and the turbuléwge of its radial velocity. Therefore, an amplitude of 50 knh s
velocity from the line-broadening. would imply a latitude A ~ +35°.

Fig[13 shows the results obtained in an attempt to determine
the radial velocities from gaussian fits to the khatio profiles.
The crosses are for measurements on June 26 and the circles
Transient B is very interesting because of its apparent var&te for June 27. It can be seen that on June 27 the velocities
tion from night to night. The fact that it is seen as a deep aatge systematically redshifted and scatter increases towards the
blueshifted absorption on the first night could imply materigind of the event, presumably due to blending of more than one
is moving outward with significant mass loss for the star. [tmponent as suggested above. Points for the other night corre-
behaviour on the second night is in better agreement with thgond to the main component resolved in the profiles, which has
symmetric track followed by a co-rotating source while on thaeen identified by comparison with Fid. 34B. Also shown
last night it becomes more enhanced in the red, suggestingineFig.[I3 are the straight-line fits to the data. A considerable
ceding absorbing material in front of the stellar disk. If due tchange of slope between the two nights is obvious. If the tran-
a circumstellar structure, it could not be very high in the atmeient was interpreted in terms of one and the same feature, this
sphere as inferred from the relatively long disk-crossing time. Wwould indicate either some variation in height or the develop-
addition, from Fig[B it is seen that,Bshows less contrast thanment of velocity fields between the two nights.
Ao against the concurrent emission component in the red. This If the information from the linear fits and the observed
may be due to changes in plage brightness and/or differenpbases of ingress and egress was used to estimate the loca-
between the absorbing power of both transients. However, céom of such a feature according to the model of a co-rotating
must be taken when speculating about these possibilities sipoéint source, one would find the following. The observations on
the signal-to-noise ratio on the night of June 26 is lower.  June 26 are consistent with a cloud that co-rotates with the star

The amplitude of the radial velocity of transient B is verat a relatively small height-1.40-1.72R. The data from the
hard to estimate due to simultaneous excess emission in the olewing night implies, however, a lower height, in the range
files. However, based on the striking symmetry of the veloci.88—-1.33R. The domain of allowed heights and latitudes in
track exhibited on June 26 with an approximate amplitude bbth cases is represented graphically in Eig. 14.

7.1.2. Transient B
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Phase Fig. 10. Series of individual ratio profiles between~0.5-0.6 on the

night of June 25. The first spectrum is the one shown at the bottom
Fig. 9. Results from the gaussian fits to the transient A seen betwedifl the following are shifted upward for clarity. The time between
phases 0.2 and 0.3 on the nights 25 June (+), 26 JIH&{ June ).  Subsequent spectradsbmin (Ap ~0.007)
The two horizontal lines in the RV diagrafodttom panélcorrespond

to the maximum Doppler shift associated to the projected rotational
velocity Onthe other hand the propagating feature partially observed

on June 27 near the same phases (€ Fig.[4) argues for the
possible presence of a more stable co-rotating structure. As it
A possibility that comes to mind to explain the observedccurred near the end of the series only six spectra could be ob-
evolution of transient B is that it represents the developmenined. Velocities measured by fitting gaussians to the absorp-
of a low-lying prominence-like structure. In this scenario thion fit well in a linear curve going from-—85 to~—27 kms .
systematic blueshifts and redshifts observed on June 25 and J@itigis was interpreted as a co-rotating cloud it would be at a
27, respectively, may be indicative of the velocity fields involveldeight close to 4R More observations are required to confirm
in the formation of prominence clouds. For comparison, tlibe nature of this transient.
escape velocity of the star at the surface 800 kms .

7.2. Plage activity

7.1.3. T ient . . .
3. Transient C Some of the observational facts summarised in $ect.16.2.1 for

The behaviour of transient C appears to be more complex drahsienil can be explained in terms of discrete bright regions
is harder to interpret. On June 25x0n Fig.[2) the initial con- close to the surface of RE 1816+541, which are ascribed to
currence of blueshifted and redshifted absorption componestar-like plages.

in the profile suggests the simultaneous occurrence of both up- First, the small velocity width of the emission suggests it
flows and downflows of material in the line-of-sight. In parmay arise in a localised centre of activity on the stellar surface.
ticular, the emission enhancement that is observed to precé&tie duration of the transient and the observed radial velocities
the blueshifted absorption @at~0.98 supports an interpretationare consistent with this view. Detection of the feature on three
based on mass-loss events. As described inSectl 6.1.3, the specessive nights indicates also that the phenomenon seen is
cially strong absorption that is seen in the red at these phasesassociated to an ephemeral brightening but to longer-lived
may actually consist of two components merged into one. Itsgructures. Finally, the interruption of the emission event by the
important to note that in this case the reliability of the velocprominence cloud provides additional support for the idea that
ties from gaussian fits is more doubtful due to possible effettee emission feature is located on or near the stellar surface,
caused by the superposition of bright emission and redshiftetlereas the cloud is at a greater height and is seen in projection
absorption in the profile. onto it.
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Fig. 12. Observed variation of the cloud (transient A) radial velocity
(RV) with phase for the nights 25 June (+), 26 Jurg 27 June §).

The straight lines are the linear fits: 25 June (—), 26 June (...), 27 June
(- - -). See text for a definition of parameters
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Phase F g

Fig. 11. Results from the gaussian fits to the emission fesaturseen 50
between phases 0.0 and 0.5 on the nights of 25 June (+), 260r2& ( r
June ). The two horizontal lines in the RV diagrardttom panél r
correspond to the maximum Doppler shift associated to the projected

rotational velocity z 0 i

The velocity variations of the plage can be used to determine
its location, following a similar method to that derived for the L
study of prominence clouds (VEB98). The major difference in_sq |
this caseisthatabright structure does nothaveto bein projection |
onthe disk to be detected. If the emissionregion is at some height 1
above the surface, its associated feature should still be visible — ‘0‘4‘ — ‘0‘5‘ — ‘0‘6‘ — ‘0‘7‘ ‘
outside the stellar disk and at velocities exceedirgjni. ’ ' ' ’
The linear least-squares fits to the radial velocity variations phase
are shown in Fid15. Cloud parameters derived from these fits
are shown in TablEl4. Note that the plage was not visible Fjg. 13.0bserved variation of the transient B radial velocity (RV) with
zero velocities,when it is supposed to cross the centre of f}fise for the nights 26 June (+) and 27 JujeThe straight lines are
disk, due to occultation by a prominence cloud at larger heightS linear fits: 26 June (—), 27 June (- -)
Measurements done near those phases are more uncertain and
were not included in the fits. Although a linear approximatiofi€ limits derived above and centredat~0.25. These were
of the RV as a function of time is less reliable near ingress 6PMputed on the assumption that the plage can be described by
egress, those are unfortunately the only data available. a point source of emission in co-rotation with the stellar surface,
The diagram in Fid_16 shows the range of possible heigmghgightR and co-latitudd. In this case its radial velocity (RV)
and latitudes for the plage, as determined by using khe IS given by (see Sedt. 7.1):
contours on each of the two nights’ data providing a good cov- R Lo .
erage of its transit across the disk. In this plot, heights are show () = R, Urorsimesin O'sin
in_ units of Fhe stellar radius. It is seen that results for the WA ee cases are considered varyidgnd @ within the limits
nights are in good agreement. derived above:
In Fig.[18the linear fits and the data points are compared with '
the radial velocity curves predicted for plages located withjh) R=1.0R., §=50C (curve )
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Table 4. The main parameters of the plage (transigt

Date dV/Gb K AK R(:nni'n/R* R(:,Trulz/R* Simc,rnin Sirﬂcnnaw
June 25 331.772 1.155 0.031 0.88] 1.32 0.654 0.866
June 26 320.580 1.196 0.044 0.84) 1.30 0.641 0.836

emission transient

150 —

latitude
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50—
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Fig. 14.Diagram showing the estimated position of the cloud associate
to transient A thick solid contouy and the ones that would correspond
to transients By (left thin contou) and By (right thin contou). Note
that if the interpretation in terms of a co-rotating point-like model
for this feature is valid, a significant change of height between the two
nights would have taken place. To construct this diagram an inclination

of 90° was assumed (see Sdck. 2). The thin vertical line marks the 50
position of the co-rotation radius in the equatorial plane. See VEB98

for more details on the interpretation of this diagram

(2) R=1.0R, 6=60° (curve 2 I
(3) R=1.3R, #=5(" (curve 3 s

These fits cannot reproduce the observed asymmetry in theoo : ‘ : ‘
extreme radial velocities. An asymmetry effect could derive ~ © 0.2 0.4
from intrinsic motion of the emission source. It could also result phase
from temporary activation of the plage region at some phases
(see below). On the other hand, the fit corresponding to the fir&- 15.Observed variation of the plage radial velocity (RV) with phase
night's data suggests a phase shift with respect to the data/fbfne nights 25 June(, 26 June(), 27 June {2). The straight lines
the following night although it gives a similar slope and, therd'® the linear fits for the nights on which reasonable coverage of the

transient was achieved: 25 June (—) and 26 June (- -). For comparison,

fore, similar results in Tablgl 4. This effect is presumably duperedicted radial velocity curves of an absorbing point-like source in co-

to the extreme blueshifts measured near-0.0 on June 25 rotation with the star at distances close to the surface are overplotted.
and the change of slope near the end of the event on the S{BR that radial velocities are always relative to the stellar centre of
night, which coincides with a transient chromospheric brighfyass. Three different cases were considered, varying the height (R)
ening. The fact that H emission is also enhanced at the closingnd the co-latituded) of the feature: R=1.0R §=50° (curve J;
phases on June 2@{; in Fig.[4) suggests a possible activatiol® =1.0R., #=60° (curve 3; R=1.3R., =50 (curve 3J

of the plage region at the end of its disk transit. Evidence of sud-

den brightening at these phases is also seen in theaDd Her

D; lines. Because the same effect has been detected on diffef&i@mospheric activity has been reported in Bedez & Mi-
nights and has a short duration, it cannot be attributed to a fldi@da(1998).

An alternative explanation could be in terms ofative longi-
tudeat which the emission featu@ is enhanced. It would be
very interesting to investigate spot activity on this star and stugy
the distribution of its spots in order to support this idea. Obsek- detailed analysis of the & emission line variability in
vational evidence for preferential longitudes favouring spot afRE 1816+541 was first aimed at seeking evidence for the phe-

Conclusions
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