THE ASTROPHYSICAL JOURNAL, 431:402-415, 1994 August 10
© 1994. The American Astronomical Society. All rights reserved. Printed in U.S.A.

T A3 CA02K D

R

r 992

X-RAY EMISSION ON HYBRID STARS: ROSAT OBSERVATIONS OF
o TRIANGULI AUSTRALIS AND : AURIGAE

V. KASHYAP
Department of Astronomy and Astrophysics, University of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637

R. ROSNER
Department of Astronomy and Astrophysics and Enrico Fermi Institute, University of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637

F. R. HARNDEN, JR.
Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138

AND

A. MAGGIO, G. MICELA, AND S. SCIORTINO
Osservatorio Astronomico di Palermo, Palazzo dei Normanni, 90134 Palermo, Italy
Received 1993 September 13; accepted 1994 February 9

ABSTRACT

We report on deep ROSAT observations of two Hybrid atmosphere stars, « TrA and : Aur, and our
analysis of these observations. We detect high-energy transient phenomena on « TrA and consider the impli-
cations of this discovery to the atmospheres of Hybrid stars. We detect 1 Aur in the high-energy passband of
ROSAT, implying the existence of multimillion degree plasma on the star. Our major results include the fol-
lowing: discovery of two large flare events, detected during pointed observations of o TrA; the demonstration
that the flare emission most likely comes from the giant itself, rather than from a previously unseen low-mass
companion star; the demonstration that the plasma characteristics associated with the flares and with the
“quiescent” component are essentially indistinguishable; and that the geometric dimensions of the emitting
plasma are considerably smaller than the critical dimension characterizing stable “hot” coronal loop struc-
tures. Our results suggest that « TrA does not have any steady X-ray emission, consistent with theoretical
expectations, and support the argument that Hybrid stars constitute a transitional type of object in which
large-scale magnetic dynamo activity ceases, and the dominant spatial scales characterizing coronal structure

rapidly decline as such stars evolve across the X-ray “Dividing Line” in the H-R diagram.
Subject headings: stars: coronae — stars: flare — stars: individual (x Trianguli Australis, 1 Aurigae)

1. INTRODUCTION

It was first recognized by Linsky & Haisch (1979) that stars
on the giant branches of the H-R diagram undergo a transition
in the characteristics of their atmospheres. They identified a
“Dividing Line” in the H-R diagram wherein stars to the left
of the line exhibited spectral lines formed at temperatures of
~2 x 10° K (indicating the existence of chromospheres, tran-
sition regions, and hence coronae) in their IUE spectra, while
stars to the right showed no lines that formed at temperatures
hotter than ~20,000 K. They speculated that this transition
was a manifestation of changing magnetic field topology: a star
with “closed ” field lines would be brighter in X-rays than a
star with “open ” field lines and large winds, in analogy with
the solar active region/coronal hole dichotomy. Later, using
data from the Einstein Observatory, Ayres et al. (1981) extended
this “ Chromospheric Dividing Line” to a “Coronal Dividing
Line” where some stars to the left of the line exhibited X-ray
emission, while stars to the right did not. They also found that
the Coronal Dividing Line coincided with a “Wind Dividing
Line” (cf. Stencel et al. 1980) defined by a change in the asym-
metry of Mg 11 h and k lines indicating the existence of mass
loss via cool winds. The existence of the Coronal Dividing Line
was subsequently verified in an extensive Einstein survey by
Maggio et al. (1990). It has also been recently confirmed at
higher sensitivities by Haisch, Schmitt, & Rosso (1991 ; see also
Haisch, Schmitt, & Fabian 1992) using data from the all-sky
survey conducted with the ROSAT Observatory. We will
henceforth use the term “Dividing Line” to represent that

region of the H-R diagram where all of the above-mentioned
transitions—chromospheric, coronal and wind—occur.

In addition to the two types of giant stars on either side of
the Dividing Line identified above (“solar-like ” on the left and
“non-solar-like” on the right), a third class of stars related to
the Dividing Line was discovered by Hartmann, Dupree, &
Raymond (1980): Hybrid-chromosphere stars (or more simply,
Hybrid stars), which exhibited both evidence for a transition
region (hence “solar-like ) as well as signature of mass loss via
a cool wind (hence “non-solar-like ). These stars! straddle the
Dividing Line, and are possibly an intermediate evolutionary
stage between the two extremes. Hybrid stars were not known
to be X-ray emitters in general until the advent of ROSAT.
With the exception of o« TrA, which was detected with
EXOSAT (Brown et al. 1991), no other Hybrid star had been
observed in the X-ray regime. During the ROSAT All-Sky
Survey, 6 And was detected, in addition to a TrA, by Haisch,
Schmitt, & Rosso (1992). Later, independent pointed ROSAT
observations by Reimers & Schmitt (1992) lasting from ~ 5 to
~11 ks (~1.4-3 hr) succeeded in detecting three other
Hybrid stars—f Ind, y UMa, and y Aql. With the detection of
1 Aur (Kashyap et al. 1992a; this paper), every Hybrid star that

! Note that Hybrid stars are defined entirely in terms of IUE observations,
as stars with detectable fluxes in C 1v and other transition region lines, and
exhibiting a high speed absorption component in Mg 11 emission-line profiles
indicative of a stellar wind (Hartmann et al. 1980; Haisch 1987).
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was observed during the pointed phase of the ROSAT
program has been detected.?

Here we report on pointed ROSAT X-ray observations of
two Hybrid stars, « TrA (cf. Hartmann et al. 1981) and 1 Aur
(cf. Reimers 1982), and consider the ramifications of our obser-
vations on theories proposed to explain the origin of the Divid-
ing Line. We analyze our observations of the program stars in
§ 2. In § 2.1 we present our ROSAT observations, and in § 2.2
we analyze these observations. In § 3 we summarize previous
X-ray and UV observations of these stars and discuss the
stellar parameters we adopt. In § 4 we discuss our results and
compare them with previous observations and models of X-ray
emission in giant stars. In § 4.1 we consider the possibility that
o TrA has an unseen dwarf companion; in § 4.2 we discuss the
results of our observations of « TrA; and in § 4.3 we discuss
our observation of : Aur. We summarize our conclusions in

§5.

2. X-RAY DATA AND ANALYSIS

In this section we present the X-ray data obtained for our
program stars using the ROSAT Observatory, and a descrip-
tion of our analysis of these data. For a summary of previous
X-ray and UV observations of these stars, see § 3.

2.1. ROSAT Observations

In order to help constrain models for the change in X-ray
emission across the Coronal Dividing Line, long duration
X-ray observations of two similar, nearby Hybrid stars, o TrA
and 1 Aur, were carried out. The observations were. purposely
long in order to obtain good count statistics for spectral
analysis. The data from these observations, obtained with the
Position Sensitive Proportional Counter (PSPC-B) on the
ROSAT Observatory (see Triimper et al. 1991), are analyzed
below. Both observations were performed in 1991 September
(after the conclusion of the All-Sky Survey) and spanned a time
interval of about a day, roughly one-third of which contained
usable data (i.e., data obtained outside the South Atlantic
Anomaly and other high background intervals). In the case of
1 Aur, the time intervals were further pruned to eliminate inter-
vals of high background due to O v fluorescence. The param-
eters of the observations are listed in Table 1. Telescope
wobble at an amplitude of ~3 was on, and was stable
throughout the observations.

2.2. Analysis

The data were first processed by the ROSAT Science Data
Center with the Standard Analysis and Software System
(SASS). The reduced data were subjected to further analysis by
us as outlined below using the Post Reduction Offline System
(PROS) in the IRAF environment and the Extended Scientific
Analysis System (EXSAS) in the MIDAS environment.
Detailed spectral analysis was performed using XSPEC. A
summary of the results of the spatial and spectral analyses of
the data for both o TrA and 1 Aur for the entire observation is
presented in Table 2. We will consider each star separately in
further detail below.

2 Arcturus, a Boo, was also observed during the pointed phase of ROSAT
observations, but was not detected (Ayres, Fleming, & Schmitt 1991). It is now
suspected that « Boo is also a Hybrid star (T. R. Ayres 1993, private
communication), with very weak C 1v emission, and X-ray fluxes below
ROSAT sensitivity.

TABLE 1

ROSAT OBSERVATIONS OF a TrA (=HD 150798 = HR 6217)
AND 1 AUR (=HD 31398 = HR 1577)

Parameter o TrA 1 Aur
Observationcode ................... RP 200 548 RP 200 547
Detector ....ouvvveeieieiniinennnn. PSPC 2 (B) PSPC 2 (B)
Filters .......cooovviiiiiiinan. None None
Start of observation ................ 1991 Sep 21 1991 Sep 04

14859™108 UT 23422mss UT
End of observation ................. 1991 Sep 22 1991 Sep 05
1823113 UT 23h5m573 UT
Number of OBIs.................... 2 2
ONHME .oovvitiniiiieiiiiienenns 31.577 ks 28.734 ks
Total accepted time ................ 31.577 ks 26.400 ks

Field center, (R.A., Decl.),q¢ - ...
Field center, (I,b) ..........c.ceene.

(252°17, —69°03)
(321953, —15°26)

(74°25, 33°17)
(170°59, —6°16)

22.1. aTrA

Our ROSAT data span approximately a day, in segments
called Good Time Intervals (GTIs) of varying size with a total
of ~82 hr. We have confined our analysis to the energy range
0.17-2.02 keV. Applying the LDETECT task of PROS to these
data leads to an unambiguous detection of an X-ray source at
the position (16"48™m40%3, —69°1'46"), at a signal-to-noise ratio
of ~52. This source is ~10” away from the optical position,
(16"48m39%8, —69°1'39") of « TrA, consistent with the magni-
tude of position errors for the PSPC (cf. Micela et al. 1994).3
We thus detect o TrA as a strong X-ray source. For all further
spectral and temporal analyses, we extract the photons from
within a circle of radius 50” centered at this position. At
photon energies of 0.17 keV, 94% of the source counts lie
within this circle, and at higher energies, essentially all the
source counts lie within it. The background is evaluated in an
annulus outside this circle, extending to 3'. Other X-ray
sources that overlap this annulus are excised from it. With this
method, we obtain 3730 + 62 counts from a TrA (the back-
ground is 130.4 + 3.7), for an average count rate of 0.12 counts
s~ 1. There is some uncertainty as to whether the detected star
is a TrA or a dwarf companion, and this question is addressed
in § 4.1. We find it more likely that we have indeed detected the
Hybrid star and will analyze our results based on that assump-
tion.

The large number of counts obtained allows us to analyze
the temporal variation of the X-ray emission from this star. In
Figure 1 we plot the count rate in each GTI as a function of the
midsegment time value as measured from the beginning of the
observations.* The X-ray light curve exhibits two distinct types

3 Unfortunately, there is no way to estimate the positioning errors indepen-
dently within the observation, as there is no other X-ray source in the field of
view that can be unambiguously identified with an optical source. :

* We obtain the count rate by dividing the counts (obtained as described
above) in the given GTI by the exposure time from an exposure map generated
using EXSAS, averaged over ~ 5 pixels of the map in the neighborhood of the
source. The exposure times thus calculated differ from the actual oN time by
< 3% over the entire observation, with deviations of as much as 6%. This is
within the expected range of variations in the exposure times calculated for
ROSAT (cf. Micela et al. 1994). Note that the “wobbling” of the spacecraft
(designed to achieve a uniform exposure of the sky in the neighborhood of the
spacecraft pointing) introduces a modulation of the source counts due to
repetitive occultation of sources in the field of view by the wire mesh that is
part of the window support structure. This modulation is on timescales ~ 10?
s, and can lead to spurious detections of variability in a source if not properly
accounted for. We therefore emphasize that our further analysis (see below) is
confined to timescales » 107 s, over which the exposure of a given piece of sky
is uniform. Hence, the modulation introduced by the wobbling is not relevant
here.
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TABLE 2
SUMMARY OF INITIAL X-RAY ANALYSIS
Parameter o TrA 1 Aur
PIbinsused .....c.ooovvvniiiiniiiiiiiiiiniiiiiaenanes 17:202 28:202
NetCoUNtS .....ovviiiiiiiiiiiii e, 3730 + 62 20.7 + 5.6
Background counts ...........ccceeiiiiiiiiniinenn.. 1304 + 3.7 83+ 17
Spectral fit parameters:*
Column density (x 10*°cm™2) .................... 4612150
3 2 +2.36¢
*“—-1.83
63744¢
High temperature, Ty (KEV) .....vvvneernennnnnnn. 12113220
1 21 +0.41c
«“%-0.18
1.1619:244

Low temperature, T; (keV) ...................

Flux (0.1-2.4keV) (ergss 'cm™2) ...........

..... 1.1 x 10712

..... 0.291008>

0.3379:9%¢
0.25+93:98¢ .
6.1 x 10715¢
8.7 x 10713¢
1.5 x 107124

2 The limits quoted are 90% confidence intervals on the fit parameters, and are derived in
XSPEC(v8) with the PSPC response matrix of 1992 March 11.

® For entire data set.

¢ For the duration of the observation excluding the two identified flares.

4 For the duration of the two identified flares.

¢ Obtained using a conversion factor determined from spectral analysis of « TrA.

of behavior: a large-amplitude transient event dominating the
first half of the light curve, and smaller-amplitude fluctuations
evident in the remaining time.

We first focus on the large transient “events” seen in the
early part of the light curve (i.e., during the interval > +4 hr
and < +12 hr; cf. Fig. 1). Here the departure from source
constancy is extremely large, with a reduced y? ~ 27 for a
constant source model. An attempt to fit the transient “event”
with a single exponentially decaying component results in a
poor fit (goodness of fit, g < 0.001). Fitting the same data with
two exponentially decaying components does improve the fit
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o b by b
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L
%
L
r
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0o 10 15 20
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F1G. 1.—Background-subtracted light curve of a TrA. We plot the count
rate in each GTI as a function of the elapsed time from the beginning of the
observations (crosses). Also plotted (vertical bars) are 2 ¢ errors on the count
rates, the mean “quiescent ” flux (dotted line), and the best-fit decay curves for
the two flares (solid curves). The thin solid horizontal line at the top of the
graph shows the duration of the five subintervals used in the spectral analysis
(cf. Fig. 4). The horizontal solid line segments bisecting the crosses indicate the
duration of each GTL

significantly: the e-folding decay timescales of what appear to
be two successive flares are 3.2+ 0.3 hr (g =0.96) and
4.7 + 0.9 hr (¢ = 0.84). These fits were carried out using the
routines given in Press et al. (1986). Note that these decay
timescales are consistent (for a plasma at =107 K; see below)
with electron number densities ~10'° cm ™3,

Next, we focus on the time interval characterized by the
smaller-amplitude fluctuations. If we restrict our attention only
to these fluctuations (i.e., to times < +4 hr and > +12 hr; cf.
Fig. 1), then the count rates calculated for each GTI reveal a
mean “quiescent” emission rate of 0.093 + 0.008 counts s~ 1.
The large reduced x2 obtained for a straight-line fit to these
count rates (~2 for 26 degrees of freedom) reinforces the
impression of considerable short-term, low-intensity variabil-
ity. This is verified when a more powerful technique to deter-
mine source variability is applied to the data, such as the
method of phase-averaged reduced y? (Collura et al. 1987).
This technique is well suited for the analysis of low count rate
sources with significant gaps in the data stream. (For a short
description of the technique see Appendix A). The photon
arrival time data are used to compare the observed data to
expected “constant” source count rate models.” Computing
the phase-averaged reduced y2 at various bin sizes (Collura et
al. 1987; cf. Appendix A) for the data acquired during the
“quiescent ” phase of the emission, we find a fractional effective
variability at a level of ~0.1 at bin sizes exceeding 7 ks (~ 2 hr)
at confidence levels 295% (Fig. 2). (A similar calculation per-
formed for the time interval with the two identified flares yields
a fractional effective variability ~0.5 at high confidence levels
~99%.)

5 At this point, the repetitive occultations of the source due to spacecraft
wobbling (alluded to above) might be thought to influence the data and result
in spurious detections of variability. However, this is not the case, since this
method allows us to obtain an estimate of the timescale of the variability, and
we show below that this timescale is much greater than ~ 10?s.
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F1G. 2.—Fractional Effective Variability. The fractional effective variability
for various bin sizes, ranging from 1 to 20 ks. The solid line is the effective
variability as computed from the data, and the dotted line represents the
effective variability that would be detected at a confidence level of 95%. We
calculate the effective variability for two distinct intervals defined from the
behavior of the o TrA light curve (cf. Fig. 1; see text). (a) Data gathered during
the “post-flare” phase of the light curve. Note that an effective variability
~0.1 is detected at greater than 95% confidence at bin sizes greater than 7 ks
during this “quiescent ” phase. (b) Data gathered during the “first-flare” and
“second-flare ” phases. Note that an effective variability ~0.5 is detected at
high confidence levels.

In order to understand the transient behavior discovered
above, we carry out spectral fits to the data. We generally
extract the count spectrum with PROS, and use XSPEC to fit
spectral parameters. In all spectral fits, we model the data only
with Raymond-Smith thermal plasma emission (available in
the spectral fitting package XSPEC [v. 8]) from an optically
thin gas. We first present (see Fig. 3) the spectrum of the
counts, along with their best-fit two-temperature thermal
spectra for both time intervals considered above, as well as for
the entire observation. We are unable to fit the spectra with
single temperature thermal spectra, and any other reasonable,
more complicated spectral models (such as three-temperature
fits or two-temperature fits with different extinctions) do not
improve the fits significantly. The parameters of the two-
temperature fits for each of the cases considered are reported in
Table 2. There are three points worth noting here: First, these
spectral fits conclusively demonstrate the existence of very high
temperature (T > 107 K) plasma on a TrA; second, there is
very little difference in the fit parameters of temperature and
column density for the three cases; and finally, the best-fit
column density to the spectrum is remarkably close to pre-
vious determinations from UV data (see § 3).

We now investigate in greater detail the possibility of varia-
tions in the spectrum with time: By dividing our observation
(see Fig. 1) into “pre-flare,” “first-flare,” “second-flare,” and
“post-flare ” segments (the last being further divided further
into two approximately equal intervals), we compromise
between the twin demands of good temporal resolution and
the necessity of having sufficient counts for obtaining well-
constrained spectral fits. With this choice of subintervals, the
total counts in each subinterval are 248, 1336, 373, 876, and
896; and the exposure times are ~ 2845, 7062, 3811, 8435, and

X-RAY EMISSION ON HYBRID STARS 405

10,161 s, respectively. The results of the spectal fit are shown in
Figure 4. We find no evidence for any significant temporal
variation in either the absorbing column densities or the
plasma temperatures over the period of the observations, and
the variations in X-ray flux can be ascribed to corresponding
variations in the emission measures.

As pointed out above, we cannot demonstrate this result
directly at shorter time intervals, due both to the paucity of
counts in many GTI segments and to the short timescale varia-
bility introduced by the spacecraft wobble. Attempts to fit the
count spectra collected over these shorter time intervals by
“fixing” certain parameters such as column density or tem-
perature at “best-fit ” values still result in fits with large errors
in the other parameters due to the specific spectral response of
the ROSAT PSPC, preventing us from drawing firm conclu-
sions about changes in the fit parameters. We can, however,
show that this result is most likely valid at shorter time inter-
vals by considering the evolution of the hardness ratio of the
counts,

C(E, — E)

R(E; Eo, E) = Gp' gy

M

where C(E; — E)) are the counts in the passband (E; — E;) keV
in a given time interval. We take the time interval to be a GTI
for simplicity. Examining the evolution of R(E; 0.17, 2.02) for
various values of E in the range 0.28-1.4 keV (see Fig. 5), we
find that we consistently obtain reduced y* values ~1 when
fitting the ratios with models of constant hardness ratios. Thus,
our results indicate that only changes in the emission measure
are responsible for the flare events. This is significantly differ-
ent from solar flares, for which the differential emission
measure (DEM) at high temperatures (T 2 1 keV) shows a
large increase relative to the “ quiescent” DEM (see Figs. 2 and
3 of Bruner & McWhirter 1988). In contrast, the ratio of high-
and low-temperature component emission measures lies in the
range ~1-3 for a TrA. Spectral fits to the active stars have
revealed ratios of similar magnitude for other active stars (cf.
Schmitt et al. 1990), albeit with much greater scatter. These fits,
however, do not distinguish between the “flaring” and “non-
flaring” phases, and hence cannot be compared to our obser-
vations directly. We note, however, that single-temperature fits
to stellar flares (e.g., Reale et al. 1988) show a large increase in
the plasma temperature during the flare, suggesting behavior
similar to that seen on the Sun. On the other hand, recent
analysis of dM and dMe stars detected with ROSAT appear to
contradict this point (Giampapa 1993).

Finally, we note that spectral fits to the five subintervals
described above allow a determination of the count-to-energy
conversion factor: each count corresponds to
(7.8 +£ 0.58) x 10712 ergs cm 2 at Earth, or equivalently, to
(5 + 0.6) x 10%%(d/32 pc)? ergs at the star.

2.2.2. 1 Aur

1 Aur is a very weak X-ray source and was not detected
during SASS processing. Therefore, we exclude durations of
high background rates from data (i.e., those times when the
spacecraft pointing was close to the terminator, resulting in
high count rates due to O v fluorescence in the atmosphere),
and explicitly excise sources detected during SASS processing
from background estimation. We also limit our analysis to the
energy range 0.28-2.02 keV, thus avoiding much of the instru-
mental background while still maximizing the range for com-
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parison with a TrA.® Then, we compute net counts and the
significance of the detection (determined as the probability that
the observed number of net counts cannot be obtained as a
Poisson fluctuation of the background counts) at various posi-
tions within the likely error circle around the predicted posi-
tion of 1 Aur. The mean position obtained from these
calculations lies &~ 11” away from the predicted position. As
discussed in § 2.1, these errors are comparable to the pointing
accuracy of the spacecraft (Micela et al. 1994). Unfortunately,
as with o TrA, there is no way to estimate the positioning
errors independently within the field of view, as there is only
one other X-ray source in the image that is unambiguously
identifiable with an optical object, and that source is at a posi-
tion nearly 40’ off-axis and has a centroid offset from the pre-

6 These two changes are the reason that the backgrounds estimated for the
two stars are so different (cf. Table 2). The O v fluorescence contributes =30
counts and spillover of low-energy photons from the source circle contributes
2 50 counts to the estimated background of a TrA. In addition, 1 Aur is located
toward the Galactic anticenter, while « TrA is much closer to the direction of
the Galactic center, implying different contributions from the diffuse back-
ground (cf. Kashyap et al. 1992b).

counts/cm? sec kev

1T I _
e e s s

0.2 0.5 2

sigma
-0.01 0 0.010.02

keV

F1G. 3a

0.15

0.1

KASHYAP ET AL.
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dicted position by 25”. Thus, our results indicate a detection of
1 Aur in the X-ray region.

Owing to the small number of counts from : Aur (~21), we
are unable to carry out a formal spectral fit. Hence, we use
instead the ratio of counts in different passbands to constrain
the properties of the X-ray-emitting plasma. The observed
hardness ratio at a given energy E keV, R(E; 0.28, 2.02) (see eq.
[1]), is compared to a grid of ratios R(T, Ny, E; E,, E,)
obtained for thermal spectra of temperature T and extinction
Ny as seen through the PSPC. For each Ny, we then obtain
the range of T consistent with R(E; 0.28, 2.02) and its error.
The results are plotted in Figure 6 for a representative value,
E = 0.77 keV (results for other values of E, for which the 1 ¢
errors in R(E, 0.28, 2.02) are less that 100%, are similar to that
shown in Fig. 6). We immediately see that the absorption
column density is not constrained, but the plasma temperature
is restricted to values in excess of a few million degrees for
reasonable absorption column densities. This is consistent with
the fact that 1 Aur is detected in the high-energy bandpass.

3. PREVIOUS OBSERVATIONS

We discuss previous observations of « TrA and 1 Aur in this
section. We discuss previous X-ray detections in § 3.1 and UV
observations in § 3.2. We summarize the stellar parameters we
have adopted in § 3.3 and briefly discuss the column density of
absorption determined from UV observations in § 3.4.

3.1. X-Ray Observations
31.1. aTrA

Until the launch of the ROSAT Observatory, only o TrA was
known to be an X-ray source: it was detected with EXOSAT
in the 0.04-2 keV passband (Brown et al. 1991). The observed
count rate of 3.3 x 10”3 counts s~! corresponds to fluxes
ranging from (0.7-8.6) x 10713 ergs s™! cm~2 (for assumed
plasma temperatures ranging from 10°5 to 107! K) in the
wavelength band 1.3-300 A (~0.04-10 keV). This compares
well with the fluxes we derive here from ROSAT observations
for the “ quiescent ” period. Brown et al. did not detect variabil-

0.3

= .

0.1

counts/cm? sec kev

sigma
—0.01 0 0.010.020.03

0.05

]

.
*ﬂt-%

+

-
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0.2
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;‘:{‘i__fj—# +_4=H;E

2

counts/cm? sec kev

sigma
-0.02 0 0.02 0.04

0

keV
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F1G. 3—Count spectra of « TrA. The binned spectra of counts obtained through the PSPC are plotted in the upper panel. The plus signs mark the position of the
observed count rates in each bin, with the vertical arms denoting the 1 ¢ errors associated with them. The solid line represents the best-fit two-temperature model
spectrum (see Table 2). The lower panel depicts the departure of the observed counts from the best-fit spectrum in units of ¢. (@) Data from the entire observation. (b)
Data from the “ quiescent ” phase of the light curve (see Fig. 1). (c) Data obtained during the interval when the flares are identifiable in the light curve (see Fig. 1).
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F1G. 4—Evolution of fit parameters of o« TrA. Temporal evolution of spec-
tral fit parameters for the five temporal observing subintervals shown in Fig. 1
are displayed here. The parameters are (from top to bottom panels): (a) The
absorbing column density (N, cm~2); (b) The high-temperature component
(Ty, keV); (c) The low-temperature component (7, keV); (d) The normalized
emission measure for the T,; component, (€5, cm ~°); (¢) The normalized emis-
sion measure for the T, component, (€;, cm ~5); (f) The X-ray fluxes at Earth
(fx> ergs s™! cm~2). Crosses denote fluxes obtained by multiplying the count
rate by the counts-to-energy conversion factor = (7.8 + 0.58) x 10712 ergs
cm™~2 count™!, Fluxes determined for the best-fit high (diamonds) and low
(asterisks) temperature components are also shown, offset for clarity. We also
show (via vertical bars) the upper and lower 90% confidence intervals for Ny,
Ty, Ty, €y, and €, and the 2 ¢ limits on the fluxes determined from the count
rates. Note that the lower confidence limits on the column density and the
upper confidence intervals for the temperature can at times be undefined
because of the particular spectral response characteristics of the PSPC.
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ity in their 23 ks (6.4 hr) observation, but this is not surprising,
owing to the small number of counts.

During the ROSAT All-Sky Survey (Haisch, Schmitt, &
Rosso 1992), o TrA was again detected, in both the soft (0.1-
0.28 keV) and hard (0.5-2 keV) passbands of the PSPC. The
observed count rate of 0.136 count s~ ! corresponds to a flux of
8 x 107 '3 ergs s~* cm 2 for assumed plasma temperatures in
excess of 107 keV and insignificant absorption. Again, this
compares well with our flux determinations. The relatively
high count rate seen in the survey has, however, a large sta-
tistical error of ~36% associated with it and hence is still
consistent with the count rates we observe.

3.1.2. 1 Aur

In contrast to a TrA, 1 Aur has not been previously detected
in X-rays. Brown et al. (1991) placed an upper limit of
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FiG. 5—Evolution of hardness ratios for o TrA. Hardness ratios, calculated for each GTI, are plotted against the mid-segment time elapsed since the beginning of
the observation (as in Fig. 1). The diamonds represent the values of the ratios, and the solid vertical lines represent the corresponding 2 o errors. For comparison, we
also plot the hardness ratio computed for the entire observation (solid horizontal line) along with its associated 2 ¢ errors (dotted lines). (a) The hardness ratio R(0.28;
0.17,2.02); (b) The hardness ratio R(0.42; 0.17, 2.02); (c) The hardness ratio R(0.99; 0.17, 2.02); (d) The hardness ratio R(1.41;0.17,2.02).
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1.7 x 1073 counts s~ ! during their 18 ks (5 hours) EXOSAT
observation, corresponding to upper limits of (0.3—
4.3) x 10713 ergs s™! cm™2, scaled from their analysis of a
TrA. This upper limit is obviously much higher than the actual
flux we observed.

Haisch, Schmitt, & Rosso (1992) also attempted to detect
1 Aur during the ROSAT All-Sky Survey, but failed, placing an
upper limit of 2 x 107 '3 ergs s™! ¢cm 2 in the 0.1-2.4 keV
passband. A better limit of 4 x 1075 ergs s™! cm~2 was
derived from a pointed observation lasting 10.64 ks (3 hr) con-
ducted by Reimers & Schmitt (1992) using ROSAT. This is of
the same order of magnitude as our detection (the slightly
lower upper limit quoted by Reimers & Schmitt can be attrib-
uted to source count statistics or differences in the determi-
nation of the background or the spectral shape assumed in
converting from counts to ergs).”

3.2. UV Observations

Both o TrA and : Aur have been observed extensively in the
UV region with the IUE. Both stars exhibit transition region
and chromospheric emission lines (cf. Hartmann et al. 1981;
Reimers 1982). We list some of these lines and the correspond-
ing fluxes (see Table 3) for both « TrA and 1 Aur. Note that the
N v (1240 A) line does not have a well-determined flux mea-
surement, and the number quoted is actually an upper limit to
possible detected emission (Hartmann et al. 1985). Using these
fluxes, and the X-ray/UV-line flux correlations found by
Haisch et al. (1990), we can predict the X-ray flux we should see
from these stars. We find that X-ray fluxes ranging from 2-
5 x 10713 ergs s ™! cm~? are expected for o TrA, while X-ray
fluxes ranging from 1-5 x 107** ergs s™! cm™2 are expected
for 1 Aur. The correlations found by Haisch et al. were between
IUE line fluxes in C 1v (1550 A), Si 1v (1400 A), C m (1335 A)
and X-ray fluxes obtained with the Einstein Observatory. Com-
paring these predicted fluxes to observed X-ray fluxes, we find
that « TrA is well behaved in terms of these correlations, while
1 Aur is underluminous in X-rays by nearly an order of magni-
tude. Recently, Ayres (1993) found that the X-ray detected
Hybrid stars (with the exception of « TrA) lie on a “depressed ”
X-ray/C 1v (1550 A) relation compared to the relation found by
Haisch et al. (1990). This “depressed ” relation apparently also
matches the fluxes obtained for giant stars in the Hertzsprung
gap, and if confirmed, would be of importance to theories
explaining X-ray or chromospheric emission from Hybrid
stars. Meanwhile, we note that it appears quite impossible to fit
both o TrA and : Aur on a single line relating X-ray and UV
line fluxes. This implies a radical change in the mechanism of
X-ray production between these stars (the UV line fluxes are
within factors of 3-5 of each other for these stars, while the
X-ray fluxes differ by more than two orders of magnitude), as
suggested by Rosner et al. (1994; see § 4.4). Finally, we note
that the He 11 (1640 A) line is expected to be a good tracker of
the X-ray emission (Hartmann, Dupree, & Raymond 1980; A.
Dupree 1993, private communication), but it is hard to esti-
mate the flux in this line without contamination from O 1 in
low-dispersion IUE spectra (see below). Estimations of line
fluxes from HST spectra would enable us to explore this issue
further, particularly in the case of 1 Aur.

7 Reimers & Schmitt (1992) actually find a “slight excess of the observed
photon count over the expected background” in the case of 1 Aur, but since
this excess was not statistically significant, they quote a 90% confidence upper
limit.
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TABLE 3
UV EMISSION-LINE FLUXES

Wavelength o TrA 1 Aur
A) (x107 12 ergs s™! cm™?)
1549 4.8 0.8
1335 29 045
1400 2.7 1.0
1240 24 0.65
1640 2.6 0.8

Surface emission measures were derived from the UV line
fluxes for both « TrA and 1 Aur by Hartmann et al. (1985), who
predicted upper limits ~9 x 10> cm~° for « TrA based on
estimates of He 11 (1640 A) emission in high-dispersion IUE
spectra, and ~3.6 x 102> cm™3 for 1 Aur by scaling from
o TrA. We obtain surface emission measures ranging from 4-
15 x 10%% cm ™% during our observation of a TrA, which com-
pares well with the value derived by Hartmann et al. The
corresponding value for 1 Aur is ~5 x 1023 cm ™3, which is
well below the value predicted.

Finally, following Haisch et al. (1990), we calculate the
surface filling fractions® of C 1v for a TrA to be ~0.9 and for
1 Aur to be ~0.5, assuming a density ~10° cm 3. Such large
values are consistent with the picture of the stellar surface
being dominated by magnetic fields organized on a small
spatial scale (see below).

3.3. Stellar Parameters

The precise spectral classification of « TrA has not been
established. The measured parallax of 07031 (cf. Kovacs 1983)
is consistent with the designation K4III, but the errors in the
measurement are large enough to include the possibility that
the star is twice as distant, consistent with the Ca 11 equivalent
width and a designation of K4II. Here we nominally accept the
parallax measurement placing o« TrA at 32 pc, thus assigning
the type K4III, and explicitly indicate this assumption in all
calculations. Our understanding of the evolutionary history of
the star is strongly dependent on the adopted spectral type, but
the calculations carried out here are not. We list the stellar
parameters we have adopted for « TrA in Table 4A (we show
the values dependent on both distance estimates), and those for
1 Aur in Table 4B.

3.4. Absorption Column Density

A good estimate of the interstellar absorption column den-
sites toward o TrA and 1 Aur does not exist, complicating our
efforts to interpret the observed absorption. Both stars exhibit
asymmetric Mg 11 line profiles indicating mass loss, and efforts
to determine the column of material in the stellar wind of
o TrA have resulted in values that differ by more than factors
of 2. No major effort has been made to determine the absorp-
tion in the wind of 1 Aur accurately as yet.

The first estimate of the absorption column in the stellar
wind of o TrA was derived from the blueshifted absorption
seen in the Lya profile at —85 + 20 km s~ ! by Hartmann et al.
(1981). They estimated the column density to be 2 x 10'°

8 We use the corrected value of the power emitted, P (T) ~ 1.5 x 1072°
ergs cm® s~ !, which is smaller by a factor of 4n from the number obtained from
Raymond & Doyle (1981). This correction is due to an error in the normal-
ization of the intensity of the spectral line (Jordan 1992; see eq. [2] of
Raymond & Doyle 1981).
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TABLE 4
STELLAR PARAMETERS
A. a TrA
Parameter Value Comments
Spectral type .......cocvviiiiiiiiiiiiiii, K4 /11 ®)
Apparent magnitude, v ...................oL 192 Haisch 1987
BV i 1.44 Haisch et al. 1990
Parallax, w [arcsec] ............coeviiiininnnn... 0.031 Kovacs 1983; Haisch 1987
Angular diameter, ¢ [arcsec] ...................... 0.012 Harper 1992
Distance, d [PC] «.uvvvveviininininiiiiiiiiiainnnn. 32/73 @
Stellar radius, R,/Rg ..vovvvvivnniiiniiinecnnneen. 41/94 ®
My oo e —0.6/—24 @
T [K] oo 4100 ®
L, [ergss 1.7/8.6 x 103 @
bl ettt —18/-36 ®, based on M,,, o = 4.76
lpLergss™hem™2] Lovviiiiiiiii 135 x 1073 Apparent luminosity
(RoAY .o e, 8.5 x 10716 ©
Surface gravity,g [ems™2] .......ooeveiinninnnnn. 28 ®
Stellar mass, M, [Mg] ...cooovevnniinnainnnn. 1.8/9 @
Scale height at 10° K [em] ..............ccevnenenn. 594 x 10! @
Absorption column density [cm™2] .............. 5 x 107
Escape velocity, v, [kms™1] ..................... 127/192 @

a We quote values dependent on both the lower distance estimate of 32 pc as well as the higher
distance estimate of 73 pc.

* From model atmospheres fitting (Kovécs 1983).

¢ Ratio of observed flux to stellar flux.

4 Critical height for coronal “ hot ” loop solutions to exist (Antiochos et al. 1986).

B. 1 Aur
Parameter Value Comments
Spectral type ......o.oviiiiiiiiii K311
Apparent magnitude, v..............coo 2™ 02 Haisch 1987
BV s 1.53 Haisch et al. 1990
V=R i 1.06 Haisch et al. 1990
R—1T . 0.82 Haisch et al. 1990
Angular diameter, ¢ [arcsec] ...................... 0.0074 Harper 1992
Distance, d [PC] ...cvvvenininiiiiiiiiiiiienenns 69 ..
Stellar radius, R, [Rg] -.vovvvvvnninniinnininnin, 55 Harper 1992
My oo —-15 ..
T [K] ..... 4046 Harper 1992
Ly, [ergss™ 2.8 x 1036
BOL *#+ v eaenreeeaeeeetenttiiiaiiaeaeereaaaaaaaaas —-24 based on Mbol,O =4.76
looy [eTgs s™* 49 x 107¢ Apparent luminosity
(R /) it 32 x 10716
Surface gravity,g [ems™2] .....ooeoiiiiiiiinnn.. 50 Harper 1992
Stellarmass, M, [Mg] .......ooooeniiiiiiiinn, 5.5 .
Scale height at 10° K [em] .........ocvnivinnnnn.. 3.3 x 101!
Absorption column density [cm™2] .............. 5 x 10?
Escape velocity, v, [kms™] .......occovnninint. 195

cm™2 The poor quality of the spectra precluded a more
detailed analysis. Later, Hartmann et al. (1985) detected stellar
winds at speeds up to — 180 km s ! in deep exposures of Mg 11
lines, but were unable to derive a column density for the
material in the wind. Brown et al. (1991) then assumed that all
the absorption seen in the Lya profile was due to interstellar
absorption, and obtained a best-fit column density of 5 x 10!°
cm ™2, They divided the observed profiles by attenuations for
different column densities, and decided on the goodness of fit
by checking for the smoothness of the final result. This
approach naturally cannot distinguish between the interstellar
and wind components. Recently, Harper (1992) modeled the
chromospheres and transition regions of « TrA and 1 Aur, and
noted that the wind column density required from Mg 1
column densities is of the same order (5 x 10'° cm™2) as the
interstellar hydrogen column density in both these stars. Tan-
talizingly, the best-fit absorption column densities derived
from spectral fits to X-ray data from a TrA (see Table 2) range

from 3-6 x 10'® cm ™2 It is therefore of considerable impor-
tance to determine the actual column density in the stellar
winds, as distinct from interstellar absorption. To this end, T.
R. Ayres (1993, private communication; Ayres & Kashyap
1994) recently reanalyzed IUE data for o TrA and estimated a
total absorption of 3 x 10'° ¢cm ™2, with two parts from the
wind (at —80 km s™') and one part from the interstellar
medium. Obtaining a good fit to the Lya profile, however,
requires the addition of an ad hoc component with a high
velocity dispersion. The origin and implications of this com-
ponent are as yet unknown.

4. DISCUSSION

4.1. Does o TrA Have a Dwarf Companion?

It has been suggested (Linsky 1993) that the flares seen
during our observations of o TrA may actually arise on a
hitherto unobserved low-mass dwarf companion to o TrA ; this
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suggestion is based on the similarity in the magnitudes of the
flare X-ray luminosity (Ly ~ 10%° ergs s~ '), emission measure
(EM ~ 10°2 cm~3) and temperature (T > 107 K) of the a« TrA
flares to those observed on late-type flare stars. This suggestion
can never be rejected with certainty on the basis of the X-ray
data alone, but a detailed comparison with the observed
properties of flare stars show that it is very unlikely that these
flares occur on a previously unobserved dK or dM star. Palla-
vicini, Tagliaferri, & Stella (1990) have conducted an extensive
survey of X-ray flares observed on UV Ceti-type flare stars by
EXOSAT, and identify two types of flare phenomena: Impul-
sive flares with rise times of a few minutes and decay times of
tens of minutes, similar to compact loop flares on the Sun; and
long-decay flares with decay times of 1 hr or longer, similar to
two-ribbon flares on the Sun. Since the decay times (i.e.,
e-folding times) observed here are greater than 3 hours, the
events we see cannot be “impulsive ” flares; hence, we are left
with the possibility that the o TrA flares are “long-decay”
flares. First, we note that in none of the observations exem-
plifying the long-decay flare is the e-folding decay time much
greater than 1 hr. Thus, the a TrA flares have exceptionally
long decay times when compared to flares on low-mass main-
sequence stars. This point is especially important because the
dK/dM flares with longer decay times are typically “ complex”
(e.g., Haisch, Strong, & Rodono 1991; see also the X-ray light
curves shown in Pallavicini et al.)), in the sense that they all
show signs of multiple, successive events on timescales less
than 1 hr. We, however, see no such complicating features in
the light curve of o TrA, thus providing partial support for the
argument that these flares are very distinct from dK/dM flares.
Furthermore, modeling of dK/dM flares (e.g., Reale et al. 1988)
shows a large increase in the temperature of the plasma during
the flare event, suggesting that the differential emission
measure (DEM) changes dramatically during the flare (see
§ 2.2.1). But in the case of the « TrA flares, while there is some
evidence for changes in the DEM (as evidenced by changes in
the relative emission measures of the high- and low-
temperature components), these changes are only by factors
~2-3 (see Fig. 4). Thus, it appears that while the a TrA flares
resemble dK/dM flares superficially, they differ substantially in
detail. Finally, estimates of the neutral H column density
(including a ~50% contribution from the stellar wind) toward
o TrA obtained from IUE data (Brown et al. 1991; Harper
1992) closely coincide with the value derived here from spectral
fits to the X-ray data (Ng ~ 5 x 10'° cm~2). This suggests a
common origin for both, and there is little doubt (see below)
that the UV emission is from a TrA. For all of these reasons,
we believe that it is extremely unlikely that the observed tran-
sient emission arises from an unseen, low-mass main-sequence
companion of a TrA.

We also note in passing that Ayres (1985) postulated that
o TrA has a companion of spectral type dF based on an appar-
ent excess of UV emission compared to « Boo. However, as
pointed out by Brown et al. (1991) and Hartmann et al. (1985),
o TrA has an energy distribution in the UV that is typical of
Hybrid stars. Hence, following them, and in the absence of
further evidence to the contrary, we will assume that all the UV
emission seen arises from a TrA, and not from a dF compan-
ion.

4.2. X-Ray Emission froma TrA

In this section we discuss the physical implications of the
spectral and temporal variability analysis we carried out for
o TrA (cf. § 2.2).

Vol. 431

4.2.1. Coronal Plasma Number Density

The observed exponential decay of the flares allows us to
place limits on the electron number density (n,) of the flaring,
X-ray—emitting plasma. First, following Pallavicini, Tagliaferri,
& Stella (1990), we equate the observed emission decay time-
scale of ~3 hr (cf. § 2.2.1) with the timescale of radiative loss
(thus ignoring loss due to conduction), 7,,4 = 3kg T,/n, P,.«(T.),
where P,,4(T,) is the radiative loss for unit emission measure at
temperature T,, and thus derive an upper limit (see Table 2)
n, < 101° cm ™3, Alternately, we can set an upper limit on the
number density from the non-detection of a decay in the
plasma temperature (cf. § 2.2.1). Even though the ROSAT
PSPC is not sensitive to changes in temperature around 107 K
we would be able to detect a drop from 1.5 x 107 K to (say)
5 x 10°® K. Such a decrease is not observed, leading us to con-
clude that the temperature decay timescale (z7) is greater than
the observed decay timescale. Following Veck et al. (1984), we
use the energy equation in the case that the total number of
particles in the loop vary,

3kyn eddT (1 2:,) A w3 4% dT,

37 V ds 08EMPrad( )

@

where 1, is the number density decay timescale, V is the emis-
sion volume, and A is the cross-sectional area of the loop; we
also assume that the entire variation in X-ray flux is due to
changes in the emission measure, and that the volume of emis-
sion remains constant; 7, is then twice the observed decay
timescale. Again ignoring the loss due to conduction, we
obtain an upper limit n, < 10*° cm ™3, as before.

Deriving a lower limit on n, is much more difficult. By
requiring that dT,/dt < 0 in equation (2), we can place an upper
limit on the temperature decay timescale, 7 < (3/2)r,, and
hence place a (trivial) formal lower limit, n, > 0. A more useful
bound may be obtained by equating the decay timescale to the
timescale of conductive loss (ignoring radlatlve loss) ‘tmd =
(3kg/x)(n, L2/T3"?), where k=9 x 1077 ergs s™! K~ -1
and L is a length scale characterizing the temperature gra-
dient. Setting L to the possible height of the loop (clearly an
overestimate, and likely to be unrealistically large due to the
complex structure of the loop; cf. Pallavicini et al. 1990),
~ 10! cm [an estimate obtained by assuming that the plasma
fills the loop over the observed flare rise times, 7,4, S 1 hr,
L ~ ¢(T)r,.; note that the loop semilength derived below is
consistent with this value], we obtain a lower bound of n, 2
10° cm ~ 3. These values are comparable to the electron number
densities derived for the transition region (Hartmann et al.
1985; also see Harper 1992). This result, together with the
values of the emission measure obtained through spectral fits,
allows us to estimate the volume of the flaring plasma.’

9 We have assumed throughout that the flare dynamics is dominated by the
higher temperature component, since the dominant emission component is
that associated with the higher temperature component (denoted with sub-
script H; cf. Fig. 4), which would therefore dominate the observed cooling. On
the other hand, the fluxes emitted by the two components are comparable in
magnitude. Hence, our simplified picture is not capable of explaining the
detailed evolution of the flares. However, for purposes of establishing the
geometry of the emission, we assume the high-temperature component is the
nominally dominant one. An effort to constrain the flare parameters by
detailed model fitting (including heating, which is ignored here) is in progress
(Reale et al. 1994).

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994ApJ...431..402K&amp;db_key=AST

T A3 CA02K D

]

r 992

No. 1, 1994

4.2.2. Geometry of Transient Emission

The volume of the X-ray—emitting gas is Vj; = 4nd?ey/n?
(where €, = EM/4n d?, with EM, the high-temperature emis-
sion measure and d the distance to the star). At the observed
peak of the flare, €, = 1.5 x 10!! cm ™3, so that the volume of
the emitting plasma is given by

d \? n, -2
V=12 x 1032<32 pc) <1010 cm‘3> cm®. (3

Assuming that the flare occurred within a single, semicircular,
solar-like loop with an aspect ratio a (= loop radius/loop
semilength), we obtain the semilength of the loop,

Letax10(-2) (Y () e, @
’ 0.1 32pc 10'°cm ™3 ’

At the time of “quiescent” emission (for which the emission
measure in the high-temperature component is e ~ 3 x 10!°
cm %), the volume of the emitting plasma,

d \? n, -2
Va=~ 3.7 x 10"’1(32 pc) <1010 cm'3> cm?, 8)

corresponds to a loop semilength,

Lagx 1oty A) ()"
- 0.1 32 pc

n, -2/3
x (W) em. ©

where N is the number of discrete (identical) loops contributing
to the X-ray emission (we assume N ~ 1 during the flare). For
N < 10, such loops are large by solar standards, but are small
when the large stellar radius (R, = 41.5 Ry) and the low
surface gravity (g = 28 cm s~ 2, corresponding to a scale height
of 594 x 10! cm at T = 10° K) are taken into account; for
N > 10 (the more likely case), these loops are yet smaller. Thus,
it is unavoidable (for reasonable choices of d, a, N, and n,) that
these loops violate the stability criterion of Antiochos, Haisch,
& Stern (1986), viz., that the ratio, 6, of the gravitational scale
height at 10° K to the height of the loop should be less than 1
in order that stable “ hot” loop solutions exist. Indeed, 6 ~ 4 at
the peak of the flare, and increases to ~7N*/3 after the flare, so
that 0 is clearly substantially greater than unity during the
“quiescent ” phase.!?

4.2.3. Plasma Confinement

It is well known that plasma at temperatures 0.5 keV
cannot possibly be gravitationally confined on the surface of
giants and supergiants (cf. Rosner, Golub, & Vaiana 1985). It is
therefore gratifying to find that the magnetic field required to
contain the plasma on « TrA is quite small: Setting B> 2 8np,,
where the gas pressure, p, = 2n,ky T, we find B 2 30 G for
n, ~ 10*°cm~3*and T ~ 15 MK. In contrast, for UV Ceti-type
flare stars, one obtains minimum confining magnetic fields
over 500 G (Mullan 1989; Pallavicini, Tagliaferri, & Stella

10 We have continued to use the nominal value of 10!° cm ™3 for the elec-
tron number density in the X-ray-emitting loops during the “quiescent”
phase, since we detect variability on timescales of order of hours (see § 2.2.1),
and since the cooling continues to be dominated by plasma at the high-
temperature component (see Fig. 4), thus ruling out low values of n,. Note,
however, that even for d=73 pc, n,=10° cm™3 we still have
L~6x10""N""3*cm,and 6 2 1.
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1990). Thus, the confinement constraint imposes relatively
weak demands on the magnetic fields on a TrA.

4.2.4. Energetics

The average X-ray luminosity observed in the interval dur-
ing which the two flares occur is ~9.6 x 10%8(d/32 pc)? ergs
s~ 1. Hence, the energy input to the corona (through the two
loop footpoints) during the flare is

d V(a\?% L \? _ _
215 x 10’3<32 pc> <a> (m> ergss cm”?,

M

where the lower bound is established by assuming that the
footpoints have the same cross-sectional area as the coronal
loop itself. This is roughly three orders of magnitude larger
than the mean energy input to the stellar wind (Holzer &
MacGregor 1985), as calculated for a mass-loss rate of 107°
M yr~ L. Thus, these transients are well-described by the term
“flare.” Note that this result remains valid even for the dura-
tion when only small-amplitude transients are seen, consistent
with our earlier finding that even the apparently “quiescent ”
X-ray emission is due to transient emission.

4.3. X-Ray Emission on 1 Aur

The lack of sufficient counts to perform useful spectral fitting
for 1 Aur prevents us from drawing conclusions with the same
robustness as with « TrA. However, if we make some reason-
able assumptions regarding the origin of the X-ray emission,
we can deduce the values of various quantities of interest.

The X-ray flux at Earth'! from 1 Auris ~6.1 x 1073 ergs
s~1. This corresponds to an observed X-ray luminosity of
~1.8 x 10?7 ergs s~!, comparable in magnitude to the upper
limit derived from the ROSAT All-Sky Survey (Reimers &
Schmitt 1992).

The power emitted per unit emission measure by a gas at
~3 x 10° K, such as that found on 1 Aur, is ~4.5 x 10723
ergs cm® s~ ! (from an analytical fit to the Raymond-Smith
thermal emission; Chun & Rosner 1993). Hence, the volume
emission measure of the hot material is ~10°° cm™2.
Assuming an electron number density, n, = 10° cm ™3, we find
that the volume of the emitting plasma is ~ 10*? ¢m?, corre-
sponding to a loop semilength

La—1/3 d 2/3 n, -2/3 a -2/3
L~12x10"'N <69pc) <1090m‘3> (a) cm,

()

where all the symbols have the same meaning as in § 4.2. No
matter how many loops are involved (i.e., no matter what the
value of N, N > 1), this is again less than the critical length
defined by the scale height of the atmosphere at 105 K (for
1 Aur, this critical length is 3.3 x 10'! c¢m), implying that the
X-ray emission arises in one or more transient loops (see
above). However, if we choose a value such as n, ~ 2 x 108
cm ™3, which is consistent with the gas pressure in the tran-
sition region (n, T ~ 10'3 cm ™3 K; see Harper 1992), we find
that the loop semilength, L ~ 7 x 10'2N~'3 ¢m, is much

11 We adopt the same count-to-energy conversion factor for 1 Aur as was
determined from spectral analysis of « TrA, namely, 7.8 x 107!2 ergs cm 2
count ™!, This assumption is justified, since 1 Aur does have high-temperature
emission akin to o TrA (see § 2.2) and the column densities of absorption to the
two stars are similar (~5 x 10'° cm™2).
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greater than both the critical length and the radius of the star
(R, = 54.8 Ry) unless the number of identical loops contrib-
uting to the X-ray emission is very large. We cannot rule out
such a scenario based on ROSAT measurements, but with
substantially more sensitive observations, one can constrain
such models by using fluctuations during “ quiescent ” periods
(as we have done in the case of « TrA).

As expected, the energy input at the base of the loop depends
strongly on the geometry adopted for the X-ray emission. If we
assume that the loops are small and unstable, we find that the
energy inputis ~2 x 10°N "1 ergs s ™! cm ™2, which is slight-
ly greater than the energy required to maintain the stellar wind
(~8 x 10° ergs s~ cm ™2 for a mass loss of 107 Mg yr™!);
and if we assume that the loops are highly extended, we find
that only ~300N ~*/3 ergss ! cm ~2 are required.

Finally, we note that as with a TrA, we find that the mag-
netic field required to confine the plasma is small: B > 8 G in
the case of high-pressure, compact loops, and B > 0.3 G in the
case of low-pressure, extended loops (see above).

4.4. Comparison with Models

Five mechanisms have been proposed to explain the drop in
X-ray emission across the Dividing Line as well as to explain
the coincidence of the Wind and Coronal Dividing Lines: (1)
low transition region densities, leading to low emission mea-
sures for X-ray emission in coronae (Linsky & Haisch 1979);
(2) extinction of coronal emission by a high-density wind (cf.
Maggio et al. 1990); (3) a change in the character of the coronal
loops such that only cool loops (with T < 10° K) are stable
(Antiochos, Haisch, & Stern 1986); (4) a change in the structure
of the magnetic fields to an open topology, leading to a
decrease in the amount of high-temperature plasma that is
magnetically confined (Linsky & Haisch 1979; see also Rosner
et al. 1991); and (5) a change in the character of the magnetic
dynamo, leading to the disappearance of fields organized on
the stellar length scale found on the Dividing Line, leaving
only small-scale, turbulence-generated fields to the right of the
Line (Rosner et al. 1994), and thus causing a natural transition
in the topology of the magnetic fields.'?> We consider each in
turn.

Low Density Corona: The idea that a low density in the
transition region would lead naturally to much lower densities
at coronal distances, and hence low emission measures for
X-ray emission, was proposed by Linsky & Haisch (1979) as an
alternative to the possibility that stars without observable
X-ray emission have no coronae. However, as pointed out by
Rosner et al. (1991), giant stars cannot have a multimillion
degree hot gas without magnetic confinement, for otherwise,
the gas would expand freely at velocities much higher than
those observed. Hence, this model must be considered a refine-
ment of the one involving the topology of the magnetic fields,

12 We distinguish between the fourth and fifth models for two reasons.
First, the former model does not impose a specific mechanism for the change in
the topology of magnetic fields, and hence must be considered independent of
any proposed mechanism. In other words, the validity of the basic paradigm,
viz., the change in the topology of the field, must be evaluated independently of
models to explain this change. We note that this requirement reduces the
testability of the model and also note that naive application of the model
produces a contradiction with observations. Hence a model that incorporates
a mechanism for changing the topology is required (see below). Second, the
model proposed by Rosner et al. (1994) incorporates several features that
produce testable effects other than the change in topology, and hence must be
considered separately.
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and cannot by itself provide a complete picture of the pheno-
menon. Also, given the low X-ray flux from 1 Aur, this model
would predict a comparatively low flux in transition region
lines compared to o TrA, which is contradicted by IUE obser-
vations (Hartmann et al. 1985; see § 3.2).

Absorption of Coronal Emissions: The intensity of X-ray
emission at the source is not considered in this model, where
the large column densities provided by massive outflows are
thought to be the main reason for the drop in X-ray emission
across the Dividing Line. However, as pointed out by Maggio
et al. (1990), there is no evidence of increased absorption on red
giants as compared to typical F and G giants. Recently,
Haisch, Schmitt, & Fabian (1992) computed the amount of
absorption expected from cool winds on stars to the right of
the Dividing Line, and found that the attenuation caused by
the wind is not enough to account for the observed drop in
X-ray emission. Finally, this model is unable to explain the
difference in the X-ray emissions from o TrA and : Aur:if 1 Aur
were assumed to have an X-ray luminosity 40% that of « TrA
(Hartmann et al. 1985; based on emission measure analyses of
IUE observations—see above), the absorption column density
required to cause the “ observed ” attenuation would be 10?2
cm ™2 (cf. Table 2 of Haisch, Schmitt, & Fabian 1992). This is
more than two orders of magnitude greater than the estimated
column density to : Aur. We therefore support Haisch,
Schmitt, & Fabian (1992) and Maggio et al. (1990) in their
conclusion that this model cannot account for the existence of
the Dividing Line.

Cool Loops: A drop in X-ray emission can also be effected if
the temperature of the corona is forced to a low value (~10°
K). This situation may occur in stars where the loop sizes are
smaller than the density scale height at 10° K (Antiochos,
Haisch, & Stern 1986; see also Antiochos et al. 1985; Anti-
ochos & Noci 1986). In such cases, the only stable loop solu-
tions possible are those of “cool” loops with a maximum
temperature ~ 10° K. Since the density scale height increases
with decreasing gravity, there will be regions of the H-R
diagram where the loop sizes drop below the critical loop
length for which cool solutions are preferred, causing a steep
decline in the X-ray emissions. This region was identified with
the location of the Dividing Line by Antiochos et al. (1986).
For a TrA, the density scale height at 105 K is ~6 x 10!! cm,
and for 1 Aur, it is ~3 x 10! ¢m, and steady X-ray emission
requires loop sizes to be greater than these values for the
respective stars. However, even at the peak of the flare on
o TrA, the height of the loop is only ~1-2 x 10'! cm, and
during the “quiescent” period, it drops to ~8 x 101°N~1/3
cm (see § 4.2.1). Values for 1 Aur are also consistent with this
assertion. Thus, it appears that all the emission on Hybrid stars
must be due to flaring loops. Indeed, in conjunction with the
model of changing magnetic topology proposed by Rosner et
al. (1994; see also Rosner et al. 1991), this paradigm can
account for most of the observed properties of our program
stars (see below).

Change in Magnetic Field Topology: As suggested originally
by Linsky & Haisch (1979; subsequently extended by Rosner
et al. 1991), a change in the magnetic field structure across the
Dividing Line, from a closed to an open topology as in a solar
coronal hole, would lead to a decrease in the amount of hot gas
confined to the star, and hence, to a decrease in X-ray emission.
In other words, the surface filling fractions of active regions
decrease across the Dividing Line. (A mechanism for accompli-
shing this is not provided for in this model.) As a by-product of
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this decrease, the effectiveness of Alfvén wave reflection
increases (Rosner et al. 1991), leading to increased wind flow
across the Dividing Line. Thus, magnetic confinement of hot
plasma and cool stellar winds are naturally anticorrelated.
Rosner et al. used the ratio a of the stellar radius to the density
scale height as a measure of the efficacy of Alfvén wave reflec-
tion in an open field topology. Giants with cool winds uni-
formly have a > 20, while giants with chromospheric emission
uniformly have a < 10. For both « TrA and : Aur, a > 20 for
reasonable parameters of distance and temperature. Recently,
Lou & Rosner (1994) obtained three-dimensional solutions for
Alfvén wave propagation in isothermal, hydrostatic, spher-
ically symmetric stellar atmospheres and calculated the reflec-
tion coefficients at various frequencies for different values of «.
Their idealized analysis is valid close to the stellar surface,
where temperatures ~1-5 x 10* K are the norm (see the
chromospheric model calculated by Harper 1992). For the
parameters of interest, this is the temperature range at which
significant wave trapping starts to occur for both « TrA and
1 Aur. For example, all frequencies below 10'° Hz are trapped
(i.e., the transmission coefficient drops to ~0.1)at 2 x 10*K in
1 Aur. This trapping has two important consequences: First, it
deposits momentum at the base of the wind, thus increasing
the mass flux; and second, it reduces the amplitude of the
Alfvén waves propagating into the wind, thereby decreasing
the Alfvén wave energy density and consequently the effect of
Alfvén waves on the structure of the wind at large distances.!3
Hence, mass loss increases from left to right across the Divid-
ing Line, while X-ray emission decreases. Thus, this model
provides a unified explanation for the practical coincidence of
the coronal, chromospheric and wind dividing lines (cf. Ayres
et al. 1981). However, a mechanism that accomplishes the
change in the topology of the magnetic field is not specified in
this model, and consequently, it cannot be compared with
observations in detail. For instance, using this model, naive
expectations of the magnitude of X-ray emission as scaled from
the observed UV emissions for « TrA and : Aur are not con-
firmed by our observations. Indeed, the surface filling fractions
of C 1v are similar in magnitude for both stars (see § 3.2),
leading us to expect similar values for the sizes of the active
regions, and hence for the X-ray emission. Instead, X-ray
observations lead us to think of « TrA as being dominated by
closed field regions to a significantly greater extent than 1 Aur.
Further, there is no reason a priori to expect that the loop
heights should be less than the critical height required for sta-
bility (see above). We will consider an enhancement of this
model which explains these points in the next paragraph.
Change in the Magnetic Dynamo: Most recently, Rosner et
al. (1994) proposed a paradigm to explain the change in the
topology of the magnetic fields. They contend that as a star
crosses the Dividing Line in the course of its evolution, a tran-
sition occurs in the character of the magnetic dynamo causing
the activity: « —  type dynamos, which are responsible for the
generation of large-scale fields that can confine plasma at high
temperatures (and thus provide X-ray emission at detectable
levels), cease to exhibit growth; instead, the magnetic fields on

13 This is contrary to the suggestion of Hartmann & MacGegor (1980).
Indeed, comparing the wind energy flux (~6-16 x 10* ergs s™! cm~2 for
o TrA,and ~8 x 10*ergs s~ ! cm ™2 for 1 Aur for a mass-loss rate of 107° M,
yr~!; see Holzer & MacGregor 1985) to the Alfvén wave energy flux at the
base of the flow (see Hartmann & MacGregor 1980), we find that the ampli-
tude of the fluctuations in the magnetic field is ~10~* for a magnetic field of
~20 G, and a number density of ~10° cm ™3,
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the stellar surface are generated by turbulent motions in the
convection zones of these stars, thus generating small-scale
fields which cannot confine large volumes of high-temperature
plasma (resulting in a drop in the intensity of the X-ray
emission).!* The existence of the small-scale magnetic field to
the right of the Dividing Line accounts for the observational
coincidence of the lack of X-ray emission and the maintenance
of steady stellar winds: Alfvén waves reflection due to the steep
gradient in Alfvén speed (see above), leads to rapid acceleration
of the stellar wind; further, the loops remaining on the surface
of the star would be small, and unstable if they contained hot
plasma. Thus, in the view of Rosner et al. (1994), giant stars
undergoing the transition from being dominated by large-scale
dynamo-driven activity (and solar-like X-ray emission
properties) to being dominated by small-scale dynamo activity
(and non-solar like X-ray emission properties) are identified
with Hybrid stars. If we assume that « TrA and : Aur are at the
“early” and “late” stages of this transition, we can qualit-
atively account for the puzzling features of our observations,
namely, the change in the correlation between the X-ray and
C 1v fluxes for the two stars and the temporal variability of the
X-ray emission on a TrA. Due to the changing character of the
magnetic fields during this transition, we should not expect the
correlation between X-ray and C 1v fluxes determined for
giants on the left of the Dividing Line to hold for Hybrid stars,
and indeed it does not. Furthermore, the dominance of mag-
netic fields closed on small scales (8 > 1, see above) in Hybrid
stars implies that steady “hot ” coronal loops cannot exist, and
any X-ray emission must arise in unstable loops, as is the case
for « TrA. This instability naturally leads to the observed
variability in the X-ray emission. Note that the model does not
specifically predict the existence of flares, but does not rule out
such high-energy events either.

5. SUMMARY

We report here on our observations of two Hybrid stars,
o TrA and 1 Aur, with the ROSAT Observatory. Our analysis
of the data has resulted in a number of interesting conclusions:

We detect X-ray emission from both « TrA and : Aur, the
latter for the first time; these detections imply that Hybrid
stars are X-ray emitters in general;

The detection of : Aur in the high-energy passband of
ROSAT, coupled with the observed values of the hardness
ratios, imply the existence of multimillion degree plasma on :
Aur;

Spectral fits to the @ TrA data unambiguously confirm the
existence of high-temperature plasma (T > 107 K);

We detect X-ray flares for the first time from Hybrid stars
(namely, on o TrA), and demonstrate that the flares arise from
loops that are smaller than the density scale height of the
atmosphere at 10° K ;

The plasma characteristics during the clear flare events and
during the “quiescent” phase on a TrA are indistinguishable,

!4 Transition is thought to be a result of the despinning of the star at the
Dividing Line, which in turn occurs due to magnetic braking via mass loss
through a magnetized stellar wind. The sharp drop in activity is preceded by
an increase in activity up to the Dividing Line, which causes enhanced X-ray
emission and increased mass loss. There appears to be evidence for this
enhanced activity in Einstein data (A. Maggio 1993, private communication),
but it is not conclusive. A program to verify this using the ROSAT All-Sky
Survey data is underway (Haisch et al. 1993).
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suggesting that the underlying physical phenomena are funda-
mentally the same, but differ only in scale (e.g., amplitude);

The emission during the apparently “quiescent” phase of
o TrA is also marked by considerable variability, suggesting
that there is no quiescent X-ray coronal loop component in the
atmosphere of « TrA;

The loop scale heights for the “quiescent” emission on «
TrA are much shorter than the critical length (Antiochos,
Haisch, & Stern 1986) required in order to obtain steady “hot”
loop solutions.

A simple explanation of these results is that all the X-ray
emission from hybrid stars derives from highly transient loop
events—that is, that there is no truly quiescent coronal loop
component in their atmospheres. Our study of the geometry of
the X-ray-emitting plasma on o TrA shows that the likely
dimensions of the confined hot gas both during the prominent
flares and during the “quiescent” phase are smaller than
required for the existence of stable hot coronal loops, as
expected on the basis of the recent suggestion of Rosner et al.
(1994) that hybrid stars constitute a physically meaningful
“transition” across the X-ray dividing line in the H-R
diagram, between giants with large-scale magnetic dynamo-
driven activity (and solar-like X-ray emission properties) and
giants dominated by small-scale dynamo activity (i.e., stars for
which « — w type dynamos do not exhibit growth), and
“open” atmospheres dominated by cool, slow winds and no
X-ray emission of any sort. That is, hybrid stars can be viewed
as objects that have begun the transition to dominance of
relatively small-scale (0 > 1) closed surface magnetic field
structures, where—by the argument of Antiochos et al.—
steady “hot” coronal loops cannot exist, but where the
dynamical interaction between these small-scale magnetic
loops remain sufficiently vigorous to drive coronal transients
(flares).

Thus, our observations have provided the initial observa-
tional support to theoretical models used to explain the exis-
tence of the Dividing Line in the H-R diagram first identified
by Linsky & Haisch (1979), and the existence of Hybrid-
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Raymond (1980). Our analysis also suggests a course for future
action:

1. Other Hybrid stars need to be observed at X-ray wave-
lengths with sufficient sensitivity that one can carry out time-
resolved X-ray spectroscopy and thus further explore the
comparison between large transients and the relatively
“quiescent ” background emission. This type of observation is
necessary to confirm the results presented here.

2. Simultaneous UV and X-ray observations can in prin-
ciple definitively eliminate the possibility that the observed
transient emission (associated with o TrA here) comes from an
as yet unseen low-mass companion star.

3. Other elements of the theoretical models must be tested,
such as the prediction of increasing X-ray emission as a star
evolves toward the Dividing Line, and the prediction of the
existence of stellar winds even to the left of the Dividing Line.

4. The winds on Hybrid stars must be modeled to account
for the curious observational features seen in IUE spectra.

S. Accurate distances, and hence spectral types, to Hybrid
stars must be obtained, in order to remove the ambiguity that
exists currently. Indeed, knowledge of the evolutionary history
of a given star would greatly aid in deciding the emphasis laid
on particular properties exhibited by these stars.

6. Hydrodynamic modeling of the flares on « TrA may help
constrain the parameters defining the environment in which
the flares occur and may be of help in resolving the identity of
the X-ray source.
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chromosphere stars first detected by Hartmann, Dupree, &

APPENDIX A
TEMPORAL VARIABILITY ANALYSIS

We carry out a temporal variability analysis of our data by comparing statistics derived from observed photon arrival times with
those derived from assuming models with specific types of variability. We perform this exercise using the technique of Collura et al.
(1987).

We first calculate the phase-averaged y statistic for the count rates at various binning intervals, b, by averaging the reduced x2

A o=1 5 5 Gl )

over all phases ¢, where f; is the fraction of ON time during the ith of n intervals, v = n — 1 is the number of degrees of freedom, I is
the expected counts in each bin, and c; are the observed counts in each bin. The phase-averaged reduced x? statistic, x2(b), is only
asymptotically y? distributed. By considering the counts in each bin, c;, as being due to the sum of a steady Poisson-distributed
component f; o;, and a variable component f; V;, an effective variability,

VZfr = sz> - <V.>2 < (A2)

is obtained. V. is a measure of the departure of the variable part of the light curve from a Poisson-distributed “constant” count
rate source. Thus, a fractional effective variability can be obtained as the measure of the variable component in the light curve
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(Collura et al. 1987):

Vi _ v B -1-4] (A3)
I nlf) I ’
where g = n{f;>/p — 1 is a correction factor for gaps in the data. Note that I is calculated by averaging the observed counts over the
bins and hence does not imply the existence of a component of constant intensity in the light curve. The quantity V,,/I measures the
departure of the variable component from a source with a fixed count rate and a Poisson count distribution.

The phase-averaged reduced y? statistic used in this method is asymptotically 2 distributed. Hence, estimates of the confidence
intervals on V/I are formally correct only at large values of 32(b), corresponding to detections of variability at confidence levels
295%.

We can identify the existence of a dominant timescale if the fractional effective variability is decreased significantly beyond a
particular value of the bin width, b_,;,. The timescale of variability is then ~b,,.
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