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Cool Stars in the Galaxy —
A ROSAT and ASCA View.

John E. Morley

ABSTRACT

This thesis describes work undertaken using data from the ROSAT and ASCA missions,
in order to study the coronal x-ray emission of cool, late type stars. Chapters 1 and

2 summarise the emission processes involved and the methods by which the x-rays are
detected and analysed, including a discussion of the ROSAT and ASCA missions.

Chapter 3 details a deep soft x-ray survey of the Galactic Plane using the ROSAT Position
Sensitive Proportional Counter. The data consist of 9 fields, each of ~ 10ks exposure,
pointed at positions on or very close to the plane. Presented are the source list, number-
flux relation and the x-ray to optical flux ratios. I present the results of source count
modelling which suggest &~ 50% stellar and ~ 8% extra-galactic contributions. The nature
of the unidentified population is discussed.

Chapter 4 discusses the temporal variability of the x-ray emission of stars in the Hyades
cluster. The data consist of 13 PSPC fields, each of ~20ks exposure, targeted in the
central regions of the cluster. Little evidence is present to suggest long term variability,
though 14 do exhibit short term variability. Time resolved spectra of detected flares are
presented. Flare modelling results suggest flare loop heights of &~ 1—2 solar radii.

Chapters 5 details observations, obtained using the ASCA satellite, of 3 sources, VW
Cep, SW Lac and 44i Boo. These observations form part of an ongoing survey of W UMa
systems. Spectral and temporal results are compared to a previous ROSAT survey. I show
that the observed systems have a high temperature component comparable with that seen
in RS CVn and BY Dra systems. I also provide evidence for non-solar metal abundances
in these systems.

Finally in Chapter 6 [ summarise this work and discuss the future of x-ray astronomy in
the field of cool stars.
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Chapter 1

Introduction

1.1 Solar-Stellar X-ray Astronomy

During the 1960’s and 70’s rocket-based observations (Vaiana et al. 1968) and high reso-
lution instruments on Skylab (Reeves 1976, Vaiana et al. 1973) showed the solar corona
to be composed of complex loop structures associated with underlying photospheric and

chromospheric features, in particular magnetic field structures.

Also in the 1970’s, the detection of X-ray quiescent and flaring emission from late-type
stars opened up stellar activity as a viable field of study. This led to the discovery that
stars of nearly all spectral types are surrounded by tenuous, high temperature (Ta10—
107K) coronae, emitting most of their radiation in the soft X-ray band. Since then solar
and stellar observations have been used in conjunction, the high detail available in solar
measurements allowing a close-up view of the physical phenomena and the stellar obser-
vations effectively providing a method of ‘varying’ solar parameters. This has allowed the

evolution of stellar activity to be studied in terms of mass and age.



1.2 The Sun as a Star

This thesis deals mainly with emission from stellar sources, however an understanding of
the solar corona is useful when considering the stellar equivalents. Figure 1.1 shows a
soft X-ray image of the solar corona obtained using the Japanese Yohkoh satellite. The
bright regions are active (emit in the X-ray band) whilst the dark regions are much less
so. The large dark polar regions are coronal holes, regions which when compared to their
surroundings have lower temperatures (106K cf ~3x10°K) and densities (by a factor of

>3). Also clearly visible are loop structures on the solar surface.

Most of the solar coronal X-ray emission comes from many topologically closed magnetic
structures (loops). These structures arise from the coupling of differential rotation and
convection with existing magnetic fields, forming a regenerative magnetic dynamo. Flux
tubes are created which rise to the surface and form loops. Golub et al. (1981) derived a
scaling law relating magnetic field (B) to loop pressure (p) and length (L); pocB%/7L~1/7.
The basic loop model is that of a one dimensional mini-atmosphere, where the energy
input is redistributed by thermal conduction and lost by radiation. A stable loop struc-
ture results fron'l heating which causes the loop to fill with chromospheric material which

maintains a balance between energy gains and losses (Rosner et al. 1978, Withbroe 1981).

This still leaves the question of how the corona is heated. Dissipation of electric currents
from closed field lines, micro-flaring and magneto-hydrodynamic waves are all potential
heating mechanisms. As yet there is no agreement as to the actual mechanisms responsible.
Polar regions with open magnetic field lines have a much lower X-ray flux than areas with
closed field lines (Maxson and Vaiana 1977) and it is from these regions that the high speed
solar wind arises. It is possible that in these regions atmospheric heating by acoustic shock
waves occurs (Ulmschneider 1991). Indeed it is likely that there is a basal level of acoustic

heating in all regions and stars (Schmitt 1996).

The Sun may be used as a point of comparison with other stars of similar structure.
However it should be noted that in the earliest X-ray surveys the Sun was found to be

near the lower end of the observed range of X-ray luminosities for late-type stars?.

!For the Sun L:~10%7 erg s=', whereas the observed stellar maximum X-ray luminosity is in the region
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Figure 1.1: Yohkoh soft X-ray image of the Sun. Clearly visible are active regions, large

scale loops connecting active regions, coronal holes and coronal loop structures.



1.3 Discovery of Stellar Coronae

The first ‘normal’ late-type stellar X-ray source was detected on a 1974 rocket flight and
reported by Catura et al. (1975). It was only a short while later that the first attempt to
model the corona of another star was made (Haisch and Linsky, 1976). The IUE satel-
lite allowed stellar ultraviolet spectral (1175—2000A4) observations to be used to detect
chromospheres and coronae on many types of star. However it wasn’t until the launch of
the Einstein Imaging Proportional Counter (IPC) that the field of stellar X-ray astronomy
truly came into its own with the discovery of over 1000 coronal sources. Prior to this point
it was expected that only the very nearest of stars could be detected in X-rays. By scaling
the solar X-ray flux and considering the effect of the inter-stellar medium the limiting
distance for observing stellar coronae was calculated to be ~9pc. Einstein showed our Sun
to be relatively dim in X-rays as compared to most other late-type stars, hence more were
visible out to much greater distances than expected. Indeed the ROSAT all-sky survey
has detected tens of thousands of coronal X-ray sources. Another unexpected result was
obtained by Holt et al. (1979) using the Einstein Solid State Spectrometer (SSS). X-ray
emission lines detected using the SSS indicated the presence of plasma in coronae with
temperatures of up to 24x106K, a figure much higher than had been previously antici-
pated . By the early 1980’s it was possible to show that most late-type stars had solar like
coronae, indeed X-ray emission was detected over most of the HR diagram (see Linsky

1990, Vaiana 1990).

1.4 X-ray Emission on the HR Diagram

One of the first stellar discoveries made using the Einstein observatory was that most
stars are X-ray emitters. The X-ray properties of early-type stars were found to be very
different from those of late-type stars and X-ray emission was found even outside of the
main sequence. Summarised below are the details of the X-ray emission across the HR

diagram, which is shown (reproduced from Linsky 1990) in Figure 1.2.

of L;~10%! erg s~!. However there are still ~30—40% of nearby main sequence G-type stars less X-ray

luminous than our Sun (Schmitt 1996).
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Figure 1.2: Summary of stellar activity through the HR diagram. derived from optical.
UV and X-ray observations. Shown are the main sequence and regions where wind-shocks

occur. Some representative stars are shown. Figure adapted from Linsky :990.



Main Sequence:

e O-B Stars: Early-type stars of spectral types O and B are vigorous X-ray emit-
ters with X-ray luminosities ranging from 10%®erg s~ to 10%%erg s~!. There is a
dependence of X-ray luminosity on bolometric luminosity (e.g. Sciortino et al. 1990)

best represented by L.~Lpor~7

, with no dependence on luminosity class. No dy-
namo action, as seen in stars with outer convection zones, should be possible. X-ray

emission most likely originates from shock-heated material in a strong stellar wind.

e A-type Dwarfs: Stars in the range B7 to A5 are probably not X-ray emitters, at
least not at levels greater than ~10%7erg s~!. Any detections of X-rays from these
star categories so far have been shown to be due to a faint secondary companion.
For late A to early F-type stars Schmitt et al. (1985) reports on a survey of shal-
low convection zone stars and concludes that stellar coronae are first detectable at

spectral type FOV.

e Late-type Dwarfs: All late-type dwarfs from spectral type F to M emit X-rays
in the 10%erg s~! to 103lerg s~! range. For each spectral type there is a large
range of emission levels (spanning 3—4 orders of magnitude). This spread is widest
for M-dwarfs and narrowest for F-dwarfs. A number of X-ray luminosity functions
for late-type stars are presented in Appendix A, these being used in Chapter 3 of
this thesis. Stars beyond dM4 are fully convective, as such they are expected to
produce magnetic flux via a distributive dynamo (Rosner, 1980) or fibril dynamo
(Weiss, 1993) rather than a shell dynamo. Since M-dwarfs are the most common
stars it is expected that they may represent a major contribution to the soft X-ray

background.

Giants and Super-Giants:

Only the late-type giants and supergiants (spectral types earlier than around K2III) have
been detected in the X-ray band (Ayres et al.1981). This point is known as the Coro-
nal Dividing Line, which lies between stars with high-temperature transition regions and

coronae (to the left of the line) and stars which have only extended chromospheres (to the



right). Stars to the right of the line also have massive low-velocity cool winds (Linsky and

Haisch 1979) making the line also known as the Wind Dividing Line.

Close Binaries:

e RS CVn’s: This class consists of an evolved G/K IV star with an F/G IV/V
companion. These are the most luminous non-degenerate stars in the X-ray regime,

0%%rg s~! to several times 103lerg s~. Their high X-ray

with L, in the range of 1
luminosity is consistent with their high rotation rate caused by tidal synchronism
of orbital and rotational motions (periods less than a day up to weeks). Within
the class itself there is little evidence of a rotation rate dependence. RS CVn’s are
characterised by strong, long-duration flares in the X-ray, UV and radio bands (e.g.
Tsuru et al. 1989). A full discussion of their X-ray properties is given in Majer et

al. (1986).

e Algols: Algol itself consists of a B8V primary with a K2IV secondary which fills
its Roche lobe. The system has a period of 2.87 days. Observations suggest a large
scale for the X-ray emitting region (White et al. 1986). Such systems are discussed in
White and Marshal (1983) with their large X-ray flaring activity discussed in Stern
et al. (1992). A more recent ASCA Algol survey is presented by Singh et al. (1996).

e W UMa’s: Not as bright as RS CVn’s despite their shorter periods (6—8 hours),
these stars share a common outer envelope, giving both components similar effective
temperatures (and thus spectral type) despite mass ratios of <1. The first X-ray
survey of W UMa systems was reported by Cruddace and Dupree (1984) from Ein-
stein observations. A more recent survey using ROSAT pointed observations was
performed by McGale et al. (1996) and the work presented in Chapter 5 of this
thesis begins the work of extending the ROSAT W UMa survey using observations
performed with ASCA.

e BY Dra, UV Cet Type Systems: These are active, rapidly rotating, single or
binary dK/dM stars. Their X-ray luminosities are comparable with young rapidly
rotating dK/dM stars in clusters such as the Hyé.des and Pleiades. For a deeper

discussion see Jeffries and Bromage (1993).



Pre-Main Sequence Stars:

These still contracting stars have relatively high X-ray luminosities (102%rg s™! to 10%lerg
s1), possibly due to their large surface areas. They exhibit high levels of variability on

timescales as short as one day.

1.5 Observing Coronal Properties

1.5.1 Spatial Structure

Obtaining spatial structure information is normally not possible in all cases except the
Sun. Some information can be obtained from eclipsing binary systems where the modelling
of eclipses can provide insight into the spatial extent and structure of coronae. This
technique was first used by Swank and White (1980) using an Einstein observation of the
RS CVn binary AR Lac. They concluded that compact coronal structures were present on
both components and identified an extended corona around the KOIV secondary. Whilst
valuable, studies like these must be coordinated with optical and UV measurements in

order to understand stellar atmospheres from chromosphere to corona.

Some surface structure may be obtained by modelling. If a standard solar-like atmospheric
model with X-ray emission associated with active regions is used to model a stellar surface,
then it emerges that even on F and G-type stars the fractional surface coverage of dark

spots on young stars can be up to ten times greater than on the Sun (Radick et al. 1990).

1.5.2 Temperatures

Considering the lack of spatial resolution and the modest spectral resolution generally
available it is at best difficult to determine the properties of stellar coronal plasma. With
sufficient signal to noise in a spectrum it is clear that single component temperature models
are usually inadequate, with at least a bimodal temperature model being required. It is

not yet clear, in general, whether the bimodality is instrumental in origin, as suggested by



Majer et al. (1986), or physical; White et al. (1990) argued that eclipsing binary systems
provide evidence of spatially separated structures in coronae. Swank (1985) argued for
the physicality of bimodality due to the better fits of a bimodal model over those using a
continuous emission measure model. In this thesis, where spectral fitting is required, both
continuous emission models and multi-temperature models are used, the fit results of each

being presented.

1.5.3 Variability

From our knowledge of the temporal behaviour of solar X-ray emission there are essen-
tially three processes which would be expected to cause the X-ray luminosity of a star
to vary; orbital and rotational modulation (timescale—days-weeks), stellar activity cycles
(timescale—years-decades), active region evolution (timescale—hours-days) and flaring
(timescale—minutes-hours). However so far few examples of large-scale variations in the
quiescent emissions of stars have been recorded. Barstow et al. (1992) reported periodic

rotational variability of the emission from the active binaries BY Dra and HR1099.

An optical search for a stellar analog of the 11-year solar cycle was begun by O.C Wilson
in 1966. The HK project was designed to investigate variations in the Ca II H and K
lines in 91 main sequence stars in the spectral range F5 to M2 (Wilson 1978). Continued
monitoring of these stars has shown that the majority of dwarf stars exhibit behaviour
which is possibly cyclic with 2.5 to 20 year periods. Such a project in the X-ray band is
at the moment not feasible, however Gagne et al. (1995) discuss variability of the Pleiades
on timescales of weeks to ~10 years, finding evidence of both short-term (flaring) and
long-term variability, possibly arising due to stellar cycles. A similar study is presented
in Chapter 4 of this thesis, for stars in the Hyades cluster. Hyads detected in ROSAT
pointed observations are analysed for short-term variability and then compared to previous

Einstein observations in order to check for long-term variations.



1.5.4 Flares

Analysis of Einstein, EXOSAT and ROSAT data has shown stellar flaring to be a common
occurence. The duration and energy of a flare may vary over many orders of magnitude.
Timescales range from 10 seconds (on the nearby flare star UV Ceti - Schmitt et al. 1993)
to 10 days (in the case of the RS CVn system CF Tuc - Kiirster 1994) though typically
a flare will last from a few minutes to a few hours. Total flare energies are in the range
of 10%° to 1034 erg for dMe stars and 10% to 10%7 erg for RS CVn and pre-main sequence
(PMS) systems, as compared to the solar-flare range of 10%® to 103! erg. Flares contribute
significantly to the instantaneous power of a star, with a flare power to bolometric emission
ratio of typically 5% for a Pleiades K2 dwarf (Schmitt et al. 1993), ~7% for a late-type M
dwarf and up to 8% in the case of Speedy Mic (Bromage et al.1992). Details of flares on
Hyades stars and W UMa systems are presented in Chapters 4 and 5 respectively of this

thesis.

In addition to these bright flares, quiescent X-ray emission from late-type stars often show
low amplitude fluctuations on time-scales of a few minutes to days (Ambruster et al. 1987,
Pallavicini 1988). It has been postulated that this behaviour is attributed to the chaotic
behaviour of magnetic field lines dissipating magnetic energy at the stellar surface. It
is a possibility that coronal heating may occur due to such continuous low-level activity
(Parker 1988). Such microflaring has been seen on the Sun in hard X-rays (Lin et al. 1984)
and attempts at detection of stellar microflares have been made (Collura et al. 1988). At

this point their existence and coronal heating contribution cannot be ruled out.

1.6 The Age-Rotation-Activity Relation

With the discovery that coronal X-ray emission is a common feature of late-type stars,
the question arose as to how two stars, identical in spectral type, may differ dramatically
in coronal output. As activity is related to the magnetic dynamo effect in a star, rotation
had to play a significant part in the equation. This relation was first reported in RS CVn

systems (Walter and Bowyer 1981) and was generalised as L,x10%"(v.sin(i))? , with v

10



in km s™! (Pallavicini et al. 1981). This relation was found to hold up to a ‘saturation’
velocity where a star would run out of surface area to accommodate active regions (Fleming
et al. 1989). Clearly such a relation must be subject to a certain amount of dispersion as
we see solar variations in ‘quiescent’ X-ray output (by factors of x5—10) without any

rotational velocity change. Figure 1.3 demonstrates this rotation-emission relation.

The relatively old (x5x10%ear) Sun rotates slowly (vpgr2km s~!) as compared to
younger stars (~150km s~! for a solar like star when it first reaches the main sequence.
This phenomenon is clearly visible when looking at samples of stars in nearby open clus-
ters. The youngest cluster, o Persei (age 50Myr) has rapid rotators (v.sin(i)>100km s~*)
at all spectral types. The Pleiades (age ~70Myr) has rotational velocities of v.sin(i)>50km
s~! in the K and M dwarfs but no G dwarfs have rotational velocities this high. By the
time we reach the age of the Hyades (age ~600Myr) all the G and K dwarfs rotate slowly
(v.sin(i)<10km s~!) with the M dwarfs having v.sin(i)~15—20km s~!. No matter which
cluster we observe, the majority of stars with spectral types later than GO are slow rotators

(v.sin(i)<10km s~!) (Stauffer et al. 1994).

This slowing down of stars with age is attributed to magnetic braking from the magnetised
stellar wind (though as yet there have been no observations of solar like winds from F, G,

K or M dwarfs) with the more massive stars braking more efficiently (Stauffer et al. 1994).

Wilson and Woolley (1970) found that Ca II emission was related to stellar age in late-
type main sequence stars and showed statistically that stars of differing velocities showed
different H and K line strengths. It is likely that evolutionary changes in stellar rotation
can account for changes in chromospheric activity levels. Skumanich (1972) proposed a

rotation and Ca II emission decay relation of 7=1/2 where T is the main sequence age.

1.7 Thesis Outline

The remainder of this thesis is laid out as follows. In Chapter 2 I discuss the mechanisms
by which a hot, optically thin plasma emits at X-ray wavelengths and how this emission

is detected by the instruments on board the ROSAT and ASCA satellites.

11
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Chapter 3 reports a deep survey of the Galactic Plane in the third quadrant using ROSAT
PSPC pointed observations. The data consist of 9 fields each of ~10ks exposure. The
catalogue of X-ray sources is presented, as are the number-flux relation, X-ray to optical

ratios and modelling of the source populations.

In Chapter 4 I discuss a ROSAT survey of the Hyades open star cluster. The survey
consists of 13 pointed PSPC observations each of ~x20ks exposure. I present the results
of a variability study (long and short-term) and examine the behaviour of the flare events

observed.

Chapter 5 presents ASCA spectral and temporal results for three W UMa type contact
binaries (VW Cep, ,44i Boo and SW Lac). These are initial results from an on-going

survey which so far has accumulated data on 7 such systems.

Finally in Chapter 6 I conclude with a summary of results from the previous chapters and

a discussion of future missions and their likely contributions to stellar X-ray astronomy.

13



Chapter 2

Observation and Analysis of

Coronal X-ray Emission

2.1 Stellar X-ray Astronomy Pre-ROSAT

During the 1940’s and ’50’s sounding rocket flights were used to make the first detections of
the Sun at X-ray wavelengths. A rocket flight in 1974 first detected Capella in the soft X-
ray band (Catura et al. 1975). The first X-ray survey was performed by HEAO-1 in 1978,
though this was a non-imaging instrument. This was used to identify RS CVn systems as
the first class of stellar! X-ray source. The Einstein Observatory (HEAO-2) was launched
in 1978 and carried the first imaging X-ray instruments in orbit. On board were an imaging
proportional counter (IPC), a high resolution imager (HRI) and three spectrometers; the
solid state spectrometer (SSS), the objective grating spectrometer (OGS) and the focal-
plane crystal spectrometer (FPCS). Prior to the launch of this satellite few stellar X-ray
sources were known. The IPC detected over 1000 stellar sources and was used to show that
X-ray emission was common throughout the entire HR-diagram (see Chapter 1). It was
observations made using the IPC which showed that acoustic heating could not account
for the observed levels of X-ray emission. The SSS was used to confirm the existence

of thermal line emission (Holt et al. 1979) and indicated the existence of plasma in the

'From now on, unless stated otherwise, the term ‘stellar’ refers to non-degenerate late-type stars.
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temperature range 6—24x 10°K.

EXOSAT was launched in 1983 and remained functional for 3 years. Its highly eccentric
orbit allowed for uninterrupted observations lasting several days. Instruments carried
were: a low energy (LE) experiment capable of imaging but with no intrinsic spectral
resolution, a medium energy array (ME) covering the 1 to 20keV band with moderate
spectral resolution and a transmission grating spectrometer (T'GS) used for studying line

complexes with a 3A resolution in the 10-300A (0.04-1.2keV) range.

In operation between 1987 and 1991, Ginga detected several coronal sources with the
large area counter (LAC). The LAC was an array of 8 proportional counters with a peak
effective area of ~4000cm?, sensitive in the 1.2—37keV range. Tsuru et al. (1989) found
evidence using Ginga observations for a lower than expected, and variable, FeXXV—XXVI

equivalent width during and between two flares on UX Ari.

These and other instruments flown pre-ROSAT are described in Table 2.1. These provided
the grounding upon which current observations build, allowing our understanding of stellar

coronal emission to grow.

2.2 The ROSAT Mission

On June 1st 1990 ROSAT was launched. The on-board instrumentation was: the po-
sitional sensitive proportional counter (PSPC) provided by the Max-Plank Institut fiir
Extraterrestriche Physik (MPE), the high-resolution imager (HRI) provided by NASA
and the wide-field camera (WFC) provided by the University of Leicester. Figure 2.1

shows the location of the instrumentation on board the satellite.

The ROSAT X-ray telescope (XRT) consists of 4 nested grazing incidence Wolter Type 1
mirrors with a minimum aperture of 83.5cm and focal length of 240cm. The mirrors are
made from a glass ceramic coated with a thin layer of gold. Typical grazing angles are
between 1 and 2 degrees. Mounted on a carousel in the XRT focal plane are 2 redundant

PSPC’s and the HRI.



Table 2.1: X-ray orbiting detectors flown pre-ROSAT (adapted from Bradt, Ohashi &
Pounds, 1992).

Mission Dates X-ray Instruments
0S0-3 1967-1968 H

0S0-5 1969-1972 H

Vela Series 1969-1979 M

0SO-7 1971-1973 M, H

Copernicus 1972-1981 M, C

ANS 1974-1976 L. M, C, B

Ariel V 1974-1980 M, B, Pol, SM, MC
SAS-3 1975-1979 L. M, MC, C

0S0-8 1975-1978 L. M, H, B, Pol
HEAO-1 1977-1979 L. M, H, MC
Einstein (HEAO-2) 1978-1981 F. IPC, HRI, B, SSS, M, TG
Ariel VI 1979-1981 L. M, C

‘Hakucho 1979-1984 M. MC, SM

Tenma 1983-1984 L. M, G, C, SM, MC
EXOSAT 1983-1986 L. M, G, F, TG
Ginga (ASTRO-C)  1987-1991 M. SM
Rontgen/Kvant 1987- M, H, CM, G
Granat 1989- M. H, CM

ROSAT 1990~ F. HRI, IPC, WFC

Key B - Bragg crystal spectroscopy; C - collector (reflecting); CM - coded-mask imaging; F - focusing
optics; G - gas scintillation proportional counter; H - high-energy (10-200 keV) crystal scintillator: HRI
- high resolution imager: IPC - imaging proportional counter; L - low-energy (0.1-1 keV) proportional
counter; M - medium energy (1-20 keV) proportional counter; MC modulation collimator: Pol - polarimetry;
SM - sky monitor; SSS - solid-state spectrometer: TG - transmission gratings; WFC - EUV wide-field

camera.
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Figure 2.1: The ROSAT satellite with main components indicated.
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The satellite has a circular orbit at an altitude of ~575km and an inclination of 53°, with
an orbital period of ~95 minutes. It is controlled from the German Satellite Operations
Center (GSOC) at Weilheim. Five to six ground contacts each day allow for downloading
of data and issuing of telemetry commands. Attitude control is accurate to 1 arcmin.
Using onboard CCD star sensors the pointing direction can be reconstructed at GSOC to
a precision of ~5 arcsec. During observations made using the PSPC the pointing direction
was ‘wobbled’ over +3arcmins with a 400 second period. This prevented shadowing of X-

ray sources by the opaque wire of the PSPC window-support grid.

The ROSAT mission had two scientific goals, the first being to carry out complete far
EUV and soft X-ray all-sky surveys. This was to be followed by pointed observations in
both wavebands of individual targets with long exposure times. After an initial calibration
phase the all-sky survey commenced in July of 1990, finishing on January 25th 1991. The
sky was scanned by rotating ROSAT on an axis, once per orbit, so that its 2 coaligned
telescopes always looked away from the earth, hence observing the sky in a series of great
circles passing over both ecliptic poles. Upon the completion of the all-sky surveys, the
pointed, guest observer (GO), phase began. The PSPC was available for use until the end
of 1993, with the WFC and HRI still in operation at the time of writing (August 1996). A
full description of the ROSAT X-ray telescope and its detectors can be found in Triimper
(1983).

The work presented in Chapters 3 and 4 of this thesis involved the analysis of data obtained

using the PSPC during the pointed phase of the mission.

2.3 The PSPC

The PSPC (see Pfeffermann et al. 1986) is a conventional multiwire proportional counter
with a cathode strip readout scheme for position determination. An 1141cm? sensitive
area subtends an angle of 2° at the XRT focus. The operational energy range is 0.1—
2.5keV. The PSPC entrance window is polypropylene coated with carbon and Lexan to
reduce UV transmission. A 4 position filter wheel is located in front of the detector, with

settings for standard observations, background particle monitoring, observations using a
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Figure 2.2: The response curves for the combinations of PSPC/XMA and WFC (S1 and
S2 filters).

boron filter allowing an increase in low energy spectral resolution and a fourth position
with radioactive sources used for spectral calibrations. The PSPC gas supply is a mixture
of Argon, Xenon and Methane and absorbs ~100% of the incident photons with energies
below 2keV. The detector quantum efficiency is thus determined by the transmission of
the viewing window. The response curves for the combinations of PSPC with the X-ray
mirror assembly (XMA) (and WFC for comparison) are shown in Figure 2.2. The PSPC
effective area falls off gradually with increasing off-axis angle. This drop becomes much

more rapid beyond an angle of ~50arcmin, as can be seen in Figure 2.3.

Pulse heights of events are recorded in the detector, digitised on board into 256 channels
and corrected for temporal and spatial gain variations on the ground. The events are

placed into pulse-height invariant (PI) channels. These channels are generally binned-up
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Figure 2.3: The PSPC effective area against off-axis angle for a nominal photon energy of

0.5keV.

- so that each new bin has the same oversampling of the spectral resolution. These Standard
Analysis Software System (SASS) channels are shown in Table 2.2. Background correction
for such contamination as high energy particles and solar scattered X-rays is performed on
the data.? The observed detector response to an input spectrum is found by convolving

the effective area and the detector response at the given off-axis angle.

The point spread function (PSF) of the PSPC is a superposition of terms arising from
the detector response and the mirrors. The effect of this superposition results in the
image-size of a point source increasing with off-axis angle. The extraction radius required
to contain 95% of a source’s counts® thus increases with off-axis angle. In this thesis
the parameterisations derived by Georgantopoulos, Saxton and Pye (1992) are used, as

implemented in the Starlink ASTERIX data analysis package.

20nboard particle rejection is ~99.8% efficient, however when the particle rate becomes greater than
170 counts per second rejection efficiency drops . Hence all time periods where this threshhold is exceeded
were removed from PSPC data in this thesis.

3As was used for PSPC source extraction in this thesis.
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Table 2.2: ROSAT SASS bins

SASSbin Eiow Enigh Plbins | SASS bin FEiow Enigh  PI bins
1 0.07 0.09 7-8 18 0.84 091 84-90
2 009 o011 9-10 19 091 0.99 91-98 h
3 o011 0.14 11-13 20 0.99 1.07  99-106
4 014 0.17 14-16 21 1.07 1.15 107-114
5 017 0.20 17-19 22 1.15 1.23  115-122
6 020 0.24 20-23 23 1.23 1.32  123-131
7 0.24 0.28 24-27 24 1.32 1.41 132-140
8 028 0.32 28-31 25 141 1.50 141-149
9 032 0.37 32-36 26 1.50 1.60 150-159

10 037 0.42 37-41 27  1.60 1.70 160-169
11 042 0.47 42-46 28 1.70 1.80 170-179
12 047 0.52 47-51 29 1.80 1.91 180-190
13 0.52 0.58 52-57 30 191 202 191-201
14 0.58 0.64 58-63 31 2.02 2.13 202-212
15 064 0.70 64-69 32 213 224 213-223
16 0.70 0.77 70-76 33 2.24 2.36 224-235
17 077 0.84 77-83 34 236 248 236-247
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2.3.1 Coronal Studies Using the PSPC

The soft X-ray all-sky survey performed using the ROSAT PSPC had a limiting flux of
~2x10~Berg cm~? 57! in the 0.1—2.0keV energy range and detected around 60000 X-ray
sources (Schmitt, 1991). The results of the survey indicated that ~25% of high galactic
latitude sources were late-type stars and the emission presumably coronal in origin. This

fraction increases to ~50% at lower latitudes.

The sensitivity available using ROSAT is unprecedented compared to earlier missions.
Previously stars were often chosen for X-ray observation on the basis of their optical
behaviour. Such bias is not present in ROSAT data. The ability to observe large numbers
of stellar sources is exploited in Chapters 3 and 4 of this thesis, where I look at the galactic

plane and the Hyades star cluster using pointed PSPC observations.

2.4 The ASCA Mission

The Japanese X—fay astronomy satellite ASCA (formerly known as Astro-D) was launched
from Kagoshima Space Center, Japan, on February 20, 1993. The satellite has a roughly
circular orbit at an altitude of 500—600km, an inclination of 31.5 degrees and an orbital

period of ~95 minutes. Ground contact occurs in 10 of the 15 daily orbits.

ASCA consists of 4 large-area telescopes focussing X-rays from a wide energy range onto
four instruments. Two of these are X-ray sensitive charge-coupled devices (CCD’s) known
as the Solid-State Imaging Spectrometers (SIS, the first X-ray CCD spectrometer used in
orbit). The remaining two instruments are gas imaging scintillation proportional counters
(GSPCs) filled with xenon and named the Gas-Imaging Spectrometers (GIS). Each SIS
is based around 4, 420x422 pixel CCD chips arranged in a 2x2 square with a field of
view of 22x22 arcminutes. The GIS has a field of view of 30x30 arcminutes and is used
to complement the SIS, though above the xenon edge (=5keV) the GIS has the greater
detection efficiency. The GIS can observe much brighter sources than the SIS and in

general has better temporal resolution but lower spectral resolution.
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ASCA has a broad pass band (operating between 0.5 and 12keV) and allows for the first
time imaging combined with good spectral resolution (8% and 2% at 5.9keV for the GIS
and SIS respectively) and a large effective area. The primary scientific purpose of the
mission is the X-ray spectroscopy of astrophysical plasmas and as such it is an important
new tool in the study of coronal emission. Indeed ASCA observations have already shown

evidence for non-solar abundances in coronal sources (e.g. White 1996).

2.4.1 Observing With ASCA

The ASCA orbit imposes a viewing constraint based on the Sun angle making the ob-
servable region of the sky a belt of £25 degrees wide along a great circle normal to the
Sun vector. Another problem arises due to satellite transits through the South Atlantic
Anomaly (SAA). High flux during a transition and induced radiation for a short while af-
ter removes 15—30 minutes of observing time per orbit for 9 orbits in a day. Geocoronal
oxygen emission due to excitation by solar wind can contaminate an observation, he'nce it
is advisable to exclude elevation angles of 10—20 degrees from the horizon. The result of

these restictions usually yields 35—65ks of good data per day.

ASCA data reduction procedures are somewhat complex. A complete set of analysis
instructions are given in ‘ASCA an ABC guide’ (Day et al.1994). In Chapter 5 of this
thesis I study the spectral and temporal behaviour of 3 W-UMa contact-binary systems
using ASCA observations. When fitting the spectra I analyse simultaneously the data
from SISO and GIS2 (the two best calibrated instruments).

2.5 X-ray Emission From Optically Thin Thermal Plasmas

The X-ray emission of a non-degenerate, late-type star comes from the very hot (T>10°K)
tenuous and highly ionised gas comprising its corona. Energetic collisions with free elec-
trons strip gas atoms of nearly all their orbital electrons. The gas achieves a steady-state
of statistical equilibrium with an ionisation balance, as determined by elemental recom-

bination rates and electron collisions. Radiative and conductive energy loss is balanced
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by energy input (by mechanisms not yet fully understood). Plasma electrons and ions
fall into Maxwellian energy distributions with a common temperature (Mewe, 1991). De-
viations from this model may arise from photo-ionisation, optical depth, high density,

non-Maxwellian electron densities and transient ionisation (Raymond, 1988).

Observed X-ray emission results from collisional interactions between the ions and elec-
trons. If a plasma has cosmic abundances (=90% hydrogen, ~10% helium and ~0.1%
heavy elements) then the hydrogen and helium are fully ionised at typical coronal temper-
atures. It is only at higher temperatures (T>108K) that the heavier elements approach
full ionisation. Hence above T~s108K X-ray emission is almost fully bremsstrahlung con-
tinuum from H* and Hett whereas below this value line emission becomes significant and

so emissivity becomes dependant on atomic abundances and ionisation state.

2.5.1 Spectral Models

Spectral models are constantly undergoing change as our knowledge of atomic physics
improves. The updated models of several different groups were discussed at a recent

plasma-codes workshop (Brickhouse et al.1995). These models were:

e MFL (Monsignori Fossi and Landini, 1994).

e MEKA (Mewe, Gronenschild and van den Oord, 1985) with SPEX (Kaastra and
Mewe, 1994) under development.

RS (Raymond and Smith, 1977 and Raymond, 1988) with BRS (Brickhouse, Ray-

mond and Smith, 1995) under development.

o Masai (Masai 1994).

All of these models work in a similar way. They are designed to model hot, optically
thin plasmas. Given N,, T. and abundances the codes compute the power radiated in a
given broad spectral range. The continuum emission processes include bremsstrahlung,
radiative recombination and 2-photon emission. Line emission includes collisional excita-

tion and satellite lines. Determining the population of a particular ionisation state, by
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computing ionisation and recombination rates or assuming ionisation equilibrium popula-
tions, is the first step in calculating the line emission. Secondly a determination of the ion
upper-level populations (from which line emission originates) must be made. The emis-
sion is proportional to that population times the radiative transition probability. In the
‘coronal model’ most of the population is in the ground state and statistical equilibrium
is determined by a balance between collisional excitations from the ground-state to up-
per levels and subsequent radiative transitions down. Other factors such as upper level
recombination and fine structure splitting are taken into account to different degrees in

each of the models.

The most important aspect of the modelling is the completeness and accuracy of the
atomic data. The accuracy is much improved today but still has some way to go (see
Mason & Monsignori-Fossi, 1994). However a full understanding of the Fe L-shell has
not yet been achieved and is a priority as it can contribute strongly to the 1keV X-ray
spectrum. Also at this point there are still large uncertainties in the ionisation balance

with the best recombination rates uncertain to the 30% level.

In Chapters 4 and 5 of this thesis I apply certain spectral models for an optically-thin
thermal plasma to data obtained using ROSAT and ASCA. Two of the models, MEKA
and RS, presume discrete plasma temperatures whilst CEMEKA is a continuous emission

version of the MEKA model.

Figure 2.5 shows X-ray spectra calculated for a range of plasma temperatures using the
RS model. The spectral shape can be seen to vary with temperature. This allows an
estimation of plasma temperature to be made when energy resolution is low. Taking a
simple isothermal plasma of temperature T and volume V' the X-ray luminosity L; in

energy band E + AFE/2 is given by

Lx(T, AE) = F(T, AE)e (2.1)

where F(T, AE) (= Fc(T, AE) + £AgF(T, E)) is the total continuum plus line emissivity
(radiated power per unit emission measure), and € = [ n2dV = n?V is the volume emission

measure.

26



108 10° 10!
bbbk | i | (]
mi (| (|

10"
-

108
(]

Flux (Arbitrary units)

108
(|

104
(]

1000
L

0.1
Energy (keV)
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Where a plasma has a temperature distribution, emission from different parts of the plasma
can be found by using the concept of the differential emission measure (see e.g. Pan &

Jordan, 1995) ¢(T) = d(f n?dV)/dT, and hence
Ly = / F(T, AE)¢(T)dT. (2.2)

2.6 The Local Interstellar Medium

Soft X-rays are attenuated when passing through the interstellar medium (ISM). This
attenuation is a function of the number of atoms along the line of sight and the absorption

cross-section of each atom. The effective cross section per hydrogen atom is given as

n;o;
Oeff = Z— (2.3)

nyg
where ng is the volume number density of neutral hydrogen, and the density and absorp-
tion cross-section of element ¢ are represented by n; and o; respectively. The assumption
of cosmic abundances and a value for the hydrogen column density along the line of sight

allows the attenuation at a given energy to be found. The transmission (T) through the

column is thus given by:

T = e oefNH (2.4)

The local ISM consists of a warm, tenuous region known as the ‘local bubble’ with walls
as close as 10pc in the direction of the galactic center and at the furthest ~100—200pc
(Innes and Hartquist, 1984). X-ray background observations have shown evidence for the
bubble being filled, at least partially, with gas of Ta10°K and n.~0.0lcm™3 (Snowden et
al. 1990). Possible reasons for the existence of the cavity include a supernova event x~10°

years ago? or a series of events over the past 107 years which repeatedly reheat the gas.

4Possibly resulting in the Geminga Gamma-ray Pulsar (Bignami, Caraveo and Mereghetti, 1993).
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It is fortunate for X-ray astronomy that this cavity exists. Were it not present, leaving
the ISM cold and dense, then stellar X-ray astronomy would be virtually impossible with

emission being visible only from the nearest and brightest sources.
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Chapter 3

A Third Quadrant Galactic Plane
Deep Survey With ROSAT

3.1 Introduction

Flux-limited surveys are important both in the study of source populations and in the
identification of individual interesting objects. In this chapter I will discuss a moderately
deep soft X-ray (0.1-2 keV) survey of the Galactic Plane using pointed observations with
the ROSAT Position Sensitive Proportional Counter (PSPC). The data consist of 9 fields
each of &~ 10 ks exposure, pointed at positions on or very close to the galactic plane
(|6] < 0.3°) in the longitude range 180° < I < 280°, a region often referred to as the
Third Quadrant!. The survey reaches a factor > 10 lower in flux than previous ‘galactic
plane’ surveys. I present the catalogue of X-ray sources and the number-flux relations
which I compare with predictions of galactic (stellar) and extragalactic populations. I also
discuss attempts at assigning optical counterparts based on inspection of digitised versions

of sky-survey Schmidt plates, yielding magnitude estimates or limits for all the sources.

!Some workers, e.g. Paresce (1984); refer to this as ‘Quadrant 4’ or the ‘Fourth Quadrant’, while others,
e.g. Frisch & York (1983) refer to it as ‘Quadrant 3’ or the ‘Third Quadrant’. Here, I use the term ‘Third
Quadrant’.
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3.2 Surveying the Galactic Plane

There have been two major galactic plane studies previously undertaken. The Einstein
Galactic Plane Survey (EGPS; Hertz & Grindlay 1984, 1988) was a serendipitous source
survey of Imaging Proportional Counter (IPC) fields at galactic latitudes 8] < 15°, cov-
ering a total area of 275 deg?, and detecting 71 X-ray sources above a flux threshold
of ~ 2 x 10713 erg cm™2 57! in the energy band 0.15-4.5 keV. The median and 90 per
cent coverage fluxes were =~ 7 x 10713 and ~ 2 x 1072 erg cm~2 s~ ! respectively. The
ROSAT Galactic Plane Survey (RGPS; Motch et al. 1991) utilises the ROSAT PSPC All-
Sky Survey (RASS) data for |b| < 20°, with a typical limiting flux of a few times 10713
erg cm~2 571, Preliminary findings were presented based on 225 sources detected in an
area of &~ 200 deg? in the longitude range 108° < I < 155°. These suggested that at least
50% of the X-ray sources were stellar in origin. More recently the RGPS has included
a detailed study of a low-latitude area in Cygnus (Motch et al. 1996) centred at [ =90°,
b =0° with an area of 64.5deg?. Of the 128 sources detected, 85% of those brighter than
0.03 PSPC ct s~! were identified with active coronae. The number-flux relations obtained

in the EGPS and RGPS are presented in Figures 3.1 and 3.2 respectively.

A further survey of the galactic plane was performed using the medium energy proportional
conters on board EXOSAT with a 2—6keV erergy range (Warwick et al.1988). This
survey however only detected the brightest of sources, with no evidence of coronal emission
(though some sources remain unidentified). Diffuse emission was detected, though no
distinction could be made between what they called ”"hot spots” and individual discrete

sources.

The present survey, whilst covering a much smaller area of sky (~ 2.5 deg?, 180°
1 < 280° |b| < 0.3° ) than either the EGPS or RGPS, extends more than an order of
magnitude deeper in flux, to ~ 107!* erg cm~% 57!, and has yielded 93 sources. Hence it
complements well not only the EGPS and RGPS, but also ROSAT medium-sensitivity and
deep surveys at high galactic latitudes (e.g. Hasinger et al. 1993; Branduardi et al.1994;
Boyle et al.1995) and in other areas of the plane. The longitude range selected for our
survey is relatively low in X-ray absorbing material out to distances of several hundred

parsecs and presents fewer confusion problems than at other longitudes. The restriction in
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Figure 3.1: EGPS number-flux relation for low galactic latitude X-ray sources. Derived

from observed fluxes of 71 sources with significance >530. Reproduced from Hertz and

Grindlay 1984

Table 3.1: Observation log for the Third Quadrant Galactic Plane Survey.

FIELD SEQ RA DEC 1 b EXP(ks) NOTES
1 900627 3 45 37.6 2856 10.0 180.00 0.00 9.52 GAL PLANE 1

2 200084 615 15.0 17 43 41.0 193.10 0.32 9.41 TARGET=G104-27

3 900426 6 42 25.8 04 2317.0 208.00 0.00 10.42 GAL PLANE 2

4 900628 702323 -052354.0 219.00 0.00 3.59 GAL PLANE 6

5 900380 +1829.0 -131303.0 227.75 -0.13 18.68 TARGET=NGC2359

6 900428 723189 -156833.0 230.00 0.00 9.84 GAL PLANE 3
T 200049 724 40.1 -161203.6 231.09 -0.21 8.66 TARGET=HD58343
8 900427 3810028 -331656.0 251.00 0.00 10.80 GAL PLANE 4

9 400329 102438.5 -374700.5 284.29 -0.28 9.00 TARGET=1E102457

latitude essentially removes scale-height effects when attempting to interpret the spatial
distribution of sources. since || = 0.3° corresponds to a height of only 3 pc off the plane

at a distance from the Sun of 1 kpc.
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curves) and ML >8 (upper curves). Relations are shown for the sample as a whole, those
sources identified with stars and unidentified sources. The dashed line represents the

expected extragalactic contribution. Reproduced from Motch et al. 1996.

3.3 Observations

3.3.1 Data selection

The survey used 9 ROSAT PSPC fields. each of =10ks exposure. to sample the galactic
plane at longitudes from roughly 180° to 270° (the ‘third quadrant’). A log of the ob-
servations is given in Table 3.1, while Figure 3.3 shows the distribution of the fields on
the sky. Five of the pointings (numbers 1. 3. 4. 6 and 8) were specifically performed for
this programme. while the remaining four datasets were obtained from the archlive. These
were the only archive datasets that fulfilled our criteria when the data selection for the
project was made. in 1994 August. This remains true at 1995 November. The target
objects for these latter pointings are noted in Table 3.1. All field positions were selected
to avoid molecular clouds, strong (3 0.2 PSPC count s~!) known X-ray sources, bright
stars and SNRs. all of which might distort the survev. Each observation was required to
have at least S ks exposure and to lie within 0.3° of the galactic plane. A reasonably

uniform sampling in longitude was achieved for 180° g / < 250°. The gap in the region
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Figure 3.3: Location of the 9 PSPC fields used in the survey along the Galactic Plane.
Shown with each field position is the value of the galactic nyg column number density
in that direction (as (ngx10~2'cm~2) derived from the 21cm observations of Stark et

al. (1992).

260° < I £ 270° is due to the Vela supernova remnant. In order to provide some sampling
in this area, we included in our analysis field number 9, at  ~ 284°. The most heavily

sampled region is around ! &~ 230°, with fields 5, 6 and 7.

3.3.2 Source Searching

The point-spread function (PSF) of the PSPC widens with off-axis angle. Due to the
increased background per source ‘beam’ at larger angles we get a lower sensitivity and
a higher uncertainty in source position. The nature of this study ultimately requires
correlation of the X-ray sources with optical sources, hence an accurate measurement
of X-ray source position is very important. Due to this, the analysis was restricted to

the inner 18 arcmin radius of all survey fields. This restriction also made background
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and sensitivity-level calculations easier as there were no window support rings or ribs
to account for. Those fields chosen from the archive had the central 3.5 arcmin radius
removed from the analysis to prevent bias due to the central objects in these fields having
been selected for their interesting nature?. Data intervals with poor aspect solutions or

high anti-coincidence rates were also rejected (as discussed in Chapter 2).

Point source searches were carried out on the data. Three bands were deﬁngd, 0.1-0.4keV
(PI channels 11—42), 0.4-2keV (channels 43—202) and 0.1-2keV (channels 11—202),
designated ‘soft’, ‘hard’ and ‘total’ bands respectively. 256x256 pixel images were made
in each band, with each pixel being 15x15arcsec?. The data were analysed with the
UK Starlink ASTERIX X-ray data-analysis software system and its point-source search
algorithm PSS. Background levels were determined by first measuring the average count-
rate in the central 18arcmin radius of an image. This was used for a preliminary PSS
run. Detections made in this first run with a significance >4.50 were then removed and
the resulting image smoothed using a 20x20 pixel? tophat function. This was used as
the background model for a second PSS run where detections were accepted to be X-ray
sources if they exceeded a significance of 4.5¢. In the total-band 93 sources were detected,
however most of these (89) were detected in the hard-band and only 12 were detected
in the soft-band (4 of which were detected in the soft-band only). As the hard-band
detections overlap to such a large extent with the total-band and there are so few soft-
band detections, this survey concentrates mainly on the hard-band data and considers
the soft-band where appropriate. The hard-band detections and the hard-band upper
limits on the four soft-only detections are shown in Table 3.2. Sources detected in the soft
band are shown in Table 3.3. Also shown in Table 3.3 are the hardness ratios for each
source, defined as HR= (H-S)/(H+S) where H is hard-band count-rate and S is soft-band

count-rate.

2 After completion of the analysis Field 9 was found not to have an on-axis target and that the two
target sources had been erroneously included in the survey. Were this error to be corrected for the result
would be a small (<1%) reduction in survey area and the removal of two sources from the high-flux end

of the number-flux relation. This would not change the results of the survey in any significant way.

35



Table 3.2: Hard Detections and Upper-Limits.

RO F RA DEC 1 b SIG C 5C VMAG log N
(h ms) (dms) (deg) (deg) (1073ct s=1)  (10~3ct s™!) FX/FV
01 1 05 44 40.27 428 5735.3 179.871 -0.164 4.914 1.986 0.694 17.25 -1.32 1
02 1 05 44 41.22 428 47 41.3 180.014 -0.247 5.058 2.785 0.888 19.50 -0.27 1
03 1 05 44 41.37 +4290737.2 179.731 -0.073 7.003 3.845 0.987 15.18 -1.86 1
04 1 05 44 45.69 +28 5506.3 179917 -0.169 6.113 2.303 0.702 19.38 -0.40 1
05 1 05 4457.62 +285840.4 179.889 -0.101 12.177 5.258 0.101 17.06 -0.97 1
06 1 054507.19 +290931.5 179.7563 0.023 99% < 0.805 18.28 -1.30 1S
07 1 05 45 13.11 428 4333.5 180.133 -0.184 7.831 4.494 0.106 17.55 -0.84 1
08 1 05452297 +291059.5 179.762 0.084 13.560 8.885 0.139 9.50 -3.77 1
09 1 054527.27 4285746.7 179.958 -0.016 5.293 1.574 0.579 13.24 -3.02 2
10 1 05 45 56.84 +29 0756.7 179.869 0.163 7.162 3.655 0.938 8.91 -4.39 - 2
11 2 06142350 +174429.5 192,988 0.144 4.753 1.690 0.627 13.02 -3.08 2
12 2 06143595 +174910.0 192.943 0.225 6.320 1.429 0.470 15.30 -2.24 1
13 2 06144185 +173409.5 193.174 0.126 10.121 4.926 0.974 14.20 -2.14 1
14 2 0614 42.27 +17 43 32.2 193.037 0.202 7.281 2.085 0.584 12.57 -3.17 2
15 2 06 1446.78 +17 36 48.3 193.144 0.164 5.223 1.530 0.533 18.41 -0.97 1
16 2 061517.57 +173929.4 193.163 0.293 5.235 1.479 0.507 9.94 -4.37 2
17 2 061534.03 +173755.2 193.218 0.338 5.013 1.067 0.425 12.63 -3.43 2
18 2 061543.23 +175344.3 193.003 0.496 5.877 1.870 0.608 14.42 -2.48 2
19 2 06154751 +175234.1 193.028 0.501 4.840 1.156 0.453 17.25 -1.55 1
20 2 061554.51 +173459.6 193.299 0.386 6.075 2.247 0.674 15.40 -2.00 1
21 2 06160530 +173727.6 193.284 0.444 9.782 4.211 0.877 11.85 -3.15 2
22 2 061624.75 +173957.4 193.284 0.532 99% < 1.430 16.52 -1.76 1S
23 3 06412991 +4041956.9 207.944 -0.231 5.026 3.608 0.976 16.39 -1.41 1T
24 3 064136.16 +4042855.4 207.822 -0.139 11.602 6.753 1.126 7.87 -4.54 3
25 3 06413624 40431419 207.781 -0.117 7.135 3.331 0.802 13.52 -2.58 1
26 3 064150.69 +042008.5 207.980 -0.152 13.516 5.593 0.926 16.45 -1.19 1
27 3 06415931 40428479 207.868 -0.054 8.992 3.162 0.727 15.44 -1.84 1
28 3 06421347 40409319 208.181 -0.149 4.684 1.769 0.612 16.65 -1.61 1
29 3 064245.14 +042321.8 208.036 0.073 8.358 2.712 0.659 9.01 -4.48 2
30 3 064245.30 404 1840.2 208.106 0.038 10.221 3.588 0.760 18.08 -0.73 1
31 3 064300.59 404 2516.7 208.037 0.145 5.009 1.311 0.496 13.59 -2.96 1
32 3 064311.50 +041242.1 208.244 0.089 7.579 3.536 0.824 13.75 -2.47 1
33 4 070121.23 -0526424 218.906 -0.283 7.337 4.516 1.083 14.03 -2.25 1
34 4 07012242 -052451.6 218.881 -0.264 11.291 6.984 1.248 15.44 -1.49 1
35 4 07012501 -052222.0 218.849 -0.236 6.081 2.929 0.846 10.24 -3.95 1
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RO

Table 3.2: — continued

F RA DEC 1 b SIG C sC VMAG log N
(h m s) (d m s) (deg) (deg) (10=3ct s~!)  (10~3ct s~1) FX/FV
36 4 07015248 -052551.0 218.953 -0.161 33.554 23.249 1.967 12.23 -2.26 2
37 4 07015850 -053618.7 219.119 -0.219 14.637 10.562 1.515 18.41 -0.13 1
38 4 07020587 -053322.5 219.090 -0.169 6.135 2.107 0.655 16.50 -1.59 1
39 4 070230.16 -051040.5 218.799 0.093 6.099 2.529 0.769 17.29 -1.20 1
40 4 07025191 -051416.5 218.894 0.145 13.609 6.653 1.112 19.28 0.01 1
41 4 07030717 -053519.7 219.235 0.041 12.546 8.211 1.332 13.39 -2.24 1
42 4 070324.52 -052729.2 219.152 0.165 5.286 2.513 0.802 10.30 -3.99 1
43 5 071730.72 -130523.1 227.527 -0.278 6.963 2.323 0.527 12.76 -3.05 2
44 5 07173264 -132028.0 227.752 -0.388 7.461 2.560 0.544 12.48 -3.11 1
45 5 071734.27 -131747.2 227.716 -0.362 5.039 1.353 0.410 15.68 -2.11: 1
46 5 07174139 -132206.3 227.793 -0.370 5.563 1.816 0.488 16.85 -1.60 1
47 5 071743.24 -132523.3 227.846 -0.389 99% < 0.518 15.50 0.68 1S
48 5 071749.17 -131514.4 227.707 -0.288 8.908 1.763 0.380 15.90 -1.91 1
49 5 071805.63 -125828.3 227.491 -0.099 5.965 1.821 0.466 12.00 -3.45 2
50 5 071806.08 -131837.5 227.789 -0.254 6.481 1.335 0.363 13.28 -3.08 2
51 5 071808.13 -131958.1 227.812 -0.257 4.761 1.005 0.336 10.89 -4.16 2
52 5 07181083 -1322385 227.857 -0.268 8.365 1.945 0.434 14.42 -2.46 1
53 5 071812.13 -130634.4 227.623 -0.138 5.311 0.981 0.315 15.40 -2.36 1
54 5 071813.02 -132704.1 227.926 -0.295 6.417 2.153 0.512 15.39 -2.03 1
55 5 071813.29 -132354.8 227.880 -0.269 23.129 8.529 0.827 16.75 -0.88 1
56 5 071838.49 -130115.7 227.594 -0.002 6.983 2.100 0.484 11.45 -3.61 2
57 5 07184434 -130647.5 227.687 -0.025 8.840 2.261 0.467 17.50 -1.16 1
58 5 07184847 -125723.4 227.556 0.063 6.061 1.867 0.479 14.33 -2.51 1
59 5 07191030 -131456.1 227.856 0.004 14.549 3.699 0.544 9.20 -4.27 1
60 6 072225.08 -151059.3 229.933 -0.210 5.613 2.508 0.753 11.31 -3.59 1
61 6 07222987 -150404.6 229.841 -0.138 7.157 3.699 0.908 15.90 -1.59 1
62 6 07230523 -151746.1 230.109 -0.121 9.072 2.696 0.680 16.50 -1.48 1
63 6 072307.04 -145841.3 229.832 0.035 5.310 1.741 0.573 13.59 -2.84 2
64 6 072314.56 -145251.2 229.761 0.107 6.045 2.693 0.769 8.13 -4.83 3
65 6 072331.02 -151220.6 230.078 0.012 9.204 3.436 0.794 11.17 -3.51 2
66 6 072333.20 -151029.9 230.055 0.035 4.728 1.224 0.531 10.19 -4.35 2
67 7 072340.72 -160809.3 230916 -0.392 6.850 3.561 0.901 16.00 -1.56 1
68 7 072401.68 -161140.7 231.008 -0.346 5.187 1.360 0.504 12.86 -3.24 2
69 6 07240269 -150524.8 230.037 0.179 7.544 2.619 0.674 13.42 -2.73 2
70 6 07240344 -145716.1 229.919 0.246 4.698 1.961 0.676 15.00 -2.22 1
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Table 3.2: — continued

RO F RA DEC 1 b SIG C sC VMAG log N
(hms) (d m s) (deg) (deg) (10=3ct s—1) (10~ 3ct s~!) FX/FV
71 6 072408.21 -145929.6 229.960 0.245 5.312 2.301 0.724 15.90 -1.79 1
72 7 072518.36 -161035.1 231.137 -0.067 13.797 6.966 1.101 16.87 -0.92 1
73 7 07252141 -155636.0 230.938 0.053 7.489 4.757 1.050 19.80 0.07 1
74 8 080924.01 -333000.7 251.108 -0.232 5.919 5.424 1.694 12.82 -2.65 2
75 8 08092633 -332015.2 250.976 -0.137 5.323 3.570 1.320 11.88 -3.21 2
76 8 08092695 -332516.6 251.048 -0.180 6.339 4.732 1.474 16.50 -1.24 1
77 8 08101842 -330610.3 250.879 0.143 4.988 2.425 1.011 15.60 -1.89 1
78 9 10225946 -574241.6 284.128 -0.363 99% < 4.085 15.90 -1.54 1
79 9 1023 38.83 -575800.1 284.339 -0.532 5.333 3.094 0.896 12.41 -3.06 2
80 9 10234365 -573833.8 284.175 -0.252 6.401 3.418 0.888 9.09 -4.35 3
81 9 102350.65 -575744.3 284.359 -0.514 5.436 2.769 0.833 6.86 -5.33 3
82 9 102359.78 -574534.8 284.268 -0.332 27.617 33.671 2.581 15.60 -0.75 4
83 9 1024 1497 -573946.8 284.245 -0.232 5.432 1.911 0.623 17.01 -1.43 1
84 9 102447.19 -573254.8 284.245 -0.097 4.803 2.137 0.722 14.64 -2.33 1
85 9 102501.52 -575424.9 284.462 -0.384 4.924 2.037 0.695 15.04 -2.19 1
86 9 102535.09 -575050.8 284.493 -0.294 9.766 3.245 0.711 15.32 -1.88 1
87 9 10254558 -573530.9 284.378 -0.065 10.275 6.662 1.179 15.60 -1.45 1
88 9 10255233 -575400.0 284.554 0.318 5.965 2.284 0.658 14.92 -2.19 1
89 9 10255437 -573757.4 284.416 -0.089 8.537 3.644 0.828 12.75 -2.85 2
90 9 102555.13 -574852.3 284.514 -0.243 68.287 95.453 3.941 13.27 -1.23 2
91 9 10260340 -575915.5 284.621 -0.380 27.257 29.346 2.351 13.88 -1.50 1
92 9 1026 04.09 -57 4638.6 284.511 -0.201 5.336 2.197 0.716 12.93 -3.00 2
93 9 102611.14 -575655.8 284.615 -0.338 12.579 8.676 1.335 15.90 -1.22 1

Notes:Columns are: source number, PSPC field number, RA, DEC (J2000), galactic latitude and longitude, sig-

nificance of detection, count-rate, count-rate error (1o, lower limit on visual magnitude (as discussed in section 3.5)

and the log of the X-ray to optical flux ratio (discussed in section 3.6). The final column indicates the identification

status of a source: l=unidentified with possible optical counterpart on Schmidt plates, 2=possible counterpart

in the HST Guide Star Catalogue (GSC), 3=possible counterpart detected in the GSC and SIMBAD database,

4=SIMBAD reference only with no GSC counterpart.

38



Table 3.3: Soft Detections.

RO F RA DEC 1 b SIG o] sC HRATIO
(hms) (d ms) (deg) (deg) (x10=3ct s—1) (x10~3cts—1)
06 1 054507.19 +4290931.5 179.75318 0.02296 5.153 4.569 1.223 <-0.640
16 2 061517.57 +173929.4 193.16395 0.29364 8.173 4.584 0.908 -0.512
21 2 06160530 +173727.6 193.28400 0.44415 4.836 3.115 0.889 0.149
22 2 061624.75 +173957.4 193.28414 0.53188 6.259 5.458 1.205 <-0.690
24 3 06 4136.16 404 2855.4 207.82292 -0.13909 8.738 7.096 1.232 -0.024
25 3 064136.24 404 3141.9 207.78194 -0.11763 4.991 4.032 1.081 -0.095
36 4 07015248 -052551.0 218.95326 -0.16154 19.754 6.124 1.188 0.583
47 5 071743.24 -132523.3 227.84553 -0.38908 5.077 2.320 0.605 <-0.397
67 7 072340.72 -160809.3 230.91691 -0.39249 7.621 5.810 1.180 -0.239
78 9 10 22 59.46 -57 42 41.6 284.12897 -0.36381 5.774 4.028 1.025 <0.006
91 9 102603.40 -5759155 284.62120 -0.38046 T7.417 4.381 0.981 0.740
93 9 1026 11.14 -57 56 55.8 284.61527 -0.33847 9.754 7.271 1.251 0.088

Notes:Columns are: source number, PSPC field number, RA, DEC (J2000), galactic latitude and longitude, signif-
icance of detection, count-rate, count-rate error (10) and hardness ratio (where not detected in the hard-band this

is the hardness ratio upper limit as shown).

3.4 The Number—-Flux Relation.

The detection count-rate threshold is a function of position in each PSPC field since
it depends on bachground level and vignetting. Each field has a similar yet different
distribution of thresholds. Thus each source will have its own associated coverage fraction
within the survey. Figure 3.4a shows the hard-band coverage correction curve for the
survey. The curve takes into account the differences in survey area between our fields and
those chosen from the public data archive. This difference in area arises from the fact that
the archive fields had their central portions removed in order to eliminate bias due to the
objects being studied in those pointed observations. It can be seen that good coverage is
achieved down to around 0.002 counts per second, with &~ 90% of the survey area being
above this threshold. Below 0.002 counts per second there is a sharp fall off in coverage
but we do still obtain some (x30%) coverage down to ~0.001 counts per second. Figure
3.4c shows the soft-band coverage correction curve, where down to & 0.004 ct s~! we have

90% coverage. This drops to ~80% at 0.003 ct s~! and to <20% at 0.002ct s™.

From the coverage curves it is straightforward to calculate the hard and soft-band corrected

number-flux relations. For each source-flux the percentage of the survey area covering that
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flux was found. Integrating this distribution yielded the number-

Figures 3.4b and 3.4d.

flux relation as shown in
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Figure 3.4: The coverage curves for the survey a)Hard-band, c)Soft-band. These take
into account the differences in area between fields and different background levels. The
number-flux relations are shown here in integral form, with both the raw-counts (dashed
line) and coverage-corrected (solid line) b)Hard-band, derived from the 89 Hard sources

detected in our 9 PSPC fields and d)Soft-band, derived from the 12 soft sources.
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3.4.1 Calculating the Index and Normalisation

A power-law (N(>S)=NoS™) was fitted to the calculated number-flux relation for the
hard-band only. Theoretically for a uniform, isotropic, distribution of sources, with no
absorption, the value of a should be 1.5. Before fitting the power law, an estimate of the
contribution to our source counts from extragalactic sources was removed. This required an
assumption for the ‘extra-galactic transmission factor’ (EGTF) defined as EGTF=C,/C,,
where C, is the count-rate from an extragalactic source after absorption by the ISM
of our own galaxy, and C, is that count-rate if there were no galactic absorption. By
considering a power-law spectrum with typical energy-index values (1—2) and ngy values
(5%102'—10%2cm~2; cf. Table 3.6) the hard-band EGTF was found to lie in the range
0.2—0.3. The hard-band EGTF was thus nominally taken to be 30%, howe§er analysis
was also conducted using values of 20% and 0% (corresponding to zero extragalactic source
contribution). The extra-galactic contributions were calculated using the ROSAT high-
latitude source counts of Hasinger et al. (1993) and Branduardi-Raymont et al. (1994),
both suitably attenuated by absorption in the galactic plane (see Table 3.1). Table 3.5
summarises the index and normalisation values found by fitting a power law model and
using the different values for the extra-galactic transmission factor and the two sets of

values for the high-latitude source counts.

Figures 3.5a to 3.5f show the 2-parameter, normalisation and index. fit of the model to the
source counts, with regions of 68%, 90% and 99% confidence shown. Figures 3.6a and 3.6b
show the single parameter fit for the index for both sets of high-latitude source counts,

while Figures 3.6¢c and 3.6d show that of the normalisation®

Hence we see, for a 30% transmission factor and the Hasinger et al.source counts, the
integral number-flux relation of the sources brighter than 0.002ct/s can be represented
by a power law where at 90% confidence, the index & = 1.3+3 and the normalisation

No =21+ 5 (No = the number of sources per square degree above a countrate of 0.002ct

3The horizontal lines representing nominal, 68% and 90% confidence levels were derived using the work
of Lampton, Margon and Bowyer (1976) on parameter estimation in X-ray astronomy. This shows that
for one free parameter, the value of x? at 68% confidence is equal to the minimum value plus one, and at

90% confidence it is equal to the minimum value plus 2.71.
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Notes:Parameters derived by Hasinger et al. (1993) and Branduardi-Raymont et al. (1994) for a broken power-law

Table 3.4: High-Latitude Source-Count Parameters.

Branduardi-Raymont | Hasinger
Normalisation K 82.2 49.3
Break Flux 1.64 2.66
(x10~4 erg cm™2 s~1)
index 1 1.78 1.94
index 2 2.64 2.72

model of high-latitude source counts.

Table 3.5: Index and normalisation values for the Galactic Plane source-counts after

removal of an estimated extra-galactic contribution.

High-Latitude Values at Values at Values at

Source-count EGTF=0.3 EGTF=0.2 EGTF=0.0

Model Best 68% 90% Best 68% 90% Best 68% 90%
INDEX INDEX INDEX

Hasinger 1.31 1.06 1.64 0.9 1.89 1.35 1.12 1.64 0.98 1.87 1.4 1.17 1.65 1.05 1.85

B-Raymont 1.33 1.08 1.66 0.931.9 1.34 1.131.66 1.0 1.88 1.39 1.17 1.66 1.05 1.85
NORM NORM NORM

Hasinger 20.62 17.21 23.94 15.1 26.2 23.1 19.76 26.46  17.52 28.66 | 25.73 22.28 28.9 20.031.1

B-Raymont 21.37 17.88 24.7 15.75 26.84 | 23.31 20.0 26.74 17.82 28.95 | 25.72 22.23 28.95 20.06 31.15

Notes:Index and normalisation parameters calculated using high-latitude source counts of Hasinger et al. (1993) and
Branduardi-Raymont et al. (1994). The best-fit value, 68% and 90% values are shown for extra-galactic transmission

factors of 0.3, 0.2 and 0.0.

s~1). Changing the extra-galactic transmission factor is seen to change the results for the

index only slightly (~5% change in index value for a 30% change in EGTF), whilst the

normalisation simply scales upwards as the transmission factor decreases

3.5 Optical searches

In order to understand the X-ray sky it is important to identify as many of the sources

detected as possible. At the very least an estimated magnitude is required in order to
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Figure 3.5: 2-parameter, normalisation and index, fit of the power-law model to the hard-
band source counts, using 30%, 20% and 0% as the extra-galactic transmission factor
and the high-latitude source counts of Hasinger et al. (1993) in Figures 3.5a to 3.5¢ and
Branduardi-Raymont et al. (1994) in Figures 3.5d to 3.5f. Regions of 68%, 90% and 99%

confidence are shown. 44
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calculate the X-ray to optical flux ratio. The identification scheme comprised firstly of
a positional coincidence search of the SIMBAD database and the HST Guide Star Cat-
alogue (GSC). This was followed by an analysis of sky-survey plates from the Palomar
Observatory Sky Survey (POSS), UK Schmidt and ESO Schmidt. Digital scans of these
plates were provided by J. Pilkington (RGO) using the PDS machine at RGO Cambridge.
Figure 3.7 shows the separation between X-ray position and optical position of sources in
the Hyades Star Cluster (from the survey discussed in Chapter 4). This shows that the
majority of our galactic plane X-ray sources would be expected to lie within ~0.3 arcmin,
or ~20arcsec, of their optical positions. This figure was used in the identification process
to determine which objects should be considered as potential optical counterparts of our
X-ray sources. If no candidates were present in the 20arcsec ring, this was extended to

30arcsec.

Only a small number of our sources (4) had a likely match in the SIMBAD catalogue.
However a substantial fraction (*233%) had a possible match in the GSC. The majority of
the sources however remained unidentified. Thus an attempt at a magnitude estimate for
possible candidates was made using the Schmidt survey plates. Each sky area was scanned
in two different bands. For the POSS plates these were O (blue) and E (red). Twenty of
the 93 sources required the use of the ESO B and UKS J plates. UKS J is redder than ESO
B but not as red as POSS E. However for the purposes of our rough magnitude estimation
this makes little difference. All objects, down to the plate limit, lying within 20arcsec (30
arcsec if no sources within 20arcsec) of our X-ray source position were recorded (see Figure
3.9). This resulted in, on average, two or three potential candidates per X-ray source. It
is possible to obtain an estimate of stellar magnitudes by direct measurement of the image
size on the plate?. This was done for all likely candidates using the E and J scans. The
brightest candidate in each error box thus gives us a lower limit for the magnitude. Only
one source had no possible optical counterpart within 30arcsec of the X-ray position. An
error on the magnitude can be derived from the accuracy of the measurement of the
image radius. One image pixel was possible, for smaller objects (less than 16th magitude)
this translates to an error of £1 magnitude. Brighter sources are measured to a greater

accuracy, with a pixel error the equivalent of £0.5 magnitudes. Plate-to-plate calibration

4For examples of this technique see Humphreys et al. (1991) and King & Raff (1977).
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Figure 3.7: Comparison of the X-ray positions of PSPC detected Hyads and their known
optical positions as a function of off-axis angle. The dashed line lies at a separation of
0.3arcmin, or &20arcsec. It should be noted that the point with a large optical - X-ray
separation is not a cause for concern. This star lay on the inner ring of the PSPC in such
a position that the wobbling motion of ROSAT made accurate position determination

tricky.
errors can also lead to magnitudes estimates being out by +1 magnitude.

Measured magnitude values of sources identified in the GSC were compared with their
known GSC values, see Figure 3.8. This showed a tendency to under-estimate source
magnitude by approximately 0.75 magnitudes. All values were corrected for this. There
were no source magnitude estimates which, when accounting for systematic errors of %1
magnitude, did not agree with the magnitude of its possible GSC counterpart (where such
correlations existed). A summary of candidate counterparts and numbers of sources found

in each field is given in Table 3.6.
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Figure 3.8: Histogram of the difference between my measured magnitude and GSC mag-
nitude. The peak of the distribution shows that the method used here to obtain a source

magnitude underestimates the magnitude by ~0.75 magnitudes.

Table 3.6: Summary of survey results: Numbers of sources per field.

Field 1 b Name ng T S H Total Optical

deg deg (x10%1cm—2?) 1234
1 180.00 0.00 GAL1 5.15e21 » 7 1 9 (8 8.17) 10 2431
2 193.10 0.32 G104-27 5.84e21 7 3 11 (4 4.00) 12 1551
3 208.00 0.00 GAL2 6.27e21 9 2 9 (7 7.00) 10 0550
4 219.00 0.00 GALs6 6.77e21 9 1 10 (10 10.05) 10 1351
5 227.75 -0.13 NGC2359 6.10e21 10 1 16 (7 7.00) 17 0665
6 230.00 0.00 GAL3 6.92e21 S 0 10 (7 7.01) 10 0523
7 231.09 -0.21 HDS58343 7.43e21 1 4 (3 3.00) 4 0211
8 251.00 000 GAL4 5.56e21 0 4 (45.29) 4 0211
9 284.39 -0.28 1E102457 — 11 3 16 (15 15.60) 16 1438
TOTALS 64 12(13.66) 89 (6567.12) 93

Notes:The columns indicate; field number, galactic longitude and latitude, field name, hydrogen column(from
Stark et al. (1992) 21cm measurements), number of sources detected in the total, soft and hard bands{the two
numbers in parenthesis are the number of sources, observed and coverage corrected respectively, with >0.002¢t s—1)
and total number of sources observed per field. The final column indicates the number of sources in a field with 1,

2, 3 or >4 possible optical counterparts within 30 arcsec of the X-ray position.
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Figure 3.9: Example of POSS plate image centred on one of the X-ray detections. The
circles indicate radii of 20 and 30 arcsec. All optical objects (above the plate limit of
mv%?20) within these regions were recorded, the brightest being used as a lower-limit
estimate for the magnitude. The image is centred at the position of X-ray source number

4. The grid shows galactic co-ordinates with North being up and East, left.
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3.6 The X-ray to Optical Flux Ratio

Having made an estimate of the optical magnitude (or its lower limit) for each of the
sources, it is possible to calculate the X-ray to optical flux ratio, a parameter which is
useful when attempting optical identification of the sources as groups of like objects often
form characteristic distributions of ratios (Gioia et al. 1990). To convert the X-ray count

rate C;, of a source, into a flux f;, we assume, for the PSPC hard-band:-

f, =1.0x10711C, (3.1)

(units — erg cm~2s~1)

and for the optical (V-band) flux:-

logf, = —0.4m, — 8.43 (3.2)

(units of f, — erg cm~2 s™! A~!, see Astrophysical Quantities, Allen 1973)

Hence the logarithm of the flux ratio is given as :-

f
log (F) — log(C,) + 0.4m, — 5.52 (3.3)
Where C;, is in PSPC hard-band counts per second and m, is the visual magnitude

estimate.

Figure 3.10 shows the distribution of log(f,/f,) for sources above 0.002 and 0.001 ct s~1.
Also shown are the respective cumulative plots, indicating the increasing number of sources
with decreasing x-ray to optical ratio. These can be compared with the results from the
WGACAT sources detected in the fields available from the ROSAT public data archive,
currently numbering approximately 50000 sources (White et al. 1995). All available and
useful pointed PSPC observations from Feb 1991 to March 1994 are used in the catalogue,

covering ~10% of the sky. However unlike the all-sky survey the coverage can be quite
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good with long exposure times (typically a minimum of 5ks as compared to ~500s in the
RASS). In WGACAT, all sources detected had their hardness ratio calculated and had
been correlated with the major optical, radio, X-ray and IR catalogues. All optically
identified sources also had their X-ray to optical flux ratio calculated. Figure 3.11 shows
the X-ray to optical ratio for a number of different types of object (X-ray binaries, CV,
White Dwarfs and clusters) taken from the WGACAT. Figure 3.12 shows the log(f;/f,) for
AGN, RSCVn and stars, divided into late-type(F-M), early-type(O-A). Figure 3.13 shows
separately stars of types F, G K and M. Below a ratio of —2 our sources would appear
to be almost purely stellar in origin. Unfortunately our optical flux estimates may only
be upper limits to the true flux as it is possible that a dimmer source should have been
chosen from inside the error circle. Hence the ratios calculated are, for many sources, only
lower limits. Thus accurate measurements could only move the peak of our disfribution to
the right. Summarised below are some observations and conclusions found in comparing

our ratio distribution to those in the WGACAT.

e The RS CVn, M-star and secondary K-star peaks lie in the the same region as the

peak of our-distribution.

e The galactic plane observations are consistent with being mainly late-type stars and

RS CVn'’s with some CV’s.

e The galactic plane observations of sources with log(f;/f,)>0 are consistent with

being extra-galactic objects (e.g. AGN) or X-ray binaries.

e The galactic plane observations are inconsistent with being mainly early type stars
(though some are likely to be present). F, G and early-type stars will account for

<50% of the sources.

e Whilst the galactic plane observations are consistent with white dwarfs, only a few

are likely to be observed due to the soft nature of their X-ray spectra.

e Whilst not placing strong constraints on the allowed source populations. these results
are consistent with those from the number-flux modelling, presented in the next

section.

51



X-RAY/OPTICAL RATIO, €>0.002ct/5. CUMULATVE PLOT, C30.002ct/s.

AL B B L B A B LA S B T T T
oL 4
[}
oL 4
oL g
<+
y4 z
ok d
oL g
~N
o ok ]
PP RPN IR SFPEN EPUPE BN RPN | N T BT SV E I SO B
-6 -5 -4 =3 -2 -1 0 1 -5 -4 -3 -2 -1 0
X-RAY/OPTICAL RATIO X-RAY/OPTICAL RATIO
X-RAY/OPTICAL RATIO, €>0.001ct/s. CUMULATVE PLOT, €>0.002¢t/s.
SALED S BLELELELEY RUELSLELED BLALAAELAD SLAMELEME IURLEMELEE RASLEMELN AL B OLAL e R ML S S B LA SN SR R L
ol 4
- ol i
0
oL i
(]
oL 4
4 z
oL 4
<
0+ <
oL J
N
o ot 1
| PO USRS U0 T ST U SN U SV U W S U U S A ST SN NS [RNTIUN S S ST S NN JUNY ISR S SN W NS SR S NS TR W N
-b -5 -4 -3 -2 -1 0 1 -5 -4 -3 -2 -1 0
X-RAY/OPTICA RATIO X-RAY/OPTICAl RATIO

Figure 3.10: Histograms of the log of X-ray to optical flux-ratio of the galactic plane
sources with associated cumulative plots. Values are lower limits (see main text). Top

figure shows sources with >0.002 ct s~!, bottom figure shows sources with >0.001 ct s~2.
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Figure 3.11: Histogram of the X-ray to optical flux-ratio for a number of different types
of object (X-ray binaries, CV, White Dwarfs and clusters), from WGACAT.
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3.6.1 The Bimodal Nature of the X-ray to Optical Ratio Distribution
in K-Stars

It is interesting to note that in Figure 3.13 we can see two distinct peaks in the distribution
of the X-ray to optical flux ratio (this behaviour is mirrored to a lesser extent in G and M
stars). The range of optical fluxes involved is small, hence this behaviour must be due to
variations in X-ray activity. This would suggest that the peak with the less negative ratio
is more active than the other peak. The question is, is there a set of middle range K-stars
missing? The problem is that the answer to this question has not yet been established. A
recent paper by Sterzik and Schmitt (1997) discusses a survey of cool stars within 25pc of
the Sun. They find evidence for such a bimodal nature and suggest it could be due to two
distinct populations of K-star, one young, the other older, raising interesting questions
about our understanding of galactic star formation. The fact that this bimodal nature is
visible in such a volume limited sample at least suggests that there is no selection effect

present in the WGACAT data.

3.7 Source Count Modelling

We have taken published galactic stellar X-ray luminosity functions (A, F, G stars -
Kashyap et al. 1992, K, M stars - Barbera et al. 1993 and Fleming et al. 1989 , RSCVn stars
Favata et al. 1995 and Kashyap et al. 1992) derived from Einstein and ROSAT studies (see
Appendix A), and used them to model source populations and their expected contributions
to our measured (coverage-corrected) integral number-flux relation. The contribution
from extragalactic sources has already been calculated in the process of finding the index
and normalisation of the number-flux relation (Section 3.4.1). Where necessary, Einstein
IPC count rates were converted to ROSAT PSPC count rates in our hard band using a
Raymond-Smith hot X-ray emitting plasma model, assuming a nominal temperature of
~5x 106K. Results were also found using temperatures of 23x 106K and ~1x 10K as exact
source temperatures are not known. A local bubble model (2 region, with volume number
density N=0.05cm~3 for 0<d<100pc; N=0.3cm ™3 for d>100pc) of the ISM was assumed

(Warwick et al. 1993). Space densities assumed for each population are shown in Table
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Table 3.7: Assumed Space Densities of Stellar Objects
TYPE DENSITYpc—?

dA 0.0005
dF 0.0025
dG 0.006
dK 0.01
dM-early 0.025
dM-late  0.04

RSCVn  0.00005

3.7 (Kashyap et al. 1992, Favata et al. 1995). The modelling was done using the program
SCOUNT?2, courtesy of J.P. Pye. For a given minimum source count rate Cp,;, and a
luminosity L;, the program computes the maximum distance dpm,;,; to which sources can
be detected, and allows for the effects of ISM absorption. If the volume number density of |

sources at L; is n;, then the total number of detectable sources (per 47 steradians) above

Cmin is given by:

N(> Crmin) = (4/3)7 Y dpygz i (34)

Figure 3.14a shows the predicted individual contributions to our source counts from stellar
(dF, dG, dK, early dM (0—4), late dM (5—9) and RSCVn) and extra-galactic sources. For
each stellar type there have been a number of different luminosity functions derived over
the course of many studies. The luminosity functions used here for modelling purposes are
the most recent in the literature (up to June 1996) and are indicated on the figure by a
letter in parenthesis refering to the paper from which the luminosity function was obtained.
F indicates Fleming et al., K Kashyap et al., Fa Favata et al.and B Barbera et al.. It
is clear that the major contribution to the source counts appears to come from RSCVn
systems, a minimum of x27% and a maximum of 235% contributions at countrates >0.002
PSPC ct s~! (the poorly understood space density of RS CVn’s introduces a large error
here, see Favata et al. 1995), with the contribution from each of the classes F, G, K and
early-M stars and extra-galactic sources being roughly equal (within range of ~ 3%—8%).
Summing the contributions from the stellar sources, as in Figure 3.14b, allows us to see the
possible extent of the known source contributions. This summing was performed using

four different models, each derived using different combinations of the available X-ray
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luminosity functions. Taking into account the assumed range of source temperatures we
obtain the limits of the stellar contribution to our measured source-counts at 0.002ct/s as
being 38% and 56% with a nominal value of 50%. The extra-galactic contribution is ~8%.
That is, of the ~25 sources per square degree at count rates >0.002 PSPC ct s™! (x41 at
0.001 PSPC ct s™!), 10—14 can be expected to be stellar in origin.

A similar procedure was carried out on data in the soft band (0.1—0.4keV). Figure 3.15
shows the individual contributions of F, G, K, M and RSCVn stars to the soft source
counts (with fewer permutations of luminosity functions as using differing functions had
little effect in the soft ba.nd) as well as the summed steilar contribution. Here we see the
RSCVn systems are far less important than they were in the hard band, instead F and
early-M stars dominate. The total contribution at 0.002ct/s is &~ 20% (2—3 sources, ~1
per deg?), a much lower figure than that obtained for the hard band. Much of the difference
between the soft and hard contributions is due to absorption by the ISM, greatly reducing
the volume of space within which sources are detectable in the soft-band. Indeed in the

soft-band we see no extra-galactic contribution as all soft photons have been absorbed.

3.7.1 Other Models

It is useful to compare the modelling results of this survey with those of others conducted
recently. One such survey extended the ROSAT Galactic Plane Survey (RGPS) using
RASS observations of a low-latitude area in Cygnus (Motch et al.1996). Using their
Besancon model (Guillout et al. 1996) they predict 45.9 sources per deg? at 1x10~3 PSPC
ct s~! as compared to our ~x41. At fluxes greater than 0.03 PSPC ct s~! they predict 85%
of sources are identified with active coronae. The modelled stellar-contributions from this

paper are shown in Figure 3.16.

G. Micela (Palermo Observatory) and F. Favata (ESTEC), used their model. XCOUNT,
to predict the number of stellar sources in our survey region. In the PSPC hard-hand,
for the total area of 2.5deg?, they predicted the log(N)-log(S) curves for main-sequence
(F—M) stars. giants and RS CVn’s. A large source of uncertainty exists due to the spatial

density of RS CVn'’s being poorly defined. The full range of densities obtained from Favata
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Figure 3.14: (a) Modelled individual stellar and extragalactic source contributions. The
measured (coverage-corrected) curve is labelled DATA. Lines indicate calculated contribu-
tions from F, G, K and M (early and late) stars as well as RS CVn'’s and the extragalactic
contributions. Different sources of luminosity functions have been used in the modelling,
these are indicated by F for Fleming et al., K Kashyap et al., Fa Favata et al.and B
Barbera et al. (b)Summed stellar contributions (with extragalactic also shown). The four
curves below the DATA curve, labelled STARS. represent different model assumptions.
From top down these are: Ta1x107K and high RS CVn contribution (luminosity func-
tion of Favata et al.); Ta5x10°K and high RS CVn contribution; Ta5x10°K and low
RS CVn contribution (luminosity function of Kashyap et al.) ;: T~3x10°K and low RS

CVn contribution. 59
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Figure 3.15: Modelled soft-band stellar contributions, individual and summed. Fewer
permutations of luminosity functions are used as differing functions cause little overall

change (see text). Nominal temperature T~5x 10°K used throughout.
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et al. (1995), (3.14 — 12.2)x10™° pc~3), was used for the modelling. Figure 3.17 shows the
results of the Palermo model predictions compared to our observed number-flux relation
for the soft and hard bands. In the hard band they predict 26—36 (10—14 per deg?)

!, approximately 50% of our observed number of sources,

stellar sources above 0.002ct s~
but agreeing well with our prediction of 10—14 stellar sources per deg? above 0.002ct
s~1. In the soft-band the Palermo model predicts 2—3 stellar sources above 0.0023 ct s™!,

again in good agreement with our prediction.

It is interesting to note that both of these models (Besancon and XCOUNT) use com-
binations of a.ge-dependa_nt X-ray luminosity functions. Yet they still obtain roughly the
same results as our model which includes no age dependancy. Also, considering the large
contribution RS CVn systems appear to make in both the Palermo and our models, it is
strange that they do not seem to be necessary in the Besancon model in order to account

for all of the coronal emission.

3.8 Temporal Analysis

The ROSAT PSPC records the arrival time of every detected X-ray photon, allowing the
creation of light-curves. Hard-band light-curves of all sources with a detection significance
of >100 were extracted (with 1ksec time bins) using circular regions with radii large enough
to contain the individual source but no others nearby. As all sources were within the inner-
ring the broadening of the PSF with increasing radius presented no problem. A background
region was extracted from a nearby source-free area. Background subtraction was carried
out using XRTSUB. This program calculates the expected particle count (as a function
of PH channel) in a given background box using the formula of Snowdon et al. (1992).
This is subtracted from the background counts which are then corrected to the source
box position and normalised for the difference in area between the background region and
source area. The resulting counts were then corrected for vignetting and scattering using

XRTCORR. These programs are both in the ASTERIX software package.

This procedure resulted in 15 light curves. on which tests for variability were carried out

by performing a Y? test on each curve to examine the null hypothesis of a constant count
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Reproduced from Motch et al. (1996).
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Figure 3.17: a) Hard-band number-flux relations as predicted by Micela et al. (private
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rate. This test was accompanied with visual inspection. Of the 15 light curves only one
showed any signs of ﬁriability, source 91, see Figure 3.18. This activity is clearly flare-
like. As we are dealing with the inner ring there can be no problems with ribs and all
time periods of high particle background and poor satellite aspect have been corrected
for. Does this then give us any clues as to what the source could be? Source 91 has no
potential counterpart in either the GSC or SIMBAD, though the optical counterpart, as
identified from the Schmidt plate, of this source is the only object above the plate limit
within the error circle and has the relatively bright magnitude of 13.88. Looking at the
colours of the source in the two colour bands yields no further information. Source 91
is detected in the soft and hard bands and has a hardness ratio of 0.74 (possibly due to
the variability). It is one of the brighter sources in the survey at 0.029ct s~! and has a
log(fz/f,) of -1.5. Looking at the WGACAT results (Figures 3.11 — 3.13) this would mean
the source might be an M or K dwarf or possibly an RS CVn (assuming the value for the
optical magnitude is correct). It could be a CV but the source is too hard and variable
to be a white dwarf. If the optical candidate chosen were the wrong one then the optical
magnitude of the X-ray source would have to be dimmer than 20th magnitude, implying

perhaps either an extragalactic source or an X-ray binary.

Field 9, containing source 91, was the subject of a paper by Belloni and Mereghetti (1994).
They too observed the variability of this source and suggest that it could be either a dM
star, at a few hundred parsecs, or an RS CVn, at &2kpc. Using typical v@lues of absolute
magnitude we find either possibility would appear as a 14—16 magnitude object, which

approximates well to our estimated magnitude for the possible optical counterpart.

3.9 Discussion

In modelling the source-count populations we have predicted that x~50% of our sources
should be coronal and ~8% extra-galactic in origin. This model agrees well with obser-
vational results. The RGPS concluded at least 50% of its observed sources were coronal
in origin (based upon optical identifications. Motch et al. 1991) whilst 10% were extra-

galactic (again based on optical identification), with 40% remaining unidentified. M-stars
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Figure 3.18: Hard-band light curve of galactic plane survey source 91. Flare-like activity

is clearly visible.

accounted for a high proportion of their sources and they suggested that many of the
unidentified sources were likely to be M-stars also. The EGPS provided similar results,
though with a highér extra-galactic proportion, possibly due to their harder energy band.
The EINSTEIN Medium Sensitivity Survey (EMSS; Gioia et al.1990) was a survey at
high latitudes. This found that 26% of the sources detected were coronal. This figure was
later corroborated with ROSAT®. Approximately the same number of coronal sources was

predicted in the modelling done by Guillout et al. (1996) at these higher latitudes.

What type of sources could comprise the unaccounted for populations when modelling the
source-counts? Using a delta-function in SCOUNT as a best-guess, systems with poorly
defined X-ray luminosity functions were modelled. In the hard-band CV’s could account
for from <1 to >30 sources (assuming L, of 103°—103lerg s—! and a space density of
6x10~®pc~2) (Hertz and Grindlay, 1984). Using distance and magnitude figures for the
CV AM Her, using equation 3.3 we could expect a CV on the limit of our X-ray detection

capability, 0.002ct s~!, to have a visual magnitude of around 17. faint, but visible on our

% As far as the EXOSAT galactic plane survey is concerned. our large number of discrete. low luminosity,

sources could possibly account for some proportion of their diffuse emission.



survey plates. The figures for White Dwarf Binaries suggest implausible contributions to
the model (>100). Maoz and Grindlay (1995) postulate an extended galactic population
of low-luminosity X-ray sources in a flattened, thick disk with a scale height of a few kpc.
They suggest an X-ray luminosity of 103°°—103! erg s~! in the 0.5—2keV band and a
number density of 3.2x10~%pc~3 in the solar vicinity. They also suggest these sources
are faint CV’s with low accretion rates, but include other possibilities such as subdwarfs,
neutron stars and black holes. Putting their figures into SCOUNT we would expect to see
in our survey area of 2.5deg? at >0.002ct s™!, x2 sources if their X-ray luminosity were

10%%rg s~1, ~10 at 10%%-%erg s~! and ~30 sources at 10%'erg s~!.

It is likely that many of the unidentified sources are actually late-type stars (if the optical
magnitude estimates can be believed then this would agree with the X-ray to optical ratio
measurements) and that we have underpredicted the stellar contribution. This could be a
fault of the model or due to the fact that known luminosity functions do not hold in this
deep survey. However it is almost certain that a number of the unidentified sources are in
fact some combination of these other stellar systems. The efforts of Micela et al. towards
optically identifying the X-ray sources should help determine the true galactic-plane pop-
ulations. Meanwhile measurements at different latitudes are required to investigate how

this population changes throughout the galaxy.
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Chapter 4

The Hyades Open Star Cluster :
An X-ray Variability Study

4.1 Introduction

In this chapter I will present an X-ray variability study of the Hyades open star cluster,
using data from 13 pointed observations from the ROSAT PSPC. The data were obtained
by Dr J.P. Pye in all cases but one where the PI was Dr R.A. Stern. This is a follow up
study to the spectral survey work presented in the thesis by S.T. Hodgkin (1995).

As was discussed in Chapter 1, X-rays from stellar coronae originate in thermal continuum
and line emission from optically thin plasmas (Rosner et al.1978). Coronal models for
cool (F—M) stars are based in general on solar observations and suggest that surface
magnetic fields, generated by dynamo action in a differentially rotating star possessing'
a sub-photospheric convection zone, confine the coronal plasma. There is no complete
theory as to how the plasma is heated to the temperatures (>10%K) required for X-
ray emission. Possibilities include heating by DC currents. microflaring and magneto-

hydrodynamic waves.

The age of a star is believed to be related to its level of X-ray emission. As activity is

related to the magnetic dynamo effect in a star, rotation must be a significant part of
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the equation (Walter and Bowyer 1981). Thus as a star grows older, magnetic braking
causes it to spin down and hence the X-ray emission decreases over time, though in binary
systems the high angular momentum of the stellar orbits acts as a reservoir to maintain
the stellar rotation rate. By studying stars of different ages it is possible to examine the
relationship between X-ray luminosity (as a proxy of ‘dynamo-activity’), rotation and age.
Our Sun is & 5x10% years old and has a relatively low X-ray luminosity. Younger co-eval
clusters of stars, such as the Pleiades and the Hyades exhibit higher X-ray luminosities

than the Sun and provide large statistical samples of co-evolving stars.

" Apart from the highly extended U Ma co-moving (kinematic) group the Hyades is the
nearest open cluster to our Sun, at a distance of & 45 parsecs. As we are dealing with
an open cluster all of the members must have formed at roughly the same time and thus
have the same age (~ 7x 102 years). It provides an excellent stellar sample for the study
of activity and dynamo action for several reasons. The detection of low-luminosity X-ray
sources is possible not only due to the proximity to our Sun but also to the low hydrogen-
column density in the direction of the cluster (the Hyades is within the ‘local-bubble’,
cf Chapter 2). This low column also allows the measurement of X-ray photons below
the PSPC carbon edge (~0.5keV). The Hyades forms a large stellar sample containing
over 400 known mehbers over a 40 degree diameter of sky. However roughly 50% of the
members lie in a core of ~4 degree radius. Finally there is a large amount of optical data
on the Hyades, as it has been used to derive many astronomical properties (such as the

mass-luminosity relationship and location of the main sequence on the H-R diagram).

I will first summarise the previous X-ray studies of the Hyades before moving on to discuss
the variability study performed using ROSAT PSPC pointed observations. I will present
the light curves for the variable stars, perform time-resolved spectroscopy on the flaring

stars, discuss long-term variability and finally attempt to model the X-ray flares.

4.2 Previous X-ray Observations of the Hyades

In 1980 a survey of a region close to the cluster centre was performed using the Einstein

IPC (Stern et al. 1931, Micela et al. 1988). This resulted in 66 cluster member detections
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and showed that X-ray emission was a common property of F—G type stars. It allowed
the determination of X-ray luminosity functions and showed that the average Hyades G-
dwarf was & 50—100 times more active (L, ~ 10%° erg s™!) than our Sun. It was shown,
comparing luminosity functions of the Galactic Young Disk, Old Disk, the Pleiades and
the Hyades that there was a definite decrease in X-ray luminosity with age. Later follow
up observations using the Einstein [PC (Stern, Antiochos and Harnden 1986) allowed
the fitting of two-temperature optically thin plasma models and hydrostatic-loop models
for so;ne of the brighter sources. Also a large X-ray flare on VB22 was reported (Stern,
Underwood and Antiochos 1983). Further observations using the EXOSAT LE were made
by Westergaard et al. (1985) allowing the measurement of ‘average’ coronal temperatures

and line-of-sight column density ( nga1—2x10'%cm~2).

Between July 1990 and January 1991, ROSAT was used to perform an all sky survey.
This allowed a study to be made of the complete Hvades cluster, preliminary results of
which were published by Stern et al. (1992) and updated in Stern et al. (1995). In the
survey a typical exposure was 500 seconds. 187 cluster members were detected down to a
limiting X-ray luminosity of L,~1—2x 1028 ergs~!. A comparison of ROSAT and Einstein
observations of the four Hyades K0 giants indicated some X-ray variability, possibly due
to stellar activity cycles on the scale of 2210 years. Of the four, two increased by ~ 1.5—2
times in flux whilst the ROSAT upper limit for another was x 3 times below the Einstein
detection. Comparing the other stars detected in both the ROSAT all-sky survey and
the Einstein survey showed a general lack of significant (a factor >2) long-term X-ray

variability.

4.3 ROSAT Pointed Observations

The thirteen PSPC pointings performed for this survey were all chosen to lie within the
densely populated central region of the Hyvades. In several cases the fields overlapped,
providing a second look at some stars. Table 4.1 lists the observations and Figure 4.1

shows a merged image of the PSPC fields.
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D (J2000)

Figure 4.1: Merged image of the 13 PSPC fields used in the survey.
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Table 4.1: ROSAT pointings

SEQID a(hms) 6 (dms) Start Date  Tops(ksec) Tcrean (ksec) PI
US200020 42450.4 +150600 27-Feb-1991 39.5 32.1 Stern
UK200441 421120 4144200 24-Feb-1991 15.1 8.0 Pye
UK200442 421120 +173148 24-Feb-1991 20.2 16.7 Pye
UK200443 43231.2 +173148 07-Mar-1991 20.3 15.4 Pye
UK200444 432312 +144200 06-Mar-1991 14.7 11.8 Pye
UK200775 41948.0 +153748 22-Feb-1993 4.0 3.4 Pye
UK200776 4 2052.7 +135136 30-Aug-1991 23.2 22.7 Pye
UK200777 42536.0 4155624 30-Aug-1991 16.5 15.8 Pye
UK201368 43007.1 4153824 10-Sep-1992 16.2 13.7 Pye
UK201369 42624.0 4165100 24-Feb-1993 15.2 13.2 Pye
UK201370 42131.2 +182512 23-Feb-1993 13.4 11.7 Pye
UK201747 434349 4153016 01-Sep-1993 19.2 18.7 Pye
UK201748 414269 +122608 15-Aug-1993 16.8 15.7 Pye

Notes: Columns are; ID of pointed PSPC observation, right ascension and declination (J2000), start-date of the

observation, full exposure time of the observation, exposure time after data cleaning, and principal investigator.

4.3.1 Detection of Hyades Members

The data from each field were ‘cleaned’ before they were used in the analysis. Periods
where aspect errors would affect co-ordinate conversion (detector to sky) were removed,
as were periods of high background (X-ray or particle related). The resulting exposure

time was therefore reduced in each field.

The data for each field were binned into a sky image of 512 x 512 pixels each 15x15
arcsec?, centred at the pointing direction. The standard TOTAL energy band was used
for each dataset, corresponding to a photon energy range of 0.1—2.4keV and PI channels
of 7—240 for observations made before October 1991 and 11—240 for later fields (after
PSPC gain recalibration in October 1991).

The point source detection program PSS (Allan, Ponman and Jeffries 1993) was used to
find maxima in the field exceeding a threshold level set at 3.00 (probability 0.001 that
Poisson noise is responsible for the detection) (Pve et al. 1994). In this way =~ 1000 source

detections were made, the positions of which were cross-correlated against a Hyades star
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Table 4.2: Summary of PSPC Hyades detections.

. Spectral Type
Class A F G K M  Total
Main Sequence—Detected 4 13 19 16 25 77

Main Sequence—Catalogued 8 13 19 25 39 104

Giants—Detected 0 0 0 3

Giants—Catalogued 0 0 0 3 o 3
Total Detected 4 13 19 19 25 80
Total Catalogued 8 13 19 28 39 107
Fraction Detected 0.50 1.00 1.00 0.68 0.64 0.75

Notes: Sources are divided into spectral type. Shown are the numbers detected in the pointed observations and

those catalogued to lie within these regions. The fraction of the catalogued stars detected is also shown.

catalogue. This catalogue contains = 450 stars with m, <16 and was developed from the
published literature by Stern et al. 1992. An estimated <10% of the stars are potential

non-cluster members, as discussed in Stern et al. (1992).

In order to allow for catalogue and pointing inaccuracies a correlation radius of 1 ar-
cminute was taken. The resulting source list was then further re-edited to remove sources
where accurate PSS source identification was not possible. This included multiple Hyads
associated with the same PSS detection, extra PSS detections in a field for any given Hyad
and sources > 50 arcmins off axis where the PSF of the PSPC is highly extended. This
left 107 Hyads corresponding to 153 measurements of flux or upper limit on flux, with 80
positive, distinct Hyad detections in a total survey area of x18 degrees?, corresponding
to a detection rate of 75%. These detections are summarised by spectral type in Table
4.2. and are detailed in full in Appendix C. Fluxes were derived using a conversion factor
of 1 PSPC count s~ '=6x10"'2 erg cm~2 s~! = 1.45x10% erg s~! (over the energy range

0.1—2.4keV).



4.4 Data Extraction and Analysis

The ROSAT PSPC records the arrival time of every detected X-ray photon, allowing the
creation of light-curves. Light-curves of all identified sources were extracted using circular
regions with variable radii, determined by the off-axis angle. The extraction radius was
taken to be the greater of 4 arcmin and a radius encircling 95% of the source energy.
Thus the further off-axis a source lies the larger the extraction radius is needed due to
the broadening of the PSF with increasing radius. Using between 10 and 135 source-free
background regions per field, each at the same off-axis angle (30 arcmin) and having
- the same ra.dii (0.92 arcmin, the PSF radius at this off-axis angle for a mean energy of
0.2keV) the mean background counts were found. Background subtraction was carried
out using XRTSUB. This program calculates the expected particle count (as a function
of PH channel) in a given background box using the formula of Snowdon et al. 1992. This
is subtracted from the background counts which are then corrected to the source position
and normalised for the difference in area between the background region and source area.
The resulting counts were then corrected for vignetting and scattering using XRTCORR.

Both of these programs are part of the ASTERIX software package.

A similar method was used to extract PHA spectra. The Hyades survey results of spectral
fits, hardness ratios and luminosity functions obtained from this data are described in

Hodgkin (1995). The work presented here is a complementary study of variability.

4.4.1 Time Series Analysis

Tests for variability were carried out by binning source counts into 1 ksec bins. This bin
size was chosen in order to both collect significant counts per bin and to counter effects
caused by the 400 second periodic ‘wobble’ of the satellite. The light curves produced are
shown in Appendix B. Those time bins with low exposure (and hence high errors) at the
beginning and end of individual observing intervals were removed from the data. In order
to determine whether the window support ribs caused any variability in sources lying on
or near them, both variable and non-variable sources on and near ribs were compared. It

appeared that the ribs were unlikely to cause significant variability as the near-rib variable
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to constant source ratio was low (46 near-rib sources of which only 12 were variable).

A x? test was performed on each light curve to examine the null hypothesis of a constant
source count rate. This test was accompanied with visual inspection. For the 15—20
degrees of freedom present, a reduced x? value of > 2 was taken to represent a likely
variable source ( < 1% chance of a source being constant). Ultimately 17 sources were
deemed variable (including one possible non-Hyad, H363), corresponding to 14 individual
stars. The light curves for the 16 Hyad detections are shown in Figures 4.2 — 4.9. Table

4.3 lists the variable sources.



Table 4.3: Variable Sources.

Name Field RA DEC Bin x2, DOF Spectral Rise Fall Peak Base

Type (10%s) (10%s) ct/s ct/s
VB27 200442 419076 173129 O 3.13 22 G8vV 7 12.0 0.11 0.01
VB30 200776 41936.7 140207 3 8.02 24 A9V 1.0 3.0 0.20 0.05
VB30 200441 41956.7 - 140207 3 2.82 11 A9V 0.3 1 0.18 0.02
VB40 200020 42244.0 150323 3 2.65 48 Fov v v 0.32 0.12
VB45 201369 423249 164639 3 2.49 15 F1III 5 3 0.14 0.01
VA288 200020 42349.8 145517 3 2.86 48 M3v S S 0.30 0.10
VB50 200441 42411.7 144530 3 12.38 11 G1v 0.3 1.10 1.0 0.35
VB50 200020 42411.7 144530 3 7.60 51 G1vV \" \" 0.65 0.20
VA334 200777 424486 155226 3 T.70 19 MoV 1.4 2.2 0.34 0.14
VA351 201369 42511.7 171624 2 3.80 15 M2v ? 6 0.24 0.10
H363 200777 425486 153118 7 8.57 19 Miv <0.1 0.1 0.25 0.05
VA383 200020 426044 150232 O 2.30 48 M1V S S 0.13 0.01
VBI141 200777 42620.7 153706 3 9.00 19 A8V 1.0 1 1.10 0.80
VB141 200020 42620.7 153706 3 6.30 50 A8V v v 1.20 0.60
VB73 201369 4.2847.7 171709 O 3.30 13 G1vV 1.0 6.0 0.20 0.07
VB190 201368 428506 161721 3 10.85 15 K8V 12.0 4 0.36 0.10
VB85 201368 430465 160856 3 3.80 15 FsV 5.0 7.0 0.30 0.16

Notes:Variable Hyad sources presented in order of Right Ascension. Columns show source name. pointed field

number, Right Ascension and Declination (J2000), reduced x? from the null hypothesis of a constans source, number

of degrees of freedom (number of time bins in the light curve —1), spectral type, flare rise time, fall time (all times

are approximations due to the nature of the time sampling), peak count-rate in the light curve and count-rate at

quiescence. Where flare time parameters (peak time, count rate. flare-duration) are unknown an estimate is shown

if extrapolation of part of a rise or decay is possible. A 'V’ indicates random variability with no clear flare-like

behaviour and an ‘S’ indicates a flare spike that lasts in total <1000seconds. Note that source H363 is a possible

non-Hyad. however it is included in the analysis as it exhibits clear flare behaviour.
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Figure 4.2: Hyad light curves found to be variable in the survey. VB30 (field 200776) and
VB30 (field 200441). Note the different ranges and scales on both axes from plot to plot.

4.4.2 VB34.

VB34 (= HD 27483) is a triple system comprising a close binary system ( period =
3.06 days) of two F6V stars with an inclination of 51 degrees, and a distant white dwarf
companion. The X-ray light curve from field 200776 can be split into three distinct sections,
see Figure 4.10. First we see a period with an almost constant count rate of ~ 0.12
ct/s, followed by a period in which the mean count rate drops by over 30%. Finally
the count rate returns to the original value. The duration of this ‘dip’ is between 6ksec
and 17ksec. This behaviour is also exhibited in both the soft (0.1—0.ikeV) and hard

(0.4—2keV) bands. The flux during the quiescent periods is comparable with that found
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Figure 4.3: Hyad light curves found to be variable in the survey. VB50 (field 200441) and
VB50 (field 200020). Note the different ranges and scales on both axes from plot to plot.
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Figure 4.4: Hyad light curves found to be variable in the survey. VB141 (field 200777)
and VB141 (field 200020). Note the different ranges and scales on both axes from plot to
plot.
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Figure 4.5: Hyad light curves found to be variable in the survey. VB27 (field 200442) and
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Figure 4.6: Hyad light curves found to be variable in the survey. VB45 (field 201369) and
VBT73 (field 201369). Note the different ranges and scales on both axes from plot to plot.
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Figure 4.7: Hyad light curves found to be variable in the survey. VB85 (field 201368) and
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Figure 4.8: Hyad light curves found to be variable in the survey. VA288 (field 200020)
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plot.
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Figure 4.10: Light curves of VB34, left from field UK200776 and right from field UK200441.

The first light curve clearly exhibits a ‘dip’ where the mean count rate drops by ~30%.

in an EINSTEIN IPC observation of VB34, suggesting that we are not seeing a flare
dropping to a lower count rate followed by another flare. This source was also observed
in field UK200441 where it maintained a mean count rate of = 0.12 ct/s throughout the
observation. It is also unlikely that the dip in the lightcurve is due to some data dropout
or other systerﬁatic problem as no similar dip is visible in any of the other lightcurves
taken from the same PSPC field. Finally the system was the target of the PSPC field
and hence on-axis and far from the window supports which can cause spurious variability
in lightcurves. A simple 3-dimensional model of the close-binary system shows that no
eclipse occurs between those two stars. It is possible that the dip arises from rotational
modulation of an active region on one of the stars. though the detailed feasibility of this

model has not been established.
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Figure 4.11: Ratio of count rates observed for a number of stars observed more than
once in the survey against the time separation of observations. Count rate 1 refers to the
earliest observation. Shown are lines indicating a change of 20% in flux. Minimum time

separation in the sample was 6 months. Star names are shown.

4.4.3 Repeated Observations

Due to the way the fields overlap 41 stars were observed more than once, though only
for 22 stars was the period between observations sizeable (>6 months). This enabled a
comparison of the activity of stars to be made over a period of 6 months to two years. In
order to remove short-term effects (those within a single observation) only the quiescent
count rates are used for those observations where a flare occurs. Figure 4.11 compares the
ratio of the PSS count rates for those stars viewed more than once to their time separation
(shown in months). It is apparent that some stars do indeed undergo significant luminosity
changes ( >20% ) over these timescales. namely VB37. VB65 and VB190. Of these three,
only VB65 was observed whilst near a PSPC rib structure which may have resulted in flux

differences between observations.
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4.5 Long Term Variability

It is commonly known that the Sun has an activity cycle of 11 years. X-ray observations
using Yohkoh have shown that the solar coronal luminosity can range between logL, = 26
and logL, = 28 (see review by Haisch etal 1996). One would expect that if the Sun is an
average star then such luminosity changes should be visible in other stars too. A direct
detection of a coronal activity cycle requires a long series of systematic X-ray observations
as is available for the Sun. Unfortunately such data have not yet been obtained for other
stars. Many people have tried to get around this problem. One method used was to con-
sider regular stars with known rotation rates and examine their states of activity in order
to look for any cyclic behaviour (Hemplemann etal 1996). They found some evidence for
regular variations in stars correlated with their chromospheric emission. Further evidence

of irregular variations was also found.

Similar logic can be applied to the four giants present in the Hyades. As they are of the
same age, type and composition, it would be sensible to assume they would have the same
levels of coronal activity. This is not the case, disparity exists. Robert Stern (private
communication) haS suggested that this may imply the giants are on different parts of

their activity cycles.

However definitive evidence is sparse. The simple truth is that there is not sufficient
data on which to draw any firm conclusions. One suggestion is that so little evidence of
variability exists because of a ”saturation” effeét in the high X-ray emitters, or younger,
more rapid rotators. That is to say, only on slower, older stars, such as the Sun, do

variations become possible.

In order to search for long term variability in the Hyades, count rates obtained from the
PSPC were compared with those from the Einstein IPC survey of the Hyades ~10 years
before the ROSAT observations (Micela et al. 1988). The ratio of PSPC count rate against
IPC count rate for the Hyads observed in both surveys is shown in Figure 4.12. Comparing
PSPC and IPC count rates is not trivial as the band passes of the two systems differ. with
ROSAT being more sensitive at lower energies and the IPC at higher energies. Hence

the relative count rates depend highly on the details of the incident spectrum. For softer
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ROSAT PSPC ct/s / Einstein IPC ct/s

Figure 4.12: Ratio of count rates and count-rate limits for stars observed in the pointed
PSPC and/or IPC surveys of the Hyades, against colour (B-V). A constant count rate
ratio (see main text) between the two instruments is indicated (dashed line) as are lines
(dotted) a factor of two above and below. Single stars are represented by star symbols,
binaries by circles. ‘La.rge symbols represent the best (most significant) PSPC detection
or upper-limit of a star. Smaller symbols represent less significant PSPC detections and
upper limits for those objects where a better detection exists. Stars exhibiting long term

variability are named.

spectra with relatively little interstellar absorption column density, such as we see in the
Hyads, the PSPC will record count rates approximately three times larger than the IPC.
This theoretical count rate ratio (from the ROSAT Technical Manual) between the two
instruments is indicated, taking into account the instrument responses and assuming a
hydrogen column density of 107'®cm~2 and coronal temperature of logT~6.3, as is a line
a factor of two above and below. Shown are the PSPC/IPC survey best Hyad detections
as well as the upper and lower limits of stars not detected in one survey or the other. This
process is repeated for other pointed PSPC survey Hyad observations of lower significance
with results being represented by the smaller symbols. Binaries are indicated by circles
whilst single stars are represented by the star symbol. There were 45 positive detections

in both the pointed PSPC and IPC survey, with 7 upper and 23 lower limits.



The majority of stars can be seen to lie close to the nominal ratio (within a factor of
two). However a handful of stars varied noticeably, some appearing to change greatly
in luminosity (factor >3) namely VA334, VB92, VB41 and VA763. For VA334 the high
luminosity change can be explained as it appeared to flare in the PSPC observations.
The apparent decrease in luminosity seen in the other three systems may be due to a
flare during the IPC observation. Thus we are left with no clear evidence for long term
variability. This result is similar to that obtained in the ROSAT All-Sky Survey (RASS)
vs IPC study of long-term activity in Hyades stars (Stern et al.1995). This compared
RASS PSPC observations of the Hyades with the IPC observations used for comparison
in our pointed sﬁrvey. Limited (within a factor of two) variability was found over the 10
year time difference in observations. Thi.s lack of long-term variability would suggest that
there is little or no cyclic activity apparent in the coronae of late-type stars of Hyades
age, possibly implying that small scale magnetic field generation is more dominant than
large-scale dynamo effects. As previously discussed however, there is as yet not enough
information to come to any firm conclusions on this matter and studies such as this can

only attempt to do what is possible with the sparse data available.

4.6 Time-Resolved Spectroscopy

In order to study the spectral behaviour of the Hyads as they undergo flaring, the PHA
spectra of the 14 variable stars (three of which were found to be variable in more than one
observation — see Section 4.5.1) were divided into clear ‘flare’ and ‘post-flare’ periods.
For three of the stars no clear flare was visible, exhibiting instead ‘random’ variability
possibly associated with many overlapping flares. A further two sources had only one time
period (lksec bin) where flaring occured, not containing enough counts for spectroscopic
analysis. The remaining 12 sources were unfortunately not X-ray bright enough for high
time resolution analysis, and due to the nature of the time-sampling (long periods without

data) measuring accurate flare durations and maxima was not possible.

In order to decide what model to fit to the spectra ( one or two temperature Raymond-

Smith) a purely statistical argument was used. In the work by Hodgkin (Thesis 1996) in
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fitting spectra to the Hyades, a single temperature fit was deemed acceptable if:

o x%4 < 1.5 (i.e the data is described by the model with confidence exceeding 3%),

and

o If x24 > 1 (probability that the model could reproduce the data with ~ 50%
confidence), an F test comparison with X2, for a two-temperature (2T) fit shows
no significant improvement (at an arbitrary confidence level defined by the user —

see below). The F test for additional terms is defined below

_X0n-xen 1

F 5

(4.1)

The ratio is a measure of how much the additional terms have improved the value of the
reduced chi-square. An improvement in the fit must be achieved to 99% confidence before

a 2T fit is deemed to be required (where iV is the number of additional terms).

In nearly all cases a two temperature Raymond-Smith model provided the better fit. In the
few cases where this was not so a single temperature model was used. These models were
fit to the specﬁra during quiescence and flaring (using XSPEC v8.5). For the brightest
stars (VB50, VB30. VB141) an attempt was made to fit the model in both the rising
and decay periods of the flare!. Table 4.4 summarises the results of this spectral fitting;
where no value for high-temperature components is given, only a single temperature fit

was required.

Figure 4.13 shows plots of the modelled temperatures. kT; against kT, and normalisa-
tions, K; against K;, with 90% errors (as calculated in XSPEC) for all stars found to
flare and requiring the fitting of a two-temperature model?. Figures 4.14 to 4.19 show
the components for individual stars. Only the stars where a good two temperature fit
in both flaring and quiescence are shown in this fashion. From these plots and Table

4.4 it is apparent that it is common for the temperature and normalisation of a star to

' All flares can be divided up into periods of increasing and decreasing flux. the sum of which comprises

the whole event

2] use subscripts ‘1" and ‘2’ to denote the low and high-temperature components respectively.
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increase during flaring, in some cases with a high level of significance. However when
considering the errors for the two parameters, temperature and normalisation, together,
the confidence-contours are required. Figures 4.20 through to 4.27 show the 68% and
90% confidence x? contours in (kT;,kT5) space and (K;,K3) space (K is the normalisation
factor3) for flaring and quiescence. Four stars from the sample showed clear evidence of
temperature variations during flaring (VB30, VB50, VB141 and the non-Hyad H363) and
of these only two showed clear evidence of normalisation variations (VB50 and VB141).
Two further stars (VA351 and VA334) showed an increase in K, during flaring but with no
obvious associated temperature increase. All of the other variable sources, whilst having
a clear best-fit increase in kT and K; during flaring, had confidence contours overlapping

to such an extent that no conclusions could be drawn.

Stars H363 and VB30 clearly show a best-fit kT increase of & 40% during flaring, with
no overlap of confidence contours. For VB30 the flare rise and decay show no change in
kT, and whilst the best-fit value of kT; does increase during flare decay, the considerable
x2-contour overlap prohibits the drawing of conclusions from this. Both VB30 and H363

have poorly constrained normalisation contours.

VB50 shows an increase in kT2 component at the 68% confidence level, however at the 90%
level, contour overlap occurs. Attempts were made to fit the rise and fall of this flare. This
was successful in that a good fit (reduced y?z1) was obtained but the confidence contours
were poorly constrained. VB141 exhibits no significant temperature change between flare
rise and decay but clearly increases in kT, during flaring. However in the normalisation

contours the flare-rise shows an increased K, over both quiescent and flare rise periods.

4.7 Flare Modelling

It has been known since the 1970’s that the Sun is not unique in exhibiting flares. Studying
stellar flares allows us to test for relationships between flaring and conditions such as a
star’s mass, age and rotation. parameters which obviously cannot be changed for the Sun.

As compared to our Sun, most observed flares have been considerably more energetic,

3

3For a distance d=45pc the Emission measure EM=K x1.1967d? in units of 10°2cm™ with d in pc.
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Figure 4.13: a)Plot of low and high temperature components (kT,;, kT;) of the two-
temperature Raymond-Smith model used to fit the flare stars. b) Plot of the normalisations
K; and K; associated with the low and high temperature components of the model. The

fits were time selected, this is represented on the plots by an F if the fit was done during

«Q

a flare period or a Q if during quiescence.
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0)VB30 kT1 v kT2 During Flaring and Quiescence. b)VB30 K1 v K2 During Flaring and Quiescence.
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Figure {.14: a)Plot of low and high temperature components (kT;, kT;) of the two-
temperature Raymond-Smith model used to fit the spectra of VB30. b) Plot of the nor-
malisations K; and K, associated with the low and high temperature components of the
model. The fits were time selected, this is represented on the plots by an F if the fit was

done during a flare period or a Q if during quiescence.
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Figure 4.15: a)Plot of low and high temperature components (kT;, kT,) of the two-

temperature Raymond-Smith model used to fit the spectra of VB50. b) Plot of the nor-

malisations K; and K, associated with the low and high temperature components of the

model. The fits were time selected, this is represented on the plots by an F if the fit was

done during a flare period or a Q if during quiescence.
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a)VA334 kT1 v KT2 During Flaring and Quiescence. b)VA334 K1 v K2 During Flaring and Quiescence.
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Figure 4.16: a)Plot of low and high temperature components (kT, kT;) of the two-
temperature Raymond-Smith model used to fit the spectra of VA334. b) Plot of the
normalisations K; and K, associated with the low and high temperature components of
the model. The fits were time selected, this is represented on the plots by an F if the fit

was done during a flare period or a Q if during quiescence.
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Figure 4.17: a)Plot of low and high temperature components (kT;, kT;) of the two-

temperature Raymond-Smith model used to fit the spectra of VA351. b) Plot of the

normalisations K; and K; associated with the low and high temperature components of

the model. The fits were time selected, this is represented on the plots by an F if the fit

was done during a flare period or a Q if during quiescence.
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a)VB141 kT1 v K12 During Flaring and Quiescence. b)VB141 K1 v K2 During Flaring and Quiescence.
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Figure 4.18: a)Plot of low and high temperature components (kT;, kTs) of the two-
temperature Raymond-Smith model used to fit the spectra of VB141. b) Plot of the
normalisations K; and K, associated with the low and high temperature components of
the model. The fits were time selected, this is represented on the plots by an F if the fit

was done during a flare period or a Q if during quiescence.
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a)H363 kTt v kT2 Ouring Flaring and Quiescence. bJH363 K1 v K2 During Flaring and Quiescence.
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Figure 4.19: a)Plot of low and high temperature components (kT;, kT2) of the two-
temperature Raymond-Smith model used to fit the spectra of H363. b) Plot of the nor-
malisations K; and K, associated with the low and high temperature components of the
model. The fits were time selected, this is represented on the plots by an F if the fit was

done during a flare period or a Q if during quiescence.
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Figure 4.20: Two-parameter (kT;,kT,) temperature x? confidence contours (68% and 90%

levels) for VB30. Best-fit values are indicated by a cross.
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Figure 4.21: Two-parameter (kT;,kT,) temperature y* confidence contours (68% and 90%

levels) for H363. Best-fit values are indicated by a cross.
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Figure 4.22: Two parameter (kT;,kT2) temperature x? confidence contours (68% and 90%

levels) for VB50. Best-fit values are indicated by a cross.
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Figure 4.23: Two parameter (kT;,kT;) temperature x? confidence contours (68% and 90%
levels) for VB141. Best-fit values are indicated by a cross. For VB141 the 68% and 90%
contours are small (due to the high number of counts in the quiescent spectrum}, hence

the 99%confidence parameter is shown as the hatched region.
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Figure 4.24: Two-parameter (K;,K;) normalisation x? confidence contours (68% and 90%

levels) for VB50. Best-fit values are indicated by a cross.
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Figure 4.25: Two-parameter (K;,K2) normalisation x? confidence contours (68% and 90%

levels) for VB141. Best-fit values are indicated by a cross.
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Figure 4.26: Two-parameter (K;,K2) normalisation contours x? confidence (68% and 90%
levels) for VA334. Best-fit values are indicated by a cross.
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Figure 4.27: Two-parameter (K;,K;) normalisation contours x? confidence (68% and 90%
levels) for VA351. Best-fit values are indicated by a cross.
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Table 4.4: Results of Time Resolved Spectral Fits.

Name Act x2y X2 kT], tskT1 sz 5kT2 K1 5K1 K2 5K2
VB27 F 0.990 22.78 0.09 0.048 99 0.552 0.271 0.882 0.556 99 99 0.325 0.205 0.860
Q 1.380 34.49 0.074 99 99 —_ — 0.304 99 99 _ —_

VB30 FR 1.046 24.06 0.111 0.1090.148 0.980 0.7891.098 2.684 2.717 99 2.264 1.529 3.119
FD 1.064 24.48 0.139 0.09240.192 0.979 0.8181.114 1.311 0.646 99 0.924 0.924 1.123

Q 0.428 9.70 0.106 0.0540.158 0.655 0.5940.726 1.077 0.569 99 0.439 0.200 99
VB30 F 0.725 16.67 0.143 0.1400.196 1.151 1.14535.46 2.162 1.009 2.210 1.891 0.791 4.711
Q 0.472 11.79 0.214 0.178 0.253 — C— 1.404 1.091 2.i60 — —
VB45 Q 0.571 14.29 0.325 0.2340.518 — — 1.127 0.711 1.666 - —
F 0.597 1492 0.310 0.233 0.439 —_— - 0.576  0.391 0.841 — —_
VBS50 F 1.033 23.75 0.123 0.0880.153 0.974 0.8771.057 T7.309 5.01020.09 12.229 9.864 14.80
Q 1.015 2336 0.124 0.1230.166 0.805 0.6770.892 5.403 3.395 99 5.120 4.005 6.404
VA334 Q 1.206 27.7 0.165 0.1330.209 0938 0.8381.089 2.057 1.5152.905 2.675 2.133 3.377
F 0.544 12,47 0.146 0.1130.194 1.074 0.8471.231 2.739 1.812 4.819  5.965 4.539 7.809
VA351 F 1.041 2395 0.197 0.1960.259 0.951 0.6931.621 2.719  2.2133.313 2.755 1.817 4.532
. Q 0.877 20.17 0.158 0.0990.194 0.711 0.5120.853 2.018 1.356 2.804 1.224 0.945 1.627
H363 Q 0.437 10.06 0.142 0.0230.925 0.663 0.4410.925 0.615 0.481 99 0.672 0.472 0.895
F 1.141 26.24 0.103 0.1000.158 1.019 0.8651.178 35.296 5.292 8.443  4.821 3.216 6.711
VB141 Q 1.302 29.94 0.162 0.1310.174 0.881 0.8650.959 9.421 8.55910.36 12.521 11.7214.10
FR 0875 20.11 0.199 0.1680.272 1.072 1.0701.409 10.991 9.03913.21 23.415 19.41 30.65
FD 0.792 18.21 0.178 0.1340.209 0.971 0.3281.07¢ 8.897 T7.28610.86 16.06 112.3519.34
VB73 F 0.861 19.80 0.108 0.0040.218 0.917 0.3610.949 1.056 0.622 1.514 1.027 0.646 1.513
Q 0.754 18.85 0.251 0.2170.286 —_ - 2.567 2.141 3.09 — —_
VB190 Q 0.937 23.43 0.268 0.224 0.329 - — 2.607  2.046 3.447 — —_
F 1.119 25.75 0.188 0.1450.284 1.355 1.0794.112 3.118 1.6164.947 9.155 6.384 99
VB85 Q 0.759 17.48 0.082 0.062 99 0.495 0.409 99 6.124  2.5526.125  4.228 2.609 99
F 0.604 1389 0.146 0.0780.172 0.722 0.5680.826 2.751  2.05511.65  2.352 1.988 2.495

Notes:Columns are:Star name. state of activity(F=flare, FR=flare rise. FD=flare decay, Q=quiescent), reduced x?,
x2, kT; (keV), error on kT; (keV, error value of 99 indicates no limit could be modelled) kT2 (keV), error on kT,

(keV), K;, error on K; {x10%), K2, error on K (x10%).
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because stellar distances and instrumental limitations allow only the detection of the most

powerful events.

There are basically three models that have been commbnly applied to the X-ray light-
curves of stellar flares, the quasi-static cooling-loop model (van den Oord and Mewe 1989),
the single-loop model (Reale et al. 1993) and the two-ribbon flare model (Kopp and Poletto
1984). Each of the models is based on different assumptions. The cooling-loop model
assumes that the changing plasma conditibns in a single loop give rise to the observed flare
characteristics (rise, and subsequent decay by radiative cooling), the single-loop model is
based on hydrodynamic simulations of compact stellar flares whilst the two-ribbon model

assumes that different loops become activated over the course of the event.

4.7.1 The Quasi-static Cooling-Loop Model

In order to model the observed Hyades flares I applied the first of the above models (van
den Oord, Mewe and Brinkman 1988). It is the simplest model which deals with only
radiative energy loss and was chosen as the data is not good enough to support a more
rigorous model. The model uses calculated values for free-free, free-bound, bound-bound
and two-photon transitions in a plasma (Mewe et al.1985). It ignores the flare rise and
associated heating mechanisms and assumes that after the flare peak no additional heating
occurs. Cooling is assumed to be quasi-static and completely radiative (mostly in the soft
X-ray band) with no conductive losses of heat through the ‘footpoints’ of the loop back
into the photosphere. In the quasi-static approximation it is assumed that scaling laws
apply for the flaring plasma relating pressure, peak temperature, loop length and heating

of the static loop.

The radiative cooling function is approximated by:

A(T) = 1072689 %ergem3s~! (4.2)

with a=-0.6. which applies between logT (K)=x6.7 and logT(K)~7. With no heating the

radiative energy loss per unit time is:
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Eraq = (""“——_(1 T (5‘;;))4) (4.3)

where Eg is the radiated energy at the beginning of the decay phase, t is the time and

is the radiative cooling time scale given by:

r= (%%) ' (4.4)

To is the temperature at the start of the decay phase, n. is the electron density, k is
Boltzmann’s constant and A(To) is the emissivity or radiative cooling function. Temper-
ature values taken for flare peak were the best-fit high-temperature components for the

two-temperature Raymond-Smith model fit to the spectra during flaring.

Hence a set of theoretical flare decay curves was made for each flare event (see Figure 4.28
— 4.30). All flare models were arranged to start at the observed flare peak. The radiative
cooling time scale T was defined as the time required for a flare to drop to ~1/ex((c,)—(c,))
where ¢, is the measured peak count rate and c, is the measured quiescent count rate. This
value was varied in an attempt to get a good fit. The only free-parameter in the model is
7. Using the best-fit flare models to the actual flares it was possible to establish physical
parameters of the flare (volume, loop length. loop height). As the emission measure EM
~ 1.2V and we have n, from the value of 7 previously calculated. the flare volume can be
found. Assuming single loop geometry with aspect ratio o defined as the ratio of the loop

diameter (2r) to the total loop length L we have:
- V=nar’Ll = (g-) o’L? (4.5)
Typically a=0.1 for solar loops. The approximate loop height is given by:

= (L) )

T

To compare the loop size to the pressure scale heights we use:
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kTo 3kTo
P~ \umpg 2myg (4.7)

where myg is the hydrogen mass, g is the stellar surface gravity ( assume log(g)~4) and

the mean molecular weight of free coronal plasma particles is taken to be u ~

Wi

The results of the model fits are presented in Table 4.5. Of the nine flares where it is
possible to make a good estimate for the flare peak, four provide very good fits to the
model, a further five fit well but with a possibility of multiple flare events extending the
overall flare. The estimated flare-loop heights are mostly in the region of 1—2 solar radii
(Rsun=7x10'%m), with the exception of VB190, which seems to exhibit large flare-
height. As compared to the flares on the Hyads, the non-Hyad H363 has a much smaller,
denser flare. The flare heights are generally less than the calculated pressure scale-heights,
though most of the good flare fits (VB27, VB45 and VB190) have greater heights (by a
factor of 30 in the case of VB190). The loop densities are mostly similar to those seen
in our Sun (n.~10%m™3). Caillault et al. (1995) modelled a Pleiades flare, obtaining a
density of 1.3x10'cm™2 (a value greater than that obtained for our Hyads) and a loop

length of ~“3x10''cm (comparable with our Hyad loop lengths).

Whilst these results seem believable in terms of their size (reasonable heights) and density
(equivalent to solar), it is important to understand that these results are only estimates
for the values of the physical parameters. This is a very simple model, the data do not
justify a more complex one. In reality the results produced may not be strictly accurate,
indeed it is highly likely that the single loops that we calculate the length of may in actual
fact be a collection of smaller loops. Nevertheless, the model is commonly used and as
such remains a powerful tool for the inter-comparing of similar surveys (eg the results of

the Pleiades survey by Caillault et al.).

4.8 Flare Frequency

Most of the stellar X-ray flares reported prior to the launch of ROSAT (mainly from
Einstein and EXOSAT observations) were from dK/dMe and RS CVn stars (Haisch 1983;
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Figure 4.28: Modelled flare decay overlayed on observed flare. Each curve (solid, dashed,
dash-dotted and dotted) represents a different value for the radiative cooling time (ranges
are given in Table 1.3). Flares shown here are a) VB30, b) VB30 (field 200776) and c)
VA334. For model results see Table 4.5.
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dash-dotted and dotted) represents a different value for the radiative cooling time (ranges
are given in Table 1.5). Flares shown here are a) VB27, b) VB190 and c) VB30 (field

200441). For model results see Table 4.5.
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are given in Table 4.3). Flares shown here are a) VB45. b) VB73 and c) H363. For model

results see Table 4.3.
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Table 4.5: Flare Modelling Results.

Name T ne A La=0.1 H Hp Fit
[ksec]  10%cm~3 1031 cm? 10 em 10'em  10'cem
VB27 25—40 0.26—0.41  47.2—121  3.91—5.34 1.24—1.70 Q.79 2
VB30 (200776) 25—40 0.64—1.02  21.5—55.1  3.00—4.11 0.96—1.31 1.4 1
VB30 (200441) 9—12  2.75—3.67  3.41—6.06  1.63—1.97 0.52—0.63  1.65 1
VB45 14—17  0.28—0.31 281—415 7.08—8.06 2.25—2.56  0.47 2
VB50 4—7  360—6.30 T7.4—22.8 2.10—3.06 0.67—0.98  1.40 1
VA334 20—35 0.84—1.48  66.3—203  4.37—6.35 1.39—2.02  1.54 1
H363 0.6—0.8 33.9—45.3  0.06—0.1 0.42—0.50 0.13—0.16  1.46 2
VB73 25—40 0.57—0.92  29.6—75.7  3.34—4.57 1.06—1.46  1.32 1
VB190 37—47  0.04—0.05 31300—50500 30.9—39.9 9.8—I12.7  0.27 2

Notes:Columns are: star name, range of decay times used (decay timextime taken for countrate to decrease by 1/e
of (peak value)-{quiescent value) ), range of loop densities, range of loop volumes, range of loop lengths (assuming '
a=0.1), range of loop heights, calculated pressure scale-height, an indication of goodness of fit, and notes. In the
‘fit’ column, the data points are compared {by eye) with the model decay. A 2 indicates a good model fit to the

flare light-curve and a 1 represents a fit with only minimal deviation (possibly indicating multiple flare events).

Pallavicini et al. 1990). The ROSAT all-sky survey showed that X-ray flares are detectable
on all categories of late-type stars (Schmitt 1994). This result agrees with the findings
of the present Hyades survey; we see flares on dwarfs of types F, G, K and M. Despite
the small flare sample and insensitivity to less powerful events, it is possible to estimate
the Hyad flaring frequency. Of the total 80 stars detected, with a total of ~21000ksec
observing time, we see ~300ksec of flaring activity (with peak L;>10%%rg s™!), giving a
frequency of ~1%. Gagné et al. (1995) calculate the flaring frequency of the Pleiades (at
peak L,>10%erg s™!) to be ~1%. At this luminosity limit we would see a Hyades flare
frequency of ~0.3%. This difference in frequency (for the same absolute L, threshold) is
likely to be due to the comparatively lower Hyades activity levels, a consequence of the
age difference between the Hyades and the Pleiades (~600Myr and ~70Myr respectively),
or more fundamentally the generally lower rotation rates in the Hyades. Alternatively we
can consider the flare frequency above some threshold defined by the ratio of flaring to
quiescent L. Since the Pleiades stars have quiescent X-ray luminosities typically factors

~5—10 higher than the Hyads, the flaring frequencies in the two samples compared in
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this manner are then similar, at ~1%.

4.9 Summary

We have used 13 pointed PSPC observations of the Hyades cluster to obtain X-ray light
curves for 80 stars (some of which were multiply observed in overlapping fields). Of
these stars 14 were found to exhibit short-term variability (ranging from 10ksec—100ksec)
mostly in the form of flare-like behaviour. The observations were compared with those of
an Einstein IPC survey of the Hyades made ~10 years earlier. There was little evidence
for substantial long-term activity. This was also found to be the case with those stars
observed more than once in the PSPC pointed survey, with time separations of 6 months
to 2 years. The overall flare frequency was found to be x1% for flares of peak L,>10%%erg

s—1,

Using time-resolved spectroscopy, two-temperature models were applied to flaring and
quiescent periods of several observed light curves. This revealed that during flare activity

the high-temperature components (kT and K;) showed a marked increase over quiescence.

Finally, modelling of the flare decay, using a quasi-static cooling-loop model (van den
Oord, Mewe and Brinkmann 1988}, provided an estimate of the physical parameters as-
sociated with the flaring plasma. These have been compared with the results of Caillault

et al. (1995).
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Chapter 5

ASCA X-ray Spectral Survey of
W UMa Systems

5.1 Introduction

In this chapter I will discuss the first results of an X-ray survey of W UMa systems. based
on observations made using ASCA. Seven W UMa systems have been observed by ASCA
during AO1—AO3: 44i Boo, VW Cep, XY Leo, SW Lac, W UMa, V566 Oph and ¢ CrA.
The sample was chosen on the basis of relatively high X-ray fluxes and to represent a wide
range of spectral types (from late-F to early K). Exposure times were & 20ks for 5 of the
systems and 40ks for V566 Oph and ¢ CrA. Principal investigators for these observations
were Dr J.P. Pye of Leicester University and Prof. K. Makashima of Tokyo University.
Results are presented here for the first three data sets received, namely the VW Cep, SW

Lac and 44i Boo systems.

W UMa systems are eclipsing binaries showing continuous (optical) flux variability, with
orbital periods between 5 and 18 hours. The components are as close as binary stars
can be and therefore have the least angular momentum that such systems can possess
(though this is still much more than a single star could possess). The component stars

have the most rapid rotation rates of ‘normal” (i.e. non-degenerate), late-type F—K stars



Figure 5.1: Roche geometry describes synchronously orbiting stars in the combined poten-
tial of their two point masses. The continuous lines show the two limiting equipotentials.
An actual contact binary system fills an equipotential surface somewhere between these
two limits (the broken line). The mass ratio of the system is defined as q = Mjy:M; <1
and the “fill out parameter’ f is the relative distance between the filled equipotential and

the inner and outer critical potentials.

{in fact of any late-type stars. with the exception of the dM secondary components of
cataclvsmic variables) with equatorial velocities of typically ~ 100 — 300 km/s (Guinan
and Giménez 1993). As such they are of great interest in the study of the relation between

X-ray emission and rotation (see Chapter 1).

In order to account for the fact that the individual components of these systems have highly
differing masses, vet almost identical surface temperatures. the contact model was derived
(Lucy 1967). This postulates that the two component stars of the svstem are in contact
via a common convective envelope isee figure 3.1). Tidal forces cause the component stars

to rotate synchronously (P.,; = P,.J.

The contact model defines two sub-classes of contact binary. Binaries which conform to
the model are known as A-tvpe. Cooler svstems :spectral :vpes dFS/9 and later) do not
obev rhe modei as thev dispiav {ight curves where eciipses of he more massive component
are rhe =hailower of the rwo in anv period raibeit by oniv a =mail percentage rather

rhan rhe deeper. Contact hinaries rhat behave in this way are known as \W-:vpe svstems.

L16



Wang (1994) suggested that the reason the smaller component would be the hotter in
these systems was due to ‘thermal-relaxation-oscillation’ (TRO) theory. This would mean
the W-type phenomenon corresponds to the phase where the secondary component is
contracting to its ZAMS radius, making it hotter by conversion of gravitational energy.
This would explain why W-type systems are always found in a state of shallow contact.
The secondary component of A-type systems is thought to be expanding. The TRO theory

does not however explain why W-type systems have shorter periods than A-types.

Of the systems observed in our survey, 44i Boo, VW Cep, XY Leo, SW Lac and W UMa
are W-type and V566 Oph and ¢ CrA are A-type.

W UMa systems are powerful X-ray emitters, though generally not as strong as RS CVa
binaries. Approximately 120 W UMa systems have so far been catalogued. It is estimated
that their frequency is around one W UMa system per one or two thousand of all dwarf

stellar systems.

5.2 Previous X-ray Observations of Contact Binaries

Contact binaries were first detected in the X-ray band using HEAO1 (Carrol et al. 1980).
An Einstein IPC survey was conducted of 17 W UMa systems (Cruddace and Dupree,
1984) in the spectral range 0.1—4.0keV. 44i Boo and VW Cep were also observed using
the Solid State Spectrometer (SSS). Spectral fits were performed on these data, which
required a two-temperature model with T=6.5x 10K and T>3.5x10"K. The sample stars
were chosen for their proximity (closer than 100pc) and spread in periods and spectral
type. An EXOSAT study of VW Cep, 44i Boo, W UMa and XY Leo (Vilhu and Heise,
1986) reported a phase dependance in the X-ray emission, though a later observation of
VW Cep and XY Leo, again using EXOSAT (Vilhu, Caillault and Heise, 1988) showed
no orbital modulation, though a flare was detected in VW Cep. A later, day long, Ginga

observation of VW Cep (Tsuru et al. 1992) revealed no flaring or modulation.
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5.3 The ROSAT PSPC X-ray Spectral Survey of W UMa

Systems

Before the advent of ROSAT and ASCA X-ray spectral measurements were limited to
two objects, VW Cep and 44i Boo. The work presented in this chapter follows on from
a ROSAT PSPC survey (McGale et al., 1996). The binaries studied in this survey were
VW Cep, XY Leo, BV/BW Dra, SW Lac, W UMa, V839 Oph, AK Her and 44i Boo. The
ROSAT High Resolution Imager (HRI) was used to resolve BV/BW Dra (separation x16
arcsec) and hence find the individual soft X-ray fluxes. Two-temperature models for an
optically thin plasma adequately described the PSPC spectra. The values of the ratio of
the ‘hot’ volume emission measure to the ‘cool’ volume emission measure and-of the ‘hot’
temperature, were generally lower than those found in other types of active binary. The
light curves were on the whole constant within &~ 20% over each observation, with only
VW Cep exhibiting a flare-like event. Comparing the ROSAT X-ray fluxes to those in the
Einstein survey, most objects showed no long-term change in flux. SW Lac and V839 Oph

were however brighter by 2x70% during the ROSAT observation.

5.4 ASCA Observations of W UMa Systems

The three W UMa systems to be discussed here are VW Cep, SW Lac and 44i Boo. All
of these are w-type W UMa systems. These sources were observed by the ASCA satellite
during AO1 and AO2 with relatively good phase-coverage (as compared with the ROSAT
observations) being obtained. An observation log for the systems is shown in Table 5.1
whilst Table 5.2 summarises the relevant information for each system and Table 5.3 details

the ephemerides of the systems.

Periods of data where the satellite’s Earth angle was low enough to cause a significant
oxygen edge contribution were removed, as were hot and flickering CCD pixels. Fromi the
cleaned data, pulse invariant (PI) spectra for each source. in each of the instruments (SIS0.
SIS1. GIS2, GIS3) were extracted. Background spectra were obtained by averaging the

spectra from a number of source-free regions near the target system. Also a light curve
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Table 5.1: W UMa Systems — ASCA Observation Log.

System  Observation Observation ROR
Name Date Duration (ksec)

VW Cep 5.11.93 24.7 21011000

SW Lac 8.7.94 18.3 22007000
44i Boo 10.5.94 14.0 21010000

Table 5.2: W UMa Systems Studied.

Name RA(J2000) DEC(J2000) Sp.Type Period MassRatio Distance (pc)

VW Cep 20h37m21.5s 47d39ml15s G8 KO 0.2678 0.5 23.2
SW Lac 22h53m41.3s 37d56ml17s G3 G3  0.3207 0.87 65.0
44i Boo  15h03m47.5s 47d39ml5s G2 G2  0.2678 0.5 12.2

Table 5.3: W UMa System Ephemerides.

System  Min.I HJD Period Observation

Name 2440000+ (days) Year
VW Cep 8521.6041  0.2783037 92+1
SW Lac 8833.0910 0.32071966 92
44i Boo  3604.844 0.26781696 91

Notes:Min.I HJD is the time of deepest optical. i.e. primary. minimum. References
are: VW Cep, Guinan, private communication {(quoted in McGale et al. 1996); SW Lac.

Rong-Xian et al. (1992); 44i Boo. Burke et al. (1992).
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Table 5.4: Fits to VW Cep in quiescence using normalisation ratios between the ASCA
SISO and GIS2 instruments of 0.8, 0.9 and 1. Note that errors on temperature and nor-

malisation are ~5%.

Ratio x? X% reduced Tcoot (k&€Y) Thoe(keV) Normalisation o (107%  Normalisationsee(10~2

1 484.9 1.719 0.654 2.117 1.908 3.676
0.9 493.2 1.749 0.647 2.138 1.875 3.450
0.8 554.2 1.965 0.637 2.167 1.825 3.177

was generated for each system. Extraction of both spectra and time series was performed
using the xselect program. Spectra were grouped so as to obtain a minimum of 15 couﬁts
per bin. XSPEC (Version 8.5) was then used to fit models to the data. The energy range
chosen was 0.4—4.0 keV for SIS data and 0.7—4.0 keV for GIS data. Models used were
Raymond-Smith (two, three and four temperatures), Mekal (two and three temperatures)
and power-law continuous emission measure distribution (for details on spectral-models
see Chapter 2). The MEKA model used was a recent update, MEKAL. This is essentially
the same model as MEKA but includes the Fe L calculations of Liedahl (1995). Each
model was applied both allowing the metal abundance to vary and then maintaining the
abundance at solar levels. The fits were run for each instrument as well as the simultaneous
combination of SISO and GIS2. with x? minimisation being used to search for the best
fitting spectral model, and to determine confidence ranges. When fitting SISO and GIS2
together the difference in normalisation between the two instruments had to be taken into
consideration. The ratio is often taken to be ~0.8 (Singh et al. 1996). Using values of 0.8,
0.9 and 1.0, the best fits arose in the case of a 1.0 ratio. An example using VW Cep in

quiescence, with fits utilising the three different normalistion values is shown in Table 5.4.

It is clear that the systematic error introduced by not knowing the exact value of the
normalisation ratio is <5%. The errors on any given fit parameter are usually around 5%.
Due to this, rather than attempting to find a definitive value, the SISO, GIS2 normalisation

ratio has been taken to be 1 throughout.

In the case of a flare-like event. time-resolved spectra were taken during the event and

then through the quiescent periods. Modelled "cool’ and ‘hot’ temperatures and volume
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emission measures were compared in both states. If no difference was apparent then the

data set was studied as a whole.

55 VW Cep

VW Cep is one of the nearest, brightest and best studied of the W UMa type contact
binaries. As has already been shown VW Cep has been much observed in the X-ray
band. The partially eclipsing nature of the system can account for periodic minor optical
flux variations. However in the longer term it has been the subject of ongoing optical
monitoring showing evidence of cyclic behaviour, with a period of 28—10 years. Starspot
area coverage and locations have been derived from lightcurve modelling. During both the
ROSAT and ASCA observations of VW Cep (June 1993 and November 1993 respectively)
the star-spot area coverage was near its peak, hence implying tha,t‘ the observations were

made near a peak of activity.

5.5.1 The ROSAT Data

The ROSAT PSPC observation (McGale et al. 1996) was performed in June 1992. The
total accepted observation time after data-cleaning was x15.6ksec and the mean count
rate of VW Cep was 1.532ct s™!. A flare-like event lasting approximately 2—6 hours (see
Figure 5.2) was detected. Hence for spectral analysis the data were split into flaring and
quiescent time periods. XSPEC (version 8.5) was used to fit a two-temperature Raymond-
Smith model to the data using solar abundances. This provided an adequate fit during
both the active and quiescent periods (Figure 5.3). Table 5.5 shows the summary of
the fitting. During flaring the X-ray flux was found to increase by a factor of two, the
temperature of the hotter component rose by a factor of =1.5 and its volume emission

measure by a factor of 3.
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Figure 5.2: PSPC lightcurve of VW Cep (McGale et al.1996). A flare (at 7x10%) is

clearly visible lasting approximately 2—6 hours. The lightcurve is divisible into three

distinct regions, pre-flare, flare and post-flare.
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Figure 5.3: PSPC spectrum of VW Cep during the quiescent (pre-flare) period of the
lightcurve (McGale et al. 1996).
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Table 5.5: Summary of spectral fits to the ROSAT observations of VW Cep (McGale et
al.1996). A two-temperature, optically-thin, thermal model has been fitted to distinct
sections of the light curve, pre-flare (A), flare (B) and post flare (C). Errors on VEM were

not given, but were said to be < 20%.

VW Cep x? Teoot {10°K) 90% Thot (10°K) 90% . VEMcooi(102cm™3)  VEMpoe (10%2cm—2)
A 1.64(26) 1.88 1.77—2.00 9.59 9.31—9.84 1.007 1.449
B 1.16(29) 2.78 2.33—3.11 15.6 13.20—19.20 1.676 6.941
C 1.77(25) 2.31 2.16—2.46 11.36 10.87—11.82 1.254 2.469

VW Cep Light Curve, 250 sec bins.
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Figure 5.4: ASCA SIS0 lightcurve of VW Cep. Regions of quiescence, flare and post-flare
(here also called quiescent, for spectral fitting, counts from these regions were added to
the pre-flare counts) are shown, as are the orbital phases. Time binning is 250 seconds

per bin.
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5.5.2 Fitting the ASCA Data

Figure 5.4 shows the lightcurve from the ASCA (SIS0) observation of VW Cep. As was the
case for the ROSAT time series, it is clear that a flare-like event occurs. The enhancement
is not due to orbital or rotational eclipsing as we see much lower activity at the same
phase in the next cycle, indicating a transient nature. During this flare the SIS0 countrate
increases from ~20.28 counts/s to =0.7 counts/s, an increase of a factor x22.5. It is uncertain
whether the light curve contains one long flare (with a decay time of ~8 hours) that is
eclipsed (at a time of ~4.5—5 hours) or two separate flares (with peaks at time ~2.5
hours and 5.3 hours respectively). If there were two flares then it would appear that the
second was smaller and had a slower decay. For the purposes of spectral fitting only the
period marked as flare (between phases 0.0 and 0.25) was used to extract a flare spectrum.
The post-dip region has been left out of the analysis at this time, and counts from the
post-flare periods marked ‘quiescent’ in Figure 5.4 were added to the pre-flare ‘quiescent’

counts in order to achieve good statistics.

In order to see the behaviour of the flare more clearly, the method of time-resolved spec-
troscopy, as employed in Chapter 4, was applied to the VW Cep data. First attempts
at dividing the ligh‘t curve into flare-rise, flare-decay and ‘post-dip’ proved futile as in-
sufficient counts were present to constrain the confidence contours. Thus a simple flare,
quiescent division was made using the time intervals shown in Figure 5.4. Both MEKA (2
temperature) and R-S (3-temperature)! models were found to fit the spectra. The MEKA
temperatures correspond roughly to the values of kT, and kT3 in the R-S model (though
this may be fortuitous). Since the models give comparable fits, only the former has been
used (since it has fewer free parameters) to model the spectra of the contact binaries
discussed herein. Application of a power-law continuous emission model (XSPEC model
CEMEKAL) yielded no improvement over those shown due to poorly constrained upper

temperatures.

Table 5.6 summarises the results of the Mewe-Kaastra model fits to the combined SIS0

and GIS2 data for quiescent and flaring periods. The two temperature model improves

!By performing a F-test, R-S 3T models were always found to be an improvement on 2T models with
a confidence of > 90%.
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on the single temperature model in all cases (F-test confidence >99%). Figures 5.5 and
5.6 show the simultaneous fits to the SISO and GIS2 data of the two temperature MEKA
model during quiescent and flaring periods using non-solar abundances (solar abundances
are defined in Anders and Grevesse 1989). In allowing the abundance to vary a best fit
value of ~0.3 was found. The nature of this very low metal (elements heavier than Helium)

abundance is discussed in Section 5.8.

It should be noted that in the spectrum of VW Cep there is a feature at ~1keV that cannot
be modelled using either of the plasma codes thus far discussed. This feature is likely to
be due to the incomplete understanding of the Fe L-shell which contributes strongly to
the 1keV spectrum. Solving this problem is a high priority for atomic physicists, work
is currently underway at the Lawrence Livermore National Laboratory using their EBIT
(electron beam ion trap) to generate L-shell emission. A wavelength survey of all Fe L-
shell ions (Fe XVI to Fe XXIV) has recently been completed and experimental work is now
focussed on measuring Fe L-shell emission line ratios (Liedahl, Osterheld and Goldstein,

1995).

Although the ASCA and ROSAT observations of VW Cep were not contemporaneous,
an attempt was made to fit simultaneously the SIS0, GIS2 and PSPC data for quiescent
periods, in order to investigate whether the spectra from the three instruments. covering
different, albeit overlapping, energy ranges, could be mutually satisfied by a single 2-
temperature model. Although the goodness of the fit (x?,22.5) was poor in a formal sense,
it was sufficiently good? to indicate that there were no serious inconsistencies between the

ASCA and ROSAT data.

2Especially as no re-normalisation of the data was performed to allow for flux changes between the two

observing epochs.
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Table 5.6: Summary of spectral fits to the combined SISO and GIS2 data for VW CEP for

flaring and quiescent periods. Shown are the models (MEKA 1T and 2T), with abundance

both variable and set at solar, reduced x2, temperatures and normalisations with 90% error

ranges (note a 99 indicates Xspec did not calculate an error as x?v was greater than 2).

The 2T fits are a significant improvement on the 1T fits (see main text).

Model x3v x? T, Ts norm; norms Abundance
(keV) (keV) (x10%) (x10%)
Flaring
Meka 1T 2.622 995.8 1.106 — 5.471 - 1.0
99 99
Meka 1T 1.691 640.9 1.037 — 20.42 —_ 0.12
(1.005—1.066) (19.10—21.81) (0.10—0.14)
Meka 2T 1.375 ~ 519.5 0.727 2.259 2.142 6.091 1.0
(0.692—0.762)  (2.079—2.479) (1.956—2.324) (5.757—6.421)
Meka 2T 1.293  493.9 0.741 1.832 5.496 8.475 0.33
(0.689—0.788) (1.649—2.062) (4.073—7.458) (7.583~—8.475 (0.24—0.46)
Quiescent .
Meka 1T 6.332 1734.4 0.836 — 3.33 —_ 1.0
99 99
Meka 1T 2.14 584.9 0.862 — 17.01 - 0.098
99 99 99
Meka 2T 1.706 464.1 0.662 2.144 1.867 3.753 1.0
(0.643—0.681)  (2.029—2.311) (1.787—1.961) (3.602—3.906)
Meka 2T 1.381 374.2 0.667 1.679 5.680 5.568 0.27
(0.643—0.691)  (1.548—1.841) (4.784—6.747) (5.102—6.063) (0.22—0.33)
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Figure 5.5: 2 temperature MEKA simultaneous fit to VW Cep SIS0 and GIS2 data during

the quiescent period. Metal abundance is non-solar and a free parameter of the fit.
date and foidea model
/datatl/jmo/vwcen /reduced/sO/flare.pha /datal/jro/vwcep/reduced/q2/f

g . Ot h‘f?
<
s sf t
.§
] [ .+ ) e i
T A
Sk L .

a.5 2

channei energy {keV)

ime 26—Anr—1996 13:31

Figure 5.6: 2 temperature MEKA simultaneous fit to VW Cep SISO and GIS2 data during

the flare period. Metal abundance is non-solar and a free parameter of the fit.
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5.5.3 Spectral Behaviour During Flaring

It is clear from Table 5.4 that, whichever model is used (RS or MEKA), the best-fit high
temperature increases during flaring, as does the associated best-fit volume emission mea-
sure (calculated from the normalisation). Figure 5.7 shows the confidence contours (68%
and 90%) for kT; against kT, calculated using the 2-temperature, variable-abundance,
MEKA model. It appears that whilst the best-fit high temperature may increase during
flaring, in this system we cannot say that an actual increase occurs with any degree of
confidence. However the cool temperature of this model does seem to increase during
flaring (no contour overlé.p occurs at the 68% level and only little at the 90% level). The

increase in the hot-component of the emission-measure during flaring is clear.
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5.6 SW Lac

SW Lac, at 65pc, is the most distant of the three W UMa systems under cons
tion. Like VW Cep it is a partially eclipsing system and though of similar spectra
to 44i Boo, SW Lac has an extreme mass-ratio (almost unity). The PSPC spec
indicated significant low-energy absorption, with a hydrogen-column value of ng=(!
6.5)x10%°cm~2 (McGale et al.1996)3. Hence when fitting SW Lac ASCA spectra
column was allowed to vary and compared with fits where the column was frozen at a
value (ng=1x10%m™2). The results showed that the column had little impact on

fits, due to the harder energy response of the ASCA instruments.

Figure 5.8 shows the MEKA 2-temperature simultaneous SISO, GIS2 spectral fit, Figu
5.9 shows the SISO light curve. Little change in luminosity (<20%) is seen over the cour.
of the observation. Table 5.7 lists the fit parameters; it is interesting to note that again, fc
the case where the abundance levels are allowed to vary, we obtain a value for the meta
abundance less (by a factor of ~23) than solar. Again an attempt was made to fit the PSP(
spectrum along with those measured by the SISO and GIS2. The resulting fits (MEKA
2-temperature) yielded approximately the same results as seen in Table 5.7 for variable
abundance. When using solar-abundances the cool-components of the fit were reduced to

those values more commonly seen in PSPC-only fits (kT1~0.35keV, K;~x0.6x1073).

3Consistent with the ng contours of Paresce (1984).
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Figure 5.8: MEKA 2-temperature simultaneous spectral fit to SIS0 and GIS2 SW Lac

data. Abundances were allowed to vary.
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5.7 . 441 Boo

44i Boo is the nearest and one of the brightest W UMa systems in the survey. Whe:
observed with the ROSAT PSPC (a short observation covering only =10% of the orbita.
phase) the light curve appeared constant. Again a 2-temperature Raymond-Smith model
adequately described the spectrum (McGale et al. 1996). 44i Boo has a F5V companion
star with a separation of <3arcsec (Batten et al.1978). Vilhu and Heise (1986) suggest

that contribution from this star to the X-ray flux of 44i Boo is insignificant.

The light curve in the ASCA observations shows considerable variability as indicated in
Figure 5.11. The flux enhancements are non-periodic, suggesting a flaring origin. Figure
5.10 shows the 2-temperature simultaneous flaring-interval, SISO and GIS2 MEKA model
fit with variable metal abundances. Time resolved spectroscopy was performed on the
data. with spectra from all flare intervals being combined into one spectrum and both
quiescent spectra similarly combined. The results of the fits are given in Table 5.8. Un-
fortunately the 2-parameter temperature and normalisation contours overlap to such an
extent that little can be said about the coronal behaviour during flaring, though we do
see best-fit increases in the values of kT, and K, during flaring over quiescence. Again
the best fits were achieved with non-solar abundances. in this case a value of x20.25—0.3

was obtained.
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Figure 5.10: MEKA 2-temperature simultaneous spectral fit to SO and G2 44i Boo ‘flare’

data. Abundances were allowed to vary.
44iBoo Light Curve, SO0 sec bins.
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Table 5.7: Summary of spectral fits to the co-modelled SISO and GIS2 data for SW Lac.
Shown are the models (Meka 1T and 2T), with abundance both variable and set at solar,
reduced x?, temperatures and normalisations with 90% error ranges (99 indicates no error
available in XSPEC). The F-test column shbws the confidence of the 2T model being an

improvement over the 1T model.

Model x3v x? Ty Ta norm;y norms Abundance
' (keV) (keV) (x10%) (x10%)
Meka 1T 2.54 244.3 0.85 —_ 1.05 —_ 1.0
99 99
Meka 1T 1.67 156.1 . 0.828 —_ 4.38 — 0.15
(0.792—0.861) (3.82—4.96) (0.12—0.19)
Meka 2T 1.105 103.8 0.651 1.581 0.57 0.949 1.0
(0.601—0.696) (1.417—1.811) (0.501—0.658) (0.840—1.054) -
Meka 2T 1.066 99.14 0.636 1.311 1.279 1.538 0.37

(0.604—0.691)  (1.136—1.472) (0.801—1.474) (1.329—1.710) (0.28—0.79)

5.8 Discussion

How do our ASCA results on contact binary sysfems compare with other binary types?
Figures 5.12 a and b show the modelled temperatures and volume emission-measures using
2-temperature optically-thin plasma models for both our W UMa fits and a number of
representative systems of other types (taken from the literature). Those systems marked by
a star .were observed with the ROSAT PSPC. whilst all others were ASCA observations.
Note that for our flaring systems (VW Cep and 44i Boo) the best fit vaiue of Tyor
increases during flaring but with considerable error-bar overlap. It seems that our observed
W UMa’s are comparable in terms of Tgor with RS CVn and BY Dra systems. though
AR Lac and the ALGOL systems seem to be hotter. Tcoor in the PSPC observations of
W UMa, BY Dra and RS CVn systems appears to be much lower than the comparable
values of all the other sources. The lower-temperature values of sources observed with the
PSPC are likely to be a consequence of the softer reponse of that instrument as compared
to those on board ASCA. A better parameter to use when comparing measurements made
with different satellites is the volume emission measure (VEM). Figure 5.12b shows the
similarity in VEM for most systems with the exceptions of 44i Boo (with very low VEM)

and the RS CVn and ALGOL systems having much higher (factor =10) VEMs. Again for
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Table 5.8: Summary of spectral fits to the co-modelled SISO and GIS2 data for 44iBoo.
Shown are the models(Meka 1T and 2T), with abundance both variable and set at solar,

reduced x?, temperatures and normalisations for flaring and quiescent periods with 90%

error ranges (99 indicates no error available in XSPEC). The F-test column shows the

confidence of the 2T model being an improvement over the 1T model.

Model x2v x? Ty T2 norm; norms Abundance F-test
(keV) (keV) (x10%) (x10%) %
Flaring
Meka 1T 2.97 574.9 0.853 — 5.902 - 1.0 —
99 99

Meka 1T 1.173 224.1 0.839 — 28.99 — 0.108 —
(0.814—0.867) (26.70—31.32) (0.092—0.126)

Meka 2T 1.117 2133 0.679 1.917 3.489 5.571 1.0 99.99
(0.651—0.708)  (1.758—2.120) (3.213—3.771) (5.147—35.989)

Meka 2T 0.891 1694 0.692 1.504 12.47 8.604 0.23 93.77
(0.654—0.730)  (1.327—1.746) (9.441—99) {6.937—16.33) (0.17—0.31)

Quiescent

Meka 1T 2.64 451.6 0.849 _ 5.09 —_— 1.0 —_

99 99

Meka 1T 1.17 198.2 0.812 —_ 23.66 —_ 0.122 —_
(0.784—0.841) (21.43—25.97) (0.102—0.146)

Meka 2T 1.184 200.1 0.663 1.730 3.053 4.289 1.0 99.99
(0.603—0.695) (1.582—1.923) (2.781—3.328) (3.914—4.662¥

Meka 2T 1.003 168.5 0.663 1.357 10.02 7.186 0.25 99.99
(0.615—0.707) (1.188—1.569) (7.386—99) (5.702—7.186} (0.18—0.35)
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Figure 5.12: Modelled, hot and cool, temperature and volume emission-measure (VEM)
components using 2—tempera,tureioptically thin plasma models for our survey W UMa
systems and fits to other representative types of binary. The other systems (including ref-
erences to their spectral modelling) are: RS CVn (Dempsey et al. 1993); BY Dra (Dempsey
et al. 1994); Algol (Tsuru 1992) and AR Lac (Singh 1996). The modelling of the PSPC
observations of W UMa systems was performed by McGale et al. (1996).

our systems during flaring we see increases in the best fit value of VEMgo7T.

5.8.1 Metal Abundances

Optical and UV measurements of abundances in W UMa systems have not, so far, been
successful, due to the extreme rotational broadening of spectral lines (Rucinski 1995).
Therefore, modelling the coronal X-ray emission of these stars provides a potentially im-
portant method of abundance determination. As presented earlier in this chapter, the
derived metal abundance for the studied W UMa systems is x0.3 times the solar value.
A Ginga LAC study of VW Cep (Tsuru et al.1992) found an iron-K line upper-limit

intensity that implied an iron abundance of <0.4 solar, or alternatively the presence of
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non-thermal X-ray emission. Assuming the low iron abundance was reflected in the other
metals, this result would seem to agree with the ASCA observation. However the Ginga
observation showed a very hard spectrum with thermal emission up to 10keV. This does
not agree with the ASCA observation where no such emission is present. This is not an
energy range problem either (a common problem when dealing with the ROSAT PSPC) as
ASCA is perfectly capable of observing in the 10keV range. This leads to the conclusion
that there was probably something wrong with the Ginga observation, hence suggesting

that we cannot consider the abundance result as corroboration.

Figure 5.13 shows the relative abundances for a range of metals as modelled from ASCA
SIS spectra of Algol (White 1996). Again it is clear that the abundances involved are far
from solar. White found that uncertainties in the plasma code models could not explain
these under-abundances, nor could a complex temperature distribution, thus raising the
prospect that these values are actually correct. Similar results were found in an ASCA AR
Lac observation by Singh et al. (1996). It is expected that in Algol systems mass transfer
between component stars will affect the surface chemical composition of the secondary. It
may be possible that some kind of temporary coronal-composition change is occuring in our
observation of VW Cep as we do see the best-fit value for the abundances undergoing an
increase during flaring. Is there some ‘dredging’ process going on whereby flares increase

the coronal metallicity or is it all simply a feature of the imperfect atomic physics?
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Chapter 6

Concluding Remarks

6.1 Summary

Throughout this thesis I have been looking at X-ray emission from late-type stars, us-
ing observations made with the ROSAT and ASCA satellites. In Chapter 3 [ described
a deep soft X-ray survey of the Galactic Plane using pointed ROSAT PSPC observa-
tions. The survey vielded 93 sources, 89 in the ‘hard” band (0.4—2.0keV) and 14 in the
‘soft’ band (0.1—0.1keV). Approximately 90% of the survey area in the hard-band was
covered to a sensitivity of about 0.002ct s~! (x2x10™*erg cm™2 s7!). Thus the sur-
vey extended deeper in flux by a factor of =10 over previous surveys (Einstein Galactic
Plane Survey and the ROSAT all-sky survey). After removing the estimated contribution
from extragalactic sources (=8%), the integral number-flux relation of sources brighter
than 0.002ct s~! can be represented by the power-law N{>S)=N,5" where o = 1.3+5:¢
and N,=N(50,002)=21%5 sources per deg?. My modelling of the number-flux relation in
terms of stellar populations indicates that F. G, K and early-M dwarfs contribute roughly
equally (within a factor of ~2). A major contribution is predicted to come from RS CVn
svstems, though they are subject to a large degree of uncertainty as their space density
and X-ray luminosity function are poorly known. The sum of the modelled stellar contri-
butions accounts for between 38% and 56% of the observed sources. with a nominal value

of 30%. Work for the future includes further investigations of the contributions from RS
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CVn systems and a possible, so far unidentified, population. A collaborative programme
is underway with F. Favata (ESTEC) and G. Micela (Palermo Observatory) towards op-
tically identifying the X-ray sources, which would then enable direct comparisons with
the source-population models. For example, if Maoz and Grindlay (1995) were correct
in predicting an extended galactic population of low-luminosity X-ray sources, then they

should be optically identified in this process.

In Chapter 4 I presented the third element in the analysis of a deep PSPC survey of
the Hyades, comprising 13 overlapping pointings. The first two parts, X-ray luminosity
functions of dK-dM stars, and a spectral study, were presented in Pye et al. (1994) and
Hodgkin (1995) respectively. I have reported the temporal behaviour of the Hyads. From
107 light curves corresponding to 80 individual Hyads I found 14 variable sources (three
of which were seen to vary in two separate observations). Of these stars 11 varied in a
flare-like manner. In order to look for evidence of long-term flux variations I looked at
stars observed more than once in overlapping fields. This showed little variation occurred
over periods of 6—30 months. Similarly when comparing our PSPC observations with
those made with the Einstein IPC x10 years earlier little variability (at levels >factor 2)
was evident. This lack of long-term variability suggested that there is little or no cyclic

activity evident in the coronae of stars of Hyades age.

For those stars with flare-like variability, time-resolved spectroscopy was performed for the
flaring and quiescent periods. This revealed a tendancy for the high-temperature compo-
nents (kT5, K;) to increase during flaring with little or no change in their low-temperature
components. When plotted as two-parameter confidence contours, this evidence was clear
for a number of stars. as flare and quiescent contours were well separated at the 90% level.
However for most stars significant contour overlap occurred. Future work may involve
co-adding spectra according to spectral type and rotational velocity (see Gagné et al..
1995), thus reducing confidence contours around the best-fit parameters. However this

would require optical measurements to determine periods or vsin for many Hyads.

Finally in this chapter a quasi-static cooling loop model was used to estimate flare param-
eters (density, volume, height). On the basis of this model. it was found that most flare

loops were in the region of ~1Rsy v in height with comparitive densities to those seen on
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the Sun.

Finally Chapter 5 deals with the first three observations, using ASCA, in a survey of
(so far) 7 W UMa systems. This survey continues the W UMa studies from ROSAT
(McGale et al. 1995). Spectra of VW Cep, SW Lac and 44i Boo were modelled in XSPEC
using Raymond-Smith and Mewe-Gronenschild models, and both discrete temperature
components (2 and 3 temperature) and continuous emission measure distributions. Data
from SISO and GIS2 fitted simultaneously as was SIS0, GIS2 and PSPC data. Values
obtained for metal abundances were x0.3 of the expected solar values, and similar to

ASCA results for the active binaries AR Lac and Algol (e.g. White 1996).

It only remains to look at how all of these results can lead to a greater understanding
of stellar coronal astrophysics. The prediction from modelling in chapter 3 that a major
contribution to the X-ray population comes from RSCVn systems is an important 6ne.
Indeed there has been some corroborative evidence that this may be so in a study by Kang
et al.of the OGLE microlensing survey. The study found a larger than expected number
of RSCVn’s out of a sample of 2000 variable stars in the direction of the galactic bulge.
Kang et al.show that by combining the high X-ray emission from RSCVn’s with other
types of variables , e.g. Algol or W-UMa type stars, it is possible to account for most, if
not all, of the soft diffuse X-ray background as observed by ROSAT. In order to confirm
this study, models such as our own that predict galactic populations are very important.
For the same reason, studying the X-ray emission of such stars (as done in chapter 3) is

important in identifying more distant sources.

The Galactic Plane survey contained, as one would expect, many coronal sources. Due to
the flux-limited nature of the survey only the highly active sources in the fields would be
observed. In contrast, the study of open clusters provides a well defined, co-eval sample

with roughly similar luminosity limits.

Using data from the Hyades survey in chapter 4. in combination with X-ray and optical
observations from other open clusters, of which ROSAT has so far observed =30 (e.g.
aPer, the Pleiades. Praesepe). and for star-forming regions (such as Orion and p Ophi-

uchi) it may soon be possible to address more quantitively how mass, gravity. metallicity.
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binarity, chromospheric activity and X-ray emission are linked, and hence to address the

fundamental question of the relation between ‘activity’ and the stellar magnetic dynamo.

These relationships are by no means simple, indeed study of the voung open cluster NGC
2516 ( Jeffries et al. 1997) has shown that it does not obey the accepted rotation-activity-
age paradigm. Jeffries et al. suggest a modification to the paradigm explaining their obser-
vations in terms of the different convection zone properties that late type stars of differing
metallicities have at the same colour or mass. Indeed as spectral resolution increases it is
becoming more and more apparent that not all stars have solar abundances (as I suggest
in chapter 5). It is reasonable to assume that stars in the same open cluster will have the
same metallicities. If therefore we are to fully understand the paradigm, we not only need
to survey the activity of open clusters (as done in chapter 4) we must also develop more

accurate spectral codes.

Yet another problem with the paradigm could lie in the phenomenon of super-saturation.
ROSAT observations have shown that basically as stellar rotation decreases. so X-ray
emission decreases. However above certain speeds no further increase in emission can be
seen, such rapid rotators exhibit a plateau of saturated X-ray emission. However, some
extremely fast rotators begin to show a decreasing level of X-ray emission. What is causing
this is so far unknown, whether it is merely an error in rotation speeds or metallicities or
whether we are looking at some new physics. Perhaps beyond a certain speed, coronal

plasma is not efficiently confined by the stellar magnetic field.

For the future, multi-epoch comparisons of modelled photospheric star-spot areas and spa-
tial distributions, with coronal activity levels (from contemporary X-ray measurements)
will allow a better determination of the temperature and spatial structure o% active re-
gions. Study of ultra-fast rotators will be needed to understand the phenomenon of super-
saturation. Further high spectral resolution observations and improved spectral models
should also enable the metal abundance questions to be resolved. Work is in progress
by several groups to revise the spectral codes, including improvements to the underlying
atomic physics calculations (e.g. Dere et al.1994). An immediate objective is to enlarge

the sample by completing the analysis of the remaining W UMla observations.
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6.2 Future Missions

As discussed, ASCA and EUVE observations have already begun to show evidence for
non-solar abundances in active stars such as the contact binaries dealt with in this the-
sis, and Algol (e.g. Antunes et al.1994). It is however still possible that the effect is
not due to abundance anomalies, rather that the spectral models are deficient, either in
their assumptions or atomic physics. Future missions will have improved capabilities for
determining the properties of stellar coronae (temperature and density structure, energy
balance, abundances). In particular, instruments capable of identifying individual spectral
lines will allow independent coronal temperature and density measurements and will also

help to confirm (or otherwise) the accuracy of the plasma models.

Below I conclude this thesis with a summary of some of the more important and eagerly

awaited X-ray missions that should be launched in the near future.

e JET-X. The Joint European X-ray Telescope (JET-X) is designed to study X-
ray emission in the band 0.15—10keV, using CCD detectors. It will have similar
sensitivity and angular resolution to the ROSAT PSPC but with much better spec-
tral resolution and high energy response (similar to the ASCA SIS but with better
spatial resolution). The primary scientific goals of JET-X lie in cosmological and
extra-galactic astronomy, however it will also be valuable for studying the spectral
characteristics of stars in much more detail than previously achieved. JET-X is the
core instrument in the scientific payload of the Russian Spectrum-X Gamma (SRG)
project. However, given the current Russian economic climate, the launch of JET-X

is uncertain.

¢ XMM. XMM is the second of four ESA ‘cornerstone’ missions and is due to be
launched in August 1999 with an expected lifetime of 10 years. A highly eccentric
orbit provides for 32 hours of continuous observation per orbit. It comprises of 3

mirror modules and three instruments, EPIC, RGS and OM. EPIC (the European
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Photon Imaging Camera) is the main focal plane instrument providing CCD imaging
and spectroscopy at the foci of the three mirrors. The CCD’s provide high sensitivity
(limiting sensitivity ~2x10™%erg cm~2 s~!) over a 0.1—10keV bandwidth. Simu-
lations show that clear resolution of individual stellar lines should be possible. The
RGS (Reflection Grating Spectrometer) is used to produce high resolution dispersed
spectra, whilst the OM (Optical Monitor) is an optical telescope sensitive down to
24" magnitude (mpg). The OM will be used to monitor the optical flux from X-ray

sources observed by EPIC and the RGS, and as an aid in source identification.

- AXAF. The Advanced X-ray Astrophysics Facility (AXAF) is due to be launched
in spring 1999. It will have a bandwidth of 0.1-—9.0keV, an angular resolution of
0.5arcsecs and be sensitive down to 10~ %erg cm~2 s~!. This combination will enable
AXAF to observe fainter and more crowded fields than was previously possible. This
will be of great interest in stellar astronomy as more distant open clusters may be
observed, thus allowing a wider range of stellar ages (and other parameters, e.g.

metallicity) to be studied.
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Appendix A

Cool Star Luminosity Functions

The following pages contain the luminosity functions used in Chapter 3. These are, in

order of presentation:

dK stars, Barbera et al. 1993 , from Einstein observations.

Early dM (M0—M4) stars, Barbera et al. 1993 . from Einstein observations.

Late dM (M0—M4) stars, Barbera et al. 1993 , from Einstein observations.

e dK stars, Fleming et al. 1995 . from ROSAT observations.

Early dM (M0—M4) stars, Fleming et al. 1995 . from ROSAT observations.

Late dM (MO0—M4) stars, Fleming et al. 1995 . from ROSAT observations.

dF stars, Kashyap et al. 1992 . from Einstein observations.

dG stars, Kashvap et al. 1992 , from Einstein observations.

e dK stars, kashvap et al. 1992 . from Einstein observations.

RS CVn stars. Favata et al. 1995 . from Einstein observations.

RS CVn stars. Kashyap et al. 1995 . from Einstein observations.
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Figure A.1: Cumulative x-ray luminosity functions (differential form) vs log(L., erg s~

(see main text). These are dK Barbera et al. and early dM Barbera et al.
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Figure A.2: Cumulative x-ray luminosity functions (see main text). These are late dM

Barbera et al. and late dM Barbera et al..
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Figure A.3: Cumulative x-ray luminosity functions (see main text). These are early dM

Fleming et al.and late dM Fleming et al..
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Figure A.4: Cumulative x-ray luminosity functions (see main text). These are dF Kashyap

et al. and dG Kashyap et al..
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Appendix B

Hyades PSPC Pointed Survey
Light Curves

The following pages contain Hyades light curves observed using ROSAT and discussed in
Chapter 4. They are presented, from top left, reading left to right, in RA order as shown
in the tables in Appendix C. All light curves are binned into 1000 second time intervals.

Note the different scales and ranges in both time and count rates from plot to plot.
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Figure B.1: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.7: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.3: Hyades PSPC pointed survey lightcurves {see main text).
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Figure B.9: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.10: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.11: Hyades PSPC pointed survey lightcurves (see main text).

163

1
N J
i
0
0
U
>
5 1
0
8 +
e
ﬁdL 1 +
[«
]
+ : of 1
PUETSES TR SET TV AT VE A0 SR AN NS RO U MU S ST W N AT S AT | | PP YU NN YOI S SR SN SN TN T SN W RN S W VU S |
0t a0t et oeaet sxaet et 0 516t 10° 1.510° 0
Time (seconds) Time (seconds)
VBIT4, Field F VBS1, Field 61
1 1 \ i 1] L 1 AR T A ) 3
[0}
Q-
[o]
0
"<
T Yot T
co
J
[}
M
-r— b
T @
1 2y
£5 1
[eR 3 p
NI BTSN DU AT S S G G SN S Ly oo b AT S SRR SN S VN U S SO U SUT S |
00wt w0t axot saet exiet 0 sxi0* 10° 15x10° 10
Time {seconds) Time {seconds)



VA32!, Field F2 VB2, Field Gt
LSRN UL BLSLALELE | B AL BN AL BN T L B L T
}
<
o}
o -
ot ]
0 0
[ [
U] (4
}N >
[ O - - c
30 T 2
0 1 )
2 20
% 0 :
§ §°
£ ot ++ J £
N
ol J 0 4
?l. P BT EPETU T G ST ART IR JY WOT ST SET N N SATSETEAT SN N SR | PN (ST YOO SN VEUY TR T S ST SR SO NN WA ST SO S |
0 w0t w0t oaaet osxaot e sxi0* 10° 1510 w10
Time (seconds) Time (seconds)
VA334, Field F2 VA334, Fieid RS!
T |#| T T T T T T T T
" ] N ]
d i ++ 0
0 AL 1
: + { |
W | 3 It
30 + 3
0 0 3
$h J[ I R
2 ]l 26 1
it Jf ﬂ + H ]L 5°
c [«
[ ] 0
-l t
o 0
0 .
o]
or + 1 o t 1
[ TS R R B VAP ST SN B VAN SET T S SR ST U A G SRS | PUREE R S R S S AN U YO VN U S ST S WY U N
0 0t a0t xot oot osxaet 6w sx1* 10 15x10° wie?
Time (seconds) Time (seconds)

Figure B.12: Hyades PSPC pointed survey lightcurves (see main text).
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1 1 1 AR T LA I T v rrroTTT
o N T J
0 4 o
[o}
1
~ ~f
0~ Ui J
HE i ao¢ { +
3% D
[ c
3 3 1
] [}
0] U
20 { 29[ )
H ]
c [ c
s M
£ £
- 8
[o]  F 4
o' °
i
N ot
gl | l‘Anx‘A_LﬂLLA_L- ) U AU S T S SN S SR A S LI U .
) sxio* 10° 1.5010° W10 0 sxiot 10° 1500° 0
Tme {seconds) Time (seconds)
WA352, Field F2 VA3S2, Field G1
T T T T T T T T T — T T
o
[o]
N
QL
oN %0
Hi 1 2
\©o \ L
< <
3 3
s ! : U
2 | ; | 2
2 ] | a
: AR $°f 1
[ l 2 1 ¢
i ! :
Col ' |
[ |
\]
N a
0 ol ) 4
d""“l’ xLL.[;AIJ‘_,‘_Av-‘ il ,,l‘, | L T T Y
b0 o et et waet sact sxig 0 5x10 0 15x10° 210°
“me (seconds) Time {seconds)



intensity (count/sec)

Intensity (count/sec)

V357, Field F2 VA362, Field G1

- — , S — . —— : ——r ;
I
| J[ ol )
*+ % { 0 |
ARTNRE RN
N l )
] N
]
i N
{ tor | ;
J
$ .
2
5
L J c
0 2
b S T
o
o' -
|
of +
| IO BTN ST | PSR ST CEPRE SN A A | | SRR VU P UNN ST G YU IUU S S SR S SR WU SR SR T
0 ot wet wet oaxet sa0t exct 0 sx10* 10° 15¢10° 10°
“me (seconds) Time (seconds)
VA358, fied RS! VA382, Field G1
1] 1 | A i il 1 : ] M 1
0
. | |
o} 1 el r
o H | 14 o]
-
r cd 7)\
2
< |3 {9
O H + 4 o By 1
5 } i £
i ¢
i i >,
3y 50
of i ol
<
3
+
:.l oF | <
: :
!
|
l‘l....l<.’ AJ..LJ.\- l‘lllllLLL‘ PRt .
0 sx10* g 1.5x10° wie® 0 510t 108 1.500° )
rme (seconds) Time (seconds)

Figure B.14: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.15: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.16: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.17: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.18: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.19: Hvades PSPC pointed survey lightcurves (see main text).
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Figure B.20: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.21: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.22: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.23: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.24: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.25: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.26: Hyades PSPC pointed survey lightcurves (see main text).
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Figure B.27: Hyades PSPC pointed survey lightcurves (see main text).
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Appendix C

Hyades PSPC Pointed Survey

Source Information

The following pages contain details on the optical and x-ray properties of the stars in the
Hyades survey. Optical properties are given for all Hyads and non-Hyads separately, as
are x-ray properties. Where no x-ray detection was made of a Hyvad, the upper-limits are

given.
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Table 1. Hyades members in the ROSAT PSPC fields: optical properties

Name VB VA H RA (J2000) Dec (J2000) my B-V Bi Pyin  vsini Pior Notes
W @ @ (5) € (M  ® 6 (0 ) ()
HZ2,EG31, 04 12 44.10 +115201.4 13.86 -0.05 0 0.0 0 0.0
VB 18 18 60 105 04142680 +122607.0 8.06 0.64 o 0.0 0 0.0
VA 68 68 111 04 1451.50 +130317.0 10.74 1.24 3 0.0 <10 > 3.6
VA 112 112 169 0417 39.10 +122454.0 1534 1.88 0 0.0 0 0.0
VA 115 115 172 04174720 +133941.0 12.56 1.47 0 0.0 0 0.0
VA 118 118 173 041751.00 +151339.0 15.11 1.57 0 0.0 0 0.0
VA 122 122 176 0417 55.20 +143247.0 15.00 1.63 0 0.0 0 0.0
VB 23 23 123 178 041801.40 +181526.0 7.54 0.68 3 75.7 0 0.0
VA 127 127 181 04 1808.40 +172460.0 15.90 1.63 0 0.0 0 0.0
VB 25 25 133 185 041819.00 +160518.0 9.60 0.99 0 0.0 <10 12.6
VA 135 135 187 0418 21.50 +172521.0 10.00 1.17 3 0.0 0 0.0
VA 146 146 192 0418 45.50 +132213.0 11.99 1.42 0 0.0 <10 > 3.0
VB 27 27 156 198 041907.60 +17 31 29.0 8.46 0.71 0 0.0 0 0.0
VA 162 162 203 0419 20.00 +141859.0 12.81 1.48 0 0.0 0 0.0
VA 162 162 203 041920.00 +141859.0 12.81 1.48 0 0.0 0 0.0

VB 28 28 175 04 19 47.50 415 37 39.0 3.66 0.99 0 0.0 0 0.0

VB 30 30 182 213 041956.70 +140207.0 5.59 0.28 3 0.0 0 0.0
VB 30 30 182 213 041956.70 +140207.0 5.59 0.28 3 0.0 0 0.0
VB 32 32 04 20 24.10 +18 44 35.0 6.11 0.37 3 0.0 0 0.0
VB 33 33 04 20 35.90 +15 05 44.0 5.26 0.22 0 0.0 0 0.0
VB 33 33 04 20 35.90 415 05 44.0 5.26 0.22 0 0.0 0 0.0
VB 34 34 201 230 04205250 +135152.0 6.17 0.46 3 3.1 12 3.1
VB 34 34 201 230 04205250 +135152.0 6.17 0.46 3 3.1 12 3.1
VA 203 203 232 042055.50 +145136.0 16.43 1.65 0 0.0 0 0.0
VA 203 203 232 042055.50 +145136.0 16.43 1.65 0 0.0 0 0.0
VB 36 36 04 21 31.80 +18 25 05.0 6.80 0.44 0 0.0 0 0.0
VB 37 37 215 246 04 21 34.20 +14 2435.0 6.61 0.41 0 0.0 0 0.0
VB 37 37 215 246 04 21 34.20 +14 24 35.0 6.61 0.41 0 0.0 0 0.0
VA 216 216 247 04 21 34.50 +14 41 44.0 15.64 1.50 0 0.0 0 0.0
VA 213 213 242 04 21 34.90 +16 53 42.0 14.97 1.55 0 0.0 0 0.0
VB 38 38 229 257 04220280 +140438.0 5.72 0.32 3 2.1 0 0.0
VB 38 38 229 257 04220280 +140438.0 5.72 0.32 3 2.1 0 0.0
VA 242 242 266 04 2239.70 +181604.0 13.01 1.51 0 0.0 0 0.0
VA 242 242 266 042239.70 +181604.0 13.01 1.51 0 0.0 0 0.0
VB 39 39 248 270 04 22 43.90 416 47 28.0 7.86 0.68 3 2500.0 0 0.0
VB 40 40 249 271 04 22 44.00 +15 03 23.0 6.99 0.56 3 4.0 8 4.0
VB 40 40 249 271 04 22 44.00 41503 23.0 6.99 0.56 3 4.0 8 4.0
VB 41 41 256 04 22 55.80 +17 32 34.0 3.77 0.98 3 529.8 0 0.0
H 282 282 04 2259.00 +131857.0 13.65 1.65 0 0.0 0 0.0
VA 260 260 280 04230090 +151343.0 16.71 1.66 0] 0.0 0 0.0
VA 260 260 280 04230090 +151343.0 186.71 1.66 0 0.0 0 0.0
VA 262 262 284 042311.90 +154248.0 15.48 1.66 0 0.0 0 0.0
VA 262 262 284 042311.90 +154248.0 15.48 1.66 0 0.0 0 0.0
VA 262 262 284 042311.90 +154248.0 15.48 1.66 0 0.0 0 0.0
VA 275 275 291 04 23 23.30 +14 2543.0 14.95 1.56 0 0.0 0 0.0
VA 275 275 291 04 23 23.30 +142543.0 14.95 1.56 0 0.0 ¢} 0.0
VA 275 275 291 0423 23.30 +142543.0 14.95 1.56 0 0.0 0 0.0
VB 173 173 276 290 042324.80 +154549.0 10.52 1.27 0 0.0 0 14.1
VB 173 173 276 290 0423 24.80 +154549.0 10.52 1.27 0 0.0 0 14.1
VB 45 45 272 288 04 23 24.90 +16 46 39.0 5.64 0.30 3 8.4 0 0.0




Table 1. continued

Name VB VA H RA (J2000) Dec {J2000) my B-V Bi Poin  vsini Prot  Notes
1 @ @6 @ (5) (8) (7) (8) (9 (10y (11) (12)
VB 46 46 279 292 04 2331.50 +14 40 14.0 9.11 0.87 0 0.0 0 0.0
VB 46 46 279 292 04 23 31.50 +14 40 14.0 9.11 0.87 0 0.0 0 0.0
VA 282 282 294 04 2342.30 +155253.0 14.83 1.39 0 0.0 0 0.0
VA 282 282 294 04234230 +4155253.0 14.83 1.39 0 0.0 0 0.0
VA 288 288 296 04234980 +4145517.0 13.33 1.54 3 0.0 14 1.8
VA 288 288 296 04234980 +145517.0 13.33 1.54 3 0.0 14 1.8
VA 294 294 299 042353.90 +140305.0 10.88 1.31 0 0.0 <10 > 4.0
VA 292 292 298 04 2355.30 +162117.0 14.28 -0.01 0 0.0 0 0.0
VA 292 292 298 04 23 55.50 +162117.0 14.28 -0.01 o] 0.0 0 0.0
VA 297 297 300 042359.10 +164329.0 12.55 1.47 0 0.0 <10 > 2.8
VB 47 47 301 04 24 05.70 417 26 39.0 4.80 0.16 0 0.0 0 0.0
VB 47 47 301 04 24 05.70 417 26 39.0 4.80 0.16 0 0.0 0 0.0
VB 50 50 308 308 04 24 11.70 414 45 30.0 7.62 0.60 3 0.0 0 7.1
VB 50 50 308 308 04 24 11.70 414 45 30.0 7.62 0.60 3 0.0 0 7.1
VB 49 49 307 04241250 416 2245.0 8.24 0.58 0 0.0 0 0.0
VB 49 49 307 04241250 41622 45.0 8.24 0.58 0 0.0 0 0.0
VB 174 174 310 312 04 24 16,40 418 00 10.0 9.99 1.06 0 0.0 0 0.0
VB 51 51 315 316 04 24 22.30 41704 45.0 6.97 0.44 o] 0.0 0 0.0
VA 321 321 321 04 24 28.00 +155303.0 14.98 1.70 0 0.0 0 0.0
VA 321 321 321 04 24 28.00 +155303.0 14.98 1.70 0 0.0 0 0.0
VB 52 52 319 320 04 24 28.10 +16 53 10.0 7.80 0.60 3 0.0 8 8.0
VA 334 334 336 04 24 48.60 41552 26.0 11.65 1.42 3 5500.0 0 0.0
VA 334 334 336 04 24 48.60 41552 26.0 11.65 1.42 3 5500.0 0 0.0
VB 175 175 342 342 04 25 00.20 +165907.0 10.27 1.04 0 0.0 <10 11.9
VA 351 351 346 04 2511.80 +171624.0 13.21 1.53 2 0.0 0 0.0
VA 352 352 348 04251590 +4161809.0 16.27 1.66 ] 0.0 0 0.0
VA 352 352 348 04251590 +161809.0 16.27 1.66 0 0.0 0 0.0
VB 57 57 360 357 042537.10 415 56 28.0 6.46 0.49 3 1900.0 15 2.7
VA 362 362 360 04 2546.40 +173242.0 15.32 1.49 0 0.0 0 0.0
VA 368 368 366 042549.90 +150010.0 14.96 1.97 0 0.0 0 0.0
VA 382 382 376 042603.70 +170717.0 15.11 1.52 0 0.0 0 0.0
VA 383 383 378 04 26 04.40 +15 02 32.0 12.19 1.46 0 0.0 <10 > 3.2
VB 59 50 384 379 04260560 +15 31 28.0 7.49 0.54 3 2500.0 <6 5.0
VB 59 59 384 379 04 26 05.60 415 31 28.0 7.49 0.54 3 2500.0 <8 5.0
VB 141 141 388 04 26 20.70 415 37 06.0 4.48 0.25 3 0.0 0 0.0
VB 141 141 388 04 26 20.70 415 37 06.0 4.48 0.25 3 0.0 ¢} 0.0
VB 63 63 389 382 04 26 24.10 41651 12.0 8.06 0.63 3 2500.0 7 7.7
VB 64 64 400 388 04 26 40.00 416 44 49.0 8.12 0.66 0 0.0 5 8.7
VA 420 420 401 04 27 15.60 +171434.0 13.05 1.48 0 0.0 0 0.0
VB 65 65 446 415 04 27 35.70 415 35 21.0 7.42 0.54 0 0.0 9 5.9
VB 65 65 446 415 04 27 35.70  +15 35 21.0 7.42 0.54 0 0.0 9 5.9
VB 65 65 446 415 04 27 35.70 415 35 21.0 7.42 0.54 0 0.0 9 5.9
VB 189 189 475 422 04 28 10.80 +41628 18.0 11.08 1.36 0 0.0 0 0.0
VB 189 189 475 422 04 28 10.80 +16 28 18.0 11.08 1.36 0 0.0 0 0.0
VB 71 71 489 04 28 34.20 41557 45.0 3.85 0.95 3 5760.0 0 0.0
VB 71 71 489 04 28 34.20 41557 45.0 3.85 0.95 3 5760.0 0 0.0
VA 490 490 435 04 28 38.40 +1658 16.0 14.02 -0.10 0 0.0 0 0.0
VB 72 72 491 04 28 39.10 41552 16.0 3.41 0.18 3 140.7 0 0.0
VB 72 72 491 04 28 39.10 +15 52 16.0 3.41 0.18 3 140.7 0 0.0
VB 73 7. 495 439 0428 47.70 41717 09.0 7.85 0.61 Q 0.0 T 7.5




Table 1. continued

Name VB VA H RA (J2000) Dec (J2000) my B-V Bi Pyin  vsing Prot  Notes
1 @2 @G @ (5) (6) ) 8 (9 (10 (11)  (12)
VB 190 190 500 441 04 285060 +161721.0 10.70 1.31 3 5400.0 0 3.7
VB 190 190 500 441 04 285060 +4161721.0 10.70 1.31 '3 5400.0 0 3.7
VA 502 502 442 04 28 51.20 41558 45.0 11.97 1.42 0 0.0 <10 > 2.9
VA 502 502 442 04 28 51.20 +155845.0 11.97 1.42 0 0.0 <10 > 29
VB 75 75 511 448 04 28 59.40 +1609 33.0 6.59 0.53 3 0.0 0 0.0
VB 75 75 511 448 04 28 59.40 +16 09 33.0 6.59 0.53 3 0.0 0 0.0
VA 512 512 449 04 28 59.60 +162051.0 14.28 1.52 0 0.0 0 0.0
VA 512 512 449 04 2859.60 +162051.0 14.28 1.52 0 0.0 0 0.0
VA 529 529 456 0429 12.00 +151644.0 12.42 1.48 0 0.0 0 0.0
VB 77 77 536 461 04 29 20.10 417 32 43.0 7.05 0.50 3 238.9 25 2.4
VB 78 78 544 469 04 2929.40 41751 49.0 6.92 0.45 0 0.0 0 0.0
VB 181 181 548 472 04 29 30.50 +161443.0 10.34 1.15 0 0.0 <10 11.9
VB 79 79 547 470 04 29 31.50 41753 37.0 8.96 0.83 0 0.0 0 0.0
VA 575 575 484 04 30 23.50 +173000.0 14.44 1.33 0 0.0 0 0.0
VB 82 82 584 04 30 33.50 41611 39.0 4.78 0.17 1 0.0 0 0.0
GH7-246 04 30 33.80 +144450.0 14.68 1.56 0 0.0 0 0.0
VB 182 182 587 491 04 30 35.00 +15 44 02.0 9.01 0.84 3 358.4 0 0.0
VB 83 83 589 493 04 30 38.90 +15 41 31.0 5.48 0.26 0 0.0 0 0.0
VB 85 85 597 496 04 30 46.50 416 08 56.0 6.51 0.43 3 0.0 0 0.0
VA 610 610 500 04 31 10.50 +162346.0 14.66 1.57 Q 0.0 0 0.0
VA 622 622 505 04 31 28.30 +174311.0 11.91 1.44 0 0.0 <10 >33
VB 88 88 625 507 04 31 28.90 +13 54 13.0 7.78 0.54 0 0.0 0 0.0
VA 627 627 509 04 31 36.30 +17 42 34.0 9.53 0.99 3 844.6 0 0.0
VA 637 637 513 04 31 43.20 +1502 28.0 12.28 1.48 0 0.0 0 0.0
VA 637 637 513 04 31 43.20 +150228.0 12.28 1.48 0 0.0 0 0.0
VA 637 637 513 04 31 43.20 41502 28.0 12.28 1.48 0 0.0 0 0.0
VA 638 638 514 04 31 43.90 +153734.0 12.17 1.46 3 0.0 0] 0.0
VA 638 638 514 04 31 43.90 +153734.0 12.17 1.46 3 0.0 0 0.0
VB 89 89 644 516 04 31 51.20 +15 51 06.0 6.02 0.34 3 0.0 0 0.0
VB 89 89 644 516 04 31 51.20 +15 51 06.0 6.02 0.34 3 0.0 0 0.0
VB 191 191 645 517 04 3151.80 +4+152957.0 11.07 1.30 0 0.0 <10 > 3.8
VB 191 191 645 517 04 31 51.80 +152957.0 11.07 1.30 0 0.0 <10 > 3.8
VB 191 191 645 517 04 31 51.80 +4152957.0 11.07 1.30 0 0.0 <10 > 3.8
VA 657 657 521 04 32 07.50 +173954.0 14.77 1.47 0 0.0 0 0.0
VA 673 673 528 04 32 2340 +174507.0 13.97 0.33 3 0.6 0 0.0
VA 674 674 330 04 32 28.60 +175418.0 14.80 1.55 0 0.0 0 0.0
VB 91 91 684 544 04 32 49.40 +16 00 21.0 8.94 0.88 3 5500.0 0 9.4
VB 91 91 684 544 04 32 4940 +16 00 21.0 8.94 0.88 3 5500.0 0 9.4
VB 92 92 692 3554 04 32 59.20 +15 49 09.0 8.66 0.74 0 0.0 0 9.0
VB 92 92 692 554 04 32 59.20 +154909.0 8.66 0.74 0 0.0 0 9.0
VB 93 93 712 568 04 3337.30 +16 45 45.0 9.40 0.88 0 0.0 0 0.0
VB 95 95 725 04 3350.10 +145041.0 4.66 0.24 3 488.5 0 0.0
VB 95 95 725 04 33 50.10 41450 41.0 4.66 0.24 3 488.5 0 0.04
VA 726 726 577 04 335640 +165210.0 15.08 1.58 0 0.0 0 0.0
VB 96 96 727 578 04 33 58.40 +15 09 50.0 8.51 0.84 3 47000 0 0.0
VB 96 96 727 578 04 33 58.40 +15 09 50.0 8.51 0.84 3  4700.0 0 0.0
VA 731 731 581 04 34 03.70 414 1248.0 1233 1.44 Q 0.0 4] 0.0
VB 183 183 747 597 04 34 30.20 +415 50 07.0 9.69 0.91 0 0.0 0 0.0
VB 97 97 748 598 04 34 34.80 +153017.0 7.94 0.63 0 0.0 0 8.8
VA 763 763 606 04 35 28.00 +152359.0 14.61 2.54 0 0.0 0 0.0




Table 1. continued

Name VB VA H RA (J2000) Dec(J2000) my B-V Bi Py, wvsini Py Notes
m @ 6 @ (3) e (™ ® (0 (@ a1y 2
VB 99 99 778 617 043605.10 +154103.0 938 0.85 0 0.0 0 0.0
VB 101 101 04 36 40.30 41552100 6.65 0.43 2 0.0 0 0.0
VB 102 102 04 37 31.50 +1508 47.0 7.54 0.60 3 7200 0 0.0

Key: (1) star name used,(2) van Bueren (1952) catalogue name, (3) van Altena (1969) catalogue name,(4) Hanson (1975) catalogue
name, (5) RA (h m s), (6) DEC (d m s), (7) visual magnitude, (8) B-V colour, (9) Binarity flag (3=definate binary, 2=probable binary,
1=possible binary, 0=no evidence for binarity), (10) binary period, (11) km s—!, (12) rotation period. System parameters courtesy of
T. Simon (private communication with J.P. Pye.}.



Table 2. Hyades probable non-members in the ROSAT PSPC fields: optical properties

Name VB VA H RA (J2000) Dec (J2000) my B-V Bi Py, vsini P Notes
(1) (2 (3 (4 (5) (6) (7) (8 (9 @)y (1) (12)
VA 47 47 74 04123190 +120026.0 11.81 0.64 0 0.0 0 0.0
VA125AB 125AB 04 18 03.30 +15 31 43.0 11.25 1.29 0 0.0 0 0.0
VA 131 131 183 0418 1240 416 05 55.0 15.90 1.67 0 0.0 0 0.0
LP414-158 04 18 33.60 +18 21 56.0 16.09 -9.00 0 0.0 0 0.0
H196 196 04 18 57.70 415 08 57.0 16.27 1.74 0 0.0 0 0.0
H196 196 04 18 57.70 41508 57.0 16.27 1.74 0 0.0 0 0.0
VA 191 191 220 042019.70 +173043.0 12.16 1.08 0 0.0 0 0.0
LP415-543 04 20 27.30 +18 53 49.0 15.34 1.76 0 0.0 4] 0.0
VA 200 200 229 04 2047.10 +151411.0 13.85 1.58 (8] 0.0 0 0.0
VA 200 200 229 04 20 47.10 +151411.0 13.85 1.58 0 0.0 0 0.0
VA 211 211 241 04 21 30.90 +14 26 00.0 14.08 1.39 0 0.0 0 0.0
VA 211 211 241 04 21 30.90 +14 26 00.0 14.08 1.39 0 0.0 0 0.0
H 264 264 04 22 30.30 +15 13 10.3 14.64 0.84 4] 0.0 0 0.0
H 264 264 04 22 30.30 +151310.3 14.64 0.84 0 0.0 0 0.0
H 264 264 04 22 30.30 +151310.3 14.64 0.84 0 0.0 0 0.0
VA 241 241 265 04 22 32.20 +1551 27.0 14.89 1.73 0 0.0 0 0.0
VA 241 241 265 04 22 32.20 +155127.0 14.89 1.73 0 0.0 0 0.0
VA 247 247 269 04 22 40.20 41503 46.2 15.47 0.95 0 0.0 0 0.0
VA 247 247 269 04 22 40.20 +1503 46.2 15.47 0.95 0 0.0 0 0.0
VB 172 172 250 272 04 22 44.20 +14 15 22.0 10.15 0.66 0 0.0 0 0.0
VB 172 172 250 272 04 22 44.20 +14 15 22.0 10.15 0.66 0 0.0 0 0.0
VA 265 265 285 04 23 16.30 417 0042.0 15.90 1.48 0 0.0 0 0.0
VA 265 265 285 04 23 16.30 +17 00 42.0 15.90 1.48 ] 0.0 0 0.0
VA 305 305 303 04 24 09.00 +150519.0 15.11 1.74 0 0.0 0 0.0
VA 305 305 303 04 24 09.00 +1505 19.0 15.11 1.74 0 0.0 0 0.0
VA 306 306 304 04 24 09.80 +15 28 35.0 14.58 1.64 (6] 0.0 0 0.0
VA 306 306 304 04 24 09.80 +15 28 35.0 14.58 1.64 0 0.0 4] 0.0
VA 329 329 330 04 24 37.90 41554 36.0 14.81 1.60 0 0.0 0 0.0
VA 329 329 330 04 24 37.90 +15 54 36.0 14.81 1.60 0 0.0 0 0.0
VA 366 366 363 04 25 48.60 41531 18.0 12.38 1.45 3 0.0 [¢] 0.0
VA 366 366 363 04 25 48.60 415 31 18.0 12.38 1.45 3 0.0 0 0.0
VA 380 380 374 04 26 00.90 +171653.0 13.73 0.87 0 0.0 0 0.0
VA 413 413 397 04 27 01.50 +152226.0 11.05 1.02 1] 0.0 0 0.0
VA 413 413 397 04 27 01.50 +152226.0 11.05 1.02 0 0.0 0 0.0
VA 413 413 397 04 27 01.50 +152226.0 11.05 1.02 0 0.0 0 0.0
VB 188 188 444 413 04 27 32.50 +15 21 45.0 11.07 0.81 0 0.0 0 0.0
VB 188 188 444 413 04 27 32.50 41521 45.0 11.07 0.81 0 0.0 0 0.0
VB 188 188 444 413 04 27 32.50 +15 21 45.0 11.07 0.81 0 0.0 0 0.0
VA 478 478 423 04 28 14.20 +163911.0 15.38 1.09 0 0.0 0 0.0
VB 80 80 569 481 04 30 07.90 +153817.0 5.58 0.32 3 0.0 0 0.0
VA 578 578 485 04 30 24.70 417 47 12.0 10.76 0.87 0 0.0 0 0.0
H495 495 04 3041.90 +14 3943.0 16.32 1.97 0 0.0 0 0.0
H 588 588 04 34 18.30 +14 58 31.0 7.22 1.13 0 0.0 0 0.0
H 588 588 04 34 18.30 +14 58 31.0 7.22 1.13 0 0.0 0 0.0
VA 750 750 601 04 34 39.50 +151234.0 12.41 1.45 3 0.0 0 0.0
VA 750 750 601 04 34 39.50 +151234.0 12.41 1.45 3 0.0 0 0.0
VA 751 751 600 04 34 41.80 +17 44 55.0 7.75 0.65 0 0.0 0 0.0

Key: (1) star name used,(2) van Bueren (1952) catalogue name, (3) van Altena (1969) catalogue name,(4) Hanson (1975) catalogue
name, (5) RA (h ms), (6) DEC (d m s), (7) visual magnitude, (8) B-V colour, (9) Binarity flag (3=definate binary. 2=probable binary,
1=possible binary, 0=no evidence for binarity), (10) binary period, (11) km s~1. (12) rotation period. System parameters courtesy of
T. Simon (private communication with J.P. Pye.).



Table 3. Non-Hyad, catalogued objects in the ROSAT PSPC fields: optical properties

Name RA (J2000) Dec (J2000) my mp Spec. type
8; (2) (3) (4) (5) ()

HD 26749 414 17.10 +12 20 56.0 6.90 7.60 G2V
SAO 93855 418 38.60 +17 50 30.0 890 960 GO
P NTTS 04155941716 418 51.60 +172315.0 0.00 0.00
HBC 376 418 54.00 +172260.0 12.28 13.41 K7
HD 27296 4199.00 +134316.0 7.76 810 F2
HD 27296 4199.00 +134316.0 7.76 810 F2
HD 285639 4 20 49.70 +1835 1.0 0.00 10.10 K5
HD 286678 421 14.00 +13 40 24.0 0.00 9.50 GO
HD 285739 4 23 33.00 +17 2 42.0 0.00 10.00 Ko
HD 285751 423 42,00 +15 37 36.0 0.00 10.00 G5
HD 285751 4 23 42.00 +15 37 36.0 0.00 1000 G5
HD 285812 4 2530.60 +15 32 30.0 9.80 10.90 KO
HD 285819 4 25 36.00 +15 11 0.0 0.00 10.00 KO
HD 285819 4 25 36.00 +15 11 0.0 0.00 10.00 KO
HD 28007 4 2553.20 +17 26 52.0 7.80 7.80 F2v
HD 28124 4 26 51.00 +17 1 45.0 7.10 8.00 KsV
HD 285808 4 27 36.90 4+16149.0 1040 1090 Fs5
HD 285808 4 27 36.90 +16149.0 10.40 1090 F5
HD 28227 4 27 51.60 +15910.0 9.90 10.60 G5
HD 28448 4 29 51.60 +17450.0 8.90 9.50 F8
HD 28448 429 51.60 +17 4 50.0 8.90 9.50 F8
HD 28528 4303350 +144651.0 920 930 GO
HD 285845 43126.00 +181618.0 0.00 1036 G6
P NTTS 04283541700 4 31 27.10 +17 6 25.0 0.00 0.00
P NTTS 04291641751 432940 +175725.0 0.00 0.00
NAME FK 1 4 32 15.00 +18142.0 11.60 1291 K7V
EQ 0429214175524 4 32 15.00 +181 42.0 12.15 13.52 K8
V> V826 TAU 4 32 15.00 +18142.0 12.11 13.51 K7
1E 0429.34-1755 4 32 15.00 +18124.0 0.00 0.00
EQ 0429234181354 43217.00 +182012.0 12.21 13.59 K8
V* V827 TAU 43217.00 +182012.0 12.18 13.58 K7
NAME FK 2 43217.00 +182012.0 11.80 13.11 K7V
1E 0429.3+1813 43217.00 +181930.0 0.00 0.00
V* GG TAU 43230.00 41731420 12.34 13.72 KsV:E
EM* AS 83 43230.00 +173060.0 0.00 11.00
P NTTS 04295041757 4 32 43.80 +18258.0 0.00 0.00
HR 1442 4 33 32.80 +1811.0 6.25 6.32 B9IVN
V* TY TAU 434 43.00 +151560.0 11.50 0.00 Ko
HBC 412 4 35 24.00 +17520.0 14.12 15.68 M2
HD 29247 4 36 54.80 +15 15 42.0 7.20 790 GO

Key: (1) star name, (2)RA (h m s}, (3) DEC (d m s), (4) visual magnitude, (5) bolometric magnitude, (6) spectral type. System
parameters courtesy of T. Simon (private communication with J.P. Pye.).



Table 4. Hyades members in the ROSAT PSPC fields: X-ray properties

Name Seq. Xnr RA (J2000) Dec (J2000) Sep. D/U ct/ks err. Lx err. Off. Rib *  IPC?
(1) 2 @ (4) 8y (8 (7 ® (9 (0 (11) (12) (13) (14) (15)
HZ2,EG31, 201748 238 04 12 44.11 +115201.6 0.00 -1 9.3 0.0 1.34 0.00 425 1 *
VB 18 201748 230 04 14 27.47 41226124 0.19 0 62.4 2.1 9.05 0.31 0.3 0 *
VA 68 201748 229 04 1451.56 +4130324.2 0.12 4] 20.7 2.1 301 030 375 0 *
VA 112 201748 232 04 17 42.79 41224 47.8 0.91 0 18.7 3.7 2.72 0.53 48.0 0 *
VA 115 200776 11 04 17 47.14 +4134018.0 0.62 0 16.2 2.5 234 0.37 46.5 0 *
VA 118 200775 363 04 1751.00 +4151339.0 0.00 -1 14.1 0.0 2.04 000 37.1 0 * EU
VA 122 200441 248 04 17 54.75 +14 33 47.0 1.00 0 19.0 5.2 2.75 0.76 48.4 0 * EU

VB 23 201370 120 04 18 04.01 +18 15 06.7 0.70 0 109.7 76 1591 1.11 50.2 Q *

VA 127 200442 298 04 18 08.40 +17 25 00.1 0.00 -1 55.0 0.0 797 0.00 443 1 * EU

VB 25 200775 348 04 18 17.79 +16 05 31.6 0.37 0 26.2 4.3 3.80 0.62 35.2 0 *

VA 135 200442 285 04 18 21.38 +172508.3 0.25 0 1125 4.7 16.31 0.68 41.2 1 * ED
VA 146 200776 25 04 18 45.50 +132213.1 0.00 -1 15.6 0.0 2.26 0.00 426 1 *

VB 27 200442 283 04 1908.28 +173136.5 0.20 o} 34.9 2.4 5.06 0.35 29.5 1 * ED
VA 162 200776 18 04 191999 +141859.0 0.00 -1 8.0 0.0 1.17 0.00 354 1 EU
VA 162 200441 272 04 19 19.99 +14 18 59.0 0.00 -1 7.0 0.0 1.01 0.00 35.6 1 * EU

VB 28 200775 350 04 19 47.70 +15 37 36.9 0.06 0 3920 10.7 56.83 1.55 0.2 0 * ED

VB 30 200776 8 04 1957.63 +140245.4 0.68 4] 96.2 23 1395 033 174 1 EU

VB 30 200441 252 04 1956.64 +4140228.5 0.36 0 89.4 6.3 12.96 0.91 43.5 0 EU

VB 32 201370 117 04 20 25.75 +18 44 26.8 0.41 0 1049 4.6 15.21 0.67 24.7 1 *

VB 33 200441 261 04 2035.90 +150544.2 0.00 -1 5.7 0.0 0.83 0.00 253 0 x EU

VB 33 200775 365 04 203590 41505 44.2 0.00 -1 10.0 0.0 1.44 0.00 34.1 1 EU

VB 34 200776 9 04 20 52.60 +135201.1 0.15 0 99.3 2.3 1439 0.34 0.4 ¢} * ED

VB 34 200441 253 04 20 53.20 +135244.6 0.89 0 1504 10.0 21.80 1.45 495 1 ED
VA 203 200441 244 04 20 56.36 +14 51 32.7 0.21 0 3.0 0.7 0.44 0.11 10.3 0 * EU
VA 203 200775 366 04 2055.49 +145136.0 0.00 -1 329 0.0 4.77 0.00 49.0 1 EU

VB 36 201370 118 04 21 32.16 +4182501.2 0.11 0 50.3 2.3 7.30 0.33 0.3 0 ED

VB 37 200776 3 04 21 35.13 414 24 48,1 0.31 o 1196 3.0 17.34 044 348 0 ED

VB 37 200441 250 04 21 34.71 +14 24 24.5 0.22 0 95.9 4.0 13.90 0.58 18.4 1 ED
VA 216 200441 246 04 21 35.09 +144133.2 0.23 0 6.8 1.0 0.99 0.15 5.6 0 * EU
VA 213 200442 288 04 21 37.10 41653 40.5 0.53 4] 214 2.5 3.10 0.37 38.6 1 * EU

VB 38 200776 8 04 22 04.38 +14 04 55.8 0.48 0 33.8 2.0 490 0.29 21.9 1 ED

VB 38 200441 251 04 22 03.77 +14 04 30.0 0.27 0 42.7 4.0 6.20 0.58 395 0 * ED
VA 242 201370 119 04 22 40.18 +181617.2 0.25 0 2.4 0.7 0.35 0.10 1886 1 EU
VA 242 200442 280 04 22 35.32 +181559.8 1.04 0 14.7 3.9 2.14 0.56 48.4 0 EU

VB 39 200442 289 04 22 45.33 +164657.5 0.61 0 102.1 6.0 14.80 0.87 50.1 0 ED

VB 40 200441 242 04 22 44.36 41503 03.7 0.33 0 2315 6.6 33.56 0.96 30.7 1 ED

VB 40 200020 378 04 22 44.39 41503 25.8 0.11 0 191.0 3.3 27.70 0.47 30.5 1 ED

VB 41 200442 282 04 2257.29 +4173230.2 0.36 0 17.6 2.1 2.56 030 25.1 1 ED

H 282 200776 26 04 225899 +131856.9 0.00 -1 22.4 0.0 3.25 0.00 448 1
VA 260 200441 259 04 23 00.91 +15 13 43.0 0.00 -1 114 0.0 1.66 0.00 41.2 1 EU
VA 260 200020 376 04 23 02.58 +151354.8 0.45 0 6.3 0.9 0.92 0.13 27.2 0 EU
VA 262 200777 59 04 23 11.90 +15 42 47.9 0.00 -1 24.4 0.0 3.54 0.00 37.2 0 EU
VA 262 200775 359 04 23 11.90 +154247.9 0.00 -1 56.0 0.0 8.11 0.00 493 0 EU
VA 262 200020 394 04 2311.90 +154247.9 0.00 -1 23.5 0.0 3.41 0.00 438 0 EU
VA 275 200776 16 04 23 23.30 +14 25 43.0 0.00 -1 47.4 0.0 6.88 0.00 50.0 1 ED
VA 275 200441 249 04 23 22.89 41425300 0.24 0 28.7 33 4.16 0.48 35.7 0 ED
VA 275 200020 385 04 23 23.56 +142526.0 0.29 0 40.0 2.7 5.80 0.39 45.7 0 * ED
VB 173 200777 58 04 23 24.79 +154549.0 0.00 -1 34.4 0.0 4.99 0.00 333 0 * ED
VB 173 200020 393 04 23 24.79 +154549.0 0.00 -1 35.5 0.0 5.15 0.00 44.8 0 ED

VB 45 201369 148 04 23 26.59 +164702.0 0.56 0 47.5 3.9 6.88 0.56 42.6 1 * ED




Table 4. continued

Name Seq. Xnr RA (J2000) Dec(J2000) Sep. D/U ct/ks err. Lx err. Off. Rib * IPC?
(1) 2 (3) (4) 5y (8 (7 8 (9 (10) (11) (12) (13) (14) (15)
VB 46 200441 247 04 2331.29 +4143929.1 0.75 0 16.0 3.1 232 045 338 1 ED
VB 46 200020 384 04 23 32.56 +144011.9 0.26 4] 19.8 1.4 287 0.20 319 1 * ED
VA 282 200777 54 04 23 42.29 +15 52 53.0 0.00 -1 7.6 0.0 1.10 0.00 27.6 1 * EU
VA 282 200020 391 04 23 42.29 +155253.0 0.00 -1 28.0 0.0 4.06 0.00 49.7 0 EU
VA 288 200441 243 04 23 50.37 +145455.7 0.38 0 1325 6.7 19.21 097 404 0 ED
VA 288 200020 381 04 23 50.49 +145510.3 0.20 0 92.1 1.9 13.35 0.28 18.1 0 ED
VA 294 200776 7 04 235192 +140326.0 0.60 Q 11.7 2.2 169 031 45.1 Q EU
VA 292 200777 47 04 23 55.51 +162116.9 0.00 -1 9.1 0.0 1.32 0.00 34.7 1 EU
VA 292 201369 178 04 2355.51 +162116.9 0.00 -1 25.1 0.0 364 0.00 464 0 EU
VA 297 201369 174 04 23 59.11 +164328.9 0.00 -1 2.9 0.0 041 0.00 355 1 * EU
VB 47 201369 159 04 24 05.71 +172639.1 0.00 -1 29.5 0.0 4.27 0.00 48.6 0 * ED
VB 47 200442 296 04 24 05.71 +172639.1 0.00 -1 39.5 0.0 573 0.00 41.7 1 ED
VB 50 200441 245 04241199 +144531.6 0.08 0 4953 143 71.81 2.07 43.7 1 ED
VB 50 200020 382 04 24 12.31 41445129 0.32 0 316.6 3.8 45.90 0.55 22.7 1 * ED
VB 49 200777 32 04 24 1297 +4162313.3 0.49 0 76.8 3.0 11.13 044 334 0 * ED
VB 49 201369 152 04 24 13.27 41623226 0.65 (¢ 85.1 4.4 12.34 0.64 41.8 .0 ED
VB 174 201370 121 04 24 19.46 +180035.1 0.84 0 22.1 3.6 3.21 0.52 46.9 0 * EU
VB 51 201369 138 04 24 22.63 41704 44.7 0.08 0 43.0 2.7 6.24 039 32.1 0 * EU
VA 321 200777 38 04 24 2835 +155308.5 0.12 0 3.7 0.9 0.53 0.13 16.6 0 * EU
VA 321 200020 390 04 24 2801 +155303.1 0.00 -1 18.8 0.0 2.72 0.00 474 1 EU
VB 52 201369 144 04 24 28.77 +165313.4 0.17 0 83.8 4.0 12.16 0.58 27.7 0 * ED
VA 334 200777 39 04 24 47.62 41552 38.7 0.32 0 169.8 3.5 2463 0.51 12.2 0 * ED
VA 334 200020 369 04 24 50.38 41552 30.7 0.44 0 1227 4.2 17.79 0.61 46.5 1 ED
VB 175 201369 139 04 25 00.38 416 58 58.7 0.15 0 10.8 1.4 1.56 0.20 21.5 1 * EU
VA 351 201369 135 04 25 14.12 +17 16 11.3 0.59 0 154.6 4.2 2242 0.61 30.2 0 * ED
VA 352 200777 33 04 25 16.33 41618 24.3 0.28 0 11.1 1.4 1.62 0.20 22.5 1 *
VA 352 201369 153 04 25 15.90 +16 17 51.1 0.30 4] 11.0 2.1 1.60 031 36.9 1
VB 57 200777 37 04 25 37.08 +155637.9 0.17 0 218.2 3.9 31.64 0.56 0.3 0 * ED
VA 362 201369 132 04 25 47.38 41732523 0.29 0 8.3 2.7 1.21 0.38 42.8 1 * EU
VA 368 200020 380 04 25 50.53 414 59 59.2 0.24 0 4.6 0.5 0.67 0.07 15.7 0 * EU
VA 382 201369 137 04 26 04.47 41707094 0.22 0 23.3 1.6 3.38 0.23 168 1 * ED
VA 383 200020 379 04 26 05.09 +1502 18.0 0.29 0 24.1 1.1 349 0.16 184 1 * ED
VB 59 200777 42 04 26 05.34 41531379 0.18 0 1935 4.8 28.06 0.70 25.8 1 ED
VB 59 200020 372 04 26 06.35 41531 15.3 0.28 0 1483 2.9 21.50 041 31.2 1 * ED
VB 141 200777 40 04 26 20.06 +15 37 14.2 0.21 0 8494 9.9 123.16 1.43 21.9 1 * ED
VB 141 200020 370 04 26 21.24 +153706.2 0.13 0 7285 86 10563 1.25 38.0 1 ED
VB 63 201369 145 04 26 24.73 41651 10.6 0.15 0 1208 2.9 17.51 0.42 0.2 0 ED
VB 64 201369 149 04 26 39.89 +16 44 45.0 0.07 0 68.8 2.6 9.97 0.38 7.3 0 ED
VA 420 201369 164 04 27 15.60 +171434.1 0.00 -1 4.7 0.0 0.68 0.00 26.6 1 EU
VB 65 200777 41 04 27 37.65 +15 35579 0.77 0 56.0 3.1 8.13 0.45 35.7 1 ED
VB 65 201368 84 04 27 3549 +153543.4 0.38 0 85.8 4.1 12.44 0.60 36.6 1 * ED
VB 65 200020 371 04 27 36.43 +153503.9 0.34 0 85.5 4.0 1240 0.58 49.5 0 ED
VB 189 200777 45 04 28 10.80 +16 28 18.1 0.00 -1 15.7 0.0 2.28 0.00 49.0° 0 EU
VB 189 201369 151 04 28 09.17 +16 28 40.8 0.55 0 9.3 1.6 1.35 0.23 33.7 0 * EU
VB 71 200777 36 04 28 34.28 +155734.0 0.18 0 769.3 108 111.55 1.56 429 1 ED
VB 71 201368 75 04 28 33.86 +15 57 54.3 0.18 0 646.8 8.1 93.78 1.18 29.7 0 ED
VA 490 201369 140 04 28 40.45 +16 58 00.7 0.55 0] 35.5 2.6 5.15 0.38 334 1 EU
VB 72 200777 56 04 28 39.10 +155216.0 0.00 -1 57.8 0.0 8.38 0.00 44.2 0 ED
VB 72 201368 76 04 28 39.28 +155238.3 0.37 0 23.8 2.6 344 038 25.5 1 ED
VB 73 201369 134 04 28 48.64 41717008 0.26 0 1259 5.5 18.26 0.80 43.3 0 ED




Table 4. continued

Name Seq. Xnr RA (J2000) Dec (J2000) Sep. D/U ct/ks err. Lx err.  Off. Rib *  IPC?
(1) (2 (4) 5y (6 (7 (8 (9 (o) (1) (2) (@13) (14) (%)
VB 190 201368 70 04 28 50.81 +16 17 12.8 0.15 0 2085 7.2 3023 1.04 429 0 * ED
VB 190 201369 154 04 28 52.02 +161724.2 0.34 0 178.0 8.1 25.81 1.17 489 0 ED
VA 502 200777 49 04 28 51.19 41558 45.1 0.00 -1 186.4 0.0 27.03 0.00 47.0 1 EU
VA 502 201368 97 04 28 51.19 41558 45.1 0.00 -1 8.2 0.0 1.19 0.00 273 1 * EU
VB 75 200777 35 04 28 59.95 +4160944.5 0.23 0 129.1 73 1872 1.06 50.8 1 ED
VB 75 201368 72 04 28 59.47 +4160952.4 0.32 0 115.7 42 16.77 061 35.4 0 * ED
VA 512 201368 90 04 28 59.59 +4162051.0 0.00 -1 97.1 0.0 14.08 0.00 454 1 * ED
VA 512 201369 179 04 28 59.59 +162051.0 0.00 -1 1204 00 1746 0.00 479 0 ED
VA 529 201368 111 04 29 12.00 41516440 0.00 -1 10.3 0.0 149 0.00 254 1 * EU
VB 77 200443 309 04292189 +1732584 0.50 0 159.1 5.8 23.07 0.84 45.1 4] * ED
VB 78 200443 304 04 29 29.37 +1752074 0.31 0 95.5 6.1 13.84 0.88 478 1 * ED
VB 181 201368 92 04 29 30.50 +16 14 43.1 0.00 -1 25.6 0.0 3.71 0.00 374 1 * ED
VB 79 200443 316 04 2931.49 +175337.0 0.00 -1 90.7 0.0 13.15 0.00 48.0 1 * ED
VA 575 200443 310 04 30 24.43 +173004.5 0.23 0 27.7 1.9 4.02 0.28 303 0 * EU
VB 82 201368 93 04 30 33.50 +16 11 39.1 0.00 -1 19.4 0.0 2.81 0.00 339 0 * EU
GH7-246 200444 343 04 30 33.79 +1444499 (.00 -1 11.3 0.0 164 0.00 285 -1 * EU
VB 182 201368 79 04 30 34.31 +154410.0 0.21 0 32.0 1.8 4.65 0.25 8.7 0 * ED
VB 83 201368 103 04 30 38.90  +15 41 30.8 . 0.00 -1 0.8 0.0 0.12 0.00 8.3 0 * EU
VB 85 201368 73 04 30 46.68 +16 08 59.0 0.07 0 2245 54 32.56 0.78 32.0 1 * ED
VA 610 201368 89 04 31 10.51 +16 23 46.0 0.00 -1 51.8 0.0 7.52 0.00 479 1 * ED
VA 622 200443 321 04 31 28.30 +17 4310.9 0.00 -1 5.0 0.0 0.73 0.00 18.8 1 * EU
VB 88 200444 336 04 31 24.76 413 54 19.0 1.01 0 73.9 7.8 10.72 1.12 50.3 0 *
VA 627 200443 307 04 31 37.71 +17 42 30.8 0.34 0 54.7 2.2 7.93 0.32 16.6 1 * ED
VA 637 201368 87 04 31 43.49 +150137.1 0.85 0 35.3 4.6 5.12 0.67 43.5 0 *
VA 637 201747 222 04 31 43.20 +150228.0 0.00 -1 36.3 0.0 3.26 0.00 499 1
VA 637 200444 330 04 31 44.64 41502 16.5 0.40 0 20.2 1.9 2.93 0.28 23.2 1
VA 638 201368 81 04 31 46.93 +153752.0 0.79 0 11.1 1.8 1.61 0.27 24.0 1 * EU
VA 638 201747 190 04 31 44.24 +153812.2 0.64 0 16.0 2.0 2.32 0.29 42.2 1 EU
VB 89 201368 77 04 31 51.17 41551 00.3 0.09 0 27.6 2.4 4.00 035 28.0 0 * ED
VB 89 201747 184 04 31 52.71 +15 51 53.7 0.87 0 32.5 2.7 4.72 0.40 45.0 0 ED
VB 191 201368 85 04 31 51.97 +152945.0 0.20 0 10.6 1.8 1.53 0.26 26.7 0 * EU
VB 191 201747 217 04 31 51.79 +152957.1 0.00 -1 8.7 0.0 1.26 0.00 39.6 1 EU
VB 191 200444 337 04 31 51.79 +152957.1 0.00 -1 18.1 0.0 2.63 0.00 48.9 0 EU
VA 657 200443 308 04 32 08.14 +173947.3 0.19 0 8.5 0.8 1.23 0.12 9.7 4] * EU
VA 673 200443 305 04 32 24.02 +17 44 56.9 0.22 ] 45.0 1.9 6.52 0.27 13.3 0 * ED
VA 674 200443 302 04 32 30.07 +17 5404.1 0.42 0 20.9 1.9 3.03 0.28 223 1 * ED
VB 91 201368 74 04 32 50.45 +160012.1 0.29 ] 40.4 4.4 5.86 0.63 44.9 0 * ED
VB 91 201747 182 04 325209 +160101.8 0.94 0 46.0 4.1 6.67 0.59 39.8 1 ED
VB 92 201368 78 04 32 56.63 41548 50.7 0.69 Q 16.5 4.1 2.39 0.60 42.1 1 ED
VB 92 201747 186 04 32 59.34 +15 49 17.2 0.14 0 35.9 1.8 5.20 0.26 30.2 0 * ED
VB 93 200443 327 04 33 37.30 +16 45 45.0 0.00 -1 32.7 0.0 4.74 0.00 48.7 1 * ED
VB 95 201747 201 04 33 53.65 +14 50 47.7 0.86 0 12.9 1.8 1.87 0.27 40.5 4] * EU
VB 95 200444 342 04 33 50.09 +14 50 40.9 0.00 -1 3.9 0.0 0.56 0.00 21.0° 1 EU
VA 726 200443 326 04 33 56.40 +165209.8 0.00 -1 22.5 0.0 3.26 0.00 44.6 4] *
VB 96 201747 197 04 33 58.87 +4151000.1 0.20 0 49.1 2.3 7.12 034 219 1 ED
VB 96 200444 329 04 33 59.83 +4+150944.2 0.36 Q 69.6 36 1009 0.53 350 0 * ED
VA 731 200444 345 04 34 03.70 +14 12479 0.00 -1 5.9 0.0 0.85 0.00 36.8 1 *
VB 183 201747 185 04 34 33.40 +1549526 0.81 0 22.6 1.5 3.27 0.22 199 1 * EU
VB 97 201747 193 04 34 35.74 +153018.7 0.23 0 49.1 1.8 7.13 0.27 0.3 0 * ED
VA 763 201747 195 04 35 28.68 +15 23 49.3 0.23 0 10.0 0.9 1.45 0.13 14.1 0] * ED




Table 4. continued

Name Seq. Xnr RA (J2000) Dec (J2000) Sep. D/U ct/ks err. Lx err. Off. Rib * IPC?

v 2 (4) G 6 O (® (o @) (11 (12) (13) (14) (15)

VB 99 201747 188 043606.12 +1541034 0.25 0 280 18 406 027 244 0 * EU
VB 101 201747 183 043641.80 +155154.0 045 0 1169 40 1695 0.58 374 1 *
VB 102 201747 198 0437 32.88 +150824.0 0.51 0 1509 6.7 21.88 097 478 O *

Key: (1) Source name, (2) field number, (3) arbitrary running number, (4) RA (h m s), (5) DEC (d m s), (6)separation (arcmin)
, (7) detection=0, upper limit=1, (8) count rate, (9) count rate error, (10) x-ray luminosity (10%%erg/s), (11) x-ray luminosity error
(10%%erg/s), (12) off-axis angle, (13) rib flag 1==source near rib, O=source not near rib, (14) asterix indicates best observation of source
, (15) EU=Einstein upper limit, ED=Einstein detection.



Table 5. Hyades probable non-members in the ROSAT PSPC fields: X-ray properties

Name Seq. Xnr RA (J2000) Dec(J2000) Sep. D/U ct/ks err. Lx er. Offf Rib *  IPC?
(1) 2 @) (4) (5) () (M 8 (@ (@) (1) (2) @3) (14) (%)
VA 47 201748 236 04123190 +120025.9 0.00 -1 6.7 0.0 0.98 0.00 38.2 0 *
VA125AB 200775 361 04 1803.31 +153143.0 0.00 -1 5.8 0.0 0.85 0.00 25.9 1 *
VA 131 200775 356 04 181241 +4160555.0 0.00 -1 33.1 0.0 480 0.00 36.3 0 * EU
LP414-158 201370 128 04 18 33.60 418 2156.2 0.00 -1 6.5 0.0 0.94 0.00 42.3 1 *
H196 200441 260 04 18 57.70 41508 57.1 0.00 -1 8.2 0.0 1.18 0.00 42.2 1 *
H196 200775 . 364 04 18 57.70 41508 57.1 0.00 -1 10.7 0.0 1.55 0.00 31.3 1
VA 191 200442 295 04 2019.70 +173042.8 0.00 -1 0.9 0.0 0.13 0.00 125 0 *
LP415-543 201370 116 04 20 29.68 +18 54 16.1 0.72 0 10.4 1.6 1.50 0.24 325 0 *
VA 200 200441 239 04 20 47.69 +151401.2 0.22 0 17.3 2.3 2.51 033 326 0
VA 200 200775 351 04 204768 +151359.8 0.23 0 20.4 4.4 296 063 278 1
VA 211 200776 27 04 21 30.91 +14 25 59.9 0.00 -1 96.9 0.0 14.06 0.00 35.6 0
VA 211 200441 276 04 21 30.91 +14 25 59.9 0.00 -1 3.2 0.0 0.46 0.00 16.6 4] *
H'264 200441 255 04 223090 +151230.1 0.69 0 24.5 3.1 356 045 36.0 4]
H 264 200775 354 04 22 31.15 +151346.2 0.63 0 36.1 7.8 5.23 1.13 46.1 0
H 264 200020 387 04 22 30.31 +151300.3 0.17 0 27.0 1.4 391 0.21 345 0 *
VA 241 200777 57 04 22 32.21 +15 51 27.0 0.00 -1 3.2 0.0 0.46 0.00 44.5 1 * EU
VA 241 200775 358 04 22 32.21 +15 51 27.0 0.00 -1 11.8 0.0 1.71 0.00 41.8 1 EU
VA 247 200441 278 04 22 40.20 +1503 46.1 0.00 -1 199.4 0.0 2892 0.00 305 1
VA 247 200020 412 04 22 40.20 41503 46.1 0.00 -1 183.2 0.0 2656 0.00 31.5 1 *
VB 172 200776 19 04 22 44.21 +14 15 22.0 0.00 -1 4.7 0.0 068 0.00 36.0 1 *
VB 172 200441 273 04 22 44.21 +141522.0 0.00 -1 4.2 0.0 0.61 0.00 34.7 1
VA 265 201369 167 04 2316.30 41700 42.1 0.00 -1 8.0 0.0 1.16 0.00 45.9 0
VA 265 200442 299 04 23 16.30 +17 00 42.1 0.00 -1 3.5 0.0 0.50 0.00 43.0 1 *
VA 305 200441 262 04 24 09.00 +150519.0 0.00 -1 50.9 0.0 7.38 0.00 48.7 0
VA 305 200020 377 04 24 09.67 +150513.3 0.19 0 31.2 1.2 4.52 0.17 9.9 0 x
VA 306 200777 64 04 24 09.79 +15 28 35.0 0.00 -1 1.4 0.0 0.20 0.00 34.7 1
VA 306 200020 399 04 24 09.79 +1528 35.0 0.00 -1 0.8 0.0 0.12 0.00 24.6 1
VA 329 200777 52 04 24 37.90 +155436.0 0.00 -1 1.2 0.0 0.17 0.00 14.1 0 EU
VA 329 200020 389 04 24 37.90 +4155436.0 0.00 -1 53.1 0.0 770 0.00 48.7 1 EU
VA 366 200777 43 04 25 48.52 +4153123.0 0.09 0 39.1 2.6 5.67 0.38 25.2 1 * ED
VA 366 200020 373 04 25 51.55 +4153110.0 0.72 0 28.7 1.6 4.16 0.23 29.2 1 ED
VA 380 201369 161 04 26 00.89 +171653.0 0.00 -1 1.8 0.0 0.25 0.00 26.5 1 *
VA 413 200777 85 04 27 01.49 +152226.0 0.00 -1 6.6 0.0 0.96 0.00 39.7 0 ED
VA 413 201368 109 04 27 01.49 +15 22 26.0 0.00 -1 214 0.0 3.10 0.00 475 1 ED
VA 413 200020 400 04 270149 +152226.0 0.00 -1 16.5 0.0 239 0.00 356 0 * ED
VB 188 200777 66 04 27 32.50 +152145.0 0.00 -1 15.1 0.0 2.18 0.00 446 0 ED
VB 188 201368 110 04 27 32.50 +152145.0 0.00 -1 18.8 0.0 2.73 0.00 40.8 0 ED
VB 188 200020 401 04 27 32.50 41521450 0.00 -1 13.6 0.0 1.97 0.00 42.2 0] * ED
VA 478 201369 175 04 28 14.21 +16 39 11.2 0.00 -1 2.6 0.0 0.37 0.00 289 0 *
VB 80 201368 80 04 30 08.07 +153825.3 0.14 0 68.2 2.4 9.89 0.34 0.2 ] * ED
VA 578 200443 318 04 30 24.70 417 47 12.1 0.00 -1 2.1 0.0 0.30 0.00 33.8 1 *
H495 200444 332 04 30 41.53 +143920.6 0.38 0 7.9 1.7 1.15 0.24 26.7 1 *
H 588 201747 223 04 34 18.29 414 5831.1 0.00 -1 3.0 0.0 044 0.00 31.8 1
H 588 200444 341 04 34 18.29 414 58 31.1 0.00 -1 1.7 0.0 0.24 0.00 30.7 1 *
VA 750 201747 196 04 34 40.17 +151236.2 0.17 0 101.2 2.8 1468 041 174 1 *
VA 750 200444 328 04 34 41.27 +151301.4 0.63 0 834 5.8 12.10 0.83 44.2 1
VA 751 200443 306 04 34 43.60 +174456.4 0.43 0 22.0 2.0 3.19 0.29 34.2 1 * EU

Key: (1) Source name, (2) field number, (3) arbitrary running number, (4) RA (h m s), (5) DEC (d m s), (6)separation (arcmin)
, (7) detection=0, upper limit=1, (8) count rate, (9) count rate error, (10) x-ray luminosity (10?8erg/s), (11) x-ray lumincsity error
(10%8erg/s), (12) off-axis angle, (13) rib flag 1=source near rib, O=source not near rib, (14) asterix indicates best observation of source,
(15) EU=Einstein upper limit, ED=Einstein detection.



Table 6. Non-Hyad, catalogued objects in the ROSAT PSPC fields: X-ray properties

Name Seq. Xnr RA (J2000) Dec (J2000) Sep. ct/ks err. Lx err. Off.
(1) (2) (3) (4) (B (8 (1) (8) (9) (10) (11)

HD 26749 201748 1621 4141750 +122054.2 0.10 1.3 0.4 0.18 0.05 5.9

SAO 93855 200442 658 418 39.70 +17509.0 0.44 25.7 2.6 3.73 0.38 40.7

P NTTS 04155941716 200442 659 41851.58 +172312.1 0.05 50.9 2.7 7.38 0.38 34.6
HBC 376 200442 659 41851.58 417 2312.1 0.61 50.9 2.7 738 0.38 34.6

HD 27296 200776 1005 419868 +134335.4 0.33 22.1 1.6 3.20 0.23 265

HD 27296 200776 1006 4198.71 +134334.5 0.32 226 14 3.28 0.20 26.5

HD 285639 201370 1236 42050.00 +183446.4 0.25 52 0.9 0.75 0.13 13.7

HD 286678 200776 1052 42117.24 +134015.7 0.80 15.1 1.0 2.18 0.14 12.8

HD 285739 201369 1300 4 23 31.34 +1739.7 0.61 144 26 2.09 037 430

HD 285751 200020 530 42341.77 +153759.1 0.39 1339 3.0 1941 043 36.0

HD 285751 200777 1101 4234054 +153820.5 082 1368 3.8 19.84 0.55 33.1

HD 285812 200020 547 42533.50 +153314.9 1.02 24 038 0.35 0.12 29.2

HD 285819 200020 548 425 36.82 +151043.9 0.33 94 06 1.36 0.09 12.2

HD 285819 200777 1123 42535.82 +151147.1 0.79 19.6 3.1 2.84 0.45 44.6

HD 28007 201369 1329 42552.69 +172615.0 0.63 25.1 2.8 3.65 040 36.0

HD 28124 201369 1348 4 26 51.32 +171371 0.15 84 09 1.22 0.14 125

HD 285808 200777 1141 4 27 34.69 +16123.9 0.68 19.3 23 2.80 033 29.0

HD 285808 201368 1167 4 27 36.57 +16 2 18.2 0.49 214 44 3.11 0.63 434

HD 28227 201368 1169 4 27 50.10 +159 25.7 045 18.7 4.2 2.71 0.61 43.9

HD 28448 200443 767 4 29 50.96 +17 4 23.2 047 19.7 3.1 2.85 045 47.1

HD 28448 200443 768 429 51.01 +17426.9 0.41 236 3.7 3.42 054 47.0

HD 28528 200444 860 43035.38 +144729.0 0.78 154 2.2 2.23 031 285

HD 285845 200443 778 4312508 +1815503 0.51 1344 6.3 19.48 091 46.8

P NTTS 042835+1700 200443 T 4 31 25.56 +176 128 0.42 17.1 1.8 2.49 0.26 30.0
P NTTS 04291641751 200443 786 4321011 +175718.1 0.20 83.2 3.7 12.06 0.53 28.0
NAME FK 1 200443 790 4 32 16.55 +181 28.3 0.43 849 3.1 1231 0.45 29.9

EQ 0429214175524 200443 790 4 32 16.55 +18128.3 0.43 849 3.1 1231 0.45 29.9
V* V826 TAU 200443 790 4 32 16.55 +18 1283 0.43 849 3.1 1231 0.45 29.9

1E 0429.34+1755 200443 790 4 32 16.55 +18 1 28.3 0.37 849 3.1 1231 045 299

EQ 042923+181354 200443 791 4321760 +18 2018.9 0.18 68.8 5.3 9.98 0.77 48.6
V* V827 TAU 200443 791 4321760 +182018.9 0.18 688 5.3 9.98 0.77 48.6

NAME FK 2 200443 791 4321760 +182018.9 0.18 68.8 5.3 9.98 0.77 48.6

1E 0429.3+1813 200443 791 4321760 +182018.9 0.83 688 53 9.98 0.77 48.6

V* GG TAU 200443 797 4323063 +1731400 0.15 6.2 0.7 0.90 0.10 0.2

EM™* AS 83 200443 797 4323063 41731400 0.68 6.2 0.7 0.90 0.10 0.2

P NTTS 04295041757 200443 802 4 32 44.03 +18 2444 0.23 135 1.6 1.96 0.23 31.1
HR 1442 200443 816 4 33 33.35 +18048.4 0.25 1975 48 28.63 0.69 32.6

V*TY TAU 201747 1533 4344345 +151559.6 0.11 21.1 1.2 3.06 0.17 14.1

HBC 412 200443 841 4352791 41752179 0.98 59.5 4.5 8.63 0.65 46.8

HD 29247 201747 1570 436 56.48 +151543.1 0.41 11.2 1.7 1.62 0.24 368

Notes: Key: (1) Source name, (2) field number, (3) arbitrary running number, (4) RA (h m s), (5) DEC (d m s), (6)separation (arcmin)
, (T) count rate, (8) count rate error, {9) x-ray luminosity (10%%erg/s), (10) x-ray luminosity error (1028erg/s), (11) off-axis angle.
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