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PREFACE

A Workshop on X-ray Astronomy and Spectroscopy was held at the Goddard
Space Flight Center on October 5 through 7, 1981, under the sponsorship of
GSFC and NASA. The purpose of this workshop was to evaluate the current
status of X-ray astronomy following a decade of very rewarding exploration in
which it matured to the point of having comparable importance to UV, optical,
IR and radio astronomy for addressing the important questions concerning the
observational universe. Theorists were asked to present the status of our
understanding of a wide range of problems in astrophysics, and to explore what
key observational parameters in X-rays are needed to shed new light on the
currently unanswered questions. Experimentalists were asked to present the
latest developments in instrument design capabilities and the types of

missions on which these instruments might be utilized.

After the theoretical requirements and instrument capabilities had been
presented during the first two days of the Workshop, the final day of the
meeting was opened up for an intensive discussion of the types of missions
that should be recommended for further study. In addition to a reendorsement
of the anticipated Explorer program in astrophysics, including EUVE, ROSAT and

XTE, a general consensus was reached on several important issues, namely:

1. The importance of a continuing program of balloon-borne research as a
cost-effective means by which studies at energies in excess of 20 keV may be

performed.



2. The unique scientific opportunity presented by the Space
Transportation System (STS) to develop low-cost experiments which are
beyond the scope of balloon-borne capabilities, but which may not require
the long exposures of a free-flyer platform. Traditional Spacelab
instruments, as well as EOP and 1PS-mounted experiments, are important

elements in a continuing balanced program of research.

3. The highest priority moderate cost free-flyer mission is one which
should be devoted to high throughput (rather than resolution) in the
areas of spectroscopy, imaging and timing. We have tentatively called it
HTM (High Throughput Mission). A study group should be formed to refine

the mission beyond the conceptual precepts discussed at the Workshop.

It was widely felt among the participants that the above recommendations
are essential to maintaining the vigor of X-ray astronomy, and hence
astrophysical research, during the coming decade. A more detailed discussion

of thes~ recommendations is presented in the Summary section of this report.

Organizing Committee

G.P. Garmire
S.S. Holt
R. McCray
S. Rappaport

H. Tananbaum
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SUMMARY

1. BACKGROUND FOR THE WORKSHOP
Npportunities for conducting X-ray astronomy observations in the
immediate future appear to be quite limited. A summary of the sensitivity and

spectroscopic capabilities of past and anticipated missions is given in

Table 1.
TABLE 1. APPROXIMATE MISSION! CAPABILITIES
Mission 2Launch 3109 § 4Range E.S 65_ 7Aner
UHURU 1969 0 2-10 7 3 200
HEAO-1 1977 -1 1-3 1 2 200
2-60 7 7 1000
20-1000 50 5 200
HEAO-2 1978 -3 .1-3 1 100 .2
.5-4 2 15 200
EXOSAT 1982 -2 .04-2 1 2 15
1-50 7 5 700
2-80 7 10 150

ROSAT 1987 -3 .1-3 ] 3 300



XTE 1988 -1 2-60 7 7 5000

AXAF 1930 -5 .1-8 1 1000 2
.5-8 7 50 100

1Representative X-ray astronomy free flyers. Past (e.g. Ariel-5, SAS-C,
0S0-8) and future (Astro-B, Astro-C) missions with capabilities
comparable to those indicated for missions in a similar time frame are
omitted for the sake of clarity.

2pctual or estimated launch date

35 is the advertised source detection sensitivity, in units of 103 of the
Crab nebula intensity

e ffective energy range (kevV)

5Typica1 photon energy in range

bResolving power (E/AE) at E

7Net area available for R at E

0f the U.S. X-ray astronomy missions, only the X-ray Timing Explorer is
currently in line for flight in the late 1980's. This mission is envisioned
to have wide participation in the form of guest investigator observations.
The Extreme Ultraviolet Explorer, operating at energies lower than the X-ray
band, is a single institution mission and will have only limited outside
activity. The Advanced X-ray Astrophysics Facility is a major U.S. program
which requires congressional approval before it can be initiated. In the
current climate of budget reductions in Washington, it is difficult to believe
that this major new program will be started before the mid 1980's, with a

launch at the end of the decade at the very earliest.



Foreign missions which appear to be coming along with a high probability
for flight in this decade are: EXOSAT, ROSAT, Astro B and Astro C. another
mission, X-80, is in the formative stages and will possibly fly by the end of
this decade as well. Only the ROSAT mission is expected to have any
substantial participation by U.S. investigators, although the other missions
may be open to guest observers on a limited basis for some portion of the
useful life of the various satellites.

From the above discussion it is obvious that the opportunities for U.S.
investigators to participate in a flight program are very limited. Any future
mission that is recommended will represent a rare opportunity. This being the
case, the proposed mission must maximize the amount of science that can be
accomplished; it must significantly surpass and avoid overlap with current or
envisaged mission capabilities, and it should appeal to the scientific
priorities of a wide sector of the astronomical community. Finally, the
proposed program should he moderate in scope, costing less than a major
observatory, but in the general range of current explorers such as IRAS, COBE,

or XTE.



I1. AN OVERVIEW OF THE WORKSHOP PRESENTATIONS

The first day of the Workshop was devoted to a scieatific summary of the
current status of astrophysics covering a broad spectrum of topics. Each
reviewer was asked to examine his topic carefully and suggest critical X-ray
observational data which would provide substantial advancements toward a
better understanding of the given subject. These topics and recommendations
are presented in the body of the report.

The following table summari,es the suggested observational requirements

for a significant advance in each area.
TABLE II
OBSERVATIONAL REQUIREMENTS

QUESTION OBSERVATION “R" REQUIRED

Stellar Sources

Tempe:-atures Low resolution spectroscopy 10
Geametry Morderate resolution spectroscopy 100
Activity Monitor soft X-ray and UV flux

Densities Moderate resolution spectroscopy 200
Winds? Moderate resolution spectroscopy 200
Differences between high resolution spectroscopy 2500

young & old stars

Do hot stars have coronae? Moderate resolution spectroscopy 200



Imaging needed to 40<0.5'

separate doubles

Degenerate Dwarfs and Cataclysmic Variables

Emission mechanism broadband spectroscopy 0.1-100 keV

temporal monitoring

Neutron Stars

Disk fed or wind fed UV/Soft X-ray spectroscopy
accretion and timing

Cyclotron scattering and rapid temporal variations
high magnetic field and hard spectra

effects

Supernova Remnants

non-Sedov effects imaging
(temperature, pressure spectroscopy
structure)
reverse shock spectroscopy
abundances in different imaging spec.roscopy

parts of remnart

50

10

100

100
10-100



Interstellar Nedium and Cluster of Galaxies

Is there a galact’c halo? arc minute resolution

with large area

ISM temperature absorption spectra 1000
Intergalactic medium arc minute resolution
Galaxies high sensitivity for

diffuse emission 1C
Galactic coronae arc minute resolution spectra 100

X-ray background origin fluctuations

deep source c.unts

Active Galactic Muclei

Radiation Processes large spectral range, high

sensitivity 1 keV-10 MeV 5
Power source temporal behavior, spectra 5
Jet structure high resolution - arc seconds

high sensitivity

The second day of the Workshop was devoted to a discussion of
instrumentation and mission concepts. These are presented in the body orf the
Proceedings. A general assessment of the technological advancements made
since the instrument selection for the HEAO-1 and Einstein Observatory reveals
that significant improvements can be made in detector efficiency, energy
resolution, background reduction and sensitivity over a broad energy range.

Mass production technigques for moderate angular resolution (~ 1') telescopes
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have advanced to the stage where it appears feasible to construct an array of
telescopes with an area an order of magnitude greater than AXAF at a moderate
cost. Advances in spectrometer designs show that a one or two order of
magnitude improvement in sensitivity can be achieved over the Einstein
Ohservatory capability with comparable resolving power. At higher energy (>10
keV) s3ve:al new concepts were presented to provide detectors with better
angular res- ution and lower bhackgrounds.

The overall impression gained from the many presentations was that the
technology is available to make order-of-maqgnitude improvements over previous

and currently planned missions in almost every dimension of parameter space.
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I1T. RECOMMENDATIONS OF THE WORKSHOP

The final day of the meeting was devoted to a discussion of the strategy
to carry out the programs required to achieve the scientific aims outlined in
the first day's discussions and within the context of the instrumental
capabilities presented on the second day. The group unanimously reendorsed
the scientific merits of the X-ray Timing Explorer and the ROSAT missions.
These programs should be carried out as soon as possible.

The next moderate cost free-flyer mission that should be initiated,
following the XTE and ROSAT, should be a high throughput mission optimized for
energies below 10 keV with a collecting area substantiallv greater than AXAF,
and which combines the capabilities of imaging (~1 '),
spectroscopy (R ~ 10-100), and timing (m sec). Such a mission received
virtually unéaimous support. It was recommended that a study group be formed
by NASA to define this mission and to provide initial cost estimates, since it
was recoqnized that such a program must be well defined ‘f a moderate cost was
to be credible.

Experiments which are designed for flight on the Space Shuttle constitute
an effective utilization of this resource. These experiments can provide
fundamentally new data on important astrophysical problems and are
complementary to the ongoing program of moderate cost free-flyer missions.
Important specific scientific questions can be addressed by these experiments
which will fall outside the scope of the larger, long duration missions.

These experiments could benefit from the EOP or GAS in many cases, as well as
the IPS. More opportunities for such specialized observations using the STS
should be vigorously pursued.

Finally, balloon-borne expeirments were identified as a relatively
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inexpensive means for obtaining answers to key scientific questions in the
energy range above 20 keV. These experiments can cost far less than
expariments for the STS or for satellites. The high energy spectra of cbjects
ranging from neutron stars and black holes to the nuclei of active galaxies
represent an area in which important scientific questions remain unanswered,
and support for balloon-borne exper..ents represents a very cost effective

approach to advancing this area of astrophysics

In summary, tne Workshop endorsed a pragmatic approach to near-term X-ray
astronomical research. First, the continuation of a vigorous balloon-borne
program is a necessary complement to the GRO at energies > 20 keV. Second,
opportunities for specialized experiments afforded by the STS can be a unique
inexpensive resource that should be fully exploited. The third recommendation
is similarly modest in its cost implications, insofar as it singles out one
area of investigation which clearly has priority over all others in the
consideration of candidates for a moderate cost free-flyer mission. Purposely
sacrificing resolution for throughput in a cost-constrained program, the

mission may aptly be dubbed "HTM", for High Throughput Mission.
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CORONAE OF NONDEGENERATE SINGLE AND BINARY STARS: A SURVEY OF
OUR PRESENT UNDERSTANDING AND PROBLEMS RIPE FOR SOLUTION
Jeffrey L. Linskyl
Joint Institute for Laboratory Astrophysics

National Bureau of Standards and University of Colorado
Boulder, Colorado 80309

ABSTRACT

Einstein has discovered X-ray emission from stars located in nearly
every portion of the HR diagram, and, as a consequence, has completely
changed our understanding of stellar coronce. Despite this great accom-
plishment or perhaps because of it, we now recognize that there are many
important unanswered questions that require the capabilities of the next
generation of X-ray instrumentation. In this survey I review what Einstein
has told us about the coronae of stars in different portions of the HR dia-
gram, and how the characteristics of such coronae compare with what we now
know about the solar corona. For each type of star, I then list some impor-
tant unanswered questions and the generic type of X-ray instrument required
to answer these questions. This survey clearly points out the critical need
for a sensitive X-ray instrument with both moderate spectral resolution
(E/AE = 100-300) and imaging (E/AE ~ 3) capability that can monitor selected
targets for long periods of time. There is also a need for high spectral
resolution (E/AE = 103-10%), provided sensitivities can be improved greatly
over Einstein, and near simultaneous ultraviolet spectroscopy.

I. SOME INTRODUCTORY COMMENTS

While looking through the literature in preparation for this talk, I
was struck by how little we knew about stellar coronae as late as 1979.
Prior to the launch of Einstein, the literature on this topic consisted of
theoretical papers, most of which are now recognized to be based on false
premises, X-ray flux upper limits that were not very interesting, and a few
tantalizing observations by rockets and the ANS, SAS-3, and HEAO-]1 satel-
lites of nearby stars that did not adequately somple the HR diagram. Re-~
views of this topic prior to Einstein (e.g. Linsky 1977; Vaiana and Rosner
1978; Ulmschneider 1979; Mewe 1979) have thus become very dated with the
rapid onslaught of Einstein observations.

lgeaff Member, Quantum Physics Division, National Bureau of Standards.
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Prior to Einstein the few detected X-ray sources among normal stars
consisted of RS CVn~type binary systems (e.g. Walter et al. 1980), several
nearby late~type dwarf stars like a Cen G2V + KIV), n Boo (GO 1V), and
£ Boo A (G8 V), several M dwarf stars detected during large flares, and
the puzzling detections of Vega (A0 V) and Sirius (AlV + WD), C(Clearly, we
needed an instrument that could observe sources several orders of magnitude
fainter than the HEAO-]1 sky survey. To achieve this gain in sensitivity
in soft X-rays, such an instrument would require a pointed telescope with
imaging optics and two-dimensional detectors. ™he launch of Einstein (cf.
Giaconni et al. 1979) in 1978 filled this need.

Among its many accomplishments, Einstein has likely had its greatest
impact on stellar astronomy because it replaced a picture of stellar coronae
based on a handful of detections, which were biased by the high sensitivity
limit of previous surveys, with a picture based on detections of X-rays from
nearly every type of star (cf. Vaiana et al, 1981). In particular, Einstein
detected X-rays from stars of spectral classes O, B, and A, contrary to most
previous predictions, and from stars of all ages and stages of evolution.
The only region of the HR diagram from which no stellar X-rays have yet been
detected is the upper right hand corner including the K-M supergiants and
giants (Ayres et al. 1981). Another salient feature of the Vaiana et al.
(1981) survey is that there is a factor of three hundred spread in the X-ray
luminosities of late-type stars of the same spectral type and luminosity
class, implying that effective temperature and gravity are not the main
parameters determining the properties of stellar coronae. As we shall see,
magnetic fields and stellar rotation play important roles.

While Einstein has told us a great deal about the types of stars that
have hot coronae and the range in L_ for each spectral-luminosity class, it
has told us very little about the Importanc physical properties of these
coronae. For example, the IPC data have so tar permitted only a few crude
measurements of coronal temperatures, for example, the M5.5e V flare star
Proxima Centauri (Haisch et al. 1980), and temperature estimates using
SSS data are available only for n! UMa (GO V) (Swank 1981) and a few
RS CVn-rype systems and Algol (Swank et al. 1981). To my knowledge the
OGS data have been used to estimate a coronal temperature for Capella
(G6III + FI9III1) (Mewe et al, 1980), but no other nondegenerate stars or
systems. Einstein lacked the sensitivity at high spectral resolution to
measure coronal densities. flow velocities, and total energy output for any
nondegenerate stars. Thus we can only speculate concerning the geometry,
heating rates, wind acceleration mechanisms, and the mechanisms responsible
for coronal variability and dynamic phenomena such as flares.

IT. CRITICAL X-RAY MEASUREMENTS NEEDED TO UNDERSTAND STELLAR CORONAE

Since the purpose of this Workshop is to plan for future X-ray astrono-
my missions, I would like to outline what types of measurements are needed
to answer the important problems of stellar coronae that Einstein could not
angwer. In Table | 1 list the specific measurements desired and the mini-
mum spectral resolution (E/AE) needed to make these measurements. 1 do not
specify the signal-to-noise needed, but clearlv spectra with insufficient
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signal-to-noise cannot be used to derive information requiring the full
spectral resolution. The instruments listed are generic, but by energy
distribution photometry I have in mind an instrument with the spectral
resolution of an IPC, and by low resolution spectroscopy I have in mind

an instrument with the resolution of the SSS at the high energy portion of
its bandpass. Moderate resolution spectrometers could have transmission or
reflection gratings, either mounted before or after the objective. In gen-
eral, one would use an instrument with the lowest possible spectral resolu-
tion capable of making the necessary measurement as the throughput generally
decreases with increasing spectral resolution.

The types of measurements each instrument is capable of performing are
the following:

(1) Broadband imaging instruments are best suited for identification of
targets, timing experiments, and monitoring of coronae for variability due
to rotation of active ru ions on and off the visible disk, intrinsic changes
in the active regions, and flares.

(2) Energy distribution photometry can give crude estimates of coronal
temperatures and emission measures from hardness ratios or the distribution
of flux measured in each energy bin, provided the detector is well cali-
brated, theoretical estimates of the continuum and line flux emitted by an
optically thin plasma in steady-state equilibrium are accurate, and these
assumptions are realistic.

(3) With somewhat higher spectral resolution (E/AE = 10-30), a capa-
bility I refer to as low resolution spectroscopy, one can more reliably es-
timate coronal temperatures and emission wmeasvies, provided the plasma is
isothermal, or begin to determine a two-temperature fit to the temperature
distribution as Swank et al. (1981) have done for the S CVn binary systems
using the Einstein S$SS. Holt et al. (1979) have also shown that it is pos-
sible to estimate abundances of some elements like Mg, Si, S, and Fe using
such data.

(4) Moderate resolution spectroscopy (E/AE = 100-300) has the capa-
bility of measuring fluxes of individual spectral lines or close blends
formed over a wide range of temperatures. The power of such data has long
been recognized by solar astronomers, because selected pairs of lines are
often accurate temperature and electron density diagnostics. Jordan and
Brown (1981) and Dere and Mason (1981) have recently reviewed the literature
concerning such diagnostics.

(5) Finally, high resolution spectroscopy (E/AE = 103-10“) permits the
measurement of line widths, shapes, and Doppler shifts, as well as the sepa-
ration of individual lines in close blends. Such data permit the measure-
ment of flow velocities, for example winds, in stellar coronae in the way
that ultraviolet spectra from Copernicus and IUE have permitted measurements
of outflow velocities in cooler plasmas.

These measurements are the necessary prerequisites for answering spe-
cific questions concerning stellar coronae such as:
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(1) What is the geometry of the emitting plasma? Imaging experiments
with high angular precision can begin to answer this question by identifying
the X-ray source with a8 specific star, and by monitoring the X-ray flux vari-
ability for periodic changes due to stellar rotation and to intrinsic source
changes. Such data contain crude information on the inhomogeneity of the
emitting structures in a corona and their dimensions. Estimates of the
volume of the emitting structures require measurements of the emission mea-
sure and the electron density, and thus require moderate or high resolution
spectroscopy.

(2) What is the energy balance in a stellar corona? The radiative com-
ponent of the total coronal losses can be determined directly from broadband
instruments that measure the total soft X-ray flux, provided one knows the
stellar distance. However, when the coronal temperature is less than about
2 x 10% K, it is necessary to estimate the extreme ultraviolet emission from
the emission measure and temperature. For many stars the coronal energy
losses may not be primarily in the form of X-radiation. Measurement of wind
expansion losses requires a determination of the mass loss rate and coronal
temperature, Since the mass loss rate {is

M = &nrzpv

one requires high resolution spectroscopy to uneasure the expansion velocity
(v) and mass density (p), but the radial position (r) corresponding to these
quantities must be estimated theoretically. I am skeptical that X-ray in-
struments with resolutions of 103-10" and sufficient sensitivity to study
many stars will be feasible soon, so that for the foreseeable future esti-
mates of coronal wind expansion losses may have to be made on the basis

of ultraviolet P Cygni-type profiles and microwave fluxes (cf. reviews by
Cassinelli 1979, and Conti 1981). Such data may be adequate for O stars,
but X-ray spectra are needed to m. .sure the wind properties cf late-type

s* 'rs with hot coronae. The third important coronal loss mechanism is often
thermal conduction to the transition region, which appears as ultraviolet
emission line flux. Thus ultraviolet spectra are needed in addition to X-
ray data to assess the total coronal energy budget of many stars.

(3) What are the important coronal heating mechanisms in different
types of stars? This difficult question has not yet been answered even for
the Sun (cf. reviews by Kuperus, Ionson, and Spicer 1981; Hollweg 1981; and
Ulmschneider 1981). Necessary prerequisites for answering this question are
estimates of the total input flux and its dissipation length together with
information on whether the emitting volume is spherically symmetric or pri-
marily in closed magnetic loops. As described below, coronal heating in the
Sun is enhanced in closed magnetic loops; consequently, estimates of coronal
field strengths and filling factors either from extrapolations of photo-
spheric fields or from microwave flux measurements would be useful. These
types of data, as necessary as they are, are not sufficient. To clearly
identify the dominant heating mechanism In specific types of stars, we need
reliable theoretical calculations that point out the unique signatures of
the different possible mechanisms in X-ray and other data.




(4) What are the important wind acceleration mechanisms in different
types of stars with hot coronae? This is also a difficult question because
different mechanisms have been proposed (radiation pressure, momentum depo-
sition by acoustic waves and by magnetohydrodynamic waves), and the unique
signatures of these different mechanisms have not yet been worked out.
Cassinelli (1979), Hearn (1981), Castor (1981), and Linsky (1981) have re-
cently reviewed these mechanisms and the tvpes of stars for which each may
be important. Clearly it is necessary to determine empirically mass loss
rates, terminal velocities, and temperatures for different types of stars,
and especially how these quantities depend on stellar luminosity, gravity,
effective temperature, and age. As previously noted, this is difficult
because one generally needs high resolution X-ray spectra; however, for the
0 stars ultraviolet spectra and microwave fluxes mav provide much of the
necessary data to discriminate among different mechanisms.

I1I. WHAT WE KNOW ABOUT THE SOLAR CORONA THAT WILL
LIKELY BE OF RELEVANCE TO OTHER STARS

Before proceeding to a discussion of the stellar data and the unan-
swered questions thev raise, it is important to summarize what has been
learned recently about the one stellar corona that can be studied with the
necessary spatial resolution. I do not wish to imply that all stellar
coronae are similar to the Sun or even that the solar corona exhibits all
the physical processes that occur in stellar coronae. However, the Sun
probably does provide useful prototvpes of phenomena and mechanisms that we
should search for on stars, but there are some types of stars like the O
stars that have coronae that may be qualitatively different from the solar
example. Recent reviews of phenomena and structures seen in X-ray obser-
vations of the Sun include Withbroe and Noves (1977), Vaiana and Rosner
(1978), and Webb (1981).

a) Geometry of the Solar Corona

(1) Perhaps the most basic statement that can be made about the solar
corona as imaged in soft X-rays is that it is not in any way homogeneous or
spherically svmmetric. On the contrary, it is highly structured. Thus any
theoretical model of a stellar corona that assumes spherical symmetrv lacks
essential phvsics,

(2) The basic structure in the solar corona is the closed magnetic flux
tube. There are three lines of evidence that support this statement. First,
soft X-ray images of the corona clearly show structures that appear to be in-
dividual loops or arcades of loops. Second, potential (i.e. force-free) ex-
trapolations of the observed photospheric magnetic fields into the corona are
nearly coincident with the observed X-ray loops (cf. Poletto et al. 1975),
but the match is not precise, implying that there are electric currents in
the corona. Thus the soft X~ray emission outlines the three~dimensional
magnetic field structure of the corona. Third, the solar corona is a low B
plasma (i.e. the thermal energy is much less than the magnetic energy), so
that the plasma should be confined by closed loop structures.
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(3) The solar corona has three types of regions. Active regions con-
sist of bright loops that generally have at least one footpoint in a spot
penumbra or umbra. These loops have strong magnetic fields and connect
areas of opposite magnetic polarity. Quiet regions also contain closed loop
structures, but the fields are weak and there are no sunspots. Finally,
coronal holes are regions of very weak X-ray emission and have field lines
that are open to space.

(4) In active and quiet regions essentially all of the observed X-ray
emisgsion is from the closed loops. Thus the closed loops are the solar
corona, and meaningful coronal models must include a loop geometry and in-
corporate magnetic forces.

(5) Empirical models of coronal structures clearly show that differ-
ences in physical conditions (temperatures, densities, mass and energy flux)
from point to point across the Sun appear to be intimately related to the
configuration and strength of the magnetic fields, in particular whether the
fields are open or closed.

(6) The structuring of the solar atmosphere into loops dominates the
whole atmosphere from the chromosphere, through the transition region, and
out some distance into the corona.

(7) Coronal holes are the origins of high speed wind streams (with ve-
locities up to 800 km s=1) and perhaps most of the mass loss from the Sun.
The latter point is difficult to verify as coronal holes typically lie at
high latitudes and wind measurements are made mostly in the ecliptic.
Zirker (1981) has recently reviewed the properties of coronal holes.

(8) There is strong evidence that magnetic fields control the energy
balance in loops by channeling the flow of mass and energy as well as pre-
sumably playing a major role in the heatiung rate (see Holweg 1981 for a
recent review of this topic). Withbroe and Noves (1977) have estimated
the coronal energy budget for active regions (representative of loops with
strong fields), quiet regions (representative of loops with weak fields),
and coronal holes (open field regions). It is interesting that although the
total coronal loss rates (presumably equal to the heating rates) are 30
times larger in active than in quiet regions, both regions are cooled pri-
marily by conduction down to the transition region and X-radiation. For
both regions the wind losses are very small, presumably beca .se closed field
lines in loops prevent the escape of plasma to space. The total loss rates
for coronal holes and quiet regions are similar, but holes are cooled pri-
marily by the solar wind flux instead of conduction down to the transition
region and X-radiation. Also holes have lower temperatures, pressures, and
temperature gradients than quiet and active regions.

(9) Thus the solar corona in real{ty consists of many loops with dif-
ferent physical properties that coexist due tu the thermal isolation pro-
vided by closed magnetic tield lines.
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b) Properties of Solar Coronal Loops

(1) Individual X-ray images of the solar corona deceptively suggest
that the loops are static; but on the contrary, the solar corona is always
changing. The brightness of individual loops changes with time due to the
filling and draining of flux tubes with changes in the heating rate and
restructuring of magnetic field lines on a time scale of hours. Many loop
structures, called empherical regions, appear and fade within a day. The
so-called bright points are compact, high demsity loop structures that rep-
resent newly emerging magnetic flux. These typically survive less than a
day, but even the large active region loops live for only a few days. Thus
theoretical loop models that assume steady-state conditions and hydrostatic
equilibrium are gross oversimplificationms.

(2) When first seen in X-rays, loops are generally small, hot, deuse,
and bright. As they evolve, the lonps generally expand, decrease in plasma
temperature and density, and thus in X-ray brightness. Golub et al. (1980)
presented evidence that the energy density of loops (Ur = nkT) is inversely
proportional to the loop length (L) and age (t). They also argued that
Up ~ T%;7, where ¢7 is the magnetic flux, and that the gas pressure
P ~ 8"+, where B i{s the average longitudiral field.

(3) Observed loop lengths, L = 108-10!0 cm, are much smaller than
the solar radius, (Rg = 7 x 1010 cm) and the coronal pressure scale height
(=0.23 Rg for T = 2.5 x 105 K). Although loop sizes form a continuous dis-
tribution, there are many more small than large loops. Loop temperatures
generally lie in the small range, T = 2-3 x 105 K, and densities lie in the
much larger range, ng, = 108-1010 cm~3. Thus loop pressures lie in the range,
P = 0,03 - 3 dynes cn~2, There is considerable evidence that individual
flux tubes are isothermal, both in the longitudinal and radial directions,
and that they are isobaric, consistent with their heights being smaller than
a pressure scale height. There is no obvious reason why loops cannot be
larger than a stellar radius or coronal pressure scale height in stars with
different gravities and magnetic field configurations, but the solar data
suggest that at least dwarf stars with bright X-ray emission probably have
swall, dense loop structures.

(4) There are several empirical scaling laws for the properties of
solar coronal loops (cf. Withbroe 1981). One widely quoted law is Tpyy =
1.4 x 103 (PL)1/3. where Tg,, is the maximum loop temperature, proposed by
Rogner, Tucker and Vaiana (1978). Since solTr loops have only a small range
in temperature, this law implies that P ~ L='. Webb (1981) has pointed out
that the empirical scatter about this scaling law is very large, and the
assumptions of hydrostatic equilibrium, absence of flows along the loop or
conductive heat flow at the bottom, and constant loop cross section made by
Rosner et al. may not be valid. Recently, Serio et al. (1981) have gener-
alized the Rosner et al. scaling law to include loops larger than a pressure
scale height, and Priest (1981) has reviewed the theory of loop flows and
instabilities.



(5) At present we should view recent loop models as moderately success-
ful as they can interrelate plasma parameters within a loop in a manner
consistent with observations. Such models sho'tld also be thermally stable
provided that the maximum temperature occurs at the top of the loop. How—
ever, the major problem with these models is that the loop properties, in
particular L,, appear to depend only on the heatiag rate and not on the
heating mechanism or even where in the loop the heating occurs. Thus there
are no unique signatures of the heating process. Perhaps stellar observa~
tions can help. For a recent overview of heating mechanisms see Hollweg
(1981) and Kuperus et al. (1981).

(6) Finally, we should ask why the range in solar loop temperatures is
so small. T believe that this small range indicates that loops can easily
respond to changes in the heating rate by evaporation or condensation of
material at transition region temperatures (~103 K) at the loop footpoints.
For example, increased heating anywhere in the loop leads to emhanced con~
ductive heating at the footpoints that evaporates transition region gas into
coronal (i.e. T > 106 K) gas. This process is stable because radiative los-
ses from the loop (~n2) can then balance the increased heating with little
change in cemperature. Conversely, decreased heating leads to condensation
of coronal gas at the footpoints, decreased radiative losses, and energy
balance with little change in loop temperature, Thue stellar coronmal tem-~
peratures much in excess of 3 x 106 K may indicate a very different energy
balance or geometry in such coronae.

IV. DWARF STARS OF SPECTRAL TYPES F, G, K AND M

Given as background what w: now know about the solar corona, I would
like to survey the HR diagram and ask two questions. First, what have we
learned in general about the coronae of each group of stars from Einstein
and other experiments? Second, what are the important unanswered qi questions
that could be answered by the next generation of X-ray experiments? Since I
would like to compare and contrast the solar and stellar data, I will begin
with the stars that are most solar-like and gradually move on to stars that
have very different coronae or perhaps outer atmospheres that should not even
be called coronae,

a) What We Have Learned from Einstein

(1) Einstein has detected X-rays from almost every type of star with the
exceptior. of the cool supergiants, as will be discussed below. 1In the first
couprehersive survey of Einstein stellar observations, Vaiana et al. (1981)
detected essentially all nearby F-M dwarf stars that were observed for suf-
ficiently lon§ times. For many of these gtars the IPC count rates exceeded
0.1 counts s-%, correspcnding to 2 x 10-12 ergs cu-2 8=l for the 0.25-4 keV
band, and typical limiting sensitivies were 10- 13 ergs co-? s~ in 2000 sec-
ond exposures. The HEAO-]1 A2 experiment all sky survey was unable to detect
many F-M dwarfs because its sensitivity was only ~6 x 10-'¢ ergs cm-2 g-1,

(2) It 1s clear that the soft X-ray emigsion is from analogues of the
solar corona rather than accretion as in the classical X-ray binary systems
because both single and binary stars are soft X-ray sources, and as will be
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described later, the X-ray emission from the tidally synchronous binary sys-
tems {like the RS CVn systems) is similar to that of gingle stars with the
same rotational velocities.

(3) Perhaps the wmost far reaching result is that the standard stellar
parameters of mass, effective temperature, and gravity, which deteramine where
a star is located in the KR diagram, sre not the most important parameters
determining the soft X-ray luminosities of F-M dwarf stars and most other
types of stars. There are two main reasons for this conclusion. First, the
Vaiana et al. (1981) survey shows that for stars of the same effective tem-
perature and luminosity class there is a factor of 300 spread in Ly, which
could be even larger because of the sensitivity threshold of Einstein.
Second, the mean value of Ly for the F, G, K, and M dwarfs is roughly 10283
ergs s~1, independent of spectral type even though Lpg! decreases rapidly
toward the cooler stars. With appropriate hindsight we should have expected
this result because the solar X-ray brightness varies greatly from point to
point across the solar surface, and it is apparently controlled by the local
magnetic field strength and geometry.

(4) The range in Ly observed for G-type dwarf stars is emtirely consis-
tent with the range in Ly seen in the Sun. For exaaple, the mean value of
Ly fo~ the quiet Sun is roughly 10268 ergs s-1, which lies close to the bot-
tom of the distribution for early G dwarfs, whereas the value of L, for the
whole solar surface if covered with active regions (L, = 10293 ergs s-1:
would lie near the top of this distribution. This latter coincidence could
be interpreted either that the brightest solar-type stars are covered en-—
tirely by coronal structures similar in brightness to solar plages (active
regions) or that they are partially covered with superplages (regions with
X-ray brightuess wmuch larger than is seen in solar active regions). The
Hyades data strongly support the existence of superplages.

(5) There 1s convincing evidence that stellar rotation plays a critical
role in determining the relative X-ray luminosity of stars with similar spec-
tral type and luminosity class, although the fuanctional form of this relation
nas not yet been decided conclusively. The importance of rotation caam be
seen at once by comparing three early G dwarf stars -—— x! UMa (GO V), a Cen A
(G2 V), and the quiet Sun (G2 V). =x' UMa is the most luminous G dwarf ob-
served by Vaians et al. (Lx = 1029'1). and it is a rapid rotator for its
gspectral tvpe {v ain 1 = 9 ka s-1). By comparison a Cen A gnd the quiet Sun
bave low X-ray luminosities (Ly = 1027¢! and 1026-8 ergs s-l, respectively)
and small rotational velocities (v sin i ~ 2 km s-1).

However, there is disagreement as to the dependence of Ly on rotational
parameters for F-M dwarfs. Using HTAO-~1 observations of a few single stars
and RS CVn systems, Ayres and Linsky (1980) suggested that Lx/Lpo]l increases
rapidly with v sin {. Pallavicini et al. (1981) used the existing Einstein
observations of single F7-M5 stars to show that Ly ~ (v sin 1)1+9305 Tinde-
pendent of Lp,) and luminosity class. This result is consistent with the X-
ray surface flux being proportional to @2, where Q is the angular rotational
velocity. On the other hand, Walter and Bowyer (1981) and Walter (1981)
found that Ly/Lp,) ~ Q fairly well represents the Einst' in and HEAO-1 data



for 47 RS CVn systems and 13 rapidly rorating FB8-G5 dwarfs stars. Subse-

quently, Walter (1982) proposed that no single power law can fit the Einstein

observations of single F8-G2 dwarfs including the Sun and Hyades stars, but
instead two power laws are needed of the form Ly/Lpo)l ~ Q* with a break near
a rotational perfod of 12 days. It is interesting that Vaughan and Preston
(1980) and Vaughan (1980) find evidence that the character of stellar dyna-
mos changes when dwarf stars slow down to a rotational period of 12 days,
which occurs at an age of about 1 x 109 YT

(6) The age of late-type stars on the main sequence is also an impor-
tant parameter, perhaps in a more fundamental sense than rotation. 1In the
1960s there were a number of important studies of the rotation of F and G
dwacf stars by Wilson, XKraft, Skumanich, and others, who concluded that
stellar rotational velocities decrease with age on the main sequence, pre-
sumably as a consequence of angular momentum loss in stellar winds. On the
basis of these d7ta, Skumanich (1972) proposed that the stellar equatorial
velocity, v ~ e! 2. where t is the age on the main sequence. Recently,
rotational velocity measurements have become more precise as a result of
increased throughput for high resolution spectroscopyv, Fourier techniques
for analvzing line profiles (cf. Gray 1976), and programs t» monitor the
rotational modulaticn of stellar active regions by observing the Ca II flux
(e.g. Vaughan et al. 1981). Duncan (198]1) and Soderblom (1981) showed that
these new data confirm the Skumanich (1972) rotation-age correlation.

As vet there is no thorough survey of the relation of stellar X-ray
luminosity or surface flux with age. However, the Stern et al. (1981) study
of the Hyades cluster (t = 108°6) stars with Einstein clearly indicates a
definite correlation of bright X-ray emission with youth. Despite their sen-
sitivity threshold, which corresponds to a factor of 10 higher than the quiet
Sun valu> of Ly, they detected 802 of the F and G dwarfs in the cluster.
Their brightest source is 71 Tau, an FO V star with v sin i =~ 200 km s-!
and Ly 2 1030 ergs s-!, and their brightest G star is HD 27836 (Gl V) for
which Ly ~ 1030 ergs s-!. Since this star is about five times as bright in
X-rays as the Sun would be if covered entirely by plages, it must contain
flux tubes which are beyond the range of brightness, and thus presumably
also of density, typically seen in the solar corona. Stern et al. (1981)
have proposed, on the basis of scaling laws, that this star contains super-
active regions covering about 10X of the stellar surface.

(7) By analogy with the solar corona, the F-M dwarf stars, especially
the young stars with bright X-ray emission, should have strong closed magnet-
ic field structures in their coronae. This argument is no longer specula-
tion, but has now been confirmed by two separate lines of evidence. First,
Robinson, Worden, and Harvey (1980) have measured photospheric magnetic
fields in two young dwarfs, £ Boo A (G8 V) and 70 Oph A (KO V) by measuring
line splitting fn unpolarized light. For £ Boo A, they found the tield to
be 2,600 ¢ 400 Gauss covering 30Z of the surface. Marcy (1980) has detected
magnetic fields in additional stars and is now studying variabilicty and ro-
tational modulation of stellar active regions with large magnetic fields.

It is interesting that the major difference noted so far between the photo-
spheric magnetic fields of these young stars compared to the Sun is that the
strong fields cover a much larger fraction of the stellar surface.
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The second type of direct evidence 1s observations of microwave emis-
sion from stellar coronae. Gary and Linsky (1981) detected steady 6 cem
emission from x! Ori (GO V) aud UV Cet (dMS5.5e) with the VLA, which they
interpreted as gyroresonant emission from electrons spiralling along coronal
magnetic field lines. This emission is consistent with coronal fields of
roughly 300 Gauss, slightly larger than the field strengths in solar coronal
loops. Both stars are bright X-ray sources for their spectral types.

(8) There are as yet very few measurewents of coronal temperatures for
late-type dwarfs. In principle, the Einstein IPC pulse height spectra can
provide crude temperature estimates, but meaningful temperatures await the
reprocessing of these data. The Einstein SSS instrument has proved to be
useful in estimating coronal temperatures for RS CVn systems, but so far the
only coronal temperature for late-type dwarf stars obtained with the SSS is
for the young GO V star n! UMa, for which Swank (1981) estimated T = 35 x
10 K. Hafsch et al. (1980) have also estimated T = & x 106 K for Proxima
Centauri (dMSe) at quiescent times using IPC pulse height spectira.

b) Some Important Unanswered Questious

1. What is the range of coronal temperatures that occurs in magnetic
loop structures? In particular, does the temperature increase with stellar
X-ray luminosity or surface flux, and does it depend at all on spectral type
among rthe cool dwarfs? This question can be answered with energy distribu-
tion photouwetry, perhaps with reprocessed Einstein IPC data, and low resolu-
tion spectroscopy (see Table 1).

2. What fraction of the coronal volume is filled with bright X-ray
emitting loops for stars of different ages, spectral types, and L,? Since
the volume of the emitting region can be derived from the emission measure
and electron density, this question requires moderate resolution spectra.

3. What are the evolutionary time scales of coronal loops and active
regions, and what are the properties of stellar magnetic cycles and dynamos?
Monitoring of stars with imaging experiments {s important for studying these
time scales, but such observations should be accompanied by simultaneous
measurement of the stellar transition regions witan ultraviolet spectroscopy,
photospheric magnetic fields with optical spectroscopy, and microwave obser-
vations with the VLA.

4, What are the densities of roronal loops in different types of
stars? Of specific interest is the question of whether loops in stars with
large Ly are dense and small, or tenuous and large, or both. Moderate or
high resolution spectroscopy is needed to measure density-sensitive line
ratios in order to answer this question.

5. What mechanism or mechanisms heat coronae in late-type dwarf stays?
The observational data needed to answer this difficult question cannot be
predicted easily due to our lack of knowledge as to how even the solar co-
rona is heated. My guess is that we need to know more about how the energy
balance in dwarf star coronae changes with effective temperature, age, and
Ly, and whether the geometry of these coronae are solar-like as we presently



believe. An understanding of the energy balance will require energy distri-~
bution photometry, high resolution spectroscopy, and ultraviolet spectro-
scopy (see Table 1). Also, the study of eclipsing systems with imaging
experiments will provide information on where the coronal cooling occurs

for comparison with theoretical models.

6. Do active dwarf stars (Lyx >> Lx(®)) have hot winds and low mass
loss rates like the Sun? This question might be unanswerable with foresee-
able instrumental developments, but it is important to try to answer this
question by searching for Doppler-shifted X-ray lines with a high throughput
high resolution spectroscopic experiment.

7. What are the fundamental differences between the coronae of young
and old dwarf stars. Are the differences primarily in the fraction of the
coronal volume filled with loops, the loop lengths, densities, temperatures,
or total coronal heating rates? Since the measurement of coronal densities
i{s critical to answering this question, we need woderate or high resolution
spectra.

8. What are the hottest dwarf stars with solar-like corona? A high
throughput imaging experiment should be able to answer this question.

V. PRE-~MAIN SEQUENCE STARS

Pre-main sequence (preMS) stars, including the T Tauri stars, the young
stars in clusters such as Orion, and the recently identified post-T Tauri
stars, probably have coronae that are qualitatively similar to the young F-M
dwarfs that recently became main sequence (MS) stars. However, as we shall
see, the X-ray emission from the preMS stars can be absorbed by overlying
circunstellar gas.

a) What We Have Learned from Einstein

l. When detected as X-ray sources, the T Tauri and other preMS stars
are the wost luminous among the late-type stars that are not known to be
close binaries. Since these stars are distant, the detection thresholds
are large; for example, Ly ~ 1030 ergs s-! for the Taurus-Aurigae cloud and
Lx = 2 x 103! ergs s=! for the Orion cloud. Nevertheless, 10 out of the 14
known T Tauri stars in the Taurus-Aurigae cloud brighter than wy = 13 have
now been detected as X-ray sources by Walter and Kuhi (1981), and the
fainter T Tauri stars were likely not detected due to the sensitivity limit
of Einstein. Feigelson and de Campli (1981) detected DG Tauri at Lx = 8 x
1050 ergs s-!, and Gahm (1980) detected Th 12 at Ly = 6 x 1030 ergs s=! in
the Taurus-Aurigae cloud. These stars are 10" times more luminous than the
quiet Sun. The wost luminous preMS star detected so far is GW Ori (Lx = 5 x
1031 ergs 8-!) observed by Feigelson and de Campli (1981).

2. Given that the detected prcMS stars are so luminous in X-rays, an
important question is why many of these stars in the Taurus-Auriga and Orion
clouds, primarily those with strong lix emission and blue excess emission,
are not detected as X-ray sources. Gahm (1980) argued that interstellar
absorption is not the reason for the many nondetections on the basis that
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RW Aurigae is a T Tauri star with extremely bright optical and ultraviolet
emission lines, yet it is not a detected X-ray source despite its lying out-
side the dark obscuring regions of the Taurus-Aurigae cloud, and the small
interstellar gas column density in its line of sight. Instead he argued
that the preMS stars have hot coronae that are surrounded by extensive cool
circumstellar gas eanvelopes that can totally absorb the X-ray emission in
some cases. For example, he estimated optical depths for the RW Aurigae
envelope of t(0.6 keV) ~ 72 and t(2 keV) » 2, Thus the soft X-ray emission
would be totally absorbed, but this star might be a hard X-ray source.
Walter and Kuhi (1981) supported Gahm's (1980) model by finding an inverse
correlation among the T Tauri stars of Ra equivalent widths and X-ray
fluxes. They concluded that the T Tauri stars have small solar-like coronae
surrounded by extensive cool envelopes that produce the Ha emission and X-
ray absorption.

3. Feigelson and de Campli (1981) observed rapid variability in the X-
ray flux of the T Tauri star DG Tau. They detected no flux during the first
35 minutes of observation and then a rapid increase in flux on a time scale
of 4 minutes. is rapid flare-like variability also suggests emission from
a small region of high density close to the star, and like the brightest X-
ray features on the Sun (the so-called bright points) could be emission from
small dense loops of newly emerging magnetic flux just above the photosphere.

4., In T Tauri srars for which X-ray emission is detected, Lx/Lpol ~
107", which is similar to the ratio for the youngest F and G main sequence
stars. By comparison Lyg/Lpoy ~ 10-3, 11/lbo1 ® 2 * 10-3, Lca 11/Lbol ™
5 x 10=%, and Lyind/Lpol ® 5 * 10-? for the same stars. Thus the emission
from the corona is much less than from the chromosphere and/or envelope, and
the radiative losses are comparable to the wind losses in T Tauri stars.

5. The coronal temperatures for T Tauri stars are poorly kncwn, but
Feigelson and de Campli (198!) estimated T 2 5 x 106 K for DG Tau during its
flare, and Walter and Kuhi (1981) estimated T 2 14 x 10% K for AA Tau on the
basis of IPC pulse height spectra. Estimated T Taurli coronal teemperatures
are likel ' affected by circumstellar gas absorption.

6. Recently Feigelson and Kriss (1981) and Walter and Kuhi (1981) dis-
covered five X~ray sources that lie 1-3 magnitudes above the main sequence
yet have weak Ha emission, no ultraviolet excess, and show no evidence for
optical variability or winds. They therefore believe these stars to be in-
termediate in age between the T Tauris and main sequence stars. These stars
are luminous (Ly =~ 1030 ergs s~!), and presumably have coronae similar to but
more active than the stars that have racently arrived on the main sequence.

7. Three mechanisms have been propaosed to explain high temperature
emission from preMS stars. Ulrich (1976,1978) and Mundt (1980) studied
accretion shocks, but their models typically predict T < 3 x 106 K, which
appears to be smaller than observed. MHeatiag by shocks at the wind-
interstellar medium interface was proposed by Kuhi (1964) and Ku and Chanan
(1979), but the observed anticorrelation of Hx equivalent width and X-ray
emission are hard to explain by this model. A¢ present, the most plausible
model appears to be that of a small corona surrounded by an extensive cool
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circumstellar gas envelope. If this model is valid, as is suggested by the
data, then the coronae of preMS stars are probably extreme examples of the
solar corona with emission from small dense magnetic loop structures.

b) Some Important Unanswered Questions

1. What are the physical properties of the X-ray emitting regions in
preMS stars: their temperatures, densities, and volumes? As previously dis-
cussed in $1V, temperature measurements require either energy distribution
photometry or low resolution spectroscopy, but the latter is probably needed
for these stars because one mst measure both the circumstellar absorption
and coronal temperature together. While in principle well-calibrated energy
distribution photometry could measure both parameters, experience with the
Einstein IPC points out the need for higher resolution data. Measurements
of density and volume require at least moderate resolution spectroscopy.

2. What is the geometry of the emitting regions in preMS stars? I
would estimate that the rotational periods for these stars probably lie in
the range 3-8 days. Thus monitoring the X-ray emission from these stars for
this time period with an imaging experiment should determine whether the X-
rays are emitted from a few active regions or uniformly across the stellar
surface, and such observations should also determine time scales for the
variability of these active regions. High resolution ultraviolet spectra
should also be useful in measuring t%e Doppler shifts of tramsition vegion
emission lines from active regions and thus their location on the stellar
surface, however, such measurements will be difficult because of the large
line widths.

3. Various authors have estimated mass loss rates and flow velocities
for the cool circumstellar gas, but there are no measurements of the outflow
or infall velocities for the hot coronal gas. It is entirely possible that
the X~-ray emitting plasma is confined to closed magnetic loops that do not
participate in the flow while the wind originates in magnetically open re-
glons (coronal holes). Measurement of the flow velocities for coronal plasma
requires high resolution X-ray spectroscopy, which may not be feasible for
these stars, but similar measurements for the plasma at transition region
temperatures requires high resolution ultraviolet spectroscopy, which will
be feasible with Space Telescope. Even with such data, however, the inter-
pretation will be difficult as different authors have interpreted P Cygni-
type profiles for T Tauri stars as indicating mass inflow and outflow.

VI. M DWARF FLARE STAKS

a) What We Have Learned from Einstein

1. Flares on the Sun have been studied extensively with instruments
covering the electromagnetic spectrum, and flares on M dwarf stars have been
studied at optical and radio wavelengths since 1949. While it was recognized
that X-ray observations would be critical in understanding the properties of
the hot plasmas in flares, sensitivity limitations precluded X-ray observa-
tions of all but the most energetic events prior to Einstein. For example,
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Heise et al. (1975) detected a large flare on YZ CMi (M4.3eV) and UV Cet
(MS.6eV) using the ANS satellite, and Kahn et al. (1979) detected two flares
each on AD Leo (M3.5eV) and AT Mic (M4.4eV). The X-ray luminosities for the
flares observed in AD Leo and AT Mic are very large, Lx = 1.3-1.6 x 1030 ergs
s-!, as much as a factor of 4000 larger than very large solar flares.

2., Einstein has now observed flares on Proxima Cen (Haisch et al. 1980,
1981), YZ CMi (Kahler et al. 1982), Wolf 630 AM and BD + 44°2051 {Johnson
1981), and perhaps other M dwarfs. Many of these observations were part of
collaborative observing programs involving simultaneous optical, ultraviolet,
and radio observations. As a result of the greater sensitivity of Einstein,
less luminous flares can be studied in detail. For example, the flare on
Proxima Centauri observed by Haisch et al. had a peak luminosity of Ly = 7.4
x 1027 ergs s-!, comparable to a very large solar flare.

The X-ray light curve and temperatures of this flare on Proxima Centauri
were in many ways similar to solar flares. For example, the temperature, as
crudely estimated from IPC pulse height spcctra, reached a peak of 17 x 106 K
early in the flare and the X-ray iuminosity peaked about 5 minutes after the
peak temperature. Both properties are typical of solar flares. From the X-
ray decay time they postulated that the flare was cooled by radiation, but
simultaneous ultraviolet spectra are needed to determine the importance of
conduction and expansion cooling. For the extremely luminous flare on AT Mic,
Kahn et al. (1979) were able to derive a single characteristic temperature
of 3010 x 10% K, which is somewhat larger than the temperatures typically
seen during the cooling phase of solar flares.

b) Sowe Important Unanswered Questions

1. We need to observe a considerable number of flares to see what
ranges of tewmperature, X-ray luminosity, and emission measure are typical
for flare events in M dwarf stars of different effective temperatures and
ages. Monitoring by imaging instruments with energy distribution photometry
capability is needed.

2. What are the variations of temperature, electron density, X-ray
luminosity, and emitting volume as a function of time during flares? To
answer this question, we need a high throughput instrument with m lerate
spectral resolution capability,

3. What are the turbulent and systematic mass motions during flares,
and do these motions play an important role in the flare energy balance?
Depending on whether the velocities are ~102 or ~103 km S‘l. either high or
moderate X-~ray spectral resolution will be needed to study the hot gas.
Velocities of the cooler gas should be casily studied in the ultraviolet by
the Space Telescope High Resolution Spectrograph.

4. A critical question is whether flares are cooled primarily by radia-
tion, conduction, or expansion. This question requires simultaneous measure-
ments by different instruments: radiative losses can be measured by X-ray
energy distribution photometry, conductive losses by ultraviolet spectrosco-
py, and expansion losses by moderate or high resolution X-ray spectroscopy



as previously discussed. A determination of the total cooling rate deter-~
mines the heating rate, and thus provides valuable information on the flare
energy source.

S. Do flares occur on warmer stars? The answer must be yes because
the Sun flares, but such flares are difficult to see optically because of
reduced contrast with respect to the photospheric background and the proba-
ble lower frequency of flares. X-ray observations should be able to answer
this question as the uiescent coronal background is generally small com-
pared to flares even .or the Sun. Monitoring of G and K dwarfs with a sim-
ple X-ray imaging experiment for long periods of time is needed to answer
this question.

VII. LUMINOUS COOL STARS

a) What We Have Learned from Einstein

1. Prior to Einstein no nonbinary late-type giant or supergiant
was detected as an X-ray source. Einstein detected several nonbinary
G giants with L, between 1028 - 109V ergs s-! and two early K giants, ¢ Sco
(KO III-IV) and a Ser (X2 III), with Ly = 1028 ergs s=! (vatlana et al. 1981,
Ayres et _al. 1981). The latter two stars have Ly/Lpo) ~ 3x10~8 “which is
smaller than this ratio for solar coronal holes.

2. Einstein was unable to detect X-rays from single giants cooler than
about K2 TII and G-M supergiants. For example, a Boo (K2 1II) and a Tau
(K5 III) were not detected with upper limits Ly/Lpol < 3 x 10-?, about a fac-
tor of 30 smaller than for solar coronal holes. Also the G supergiants B Aqr
(GO Ib) and » Aqr (G2 Ib) have upper limits Lyx/Lpol < 10~7 and the M super-
giants « Ori (M2 Iab) and a Sco (Ml Ib+M) have upper limits Ly/Lpol € 2 x
10~%, These nondetections led Ayres et al. (1981) to propose a boundary in
the cool portion of the HR diagram separating a region (consisting of K2-M
glants and G-M supergiants) in which there is no evidence for hot coronae
from a region (consisting of G-K2 giants and F-M dwarfs) in which hot coro-
nae are usually, but not always, detected. The location of this boundary is
similar to that separating regions where transition regions are or are not
typically seen and where massive cool winds begin to appear.

3. At present we do not know which of several possible explanations for
this boundary in the HR diagram is correct. If the nondetection of X-rays
from stars cooler and more luminous than this boundary is an instrumental
threshold effect, then the coronae have surface brightnesses much smaller
than coronal holes. Alterratively, the coronae may be cooler than ~ 1x106¢ K
and the X-ray emission will be too soft for detection by Einstein. Absorp-
tion of soft X-ray emission by overlying cool circumstellar gas is a possi-
ble explanation for the lack of detected X-rays from the G-M supergiants but
not the K2-M giants. Finally, these stars may not have hot coronae, but
rather extended cool (T = 10" K) envelopes that do not emit X-rays. Ayres
et al. (1981) proposed the latter explanation, but more information is
needed to confirm or refute this proposal.

29
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b) Some Important Unanswered Questions

1. Do the K2-M giants and G-M supergiants have faint coronae at 10° -
106 K? This question can be answered with ultraviolet spectra, such as from
IUE and Space Telescope, or by an extremely soft X-ray or extreme ultraviolet
imaging experiment. Hartmann et al. (1980, 1981) have already found that
8 Aqr (GO Ib), a Agr (G2 1b), and a TrA (K4 III) show ultraviolet emission
lines formed at 10° K.

2. What are the coronal temperatures for the G giants that are de-
tected as X-ray sources? Energy distribution photometry can answer this
question, and in principle recalibrated Einstein IPC pulse height spectra
will provide this information on a few stars.

3. What are the electron densities and emitting voluwes (i.e. loop
dimensions) for the G giants? Moderate resolution X-ray spectra are needed.

4. What are the geometries of the G giant coronae? Monitoring of
these stars over rotational periods with imaging experiments is needed to
answer this question.

VIII. RS CVn AND RELATED CLOSE BINARY SYSTEMS

The RS CVn binary systems are detached systems with periods of 1-14
days, generally consisting of a KO IV primary and a late G dwarf secondary
star. Hall (1976, 1981) has reviewed the properties of these systems as
well as the related long period systems with giant star components and the
contact W UMa systems, and Popper and Ulrich (1977) have discussed their
evolutionary status. The most striking peculiarity of the RS CVn systems is
a migrating quasi-~sinusoidal distortion in their optical light curves (Hall
1981; Rodono 1981) that is generally explained by an uneven distribution of
dark, cool photospheric spots (cf. Eaton and Hall 1979). There is evidence
that the chromospheric Ha and Ca II H and K emissfon lines # = bright when
the visible hemisphere shows maximum coverage by the dark spots (cf. Dupree
1981).

a) What We Have Learned from Einstein

l. Using the HEAO-1 A2 experiment, Walter et al. (1980) detected 15 out
of 59 systems observed with luminosities in the range L, = 1030:5-1031+6 ergg
8’1, and ascribed the nondetections to the sensitivity threshold of HEAO-1.
As a consequence of its lower sensitivity threshold, the Einstein IPC has
detected at least 47 systems with L, = 1029+4-1031.5 ergs 8-1 and
log(Ly/Lpy)) in the range -4.9 to -2.4 (cf. Walter and Bowyer 1981). Fur-
ther, the Ly/Lpo] ratio does not depend on the gravity of the cooler star
in the system (usually the more active star) over two decades in gravity.

2. Walter and Bowyer (1981) showed that Ly/Lg,) ~ Q, the angular ve~
locity of the star with the most active chromosphere in the system. Since
single G-type stars follow the same relationship (Walter 1981), the bright
X-ray luminosity of the RS Cvn systems is not a direct consequence of



binarity, but rather a result of rapid rotation which is in turn produced by
tidally-enforced synchronism of rotation and orbital motion. Rapid rotation
presumably results in strong dynamo-generated magnetic fields in stars with
deep convective zones.

3. HEAO-] observations of Walter et al. (1980) and Garcia et al.
(1980) indicated that RS CVn systems have rather hot, variable spectra.
Subsequently, Swank et al. (1981) were able to obtain low resolution spectra

of 7 RS CVn systems and Algol (a contact eclipsing system) with the Einstein

S§SS detector. Assuming that the X-ray emission is from an optically thin
thermal plasma in collisional ionization equilibrium, they found that the
spectra can be fit by two components — a warm component with Ty ..p = 4~8 x
106 K, and a hot component with Tpoe = 20-100 x 10 « The luminosities of
the two components lie in the range Lygrm = 1030-103! ergs s=! and Ly, =
1029+3-1031+3 ergs s=l. The warm component appears not to vary, while the
hot component varies bg a factor of 2. The ratio Lhot/lwarm lies in the
range 0.1 (for the 1049 Capella system) to 4 (for the 6,54 UX Ari system).
Since the hot components vary while the warm components do not, the two
components probably originate in separate plasmas.

4. 1In all likelihood the emitting structures are closed magnetic
loops. This hypothesis is based on solar analogy, the appearance of large
dark starspot groups on the photospheres of these stars, and the inability
of these stars to counfine the observed hot plasma by gravity alone. Swank
et al. (1981) and Walter et al. (1980) assumed the Rosner, Tucker, and
Vaiana (1978) scaling law for magnetic flux tubes with the following re-
sults. If the gas pressure in the loops is roughly 10 dynes cm-2, gimilar
to the largest pressures seen in solar active region loops, then the loop
sizes for the warm plasma are small compared to the stellar radii and the
hot loops have sizes comparable to the binary separations. If, on the other
hand, the loop pressures are 2100 dynes cm-2, then both the warm and hot
loops are smaller than the stellar radii in scale. There is no compelling
evidence yet as to which pressure is correct, but the absence of large
changes in the X-ray flux from AR Lac during primary and secondary eclipse
(Swank et al. 1981) suggests that the emitting regions may be comparable to
the binary separation in this system. This raises the possibility of inter-
actions between loops from the two stars, which Simon, Linsky, and Schiffer
(1980) proposed as the mechanism responsible for flares in these systems.

b) Some Important Unanswered Questions

1. What are the geometries of the X-ray emitting regions in these sys-
tems? Monitoring the X-ray and ultraviolet emission during a full binary
orbit with X-ray emergy distribution photometry and ultraviolet spectroscopy
can determine the location of the hot and warm loops s .d their relation to
the spots. Also moderate resolution X-ray spectroscopy will permit mea-
surements of electron densities and thus pressures and loop sizes using
appropriate scaling laws. Such data will also provide information on the
fraction of the available volume that is filled by loops.

2. 1Is the radiation in the hot component indeed thermal and why is
this plasma so hot? The answer to this question will require a hard X-ray
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spectroscopy instrument that can monitor these systems to study their
variability time scales.

3. What are the mechanisus responsible for flares in these systems?
Two kinds of observations are needed. First, we need to monitor these sys-
tems during flares with moderate resolution X-ray spectroscopy and ultra-
violet spectroscopy to determine variations in the X-ray and ultraviolet
fluxes, temperatures, and electron densities with time. Second, we need to
determine the plasma flows, perhaps in interacting flux tubes from the two
stars or other binary interactioms. Such measurements require high resolu-
tion X-ray and ultraviolet spectra.

IX. HOT STARS

a) What We Have Learned from Einstein

1. Einstein discovered that the O and B stars are the brightest X-ray
sources among all nondegenerate stars, despite prior predictions that these
stars should not have hot outer atmospheres on the basis that they lack con-
vective zones and thus acoustic wave heating processes should be inoperative.
Harnden et al. (1979) and Seward et al. (1979) reported the initial Einstein
observaticns of luminous O stars in the Cyg 0B2 associstion and the region
around the n Carinae nebula, finding that Ly is typically ~1033 7 ergs s-!
for these stars. Subsequent observations of hot stars by Long and White
(1980), Vaiana et al. (1981), Pallavicini et al. (1981), and Cassinelli et al.
(1981) have led to the results that typical luminosities are 1031-1033 ergs
s-l for the O dwarfs, 1027-1030.7 ergs s= -1 for the B8 V- Al V stars, 1031.9
10336 ergs s-! for the 0 supergiants and <1031 ergs s=! for the late B su-
pergiants. The reason that these stars were not observed as X-ray sources
prior to Einstein is that they are generally more than 100 pc distant, es-
pecially the O supergiants, so that the apparent X-ray flux of the brightest
source, §{ Pup (04f), is only 1 x 10-11 ergs em-2 -1, close to the HEAO-1
threshold.

2. Pallavicini et al. (1981) reported that L,/L,,, = 1.4 x 10-7 for
most 03-A5 stars in thelr ¢ sample, independent of spectral type and lumi-
nosity class. Using a sample of 21 supergiants of spectral type 04-A2
Cassinelli et al. (1981) found a similar result, Ly/Lpol = 1.6 x 10-7, for
Bl and hotter supergiants, but this ratio is perhaps a factor of 3 smaller
in the later B supergiants. The roughly constant value of Lyx/Lpo] for the
hot stars suggests that only one mechanism is responsible.

3. Fallavicini et al. (1981) searched without success for any correla=-
tions between Ly or Ly/Ly.y with rotational velocities (v sin i). Thus
rotation does not play an important role in determining the X~ray emission
from these stars.

4. The O and B stars5 especially supergiants, exhibit rapid mass loss
with rates up to M ~ 10~" Mg yr-! and terminal velocities up to Vv, & 3500 km
s-1. Cassinelli (1979), Conti (1981), Lamers (1981) and others have reviewed
the properties of these winds and how they are derived from P Cygni-type iine
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profiles and VLA observations. Garmany et al. (1981) found that M~ Lé-73,
and compared this result with the predictions of radiatively driven stegiar
wind theory. The patio of X-ray luminosity to the kinetic energy in the
wind flow, Ly /1/2 Mv2 = 10-*. Thus the X~rays do not drive the wind, but
rather the wind could be responsible for creating the X-rays.

5. The measurement of considerable goft X-ray flux at energies below
1 keV has played a crucial role in understanding the origin of the X-rays
from the hot stars. Long and White (1980) argued that the large column
densities of the wind in O supergiants should absorb all the soft X-ray
emission from a hot corona lying at the base of the wind as proposed by
Cassinelli and Olson (1979). Thus the X-ray emitting region must be dis-
tributed throughout the wind, and Long and White (1980) proposed that both
hot (~3 x 10% K) and cool (~3 x 10" K) plasma coexist in the winds of these
stars. Cassinelli et al. (1981) discussed constraints on the range of hot
plasma temperatures and wind column densities, assuming the hot plasma is
embedded in the wind.

6. Lucy and White (1980) proposed a phenomenological theory rto explain
the observed X-ray emission from hot star winds. As a working premise, they
accepted earlier calculations that winds driven by radiation pressure in
lines are unstable, since density enhancements will feel greater accelera-
tion than the surrounding gas and the increased velocity will result in
greater acceleration as the absorption lines are Doppler-shifted into the
bright stellar continuum of the star. Lucy and White (1980) proposed that
this mechanism will produce density enhancements in the wind that are radia-
tively driven through the ambient gas and confined by ram pressure. These
enhancements (the so-called blobs) will form hot b~w shocks that radiate the
observed soft X-rays. Cassinells et al. (1981) discussed the validity of
this mechanism and competing mechanisms for explaining the Einstein data as
well as such ionization anomalies such as the 0 VI/O IV ratio.

b) Some Important Unanswered Questions

l. What heats the hot plasma in these stars and where is it located?
In particular, is the Lucy-White mechanism valid, or can such alternative
mechanisms as a hot corona near the base of the wind or spatisl separation
of a hot corona from the expanding cooler gas by magnetic fields (Rosner and
Vaiana 1980) better explain the data? To answer this question one needs
low resolution spectra to measure both the temperature and attenuation as a
function of time (and thereby aspect ang*e due to stellar rotation) for both
dwarf and supergiant O and B stars. Observing stars of different spectral
types and luminosities is important because there is evidence that the X-
rays are created by only one mechanism in the hot stars but the ionization
state of the wind depends critically on spectral type.

2. What are tiie processes responsible for the ionization equilibria
seen in these stellar winds, and, in particular, what is responsible for the
ionization anomaly of O VI? To address this question we need to know the
range of temperatures and electron densities in these winds from moderate
resolution X-ray spectra as well as contemporaneous measurements of ultra-
violet line profiles, especially the O IV Al032, 1037 doublet.
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3. What mechanisms are responsible for the acceleration of hot star
winds? What we now know about these winds is based only on ultraviolet
spectra that tell us only shout the flow properties of plasma cooler than
2 x 105 K. Since hot gas may be embedded in the cooler wind and perhaps
flows faster, moderate resolution X-ray spectra should be able to measure
the flow properties of this component.

4, Similar types of measurements are needed to study the poorly
understood windsc and coronae in Wolf-Rayet stars.
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ABSTRACT

We summarize recent observations of degenerate dwarf X-ray sources, and review
theoretical work on their continuum spectra and lines. We discuss some of the
important unresolved issues concerning these sources, and conclude with an outline of
the kinds of X-ray observations that would best advance our understanding of them.

l. INTRODUCTION

a) Historical Remarks

The first degenerate dwarf X-ray source was discovered in 1974 when Rappaport et
al. (1974) detected an unexpected soft X-ray source during a brief rocket flight and
deduced thet the source was SS Cyg in outburst.

Two years later Berg and Duthie (1976) suggested that the cataclysmic variable AM
Her was the optical counterpart of the hard X-ray source 4U1814+50. This
identification was confirmed by Hearn et al. (1976), who detected AM Her in soft X
rays. Soon after the optical identification, Szkody and Brownlee (1977) and Cowley
and Crampton (1977) found that AM Her has a birary period of 3.1 hours. More
remarkably, Tapia (1977a) discovered that the optical light from AM Her is nearly 10%
circularly and linearly polarized and that the degenerate dwarf is strongly magnetic.
The periods of the circular and linear polarization curves, the radial velocity curves,
and the optical, soft and hard X-ray light curves are identical. Thus the rotation period
of the accreting m.agn:tic degenerate dwarf is phase-locked to the binary orbital period
of 3.1 hours. Within less than a year, two other similar sources, AN UMa and VV Pup,
were identified from their optical emission line spectrum and confirmed by detection of
linear and circular polarization (Krzeminski and Serkowski 1977, Tapia 1977b).

Soft and hard X-rays were soon also detected from the well-known cataclysmic
variables U Gem (Mason et al. 1978; Swank et al. 1978), EX Hya (Watson, Sherrington,
and Jameson 1978; Cordova and Riegler 1979), and CK Per (King, Ricketts, and Warwick
1979), in addition to $$ Cyg (Heise et al. 1978; Mason, Cordova, and Swank 1979).

Subsequent examination of nearby cataclysmic variables tumed up many more X-
ray sources. A few of these were discovered by Ariel 5 and HEAO-1, but most
detections required the high sensitivity of the focusing instrument on Einstein. Other
cataclysmic variables have been found by looking for the optical counterparts of faint
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galactic X-ray sources, and this method promises to become increasingly important in
the future. More than $3 of these accreting degenerate dwarf X-ray sources are now
known (Cordova and Mason 1982).

Soft X-rays have also been detected from several hot (Tegs > 30,000 - 60,000 K)
isolated degenerate dwarfs, including Sirius B (Martin et al. 1982 and references
therein) and HZ 43 (Hearn et al. 1976).

b) Potential

The study of degenerate dwarf X-ray sources can provide many retums. For
example, these sources afford a laboratory in which to explore the physics of hot, dense
plasmas in strong magnetic fields (the parameter regime is, in fact, similar to that of
interest in plasma fusion reactors). We can also learn from them a great deal about the
masses, internal structure, and magnetic fields of degenerate dwarfs themselves.
Potentially, the pulsing sources can provide as much information as has been obtained
from the pulsing neutron star X-~ray sources. Noise measurements can be used to probe
the accretion process, reflection and reprocessing effects give clues to the geometry of
the disk and the binary system, and time delay curves yield the parameters of the binary
system and thereby lend insight into its formation and evolution.

However, because most degenerate dwarf X-ray sources were found only recently,
we know very little about their X-ray properties. Only three (AM Her, SS Cyg, and U
Gem) have been studied in any detail. The situation is similar in this respect to that of
the stellar X-ray sources also found by Einstein (Linsky 1982). Exploration of the X-ray
emission from both has only begun, and future X-ray astronomy missions must provide
the data with which to understand it.

In this review, we concentrate on the soft and hard X-ray spectra produced by
accreting degenerate dwarfs. We first summarize the observations in §1i. We then
discuss the theory of formation of the continuum spectrum in §111, and of emission and
absorption lines in §1V. In §V, we mention some of the important unresolved issues.
Finally, in §VI we outline the kinds of X-ray observations that would best advance our
understanding of these sources. For reviews of the optical properties of cataclysmic
variables, see Robinson (1976) and Wamer (1976); for reviews of the X-ray
abservations, see Gammire (1979) and Cordova and Mason (1982). Lamb (1979) and
Kylafis et al. (1980) contain earlier reviews of theoretical work.

11. OBSERVATIONAL PRCPERTIES

a) Luminosities and Space Densities

Probably all cataclysmic variables are X-ray sources. The ones detected so far
have X-ray luminosities L « 1037 - 1033 ergs s=1. None of the bright (L « 1036-1038
ergs s~ 1) galactic X-ray sources have been identified with degenerate dwarfs. Thus the
known accreting degenerate dwarf X-ray sources are « 10 times fainter than, e.g.,
the pulsing neutron stars (Lamb 19¢*) but » 103 times brighter than ordinary stars
(Linsky 1982).

The nearest cataclysmic variable X-ray sources lie at distances d of only 75 - 100
pc SCordova and Mason 1982). This implies a space density n+ 3 x 10°7 (d/100 pc)=3
pc~J. Assuming a uniform distribution of sources throughout the galaxy and a galactic




volume V ¢ 1 x 1012 pc3, the above space density irnglies that the total number of
sources in the galaxyist3x10?a(d/ 100 pc)~?. Thus the total number of
degenerate dwarf X-ray sources in the galaxy may exceed a million. This compares
with a total number of bright (L » 1036- 1038 ergs s=1) neutron star sources of + 100.

b) X-Ray Spectra and Temporal Behavior

Among accreting degenerate dwarf X-ray sources, there are two recognized classes
involving magnetic degenerate dwarfs: the AM Her stars and the DQ Her stars (Lamb
1979, Patterson and Price 1981). The remaining systems show no clear-cut
manifestation of a magnetic field. However, if the past is a guide, some of these
sources will be reclassified as AM Her or DQ Her stars on the basis of future
observations. We may even speculate that magnetic fields are endemic in degenerate
dwarfs. |f so, most, perhaps all, of the other systems also contain magnetic degenerate
dwarfs. However, the field strengths may be less. Below we wiscuss the X-ray spectra
and temporal behavior of the AM Her stars, the DQ Her stars, and the other cataclysmic
variables.

i) AM Her stars

Table 1 lists the seven AM Her stars that are now known and summarizes some of
their properties. These stars show strong (> 10%) circular and linear polarization of
their infrared and visible light, and are believed to be accreting magnetic degenerate
dwarfs (Chanmugam and Wagner 1977, 1978; Stockman et al. 1977). The polarization
(Tapia 1977a) of the visible light from AM Her, the prototype of this class, is shown in
Figure 1. The X-ray spectra of these stars typically have two distinct components: an
apparent blackbody component with Ty, < 100 ev and a bremsstrahlung component with
Tpe > 10 kev. The inferred blackbody luminosity is greater than the bremsstrahlung
luminosity, often by a factor of 10 or more (cf. Tuohy et al. 1978, 1981; Szkody et al.
1')81; Patterson et al. 1982). Figure 2 shows the soft and hard X-ray spectrum of AM
Her recently constructed from HEAO-1 observations by Rothschild et al. (1981). The
bremsstrahlung spectra of these sources also show strong iron line emission at v 7 keV,
as is evident in Figure 2. In these systems, the periods of the polarized light, the
optical and X-ray light, and the orbital velocity curves are all the same. Thus the
rotation period of the degenerate dwarf is synchronized with the orbital period of the
binary system, probably due to interaction of the magnetic field of the degenerate
dwarf with the companion star (Joss, Katz, and Rappaport 1979). Figure 3 shows the
resulting 3.1 hour *pulse profile® of AM Her in soft X-rays (Tuohy et al. 1978).

The source EF Eri (2A0311-227) is the second most well-studied in X-rays of the
AM Her stars. Figures 4 and 5 show its 1.3 hour °pulse profile® in soft X-rays
(Patterson et al. 1981) and its bremsstrahlung hard X-ray spectrum {(White 1981). Note
again the strong iron emission line at » 7 keV.

i) DQ Her stars

Table 2 lists the seven systems we have classified as DQ Her stars and sunmarizes
some of their properties. DQ Her, the prototype of this class, is believed to be an
accreting magnetic degenerate dwarf (Bath, Evans, and Pringle 1974; Lamb 1974).
However, it shows little, if any, polarization of its infrared and visible light (Swedlund,
Kemp, and Wolstencroft 1974). This system underwent a nova outhuist in 1934 and
shows coherent small amplitude optical pulsations at 71 seconds, which are believed to
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TABLE 1

AM HER STARS

STAR Py d Lg Tbb Lp Thor REFERENCES
(Hours) (pc)® (1030 ergs s~1)P (ev) (103° ergs s~ (kev)
EF Eri < +
(=2A0311-227) 1.35 [100] 24 <80 170 18.1%3.0 8, 15, 18
+60
VW Pup 1.67 144 160 20_,, 7.0 510 2, 7, la
E1405-451 1.69 [100] 9.7 6
H0139-68 1.83 [100] 72 <300 1, 17 mm
2]
PG1550+191 1.89 [100] 10 M
mw
AN UMa 1.91 [100] 0.86 <40 3, 5, 12 2
33 m&
AM Her 3.09 75+10 45~480 28-40 260 30.9%4,5 4, 9, 11, 13, 16, 19
21 480
4 pistances in brackets are assumed.
b Luminosities assume a distance of 100 pc, except for AM Her and VV Pup,
(1) Agrawal et al. (1981} (8) Patterson et al. (1981) (14) Tapia (1977b)

(2) Bailey (1981)

{3) Hearn and Marshall (1979)
(4) Hearn and Richardson (1977)

(5) Krzeminski and Serkowski (1977)

(6) Mason et al. (1982)
(7) patterson et al. (1982)

(9) Rothschild et al. (1981)
(10) stockman et al. (1981)
(11) swank et al, (1977)

(12) Szkody et al. (1981)
(13) Tapia (1977a)

(15)
(16)
(17)
(18}
(19)

Tapia (1979)

Tuohy et al. (1981)
Visvanathan et al. (1982)
Wnite (1981) )

Young and Schneider (1979)

| and
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Fig. 1--Circular and linear polarization of the optical light from AM Her as a function of
the phase of the 3.1 hour rotational period of the degenerate dwarf (from Tapia 1977).
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Fig. 3--Soft X-ray pulse profile and hardness ratio of AM Her as a function of the phase of
the 3.1 hour rotational period of the degenerate dwarf (from Tuohy et al. 1978).

Fig. 4--X-ray pulse profile of EF Eri (2A0311-227) observed by Einstein as a function of
orbital phase (or, equivalently, phase of the rotational period of the degenerate dwarf)
(from Patterson et al. 1981).
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Fig. 5--Hard X-ray spectrum of EF Eri (2A0311-227) (from White et al. 1981). Note the
iron emission line at = 7 keV.

Fig. 6--Comparison of the pulse profile in soft X-rays and in optical light of AE Aqr through
the 33 second rotation period of the degenerate dwarf (from Patterson et al. 1980).
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TABLE 2

IQ HER. STARS
STAR ¥ 4 P |pj 2 0 8 p Tbb n p hr REFERENCES
{(Hours) (zc) (s) (1030 orgs s71)° (ev) (1030 ergs s71)° (kev)
DQ Her 4.65 420 71.0653 1.2x 102 <2.4 2, 11
v533 Her =7 1000-1500 63.63307 >3x 10 < 20-40 s vee ... 2,5, 7
AE Aqr 9.88 84 33.076737 2x 1043 5.4 1, 6, 7, 9
EX Hya (?) 1.64 100 4021.62 2.2x 1610 14 570 60 =5 3, 4, 15
100 4.5
H2252-035 3.59 [100) 805.21 >5x10° 80 > 20 8, 10, 16, 17
H2215-086 4.03 [100) 1254.5 >3x 108 5 .ee 12 >10 12
30 210
V1223 sgr [100] /94,380 >5x10° e e 100 210 13, 14
4 pistances in hrackets are assumed.
Ug:.boﬂnwmm assume a distance of 100 pc if distance is unknown.
(1) Bailey (1981) (7) Patterson (1982a) (13} steiner (1981)
(2) Cordova, Mason, and Nelson (1981) (8) Patterson (1982b) (14) steiner et al. (1981)
(3) Cordova and Riegler (1979) (9) Patterson et al. (1980) (15) Sswank (1980)
(4) Gilliland (1982) (10) Pattersan and Price (1981) (16) Warner, O'Donoghue, and Fairall (1981)
(5) Patterscn (1979a) (11)

{6) Patterson {1979%)

(12)

Patterson, Robinson, and Nather (1978)

Patterson and Steiner (1982)

(17)

white and Marshall (1981)

vnd ¥ood 0
Qf 39yd WNIDRIO



represent the rotation period of the degenerate dwarf (Patterson, Robinson, and Nather
1978, and references therein). Two other members of this class are V533 Her, which
underwent a no’a outburst in 1963 and shows coherent small amplitude opticai
pulsations at 63 seconds (Patterson 1979a), and AE Aqr, which shows similar pulsations
at 33 seconds (Patterson 1979b). Embarrassingly, neither DQ Her nor V533 Her have
been detected in X rays (see Table 2). In the case of DQ Her, it has been suggested
that the X rays are blocked by the disk because we are nearly in the orbital plane of
the system, while in the case of V533 it can be argued that the system is too far away,
and therefore too faint, to have been detected. Thankfully (for theorists), X rays have
now been detected from AE Aqr and are pulsed with the 33 second optical period
(Patterson et al. 1980). Figure 6 compares the optical and soft X-ray pulse profiles of
AE Aqr.

Recently, several faint galactic X-ray sources have been identified with systems
that are optically similar to cataclysmic variables. They exhibit large amplitude optical
and X-ray pulsations with periods > 1000 seconds that are believed to represent the
rotation period of the accreting star (Patterson and Price 1981; Warner, O'Donoghue,
and Fairall 1981; White and Marshall 1981). There is controversy as to whether these
X-ray sources are actually degenerate dwarfs or are neutron stars (cf. Patterson and
Price 1981, White and Marshall 1981). We believe, based on their optical appearance
and their X-ray to optical luminosity ratio, that they are degenerate dwarfs. They have
also been called "interlopers®’ between the previously known DQ Her stars, with short
rotation periods of 33 - 71 seconds, and the AM Her stars, with rotation synchronous
with their orbital periods of 1.2 - 2.1 hours (Patterson and Price 1981). However, we
believe that they should be regarded as members of the DQ Her class, in analogy with
the short and long period pulsing neutron star X-ray sources, and therefore we include
them in Table 2.

The source H2252-035 was the first of these systems to be optically identified
(Griffiths et al. 1980). Figure 7 shows its optical light curve (Patterson and Price
1981). Clearly visible are the optical pulsations with a period of 859 seconds, which
are thought to be produced by reprossessing of the 805 second X-ray pulse. Figures 8
and 9 show the pulse profile and the spectrum of the hard X-rays (White and Marshall
1981). The hard X-ray spectrum exhibits iron line emission at v 7 keV.

Recently, a 67 minute (4022 second) periodicity has been identified in the well-
studied cataclysmic variable X-ray source EX Hya (Vogt, Krzeminski, and Sterken 1980;
Gilliland 1982). This period is also evident in soft X-rays but not in hard (Swank and
White 1981), as shown in Figure 10. The coherence of the period over many years
suggests that it may also be due to rotation of a magnetic degenerate dwarf. We have
therefore included EX Hya in Table 2, but with a question mark to indicate its uncertain
status.

iii) Other cataclysmic variables

Table 3 lists 10 sources selected from the remaining 44 cataclysmic variable X-ray
sources currently known (Cordova and Mason 1982). Among these are the prototypical
dwarf novae, SS Cyg and U Gem, which undergo outbursts every + 100 days. During
quiescence, both exhibit a hard X-ray spectrum with Ty, » 10 - 20 keV (Mason,
Cordova, and Swank 1979; Swank 1979). During outburst, the hard X-ray luminosity
first increases and then decreases, the spectral temperature of the hard X-rays
decreases, and an intense blackbody component with temperature Tpy, < 100 eV appears
in soft X-rays (cf. Mason, Cordova, and Swank 1979). Figure 11 compares the hard X-
ray spectrum of SS Cy_ in quiescence and in cutburst with the spectrum of AM Her,
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Fig. 7--Fast photometry of the optical light from H2252-035 (from Patterson and Price
The 859 second pulsations, corresponding to reprocessed light from a stationary
point in the binary system, are clearly visible.

1981).

Fig. 8--Hard X-ray pulse profile of H2252-035 through the 805 second rotation period of
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Fig. 9--Hard X-ray spectrum of H2252-035 (from White and Marshall 1981). The iron

emission line at > 7 keV is again clearly visible.

2

e

o

H2252-035 HEAD A2
5-15 keV i
R

25w

ARBITRARY PULSE PHASE




47

-~
¥

4
LiTyY

GE §

ORIGINAL PA
OF POQR QUA

(LL6T) XOUIEN pue ‘uosutqoy ‘uosIDllded (9T) (T186T7) Butuomas pue ‘IBTT114S ‘pURXSTITIH (8)

(vL61) IouTeM (£2) (186T) ucsx@3ded (ST) (6L6T) 3bon pue ‘scqusoyos ‘IauyeeH (L)

(086T) uems (22) (086T) uwosxared (¥1) (1861) °"JE 32 oueTqed (9)

(6L6T) Nuemg (12) (6L6T) -0sIDIRd (£T) (TR6T) “T° 32 eropiod (G)

(8L6T) uoszalIed pe °IAJIEN ‘UOSUTAoY (0Z) (#L6T) uosuTqoy pue JayaeN (ZT) (086T) ‘T I3 eAOPIOD (¥)
(646T) To3eN pue uosutqoy (61) (6L6T) uemg pue ‘esopio) ‘uosaW (TT) (T86T) UOSTON pue ‘uosen ‘eacpIo) (f)

(€L6T) uosutqoyd (9T1) (6L6T) ¥oTmrem pue ‘sS3yayoTy ‘Bury (0T) (1861) ITEUSIEW pue IoWOdE (Z)

(BL6T) Iaburyrdry pue ‘uosutqod ‘uosisized (LT) (086T) JISuLH pue SWIOH (6) (1861) °%°94 (1)

‘paumsse aIe §39KOriIq UT samerading g
*AreaTaocedsax ‘, T1Taspueas, pue ‘ sousosarnb,

¢ 3SIOMNo, 9owp seeaueted ur s, pue ‘b, ‘,0, sTouks ay3l !umownum - 2oue3sTp JT od 00T 3O SOUEISTIP B AumSse S3TITSOUTUNT p

‘Ateatioadses ‘,orporaad-tsenb, pue ,3jusIyoo, 93ousp sassypuerwd ur b, pue 0, sToquis ,

‘psumsse afe S3II/PRIq UT SaOURISTAq

* (TT-BAOU) BN XN PUR (BAOU TEOTSSETD) I8d YD 3ds0Xo seAcu JTeMp are sIels TV

fot] (b) ozz-ottT
ST ‘0t (o1] (o) o002s (b) osg ~ 08b £v°91 Iad
(b)y 15~
6T ‘9T ‘¢ ‘¢ [o1] (b) ¢z (o) 8°11~-9°11 [o0T] 06°8 bag ny
zZz ‘st fot] (s) 6°T (o) 8°81-0°91 [o01] 96°9 wed 2
0z = (b) otv {b) 9c-z¢
T2 ‘6T ‘LT ‘ST ‘TT ‘6 ‘8 ‘S ‘¢ ‘1 '8 = (0) 001 (b’2) 6°01-5"8 627621 09°9 B8& ss
2’1 [o1] 0°2 (o) 0°0£-5°82 12¢4 Ly =T o1 4
{o1] (b) 2 9pT-€L
6T ‘9 ‘s ‘¢t S= (o) 02 0£-02 0£39¢L sZ°Y usd f)
Y4 {o1] 091 ocy £€°¢ v £09A
[o1] (b) s°z
€2 ‘1 [o1] (o) z°1 (°) L°Lz 023671 6L°T ap 2
(b) €1y ‘88
€T ‘L ‘€ (o1] (b) z°¢ (b) z¢-pe [o01] 8L°1 A ma
0z ‘vt [01] (o) 0°9 (2) t6°8Z ‘Le°tLe [oo1] 9t 1 afs M
(ASY) (y_8 sbia ,.0T) {(s) (od) (SMoY)
) p't 0t > q
SEONTIAIIY 1q, q a o a, VIS

(2861 NOSVW ANV VAOQHOO ¥ALAV) STFIGVINVA OTWSATOVIND HIHIO JALOITIS

¢ TEVL



43

S
ORIGINAL PAGE !
OF POOR QUALITY

of EX ORI EWSTEM S5
Fig. 10--Soft X-ray spectrum of EX Hydra ot
measured by Einstein and showing the necessity &
of invoking at least two components (from Swank % |
and White 1981), o0
3
162}
-3 A PR .
0 05 ] 2 3 a4
ENERGY (keV)
HEAO A2
-2 PULSE HEIGHT SPECTRA
IO T T T T T i T T L T T 1 I v T T T V‘[ A
r 35 016 i
3 My =9 T
IO 3 o _J_:Jg v - =
= 1 1
" |04 AM HER i i
S
B TUR {1 F
o
1 1 |
L -1 A
. XENON DETECTOR tj: - ARGON DETECTOR |
1 1 1 s
[ ‘ A b " e, i Al A A A U W L
2 4 6 810 20 40 6080 | 2 4 6 810 20
£ {kev) £ (kev)
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(rigit panel) compared with the spectrum of AM Her (from Swank 1979). The presence of
ircn line emission at = 7 keV in all spectra and the absence of low energy absorption in the
sper.trum of SS Cyg in outburst are evident.



The temporal behavior of the hard and soft X-ray luminosities of U Gem during an
outburst is shown in Figure 12, while Figure 13 shows the way in which the hard X-ray
spectrum of SS Cyg varies during an outburst.

Most of the remaining cataclysmic variables show only a hard X-ray component. It
is not known whether the failure to detect a soft component during quiescence, or even
during outburst in some sources, is due to its absence or due to the fact that it may
have so low a spectral temperature that it is unobsesvable in soft X-rays.

Essentially ali of the cataclysmic variables listed in Table 3 exhibit small amplitude
quasi-periodic or coherent optical pulsations, usually during the onset of an outburst
(Robinson 1976). Of special interest are the + 8 - 10 second quasi-periodic pulsations
in SS Cyg. They are strongly present in soft X-rays during outburst, yet their
ooherence persists for only 3-5 pulse periods (Cordova et al. 1980, 1981).

iv) Isolated stars

Sirius B, the first degenerate dwarf discovered, was detected as a very soft X-ray
source by Mewe et al. (1975). Subsec..:ntly, very soft X rays were also detected from
the hot degenerate dwarf HZ 43 (Heam et al. 1976). Both of these degenerate dwarfs
are members of binaries, but the binary separations are so large that the companions
are not believed to play any role in the X-ray emission. Feige 24. another hot
degenerate dwarf, has been detected in the extreme UV (Margon et al. 1976); however,
it was not detected by the HEAO-1 soft X-ray survey and, unfortunately, Einstein
ceased operating before aobservations of it were carried out. Table 4 lists these three
sources and summarizes some of their properties.

The emission fron Sirius B, HZ 43, and Feige 24 at optical, UV, and X-ray
wavelenghs can be understood as photospheric emission from a hydrogen-rich [ny./ny
+ 1075 atmosphere with Te¢s + 30,000 - 60,000 K (Shipman 1976, Margon et al. 1976,
Wessel'us and Koester 1978, Martin et al. 1982). An upper limit in the extreme UV (200
- 800 A) for Sisius B (Cash, Buwyer, and Lampton 1978) appeared to oonflict with
photospheric models for the X-ray emission and to lend support to coronal models.
However, UV observations yielded no evidence for a corona (Bohm-Vitense, Dettmann,
and Kapranidis 1979) and Martin et al. (1982) have recently demonstrated that soft X-
ray data from HEAO-1, together with the optical, UV, and extreme UV data, are
oconsistent with photospheric emission at v 28,000 K, as shown in Figure 14. For more
detailed, but earlier, reviews of extreme UV and soft X-ray emission from isolated
degenerate dwarfs, see Garmire (1979) and Bowyer (1979).

111. CONTINUUM SPECTRA

a) Qualitative Picture

in the remainder of this review, we shall focus on X-ray emission by accreting
degenerate dwarfs.

i) Disk inflow near the star
Many of the cataclysmic variable X-ray sources show clear optical and UV

evidence of accretion disks. If thh disk extends all the way in to the stellar surface,
visoous dissipation in the disk will release approximately half of the available
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Fig. 12--Optical, soft X-ray, and hard X-ray light curves of U Gem through an outburst
(from Mason, Cordova, and Swank 1979).
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TABLE 4

ISOLATED STARS

STAR d 0 X Tefe REPERENC VS
(pc) {10°" ergs 8™ ) (k)

Sirius B 2.7 0.06 = 28,000 4, 5, 6 mm

HZ 43 65 40 ~ 60,000 2, 7 m
£

Peige 24 90 <3 = 60,000 1, 3 s

(1) Bowyer (1979) (5) Mewe et al. (1975)

(2) Hearn et al. (1976) (6) shipman (1976)

(3) Margon et al. (1976) (7) wWesselius and Koester (1978)

(4) Martin et al. (1982)
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gravitationzl energy, which will appear as blackbody radiation from the disk surfaces.
The other half cf the available gravitational energy will be released in a boundary layer
at the inner edge of the disk where it encounters the surface of the star, unless the star
is rotating near breakup. This luminosity is

GMR

L = R

-1 =1
bdry yr Jergss , (1)

= 4 x 10> (M/Mg) (R/10° cm) " (Wm"o M

ol

©

where M and R are the mass and radius of the star, and M is the mass accretion rate.
At moderate or high accretion rates, the boundary layer is capable of producing soft X-
rays by blackbody emission (Pringle 1977). After it was found that most cataclysmic
variables emit hard, but not soft, X rays during quiescence, Pringle and Savonije (1979)
proposed that the boundary layer might produce hard X-ray emission by optically thin
bremsstrahlung if shocks occurred there. The maximum possible shock temperature is

T =37, =2x 108 (M/MO(R/109 em) VK, @)
and thus the shocks must be strong ones. This is difficult to achieve in the strongly
sheared flow of the inner disk whose geometry would tend to favor production of a
large number of cooler, oblique shocks (in principle, the disk can join onto the star
without the occurrence of any shocks). To attain the required strong shocks, Pringle
and Savonije (1979) suggest a two-stage process in which gas that is initially mildly
shocked in the boundary layer expands into the path of, and collides with, gas still
circulating in the inner disk. Tylenda (1981), however, argues that turbulent viscosity
will be a more efficient mechanism than shocks for dissipating energy in the boundary
layer and that this mechanism can account for the observed high temperatures without
resorting to complicated flow geometries.

Knowledge of whether the boundary layer can produce bard X-rays and, if so, how,
is important for understanding the cataclymsic variable X-ray sources. But as yet, the
ideas that have been proposed have not been worked out in any detail.

For up-to-date discussions of disks, see the review by Pringle (1981) and the paper
by Tylenda (1981).

ii) Radial inflow near the star

If the degenerate dwarf has a magnetic field,

-1.1/2
A )

the field will disrupt the disk and lead to approxmunatelv radial inflow near the star.
This picture certainly applies to the AM Her and DQ Her stars, and may apply to other
cataclysmic variables if magnetic fields are endemic in degenerate dwarfs as speculated
earlier. Radial inflow may also occur if mass transfer takes place via a stellar wind
rather than via Roche lobe overflow. Most theoretical work has assumed radial inflow
because it is far more tractable; in the remainder of this review, we will concentrate on
radial inflow.

A qualitative picture of X-ray emission by radially accreting degenerate dwarfs is
shown in Figure 15. As accreting matter flows toward the star, a strong standoff shock
forms far enough above the star for the hot, post-shock matter to cool and come to rest
at the stellar surface (Hoshi 1973; Aizu 1973; Fabian, Pringle, and Rees 1976). The

B22x10°(10 %M (R/10° cm) /4 (M/MO)1/4 gauss, (3)
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Fig. 15--Qualitative picture of X-ray emission from an accreting degenerate dwarf. a)
Configuration of the star, the emission region, and the infalling matter. R is the stellar
radius and rg is the shock radius. The straight arrows indicate infalling matter, the wiggly
arrows photons. b) Temperature profile of the infalling matter. T is the post-shock

temperature and Tp, is the stellar blackbody temperature. c) Density profile of the infalling
matter; o 1s the post-shock density.
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standoff distance

d = rg-R = 1/4 vgf(rs) teool (fs), 4

where rg is the shock radius, R is the stellar radius, v¢s is the free-fall velocity, and
teuol i the time scale for cooling, due to bremsstrahlung and, if a magnetic field is
present, cyclotron emission. Roughly half of the bremsstrahlung flux is emitted outward
and forms a hard X-ray component. Roughly half of the cyclotron flux is emitted
outward and forms a blackbody-limited component in the UV, The other halves of the
bremsstrahlung and cyclotron fluxes are emitted inward and are reflected or absorbed

by the stellar surface. The resulting blackbody flux forms a UV or soft X-ray
cotaponent with

Lbb = Leye * Lbre (5)

where Lpp, '-cyc' and Ly, are the luminosities in the blackbody, cyclotron, and
bremsstrahlung components. The total luminosity L = GMWR, or twice that given by
equation (1).

If we allow for the possible presence of a magnetic field, the accreting matter may
be channeled onto the magnetic poles and accretion may occur over only a fraction f of
the stellar surface. The effective accretion rate of the accreting sector is M/f, and
the corresponding luminosity is L/f. X and UV radiation from magnetic degenerate
dwarfs is thus a function of stellar mass M, magnetic field strength B, and effective
luminosity L/f. The dependence on stellar mass is significant but is less than on the
other two variables. If we specify the mass of the star, the parameter regimes
encountered ate conveniently displayed on a (B,L/f)-plane, as shown in Figure 16 for a
1 M@ The upper left of the plane corresponds to low magnetic field strengths and high
effective luminosities (and thus high densities in the emission region). In this portion of
the plane, bremsstrahlung cooling dominates cyclotron cooling in the hot, post-shock
emission region, and the character of the X-ray emission is essentially the same as that
of a nonmagnetic degenerate dwarf. As one increases B or lowers L/f, moving toward
the lower right in Figure 16, cyclotron cooling becomes more important until eventually
it dominates (Masters et al. 1977). The solid line shows the location at which this
occurs, as determined from detailed numerical calculations equating tcye and ty,, the
cyclotron and bremsstrahlung cooling time scales. This line is approximately given by

8 =6x10° (L™ /10% ergs s)2/> gauss. 6)

To the lower right of this solid line, the magnetic field qualitatively alters the character
of the X-ray emission.

b) Magnetic Stars

Fabian, Pringle, and Rees (1976), wmasters et al. (1977), and King and Lasota (1979)
have discussed the qualitative features of X-ray emission by magnetic degenerate
dwarfs. Lamb and Masters (1979; see also Masters 1978) carried out detailed numerical
calculations of high hamonic cyclotron emission from a hot plasma, and from them
developed a self-consistent, quantitative model of the X-ray and UV emission. Wada et
al. (1981) have carried out a few calculations for the regime im which bremsstrahlung,
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Fig. 17--X-ray and UV spectra produced by accretion onto a 1 M star at two different
accretion rates. The spectrum with L/f = 1037 ergs s~V is in the bremsstrahlung dominated
regime, while the spectrum with L/f = 1033 ergs s~V is in the cyclotron dominated regime
(from Lamb and Masters 1979).



not cyclotron emission, dominates (see Figure 16).
i) Spectra

Tl ~ X and UV spectrum produced by accretion onto magnetic dege:.erate dwarfs
generally has four components: 1) a blackbody-limited UV cyclotron component
produced by the hot emission region, 2) a hard X-ray bremsstrahlung component also
produced by the hot emission region, 3) a hard UV or soft X-ray blackbody cc:nponent
produced by cyciotron and bremsstrahlung photons that are absorbed by the stellar
surface and re-emitted, and 4) secondary radiation from infalling matter above the
shock or, possibly, from the stellar surtace around the emission region. The first three
components are clearly visible in Figure 17, which shows spectra produced by the hot,
post-shock emission region alone. Since the secondary radiation is not included, the
spectra do not accurately represent the observed spectrum below 5 eV. Figure 17
shows the X and UV spectra produced by accretion at two different rates,
corresponding to L/f = 1035 and 1037 erg s~1, onto a 1.0 M@ star having a magnetic
field of 2 x 107 gauss.

The spectra dlustrated in Figure 17 show two important features. First, strongly
magnetic degenerate dwarfs should be intense UV sources with only a few percent of
the total accretion luminosity ordinarily appearing as optical or soft and hard X-rays,
and therefore easily accessible. Second, the position and relative strength of the
spectral components change with variations in the accretion rate. For example, the
change in accretion rate shown in Figure 17 moves the blackbody component from the
UV into the soft X-ray region, and the luminosity of the bremsstrahlung hard X-ray
cuomponent increases by nearly 4 orders of magnitude while the total accretion
luminosity increases only by 2.

ii) Correlation between spectral temperature and luminosity

Variations in the shape and the strength of the spectral components are a function
of both mass accretion rate and magnetic field strength. They can be conveniently
displayed by p!.c*ing contours on a (B,L/f)-plane. Sets of such contours are shown in
Figures 18 2 d 19 for a 1.0 Mg star. Bremsstrahlung and cyclotron emission dominate in
the same regions as in Figure 16. In Figure 18, contours of constant shock standoff
distance d = SR/R are shown as thick solid lines. The thin solid lines in the
bremsstrahlung-dominated region show contours of constant q = Lcyc/Lpy, While those
in the cyclotron-dominated region show contours of constant Te, the temperature of the
bremsstrahlung hard X-ray component. In Figure 19, contours of constant E®, the peak
of the blackbody-limited cyclotron component, are shown as thick solid lines while
contours of constant Ty, the temperature of the blackbody component, are shown as
dashed lines. The thin solid lines have their same meaning as in Figure 18. To the
upper right of the curve labelled *soft excess" in Figure 19, the blackbody luminosity in
soft X-rays exceeds the bremsstrahlung luminosity in hard X-rays.

Near and above L/f = Lg = 1.4 x 1038 erg 5’1, radiation pressure can be important
and modify the results, but because photons can easily scatter out of the accretion
column if f << 1, the Eddington luminosity does not represent the stringent upper limit
to the luminosity that it does in the case of nonmagnetic degenerate dwarfs. Below
and to the left of the curve E* = 2 eV in Figure 19, the assumption d < R breaks down,
as can be seen from Figure 18.

If the geometry of the hot, post-shock emission region is such that most of the flux
escapes through the face rather than through the edges of the emission region (i.e., d
<< ¢/ (2f)R), then Compton degradation of the bremsstrahlung hard X-ray component will
occur if L/f exceeus v1037 erg s=1. Such degradation is identical to that encountered
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in nonmagnetic degenerate dwarfs, and will be discussed below.

Figure 19 illustrates a third importan feature of X-ray emission irom magnetic
degenerate dwarfs: observations of the qualitativr features of the X and UV spectrum
can c=temine fairly accurately the physical conditions in the emission region, including
the value of the n:apnetic field.

c¢) Nonmagnetic Stars

Studies of X-ray emission from accreting nonmagnetic degenerate dwarfs include
those by Hoshi (1973), Aizu (1973), Hayakawa (1973), DeGregoria (1974), Hayakawa
and Hoshi (1976), Fabian, Pringle, and Rees (1976), Katz (1977), and Kylafis and Lamb
(1979, 1982a,b). These calculations are applicable, even if a magnetic field is present,
as long as the accretion flow is approximately radial and bremsstrahlung cooling
dominates cyclotron cooling in the X-ray emission region (recall Figure 16). Thus they
are relevant to the AM Her stars, such as AM Her itself, which has a magnetic fieid B «
2 x 107 gauss (Lamb and Masters 1979; Schmidt, Stockman, and Margon 1981; Latham,
Liebert, and Steiner 1931), and VV Pup, which has a magnetic field B » 3 x 107 gauss
(Visvanathan and Wickramasinghe 1979; Stockman, Liebert, and Bond 1979), as well as
to the DQ Her stars.

i) Spectra

The X and UV spectrum produced by accretion onto normagnetic degenerate dwarfs
generally has three components: 1) a hard X-ray bremsstrahlung component produced
by the hot, post-shock emission region, 2) a soft X-ray blackbody component produced
by bremsstrahlung photons that are absorbed by the stellar surface and re-emitied, and
3) secondary radiation produced by Compton heating of infalling matter above the
shock.

These components are clearly visible in Figure 20, which shows six spectra that
span the entire range of accretion rates. Figure 21 shows for comparison three similar
spectra when nuclear burning occurs at the accretion rate (see below). At low
accretion rates, Tes < 1 and the observed hard X-ray spectrum is essentially the same
as that produced in the emission region. As the accretion rate is increased, Tgq
exceeds unity and Compton scattering begins to degrade the spectrum (lllarionov and
Sunyaev 1972). The blackbudy component then contains a contribution from
bremsstrahlung photons which are backscattered by the accreting matter and absorbed
by the stellar surface. The secondary radiation, which arises from accreting matter
heated by the Compton scattering of the bremsstrahlung photons, is important only
when degradation of the bremsstrahlung is substantial. As the accretion rate is
increased further, this degradation becomes more severe. Finally, due to the combined
effects of degradation and weakening of the shock by radiation pressure, the
bremsstrahlung component disappears aitogether, The star then ceases to be a hard
(i.e., Tohs > 2 keV) X-ray source.

Figure 20 illustrates two important features of X-ray emission from nonmagnetic
degenerate dwarfs. First, an intense blackbody soft X-ray component is always
present. Second, at high accretion rates Compton degradation leads to low spectral
temperatures even for high mass stars.

ii) Correlation bet ween spectral temperature and luminosity
The resulting correlation between Ty and Ly, is shown in Figure 22 for stars of

mass M = 0.2-1.2 Mg, Note that the accretion rate increases as one moves from upper
left to lower right along the curves. For sources found in the lower right of the figure,
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Fig. 20--X and UV spectra produced by accretion onto a 1 Mg star for six different
accretion rates (from Kylafis and Lamb 1982a). The dashed line shows the changing cutoff
due to Compton degradation.

Fig. 21--Comparison of X and UV spectra produced by accretion onto a 1 Mg star with
nuclear burning at the accretion rate (solid curves) and without nuclear burning (dashed
curves) (from Weast et al. 1982).
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an increase in T .. and Ly, therefore corresponds to a decrease in the accretion rate:
tohs and Ly, increase since the smaller accretion rate lessens Compton degradation of
the hard X-ray spectrum.

Figure 22 illustrates the dramatic variation in the spectral temperature at high
accretion rates and the pronounced correlation between X-ray spectral temperature and
luminosity.

d) Effects of Nuclear Buming

The energy liberated by nuclear buming of matter accreting onto degenerate
dwarfs can be more than an order of magnitude greater than that available from the
release of gravitational energy. If buming occurs quiescently, the resulting energy is
transported to the stellar surface and produces an intense blackbody soft X-ray flux.
Steady nuclear buining has therefore recently received a great deal of attention as a
possible explanation of the intense blackbody soft X-ray components inferred in the AM
Her stars (Raymond et al. 1979, Patterson et al. 1982) and in other cataclysmic
variables, such as SS Cyg and U Gem, during outburst (Fabbiano et al. 1981).

i) Conditions for steady nuclear buming

Unfortunately, the conditions under which steady nuclear buming can occur are
poorly understood. Detailed spherically symmetric calculations by Paczynski and
Zytokow (1978). Sion, Acierno, and Tumshek (1978), and Sion, Acierno, and Tomczyk
(1979) show that if the degenerate dwarf is initially cold and the accretion rate is not
too high, the accreting matter becomes highly degenerate before it ignites. Electron
conduction then rapidly transports energy away into the core, and it must be heated
before ingition can occur. If the degenerate dwarf is hot, or if the accretion rate is
high, the hydrogen in the accreting matter soon ignites due to compressional heating.
In either case, eventually a violemt nuclear outburst ensues. Such outbursts are
believed to account for m ae (cf. Starcfield, Sparks, and Truran 1974).

The outbursts are separated by quiescent periods, in which nuclear buming occurs
steadily at ondy a small fraction of the accretion rate. The quiescent periods are
shorter for higher accretion rates and can last from + 20 years or less (Sion et al. 1979)
tn > 107 years (Paczynski and Zytkow 1978). For a narrov' range of higher accretion
rates, steady nuclear burning is possible at the rate of accretion (e. g. 1.0 - 2.7 x 10~7
Mgyr-? for a 0.8 Mg star; Paczynski and Zytkow 1978). Still higher accretion rates
lead to envelope expansion and the formation of a red giant with a degenerate core.

Depletion of CNO nuclei in the accreting matter and the burning r2gion by dif fusion
can lead to buming via the p-p chain rather than via the more tenperature sensitive
CNO-cycle (Starrfield, Truran, and Sparks 1981), and stabilize the burning at higher
accretion rates. However, theoretical investigations show that such rapid depletion is
unlikely (Fujimoto and Truran 1981; Papaloizou, Pringle, and MacDonzld 1982).

Effects due to non-spherical geometries also warrant investigation. For example,
in the AM Her and DQ Her stars a strong magnetic field channels the accreting matter
onto the magnetic poles. If the matter is confined and burns over only a small fraction
of the stellar surface, the burning might be stabilized by the rapid transpc  of energy
horizontally.

it) Effects on £X-ra, emission
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The effects of nuclear burning on X-ray emission by nonmagnetic degenerate
dwarfs have been investigated in detail by Imamura et al. (1979, 1982) and Weast et
al. (1979, 1982). The accreting matter does not burn in the hot X-ray emission region,
but may do so deeper in the envelope of the star. The energy thus liberated is
transported to the stetlar surface and enhances the blackbody flux in soft X-rays. This
ilux of soft X-rav photons cools the X-ray emission region by inverse Compton
scattering. As a result, the hard X-ray luminosity s often an order of magnitude less
than it would be in the absence of nuclear burning, the hard X-ray spectrum is softer,
and the soft X~ray luminosity can be 100 times the hard X-ray luminosity. Figure 21
compares the X-ray spectra of a 1 Mg star in which nuclear burning occurs at the
accretion rate to the spectra in the absence of bumning. The three spectra shown span
the entire range of accretion rates. Figure 23 shows the correlation between T, and
Ly, when nuclear buming occurs at the accretion rate for stars of mass 0.2 - 1.2 Mg,
These cuives should be compared with those in Figure 22, which assumes no nuclear
buming.

The effects of nuclear burning on X-ray emission by magnetic degenerate dwarfs
are not expected to be as dramatic. As long as cooling by cyclotron emission dominates
cooling by inverse Compton scattering of the blackbody photons, the cyclotron UV and
bremsstrahlung hard X-ray lummosities will be little changed. The spectral
temperatures of these components will also be little affected. The blackbody soft X-
ray luminosity will, however, be much larger.

IV. LINE SPECTRA

a) lonization Structure

The circumstellar ionization structure of degenerate dwarf X-ray sources has been
calculated analytically by Hayakawa (1973) and more recently bv Kylafis and Lamb
(1982b). These calculations assume spherical symmetry, and assume that the optical
depth to absorption is small. The degenerate dwarf X-ray sources detected so far have
low luminosities and low accretion rates. Therefore, the analytical calculations are
valid, provided that the accretion flow is approximately radial.

The calculations by Kylafis and Lamb (1982b) show that the blackbody soft X-ray
flux ionizes 1, He, and C out to distances large compared with a typical binary
separation. Furthermore, for high mass stars and low accretion rates, the
bremsstrahlung hard X-ray flux ionizes heavy elements ot to considerable distances.
These features are illustrated in Figures 24 and 25, which show iz, the radius at which
the element with charge I is half ionized and half neutral, as a function of mass
accretion rate for a 1.2 Mg star. Figure 24 shows the effect of the blackbody soft X-
ray flux, while Figure 25 shows the effect of the bremsstrahlung hard X-ray flux. In
both figures, the solid lines correspond to no nuclear burning and the dashed lines to
nuclear burning at the accretion rate.

The absorption optical depth t*; at the ionization edges of heavy elements
remains small until the accretion rate exceeds about 3 x 1073 Mg but thereafter
increases rapidly, as shown in Figure 26, Compton scattering and the resulting
degradation of the hard X-ray spectrum occurs primarily close to the star, while most
of the absorption oc.urs relatively far from the star, as illustrated in Figure 27. Thus
the amount of Compton degradation is less sensitive, and the amount of absorption more
sensitive, to the distribution of accreting matter.

b) Absorption Features



Figure 28 shows the emergent hacd X-ray spectrum from a 1.2 Mg star for four
different accretion rates as calculated analytically bv Kylafis and Lamb (1982b), taking
absorption into account. Ross and Fabian (1981) have carried out detailed numerical
calculations of the emergent spectrum from a 1.0 Mg star for three different accretion
rates. The latter calculations treat the atomic physics carefully and are valid even for
large absorption optical depths. The results are shown in Figures 29-31. Note both the
absorption K-edges due to O Vill (0.87 keV), Si XIV (2.7 keV), and Fe XXI-XXVIi (8.2 -
9.3 keV), and the emission lines, broadened by Compton scattering, due to the Ka lines
of O VI (0.65 keV), Si XIV (2.0 keV), and Fe XXV (6.7 keV).

c) Emission Lines

The temperatures in the X-ray emission regions of degenerate dwa.f X-ray sources
are high enough (> 10 keV) to produce thermal emission lines, including those of Fe at «»
7 keV, with significant equivalent widths. Emission lines can also be produced by
fluorescence in the accreting matter above the X-ray emission region, as seen in Figures
29-31. Fluorescent emission lines may also be produced by X-rays striking the stellar
surface surrounding the emission region, the disk, and even the companion star.

The emission lines may be broadened by 1) thermal Doppler broadening, 2) Compton
scattering, and 3) Doppler broadening due to bulk streaming velocities. Thermal
Doppler broadening produces a relative line width,

Av/v v (2kT/me cz)‘/z.

(7)
The resulting width is «» 0.5 keV for the » 7 keV Fe lines if they are formed in an X-ray

emission region with temperature Te + 10 keV. Compton scattering produces a relative
line width

hv

Av/v v t2 « 0.1 ‘I’z (hv /7 keV). (8)

Me C2

Thus the «» 7 keV Fe emission lines will be relatively broad even if the electron
scattering optical depth through accreting matter is only modest. Doppler broadening
due to bulk motion produces a relative line width

2 v

Av/vev/eer2x 10 fo(R)' (9)

where in the last step we have scaled from the freefall velocity at the surface of a 1
Mg star. Doppler broadening due to bulk motion is therefore generally less than
thermal Doppler broadening and Compton scattering. These iesu'ts imply that the X-
ray emission lines produced by degenerate dwarfs are relatively broad. However, as
noted above, emission lines can be produced by recombination and fluorescence in
accreting matter far from the star. In this case, the temperatures may be low, and the
electron scattering optical depth small. If so, narrow emission lines can be produced.

V. ISSUES
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Fig. 24--Circumstellar ionization structure as a function of accretion rate produced by the
blackbody soft X-ray flux of a 1.2 Mg star (from Kylafis and Lamb 1982b). The quantity |z,
the radius at which the element with charge Z is half ionized, is shown assuming no nuclear
burning (solid lines) and nuclear burning at the accretion rate (dashed lines).

Fig. 25--Circumstellar ionization structure as a function of accretion rate produced by the
bremsstrahlung hard X-ray flux of a 1.2 Mg star (from Kylafis and Lamb 1982b). The
curves have the same meaning as in Fig. 24.
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Fig. 26--Optical depth 17 at the absorption edge of a given element as a function of
accretion rate for a 1.2 Mg star without nuclear burning (from Kylafis and Lamb 1982b).

Fig. 27--Fractional electron scattering and absorption optical depths reached at a given
radius for a 1 Mg star accreting at a rate 0.1 Mg (from Kylafis and Lamb 1982b). Note
that the electron scattering optical depth increases rapidly near the star, while the
absorption optical depths remain small until larger radii.
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Fig. 28--Bremsstrahlung hard X-ray spectra produced by accretion onto a 1.2 Mg star at 4
different accretion rates, taking into account the effects of absorption analytically (from
Kylafis and Lamb 1982b).

Fig. 29--X and UV spectrum produced by a 1 Mg star at an accretion rate 0.045 Mg (1 = 3)

taking into account the effects of photoabsorption through detailed numerical calculations
{from Ross and Fabian 1980).
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Fig. 30--Same as Fig. 29 for an accretion rate 0.09 Mg (1 = 6) (from Ross and Fabian
1980).

Fig. 31--Same as Fig. 29 for an accretion rate 0.15 Mg (t = 10) (from Ross and Fabian
1980).



Among the important unresolved issues concerning degenerate dwarf X-ray sources
are the following.

a) Magnetic Fields

Do only a few degenerate dwarfs have magnetic fields, and are the AM Her and DQ
Her stars the only cataclysmic variables with magnetic fields? Or are magnetic fields
endemic in degenerate dwarfs, and therefore in cataclysmic variables? |If so, what are

the field strengths? Are they large enough to affect the disk and the accretion flow
near the stellar surfacel

b) Origin of Hard X Rays

What is the origin of the hard X-rays emitted by cataclysmic variables? Are they
produced by optically thin emission in the boundary layer between the disk and the
star? If so, are the required high temperatures achieved by strong shocks, turbulence,
or some other mechanism? Alternatively, are magnetic fields present in these sources
sufficient to disrupt the disk near the star, producing quasi-radial inflow and a strong
shock?

c) Origin of Soft X Rays

What is the origin of the intense blackbody soft X-ray emission inferred in the AM
Her stars? How can it be so large compared to the optical and hard X-ray emission? Is
its origin the same as the soft X-ray emission seen in SS Cyg and U Gem at outburst, or
is it different?

d) Nuclear Burning

Under what conditions is steady nuclear burning possible? If it is generally not
possible, as many calculations suggest, why are outbursts not more evident? Can <teady
burning occur more easily in non-spherical situations, as in the AM Her stars? If so,
could it account for the intense blackbody soft X-ray emission in these stars? Could it
account for the blackbody soft X-ray emission seen in cataclysmic variables like 5SS Cyg
and U Gem!?

e) Long Period Pulsing Sources

What is the nature of the long period pulsing sources? Are they actually
degenerate dwarfs, or are they neutron stars?! Why are they rotating so slowly; that is,
why have they not been spun up more by their accretion torque? Does their rotation
rate increase and then decrease with time, like the previously known pulsing neutron
star X-ray sources with long periods?

f) Cyclotron-Dominated Sources

Although the AM Her stars are strongly magnetic, bremsstralung, not cyclotron
emission, is the dominant cooling mechanism in the X-ray emission region (because the
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accretion flow is channeled onto such a small fraction f » 10-3 of the stellar surface
that the density in the emission region is very high). Where are the sources in which
cyclotron cooling dominates? Will they be found by a UV or extreme UV survey?

g) High Luminosity Sources

To date no high luminosity (L « 1036 - 1038 ergs s=1) X-ray source has been
unequivocally identified with a degenerate dwarf, and the future does not look
promising. Are there no high luminosity degenerate dwarf X-ray sources? If not, why
not?

From these brief remarks, it should be evident that we have only begun to explore
the nature of degenerate X-ray sources. We must rely on future X-ray astronomy
missions to provide the data needed to understand them. In the following section, we
outline the kind of instruments that would best advance our knowledge.

Vi. OBSERVATIONAL NEEDS

a) High Throughput

Because degenerate dwarf X~-ray sources are faint, the most important attribute of
any instrument designed to study them effectively is high throughput. This requirement
implies that the instrument should have a large area and a low background rate. A low
background rate implies, almost inevitably, the necessity of a focusing instrument. A
focusing instrument is also desirable from the standpoint of source confusion, which
could be a problem at lower energies. o>

b) Pointing Capability and Flexibility

A central characteristic of degenerate dwarf X-ray sources, like other compact X-
ray sources, is their time variability. They show quasi-periodicities on time scales
ranging from several seconds to a thousand seconds, pulsing due to rotation periods
ranging from 33 to as much as 4000 seconds, flaring behavior, variability correlated
with the binary period, and, of course, the outbursts from which the cataclysmic
variables derive their name. Pointing capability is essential for any instrument which is
to study them successfully, and flexibility {(so that one can move onto the source when
it goes into outburst, for example) is desirable.

¢) Hard and Soft X-Ray Spectral Sensitivity

As we have seen, many, and perhaps all, degenerate dwarf X-ray sources have two
distinct components, one with T, > 10 keV and another with Ty}, < 100 eV. As a result,
a soft X-7ay capability is important and should extend down to at least 0.1 - 0,25 keV.
Conversely, a number of sources have hard X-ray spectra with temperatures as high as
30 keV (e.g., AM Her). Therefore a hard X-ray capability extending up to at least » 35



«eV, and possibly beyond, would be highly desirable.
d) Broad-Band Spectral Measurements

Correlations between the shapes and intensities of both the hard and soft X-ray
components have been seen, for example, as a source declines from outburst. Althougn
many of these ~orrelations are not yet understood, theoretical work indicates that they
are potentially a powerful source of information about the physical conditions in the X-
ray emission region, such as temperature, density, magnetic field strength, and mass
accretion rate. Therefore broad band spectral measurements have been, and will
continue to be, very useful.

e) Moderate Spectral Resclution

Further studies of the iron emission lines in these sources may yield information
about the X-ray emission region, the accretion flow, and the geometry of the binary
system. Other emission lines, if present, could provide similar information. All of them
may be broadened, either themally or by Compton scattering. Studies of such emission
lines require instruments with moderate (AX /) v 10 - 50) spectral resolution.

Table 5 summarizes the coservational needs we have discussed above.

n
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TABLE 5

FUTURE OBSERVATIONAL NEEDS

SOURCE FEATURE

INSTRUMENTAL REQUIREMENT
Faint *» Large area
+ Low background
+ Small field of view
Variable

* Pointing essential

* Flexibility desirable

Distinct soft X-ray and ¢ Soft X-ray capability important
hard X-ray components

+ Hard X-ray capability, extending
up to ~40 keV desirakl

[>

Continuum spectral shape e Low spectral resolution
correlated with luminosity

Iron emission line seen,

+ Moderate spectral resolution
broad absorption lines expected
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F. K. Lamb

Departments of Physics and Astronomy
University of Illinnis at Urbana—-Champaign

ABSTRACT

Some importan* but as yet unresolved issues involving ncutron star
binaries, pulsars, and burst sources are described. Attention is drawn to the
types of observations most likely to tesolve them. Many of these observations
are likely to be carried out during the next decade by one or more missions
that have been approved or proposed. Missing so far is an opportunity to
carry out sensitive flux weasurements with an imaging detector and broad-band
spectroscopic stud.es in the energy range 30-150 keV. There 18 also a need
for soft X-ray and X-ray observations with an instrument which has arcminute
angular resolution and an effective area substantially greater than that of
ROSAT or EXOSAT.

I. INTRODUCTION

Many iatceresting and important questions about neutron star binaries,
pulsars, and burst sources are still unanswered. As examples, twenty suach
questions are discussed in §II, together with the types of observations most
likely to resolve them. Altuough plausible interpretations have been proposed
for almost all interesting observations, and in many cases widely accepted,
these interpretations are often based on verv fragile evidence. Thus, our
apparent understanding of such observations could be reversed very easily.
Some of the questions consldered are of this type. Key observations suggest=d
by these questions are compared with the opportunities offered by approved and
proposed missions in §III.

In di. ussing each question, I have referred to several of the most
recent papers as well as one or two recent review articles. Where an
appropriate review article is unavailable or unknown to me, I have provided
more extensive references. Photons in the energy ranges 0.1-10, 2~60, and 30-
150 keV are referred to as soft X-rays, X-rays, and hard X-rays,
respectivelv. Spectroscopic studies are -ategorized as low-resolution
(E/AE < 10), moderate-resolut.sn (E/AF ~ 10-100), or high-resolution
(E/AE > 100).

1Supported in part by NSF grant PHY 80-25605 and NASA grant NSG 7653.
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II. CURRENT ISSUES

a) Pulsing X-ray S.urces

1. Are these sources disk-fed or wind-fed? -- By this I mean, does the
neutron star accrete matter from a disk or from a more radial fiww? 1In
considering this question, oae should not assume that a neutroa star with a
companion that is losing mass via a wind is necessarily wind-fed, since such a
companion may transfer matter to the neutron star with sufficient angular
momentum to form a disk. Furthermore, the initial phase of critical-lobe
overflow of ma-sive stars, which usually also have winds, is adequate to power
the binary X-ray sources with orbital periods less than five days without
smothering ther, znd leads to reasonable X-ray source lifetimes on the order
of 10% - 106 yr (Paczyﬁski 1976; Savonije 1978, 1979). The currently
avallsble evidence suggests that most pulsing X-ray sources are ted by
accretion disks, although this conclusion is not yet secure (see Ghosh and
Lamb 1979; Elsner, Ghosh, and Lamb 1980).

An answer to this question is important for understanding the mass
transfer process in binaries, reprocessing of X-radiation within the accretion
flow, the gross structure of the magnetosphere, and the beh--for of the pulse
frequency with time.

The types of observations most likely to furnish information that will
help to provide the answer are high-resolution ultraviolet and soft X-ray
spectroscopy, and X-ray timing studies. Ultraviolet and soft X-ray
spectroscopy could sample the accretion flow at and outside the magnetospheric
boundary, while timing studies could measure the specific angular momentum of
the inflowing plasma. As an example of what may be possible with timing
studies, Figure 1 shows the relationship between the pulse period, period
derivative, and accretion luminosity predicted by the most detailed current
theory of disk accr:tion. A sequence of weasurements of these quantities
which traced out a curve like those shown would confirm that the source in
question was digk-fed and also determine its magnetic moment.

2. How do some sources reach long periods and why do such periods
persist? -- The mecha:isms by which the long-period pulsing X-ray sources were
spun down initially is notL yet clear, although several possibilities have been
proposed (see Davies, Fabian, and Fringle 1979; Ghosh and Lamb 1979: Elsner,
Ghosh, and Lamb 1980; and references therein). Long periods are wost likely
the result of alternating episodas of spin-up and spin-down. Further support
for this hypothesis has recently been provided by the Hakucho observations of
Vela X-1 shown in Figure 2, which reveal alternating episodes of spin-up and
spin-down. In disk-fed sources, such behavior finds a natural explanation in
the magnetic braking that occurs when the accretion rate falis (Shosh and Lamd
1979; Elsner, Ghosh, and Lamb 1980). In wind-fed sources, such behavior might
be explained by reversals in the circulation of the matter accreted by the
neutron star.

Despite the profoundly different implications of these two explanations,
it has so far not been possible to vnambiguously identify the cause of
alternating intervals of spin-up and spin-down in any long-period source.
Thus, for excmple, the episodes seen in Vela X-1 may be due to accretion by
the neutron star of vortices in the wind from its compaaion, but they are alsc
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consistent with spin-up and spin-down due to accretion from a disk, assuming

variations in the mass accretion rate of a few percent; such small variations
in the accretion rate are not incoansistent with the constraints on X-ray flux
variations reported to date.

Answers to these two questions are important for understanding the rate
of formation of neutron star binaries, the typical lifetimes of X-ray
binaries, and the properties of pulsars formed from massive X-ray binaries.

Among the more promising observations with which to explore these
questions are X-ray timing of the low states of the long period sources and
long-term monitoring of their luminosity behavior by, for example, a sky
monitoring experizent. In connection with the latter, it 1is worth noting that
the behavior on time scales longer than one or two months is known only for a
handful of sources. As an example of what Is expected, Figure 3 shows the
different relationship between the luminosity and pulse frequency predicted
for disk-fed sources which have small lum‘0sity variations, like those
reported in Her X-1, and sources which ex.ibit shor . intense flares, like
those reported i{n A0535+26.

3. What are the causes of pulse period fluctuations? -- The reasons for
the pulse period fluctuations observed in Her X-1, Cen X-3, Vela X-1 aad other
sources could be due to fluctuations in the accretion torque acting on the
crust, episodic unpinning of vortices in the neutron superfluid thought to
interpenetrate the inner crust, repeated fracturing of the crust, or
stochastic spin-up of the neutron superfluid expected in the core of the star
(Lamb, Pines, and Shaham 1978; for a review, see Lamb 1979). At present it is
not even krown whether the observed period fluctuations are produced by
processes outside or inside these stars.

Ansvers to this question could provide important information about
fluctuations in the accretion flow or, alternatively, about the internal
dynamics of neutron stars.

The most promising observational approach here is to look for
correlations between the X-ray luminosity and the spin-up rate, since
fluctuations in the accretion luainosity may accompany fluctuations in the
accretion torque, whereas short-term fluctuations in the luminosity are not
expected as a result of internal processes.

4. What are the respective roles of magnetospheric and surface plasmas in
forming pulse shapes and spectra? -- There is some evidence that both play a
role. Thus, for example, the complex waveforss seen in A0535+26 and Vela X-1
(sce Fig. 4) have been interpreted as the r=sult of cyclotron scatteriang by
strezms of accreting plasma above the stellstr surface (Elsner and Lamb 1976),
while spectral features reported in Her X-1 (see Fig. 5), 4UO115+63 (Wheaton
et al. '379), and 4U1626-67 (Pravdo et al. 1979) have been interpreted as the
reault «i cvclotron scattering or emission (for reviews, see Lamb 1977;

Sta.® »* «¢t al. 1981; and Trumper 1982).

Theoretical work has so far focussed primarily on the role of plasma at
the stellar surface (see, for example, Fig. 6 and Nagel 198la,b; for a review,
s2e Meszuros 1982), but plasma above the surface is alsc expected to play an
fmportant rs.> (Lamb 1977), as is plasma near the magnetospheric boundary



(McCray and Lamb 1976; Basko and Sunyaev 1976; McCray et al. 1982).

Angwers to this question are important for understanding the patterans of
plasma flow within the magnetosphere, the characteristic flow velocities
within the magnetosphere, magnetic field geometries, and the physical
conditions in the emission regions. This is an extremely difficult
theoretical problem, so observational guidance is especially important.

A key discriminant between magnetospheric and surface plasma is the time
scale of fluctuations in the pulse waveform or spectral features. The
dynamical time scale for plasma near the magnetospheric boundary is expected
to be ~ 0.1 - 1 8, and anisotroptes in the emission pattern or spectral
features caused by plasma there are expected to show fluctuations on a similar
rime scale. 1In contrast, the dynamical time scale near the stellar surface is
~ 0.1 - 1 ms, and angular and spectral features produced by this plasma are
expected to show fluctuations on this time scalc. The magnetospheric plasma
can probably be studied best by moderate resolution soft X-ray spectroscopy
and high-resolution spectroscopy at the 7 keV fron lines, whereas the surface
plaswa can probably be studied best by phase-resolved spectroscopy at X-ray
and hard X-ray energies.

5. What are the surface magnetic fields and dipole moments of these

nentron stars? -~ Theoretical {;?crpretation of the obgerved sgin—up rates,
assuming disk accretion, yields dipole moments in the range 10 9 -

1031 G cm3, although the actual value for any given source is uncertain (Ghosh
and Lamb 1979). Estimates based on reported spectral features give field
strengths ~ 4-6 x 1012 G in Her X-1 and ~ 2-3 x 1012 G in 4U0115+63, while the
variations of pulse shape with energy in A0535+26 and Vela X-1 have been
interpreted as the result of cyclotron scattering by plasma streams channeled
by small-scale wagnetic loops of streangth ~ 1-2 x 1012 G ar distances

~ 105-100 cm above the stellar surfa