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ABSTRACT 
X-ray polarimetry is a prime tool for investigating the physics of compact objects, which has not been ade- 

quately exploited thus far. However, current low-cost technology and modest launch requirements could 
provide a large number of positive observations with a sensitivity factor at least 100 times greater than 10 
years ago. The amount of astrophysical information potentially to be gained from this is enormous. The intro- 
duction of polarimetric information (direction and degree) would bring a quantum jump in the parameter 
space used to investigate compact objects, from the current two (spectra and time variability) to four indepen- 
dent parameters that models need to satisfy. This should greatly improve our ability to discriminate between 
various possible models. Such observations could lead to an elucidation of the rotation-powered and 
accretion-powered pulsar radiation mechanisms, could help clinch the identification of black hole candidates, 
and could decide between thermal and nonthermal AGN radiation models, as well as pin down the geometry 
of the accretion flows in both galactic and extragalactic sources. 
Subject headings: instruments — polarization — radiation mechanisms — X-rays: general 

I. INTRODUCTION 

X-ray astronomy has lived through an extremely fruitful first 
stage of exciting discoveries, followed by a second stage of 
characterization studies of such diverse objects as AGNs, 
bursters, SNRs, pulsars, black hole candidates, and others. The 
next generation of major X-ray missions will also certainly 
reveal new types of sources, as well as vastly increase the 
number of detections. Meanwhile, major gaps remain in our 
understanding of the physics of many of the objects discovered 
so far. Theoretical modeling can go only part way toward 
resolving such major issues as what is the type of accretion disk 
around various sources, if it is a disk, or what is the geometry 
of the emission region of pulsars, whether fan or pencil, and 
whether we really have discovered black holes. The real proof 
or disproof of various models of these objects must be based on 
very specific observations, aimed at elucidating the nature of 
the physical mechanisms. Such studies have been made in the 
past, but very much remains to be done, and this need not 
await the launch of the major missions of the next decade. 
Many of these issues can be resolved with smaller missions 
which can be flown in the near future at modest cost. 

For the most part, the physical analysis of compact X-ray 
sources has dealt with the properties in a two-parameter space, 
consisting of spectral characteristics and time variabilities. As 
we know, this parameter space is restricted enough that it 
allows often two or three quite different models to explain the 

observations successfully. What we need is to increase the 
parameter space, in order to discriminate better between differ- 
ent models. Imaging, which might provide badly needed extra 
information, is very useful for extended sources, but unfor- 
tunately it is not suited for the study of compact objects. A 
doubling of the observational parameter space from the 
present two (frequency and time) to four, however, is definitely 
feasible. It is possible to add the two extra dimensions provid- 
ed by X-ray polarimetry, namely the direction and magnitude 
of polarization, to the previous two parameters. This would be 
currently, and for the near future, our most direct way of 
seeking a quantum leap in our understanding of the nature and 
structure of compact objects. With the launch of the major 
missions of the next decade, our understanding of the mecha- 
nism of operation of such high-energy sources as neutron stars 
and black holes could remain severely hampered if we lacked 
all information on the X-ray polarization. The inclusion of 
such capabilities in these missions is strongly desirable, as well 
as feasible. However, it is not necessary for the astrophysical 
community to wait for the launching of large missions to 
acquire this information; significant progress in this direction 
could also be achieved with current technology, and with avail- 
able, low-cost rocket launchers, as described in § V. 

The great importance of X-ray polarization measurements 
for astrophysics has been emphasized before (cf. Rees 1975). A 
number of theoretical calculations on various types of X-ray 
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sources (such as oblate scattering nebulae, accretion disks, 
SNRs, accreting pulsars, etc.; cf. Angel 1969, Gnedin and 
Sunyaev 1974; Lightman and Shapiro 1976; Pavlov and Shi- 
banov 1979; Connors, Piran, and Stark 1980, and others) have 
indicated that significant polarization can be expected in many 
sources, and that this would give valuable information on the 
structure of the emission region. To date only a few such obser- 
vations have been carried out. The most valuable result so far 
has been the detection of X-ray polarization (P = 19% at the 
18 o’ level) in a diffuse source, the Crab Nebula (Novick et al 
1972; Weisskopf et al 1976, 1978). Observations by the same 
group on compact sources with the polarimeter aboard OSO 8 
have yielded marginally significant detections in Cyg X-l (3% 
at 2.6 keV; Silver et al 1978), and weak upper limits for the 
mean polarization (averaged over all pulse and binary phases) 
for the rotation-powered pulsar in the Crab (19% at 2.6 keV), 
and for the accretion powered pulsars Her X-l (60%) and Cen 
X-3 (14%), Silver et al (1979). These upper limits are compat- 
ible with theoretical values, but the measurements were not 
sensitive enough to achieve a meaningful comparison with 
theory. With currently achievable values of the sensitivity, 
which are a factor 100 better than for the OSO 8 instrument 
(see § V) one should easily be able to measure the pulse phase 
dependence of the direction angle and polarization degree, 
which can be as high as 60%-70% (§ II). 

In this paper we emphasize the pivotal role that can be 
played by X-ray polarization in discriminating between 
various theoretical models of X-ray emitting neutron stars and 
black holes, both galactic and extragalactie. We present the 
results of detailed calculations of the phase dependence of the 
polarization properties of accreting pulsars (§ II) and of accre- 
tion disks around unmagnetized neutron stars and black holes 
(§ III), and discuss briefly some other sources where polariz- 
ation would be expected (e.g., AGNs, radio pulsars) in § IV. 
Some of the observational possibilities are treated in § V, 
where we discuss two possible (although by no means unique) 
types of instrument: a high-sensitivity, low-cost rocket- 
launched polarimeter system and a more powerful and versa- 
tile device, which may be flown on one of the larger platforms. 
Such instruments would have the ability to answer some of the 
key questions of contemporary high-energy astrophysics. 

II. POLARIZATION STRUCTURE OF ACCRETING X-RAY PULSARS 

In this section we calculate for simple accreting X-ray pulsar 
models the expected degree of polarization and the electric 
vector position angle as a function of the spin phase. We use 
the generic pencil beam and fan beam accretion column 
models considered by Mészáros and Nagel (1985h). In the 
former, the radiation escapes predominantly along the mag- 
netic axis, and in the latter, predominantly perpendicular to it. 
The geometrical configuration is depicted in Figure 1. Aside 
from orbital effects, the neutron star spin angular momentum 
is considered to be fixed in space, and the viewing angles ii and 
i2 represent, respectively, the inclination between the angular 
momentum ß and the wave vector k (or the observer), and the 
inclination between the angular momentum ß and the stellar 
magnetic field B. The plane of the sky is indicated by the axes u 
and v, so that the angle between ß and u is 7r/2 - iy The 
sky-projection of the angular momentum vector Q± coincides 
with M, and the projection of the magnetic vector B± makes an 
angle ß with the axis m, with positive angles measured counter- 
clockwise. 

a) Polarization Quantities 
The angle ß oscillates about u as a function of the spin phase 

0, according to 

— sin (i2) cos (27c<ft)  

-sin (i2) cos (ii) cos (27t</>) + cos (i2) sin (ijj ’ 

(1) 

where the minus sign in the numerator makes ß positive in the 
counterclockwise sense. The radiation has two normal polariz- 
ation modes, ordinary (here labeled 1) and extraordinary (here 
labeled 2). The polarization convention is that used by Més- 
záros and Nagel (1985a, b), in which at low frequencies (where 
vacuum effects become negligible) the ordinary polarization 
ellipsoid 1 has its major axis at an angle Xi (mostly close to 
zero) with respect to the sky-projected stellar magnetic field 
B±, and the major axis of the extraordinary ellipsoid makes an 
angle Xi with respect to B± (mostly close to 90°). At higher 
frequencies, if vacuum effects dominate, the character of 1 and 
2 are interchanged. This 1, 2 convention is opposite to the 
usual one, but it is kept here for consistency with previous 
calculations. With respect to the fixed direction of ß±, or the 
axis u, the major axes of the ellipsoids (which indicate the 
direction of the linear polarization for that mode) make angles 

Xi“ = ß + Xi ’ X2U = ß + X2, (2) 

in the plane of the sky. 
The angles Xj and the ellipticities of the normal modes are a 

function of the photon propagation angle 9 with respect to the 
stellar magnetic field B. Since the latter rotates in space, we 
have 

cos (0) = cos (ii) cos (i2) + sin (ij sin (i2) cos (27i</>). (3) 

The Stokes parameters of the observed radiation are related to 
the normal mode intensities 11 and 12 through 

0= ÍpQjIí’ (4) 
J=1 J=1 

u=Y.PvjIj’ v='LPviij, (5) 
i=l j=l 

cf. Gnedin and Pavlov (1974). The quantities pQj, pVj, and pVj 
depend on the ellipticities and polarization angles of the 
normal modes, being functions of the magnetic field stength, 
frequency, density, and propagation angle. In a pulsar mag- 
netic field, the strong birefringence causes the latter two Stokes 
parameters to average out to zero for a finite wave train, 
because the phase oscillates many times within the observation 
bandwidth as the radiation propagates outward; cf. Chanan, 
Novick, and Silver (1979). Thus, one expects only the linear 
polarization to survive, and this is given by the second of equa- 
tions (4). The amplitude of linear polarization is given by 

p Q = Ydzl PQill (6) 

and the angle x °f the observed linear polarization (the electric 
vector) is given by the position angle xj1 (cf- eQ- P]) of the 
normal intensity Ij which is dominant at that frequency and 
angle, as given by a detailed radiative transfer calculation. For 
the latter we use the results of Mészáros and Nagel (1985b). 
Thus, if one knows and I2 as a function of œ and 6, it is 
sufficient to calculate the quantities pQj and 
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z-à 

(a) 

Fig. 1.—(a) Sketch of the geometrical configuration in space. The spin angular momentum Q coincides with z, the photon propagation direction to the observer k 
lies in the x, z plane, at an angle il respect to Q, or z, and at an angle 6 respect to the stellar magnetic field B. The angle between B and ß, or z, is denoted i2, and B has 
a phase angle 2n(f) respect to the x axis, <t> being the usual phase. The plane of the sky perpendicular to k is obtained by rotating around y through -(n/2 - ij, and is 
denoted by the axes u, v. The projection of ß on the sky plane, ß±, coincides with u, while the sky projection of B,B± is at an angle ß respect to u. (b) The sky plane 
u, v, showing the position of B± and the orientation of the normal mode polarization ellipsoids. The ordinary mode 1, when vacuum effects are negligible, is close to 
parallel to B±, while the extraordinary 2 is close to perpendicular to it. When vacuum effects are important, the angles of 1 and 2 are interchanged. 

b) Hot Plasma Normal Modes with Dissipation 
In general, the normal mode structure is determined by the 

complex quantity a,-, cf. Gnedin and Pavlov (1974) and Bussard 
et al (mi), 

ctj = rj exp (2iXj). (7) 

This is related to the complex parameter b = q + ip = 
cotan (2i¡/) through 

0Cj= -b-1 ±(l+b~2)1/2 . (8) 

In the hot plasma limit with vacuum effects, b is given in Més- 
záros and Nagel (1985a) by 

sin2 9 T_ + TV -2TZ 

2 cos e T_ — T+ (9) 

where the T+, - ,z are components of the polarization tensor; cf. 
also Pavlov, Shibanov, and Yakovlev (1980), Kirk (1980), and 
Herold, Ruder, and Wunner (1981). For a general complex a,-, 
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the appropiate expressions for the pQj and Xj are 

cf. Gnedin and Pavlov (1974). In this case, the presence of the 
nonzero imaginary part implies also a departure from a strict 
orthogonality of the two normal mode ellipsoids, although 
over most frequencies and angles this effect is not large; cf. 
Soffel et a/. (1983). 

c) Model Calculations 

We have used the normal mode intensities Ij{co, 9) calculated 
by Mészáros and Nagel (1985h) for simple models of accreting 
polar caps or hot spots (which lie flush on the stellar surface 
around the magnetic poles and produce a pencil beam emis- 
sion pattern) and accreting columns (which are represented as 
cylinders sticking out of the stellar surface around the mag- 
netic poles, and give a fan beam pattern). These examples 
(models B and C in the reference above) are for a cyclotron 
energy a>c = 38 keV, Thomson optical depth tt = 20, and 
density p = 0.5 g cm-3. We have calculated the quantity otj of 
equation (7) using the same hot plasma mode routine that was 
used for the calculation of the intensities, and have derived the 
degree of linear polarization using equation (6). The direction 
of the net linear polarization electric vector x is given by either 

or X2U> cf- equation (2), depending on whether ^ or I2 
dominates at a particular frequency and direction, as given by 
the transfer calculation. 

In Figures 2 and 3 we have plotted the results for the hot 
spot/slab (pencil beam model) and for the column (fan beam 
model). The five divisions from left to right are values calcu- 
lated for different observers at various viewing angles 
which are indicated along the top of the picture. The top five 
panels show the normalized pulse flux amplitude, the middle 
five panels show the degree of linear polarization PL, and the 
bottom five panels show the net polarization angle The 
abscissa is the spin phase 0. 

Looking at Figures 2 and 3, the most striking fact is that 
very large degrees of linear polarization PL are obtained, 
reaching up to 80%. For both these pencil and fan beam 
models, the maximum PL values are near the resonance fre- 
quency (this is the sixth curve up from the bottom for each 
panel). In these models, this occurs because at high densities 
and large optical depths most photons are thermally produced, 
and the disparity between the opacities in the two modes leads 
to a preponderance of one polarization. The reversal of behav- 
ior in the degree of polarization between the lower frequencies 
(e.g., second from bottom) and intermediate (e.g., fifth from 
bottom) is that different polarization modes dominate the 
spectrum at low frequencies (where plasma modes dominate) 
and at intermediate frequencies below the cyclotron line (where 
vacuum modes are important; cf. Mészáros and Nagel (1985a). 
These calculations do not include the two-photon emission 
process (Bussard, Mészáros, and Alexander 1985). While this 
would change the spectral details for models less dense than 
those considered here, the qualitative polarization structure is 
expected to be similar, i.e., highly polarized. Other models, 
with varying density and optical depth, also lead to high 
polarizations; cf. Mészáros and Nagel (1985a). At least two 
effects may contribute to reduce the total observable polariz- 
ation. The first is propagation effects outside the emitting 

atmosphere, in a region of varying density and magnetic field 
strength. The importance of this effect has been considered by 
Gnedin, Pavlov, and Shibanov (1978h) and found to be small 
under most reasonable conditions. A second effect which tends 
to partially depolarize the observed flux is general relativistic 
light bending, which mixes rays from regions with different 
polarization characteristics, cf. Riffert and Mészáros (1988). 
For neutron star radii R>9 km, or over two Schwarzschild 
radii for 1.4 solar masses, this effect may be estimated to lead to 
a depolarization of less than 20%, or less than about 10% for 
R>13km. 

In comparing the pencil and fan models of Figures 2 and 3, 
one sees that phase measurements of the linear polarization 
would allow a decisive test to distinguish between the two: in 
pencil models the absolute value of PL (middle five panels) is 
generally minimum when the flux amplitude (top five panels) is 
maximum (at phase zero), whereas in fan models the absolute 
value of PL is maximum when the flux amplitude is also 
maximum (here shown as phase 0.5, although observationally 
one defines phase zero to be wherever the intensity is 
maximum). Physically, this is because the two normal opacities 
at frequencies less than the cyclotron frequency tend to be 
more dissimilar at propagation angles transverse to B (as in 
fans) and less dissimilar at propagation angles close to longitu- 
dinal respect to B (as in pencils); cf. Canuto, Lodenquai, and 
Ruderman (1972), Gnedin, Pavlov, and Shibanov (1978a, b\ 
Mészáros and Ventura (19778,1979). 

Looking now at the direction of the net electric vector x 
(bottom five panels), one sees that if a particular normal mode 
intensity dominates at all angles for a particular frequency, 
either Xiu or Xi** the curves are symmetrical with a change of 
sign around phase 0 and 0.5. The curves for Xiu and Xi* are 

mostly 90° apart. When at a particular frequency there is a 
change in dominance from one mode to the other at different 
angles, x jumps by 90° to the other normal mode curve, while 
the degree of linear polarization goes through zero at that 
phase. In the particular case where at some phase the line of 
sight points directly down the magnetic pole (as for the second 
panel from left, [h/y = [4V45])» one observes at some phases 
a discontinuity in the polarization angle of 180°. This is not 
due to a change in dominance from one mode to the other, but 
rather to a discontinuous jump of the position angle ß of the 
sky-projected stellar magnetic field vector B±. Such jumps 
would occur at intensity maxima for pencil beams, but at 
intensity minima for fan beams. The probability of looking 
straight down the pole, however, is estimated to be small in 
randomly selected objects. 

A measurement of the phase dependence of the direction of 
polarization would also allow to distinguish between pencil 
and fan beams. It is seen from Figures 2 and 3 that, aside from 
the discontinous jumps discussed above, in the pencil models 
(Fig. 2) the angle x g°es fr°m positive to negative at pulse 
maxima (phase 0. and 1.) and from negative to positive at pulse 
minima (phase 0.5). In fan models (Fig. 3) the situation is 
opposite, x going from negative to positive at pulse maxima, 
and from positive to negative at pulse minima. In addition, one 
sees also that during one cycle, the curves for x pass through 
zero twice, the rate of change being larger in one passage than 
in the other. For pencils, the fast change of x through zero 
occurs at pulse maxima, while for fans it occurs at pulse 
minima. This is related to the fact that pencil models tend to 
give narrower pulse widths than fan models (Nagel 1981 ; Més- 
záros and Nagel 198 5h). 
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Fig. 2—Pencil beam model, cyclotron energy a)c = 38 keV, T = 8 keV, p = 0.5 g cm-3 and xr = 20. The pulse amplitude (upper), degree of linear polarization 
(middle), and polarization angle (bottom) are shown for eight frequencies. From bottom to top these are 1.6, 3.8, 9.0, 18.4, 29.1, 38.4, 51,7, and 84.7 keV, respectively. 
The cyclotron resonance is the sixth curve up. The pulse amplitude is normalized to the angle-integrated flux. The linear polarization goes from +100% to —100%, 
and the polarization angle goes from +180° to -180° (±one tick mark from the base mark for each curve). The five panels from left to right correspond to five 
choices of the viewing angles ÍJÍ2, indicated along the top of the figure. 
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Fig. 3.—Fan beam model, same parameters and convention as in the previous Fig. 2 

III. ACCRETION DISK POLARIZATION 

The polarization expected from accretion disks has been 
discussed most recently by Phillips and Mészáros (1986), 
Sunyaev and Titarchuk (1985), and for the case of bursters by 
Lapidus and Sunyaev (1985). These papers also contain refer- 
ences to earlier work. The results of the above calculations 
show that the disk polarization is linear, with electric vector 
perpendicular to the symmetry axis of the disk for large scat- 

tering optical depths ( > few), and along the symmetry axis for 
small depths. The degree of polarization ranges from a 
maximum of +11.7% for large depths, to negative values in 
excess of —10% for low optical depths, where ( + , — ) corre- 
sponds to an electric vector (perpendicular, parallel) to the 
symmetry axis. This applies to the case of disks where scat- 
tering is the dominant opacity, and the photons are of thermal 
origin, in which case the polarization is almost independent of 
frequency, for temperatures less than about 50 keV. If there is a 
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predominant source of low-frequency photons, then the high- 
energy Comptonized tail can have a larger degree of polariz- 
ation. For disks around low magnetic field neutron stars, the 
boundary layer on the star contributes a significant fraction of 
unpolarized luminosity, and the expected degree of polariz- 
ation is of the order of 2%-5%, while for accretion disks 
around Schwarzschild black holes, there is no stellar contribu- 
tion and the larger values quoted above apply. 

We shall use here as an example the case of high-luminosity 
accretion disks around a relativistic object, where the opacity 
is dominated by scattering. The disk is assumed to be plane 
parallel, the photon sources are distributed uniformly through- 
out its volume, and we assume that the central object does not 
contribute to the X-ray luminosity. The intensity and polariz- 
ation as a function of angle are calculated with a Feautrier 
radiative transfer code described by Phillips and Mészáros 
(1986), and the results are shown in Figure 4. This gives the flux 
F(fi) = I(ii)n normalized to its value at the surface normal 

(ju = 1), and the degree of linear polarization PL (%), as a func- 
tion of the cosine of the angle respect to the disk normal, 
li = cos 9, the sign convention having been given above. The 
observed polarization and flux depend on both the optical 
depth (i.e., accretion rate), and the inclination angle at which 
the disk is observed. For a symmetry axis which is fixed in the 
sky oyer the duration of the observation (i.e., no disk 
precession), it suffices to know or estimate the optical depth t0 
and the angular momentum vector of the disk to determine /¿, 
and Figure 4 gives the degree and direction of polarization. 
One of the major contributions of X-ray polarimetry would be 
that it would allow one to investigate both the morphology of 
disk sources, aiding in the determination of the source orienta- 
tion, and the internal physics of accretion disks, by pinning 
down the vertical depth for a given luminosity, which gives an 
estimate of the viscosity, or the a parameter. 

Other systems where significant X-ray polarization is 
expected are galactic sources where the central source is 

Fig. 4—Accretion disk properties around an unmagnetized central object, with thermal sources uniformly distributed along its depth, (top portion) Flux 
F(v) = as a function of the cosine respect to the disk normal, p, normalized to the value at /x = 1, for the disk half-thickness t0 = 0.1, 0.2, 0.5,1., 2., 4., 10., 100., 
numbered 1 through 8. (bottom part): Degree of linear polarization PL(%), as a function of p, for the same thicknesses as the top part. 
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believed to be blanketed by an accretion disk corona, which is 
itself optically thick to electron scattering, e.g., 4U 1822-37, 
4U 2129 + 47 and Cyg X-3 (cf. Begelman and McKee 1983). In 
such models, the nearly sinusoidal modulation of the X-ray 
emission is due to the partial occultation of the corona by a 
bulge in the outer edge of the accretion disk, resulting from the 
interaction of the latter with the stream of incoming material 
from the companion star (White and Holt 1982). Another 
important application of polarimetry is its potential use as a 
tool for the discovery and investigation of precessing sources. 
Precessing X-ray disks have been considered in various con- 
texts (Katz 1973; Roberts 1974; Petterson 1975; Rees 1975). 
Also, long time scale observations of some globular cluster 
sources (NGC 6441 and NGC 6624) as well as some bulge 
sources (4U 1916 — 05) show periodicities in the 100-200 day 
ranges which may be due to the presence of third companions 
(Grindlay 1985; Priedhorsky and Terrell 1984). One would 
expect this phenomenon to be associated with a change of the 
disk inclination angle respect to the observer, which could be 
proved by polarimetric measurements. This method should be 
applicable to sources where the disk contributes a significant 
fraction of the total luminosity, e.g., for weakly magnetized 
central objects (old neutron stars or black holes). The preces- 
sion of disks around X-ray pulsars may not be detectable in the 
same way, since the disk contributes very little to the total 
X-ray luminosity. However, the possible precession of the mag- 
netized neutron star itself (e.g., Her X-l; cf. Truemper et al 
1986) should be detectable, as an additional phase modulation 
of the X-ray pulsar polarization discussed in the previous 
section (i.e., the precession would be given by a periodic change 
in the angles il9 i2)- Disk precession effects may be illustrated 
for several orientations of the total system angular momentum 
vector (which is fixed respect to the sky, and therefore respect 
to the observer), denoted by ii9 and the disk symmetry axis, 
which precesses around the system angular momentum vector 
and is at an angle i2 with respect to this one. This is equivalent 
to our angles for the pulsar problem (eqs. [l]-[3]), where now 
the disk symmetry axis takes the role of 5, and the system 
angular momentum takes the role of the neutron star angular 
momentum £1; cf. Figure 1. We show in Figure 5, for various 
values of the aspect angles i1/i2, the value of the flux (Fig. 5 
[top]), the degree of polarization PL (%) (Fig. 5 [middle]), and 
the electric vector angle x with respect to the sky projection of 
the system angular momentum vector (Fig. 5 [lower]), as a 
function of the precession phase 0 (for a nonprecessing disk, 
the 44 phase ” represents just an arbitrary inclination of the disk 
respect to the plane of the sky). A measurement of the change 
of the degree of polarization would be an overwhelming proof 
of the precession of the disk, and a quantitative analysis, in 
comparison with model properties, could greatly increase our 
understanding of these sources. 

General relativistic effects are generally weak for sources 
where the radiation propagates from and through distances 
greater than about three Schwarzschild radii from the compact 
object. This is thought to apply to many of the sources. None- 
theless, in some cases a significant fraction of the radiation may 
come from precisely those regions, and in this case some inter- 
esting general relativistic effects may be detected. The modifi- 
cations on the total intensity have been discussed by 
Cunningham (1976), and Bardeen and Petterson (1975) have 
also considered the effects of both light-bending and distortion 
of the disk as a whole due to the dragging of inertial frames in a 
Kerr black hole. This latter effect tends to align the plane of the 

inner portion of the disk perpendicular to the hole’s angular 
momentum, even if this is not parallel to the angular momen- 
tum of the accreted matter (as given, for instance, by the per- 
pendicular of the binary orbital plane). Since the disk 
orientation can be determined by measuring the X-ray polariz- 
ation, as described before, one may be able to detect a Kerr 
black hole if one observes a change in the direction of polariz- 
ation from, say, the harder X-rays that originate closer in, and 
the softer X-rays originating further out (cf. Rees 1975). This 
could be particularly interesting in sources where a jet is 
present (e.g., Sco X-l, Cyg X-3, or SS 433) to give an indepen- 
dent handle on the angular momentum of (possibly) the inner- 
most region. It would be even more interesting in quasars and 
AGNs, many of which have visible jets, where X-rays make up 
a significant fraction of their total luminosity. Even when an 
accretion disk is not distorted (e.g., a Schwarzschild black hole, 
or an aligned Kerr hole), the angle of polarization can suffer a 
gradual tilt away from purely parallel or perpendicular to the 
disk plane, for light rays traveling within a few Schwarzschild 
radii (Pineault 1977; Stark and Connors 1977; Connors, Piran, 
and Stark 1980). Thus, polarized light from a hot spot, say, 
would swing around significantly first in one sense and then in 
the other as the emitting spot passes behind the hole. There is 
also some demodulation of the degree of polarization, since the 
bending can mix light arising from regions of different initial 
polarization direction. While exact numerical predictions of 
these effects are strongly dependent on the (poorly understood) 
structure of the accretion flow within the last few Schwarzs- 
child radii, the qualitative nature of the effects as described 
above, if detected, would be a signature of the presence of a 
relativistic object. If in addition one knew the mass to be 
greater than about three or four solar masses, the evidence for 
a black hole would be overwhelming. 

IV. SOME OTHER X-RAY POLARIZATION SOURCES 

We mention here, without attempt at detail or completeness, 
some other sources where X-ray polarimetry could bring about 
major advances in our understanding. The most promising 
from the feasibility point of view are the galactic sources, 
because of their higher observable flux. These would be defi- 
nitely accessible to intruments such as those described in § V. 
Some extragalactic sources may also be measured by the 
simpler instruments, over a longer observing period. For extra- 
galactic sources, however, reasonably short observing periods 
are achievable on the larger missions, equipped with grazing 
incidence photon collectors. 

Foremost among the galactic sources would be the rotation- 
powered pulsars, which are expected to contain very strong 
magnetic fields (whose magnitude, unlike in some accreting 
pulsars, is not measured but inferred to be of order 1012 G). 
Because of this very strong field, just as in accreting pulsars, 
one expects the X-ray emission to be significantly polarized. 
The radio emission amounts to a trivial fraction (typically 
10“5) of the total inferred rotational energy loss, most of the 
energy coming out in the X-ray and gamma-ray ranges. These 
photons carry information on the particle acceleration and on 
the structure of the magnetosphere. So far five radio pulsars 
have been detected in the X-ray range, three pulsed (the Crab, 
MSH 15-25, and 0540-69) and two nonpulsed (Vela and 
PSR 1929 + 10), e.g., Taylor and Stinebring (1986). About a 
dozen or so diffuse X-ray nebulae have been detected, which 
are probably energized by pulsars within them (e.g., Helfand 
1984). These are presumably emitting by the synchrotron 
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PRECESSION PHASE 
Fig. 5.—Accretion disk of t0 = 2 viewed at different angles (phase), also applicable to precessing disk, (top panels) Normalized flux amplitude, (middle panels) 

Linear polarization PL(%), with value zero at the left tick mark for that curve or depth, going from plus 20% (one tick mark above) to -20% (one tick mark below). 
lower panels Position angle of the electric vector respect to the sky projection of the fixed system angular momentum vector, zero at the left tick mark for each curve 
or depth, going from from + 180 at the tick mark above, to — 180 degrees at the tick mark below. The numbers along the top give the aspect angles (see text), and the 
abscissa is the precession phase. Each panel shows eight curves, corresponding from bottom to top to the eight increasing disk thicknesses of Fig. 4. 
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process, which could be easily verified by X-ray polarimetry. 
The impact of such techniques on our understanding of SN 
187A, of enormous actual interest, could be very large indeed. 
The mechanism of X-ray and gamma-ray emission of the radio 
pulsars themselves, however, is likely to be more complicated. 
The observation of optical polarization in two radio pulsars, 
and the similarity of the radio and X-ray spectral indices have 
suggested a similar synchrotron origin, which predicts the 
X-rays to be polarized in the same direction as the optical 
radiation (e.g., Zheleznyakov and Shaposhnikov 1972). Other 
models invoke curvature radiation from coherent bunches of 
relativistic electrons, while the X-rays would still be synchro- 
tron, in which case the optical and X-ray radiation polariz- 
ation would be orthogonal (e.g., Sturrock Petrosian, and Turk 
1975). More recent models involve slot-gaps (e.g., Arons 1982) 
or outer gaps (Cheng, Ho and Ruderman 1986) and radiation 
by pair cascades (e.g., Daugherty and Harding 1982). X-ray 
polarimetry would be a key discriminant among the various 
models being considered. Furthermore, the degree of beaming 
would affect the angle and degree of polarization. Since the 
degree of beaming is one of the key uncertainties in statistical 
population studies of pulsars, which bear directly on the ques- 
tion of the total rate of neutron star formation and supernova 
rate, an elucidation of the pulsar radiation physics has far- 
reaching implications for stellar and galactic evolution as well. 

Extragalactic X-ray polarimetry, while requiring larger 
instruments (but no larger than AXAF or XMM) or longer 
observing times on the smaller missions, could bring some of 
the richest rewards. Quasars and AGNs emit much of their 
radiation in X-rays, and this radiation is more likely to orig- 
inate in the neighborhood of the central engine (Rees 1984). 
There is no consensus on whether this radiation is thermal, or 
nonthermal, nor indeed is it clear whether the radiation arises 
from disk, a torus, a quasi-spherical flow, or a jet. As empha- 
sized in § I and elsewhere (Phinney 1983; Mészáros 1984), 
spectral and timing predictions of many of these physically so 
different models can, and do, mimic each other in this 
restricted two-parameter phase space of frequency and time. 
However, the polarization predictions from the various models 
are widely different (e.g., Begelman and McKee 1983; Phillips 
and Mészáros 1986; Begelman and Sikora 1987) ranging from 
less than a few percent (spherical), through 2%-10% (disks; see 
§ III), to greater than 10%-20% (jets). Discriminating between 
models by means of the polarization would not only settle 
many issues of quasar physics, but would also bear directly on 
several cosmological issues. For instance, in the case of disks 
and even more of jets, the X-ray polarization would depend on 
the beaming, which can be of far-reaching consequences for 
quasar population density studies, and therefore for such 
things as determining the Hubble constant. 

V. OBSERVATIONAL PROSPECTS 

Two different types of polarimeters have been flown to date: 
Bragg crystal devices and scattering devices. Bragg crystal pol- 
arimeters are based on the fact, that at a Bragg angle of 45° 
crystals only reflect (diffract) radiation which is polarized per- 
pendicular to the plane of incidence. The advantage of this type 
of device is that it is small and can be used at the focus of a 
grazing incidence telescope, to increase the number of photons 
collected. One drawback is that the energy response of a Bragg 
crystal is limited to narrow bands centered on the photon 
energies that correspond to the different diffraction orders that 
satisfy the Bragg condition at 45°. Typical photon energies are 

a few keV, and typical widths are about 3 eV. Scattering 
devices depend on the fact that the electron scattering cross 
section for polarized radiation is anisotropic in the plane 
normal to the direction of the incident photon. Scattering pol- 
arimeters have the advantage that they can measure polariz- 
ation as a function of energy from a lower photon energy set by 
photoelectric absorption in the material (typically 8 or 10 keV) 
to an upper limit set by the dropoff in the source flux, where 
the detector signal is dominated by background effects. Only a 
very small scattering detector would fit at the focus of a grazing 
incidence collector, and in order to achieve a polarization 
sensitivity of 1 % in 1 day from a large collection of sources, the 
collecting area required is of the order of 1000 cm2. This is an 
optical system of the class being considered for AXAF or 
XMM, and could be easily incorporated at a (relatively) low 
cost into such missions. While the detection of X-ray polariz- 
ation is clearly achievable in such missions, a much more 
modest experiment would also be able to measure X-ray 
polarization in a large number of sources. We discuss both of 
these possibilities below, starting with the most immediately 
feasible one. 

We first consider a prototype for a small-satellite instrument 
based on a scattering device of novel design, which does not 
require a grazing incidence collector. Such a device can be 
launched by a Scout rocket and would be well suited to the 
study of a large number of galactic compact X-ray sources at 
energies above 10 keV. The geometry of the X-ray scatterer is 
that of a thin disk. The disk thickness is chosen to be a fraction 
of a scattering length, which avoids the problem of multiple 
scatters within the disk that would tend to confuse the polariz- 
ation information of the first scattering event. The diameter, on 
the other hand, is limited only by the dimensions of the space- 
craft. This configuration permits an arbitrarily large collection 
area, which compensates for any low fluxes and/or weak 
polarization in the source. A low atomic weight scattering 
material (beryllium) is chosen to give a low photoabsorption 
threshold. The detection system is an array of proportional 
counters arranged in a cylinder or polygonal prism, with the 
disk located coaxially at the midplane of the detector array 
(Fig. 6). Photons enter along the direction of the axis of the 
instrument, which is provided with a collimator to reduce the 
contribution of the diffuse background. Polarization manifests 
itself as an azimuthal variation of the X-ray flux entering the 
counter. In order to avoid a number of systematical errors, the 
polarimeter and the spacecraft could be rotated slowly (~1 
RPM) about the line of sight to the X-ray source. In this case 
the polarization produces a modulation of the count rate in 
each detector element. The amplitude of the modulation is 
directly related to the degree of polarization. To achieve a high 
level of background rejection, the proportional counters could 
have a multilayer structure, with an inner propane layer 
capable of vetoing charge particle events, and an outer anti- 
coincidence layer shielding the instruments from recoil elec- 
tron produced by background gamma rays. An imaging 
proportional counter filled with xenon can be used to detect 
the X-rays scattered by the beryllium disk. Such a scattering 
polarimeter would have a polarization sensitivity of about 2% 
at the 99% confidence level for Her X-l in a 2 keV band at 15 
keV with an observing time of 2 x 105 s, a sensitivity increase 
of a factor ~ 100 over the best X-ray polarimeter flown to date. 
In the important case of Cyg X-l, the minimum detectable 
polarization (99% confidence level) would be ~0.5% for an 
observing time of 2 x 105 s for the entire 10-20 keV band. This 
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High Energy X-ray Polarimeter 
( Cutaway View ) 

Fig. 6.—Diagram of a low-cost scattering X-ray polarimeter, which could be launched into orbit by a Scout rocket for the detection of galactic X-ray sources at 
high energies. See text for details. 

instrument could make useful measurements on at least 50 
other known galactic sources and would fit into a spacecraft 
that can be launched on a Scout rocket, a reliable and rela- 
tively inexpensive launcher. 

To exploit to its fullest extent the major advantages offered 
by X-ray polarimetry, and to detect both extragalactic and 
galactic sources, an initial exploratory mission (such as a Scout 
launched device discussed above) could be followed up with a 
larger scale experiment, flown in one of the large missions of 
the next decade. To include a polarimeter in one of these may 
be one of the better ways of getting a large return for a moder- 
ate investment, in view of the significant and far-reaching 
astrophysical issues that it can address. Among these are the 
elucidation of the mechanism of AGNs, with its related cosmo- 
logical implications, a fuller understanding of the SN remnants 
in our galaxy and in the LMC, and the physical study of extra- 
galactic and galactic compact sources. Various designs are pos- 
sible (e.g. Garmire, 1987). Here we discuss the possibility of a 
larger polarimeter sytem, combining a photon collector with a 
versatile focal plane detector which would be suitable for 
AXAF or for the European Space Agency’s XMM satellite 
(Novick, Chanan, and Helfand 1985). For maximum efficiency 
at various energies and maximum usefulness on different types 
of targets, one could build an instrument which exploits both 
of the previously mentioned polarimetry techniques. Such a 
multi-spectral-polarimeter would combine the high sensitivity 
of a number of Bragg crystals in several different narrow wave- 
bands (AE/E < 0.1) disposed between 0.26 keV and 7.8 keV 
with the broad-band (AE/E ä 0.2) capabilities of a lithium 
scattering device between 4 to upwards of 10 keV. A sketch of 
such a hypothetical instrument is shown in Figure 7. The entire 

assembly rotates about the optical axis, and polarization mani- 
fests itself as a modulation of the detected signal at twice the 
rotation frequency. Two multi wire imaging proportional 
counters located on opposite sides of the rotating platform 
detect the scattered X-rays, tagging each photon with x and y 
position, time and energy information. This polarimeter system 
would be able to measure in the 0.26 keV band with 99% 
confidence a 2% degree of polarization in the Seyfert 1 Mrk 
335 or a 6% polarization in the quasar 3C 273 in an observa- 
tion time of 105 s duration, and a 2% polarization in the 
Seyferts 1 Mrk 509 and ESO 141-G55 in 2 x 105 s. It could 
measure, in the same band and similar observing times, down 
to 0.7% polarization in the BL Lac objects Mrk 421, Mrk 501, 
PKS 2155 — 304 and PKS 058 — 22. It would in addition be 
able to detect polarization down to l%-2% at higher energies 
in these or other AGNs with somewhat longer observing times, 
and down to similar polarization levels in a large number of 
galactic sources (accretion-powered and rotation-powered 
pulsars, X-rays bursters, galactic bulge sources, supernova 
remnants, galactic black hole candidates, cf. above) in observ- 
ing times of 1-3 x 105 s. 

In conclusion, one can say that X-ray polarimetry is an 
extremely attractive and so far unexploited observational tech- 
nique, which could lead to the acquisition of a large amount of 
qualitatively new data of potentially far reaching astrophysical 
significance. 

This research has been supported in part through NSF grant 
AST 8514735 to Penn State University, and NASA contract 
NAG 5-618 to Columbia Astrophysics Laboratory. 
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SCALE 
Fig. 7.—Diagram of a multispectral polarimeter, using both Bragg crystals and a scattering device, which could operate at the focal plane of a facility such as the 

XMM observatory. This would be able to detect both galactic and extragalactic X-ray sources with a high sensitivity. 
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