Astron. Astrophys. 364, 587-596 (2000) ASTRONOMY
AND
ASTROPHYSICS

Simulations of polarization from accretion disks

J. Schultz
000014 University of Helsinki, Observatory, P.O. Box 14, Finland (juho.schultz@astro.helsinki.fi)

Received 17 January 2000 / Accepted 19 October 2000

Abstract. The Monte Carlo Method was used to estimate thaccretion rates and X-ray luminosities. In LMXB:s the outer ac-
level of polarization from axisymmetric accretion disks similagcretion disk is heated by the X-rays from the compact star and
to those in low-mass X-ray binaries and some classes of dhie inner accretion disk. X-rays heat the disk often to temper-
aclysmic variables. In low-mass X-ray binaries electron scatures above the hydrogen ionization temperature (King et al.
tering is supposed to be the dominant opacity source in tH897). Therefore in systems with high accretion rates the disk
inner disk, and most of the optical light is produced in the disks completely ionized.

Thompson scattering occuring in the disk corona produces lin- Only very few observations of linear polarization from
ear polarization. Detailed theoretical models of accretion diskBXB:s have been published. (Dolan & Tapia 1989) have ob-
are numerous, but simple mathematical disk models were ussstyed the transient source A0620-00, and (Egonsson & Hakala
as the accuracy of polarization measurements does not allt®®1) have observed the eclipsing system Her X-1. In both sys-
distinction of the fine details of disk models. Stokes parametéesns the polarization was variable with amplitudesl.5%
were used for the radiative transfer. The simulations indicdte A0620-00 and~ 0.3% for Her X-1. Older observations
that the vertical distribution of emissivity has the greatest g€fshakhovskoi & Efimov_1975 and references therein) have
fect on polarization, and variations of radial emissivity distriower signal to noise ratios. However, Shakhovskoi & Efimov
bution have no detectable effect on polarization. Irregularitiesport variable linear polarization from Sco X-1 with an ampli-
in the disk may reduce the degree of polarization. The polarizade of~ 1%.

tion levels produced by simulations are detectable with modern The simulations produced polarization levels of the order
instruments. Polarization measurements could be used to 1t in white light. The geometry of the radiating area was the
rough constraints on the vertical emissivity distribution of amostimportantfactor affecting the polarization. My results indi-
accretion disk, provided that a reasonably accurate disk modate that if a disk model can be constructed on the basis of other
can be constructed from photometric or spectrosopic obsera@servations, some on constraints vertical emissivity structure
tions in optical and/or X-ray wavelengths. can be derived from polarization measurements.
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numerical 2. The Monte Carlo code

My code follows closely the procedure described in Bianchi et
al. (1996). The simulation is made in the following way:
1. Introduction - S .
1. Emission: Random place and direction of an unpolarized
Solving the radiative transfer equation for each of the four (pseudo)photon is calculated from the brightness distribu-
Stokes parameters is not straightforward, and complicated ge-tion of the disk.
ometries often lead to extremely complicated equations. Ther2- A random optical depth is selected, and the photon path in
fore numerical methods, such as the Monte Carlo method (seethe disk is integrated until this optical depth is reached.
e.g. Cashwell & Evereft 1959), are often used to approximag: Scatter the photon and return to gtép 2, until the photon exits
the solution. Monte Carlo simulations have been used to esti- the disk.
mate the polarization levels of axisymmetric systems, such ds The photon Stokes parameters are added to those of the
galaxies (Bianchi et &l. 1996) and disks around Be stars (Wood corresponding inclination bin.
etal.1996). | have used the Monte Carlo method to simulate tBe Return to stelg 1, until enough photons have been calculated.
polarization of axisymmetric pure electron scattering accretion
disks. These disks are similar to those observed in two typesitie coordinates of the photon emission place in cylidrical coor-
low-mass X-ray binaries (LMXB:s): Z sources and soft X-ragdinates, withz = 0 in the disk plane, are calculated from three
transients (SXT:s) in outburst. These systems have high memsdom number®;:
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I e(ryr'dr’ edge of the simulated disk model, and, were set to constant
R = F(’I“) = G (l) ’
[T e (! ! values.
fmin The direction angles of the emitted photon are calculated
f;(r) _e(2)d?! from ¢ = 27 R4 andcos @ = 2R5 — 1 whereR, 5 are random
Ry = G(z,1) = 5 — (2) numbers. After emission, the photon travels to a random optical
fz(r)mir. e(2)dz depthr, which is calculated from
¢ =2mh ) 7=—In(1 - R) (8)

wheree ande are the functions describing the emissivity disyyhen the optical dept and directionS(6, ¢) to which the
tribution. From the form of EqL{1) and E@I(2), it is clear thaghoton travels, are known, the density distribution can be in-

e ande should be simple enough to allow direct calculation gggrated until either is reached or the photon exits the disk.
F(T‘) andG(Z, 7'), OrF(T') andG(Z, T) should be tabulated. TheForma"y this can be expressed as

limits of the integral in EqL{R) are dependent on radius. To solve
this problem efficiently, the limits are set by selected values pf_ kp(r, 2)dS (9)
vertical optical depth, defined by ’

o0 o If the photon is still in the disk, three more random numbers
7(2) = /Z rrp(r, 2')dz @) are required, two to obtain the scattering directién ., ).

Now two values of vertical optical depth, -, are selected. All 1  3cosf, cos’6,
photons are emitted between these. This parametrizationis mgae: 9 8 8

to help distinguishing between different energy sources. It is

important to restrict the emission to layers near the disk surfagg, . #s | P sin2 § sin 20, (11)
asthe optical depth from the disk plane is very large, of the order 27 8w

10000, in the inner disk. Otherwise most of the computing effor . o
would go to modelling the radiative transfer in the disk plan&’ ereP = /Q? + U?/1 is the degree of polarization before

which is irrelevant for the polarization of observed radiatiorycattering, and, is measured from thec_hrectlon of incident ray
Also, the polarization of radiation from(z) > 10 is saturated, polarization. The third random number is needed for calculating

i.e. it is consistent with the Chandrasekhar solution of sen{i' New optical de_pth from EGI(8). A total_6f+ 3N random
infinite slab (Wood et al, 1996). numbers are required for a photon scattering N times.

Some of the scattered photons travel to the disk plane, reach]The. Stqkes pzTrameters of deach ph;]) ton exmng toa spl)eqﬂc
ing very large optical depth values. They scatter around in t Ination interval are summed to get the approximate solution

deeper layers and most of them will never exit the disk. If the ¥ the radiative transfer. The mean error of the mean of the

photons are not eliminated from the simulation, most of tlﬁtokesQand U parameters can be calculated for each inclination
time is spent for their radiative transfer, which is also irreleval tn from:

for observed polarization. Therefore all photons crossing the \/ZN Qi — (/NN Q,))?
i j=1 %]

(10)

i=1

bottom of the radiating layer are discarded. = 12
° g lay 0Q NV 1) (12)
1= / » wrp(r, 2)dz’ (%) Where the summations with indicéand; include all photons
2(r)max inthe bin, and N is the number of photons in the bin. Eg. (12) has
Y Nds' 6 one significant drawback: The double sum can not be computed,
™= . rrp(r, 2')dz () unless all the Stokes parameters of each photon are known. This

. . _ reduces the efficiency of simulations severly. If N is large, the
From these the vertical optical depth corresponding to randesitor can be approximated by expanding the square ifiEQ. (12),

place betweem;, andr, can be calculated. and setting the term with highest power fN to zero. The
T, -7 small negative term left inside the square root is divided by two
Ry = to prevent any artificial decrease of the error estimate. The new

To — T
. ’ . ' o error estimate is:
Substitutingr, to Eq.[4), z can be solved. To simplify the

calculations, | adopt exponential vertical strpcth(ar;, z) = o Zz{V:l Q2 - (1/N)(Zf\i1 Q;)? 13)
ppllTne(r) exp(—z/H), so that Eq[{¥4) can be inverted analytif@ N(N -1
cally.

From the above equations, the three coordinates of a randdhis has also been used in (Wood et al. 1996) to estimate the
emission place corresponding to some emissivity and denstyors of the simulation. The sums in Hg.J(13) can be calculated
distribution can be solved. = CR” ande = constant were during the simulation, as the double summation vanishes. The
used. The inner disk radiug,,in, was set to one, and the maxi-error of Stokes | is insignificant when compared to the errors of
mum radiusR,,,.«, was set to a value corresponding to the out€y and U.
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| tested the simulation code with several simple geometriézhase-resolved polarimetry has generally low signal-to noise
Results of simulations were also compared to those of (Cotdtio, as most LMXB:s have short periods and are very faint.
son et al[ 1960), who have calculated the polarization arisifiggo simulations of non-axisymmetric disks with small-scale
from a plane-parallel atmosphere with Rayleigh scattering ugegularities or warped disks were made. The Stokes parame-
ing Chandrasekhar functions. My simulations reproduced theees produced by simulations were azimuth-averaged to estimate
results without difficulty. the consequences of these effects.

Brightness temperature at the band in which polarization is
measured and electron density are assumed to be proportional
to powers of radius]’ < R?, p «c R". The emission of the disk

In many persistent LMXB:s the inner disk and compact star haQecurs in a layer near the disk surface, between two values of
sufficient X-ray luminosity to keep the outer disk completelyertical optical depthy; andr,. As the polarization of radiation
ionized. (King et al_1997) This suppresses the thermal accfénitted at-, > 10 is saturated, i.e. does not depend on emission
tion disk instability (Tuchman et &]. 1990). The Z sources afepth, sor; = 10 is a good upper limit. The dependence of po-
LMXB:s where the compact star is a neutron star and the acciization onr; is quite weak for values near the saturation depth,
tion rate is probably close to Eddington limit (van der Klis 1089§s the polarization is close to the saturation value. Any values
In these systems the disk temperatures should be high enoud¥#fiésfying10 > 71 > 7 > 0 can be used. Further constraints
make electron scattering is the dominant opacity source (Fraikthe values can be derived by considering the X-ray irradia-
et al.[T992). SXT:s in outburst have also completely ionizd®n, whichis presentin all LMXB:s. The X-rays come from the
disks. central source, so they will enter the disk from directions close
The vertical structure of accretion disks in LMXB:s is noto the tangent of the disk surface. A part of the X-rays is directly
very well known. It is often assumed that disks are very thii¢flected, as others are captured by the gas. The absorption of
(Frank etal., 1992). However, this is not always a safe assumptiriays is caused by photoelectric absorption and Compton scat-
(Shaviv et al[ 1999). Irradiation may change the vertical di$Rring. The relative importance of these effects depends on the
structure (Dubus et &l. 1999). Observations indicate that a thiekization states of different elements. Another complication is
disk is present at least in some LMXB:s (Mason 1989). Sorffeat the angle between the disk surface and incident X-rays is
X-ray (Hellier & Masori 198D) and optical (Hakala et[al. 1999ynknown. For accurate optical emission model, detailed infor-
observations are easiest to explain with asymmetric disks. mation on the local disk structure and conditions and the X-ray
The standard disk model (see e.g. Frank ef al. 1992) Ieqgission geometry is needed. Instead of accurate physical mod-
gaussian vertical density profile if the disk is isothermal in vert®ling a crude zero-order approximation is used. The values used
cal direction. The disks of LMXB:s are probably not very similagreTs = 5,2 andr, = 2, 1. These should not be very far from
to standard disk model, as X-ray irradiation from the compai&@al values. The vertical optical depth,at the inner disk edge
object may affect the disk structure. In my simulations the disk Sét to some value defined by setting= 0 andr = 7y, in
structure is needed only very near the disk surface, where Ef [4). The five free parameters, ¢, 79, 71, 72) and the disk
essential radiative transfer takes place. In contrast, the stand&@leheight/ = H(R, ¢) define the disk model. As the opac-
model is used to describe the entire disk and is most relevétis produced by electron scattering only, opacity is directly
at the disk plane, where most of the disk mass is. Disk mod@f®portional to density. When changing the parametealso
used in simulations have exponential vertical density profile®, must be changed to keep the disk optically thick at all radii.
p = poexp(—z/H),H = H(R, ). The functional form of As 79, H andy determine the density distribution, they rep-
the scaleheight H may vary between disk models, but generdipgent total disk mass$/q;sc and density at inner disk radius,
H = (Hy/Ro)R, whereH, /R, is the ratio of scaleheight andpin- pin can be derived from Ed.{4) and definitionf
radius atthe inner disk. As variations in vertical density structure 0o o
parameters do not produce significant variations in polarization,= / Krp(2, Rin)dz = pin = 25H‘
polarization is probably not very sensitive to the functional form 0 !
of vertical density distribution. whereH,, is density scaleheight atinner disk in meters, and ex-
Effects of the mass flow from the donor and tidal forces cd&®nential vertical profile is assumed The density can be directly
cause deviations from axial symmetry in the disk. These dréegrated to get disk mass:
often observed, as most non-eclipsing LMXB:s show signifi- it g
cant orbital variations in their optical brightness (Van Paradij/y;,; ~ 3.14 - 10® - 7o R%, —°%* kg (15)
& McClintock |1995). Asymmetric models require binning of v+
the photons in two dimensions. To obtain statistics compasahere X, is the ratio of inner and outer disk radii, aftj,
ble to that of axisymmetric simulations, the required processerinner disk radius in kilometers. 4f = 1, the fraction should
capacity increases with a factor at least as large as the nura-replaced withn(X,.). SettingR;,, = 10km andy = —2
ber of azimuth bins. Small-scale roughness of the disk surfage/esMais. = 3.3 - 1017 kg. LMXB disk masses are not well
caused by turbulence, may be present. As the disk rotates vkittown, but a rough estimate for the upper limit can be obtained
the binary and the gas moves in the disk, the Stokes paramssuming Eddington-limited accretiod = 10'°kg s ' and
ters will be effectively azimuth-averaged in real observationaccretion timescale aht = 10°s, giving AtM = M.y =

3. Accretion disk models

kgm™3 (14)
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1029kg. The vertical optical depth at the outer disk edge able 1. Parameters of simulated disk models
T, = 10X+, and this should be larger than one to keep the

out !

disk optically thick even at the outer radii. This can be combineul T Y H/R Fig.
with the requirement of optically thick disk at all radii to yieldloooo 5 2 -3/4 -2 0.005 01
max X0 1) < 7 < 3-10°. 5000 5 2 34 -2 0.005 01
In most persistent LMXB:s the companion star has mu@f%0 5 2 -8/4 -2 0.005 01
smaller luminosity than the accretion disk. This is also true fgPo0 5 2 34 -2 0.005 0,2
SXT:s during the outburst. In some cases the secondary g g :gﬁ :g %%135 8;
is heated by X-rays from the compact star, which is observi 5 2  _34 o 0:06 02
as low-amplitude (generally below 0.2 magnitudes) ellipsoidgjq o 1 34 -2 0.005 03
variations in the lightcurve. The electron scattering of the radiggg 2 1 314 _2 0.015 03
ation from the secondary star may produce an additional polagoo 2 1 -3/4 -2 0.03 03
ization component. This effect can be significant in CV:s, baboo 2 1 -3/4 =2 0.06 O3
in persistent LMXB:s and SXT:s in outburst this should be 2000 2 1 12 =2 0.005 04
very small effect. In quiescent transients this effect is probal?900 2 1 12 =2 0.015 4
responsible for most of the polarization (Dolan & Tapia 79893000 2 1 12 -2 0.03 g
Electron scattering of the disk radiation by the secondary sg8%0 2 1 -2 -2 0.06 4
should be insignificant, as the secondary stars in LMXB:s haye?0 2 1 -34 -2 0.03 s
low surface temperatures and therefore low free electron deri%lg 0 g 1 :gﬁ :g 8'838 : &gz }SZ; g
tes. o 3000 2 1 34 -2 0.03(1+08sq)
As the accuracy qf pplarlzanon measurements does notal- g6 5 1 B(R) -2 0.005 13
low accurate determination of the disk model, I used very simg- 106 5 1 ) 0.005 7
ple disk models. All disk models used are axisymmetricorhaye10¢ 2 1 1 2 0.005 s

azimuth-averaged Stokes parameters, and magnetic effects are
ignored. As the polarization levels produced by electron scat-
tering are quite small, other sources of polarization must alkoes are Zeeman-splitted. In a typical LMXB spectrum most
be considered. lines are in emission, so differential saturation from the disk can
The effects of magnetic fields, such as cyclotron or syhe safely neglected. In VY Scl stars, also known as anti-dwarf
chrotron radiation and disk disruption by magnetic field, areovae, most of the accretion disk is also ionized, and only the
observedin some LMXB:s, e.g Her X-1. Many LMXB:s exhibibutermost parts of the disk may be neutral (Leach &t al.|1999).
X-ray bursts indicating neutron star primaries with low magnetlo these systems the accretion rate shows long-term variations.
field. Even in these systems the effect of the magnetic field cno explanations for this have been presented: shielding of the
not be directly neglected. The magnetic field can cause the isecondary by the accretion disk rim (Wu et al. 1995) and a mag-
ized gas emit elliptically polarized cyclotron/synchrotron radinetic mechanism, where starspots of the secondary close to the
ation. Electron scattering in non-magnetic medium causes oiriper Lagrange point reduce the accretion flow (Livio & Pringle
linear polarization, but scattering in magnetic field producB$94). The latter scenario assumes that the secondary has a high
elliptically polarized radiation (Whitney 1991), with larger efsurface magnetic field. CV secondaries are late-type stars with
fects in circular polarization. Magnetic field effects on scattemany absorption lines, and the secondary contribution to the op-
ing are most important when the frequency of the radiationtisal luminosity may be significant. Therefore differential sat-
close to electron cyclotron frequenay, = ¢B/m,. For op- uration may cause linear polarization in VY Scl stars. In some
tical light, this would require magnetic fields of ordss® T. cases, the polarization produced by differential saturation may
The field strengths of neutron stars in disk-accreting LMXBrsancel some of the polarization produced by Thomson scatter-
can not be directly estimated, but propable LMXB endprodihg (Huovelin.1990). If my results are applied to these systems,
ucts, millisecond pulsars, have surface field strenghts of ttihe polarization produced by differential saturation should be
order10* — 10° T (Bhattacharya 1995). It is also possible thatarefully estimated.
some neutron stars in LMXB:s have even lower fields, as no
magnetic effects are observed in some neutron star LMXBAS'ResuIts
For dipole field,B o« R~3, so magnetic effects are restricted
to the innermost disk. The field could be temporarily screen@tie number of free parameters needed to define a disk model
by the accreted matter, reducing the magnetic effects furthei®targe enough to make extensive mapping of the parameter
suppressing them completely (Bhattacharya & Srinivasan!19§%ace practically impossible. Some of these parameters can not
and references therein). Measurements of circular polarizatimndeduced from observations or constrained theoretically. For-
should be used to estimate the amount of linear polarizatinmately, most of the parameters do notinfluence the polarization
with magnetic origin in neutron star LMXB:s. levels when physical values are used. Simulated disk models are
Differential saturation (Calamai et al. 1975) is an effect théisted in Tabld_1. The errors of all axisymmetric simulations are
produces pure linear polarization, when saturated absorptinaller thar).02% for inclinations abov&0° and smaller than
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Polarization in %

Inclination Inclination Inclination Inclination

Fig. 1. Polarization from a thin, viscous disk. Vertical optical depthat the inner disk from the left: 20000, 5000, 3000 and 2000. Solid line:
only single scattering, dashed line: double scattering included, dotted line: multiple scattering included.
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Fig. 2. Polarization from a viscous disk. Disk parametres@re —3/4,v = —2,79 = 2000, 7 = 2 andm, = 5. The disk scaleheights are

from the left0.005R, 0.015R 0.03 R and0.06 R Solid line: only single scattering, dashed line: double scattering included, dotted line: multiple
scattering included.

0.05% for inclinations below20°. Error bars have been left outflux comes from the outer disk. The simulations are more rele-

of the figures for clarity. vant to medium and low inclination systems> 60°), where
The parameters of the disks modeled in Fig. 1dre —3/4, the inner disk produces most of the observed flux.
corresponding to standard viscously heated disk= —2, Fig[2 shows results for a viscous disk where the disk scale-

H = 0.005R, m = 2 andm, = 5. The disks are thin, and height is varied. The fixed disk parametres @re —3/4,~ =
radiation is generated not very near the disk surfagparam- —2, 7y = 2000, 7; = 2 andr, = 5. The disk scaleheight varies
eter (vertical optical depth at the inner disk) varies betweémom H = 0.005R to H = 0.06R. The effect of increasing
10000 and 2000. As the vertical optical depth decreases dhickness is observable at high inclinations, where the disk rim
ward, the lowest value corresponds to a disk which is opticaltyodelling should be more detailed to produce reliable results.
thin in the outer parts. As the emissivity of the disk is propoNo effect in polarization levels is seen at lower inclinations.
tional to7*  R=3, (3 = —3/4), the contribution of the outer In Figs[3 and# results for irradiated (X-ray heated) disks, are
disk to the radiation is negligible. Consequently, the outer diskown. These disks are similar to the viscous disks in[fig. 2,
radius has no effect in polarization. The results shown in[FFigbiit the radiation is generated closer to the disk surface. The ra-
clearly show that the vertical optical depth of the disk has miial emissivity profile of disks in Figl3 is the same as those in
large effects on polarization. Therefore disk mass or accretibig[2 (I, o« R—3/*), whereas for Fid.J4 the emissivity profile
rate can not be estimated from polarization observations. Tiedess steepIfx o« R~'/2). The hybrid models of Fi§]3 with
polarization levels are easily observable for brightest LMXBsadial temperature distribution of a viscous disk and vertical
if their inclination is above20°. The disk rim is not modelled emissivity distribution of an irradiated disk were simulated to
correctly, as the disk is only cut off at a sufficiently large radiusllow separation between the effects of both radial and vertical
Therefore our simulations have only marginal significance femissivity variations on polarization. The optical luminosity of
eclipsing systems, where alarge fraction of the observed optiaaleal disk is a sum of the released gravitational potential en-
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Fig. 3.Polarization from a lightly irradiated disk. Disk parametres@ee —3/4,v = —2, 70 = 2000, 71 = 1 andr, = 2. The disk scaleheight
H is from the left:0.005R, 0.015R, 0.03R, and0.06 R. Solid line: only single scattering, dashed line: double scattering included, dotted line:
multiple scattering included.

ergy and the energy of the compact object X-rays absorbedital thickness and scaleheight of medium-inclination systems
the disk surface layers, so the real radial dependence of ers&n not be derived from polarization observations. Conversely,
sivity is roughlyT(R)* = T(R)% + T(R)%, so the value o8 no information of disk thickness or scaleheight is needed when
is between-1/2 and—3/4, and3 = 3(R). The somewhat arbi- inclination estimates are derived from polarization observations.
trary division between different emissivity profiles is motivatetlowever, it is challenging to distinguish effects caused by in-
by the fact Stokes parameters are additive. Therefore resultglafation from those related to the vertical structure.
the simulations are also additive, if parameters; andr, are The results of Fig&lZ]3 arid 4 show clearly, that polariza-
changed and other parameters, which describe the distributiimm levels are quite sensitive to the vertical temperature pro-
of the electrons, are kept constant. Specially, simulations of dife. Radial temperature profile has a smaller effect on polariza-
ferent emission mechanisms, such as those presented inlFigso8, and other parameters do not produce observable effects,
[3 and[4, can therefore be combined to give a more realisfithe disk is thin. This has two important observational conse-
polarization model. guences: As the color temperatures corresponding to different
The fixed disk parameters ate= —2, 79 = 2000,77 = 1 wavelengths have variable radial dependence, they should also
andm, = 2 for both figures. The lower values ef = 1 and have different polarization levels. This effect could perhaps be
79 = 2 are chosen to model the irradiated disk, as the energgen if polarization measurements were carried out at different
absorbed from X-rays will be emitted closer to the disk suwavebands, and it may be responsible for the lower S/N ratio
face. The parametet is set to—3/4 for Fig[3 and to—1/2 in the | band compared to UBVR in polarimetric observations
for Fig[4. The value3 = —1/2 corresponds to a disk whereof Her X-1 (Egonsson & Hakala 1991). The depths where of
irradiation is the dominant source of energy, and the emissiviifferent emission lines are formed could perhaps be deduced
scales ag* « R~2. The radiation is now generated betweefrom spectropolarimetric observations, but this is not possible
approximately five and six scaleheights from the disk plane. Aith present instruments and telescopes.
H = 0.06R, the a radiating area is at~ 0.3R. The geometry The low viscosity of gas in accretion disks probably causes
deviates so much from thin disk, that this is clearly seen in pirbulence (Frank et &l. 1992). In turbulent disks, small-scale
larization. This sets a limit for geometrically thin accretion diskregularities may be present. Irregularities of emission and
model. This kind of bulged disk may be present in soft X-ragcattering regions cause reduction in the polarization, as direc-
transients at the onset of the transient outburst, when most oftileas of polarization vectors have larger variations, and therefore
disk massis falling inwards very rapidly. In thick disks the strudarger fraction of polarization is cancelled. Small-scale irregu-
ture of the outer disk may have larger effects on polarization, lasities were modelled by varying the disk scaleheight with az-
larger fraction of inner disk radiation is processed in the outenuth. Azimuth-integrated results for these disks are presented
disk. The results shown in Fig3[2, 3 ddd 4 indicate that disk dp-Fig.[3, where all disks have parametgrs- —3/4, v = —2,
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Fig. 4.Polarization from a heavily irradiated disk. Disk parametergiare—1/2,v = —2, 70 = 2000, 71 = 1 andr, = 2. The disk scaleheight
H is from the left:0.005R, 0.015R, 0.03R and0.06 R. Solid line: only single scattering, dashed line: double scattering included, dotted line:
multiple scattering included.

79 = 3000, ; = 1 andm, = 2. The disk in the first panel 5. Application example: Scorpius X-1

on the left hasiH = 0.03R, corresponding to a regular dlsk.SCO X-1 is the brightest LMXB with B~ 12, making it a good

In the two following panelsH = 0.03R(1 + 0.1 cos 10¢) and . . o
0.03R(1 + 0.3cos 10¢). These disks have a little lower po_candlqwe foropugal/UV po""?“z"?‘“.on measurements. Ont.he ba-
sis of its X-ray timing properties it is classified a Z source, in-

larization levels, as expected. The irregularities in these mo : ) i !
Icating neutron star primary and near-Eddington accretion rate

els have small size, so time resolution of polarization obsef- . : e .

: X g N ._[Hasinger & van der Klis 1989). X-ray timing analysis shows
vations is not sufficient to observe real variations of polariza- e }
. . o also that magnetic field of the neutron star is extremely low (van
tion. Only cancellation of polarization due to more rando

polarization directions is observed. The rightmost panel h & Klis et a!. 1997), so the Inner d|s!< radiusis10km. T_he
H — 0.03R(1 + 0.3cos ), approximating a warped disk Mass accretion raté(), outer disk radiusR,,.) and fraction

Warped disks are a possible explanation for long-term pho d‘_x-rays absorbed to the accretion disk}, have been es-

. : o
metric variations seen in some X-ray binaries (Pringle :L996){'\E[n afe((zl) giml'lfgl%?iﬁévgﬁon; (Kallﬁm%nzjtialé 11139 ?11)(’)8?;]\”“9
Some simulations of disks with gaussian vertical den3|&}/ndfX 0.6 —7.2 10~ The inclination of the system is

E{g”iaid zwlt 2d(;?kvmidil;gav\\/grged:]fae(;ir.]t.ltﬁgl?Liiﬂzltyvg:oduite low, most probably below 30° (Crampton et al. 1976).

smos dencl 0 o shounin s s e TR o e ks ey bt v ey
vertical profile do not have large influence on polarization. THE y ' P P

evaluation of integrals with gaussian profiles is more compli-
cated that of exponentials. This increases the required comput-

- .
ing time with almost one order of magnitude. T =T4+ T = nMcfx | 3GMM

4o R? 8moR3

(16)
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Fig. 5. Polarization from irregular disks. Disk parameters @re —3/4, v = —2, 7o = 3000, 1 = 1 andr, = 2. First panel on the left, a

regular disk # = 0.03R) for comparison, Second paneH (= 0.03R(1 + 0.1 cos(10¢))), Third panel: = 0.03R(1 + 0.3 cos(10¢))),
Fourth panel: Warped diski{ = 0.03R(1 + 0.3 cos ¢)) Solid line: only single scattering, dashed line: double scattering included, dotted line:
multiple scattering included.

wheren ~ 0.1 is an efficiency factor and other symbols have o ‘SC‘OTP“‘JS‘ o

their usual meanings. Setting,, = 10km, fx = 10~* and 08[ ]

M = 10%kg s~ ! in Eq. (I8) we get P . 1
I . . ]

0.6 N

1/4
T =23-10"(R/Rin)~%* 1+ R / K (17)
18000R;,,

on in %

X-ray irradiation is important for the temperature profile in the 04
outer disk. At the outer edge of the disk, the temperature@s L ,
T ~ 10%K, so the entire disk should be ionized. The opticap . a a A 1
luminosities derived from this model are a few times larger than 0.2 | ]
those observed (Kallman etfal. 1991). The valuesg ef 3-106, L ]
1 =1, m = 2and H = 0.005 R/R, were adopted. The ool .., ]
5|mulat|0ns_ predict small_b_ut observable polarization vaIL_Jes for 500 400 600 800 1000 1200

Sco X-1. (Figh). No significant wavelength dependence is seen Wavelength (nm)

from the results. More detailed modelling of the disk rim and

opacity in the cooler disk regions could result to lower polal':—ig' 6. Lin_ear po_Iarization. vs. wavelength. Simulgtion _for Scorpius X-_
ization levels in the longest wavelengths, as some of the scxt2SSUMming axisymmetric pure electron scattering disk. Crosses, dia-
tered radiation in the outer disk would be absorbed. Similmonds and triangles correspond to inclination values 6f 30° and
polarization values could be obtained from [Elg. 4. To estimate

the polarization variations caused by radial temperature pro-

file, simulations with other temperature profiles were made. Ofal structure of the disk does not influence polarization, and no
the two models used, one has constant disk temperature, whilekailed information on the radial disk structure is needed for
should be a rough estimate of a disk heated by scattering ftbe interpretation of observations.

the corona (ADC-model). The other model had a steep tempera-

ture profile,I” o« R~!. The inner disk temperature is same as ig
the model for Sco X-1. The results are represented iriFig. 7 an
Fig.[8. No significant change in value or wavelength dependerideave estimated linear polarization levels of pure electron scat-
of polarization is seen with steeper temperature profile. As ttexing accretion disks using the Monte Carlo method. The sim-
temperature profile effects on polarization are minimal, the ralations produce linear polarization levels of order 1% for the

dDiscussion and conclusions
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ADC—model for Scorpius X—1 Scorpius X—1: Steep temperature profile
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Fig. 7. Linear polarization vs. wavelength. Simulation for the densitlyig. 8. Linear polarization vs. wavelength. Simulation for the den-
distribution of Fig[®, with constant disk temperatgfe= 0). Crosses, sity distribution of Figl®, with steep temperature profile = —1).
diamonds and triangles correspond to inclination values 6f 30°  Crosses, diamonds and triangles correspond to inclination values of
and 10 30°, 20° and 10

bolometric flux. As most of the accretion disk luminosity is re- The disk models used in simulations are probably relevant
leased in UV wavelengths, polarization levels of this order mag two types of LMXB:s, SXT:s in outburst and Z sources. The
be expected in these wavelengths. In optical light, the polariztisks of VY Sculptoris-type CV:s are also probably similar to
tion levels might be a little lower due to flatter color temperghe simulated models, but the radiation of the secondary star
ture profiles. The effect of small-scale azimuthal asymmetrisBould be included to the model. Irregularities in disks may
to azimuth-averaged Stokes parameters was also estimated faddce the polarization.
found relatively small. Large-scale asymmetries may be ob- Better polarization estimates can be obtained, if other opac-
served as polarization variations with the orbital period. Orbit#y sources and deviations from axial symmetry are taken into
variations of polarization can be studied only in a few brightegtcount. This is particularly important for CV:s. Both linear and
X-ray binaries. circular polarization of the disk should be measured to avoid
Single-scattering approximation should not be used wheanfusion between polarization components produced by elec-
modeling the polarization of accretion disks, as it produc&®n scattering and magnetic effects. This is especially important
significantly larger polarization levels than multiple-scatterinigp neutron star LMXB:s.
models. Decreasing polarization with multiple scattering is also _ )
seen in a plane—parallel atmosphere, when polarization is e¥iknowledgementd. wish to thank P. Hakala, J. Huovelin, K.

uated from Chandrasekhar functions (Coulson &tal./1960). TH&"onen. O. Vilhu and the referee, K. Wood, for their construc-

eometry of accretion disk is similar to that of Coulson et atlve criticism and useful comments. This research was supported by
9 y He Space Research Programme at University of Helsinki Observa-

so qualitatively similar results are produced. In Be star dis‘?ﬁry, supported by Academy of Finland. This research has made use of

simulations indicate increasing polarization with multiple scagiasas Astrophysics Data System Bibliographic Services.
tering (Wood et al._1996). This does not contradict my results,

as the source of radiation is the central star in Be star disks, and
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