Chapter 4

The combined effects of Faraday
rotation and absorption on the
polarization from accretion disk
atmospheres

4.1 Introduction

As discussed in chapters 2 and 3, the polarization emerging from aceretion disk
atmespheres can be affected strongly by either magnetic fields or absorption
opacity. Howewver, we did not consider the interplay that might occur when
both absorption opacity and Paraday rotation are present. The Faraday rota-
tion calculations of chapter 2 assumed a pure electron scattering atmosphere,
but absorption opacity might reduce the depolarization. This 13 because the
Faraday rotation of a given photon depends on the total electron column den-
sity that the photon traverses. The dominant effect of Faraday rotation oceurs
alter last scattering, so if the absorption opacity significantly reduces the elec-
tron scattering column down to unit optical depth, the depolarization would be
smaller. OUn the other hand, the absorption opacity itself may directly increase
or decrease the polarization from an unmagnetized disk, as discussed in chapter
3. In this chapter we attempt to disentangle these effects in order to under-
stand how Paraday rotation and absorption opacity act together to determine
the polarization of the radiation emerging from AGN accretion discs. We have
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82 CHAPTER 4. ABSORPTION AND FARADAY ROTATION

discovered a number of subtle phenomena which are not immediately obvious
from the above arguments.

Az in chapter 2, we use Monte Carlo caleulations of the radiative tranefer.
However, most of our results are from solving the transfer equation described
in section 2.2.2. The emerging radiation field can be caleulated much faster
using standard fnite difference tochniques, and we present the results of both
approaches in simple toy atmosphere models in section 4.3, In section 4.4 we
discuss again the role of Faraday rotation in determining the optical polarization
in AGN accretion dises, and we summarize our conclusions in section 4.5.

4.2 Equations and numerical techniques

Chapter 2 deseribes a Monte Carlo technique to caleulate the polarized radia-
tive transfer through a magnetized, pure electron scattering atmosphere. We
have modified this slightly to include the effects of absorption opacity &, at
frequency v, assuming for simplicity that the ratio of absorption opacity to
electron scattering opacity is independent of optical depth in the atmosphere.
In other words,

o= —T (4.1)

Hop % Thpthp

i3 constant, where n, i3 the electron number density and op is the Thomson cross
section. We propagate each photon a vertical optical depth 7, = 7y + plo(ry)
through the atmosphere, where v is a random deviate between 0 and 1, pis the
direction cosine of the photon propagation vector with respect to the upward
vertical, and r4 18 the starting total optical depth. The photon's polarization
vector is Faraday rotated according to equation (2.11). Then, another random
deviate, re, between 0 and 1 is chosen. Il r¢ is less than g, the photon is
scattered. Otherwise it 18 absorbed and another photon is started at the base
of the atmosphere. This proeess is repeated until a photon escapes from the
atmosphere, and it 18 binned as described in chapter 2. No thermal emissivity
i included in the Monte Carlo caleulations.

We also use the equations derived in section 2.2.2 including Faraday rotation,
absorption opacity, and a source function. Again, we solve the equations using
the Feautrier method. Most of the results presented in this chapter are based
on this method since it is speedier {especially when the absorption opacity is
large) and more accurate than the Monte Carlo method, and can be used to



4.3. CONSTANT g ATMOSPHERES 83

study the effects of changing the source function.

4.3 Constant g, atmospheres

In order to illuminate the physics, we now consider two idealized atmosphere
problems, both with g, independent of optical depth. The first case has zero
thermal source lunction everywhere except for a source at infinite optical depth.
The second case has an isotropic thermal source function which varies linearly
with optical depth. These problems were solved in the unmagnetized case by
Loskutow and Sobolev (1979). Photons of different frequency are completely
decoupled in our radiative transfer equation for an atmosphere of fixed assumed
structure, Le. there is no frequency redistribution. We therefore drop the
gubscript ¢ on all variables and parameters from now on.

4.3.1 Case 1: radiation sources from large optical depth

This problem is a generalization of the pure electron scattering case consid-
ered by Chandrasekhar [1960), but it is important to note that the presence
of absorption opacity in this case implies that the intensity of the radiation
emerging from the top of the atmosphere 18 formally zero unless there is infinite
illumination from below. Nevertheless the radiation field is still polarized. This
problem therefore represents an idealization of an atmosphere in which photons
of a given frequency are thermally emitted in significant quantities only at large
optical depth.

From the numerical standpoint we have performed both the Monte Carlo
simulations and the Feautrier caleulation using sources at sufficiently high, but
finite, optical depth so that the polarization no longer depends on this depth.
We apply a lower boundary condition of unpolarized, isotropic radiation sourees.
The results then depend on only two parameters, & and g.

Figure 4.1 shows the polarization as a function of viewing angle for a vari-
ety of values of ¢ in an unmagnetized atmosphere. The lowest curve shows the
pure electron scattering case (g = 1). Loskutov and Sobolev (1979) numerically
calculated cases for g > 0.5, and found that the polarization increased mono-
tonically as g decreased, o, absorption opacity increased. Their results are
also shown in figure 4.1 and are in excellent agreement with ours. They also
found that the polarization should continue to rise for even smaller g, and we
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Figure 4.1: Polarization as a function of viewing angle for an unmagnetized
(8 = 0) atmosphere with different values of ¢ and all radiation scurces at infinite
optical depth. From top to bottom, the curves represent the results of our
Feautrier caleulations for ¢ = (.1 to ¢ = 1 in steps of 0.1. Points represent the
numerical resulis of Loskutov and Sobolev (1979), which are consistent with our
results. The dashed line represents our analytic solution for g — 0, equation 4.6
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again confirm this fact. Physically this is somewhat puzeling, because it sug-
gests that the polarization remains finite even in the g — 0 limit where there is
no scatiering opacity.

We have obtained the following ¢ —+ 0 analytic solution to this problem in
the unmagnetized case. For outward rays (0 < p < 1),

(4
I p) = i ;.l.]r_'"“r!" I Ef[ﬂ: 1}, 4.2
Al _
Qir, ) = (14 p)e™ ™10, 1). (4.3)
For inward rays { 1< p< ﬂ}l,
e ey,
1) = A ., (4.4)
anc
Q) = {1+ p)(e™ — eWe=41{0, 1), (45)

The Stokes parameter §F vanishes because § = 0. This solution may be verified
directly by substitution in equation (2.26). In this limit the emergent intensity
vanishes exeept in the upward vertical direction (g = 1), Le. there is absolute
limb darkening. The polarized flux which is represented by (J vanishes for
all viewing angles, consistent with the fact that there is no scattering opacity.
The degree of polarization does not vanish, however, except along the vertical
{gr = 1) because of symmetry:

Q1

=== .
! 14 p*

(4.6)

This polarization is also plotted in Ggure 4.1 as the dashed line.

For magnetized atmospheres with finite 8, equations (4.2)-(4.6) still repre-
sent the solution for the radiation feld in the g = 0 limit. This i3 because the
Faraday rotation term in equation (2.24) is proportional to ¢. In other words,
Faraday rotation depends on the electron density, and therefore must have neg-
ligible effect when absorption dominates over electron scattering. This is true
even though this electron scattering produces a nonzero degree of polarization.

Figure 4.2 shows the polarization for g = 0.8 and ¢ = 0.2 atmospheres with
various magnetic field strengths represented by 8. As expected, Faraday rotation
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Figure 4.2: Polarization as a function of viewing angle for (a} ¢ = 0.8 and
(b) ¢ = 0.2 atmospheres with various values of § and all radiation sources at
infinite optical depth. From top to bottom, the curves represent the resulis of
our Feautrier caleulations for § =10 (i.e. zero magnetic field), 2, 5, 50, and 100.
Square points represent the results of our Monte Carlo caleulations for the case
g = 0.8 and § = 5, and confirm the Feautrier results.
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depolarizes the radiation field. This figure should be compared to figure 2(b) of
chapter 2 which shows the same thing for a ¢ = 1 (zero absorption, pure electron
scattering) atmosphere. It is apparent that moderate absorption opacity (e.g.
g = (.B) enhances the depolarizing effects of the magnetic feld, even though
the electron scattering depth down to unit optical depth is smaller. This is true
even along lines of sight which are perpendicular to the magnetic feld (g = 0).

Faraday rotation generally has only a very small effect on the limb darkening
of the total intensity of the radiation field emerging from an atmosphere, as
shown in figure 4.3. In the pure scattering, ¢ = 1 case, large Faraday rotation
acts Lo randomize a photon’s polarization vector between scatterings, and the
limb darkening law approaches that for scattering described by Rayleigh's phase
function (ef. the appendix and section 45 of Chandrasekhar 1960}, i.e. Thomson
scattering of unpolarized radiation. This limb darkening law turns out to be
very close to the pure electron scattering case with polarization effects. As
shown by the ¢ = 0.8 curves in figure 4.3, modest absorption causes Faraday
rotation to have a more substantial effect on the limb darkening, although it is
still small. This is because the polarization is greater than for the ¢ = 1 case.
The contribution of  to the intensity source function is therefore larger, s0 as
the magnetic field depolarizes, the intensity source function is modified more
than for the ¢ = 1 ease. For large absorption opacity, e.g. the g = 0.2 case
shown in figure 4.3, the effects of Faraday rotation are very small.

Figure 4.4 shows the depolarizing effects of Faraday rotation for all values of
¢. Owverall, as g decreases below unity, Faraday rotation is at first more effective
in depolarizing the radiation field than at g = 1. The polarized source function
has a greater contribution from ¢ relative to I than it did in the ¢ = 1 case.
The limb darkening does not change much with 4, so as the Faraday rotation is
added and the polarization is reduced [except for u near 0), the polarized souree
function for g = 0 decreases more rapidly than in the ¢ = 1 case. However,
as g gets below around 0.4 for the particular viewing angle shown in figure 4.4,
Faraday rotation starts to become less effective in depolarizing the radiation
field compared to the g = 1 case because of the diminishing electron column
density down to unit optical depth. As g — 0, Faraday rotation has zero effect
as we noted in our analytic solution above.
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Figure 4.3: Angular distribution of total intensity I emerging from atmospheres
withg =02, g =08 and g = 1; d = 0. 2, and 100; and all radiation sources
at infinite optical depth. In the ¢ = 0.2 and g = 1 cases the limb darkening is
virtually independent of 4, and the three curves in each case lie nearly on top of
each other. In the g = 0.8 case, § increases from bottom to top. All curves were
caleulated wsing our Feautrier code. Note that for small ¢, the limb darkening

becomes very large, in agreement with equation (4.2).
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Figure 4.4: Polarization as a function of ¢ along the g = 0452 line of sight
for various values of Faraday rotation parameter 4. In (a) we show the actual
polarization, while in {b) we show the ratio of the polarization to that of the
4 = 0 (unmagnetized) case. From top to bottom in both figures, the curves
represent 4 = 0, 2, 5, 10, and 100. All the results shown were calculated using
our Feautrier code.
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4.3.2 Case 2: linear thermal source function

We now consider a distribution of sources in the atmosphere such that the
thermal source function depends linearly on optical depth,

S(7) = S(0)(1 + gr), (4.7)

where S(0) and § are constants. In the ¢ — 1 limit, this problem reduces
again to the pure electron scattering case considersd in chapter 2.0 We use
the diffusion approximation to apply a lower boundary condition at sufficiently
high optical depth 7, 80 that the results are independent of 7., Apart from
the uninteresting normalization factor, the radiation field emerging from this
atmosphere now depends on three parameters: §, g, and 3.

For atmospheres with very small scattering opacities (g — 0], the radiative
transfer equation may be solved perturbatively. To lowest order in g, the total
intensity from the atmesphere is given by the Eddington-Barbier relation,

I, ) = S{0H(1 + Bpe) + O(y), (4.8)
and the polarization is given by

P(i) = agg s w0t + 83+ wo} o). o)

where

i) = 3 Fu+ (g’ — 1) ln (1 | l) : (4.10)
2 I

These results are identical to those obtained by Gnedin and Silant’ev [1978) for
unmagnetized atmospheres in the ¢ —» 0 limit, and this is because the effects of
Faraday rotation are of order ¢° in this limit. Physically, the ratio of scattered
to thermal {unpolarized) intensity is of order g, which is why the polarization is
also of this order. (This is in marked contrast to the previous case we considered
where the thermal sources were all at infinite optical depth. Here the presence
of a nonzero thermal source function ensures that the polarization vanishes as
g —+ 0.) The amount by which Faraday rotation can further depolarize the

UThis s true provided the thermal souree function remains finite. By ¢ — 1, we mean that
figoy % g and that the scattering souree function & much larger than the thermal souree
fumetion.
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radiation is also of order g, because this is the factor by which the electron
colurmn density (which does the rotation) down to unit optical depth is reduced.
Hence we immediately conclude again that Faraday rotation has negligible effect
on the polarization {which is already small) as g —» 0.

Figure 4.5 shows the polarization viewed along g = 0.452 for various values
of @ and ¢ for an unmagnetized atmosphere.®  Also shown are the numerical
results of Leskutov and Sobolev (1979), which are again in good agreement with
curs. Negative values of P in this figure represent cases where the polarization
plane is perpendicular to the plane of the atmosphere. We call this the “Nagirner
effect”, after the person who first noted that absorption opacity can produce
this {¢f. Gnedin and Silant'ev 1978). It is possible that this effect could explain
the fact that the observed polarization in type 1 AGN is parallel to the radio
axis. We find that negative polarization is present for some poand g if and only
if 3 < (6~ 8ln2)/(8Iln2 — 5) = 0.834. This is consistent with Goedin and
Silant'ev (1978) g — 0 result, because as 3 drops below the eritical value, (J
first becomes negative for small .

The Nagirner effect therefore arises for sufficiently flat thermal source fune-
tions. It is useful, however, to examine its origin a little more closely by consid-
ering the depth dependence of the fetal source function. If there is no magnetic
field, then the outgoing radiation (0 < p < 1) can be formally expressed from

equation (2.26) as
— - !ln"pdf'

10, 4} = fu S(t, e (4.11)
Hence if Sg(7. p) < 0 over some range of optical depths, then the outgoing ra-
diation can be negatively polarized for that particular viewing angle. The solid
curve in hgure 4.6 shows the depth dependence ﬁfﬁq[?‘] for 3 =10, g = 0.8, and
p=0.211. Around v = 1, Jg is negative, but for low 7 it becomes positive. The
reason for this can be seen by looking at the contribution to the polarized souree
function from radiation eoming from different directions in an atmosphere with
constant source function. The broken eurves in Agure 4.6 show the contribu-
tion to the source function from different angles in a four-stream caleulation
of the radiation field, i.e. where the radiation is calculated at four angles for
the purposes of computing quadratures. Near 7 = 0, there s no downgoing
radiation [ < 0}, s0 the only contribution is from upgoing radiation. The
limb darkening causes the source function polarization to be positive, sinee the

*The 7 = oo case corresponds to S[+] o 1.
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Figure 4.5: Polarization as a function of ¢ along the p = 0.452 line of sight for
various values of source function gradient [ in an unmagnetized (& = 0) atmo-
sphere. From bottom to top, the curves represent the results of our Feautrier
caleulations for @ = 0, 0.5, 1, 2, 5, and oc. Points represent the numerical
caleulations of Loskutov and Sobolev (1979), interpolated to g = 0.452. The
dotted lines are the results of the analytic formula for small g, equation {4.9).
The dashed line is the approximation used by Laor et al. {1990). All curves
approach the Chandrasekhar (1960) value for this viewing angle as g — 1.
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Figure 4.6: Polarized source function va. optical depth along the p = 0.211 line
of sight for 7 = 0 and ¢ = 0.8, The solid curve is the total source function,
while the dashed and dotted curves are the contributions from various angles in
the four-stream approximation [negative p is downwards). The plot of Sg(r)
for the g = 0.789 line of sight is very similar.
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near-vertical radiation (which has net positive polarization when scattered) is
stronger than the near-horizontal radiation [which has net negative polarization
when scattered). Near v = 1, the limb darkening is weaker. Here, there beging
to be a significant contribution to the source function from downward radiation
which i3 produced in the layers above © = 1. The near-horizontal radiation i3
stronger than the near-vertical sinee there i3 more atmosphere emitting from
smaller [g|. This leads to a net negative polarization at + = 1. Figures 4.7
and 4.8 illustrate this effect. [Note that the polarization is low, so most of the
contribution to ‘:.".‘Q comes from [, Thus, the corresponding difference in the
contribution to ¥y from different angles is due mostly to the difference in the
intensities from different angles.) When the thermal source function has a steep
vertical gradient, the limb darkening is stronger. The contribution from the
downward going radiation is less than that of the upward radiation, and the
polarization source function is always positive. This is why Hat thermal source
function gradients are required for the Nagirner effect to be present.

Figure 4.9 shows the polarization as a function of viewing angle for 3 = 1
and (a) g = 0.8 and (b) ¢ = 0.2. This figure should be compared with fgure 4.2
above. Faraday rotation has a much smaller effect on the polarization at g =10
when a nonzero thermal source function is present. This is because the polariza-
tion is low and limb darkening is more important in determining the polarized
source function. In addition, the presence of the thermal source function im-
plies that the overall polarization vanishes as g <+ (1. Paraday rotation has even
less effect on the polarization, which is already small, as g — (. For example,
in the ¢ = 0.2 case shown in Ggure 4.9(b), the § = 0, 2, and 5 curves overlap
because the effects of Faraday rotation are reduced by an additional factor of ¢
as discussed above.

Figure 4.10 shows the polarization in the = 1 and o cases as a function of
g for various 4. Notice again that as g becomes small, the effect of the Faraday
rotation decreases, and all curves approach the §d = 0 case. Note however that
this approach is much smoother than in the previous case where all the sources
were at infinite optical depth {ef. hgure 4.4). For moderate absorption opacity
(i slightly less than unity), the depolarizing effects of Faraday rotation are again
enhanced over the pure scattering problem for the 3 = o case shown. This is
the same effect as in section 3.1, and again arises because the absorption opacity
on its own increases the polarization. If the thermal source function gradient is
not 50 steep o that modest absorption opacity decreases the polarization, then
the effects of Faraday rotation are reduced as ¢ drops below unity (ef. the 3 =1
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Figure 4.7: Cartoon showing the reason why the polarized source function
switches from positive to negative to zero with increasing 7. The length of
the radial arrows represents the strength of radiation coming from different an-
gles. The arrows in the center represent the strength of the negative and positive
contributions to the polarized scattering source function (negative is vertical,
positive is horizontal). The sum of the polarizations is indicated on the right,
along with the optical depth of each layer.
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Figure 4.8: At wavelengths where the Nagirner effect is present, the polarization
vector lies in the plane of the line of sight and the vertical at = = 1, while it
s perpendicular near v = (. Thus, the polarization ends up being negative
at some viewing angles. However, when a magnetic field is added, Faraday
rotation causes the polarization near ¥ = 1 to be rotated and depolarized, while

the radiation near v = (1 is rotated very little, so the polarization ends up being
nearly perpendicular.
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Figure 4.9: Polarization as a function of viewing angle for (a) g = 0.8 and (b)
g = 0.2 atmospheres with various values of § and a linear source function with
8 = 1. From top to bottom, the curves represent the results of our Feautrier
caleulations for § =0, 2, 5, 50, and 100. In panel (b}, the §= 0, 2, and 5 cases
overlap.
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case in figure 4.10).

So far we have discussed Faraday rotation as an agent for depolarizing the
radiation feld. However, when [ is small and the Nagirner effect is present, it
is possible for the magnetic Geld to inerease the polarization. Figure 4.11 shows
the normalized Stokes parameters for ¢ = 0.9 and 5 = 0.25 for various &, and
/1 with the § = 0 case subtracted. With no magnetic field, the Jg's from
different depths partially cancel, making the polarization negative for g = 0.38,
but positive for smaller g

Since Jp = 0, the only contribution to the polarization is from Fg, which
for ¢ = 0.9 and # = 0.25 is similar to the source function plotted in figure 4.6
Because the polarization is low, 3y does not change much with § here. For
this case, Fgp < 0 for + > 0.25 at all . Thus, the positive polarized source
function comes from a small range of electron scattering depths, so the Fara-
day depolarization is insignificant for § £ 4. However, the negative polarized
source function comes from a larger range of optical depths, causing Faraday
depolarization for § = 1, reducing the magnitude of the negative polarization
so that the outpgoing polarized fux is increased.”  For very large §, even the
radiation from small + will be Faraday rotated significantly, so the polarization
will still be approximately horizontal, but will eventually start 1o decrease in
magnitude again, as seen in figure 4.11. The effect of increasing the polarization
with increased magnetic field in a semi-infinite atmosphere is only present when
there 18 absorption opacity present and a shallow source function gradient.

4.4 Polarization from realistic accretion disk
atmospheres

In chapter 3 we caleulated the structure of local, static, plane-parallel atmo-
spheres using the complete linearization technique, neglecting the effects of any

5irictly speaking, “positlve™ and “negative” polarization deflne the orlentation of the
plane of polarization only when theee 1s oo magnetle Oeld present, because there are only two
prossible orlentations. The presence of the magnetic Oeld breaks the azimuthal symmetry anmd
allows the plane of polarization to be at an arbitrary angle with respect o the vertleal /line
of alght plane. We use these terms here In reference Lo the unmagnetbzed case to show hos
Faraday rotation acts gn the diferent orlentations of the polarkzatlon at different depths In
the atmosphese.
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Figure 4.10: The effect of Faraday rotation on the §= 1 (dashed) and oo (solid)
cases for the p = 0.452 line of sight. In (a) we show the actual polarization, while
in (b) we show the ratio of the polarization to that of the § = 0 (unmagnetized)
case. From top to bottom in both figures, the curves represent the results of
our Feautrier calculations for § = 0, 2, and 5.
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Figure 4.11: The top panel shows P and /1, and the bottom panel (QJ[§)

0)) /1 and U7/1 as § increases in an atmosphere with g = 0.9 and 3 = 0.25.
Note that at large § and small g, Q/J decreases relative to the zero magnetic
field case, which is because the Faraday rotation is significant for small optical
depths when § is large enough.
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magnetic field.* Here we use some of these atmeospheres to caleulate the radia-
tive transfer in the presence of a constant vertical magnetic Geld in the atmo-
sphere according to equation (2.24). Cur atmoesphere solutions include hydrogen
bound-free and free-free opacities as well as electron scattering opacity. Non-
LTE effects in the e = 1 and 2 levels of hydrogen are included. The results with
magnetic fields of different strengths in atmospheres with (T, g) of (2 10* K,
190 em 572), (4.5 = 100 K. 4 % 10° em 57%), and (10" K, 9.5 = 10* em 574} are
plotted in figures 4.12-4.14, respectively. We also show the variation of g at
7 = 1 with wavelength in figure 16 for these three atmospheres. In all cases the
magnetic field does not significantly affect the total intensity spectrum Jy.

As shown in Ogure 4.15, g is very small just blueward of the Lyman edge, so
the Faraday rotation does not affect the polarization very much in this region
of the spectrum unless & is very large. This is illustrated in figures 4.12-4.14.
In the case shown in figure 4.12, the source function 8 shallow just blueward
of the Balmer edge. Hence g < 0 near v = 1 at these wavelengths. Here
the increasing magnetic field causes an inerease in polarization, as described
in section 3. Figure 4.12 also shows a dramatic reduction in the difference
in polarization across the Lyman edge. This is due to the fact that redward
of the edge, g, is large, so the Faraday depolarization is strong. Blueward of
the edge, however, g, i8 small, s0 the FParaday depolarization is weak. Thus,
as the magnetic field increases, the polarization decreases faster redward than
blueward of the edge. In some cases the polarization blueward of the edge is
larger than redward of the edge, as shown in Ggure 4.14 for B = 2500 G.

The Balmer edge in figure 4.13 has a negative polarization, which becomes
maore negative redward of the edge for B = 0. However, as the magnetic field
increases, the polarization first becomes positive, and increases from blue to red
across the edge. For larger B, the polarization is reduced, decreasing from blue
to redl. This behavior can be understood in terms of the physics discussed in
section 3. The thermal source functions are very Hat on both sides of the Balmer
edge, but g is larger redward of the edge (g = 0.8 at ¥ = 1) than blueward of the
edge (g = 0.57 at 7 = 1). Hence the Nagirner effect is stronger (cf. fgure 4.3).
Since Faraday depolarization is stronger for larger ¢, the polarization increases
to the red across the edge when there is a 20 G magnetic field (§ = 2.1 at
3648A). However, when § is larger, the depolarization is mere rapid for larger

In particular, we lgonore the coptelibution of magnetic fiold pressure on hydrostatke equi-
libelum, which Is quite Important for equipartition Oelds.
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Figure 4.12: Stokes parameters in an atmosphere including Faraday rotation for
Topp = 20,000 K and g = 190 cm s* including non-LTE effects for two hydrogen
levels. The curves depicted are for a p = 0.452 line of sight, with various
magnetic field strengths. The top panel shows the outgoing total intensity
spectrum Iy, = p/Af,. The bottom two panels show the percent polarization
for the Q1 and U/1 Stokes parameters. Q7 peaks at 10 per cent and UJJ
peaks at -4 per cent at about 500A for B = 750 G. If the magnetic Geld is in
equipartition with the radiation field, 5., = 174 G.
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Figure 4.13: Polarization in an atmosphere including Faraday rotation for
Topp = 45,000k, g = 4000 cm 7%, and g = 0.55 and various magnetic field
strengths,  If the magnetic field is in equipartition with the radiation field,
B, =880 G.
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if, 80 then the polarization decreases to the red across the edge when B = 100 G,
or § = 10.5 at 36484,

If the magnetic field were randomly oriented, the polarization feature may
also be decreased at larger inclination angles for a large magnetic feld.

The results of this section are meant to give a lavor of the complexities that
may result in the polarized spectrum emerging from a realistic atmosphere. The
full aceretion disk spectrum requires an integration over many such atmospheres
in different physical conditions representing the disk at different radii.

4.5 Conclusions

Using a combination of numerical caleulations and analytic arguments, we have
extended our study of Paraday rotation in aceretion disk atmospheres to include
the interaction with absorption opacity. Along the way we have clarified the
role that each of these two effects play separately. Faraday rotation in a pure
electron scattering atmosphere acts to depolarize the radiation feld by rotating
the polarization vectors of photons seattered from different depths.

Albsorption opacity in an unmagnetized atmosphere can increase or decrease
the polarization depending on the behavior of the thermal source function. If
the thermal source function is zero except at great depth, absorption opacity
alone always increases the polarization. In the more usual case of nonvanishing
thermal source function, the effect of absorption opacity depends on the source
function gradient. If the thermal source function increases steeply with depth,
absorption opacity can increase the polarization over the pure electron scatber-
ing case. On the other hand if the source function increases slowly with depth,
or even decreases, then absorption opacity can flip the plane of polarization
to be in the vertical line of sight plane. While these results were known from
previous work [(Gnedin and Silant’ev 1978; Leskutov and Sobolev 1979), we
have presented a novel physical interpretation in terms of the behavior of the
total source function . Quite generally this source function locally produces
polarization which is parallel to the atmosphere plane at low optical depths. At
optical depths around unity, however, the polarization can be parallel or per-
pendicular to the atmosphere plane depending on the thermal source function
gradient.

When Faraday rotation is combined with absorption opacity in a scatter-
ing atmosphere, a number of effects can occur. First, if absorption dominates
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Figure 4.14: Polarization near the Lyman edge in an atmesphere including
Faraday rotation for Loy = 100,000 K, g = 95,000 cm s L and p o= 0.55 and
various magnetic field strengths, If the magnetic field i3 in equipartition with

the radiation field, B, = 4400 G.
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AA)

Figure 4.15: The ratic of scattering opacity to total opacity at # = 1 for the
three atmospheres displayed in fgures 13-15. The solid, dotted, and dashed
curves represent o, for Lepy= 20,000k, 45,000k, and 100K atmospheres
respectively.
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scattering, then the electron column density along a photon mean free path is
small and Faraday rotation only has a small effect on the polarization of the
radiation field. On the other hand, if modest absorption opacity alone increases
the polarization, then the depolarizing effects of Faraday rotation are enhanced
compared to the pure scattering case, at least for a vertical magnetic field. On
the whole Faraday rotation generally acts 1o depolarize the radiation field, as in
the pure scattering case. However, when the Nagirner effect is present at certain
photon wavelengthe, then FParaday rotation can actually increase the emerging
polarization by depolarizing the deeper radiation Geld which has a perpendicular
orientation to the radiation which is seattered from shallower depths.

While we have shown that these effects can all oceur in simple toy model
atmospheres, we have also demonstrated that they are present in more realis-
tic atmoapheres, We have shown how the polarized radiative transfor can be
computed in a straightforward manner by a simple extension of the Feautrier
methed to incorporate a vertical magnetic field. This numerical method can be
used to integrate the radiation field produced at different annuli in the accretion
disk to caleulate the total observed radiation field. As we noted in chapter 2,
the largest uncertainty in applving such caleulations to the observed data is
the variation of magnetic Geld strength with disk radius, and its covering factor
on the disk photosphere. (It might be possible to get a bandle on the latter
by combining ultraviolet and X-ray observations to determine the *patchiness”
of the corona; ¢f. Haardt, Maraschi, and Ghisellini 1924, This assumes that
such patches, if real, are magnetized active regions similar to those on the sun.)
The field topology will of course also not be vertical, but following our Monte
Carlo work of chapter 2, we expect magnetic fields of random crientation to
have qualitatively [and perhaps quantitatively to some extent) similar effects.
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