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Abstract. Faraday rotation is a process by which the position angle (PA) of background linearly polarized light

is rotated when passing through an ionized and magnetized medium. The effect is sensitive to the line-of-sight
magnetic field in conjunction with the electron density. This contribution highlights diagnostic possibilities of
inferring the magnetic field (or absence thereof) in and around wind-blown bubbles from the Faraday effect.
Three cases are described as illustrations: a stellar toroidal magnetic field, a shocked interstellar magnetic field,
and an interstellar magnetic field within an ionized bubble.

1 Introduction ne, ande, me, andc are fundamental constants in the usual
notation (e.g., Draine, 2011).

Astrophysical magnetism is of broad relevance for under- Many applications of Faraday rotation are for interstellar
standing the state and history of the universe at a variety obr extragalactic studies (e.g., Carilli and Taylor, 2002; Han
scales, ranging for example from planetary radio emissionset al., 2006; Beck, 2012). Here emphasis is given to Fara
(e.g., GrieBmeier et al., 2007; Ignace et al., 2010) to interstelday rotation as a probe of magnetism in and around wind:
lar turbulence (e.g., Brandenburg and Lazarian, 2013). It isblown bubbles. Some recent examples are as follows: Rarf
desirable to have a number of diagnostic approaches for meaom et al. (2008, 2010) have conducted studies of Fara
suring magnetism. One important diagnostic is Faraday rotaelay rotation effects arising from planetary nebulae (PNe)
tion, the mechanism through which the line-of-sight (LOS) Interestingly, Stromgren spheres around white dwarfs may
magnetic field component rotates the position angle (PA) ofbe detectable (e.g., as potentially indicated in lacobelli et
linear polarization for a beam of radiation. The amount of PA al., 2013). For massive stars: Savage et al. (2013) report g
rotation is also proportional to the electron density and thean extensive study of Faraday rotation for the Rosette Neh
path length through (partially) ionized regions. Additionally, ula Hil region. Harvey-Smith et al. (2010) have discovered
the PA rotation scales with the square of the wavelength ofanti-symmetric PA rotations across the supernova remnant
radiation12. Most applications measure the polarization PA (SNR) G296.5 + 10.0, which they ascribe to the stellar mag
for a range of wavelengths to derive the “rotation measure’netic field in the swept-up wind from a progenitor red su-
(or RM) that encodes information about the integrated prod-pergiant phase. Motivated by these observations, the goa
uct of the LOS field component and electron number densityof this contribution is to overview theoretical considerations
(e.g., Draine, 2011). The RM is empirically derived from a and tools for interpreting data pertaining to Faraday rotatior
logarithmic plot of the polarization PAy, againsti?; the measurements in wind-blown bubbles.
RM will be the slope of the best-fit line, with RM defined as

3,2
v = <L) x / B nedz = RM x A2, (1)

27 méct

=)

wherex is the wavelengthB is the LOS field component in
an ionized medium of (position-dependent) electron density
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2 R. Ignace: Faraday rotation effects in bubbles

2 Theoretical interpretive tools

2.1 Stellar magnetism in wind-blown bubbles

Consider a rotating star with a stellar wind. Now allow the
star to have a magnetic field. A simplified kinematical model,
based on the WCFields approach of Ignace et al. (1998), is
adopted in which to explore robust Faraday-rotation features
that may be observable from radio mapping of the extended
stellar wind.

In WCFields the wind is axisymmetric, and the large-scale
magnetic field (of relevance to the Faraday effect) is domi-
nated by the toroidal component. For a stellar surface mag-
netic field initially of strengthB, for a star of radiusk,, the
asymptotic toroidal magnetic field will scale as

x/R

1.0 0.5 0.0 -0.5 -1.0

B,(r,0) =B, (M) <&) sing, ) R

Voo d Figure 1. False color image of polarization PA (or alternatively,
where ¥ is the co-latitude of the star, is the wind ter-  RM) as projected onto the plane of the sky for a model of a wind-
minal speed, and,q; is the star’'s equatorial rotation speed. blown bubble threaded by a toroidal stellar magnetic field. Here the
Although not physically self-consistent (see below), for con- 0pposing colors (blue, green vs. yellow, red) signify a change in
venience the wind is approximated as spherically symmetrid°°|a”ty of the magnetic field. Thl_s isa S|mulateql map of t_he sky in
in its density for the results described here, with electron den_observelx, y.coordlnates, normalized to the maximum radial extent
sity ne o r—2. The assumption of sphericity highlights the of the spherical bubble.
influence of the stellar magnetic field on the distribution of
Faraday rotation across the bubble. . ) L

y net polarity of the field: the PA rotation is counterclock-

With spherical c!ensny and t_he gboye 3-D magnetic t0pOI_wise (RM> 0) when the field is pointed toward the observer,
ogy for a bubble viewed at an inclination angle the sym-

metry axis of the field, the rotation of background linearly and clockwise (RM< 0) when opposite. The left-right anti-

. . : L _symmetry displayed in Figl highlights this fact. Harvey-
ﬁ]c;?ﬂzebdut%t ?St Zi:‘/lé(re]db\;vavelength for a sightline intercept Smith et al. (2010) used a similar model to interpret such an

antisymmetry observed in a SN remnant. Note that for the
R, y RN\? . adopted model, the morphology is independent of the view-
(_) sin: ing inclination angle, which appears in the solution only as

Ybub(x,y) = —2ﬂ<

w w

<Zbub
a factor to govern thamplitudefor the PA rotation (alterna-

X [(Z — @) + }sin 290] . 3 tively, the scale of RM). Although there are ways to improve
4 2 4 on this simple model (specifically, allowing for a dynam-
Here a Cartesian coordinate systémy,z) is introduced, ically self-consistent density distribution, for example ax-
with z the observer line-of-sight, and and y in the plane  isymmetry following Chevalier and Luo, 1994), antisymme-
of the sky, withx along the projected symmetry axis de- try in the PA rotation, or equivalently in RM, is a morpholog-
fined by the toroidal field, and thep=z x x. The param- ically robust feature of a toroidal magnetic field distribution.
etere is an observer impact parameter, witht = x2 + y2.
The quantitydg is an observer angle for the point at which a
sightline intersects the bubble. If the bubble has radiyg,
then sirfp = @ / Rpup. Finally, zbub is a scaling factor for the  whiting et al. (2009) presented a model for describing the
amount of PA rotation by the Faraday effect. It depends oncentro-symmetric variation in RM across the face of an H
magnetic field strength and the density of the medium. It repyegion under the following circumstances. The spherically
resents a characteristic Iength for the PA rotation (See Ignacgymmetric region Consists of three zones: (a) an inner non-
and Pingel, 2013). Thetinyp is the PA rotation integrated  magnetic stellar wind as zone 1, (b) an outer region of undis-
along thez coordinate through the bubble@t, y), or equiv-  tyrbed interstellar gas with uniform density and threaded by
lanetlyzr and azimuth angle. It therefore represents a pertury uniform interstellar magnetic field as zone 3, and (c) an
bation to the Faraday rotation as compared to sightlines thainnular region bounded by an inner contact discontinuity be-
pass near the wind bubble but not through it (see Ignace anflyeen the stellar windand postshocked ISM gas. Except
Pingel, 2013 for a more thorough discussion).
Figure 1 provides a false-color map afpu, based on IThe stellar wind consists of an inner free-streaming wind and a
the preceding equation. Faraday rotation is sensitive to th@eparate annular region of postshocked stellar wind with the contact

2.2 Interstellar magnetism in wind-blown bubbles
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R. Ignace: Faraday rotation effects in bubbles 3

Although the model is based on Whiting et al. (2009), a
different notation and form of expression are used here. Th
impact parameter is again given hy. Then the radius for
any point in the bubble is?> = w2+ z2. The solution for RM

?6 5 ] arising from zone 2 of the bubble alone, in terms of the angl¢
A & 0, where si® = w/R», is
ds RM  cosf (; sin20+00529> [1—a@)HE —60)]. (4)

P T T T
0 0.2 0.4 0.6 0.8 1

» /R ' o /R, ' Here, H (1) is the Heaviside function, defined so thdt=

0 when the argument of the functien< 0, andH =1 for

u > 0. The critical angle®. is sinb. = R1/R>. Foré < 6, a
sightline intersects zone 1; fér> 6, it does not. Finally, the
unctiona is a path length correction for those sightlines that
cross zone 1, with

Figure 2. lllustration of the variation of RM with impact param-
eter across a wind-blown bubble using the Whiting et al. (2009)
approach (c.f., Figs. 8 and 9 of Savage et al., 2013). Left show
the RM for different shock strengths assuming the inner radius
R1 = 0. Right shows the case of a fixed shock strength 4 but

for different radiiR1 (see text).
JR2—w2(0)
— )

a@) = .

for the magnetic field, the morphology mimics that expected VR —@2(0)
from wind-blown bubbles described in Weaver et al. (1977).
The inner field-free zone has radiRs and consists of stellar  The form of Eq. 4) explicitly assumes constant density and
wind material. Between the radii d; and R; is the post- ~ uniform ionization throughout zone 2.
shocked interstellar gas. Then the pre-shocked interstellar Example profiles for how the RM varies with impact pa-
gas exists at radii beyongb. rameter are displayed in Fi@ The left panel displays a

The interstellar field is taken to be of uniform strength and limiting case withR; = 0; the curves are for different shock
direction in zone 3, making an angléo the observer's LOS.  strengths. The right panel is for a strong shock wits: 4
For the post-shock magnetic field of zone 2, the shock is apfixed, andR; is allowed to vary. Note that fof =4, in-
proximated as discontinuously enhancing the field compo4roducing R; amounts to removing varying portions from
nent that is perpendicular to the shock nornil, whereas ~ the top curve in the left panel depending on the extent o
the component of the field parallel to the shock normal, R1. This results in a discontinous change of slope in RM
B2, is unperturbed in its transport across the shock. Thewherew = Rj. _ o -
strength of the post-shock componeht depends on the Although the details of the RM profile will change if this

shock strengtly = nsn/no, with nsh the post-shock gas num- model is made more realistic, the appearance of the discon-

ber densityno the pre-shock interstellar gas number density, tinuous change in slope is a geometric effect and should b
and 1< ¢ < 4. a fairly robust feature of models that have the characteristi
A simplification adopted by Whiting et al. (2009) is that three-zone structure used in Whiting et al. (2009). Further re
for a sightline passing through zone 2, the post-shock vecfinements to the Whiting et al. (2009) model will ultimately
tor field at the back boundary is considehstantfor the ~ De driven by the data. In an application to the Rosette Nebul
back half of the pathlength, and the post-shock vector field(Savage et al., 2013), the model in its present form appea
at the front boundary is likewise constant on the front half @dequate; however, the sampling of sightlines is sparse at lo
of the path. This approximation provides an analytic solutionimpact parameters so that some model parameters are n
for the RM distribution (equivalent to PA rotations) across Well-constrained. As better data become available, the tw
the face of the bubble. And as in the preceding section, thénost likely features to be improved will be: first the variation
simplification leads to solutions that contain robust elements2f the vector field throughout zone 2, and second accountin

that will prove useful for evaluating more elaborate models. for departures from spherical symmetry (an axisymmetric
bubble would be more realistic). Moreover, should one ob/

serve that a profile solution provides an overall match to the

general contour of the data, but that the data display conside|
. — - - . able dispersion, this could signify the presence of a randor
discontinuity as its outer boundary. These distinct divisions for the.. b g fy . p_ .
) . oo : . __field component. A stochastic contribution to the magnetig

stellar wind region are not separately indicated in the figure since,. Id distributi ise b fturbul
the entirety of wind is assumed non-magnetic and so is not reIevantIe IStribution can arise because ot turbuience.
to the Faraday rotation in this model.

20ne should not confuse the parallel field component in relation
to the shock normal with the parallel component along the LOS that

is relevant to Faraday rotation.

www.astra-proceedings.net/1/1/2014/ ASTRA Proc., 1, 1-5, 2014
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4 R. Ignace: Faraday rotation effects in bubbles

2.3 Interstellar magnetism in an ionized bubble ing the observed variations in the PA of the diffuse emis-
sion across a bubble to models surrounding ISM (e.g., mag-
netic field geometry, electron distribution, shock strength)
can be extracted. Since PAs (or likewise RMs) are obtained
by comparing sightlines on and off the source, mapping at
just one wavelength is sufficient for thi strategy. On the other
and, some studies, like that of the Rosette by Savage et
al. (2013), make use of distant polarized point sources to
map out Faraday rotation across a bubble in a “buckshot” ap-
proach. This can be advantageous if the diffuse background is
non-uniform, but requires mapping at multiple wavelengths,
ince the unrotated PAs of the distant unrelated and indepen-
ent sources are not known. Although analysis for Faraday
otation can be challenging, the underlying physics provides
remendous diagnostic potential for studying the environ-
path lengthAz = 2,/ R2,,— 2. For a constant density, the ments of circumstellar and interstellar magnetized plasmas.
effect of the bubble for PA rotations is a function of path
length only, withypyp o< Az. If one were to produce a map
of polarization PA, it would be seen to be centro-symmetric.Acknowledgements.  Ignace expresses appreciation to Steve
One could construct a histogram of the incidence-ofalues ~ SPangler and two anonymous referees for providing several
as a function of impact parameter. Theoretically, for constan'€/Pful comments to improve this contr_lbutlon. Support for th'.s
density and a uniform field, one expects the incidence of dif_research through a grant from the National Science Foundation
- (AST-0807664) is gratefully acknowledged.
ferent PA rotations across the bublde\ /dvr)pup to be

As a final example, consider a spherical bubble in which
the only effect is that the region is more ionized, relative
to the local interstellar gas, by the central UV-bright star.
In this case there is no interaction with a stellar wind over
most of the ionized bubble, and the gas is permeated solel
by the pre-existing interstellar magnetic field. Generally, the
gas is turbulent. Often the field is conveniently approxi-
mated as consisting of two components: a globally uniform
component and a locally random one.

It is interesting first to consider a purely uniform field in
the ionized bubble. This field everywhere has the same LO
component toward the observer. However, sightlines througr}
the spherical bubble depend on the impact parameter, witl?

% des Editgd by: H. Fichtner
<_> X <_> & Ybub- (6) Reviewed by: two anonymous referees
dl/f bub dl/f bub
Consequently, a histogram for the incidenceygf, values  References
is linear inypy itself.
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