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Faraday	  Rota*on	  

φ = RM ×λ 2

~ RM ×ν 2

Faraday	  rota)on	  describes	  how	  the	  
posi.on	  angle	  (PA)	  of	  a	  background	  
linear	  polariza.on	  signal	  can	  be	  
ROTATED	  when	  passing	  through	  a	  
magne.zed	  and	  ionized	  medium.	  	  



Faraday	  in	  a	  
Planetary	  Nebula	  

(from	  Faraday	  Rota)on	  in	  the	  Tail	  of	  the	  
Planetary	  Nebula	  DeHt	  5,	  	  Ransom	  et	  
al.,	  2010,	  ApJ,	  724,	  946)	  

Map	  of	  the	  polariza4on	  PA	  
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Figure 1. R-band DSS optical image of a 1◦ × 1◦ region centered on the
position of WD 2218+706, the central star of PN DeHt 5 (see Table 1). Here and
hereafter, images are presented in Galactic coordinates, with Galactic north up
and Galactic east to the left. The intensity scale is in photon counts with lighter
shades indicating higher counts. The range of intensities has been adjusted to
highlight extended emission. The angular resolution is ∼1′′. The dashed circle
drawn on the image, and on each subsequent image, shows the approximate
extent of the “visible disk” (see Section 2) of DeHt 5. The solid arrow and
adjacent dotted lines on the image, and on the images presented in Figures 2
and 3, indicate the projected space velocity and space-velocity error cone of
WD 2218+706. The length of the solid arrow represents the change in the sky
position of WD 2218+706 over the next ≈ 50,000 yr. The filamentary structure
at the northernmost edge of DeHt 5 is also given the designation LBN 538. The
bright star in the southeast corner of the image is HR 8557 (mV = 5.5).
(A color version of this figure is available in the online journal.)

and amorphous. The 9′-diameter dashed circle in Figure 1 (and
in subsequent figures featuring the radio polarization images)
represents the approximate visible extent of DeHt 5 (see Tweedy
& Kwitter 1996), and, for lack of a better reference point, is
centered on WD 2218+706. We emphasize, however, that the
“visible disk” of DeHt 5 neither has a distinct circular shape nor

is it necessarily centered on WD 2218+706. In fact, given the
age of DeHt 5, it is very likely that WD 2218+706 is offset from
the center of the PN in the direction of motion. We therefore
advise the reader to use the disk outline as it appears in each
figure only as a rough guide to the size and position of DeHt 5.

2.1. Space Velocity of DeHt 5

We can use the parallax, proper motion, and radial velocity
of WD 2218+706 (see Table 1) to estimate the UVW motion of
DeHt 5 through the ISM, where the U component is positive to-
ward the Galactic center, V is positive in the direction of Galactic
rotation, and W is positive toward the north Galactic pole (e.g.,
Johnson & Soderblom 1987). After correcting for a solar motion
of (U&, V&,W&) = (10.00 ± 0.36, 5.25 ± 0.62, 7.17 ± 0.38)
km s−1 (Dehnen & Binney 1998), we find velocity components
for WD 2218+706 of (U,V,W ) = (+54.18 ± 1.28,−18.14 ±
3.38,−15.39 ± 0.81) km s−1. The overall space velocity of
DeHt 5 through the ambient4 ISM is then 59.17 ± 3.70 km s−1,
with components on the sky and along the line of sight of
45.8 ± 2.4 km s−1 and 37.5 ± 3.2 km s−1, respectively. The
sky-projected space velocity of DeHt 5, including error cone, is
illustrated in Figure 1 (optical image) as well as Figures 2 and
3 (radio polarization images).

The space velocity of DeHt 5 is consistent with the aver-
age value (∼60 km s−1) given by Borkowski et al. (1990) for
Galactic disk PNe. To better establish its population member-
ship, we integrated the Galactic orbital motion of DeHt 5 using
the initial velocity components given above and the Galactic
gravitational potential derived by Dauphole & Colin (1995).
We do not plot the results, but note that the orbit of DeHt 5 is
confined to within 200 pc of the Galactic plane, indicating that
DeHt 5 is a thin disk PN. We discuss the trajectory of DeHt 5
over the last ∼2 Myr in Section 5.2.

3. OBSERVATIONS AND IMAGE PREPARATION

The radio polarization data presented in this paper were
obtained at 1420 MHz (λ = 21 cm) as part of the CGPS

4 We do not take into account any motion from an interstellar cloud that may
contain DeHt 5. If DeHt 5 is indeed part of a cloud, then the quoted space
velocity may be off by up to ∼5 km s−1 (see Bannister et al. 2001).

Figure 2. Images at 1420 MHz in (a) polarized intensity, P =
√

Q2 + U2 − (1.2σ )2, and (b) polarization angle, θP = 1
2 arctan U/Q of the same 1◦ × 1◦ region

presented in Figure 1. The intensity scale is in brightness temperature in (a) and runs from 0 to 0.63 K, with lighter shades indicating higher temperatures. The intensity
scale in (b) extends from −90◦ (black) to +90◦ (white). Note that abrupt black-to-white transitions in (b) do not represent large changes in angle, since polarization
angles of −90◦ and +90◦ are equivalent. The resolving beam at the center of each image is 1.′17 × 1.′11 (full width at half-maximum) oriented at a position angle (east
of north) of −50◦. The resolving beam varies in size over each image by ∼3%.
(A color version of this figure is available in the online journal.)



Faraday	  in	  a	  
Supernova	  Remnant	  

(from	  Faraday	  Rota)on	  of	  the	  Supernova	  
Remnant	  G296.5+10.0:	  Evidence	  for	  a	  
Magne)zed	  Progenitor	  Wind,	  	  Harvey-‐Smith	  et	  
al.,	  2010,	  ApJ,	  712,	  1157)	  

Upper	  shows	  a	  grayscale	  image	  of	  the	  
SN	  remnant.	  	  Lower	  shows	  the	  
rota4on	  measure	  distribu4on	  (RM)	  
associated	  with	  Faraday	  rota4on	  
across	  the	  remnant.	  	  Note	  especially	  
the	  an4symmetric	  PA	  rota4on	  paHern	  
(posi4ve	  vs	  nega4ve.).	  
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Figure 1. ATCA images of SNR G296.5+10.0 at 1.4 GHz. (a) Total intensity, shown with a gray scale ranging between −2 and +100 mJy beam−1. The blue ellipse at
the lower left is the angular resolution of the image, 3.′3 × 1.′8, at a position angle of −142◦ north through east; (b) linearly polarized intensity, with gray scale ranging
between 0.5 and 70 mJy beam−1; (c) rotation measure plotted every five pixels (150′′), with filled boxes representing positive RMs and unfilled boxes representing
negative RMs. The linear dimensions of each box indicate the magnitude of the RM. The range of box sizes corresponds to RM, ranging from 0 to 128 rad m−2.
Contours are the Stokes-I image at +20 and +80 mJy beam−1; (d) an image of RM, with the color scale indicating RMs between −50 rad m−2 (red) and +70 rad m−2

(blue) as indicated to the right of the image.

Rotation measure synthesis (Brentjens & de Bruyn 2005) was
employed to produce a full RM spectrum for each image pixel
in steps of 20 rad m−2 between −2000 and +2000 rad m−2.
The RM function had a FWHM of 530 rad m−2. We then used
the spectral deconvolution algorithm rmclean (Heald et al.
2009) with a maximum of 1000 iterations and a clean cutoff of
0.0001 to remove the sidelobe pattern resulting from incomplete
λ2 sampling. The outcome of these procedures was a spectrum
of polarized flux as a function of RM at each pixel, with typical
signal-to-noise ratio of ∼30 and a median RM uncertainty of
5.5 rad m−2. Finally, an image of polarized intensity across the
remnant was generated by using a three-point polynomial fit
around the peak of the deconvolved RM spectrum at each pixel.
Although we are able to confidently detect a polarized signal at
a signal-to-noise ratio of ∼4–5, a meaningful RM can only be
extracted for a somewhat stronger signal (Brentjens & de Bruyn
2005). Accordingly, regions of the final polarized image with

a signal below 10× the root mean squared noise level in that
image were masked (excluded) from the final maps of RM and
polarization. At these high thresholds, the polarization bias is
negligible and so no debiasing was applied to any of the data.

3. RESULTS

Figure 1 presents the images of (a) total intensity, (b) total
polarized intensity (the peak P as a function of RM in the
RM synthesis spectrum), and (c) and (d) peak RM for SNR
G296.5+10.0. We see a clear bilateral morphology in both the
total intensity and the polarized intensity images, with bright
limbs of emission to the east and west of the SNR symmetry axis.
Along this axis, there appears to be a complete absence of radio
emission. The mean fractional polarization of G296.5+10.0,
found by comparing the flux density of the total polarized
intensity and the Stokes-I images at each pixel, is approximately
35%. This is likely an upper limit, as our observations are not



A	  New	  Formula*on	  for	  Bubbles	  

OLD : Δψ = RM ×λ 2

where RM = 0.81rad/m2  ne B|| dz∫
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Azimuthal	  Stellar	  Magne*c	  Field	  

•  The	  lowest	  order	  stellar	  
field	  that	  might	  exist	  to	  
large	  radius	  is	  
azimuthal,	  Bϕ.	  

•  Adopt:	  	  	  
	  Bϕ	  =	  (R/r)	  sin(θ)	  

•  Then	  the	  PA	  maps	  (at	  
fixed	  λ)	  are	  of	  the	  form:	  

ψmeas	  =	  ψISM	  -‐	  δψISM	  +	  ψBub	  
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Posi*on	  angle	  (PA)	  map	  for	  an	  
azimuthal	  field	  and	  1/r2	  wind	  
density;	  “1”	  is	  the	  bubble	  radius;	  
opposing	  colors	  signify	  a	  change	  
in	  the	  sign	  of	  the	  PA	  rota*on	  



Split	  Monopole	  Stellar	  Magne*c	  Field	  
•  The	  next	  lowest	  order	  
stellar	  field	  is	  the	  split	  
monopole,	  Br.	  

•  Adopt:	  	  	  
	  Br	  =	  ±	  (R/r)2	  

•  For	  a	  bubble	  seen	  at	  
arbitrary	  inclina.on,	  
sightlines	  failing	  to	  
intercept	  the	  magne.c	  
equator	  produce	  two	  
hemispheres	  of:	  
	   	  ψ =	  ψISM	  -‐	  δψISM	  	  

Posi*on	  angle	  (PA)	  map	  for	  a	  
split	  monopole	  field	  and	  1/r2	  wind	  
density.	  
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Recap:	  
	  

(Note:	  both	  cases	  
are	  analy)c)	  

•  Azimuthal:	  	  An.symmetric	  (sign	  flip)	  in	  PA.	  
–  Morphology	  INDEPENDENT	  of	  inclina.on.	  

•  Split	  Monopole:	  	  Single	  signed	  in	  PA.	  
–  Truncated	  hemispheres	  that	  are	  inclina.on	  
dependent.	  

–  Pole-‐on	  view	  is	  centro-‐symmetric.	  
–  Edge-‐on	  results	  in	  NO	  NET	  contribu.on	  by	  the	  
stellar	  field.	  
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Swept	  Up	  Azimuthal	  Field	  
•  Insert	  cavi.es	  of	  25%,	  50%,	  and	  75%	  of	  

the	  bubble	  radius.	  
•  Outline	  of	  the	  inner	  radius	  appears	  as	  a	  

consequence	  of	  a	  rapidly	  varying	  path	  
length	  through	  the	  magne.zed	  shell	  for	  
these	  sightlines.	  

•  Morphology	  independent	  of	  inclina.on,	  
but	  amplitude	  of	  PA	  scales	  like	  sin	  (i)	  
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Faraday	  in	  an	  Ioniza*on	  Front	  
•  A	  different	  scenario	  is	  to	  consider	  an	  ioniza.on	  
front,	  such	  as	  from	  a	  supernova	  or	  an	  HII	  region	  
(e.g.,	  Savage,	  Spangler,	  &	  Fischer	  2012,	  astroph/
1206.5173	  on	  the	  Rose`e	  Neb).	  

•  For	  a	  .me-‐dependent	  front	  (like	  a	  SN),	  the	  idea	  is	  
to	  imagine	  an	  event	  that	  ionizes	  a	  magne.zed	  yet	  
(mostly)	  neutral	  region	  of	  the	  ISM	  leading	  to	  
evolving	  Faraday	  rota.on	  maps.	  

•  Presents	  an	  opportunity	  to	  extract	  informa.on	  
about	  the	  interstellar	  field	  as	  the	  front	  sweeps	  by	  
it.	  



How	  to	  Set	  the	  
Magne*c	  Field	  
The	  magne.c	  field	  of	  
the	  ISM	  appears	  to	  
consist	  of	  two	  roughly	  
equal-‐strength	  
components:	  	  a	  
uniform	  one	  and	  a	  
random	  one,	  each	  at	  
around	  several	  µG.	  

Net Field

Construction of the 
random field component 
based on subgroups. 
Each one contributes a 
field of random direction 
but diminishing strength.



Devia4ons	  from	  the	  Trivial	  

Δψ ~ µ0B0 ×2z0 (ϖ )

where z0 = R2 −ϖ 2

For	  a	  spherical	  bubble	  with	  a	  uniform	  magne.c	  field	  and	  
constant	  density,	  the	  PA	  rota.on	  is	  trivial.	  
	  
	  
	  
	  
	  
The	  presence	  of	  a	  random	  field	  creates	  devia.ons	  from	  this	  
simple	  pa`ern.	  
Considering	  that	  at	  different	  scales	  for	  the	  random	  
component,	  (a)	  the	  field	  gets	  weaker	  and	  (b)	  the	  field	  is	  
always	  randomly	  oriented,	  then	  only	  the	  strongest	  fields	  at	  
the	  largest	  scales	  survive	  (primarily)	  to	  produce	  devia.ons	  
from	  the	  uniform	  field	  case.	  



Results	  for	  Ionized	  Bubbles	  
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Building	  a	  Baseline	  	  
for	  Analysis	  

Δψ ~ R2 −ϖ 2

dN
dΔψ

~ϖ dϖ
Δψ

~ Δψ

•  What	  does	  an	  observer	  do	  with	  a	  
map	  of	  PA	  values	  across	  the	  face	  
of	  a	  projected	  bubble?	  	  Might	  
make	  a	  histogram	  for	  the	  
incidence	  dN/Δψ	  vs	  Δψ.	  	  

•  Take	  the	  case	  of	  the	  uniform	  field	  
as	  a	  baseline	  of	  reference	  :	  



Pushing	  the	  Envelope	  
(pun	  intended!)	  

•  Faraday	  rota.on	  studies	  are	  conducted	  in	  sta.c	  
situa.ons.	  	  In	  other	  words	  spa.al	  PA	  maps	  are	  
produced,	  but	  not	  .me-‐varying	  ones.	  

•  There	  is	  the	  possibility	  of	  observing	  variable	  Faraday	  
rota.on	  for	  an	  evolving	  ioniza.on	  front	  from	  a	  SN.	  	  
The	  ISM	  field	  is	  sta.c,	  but	  the	  ionized	  bubble	  grows.	  	  
For	  a	  given	  pixel,	  one	  has	  z0=z0(t)	  for	  the	  pathlength,	  
and	  so	  different	  field	  scale	  lengths	  are	  sampled	  in	  t.	  

•  The	  space-‐based	  radio	  interferometer	  Radio	  Astron	  
will	  have	  37	  µas	  resolu.on	  at	  18	  cm.	  	  An	  ionized	  
bubble	  of	  just	  1	  LY	  radius	  corresponds	  to	  ~30	  
resolu.on	  elements	  at	  a	  distance	  of	  100	  Mpc	  (e.g.,	  the	  
Coma	  cluster).	  



Summary	  
•  Stellar	  Bubbles:	  
–  An	  azimuthal	  stellar	  magne.c	  field	  produces	  an	  an.symmetric	  
PA	  map	  (in	  the	  sense	  of	  PA	  rota.on)	  irrespec.ve	  of	  viewing	  
inclina.on.	  

–  The	  PA	  map	  for	  a	  split	  monopole	  is	  dis.nctly	  different,	  
consis.ng	  of	  one	  sign	  for	  the	  PA	  and	  radically	  different	  
morphology.	  

– Models	  for	  a	  “swept	  up”	  field	  were	  presented	  (i.e.,	  field	  free	  
cavi.es)	  that	  qualita.vely	  reproduce	  observa.ons	  of	  a	  SN	  
remnant.	  

•  Ioniza4on	  Fronts:	  
–  For	  a	  reasonable	  “turbulent”	  random	  field	  component,	  it	  is	  the	  
largest	  spa.al	  scale	  that	  tends	  to	  dominate	  modifica.ons	  to	  
the	  Faraday	  rota.on	  signal	  for	  the	  uniform	  field.	  	  

–  Poten.ally	  new	  novel	  way	  to	  discern	  the	  ISM	  field	  using	  an	  
evolving	  ioniza.on	  front.	  



Scale	  for	  an	  Azimuthal	  Field	  
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Conver*ng	  PA	  Maps	  to	  RM	  Maps	  

PA Map:  Δψbub =
π
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RM  Map:  RM =
π / λ0

2

z0 (λ0 )
ne
n0

"

#
$

%

&
'
B||

B0

"

#
$

%

&
' dz∫

)

*
+

,

-
.

because Δψbub = RM ×λ 2


