
detec%on	  of	  Faraday	  rota%on	  
(RM	  ~	  106	  rad	  m-‐2)	  toward	  3c84	  
(in	  NGC	  1275,	  in	  the	  Perseus	  cluster)	  

Plambeck,	  Marrone,	  Bower,	  Hull,	  
Fish,	  Doeleman,	  et	  al.	  



Faraday	  rota%on	  

•  plane	  of	  polariza%on	  rotates	  as	  linearly	  polarized	  
wave	  travels	  through	  a	  magne%zed	  plasma	  

•  PA	  =	  PA0	  +	  RM	  λ2	  

linearly	  polarized	  	  
emission	  

ne	  
synchrotron	  

source	  
observer	   B	  

magne%zed	  plasma	  plane	  of	  polariza%on	  
rotated	  



rota%on	  measure	  

•  typical	  galac%c	  value	  10-‐300	  rad	  m-‐2	  

•  RM	  of	  1000:	  PA(215	  GHz)	  –	  PA(230	  GHz)	  =	  .
014°	  

•  but,	  toward	  SgrA*,	  RM	  ≈	  -‐5	  ×	  105	  rad	  m-‐2	  	  	  
(Geoff	  Bower’s	  talk)	  
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periphery (by definition), and are strongly polarized [up to 50% in the case of

the relic 0917+ 75 (Harris et al. 1993)]. As the name implies, one of the first
explanations put forth to explain these objects was that these are the remnants of

a radio jet associated with an active galactic nucleus (AGN) that has since turned

off and moved on. A problem with this model is that, once the energy source is

removed, the radio source is expected to fade on a timescale ⌅108 years due
to adiabatic expansion, inverse Compton, and synchrotron losses (see “Electron

Lifetimes” below). This short timescale precludes significant motion of the host

galaxy from the vicinity of the radio source.

Amore compelling explanation is that the relics are the result of first order Fermi

acceleration (Fermi I) of relativistic particles in shocks produced during cluster

mergers (Ensslin et al. 1998), or are fossil radio sources revived by compression

associated with cluster mergers (Ensslin & Gopal-Krishna 2001, Röttgering et al.

1994). Equipartition field strengths for relics range from 0.4–3.0µG (Ensslin et al.

1998). If the relics are produced by shocks or compression during a cluster merger,

then Ensslin et al. (1998) calculate a pre-shock cluster magnetic field strength in

the range 0.2–0.5 µG.

FARADAY ROTATION

Cluster Center Sources

The presence of a magnetic field in an ionized plasma sets a preferential direction

for the gyration of electrons, leading to a difference in the index of refraction for

left versus right circularly polarized radiation. Linearly polarized light propagating

through a magnetized plasma experiences a phase shift of the left versus right

circularly polarized components of the wavefront, leading to a rotation of the

plane of polarization,⇥⇧ = RM ⌅2, where⇥⇧ is the change in the position angle

of polarization, ⌅ is the wavelength of the radiation, and RM is the Faraday rotation

measure. The RM is related to the thermal electron density, ne, and the magnetic

field, B, as:

RM = 812

L�

0

neB · dl radiansm�2, (1)

whereB is measured inµGauss, ne in cm
�3 and dl in kpc, and the boldface symbols

represent the vector product between the magnetic field and the direction of prop-

agation. This phenomenon can also be understood qualitatively by considering the

forces on the electrons.

Synchrotron radiation from cosmic radio sources is well known to be linearly

polarized, with fractional polarizations up to 70% in some cases (Pacholczyk

1970). Rotation measures (RM) can be derived from multifrequency polarimetric

observations of these sources by measuring the position angle of the polarized

radiation as a function of frequency. The RM values can then be combined with
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large	  RM	  hard	  to	  detect	  at	  cm	  wavelengths	  
	  
1.  PA	  wraps	  through	  many	  %mes	  within	  

passband	  	  –	  source	  appears	  unpolarized	  

2.  slight	  varia%ons	  in	  RM	  across	  the	  source	  
smear	  out	  the	  polariza%on	  



examples	  of	  fits	  to	  CARMA	  data	  
(Stokes	  Q	  =	  red,	  Stokes	  U	  =	  blue)	  

3c279	  

3c286	  

Jy	  



RM	  for	  VLBI	  sources	  23mar2013	  



fits	  to	  3c84	  and	  SgrA	  data	  



some	  worries...	  
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ABSTRACT
We report a search for linear polarization in the active galactic nucleus (AGN) 3C 84 (NGC
1275) at observed frequencies of 239 and 348 GHz, corresponding to rest-frame frequencies
of 243 and 354 GHz. We collected polarization data with the IRAM Plateau de Bure Inter-
ferometer via Earth rotation polarimetry. We do not detect linear polarization. Our analysis
finds 3! upper limits on the degree of polarization of 0.5 and 1.9 per cent at 239 and 348 GHz,
respectively. We regard the influence of Faraday conversion as marginal, leading to expected
circular polarizations !0.3 per cent. Assuming depolarization by a local Faraday screen, we
constrain the rotation measure, as well as the fluctuations therein, to be " 106 rad m!2. From
this we estimate line-of-sight magnetic field strengths of "100 µG. Given the physical di-
mensions of 3C 84 and its observed structure, the Faraday screen appears to show prominent
small-scale structure, with "RM " 106 rad m!2 on projected spatial scales !1 pc.

Key words: polarization – radiation mechanisms: non-thermal – techniques: polarimetric –
galaxies: active – galaxies: individual: 3C 84 (NGC 1275) – galaxies: ISM.

1 INTROD U C TIO N

At radio frequencies, active galactic nuclei (AGN) are luminous
emitters of synchrotron radiation (see e.g. Krolik 1999; Kembhavi
& Narlikar 1999, for reviews). Radio observations of AGN find
degrees of linear polarizations in the range of "1–20 per cent with
a mean value of "5 per cent (Altschuler & Wardle 1976, 1977;
Aller et al. 1985; Nartallo et al. 1998; Agudo et al. 2010; Trippe
et al. 2010). Linear polarization provides information on physical
parameters of emitters such as emission region structure, geometry
and strengths of magnetic fields, and particle densities (e.g. Saikia &
Salter 1988, and references therein). Accordingly, studies of their
polarized light deepen the understanding of the physics of active
galaxies.

The active nucleus of the Seyfert 2 galaxy 3C 84 (NGC 1275),
located at a redshift z = 0.018, is known for its highly unusual
radio polarization properties. Linear polarization has been found on
levels consistently lower than 1 per cent at frequencies from 5 to

# This study is based on observations carried out with the IRAM Plateau
de Bure Interferometer. IRAM is supported by INSU/CNRS (France), MPG
(Germany) and IGN (Spain).
†E-mail: trippe@astro.snu.ac.kr

43 GHz.1 Radio-interferometric maps obtained with the Very Long
Baseline Array (VLBA) at 15 GHz, providing angular resolutions of
"2 ms of arc, unveil linear polarization on levels !8 per cent within
a small region less than about 1 pc in size (Taylor et al. 2006).2

Additionally, 3C 84 shows substantial circular polarization with
degrees of circular polarization being "0.2–3 per cent depending
on frequency and angular resolution (Aller, Aller & Plotkin 2003;
Homan & Wardle 2004; Agudo et al. 2010). The combination of
low linear and high circular polarization indicates efficient Faraday
depolarization (e.g. Dreher, Carilli & Perley 1987) and Faraday
conversion (e.g. Jones 1988) by matter surrounding the nucleus.
Accordingly, Taylor et al. (2006) identify ionized gas permeated
by magnetic fields with substructure on scales !10 pc as Faraday
screen.

Given the state of the art, a detection and analysis of linear polar-
ization in 3C 84 may be achieved via two roads. First, high angular

1 According to e.g. monitoring results from the Effelsberg radio ob-
servatory (U. Bach, MPIfR Bonn, private communication) or the
Very Large Array calibration data base (http://www.aoc.nrao.edu/ smy-
ers/calibration/master.shtml).
2 See also e.g. the data bases of the MOJAVE survey (Lister et al. 2009;
http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/0316+413.
shtml) or the University of Michigan Radio Astronomy Observatory
(http://www.astro.lsa.umich.edu/obs/radiotel/umrao.php).

C# 2012 The Authors
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of 243 and 354 GHz. We collected polarization data with the IRAM Plateau de Bure Inter-
ferometer via Earth rotation polarimetry. We do not detect linear polarization. Our analysis
finds 3! upper limits on the degree of polarization of 0.5 and 1.9 per cent at 239 and 348 GHz,
respectively. We regard the influence of Faraday conversion as marginal, leading to expected
circular polarizations !0.3 per cent. Assuming depolarization by a local Faraday screen, we
constrain the rotation measure, as well as the fluctuations therein, to be " 106 rad m!2. From
this we estimate line-of-sight magnetic field strengths of "100 µG. Given the physical di-
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small-scale structure, with "RM " 106 rad m!2 on projected spatial scales !1 pc.
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1 IN TRODUC TIO N

At radio frequencies, active galactic nuclei (AGN) are luminous
emitters of synchrotron radiation (see e.g. Krolik 1999; Kembhavi
& Narlikar 1999, for reviews). Radio observations of AGN find
degrees of linear polarizations in the range of "1–20 per cent with
a mean value of "5 per cent (Altschuler & Wardle 1976, 1977;
Aller et al. 1985; Nartallo et al. 1998; Agudo et al. 2010; Trippe
et al. 2010). Linear polarization provides information on physical
parameters of emitters such as emission region structure, geometry
and strengths of magnetic fields, and particle densities (e.g. Saikia &
Salter 1988, and references therein). Accordingly, studies of their
polarized light deepen the understanding of the physics of active
galaxies.

The active nucleus of the Seyfert 2 galaxy 3C 84 (NGC 1275),
located at a redshift z = 0.018, is known for its highly unusual
radio polarization properties. Linear polarization has been found on
levels consistently lower than 1 per cent at frequencies from 5 to

# This study is based on observations carried out with the IRAM Plateau
de Bure Interferometer. IRAM is supported by INSU/CNRS (France), MPG
(Germany) and IGN (Spain).
†E-mail: trippe@astro.snu.ac.kr

43 GHz.1 Radio-interferometric maps obtained with the Very Long
Baseline Array (VLBA) at 15 GHz, providing angular resolutions of
"2 ms of arc, unveil linear polarization on levels !8 per cent within
a small region less than about 1 pc in size (Taylor et al. 2006).2

Additionally, 3C 84 shows substantial circular polarization with
degrees of circular polarization being "0.2–3 per cent depending
on frequency and angular resolution (Aller, Aller & Plotkin 2003;
Homan & Wardle 2004; Agudo et al. 2010). The combination of
low linear and high circular polarization indicates efficient Faraday
depolarization (e.g. Dreher, Carilli & Perley 1987) and Faraday
conversion (e.g. Jones 1988) by matter surrounding the nucleus.
Accordingly, Taylor et al. (2006) identify ionized gas permeated
by magnetic fields with substructure on scales !10 pc as Faraday
screen.

Given the state of the art, a detection and analysis of linear polar-
ization in 3C 84 may be achieved via two roads. First, high angular

1 According to e.g. monitoring results from the Effelsberg radio ob-
servatory (U. Bach, MPIfR Bonn, private communication) or the
Very Large Array calibration data base (http://www.aoc.nrao.edu/ smy-
ers/calibration/master.shtml).
2 See also e.g. the data bases of the MOJAVE survey (Lister et al. 2009;
http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/0316+413.
shtml) or the University of Michigan Radio Astronomy Observatory
(http://www.astro.lsa.umich.edu/obs/radiotel/umrao.php).
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observa%ons	  done	  March	  2011	  



2012	  TADPOL	  data:	  RM	  ~	  106	  rad	  m-‐2	  

12	  Sep	  2012	  

24	  Nov	  2012	  

Jy	  



no	  polariza%on	  detected	  in	  May	  2011,	  
	  but	  RM	  of	  7	  ×	  105	  in	  Nov	  2011	  

09	  Nov	  2011	  

03	  May	  2011	  

consistent	  with	  
IRAM	  non-‐
detec%on	  in	  
March	  2011	  



what	  plasma	  is	  producing	  the	  RM?	  

•  cooling	  flow,	  10	  -‐	  100	  kpc	  scales?	  
– ne	  ~	  .1	  to	  .01	  cm-‐3	  -‐>	  B	  ~	  1	  mG	  	  UNLIKELY	  

•  dense	  filaments,	  1	  kpc	  scales?	  

•  gas	  close	  to	  the	  AGN	  or	  base	  of	  jet,	  1	  pc	  
scales?	  

	  



VLBA	  image,	  8.4	  GHz	  	  
1.5	  milliarcsec	  resolu%on	  

(Taylor	  et	  al	  2006)	  

•  RMs	  of	  7000	  rad	  m-‐2	  
detected	  at	  %p	  of	  jet	  at	  
cm	  wavelengths	  

•  probably	  we	  see	  higher	  
RM	  toward	  core	  or	  base	  
of	  jet	  at	  1mm	  

•  a	  probe	  of	  ne	  and	  B	  in	  
accre%on	  region	  

	  

	  

1504 G. B. Taylor et al.

Figure 3. RM image of 3C 84 at 1.8 ! 1.3 mas2 resolution in position

angle 30". Contour levels from the 8 GHz total intensity image begin at

15 mJy beam#1 and increase by a factor of 2.

performed by Conselice, Gallagher & Wyse (2001) showed the pres-

ence of unresolved features with size less than $230 pc and lower

bound electron densities of !10 cm#3. Densities measured in the

[S II] lines in the central kpc are 270 cm#3 (Johnstone & Fabian 1988;

Heckman et al. 1989), and the optical filaments are thought to be in

equipartition with the ICM with pressures of $1 ! 10#9 dyn cm#2.

Comparing the central surface brightness in H! with emission from

gas at the X-ray pressure (Fabian et al. 2003) near the centre of the

cluster gives a depth of 0.06 pc for a temperature of 104 K and a

uniform covering fraction, f . If the filaments are more filamentary

than sheet-like, then the depth of the H! increases in proportion to

1/f , but it becomes difficult with a small covering factor to produce

coherent RMs across the radio source. Also, if the surface bright-

ness of the H! line rises close to the nucleus where it is unresolved,

then this can increase the estimate of the depth. Observations in the

Pa" line (Wilman, Edge & Johnstone 2005) indicate that the surface

brightness does rise by one to two orders of magnitude within the

inner 150 pc. This increases the above estimate for the depth of the

filaments from the H! line to at least 1 pc.

The small size of the ionized filaments could explain the 10 per

cent gradient in the RM on scales of a pc. Assuming a constant

gradient we might use this to estimate a scale size for the RMs

of $10 pc. Assuming that the scale size along the line-of-sight is

Figure 4. Position angle versus #2 for the southern component. The fit gives

the Faraday RM of 7680 ± 64 rad m#2.

similar to that in the plane of the sky leads to an estimate for the

Faraday depth of $10 pc.

With the above density and path length (10 pc) and the observed

RM, we obtain a lower limit for B% of 4 µG, and hence a magnetic

pressure of $2 ! 10#12 dyn cm#2, nearly three orders of magnitude

below the thermal pressure. If the filaments are as small as 1 pc (with

a uniform covering factor, f = 1), then the field strength required to

produce the observed RMs is B $ 50 µG, but the magnetic pressure

is still less than the thermal pressure by a factor of $4.

It is also possible that the radio source is interacting with the ion-

ized gas and that the densities are enhanced at the southern edge of

the expanding source, which appears reminiscent of a bow-shock.

Locally higher densities would further reduce the strength of the

magnetic fields required to produce the observed RMs. Similar mag-

nitude RMs have been detected in a few other well studied radio

galaxies (e.g. M87, 3C 120; Zavala & Taylor 2002), and attributed

to ionized gas in close proximity to the radio emission. Baum et al.

(2005) have shown that there is no significant column density of

more neutral gas along the line of sight to the nucleus from the lack

of any strong Ly" absorption.

We note that the observed decrease in fractional polarization with

wavelength can be attributed to gradients in the Faraday screen.

6 C O N C L U S I O N S

We find substantial Faraday RMs of $7000 rad m#2 toward 3C 84.

RMs as large or larger than this have been suspected for some time

due to the low observed polarization from this bright radio galaxy.

The Faraday screen is most likely to be associated with the ionized

gas that also produces spectacular filaments of H" emission in the

Perseus cluster. This gas may well have magnetic fields organized

on small enough scales (<10 pc), to produce the observed gradient

in the RM.

Our current measurements provide only a few very closely

spaced lines-of-sight through the cluster. To establish the scale

size over which the magnetic fields are organized, and to look for

C& 2006 The Authors. Journal compilation C& 2006 RAS, MNRAS 368, 1500–1506



what	  next?	  

•  confirm	  with	  SMA	  	  ✔	  	  
–  Dan	  also	  measured	  RM	  of	  ~	  106	  radians	  m-‐2	  at	  230	  GHz	  
7/6/2013 	  	  

•  determine	  RM	  more	  precisely	  by	  measuring	  over	  a	  
wider	  freq	  range	  (e.g.,	  210	  –	  270	  GHz)	  

•  %me	  varia%ons?	  	  so	  far,	  looks	  like	  RM	  is	  constant,	  but	  
PA	  and	  polarized	  flux	  vary	  (much	  like	  SgrA)	  

•  other	  sources?	  	  	  


