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SimulaZons	  1232 B. Pang et al.

Figure 1. 2D slice of the simulation for 6003 box at 15 Bondi times. Colour represents the entropy, and arrows represent the magnetic field vector. The
right-hand panel is the equatorial plane (yz), while the left-hand panel a perpendicular slice (xy). White circles represent the Bondi radius (rB = 1000). The
fluid is slowly moving, in a state of magnetically frustrated convection. A movie of this flow is available as Supporting Information with electronic version of
this article (see Appendix C for a description).

Figure 2. Density versus radius. The dotted line represents the density
profile for the Bondi solution, which is the steepest plausible slope at k =
1.5. The dashed line represents the density scaling for CDAF solution, which
is the shallowest proposed slope with k = 0.5. The solid line is the density
profile from one of our simulations, which is intermediate to the two.

and 3 display the spherically averaged properties, Fig. 2 shows the
spherically averaged density of the run; Fig. 3 shows the spherically
averaged radial velocity, β and entropy (normalized to the initial
entropy). The entropy inversion is clearly visible, which leads to
the slow, magnetically frustrated convection.

We draw several general conclusions from the runs listed in
Table 1.

(i) In the presence of magnetic fields, the flow develops a supera-
diabatic temperature gradient and flattens to k ∼ 1. Gas pressure

Figure 3. log (β), entropy and radial velocity versus radius. The dashed
line vr/cs represents the radial velocity in units of Mach number. The dots
vr/cms represent the radial velocity in units of magnetosonic Mach number.
The solid line is the entropy, and we see the entropy inversion which leads
to the slow, magnetically frustrated convection. Inside the inner boundary,
the sound speed is lowered, leading to the lower entropy. The ‘+’ symbols
are the magnetic field strength β.

remains the dominant source of support at all radii, although mag-
netic forces are always significant at the inner radius.

(ii) Mass accretion diminishes with increasing dynamic range,
taking values Ṁ ≃ (2–4)ṀB(Rin/RB)3/2−k .

(iii) Even significant rotation at the Bondi radius has only a minor
impact on the mass accretion rate, as the flows do not develop
rotationally supported inner regions.

(iv) Our results depend only weakly on the effective resolution
ℜB.
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Red	  =	  VLA	  328	  MHz	   Blue	  =	  Chandra	  X-‐ray	   White	  =	  HST	  OpZcal	  

3C	  84	  

Sgr	  A*	   3C	  84	  

MBH	   Msun	   3	  x	  106	   8	  x	  108	  

Lbol	   erg	  s-‐1	   1035	   1044	  

Mdot	   Msun	  y-‐1	   10-‐7	   10-‐2	  

Nucleus	   Weak	   Seyfert	  

Distance	   Mpc	   0.0083	   75	  



Weak	  Radio	  PolarizaZon	  

8	  GHz	  VLBA	  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 Hβ 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 Hβ 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 Hβ line rises close to the nucleus where it is unresolved,

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

Paα 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 Hβ 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 λ2 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 Lyα 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 Hα 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

C⃝ 2006 The Authors. Journal compilation C⃝ 2006 RAS, MNRAS 368, 1500–1506
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CARMA	  Discovery	  of	  RM	  2 Plambeck et al.

the measurements spanned a total frequency range of
⇠ 16 GHz.

Data were analyzed with the Miriad package (Sault et al.
1995). Stokes parameters I, Q, and U were derived for
each of the 8 available windows (4 bands ⇥ 2 sidebands).
Q and U may be considered components of a complex
polarization vector p = Q + iU = p0 exp(i2�). Here
p0 is the linearly polarized flux density in Jy, �(⌫) =

�0+RM(c2/⌫2) is the electric vector position angle, RM
is the rotation measure in rad m�2, and �0 is the position
angle at some reference frequency. We fit the Q(⌫) and
U(⌫) data to solve for p0, �0, and RM.

For a bright but weakly polarized source like 3C 84, the
accuracy of the measurements is limited by systematic
errors, not thermal noise. The primary difficulty is in cor-
recting for the polarization leakages – the cross coupling
between the L and R channels caused by imperfections
in the receivers or crosstalk in the IF system. Leakages
are derived from observations of a bright point source,
polarized or unpolarized (usually 3C 84 itself), obtained
over a wide range of parallactic angle. Miriad task gpcal
fits these data to solve simultaneously for the source po-
larization, receiver gains, and leakage corrections. Since
the CARMA receivers have no moving parts the leakages
are stable over periods of months. Their magnitudes
are large, however, typically of order 6%, and they ex-
hibit considerable frequency structure. We calibrated the
leakages separately for each of the 8 correlator windows.

We were able to set only a crude upper limit of . 2% on
the magnitude of circular polarization (Stokes V ) because
this requires highly accurate calibration of the gains of
the R and L channels on a source other than 3C 84.

2.2. SMA Observations
SMA observations were conducted in both the 1.3 mm

and 0.9mm bands. The single polarization receivers are
switched between R and L circular polarization by insert-
ing quarter wave plates into the optical path. Using a
different switching pattern for each of the 8 telescopes,
all 4 cross-polarizations (RR, LL, LR, RL) are measured
every 5 minutes on each baseline. Like CARMA, the
SMA operates in double sideband mode, with a 4–8 GHz
IF. The available observational bandwidths were either
2 GHz or 4 GHz. Thus, the separation between the two
sidebands is either 10 GHz or 12 GHz.

Most of the data were obtained during polarization
calibration observations, where 3C 84 was observed over
a wide range of parallactic angles. Data were reduced
using a combination of the MIR/IDL and MIRIAD data
reduction packages. The instrumental polarization is
frequency-dependent and the typical values are about
⇠ 2%. The instrumental polarization is determined with
an accuracy of ⇠ 0.1%. The error in the position angle
� is a function of the polarized flux density and is thus
highly variable. At 1.3mm the error is less than ⇠ 3

�.
3. RESULTS

The 3C84 data reported here span a ⇠ 2 year period
from 2011 May through 2013 August. In almost all cases
3C 84 was observed as a calibrator for another science
target. Many of the CARMA datasets were from the
TADPOL survey (Hull et al. 2013a); we restricted the RM
analyses to data taken in good weather with parallactic
angle coverage > 80

� on 3C 84.

Fig. 1.— Polarization position angles from 211 to 255 GHz for
3C 84 and comparison source 0359+509 measured with CARMA
on 2013 Aug 04. Symbols indicate the LO frequency used for the
observations – squares, 218 GHz; crosses, 232.5 GHz; triangles,
247 GHz. Observations at 232.5 GHz overlap those at the higher
and lower LO frequencies. The error bars are estimated from the
scatter in the measurements at each frequency and do not fully
reflect systematic errors in the polarization leakage calibration.
Fractional polarizations of 1.5% were measured for both 3C 84 and
0359+509; 0359+509 has a much lower flux density than 3C 84, so
the position angle uncertainties due to thermal noise are larger.

One CARMA observation targeted 3C 84 specifically. In
an 8-hour observation on 2013 August 04 we interleaved
observations at LO frequencies of 218, 232.5, and 247 GHz
to obtain wide parallactic angle coverage at all 3 frequen-
cies. With the correlator configured to observe 4 bands
at IF frequencies up to 8 GHz, this provided data at 16
frequencies from 210–255 GHz. Both 3C 84 and a compar-
ison calibrator, 0359+509, were observed. Fits to these
data, shown in Figure 1, give RM of 7± 1⇥ 10

5 rad m�2

for 3C 84 and 0.3± 1.2⇥ 10

5 rad m�2 for 0359+509.
The fractional polarizations, position angles, and rota-

tion measures derived from all observations are summa-
rized in Table 1 and plotted in Figure 2. In our earliest
observation, in 2011 May, the fractional polarization of
3C 84 was very low, . 0.6%. Thus our data are con-
sistent with the 0.5% upper limits measured by Trippe
et al. (2012) with the Plateau de Bure Interferometer in
2011 March. Apparently 3C84’s fractional polarization
increased over the following few months, then remained
mostly in the 1–2% range. The polarization position an-
gle trended monotonically toward more negative values,
apparently wrapping through from -90 to +90 degrees
twice over the 2 year span of the observations.

Also plotted in Figure 2 are the 3C 84 optical polariza-
tions and position angles measured at Perkins Observa-
tory. The optical polarization also is at the 1–2% level,
but there is not a simple correspondence between the
optical and mm position angles; �

opt

sometimes fluctu-
ates by tens of degrees on time scales of days, while �

mm
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Faraday Rotation Toward 3C84 3

TABLE 1
CARMA and SMA Observations of 3C 84

Epoch ⌫LO p �a RM
(GHz) (%) (deg) (105 rad m�2)

CARMA 1.3 mm
2011May03 223.8 0.6 �63± 8 �14.0± 19.0
2011Oct27 223.8 1.2 �56± 2 9.8± 3.0
2011Nov09 223.8 1.3 �59± 2 7.9± 2.9
2012Apr07 223.8 1.2 �76± 3 9.1± 3.7
2012Jun24 223.8 1.5 40± 1 11.0± 2.1
2012Jul30 223.8 1.0 13± 2 14.1± 2.4
2012Sep02 223.8 1.5 �13± 1 10.6± 1.2
2012Oct18 223.8 1.0 �41± 2 8.5± 3.0
2012Oct30 223.8 0.8 �49± 4 8.9± 4.7
2012Nov24 223.8 1.2 �86± 2 7.0± 3.1
2013Mar22 226.3 1.4 43± 1 10.6± 2.3
2013Mar23 226.3 1.4 29± 2 8.1± 4.3
2013Aug04 232.5 1.5 5± 1 7.0± 0.9

SMA 1.3 mm
2012Jun24 224.9 2.5 34± 1 7.2± 1.7
2012Jul20 226.9 1.4 12± 1 7.6± 2.7
2012Sep07 224.9 1.8 �14± 1 5.9± 2.1
2013Jan23 225.3 1.5 73± 1 3.7± 2.6
2013Jul05 226.9 3.2 61± 1 10.5± 1.2
2013Aug15 226.9 1.4 12± 1 8.4± 3.0

SMA 0.9 mm
2011Aug20 341.7 2.2 85± 3 6.4± 20.6
2012Jun15 343.0 2.0 4± 2 16.3± 13.8
2012Jul03 340.1 1.5 �9± 1 0.0± 8.9
2012Aug08 340.1 1.4 �38± 2 9.4± 15.7
2012Sep02 340.8 2.0 �46± 3 3.2± 17.9
2012Oct14 341.4 1.5 �67± 1 9.6± 9.1
2013Feb01 341.6 0.6 32± 4 �22.5± 22.8
2013Aug25 341.6 1.4 �20± 2 �9.7± 11.6

a Polarization position angles � are interpolated to 225 GHz
for the 1.3 mm data, and to 341 GHz for the 0.9 mm data.

tends to vary more smoothly. This sort of discrepancy is
commonly found toward AGN (Algaba et al. 2012),

Generally there is good agreement between the 1.3 mm
CARMA and SMA data; significant measurements of RM
were made with both instruments. There are no signifi-
cant measurements of RM at 0.9 mm — at this wavelength
the expected position angle difference between the upper
and lower sidebands is only 2–3�. Although there are no
simultaneous 1.3mm and 0.9mm measurements, inter-
polation of the data in Figure 2 suggests that position
angles at 0.9mm were 30–40� more negative than those
at 1.3mm in mid-2012. This corresponds to an RM of
6± 1⇥ 10

5 rad m�2.
The uncertainties in the RM measurements do not fully

account for possible systematic errors in the polarization
leakage corrections. Thus, although our results allow for
possibility of up to 50% variations in the RM on time
scales of days or weeks, there is no convincing evidence
for such variations. An average of all the data gives RM
= 8.7± 2.3⇥ 10

5 rad m�2.

4. INTERPRETATION

Where do the linearly polarized emission and the Fara-
day rotation originate in 3C 84, and what conclusions can
we draw about the source?

Over the 2 year period from mid-2011 to mid-2013,
the fractional linear polarization at mm wavelengths was
reasonably steady, at 1–2%. This is similar to the behav-
ior at optical wavelengths, but unlike the weak, variable
polarization measured at radio wavelengths of 7 mm and

Fig. 2.— Polarized intensities, electric vector position angles,
and RM at 1.3mm (blue points, CARMA; red points, SMA) and
0.9mm (green points, SMA). Black plus symbols show optical
fractional polarizations and position angles measured at Perkins
Observatory. Dashed blue and green lines in the middle panel show
that in mid-2012 the 0.9 mm position angles were roughly 35� more
negative than those at 1.3 mm, consistent with a rotation measure
of 6⇥ 105 radm�2. Dashed lines in the top panel show the mean
± 1 standard deviation of the RM measurements.

3 cm by the Boston University 5 and MOJAVE 6 VLBA
monitoring campaigns (Marscher et al. 2011; Lister et al.
2009). Together with the compactness of the radio source
at short wavelengths, this evidence suggests that the mm
linear polarization likely originates in the nucleus, from a
region at most a milliarcsecond (. 1 pc) across. Varia-
tions in the position angle are presumably due to changes
in the magnetic field structure of the emitting region, pos-
sibly as the result of shocks propagating through the jet
similar to what is seen in blazars and BL Lac objects (e.g.,
Aller et al. 1999) or through changes in the jet orientation
with time.

The RM, ⇠ 9⇥ 10

5 rad m�2, is among the largest ever
detected. However, it is striking for the fact that it is
not larger. It is less than a factor of two larger than the
RM observed toward SgrA* which has been shown to
originate in a radiatively inefficient accretion flow (RIAF)
surrounding the black hole (Bower et al. 2003; Marrone
et al. 2007). For SgrA* the RM constrains the accretion
rate onto the black hole to be . 10

�7 M� y�1; Bondi
accretion is excluded because it requires an even higher
RM. Accretion onto the black hole in 3C 84, on the other

5 http://www.bu.edu/blazars/VLBAproject.html
6 https://www.physics.purdue.edu/astro/mojave
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Why	  is	  the	  RM	  so	  small?	  
Spherical	  AccreZon	  Models	  Fail	  
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Inner	  AccreZon	  Disk	  seen	  with	  
Free-‐Free	  AbsorpZon	  of	  the	  Counter	  Jet	  

Walker	  et	  al.	  1994,	  Vermeulen	  et	  al.	  1994,	  Walker	  et	  al.	  2000	  
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Historically	  Variable	  and	  Becoming	  
More	  AcZve	  
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Figure 4. An historical light curve for NGC1275. A flux above 100MeV is derived for the emission noted in the COS B data in the
direction of the cluster. The EGRET upper limit on the flux from Perseus is included, and yearly fluxes for NGC1275 as observed using
the Fermi -LAT. Collected archival radio data (described in Section 2 above) is also included, at 90 and 32–37 GHz.
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α

frequencies, before fading as they move away from the core
and become less self-absorbed.

We have determined the average spectral index between
35 and 90GHz for the period during which the two high fre-
quency light curves overlap, and show in Fig. 5 how this
spectral index changes over time. The dramatic transition
between the period prior to 1980, and the 1990–2000 inter-
val, where the spectral index falls from 0.0 to -1.0, is strongly
suggestive of a cessation of activity in the core around 1980,

in line with the aforementioned lack of significant optical
variability after that point. The timescale for this change in
spectral index is related to the strength of the synchrotron
self-absorption at different frequencies.

Fig. 6 shows the yearly-averaged WMAP and Planck
light curves for the source, and the radio-to-far-infrared
spectral energy distribution (SED) for 2002 and 2010, in-
cluding points from the UMRAO monitoring (Aller et al.
1985), and the literature, to show the spectral variation at
high frequencies (>5GHz) during this period, as the flux
begins to rise. In particular, note that the 4.8GHz UMRAO
flux falls between 2002 and 2010 compared to the increase
seen at all other frequencies.

4.2 Current Outburst

The increase in high-frequency radio and γ-ray emission
from NGC1275, coupled with the change in the spectral
index after ∼2002 implies that the source has become active
again. The two epochs in Fig. 6(b) coincide with a mini-
mum in the radio flux, and a point well into the current
outburst, respectively. Importantly, they mark the start of
the WMAP mission in 2002, and the start of the Planck sur-
vey in 2009. The well-calibrated photometry, particularly for
Planck, allows us to determine the spectral index well above
the peak induced by the synchrotron self-absorption. The
most recent data show that the spectral flattening seen in
Fig. 6(b) is related to power law emission that extends into

c⃝ 2014 RAS, MNRAS 000, 1–11
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binning. The model-predicted background level is indicated, and has been subtracted from the raw flux to produce the source light curve.
Overlaid is the SMA calibrator monitoring data at 1.3mm.

when the source is a daytime object, the time coverage is rel-
atively uniform with typically several observations per week,
see Fig. 1. We use all the available data within a frequency
range 220–230 GHz to ensure the fluxes are comparable. The
SMA observations are made at a variety of baseline config-
urations, so some flux could be resolved out at the longest
baselines. However, given the radio structure at lower fre-
quencies, the fraction of the 1.3mm continuum that comes
from scales larger than ∼2′′ is likely to be small even when
the source is at its weakest. Therefore the SMA flux should
be unaffected by the configuration and any increase can be
attributed to flux from the unresolved core component. This
selection makes use of over 80 per cent of the 1.3mm SMA
datapoints, as there is a strong preference for this narrow
frequency range from SMA observers.

3 RESULTS

The point-source binned likelihood analysis of NGC1275
between the 4th of August 2008 and the 6th of March
2014 outputs an integrated flux between 300MeV and
300GeV of (7.62±0.10)×10−8 ph cm−2s−1, a photon index
of 2.141±0.003, and a Test Statistic of ∼27350 (equivalent
to a detection significance of ∼165σ, see Mattox et al. 1996),
where errors are statistical only. Fig. 1 shows the fortnightly-
binned Fermi light curve for NGC1275 over this time period,
together with the model-predicted background flux within
the ROI, and overlaid with the SMA calibrator monitoring

data at 1.3mm. In the latter, there are several small bright-
enings (∼ 25–30 per cent) on 1–2 month timescales, but none
comparable to the amplitude observed in 1965–1980 as yet.
From the Fermi light curve, a number of ‘flares’ may be iden-
tified, the earliest of which are discussed in Brown & Adams
(2012) and Kataoka et al. (2010). An overall trend of in-
creasing baseline flux is seen in both datasets.

Fig. 2 comprises a series of finer (3.5-day binning) Fermi

light curves for NGC1275, detailing the 2009–2010, 2010–
2012, and 2012–2014 periods (each of which contain promi-
nent flares visible in the fortnightly-binned light curve), and
again overlaid with the SMA calibrator monitoring data at
1.3mm. Though the statistics are poor, these light curves
illustrate the erratic nature of the HE flux level, highlight-
ing the differing patterns in each flaring event, and features
such as the drop in emission to near-background level in
early 2011 (also apparent in Fig. 1).

Fig. 3(a) is a plot of the HR against time with monthly
binning, with the source light curve (binned likewise) in-
cluded for comparison. The possibility of correlation be-
tween HR and flux is investigated in Fig. 3(b), which shows
the HR plotted against the integrated flux for the full energy
range. Observing harder emission during brighter periods is
in agreement with Brown & Adams (2012). There is indeed
a hint that during the brightest months, the corresponding
HR is higher, however this correlation is stronger earlier on,
as illustrated by dividing the data into two time periods:
In the thirty-five months following launch, the correlation
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Conclusions	  

•  3C	  84	  has	  a	  persistent	  RM	  ~	  9	  x	  105	  rad	  m-‐2	  
•  The	  RM	  originates	  from	  the	  inner	  edge	  of	  the	  
ionized	  accreZon	  disk	  

•  The	  magneZc	  field	  is	  near	  equiparZZon	  

•  Next	  steps	  
– Variability:	  	  turbulence,	  jet	  propagaZon	  
– New	  edge-‐on	  objects	  such	  as	  Cen	  A	  


