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ABSTRACT

We present Very Long Baseline Array polarimetric observations of the innermost jet of 3C 84
(NGC 1275) at 43 GHz. A significant polarized emission is detected at the hotspot of the innermost
re-started jet, which is located 1 pc south from the radio core. While the previous report presented a
hotspot at the southern end of the western limb, the hotspot location has been moved to the southern
end of the eastern limb. Faraday rotation is detected within an entire bandwidth of the 43-GHz band.
The measured rotation measure (RM) is at most (6.3+1.9)x10° rad m~2 and might be slightly time
variable on the timescale of a month by a factor of a few. Our measured RM and the RM previously
reported by the CARMA and SMA observations cannot be consistently explained by the spherical
accretion flow with a power-law profile. We propose that a clumpy/inhomogeneous ambient medium
is responsible for the observed rotation measure. Using equipartition magnetic field, we derive the
electron density of 2 x 10* em™. Such an electron density is consistent with the cloud of narrow
line emission region around the central engine. We also discuss the magnetic field configuration from
black hole scale to pc scale and the origin of low polarization.

Subject headings: galaxies: active, galaxies: jets, galaxies: individual (3C 84, NGC 1275, Perseus A),

arXiv:1709.06708v1 [astro-ph.HE] 20 Sep 2017

radio continuum: galaxies

1. INTRODUCTION

3C 84 is associated with the giant elliptical galaxy
NGC 1275 (z=0.0176), whose nuclear emission is clas-
sified as a Seyfert 1.5/LINER (Sosa-Brito et al. 2001),
centered at the Perseus cluster. The total luminosity is
4 x 10* erg s=1 (Levinson et al.1995). This luminosity
is about 0.4% of the Eddington luminosity for a black
hole mass of 8 x 10°M¢, (Scharwachter et al. 2013). The
radio luminosity of this source is 3x 10%* W Hz ! st~ at
178 MHz, which is classified as a Fanaroff-Riley I radio
source (Fanaroff & Riley 1974). The radio morphology
is quite complex. Multiple radio lobes are found on dif-
ferent angular scales, suggesting intermittent radio jet
activities. The most recent jet activity started in ~2005
(Nagai et al. 2010). The restarted jet extends up to
~ 1 pc to the south from the core and a hotspot and
lobe-like structure are formed at the southern end (e.g.,
Nagai et al. 2014). The counter jet has also recently
been discovered (Fujita & Nagai 2017). Based on the
jet-counter jet ratio, Fujita and Nagai (2017) estimated
that the jet forms an angle of 65° 4+ 15° with the line of
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sight, which is similar to the one for the jet associated
with the previous episode of activity (e.g., Asada et al.
2006). The total radio flux density is about 40 Jy at
10 GHAY. Most of the radio emissions originate in the
innermost jetd.

NGC 1275 has been the subject of extensive studies
of the circumnuclear gas properties in connection with
the mass accretion onto the super massive black hole
(SMBH). NGC 1275 is known to have a large reser-
voir of cold molecular gas (Salome et al. 2006; Lim et
al. 2008) in contrast to other brightest cluster galax-
ies (BCGs) such as M87 (Tan_et. alll2008; [Perlman et all

). The total amount of molecular gas mass (Mgas)
is Mgas ~ 10'°Mg. A large fraction of this molecular
gas is located within the central 1 kpe (Mgas ~ 109 Mg:
Lim et al. 2008). In the inner 50 pc, the circumnuclear
disk (CND) is resolved by the warm Hsy and ionized [Fe
IT] lines, both in morphology and kinematics with the
Gemini North Telescope (Scharwachter et al. 2013). Tt
was suggested from the observed velocity dispersion that
the Ho emission traces the outer region of the disk which
is likely to form a toroid while the [Fe II] line traces
the inner region of the disk illuminated by the ionizing
photons from the active galactic nucleus (AGN). The in-
ner ionized part is possibly associated with the “silhou-
ette” disk, which was identified by the free-free absorp-
tion (FFA) of background synchrotron emission from the
counter jet by VLBI observations (Romney et al. 1995;
Walker et al 2000).

The intermittent jet activity of 3C 84 indirectly pre-
dicts that the accretion flow is strongly inhomogeneous.
Numerical simulations of giant elliptical galaxies suggest
that the mass accretion is dominated by chaotic cold ac-

8 F-GAMMA program: [http://www3.mpifr-bonn.mpg.de/div/v1bi/fgamma/*
9 MOJAVE program: http://www.physics.purdue.edu/MOJAVE/index . html
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cretion within the inner kpe (Gaspari et al. 2013). The
simulations also predict that the chaotic cold accretion
leads to a deflection of jets and strong variation in the
AGN luminosity. Such a jet deflection and luminosity
change are indeed observed in NGC 1275/3C 84 in ra-
dio, X-ray, and ~-ray bands (Nagai et al. 2010; Dutson
et al. 2014; Fabian et al. 2015). Fujita & Nagai (2017)
measured the opacity of free-free absorption (7) toward
the counter jet component on the central ~ 1 pc region
and found ¢ oc v, which is different from the one for
a uniform density of 7¢ o v~2. They argued that the
absorbing medium is highly inhomogeneous and that it
consists of regions of ¢ < 1 and 7% > 1.

Recently, VLBA images at 43 GHz from the Boston
University Blazar Progra have pointed out an en-
hancement of the polarized emission at the hotspot of the
innermost jet as well as the abrupt change in its position.
At the beginning of 2013, the hotspot was located along
the western limb i [2014). This situation was
not changed until the middle of 2015. After that, the
hotspot on the western limb became less obvious, and
the hotspot appeared at the eastern limb until the middle
of 2016, accompanying with the polarized emission. In
more recent data, the hotspot structure has even become
distorted. These behaviors suggest a strong interaction
between the jet and ambient medium. The enhancement
of the polarized emission is an important tool to probe
the ambient medium on pc scales. In this paper, we re-
port the analysis of the total and polarized intensities in
five epochs between 2015 December and 2016 April as
well as Faraday rotation measure (RM) along the line of
sight toward the polarized emission, which can constrain
the electron density of the ambient medium. Throughout
this paper, we use Hyp=70.5, Oy = 0.27, and Q4 = 0.73.
At the 3C 84 distance, 1 mas corresponds to 0.344 pc.

2. DATA

We used the calibrated VLBA archival data taken as
the part of Boston University Blazar Program. The ob-
servations were done on 2015 December 05, 2016 Jan-
uary 01, 2016 January 31, 2016 March 18, and 2016
April 22 at 43 GHz with ten VLBA stations. The data
consist of four intermediate frequencies (IFs) with a 64-
MHz bandwidth for each IF. The central frequencies of
each band are 43.008, 43.087, 43.151, and 43.215 GHz
for IF 1, 2, 3, and 4, respectively. The total bandwidth
is 256 MHz per polarization. Both right-hand (R) and
left-hand (L) circular polarizations were received, and
RR, LL, RL, and LR correlations were obtained. The
calibrations were done in the same manner as describe
in lJorstad et all (2005). The instrumental polarizations
(D-terms) were derived by averaging values over thirteen
sources observed in each epoch in each IF using AIPS
task LPCAL. The absolute electric vector position angle
(EVPA) calibration was done with the D-term method
Godmez et all 2002) and using jet features with stable
EVPAs in several quasars.

The imaging was done using the CLEAN algorithm
implemented in Difmap software (Shepherd et all[1994).
Each IF is imaged separately in Stokes I, Q, and U.
Figures [[[a)-(e) show the total and polarized intensity
images. A bright and compact region, which is consis-

10 http://www.bu.edu/blazars/VLBAproject.html

tent with a hotspot, is clearly detected at the position of
~3 mas from the core along the eastern limb. In Figures
[I(f), we also show the total intensity image in 2013 when
the hotspot was seen on the western limb as a compari-
SOI.

The peak polarized intensity, EVPA, and polarization
percentage are tabulated in Table[Il The errors of polar-
ized intensity and EVPA are calculated from image rms
on Stokes Q and U.

3. RESULTS

The polarized emission is clearly detected on the
hotspot throughout all epochs at the level of 1-3% (Table
[). Significance levels are about 50 in 2015 December 05
and more than 7o in rest of epochs. In general, the polar-
ization debias should be taken into account
2006), but the signal-to-noise ratio is very high, and thus
the debiased value of the polarized intensity is unchanged
to within the uncertainty of the original value. The
main polarization feature on the hotspot is very compact
and its location is not largely changed throughout these
epochs. In addition to this main polarization feature,
some extended polarized emissions are detected around
the hotspot in 2016 March 18 and 2016 April 22.

Figure shows the polarization position angle of
the main polarized feature as a function of wavelength
square. The polarization position angle is computed from
Stokes Q and U intensities at the polarized peak position.
The rotation of EVPA with frequency is clearly detected
except for data on 2016 April 22. The inferred Faraday
rotation measure (RM) is an order of 10° rad m~2 (Table
). This level of RM is about two orders of magnitude
higher than the one reported on the polarization feature
detected on the ~ 10-mas-scale radio lobe in 2004 (Tay-
lor et al. 2006), which is associated with the previous
episode of jet activity. The same order of RM is also re-
ported by mm interferometric observations in 2011-2013

Plambeck et all[2014). The RM might be slightly time
variable (see Figure 2l and Table [2).

The most intriguing finding is that the electric vector
position angle (EVPA) after the correction of Faraday ro-
tation changes abruptly on the timescale of a month (see
Table 2)), which is the evidence of rapid change in the
projected magnetic field direction at the hotspot. Given
that the relative position of the main polarized feature
to the core is almost unchanged, the change in the mag-
netic field direction requires that the size of the feature
is smaller than 1 light month.

4. DISCUSSION AND CONCLUSIONS
4.1. Hotspot

The polarized emission from the hotspot was not
clearly detected before the middle of 2015 when the
hotspot was observed on the western limb
[2014, see also the webpage of Boston University Blazar
Program). After the hotspot appeared on the eastern
limb recently, the polarized emission was suddenly en-
hanced. This hotspot movement as well as the enhance-
ment of the polarized emission presumably indicates that
the jet is jittering in an inhomogeneous ambient medium,
which results in the movement of the termination shock.
Similar behavior of hotspots is predicted by recent nu-
merical simulations where the jet beam is injected in
dense inhomogeneous ambient medium (e.g., Wagner et
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F1G. 1.— VLBA images of 3C 84 on (a) 2015 December 05, (b) 2016 January 01, (c) 2016 January 31, (d) 2016 March 18, and (e) 2016
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April 22. Total intensity is indicated by cyan contours overlaid on the polarized intensity in color. Total intensity images are made by
combining all four IF's while the polarized intensity is for IF1. The 1o of the total intensities are 1.67 mJy, 5.56 mJy, 3.55 mJy, 3.99 mJy,
and 4.44 mJy on 2015 December 05, 2016 January 01, 2016 January 31, 2016 March 18, and 2016 April 22, respectively. The contour levels
are plotted at the level of (-1, 1, 2, 4, ..., 2048) X 30 of each image. The polarization position angles are indicated by the white vectors,
which are shown on the area where the polarized intensity is greater than 3¢ of the polarized intensity images. The restoring beam size is
(0.28 x 0.16) mas at a position angle of 0°. (f) The 43-GHz VLBA image of 3C 84 in 2013 January 24, which is the same image shown in

Nagai et all (2014).
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TABLE 1
POLARIZATION PROPERTIES OF THE HOTSPOT

Date Freq. [GHz] P [mJy]* x [deg] P F [%]°
2015 Dec 05 43.007 10.2+1.8 66.3+£7.1 1.28+0.23
43.087 9.7+£21 61.7£8.6 1.21+£0.26
43.151 11.2+1.8 59.7+6.4 1.40+0.23
43.215 11.0£1.8 589+6.2 1.37+0.22
2016 Jan 01 43.007 33216 63.2£2.0 2.10%£0.10
43.087 34.3£16 56.3£1.9 2.21+£0.10
43.151 31.7+21 56.9£3.0 2.05+0.14
43.215 35.6+1.8 50.0£2.1 2.30+£0.12
2016 Jan 31 43.008 15.0+£2.0 14.5+54 1.02+0.14
43.087 16.8 +£2.2 12.1+£5.3 1.14+0.15
43.151 15.7£2.3 0.0£6.2 1.07+0.16
43.215 141+£23 0.0£6.4 0.86=+0.15
2016 Mar 18 43.008 30.8+2.1 10.7£2.6 1.08=£0.08
43.087 33.8+22 12.24£24 1.19£0.08
43.151 33.0+21 0.0+£2.6 1.16£0.08
43.215 346+21 0.0+2.3 1.21+£0.07
2016 Apr 22 43.008 24.2+25 69.2£4.2 0.92£0.10
43.087 20.0£2.7 66.2£5.5 0.76£0.10
43.151 23.7+27 73.2+4.6 0.90+£0.10
43.215 20.0+2.7 64.0£5.5 0.76£0.10

20bserved polarization position angle
bObserved polarization position angle
“Polarization percentage

TABLE 2
FARADAY ROTATION MEASURE ON THE POLARIZED FEATURE.

Date Rotation measure [rad m—2] xo [deg]?
2015 Dec 05 (2.740.5) x 10° —2345
2016 Jan 01 (4.6+0.9)x 10° 89 £ 19
2016 Jan 31 (6.3£1.9)x10° 30£10
2016 Mar 18 (5.042.2)x105 24 +11
2016 Apr 22 < 2.3 x10° N/A

2Faraday-rotation-corrected EVPA

al. 2012). Alternatively, the ejection of jet flows that rep-
resents the eastern and western limb structures could be
time variable and non-simultaneous between two limbs.

For a simple transverse shock, the magnetic field be-
comes perpendicular to the jet with an enhancement
of fractional polarization due to the shock compression
(Laing 1980). However, the Faraday-rotation-corrected

position angle indicates that the projected magnetic field
is not always perpendicular to the jet axis (see Table [2I).
There is no strong correlation between the fractional po-
larization and the project magnetic field direction. Thus,
the source of polarized emission in the hotspot of 3C 84
is presumably not only dominated by a simple transverse
shock.

Variations in the projected magnetic field are seen on
the timescale of a month, which constrains the cross-
sectional size of the hotspot to be less than one light
month (~ 0.07 mas). This upper limit of the size can be
roughly interpreted as the width of the eastern jet limb
since the hotspot is observed on the eastern limb. The jet
limb is not well resolved even in the recent space VLBI
image with the Radioastron (beam size ~ 0.05 mas, Gio-
vannini et al. in preparation), which seems to be consis-
tent with this picture.

4.2. Origin of Faraday Screen

Faraday rotation can occur in any magnetized plasma
along the line of sight between the source and the ob-
server in general. However, we can naturally expect that
the observed Faraday rotation originates close to the nu-
cleus of 3C 84, as discussed in [Plambeck et all (2014)).
Taylor et al. reported the RM of 7000 rad m~2 on the
southern jet/lobe separated from the core by ~ 8 pc.
Our measured RM on the hotspot separated from the
core by ~ 1 pc is at most two orders of magnitude higher
than this, and thus the Faraday screen, which is respon-
sible for the RM of ~ 10° rad m~2, should originates in
1 pe< r <8 pc in the projected distance (r is the dis-
tance from the core). We note that the projection effect
is not very significant in the estimation of distance since
the jet angle to the line of sight is moderate (65 + 16°:
Fujita & Nagai 2017). The jet angle is also indepen-
dently estimated by the modeling of the broadband spec-
trum from radio to y-ray using synchrotron self-Compton
(SSC) with some external photons, which favors smaller
angles (e.g., 18°: Tavecchio et al. 2014). If this is the
case, the hotspot distance is larger by a factor of a few.

The bolometric luminosity of 3C 84 is about 0.4% of
the Eddington luminosity. Thus, the accretion flow of
3C 84 is likely to be a radiatively inefficient accretion
flow (RIAF: Narayan & Yi 2005) rather than a standard
disk (Shakura & Sunyaev [1973). We however note that
3C 84 have a cold (T, ~ 10* K) disk-like accretion flow,
as identified by FFA of the emission from the counter jet
in pe scale (Walker et all [2000) and inhomogeneous gas
distribution around the black hole (Fujita et all 2016).
A number of theoretical studies predicted that the accre-
tion flow components of hot geometrically thick (RIAF-
like) and cold geometrically thin can co- ex1st 1n e1ther
horizontal or vertical stratification (e.g.,
2000; Merloni & Fabia 2002; Liu et all 1201)1 IE IZD_OB
ILiu & Taam [2013). The measured Faraday rotation can
be caused by such a RIAF-like component. We thus es-
timate the accretion rate of the RIAF-like component
using the measured RM. For a simplicity, we assume
that the RIAF-like component is quasi-spherical Bondi
accretion flow with a power-law density profile. We can
calculate the accretion rate, following the formulation as

follows QQu.aJ;a@rL&ﬁmmnmd 2000; Marrone et. alll2006;
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[Kuo et all [2014)

—2/3
M=13x10"10 [1—(rout/rm) (36— 1>/2}

) Mg 4/3 9 —2/3 7o RM 2/3
8.0 x 108 M, 35 —1 m\rad m—2 '

For inner effective radius 7, of 1 pc (1.3 x 10*Ry)
where the hotspot is located, the observed RM im-
plies an accretion rate of ~ 4.3 x 1072My yr—! and
~ 8.6 x 1072M, yr~! for 8 = 0.5 and 8 = 1.5 which
are corresponding to convection-dominated accretion
flow (CDAF: INarayan et all [2000; lQuataert & Gruzinov
2000) and advection-dominated accretion flow (ADAF:
Ichimaru [1977; Narayan & Yi [1995), respectively. Here
we assumed the outer effective radius 7oy of 10°R,
(~ 8 pc), which is approximately the same with the
Bondi radius of 8.6 pc (Fujita et all [2016). The de-
rived accretion rate is roughly consistent with that esti-
mated from the bolometric luminosity with a black hole
mass of 8 x 108M and a radiative efficiency of 10%
(M ~ Li1/(0.1¢?) ~ 7.1 x 1072Mg yr—1).

Plambeck et all (2014) also reported the detection of
the polarized emission at 210-345 GHz with the CARMA
and SMA. The RM is measured to be ~ 9x 10° rad m~2,
which agrees with the largest RM in our measurements
(6 x 10° rad m~2) within a factor of two. They also es-
timated the accretion rate using the same method men-
tioned above and found that the derived accretion rate is
much smaller than the one expected from the bolometric
luminosity of 3C 84. In this calculation, they assumed
that the polarized emission originates in a small region
at the vicinity of the black hole since the emission from
the inner jet can be dominant in shorter wavelengths (e.g.
ILobanov [1998; [Hada et alll2011; [Sokolovsky et alll2011)).
One possible explanation is that the emission does not
dominate at the inner jet but at the hotspot, even at
210-345 GHz (see Figure B (i)). However, one problem
with this hypothesis is that the polarized flux measured
by Plambeck et al. is too large to be attributable to the
emission from the hotspot. They reported about 1.5%
of the polarization percentage in 2011-2013. Given that
the total flux was 6-8 Jy in this period, the polarization
flux was estimated to be about 100 mJy. On the other
hand, our measured integrated polarized flux is at most
30 mJy, which seems to be difficult to connect these two
data sets unless the hotspot spectrum is inverted. Thus,
the polarized emission detected with the CARMA and
SMA seems to originate in a place different from the one
from the hotspot. Consequently, a simple quasi-spherical
accretion flow (Figure[3)) cannot be applied to NGC 1275.

The underprediction of RM by the CARMA and SMA
observations indicates the necessity of reducing the ac-
cretion rate within 1 pc. One possibility is that a part
of the accretion flow is blown out by the jet and hollow
“funnels” are formed parallel to the jet axis (see Fig-
ure ] (ii)). Since 3C 84 shows intermittent jet activi-
ties, the jet of previous activity can blow out the gas
of the accretion flow. The jets of ongoing activity are
probably passing through the inflating “cocoon” filled

by the shocked jet material (Begelman & Cioffi[1989) of

the previous jet activity. Such a cocoon can be identified

as emissions at lower frequencies (Taylor & Vermeulen

[1996; [Silver et all[1998; [Walker et all [2000), which indi-
cates that a certain amount of relativistic plasma fills
the cocoon. Faraday rotation is weakened in relativis-
tic plasma by a factor of In~v/2v?, where v is electron
Lorentz factor r ruzinoy 2000). Thus, we
may ignore the effect of Faraday rotation within the co-
coon. The cocoon may also explain the observed jet col-
limation. [Nagai et all (2014) found a rather cylindrical
collimation of the jet on subpc scale while the power-law
density profile of the ambient medium, which is expected
from RIAF models, predicts a jet collimation of parabolic
profile (e.g. Narayan & Fabian [2011). The observed col-
limation profile can be maintained by a strong pressure
of the hot cocoon.

With this configuration of accretion flow (Figure[3 (ii)),
however, the RM observed toward the hotspot can also
be smaller than the case for the simple spherical accre-
tion flow (Figure [ (i)). We need an additional compo-
nent to account for the observed RM toward the hotspot.
The observed Faraday rotation may be caused not only
by the RIAF-like accretion flow but the dense gas local-
ized at the hotspot (hereafter we call the gas clump).
The observed RM toward the hotspot can be prefer-
entially larger if the line of sight to the hotspot inter-
cepts the gas clump (see Figure Bl (iii)). As a result,
the RM difference between the hotspot and the inner
jet can be smaller. We consider that Figure [ (iii) is
the most likely scenario to explain the observed RM in
NGC 1275 with the CARMA, SMA, and VLBA. This
idea is also supported by the movement of the hotspot,
which is probably caused by the inhomogeneous ambient
medium, as we discussed in section Il Thus, we con-
sider that the gas clump at the vicinity of the hotspot is
the most likely scenario to explain the RM observed with
the VLBA. We note that such a clumpy/inhomogeneous
ambient medium is also favored by the evidence of the
intermittent jet activity (Asada et alll2006; Nagai et all
2010). Recent numerical simulations showed that the
accretion flow can be unstable because of the thermal
instability in the strong X-ray field by the central source
and forms cold clumps and filamentary structures on
subpc-pe scales (Barai et all2012; |Gaspari et all [2013).
As a result, the accretion flow within pc scale cannot
be spherical inflow. Although the magnitude of RMs
is lower than this value, relatively high RM is also de-
tected in a small area of jets in a few other radio galaxies
(e.g. (Gémez et all 2000; [Zavala & Taylon 2002), and at-
tributed to the dense ionized gas in the vicinity of the
radio jet.

Here we discuss the properties of this dense gas clump.
Since the hotspot is a quite compact feature on the east-
ern limb, the interaction between the jet and gas clump
should take place in a small area of the jet cross sec-
tion. Thus, the clump size would be an order of the limb
width, say 0.1 mas (0.034 pc). [Fujita & Nagai (2017)
discussed the density of the surrounding medium in the
direction of the jet based on the argument of the momen-
tum balance along the jet. The derived electron density
(ne) is 8.1 ecm™ on pc scales. To account for the ob-
served RM of ~ 6 x 10° rad m~2 with this electron den-
sity, the ambient medium is required to have the mag-
netic field (B) of 2.7 G, which is much higher than the
equipartition magnetic field (Beq = 4(mn.kgT)?-5 where




6 Nagai et al.

k is Boltzmann constant) of ~ 24 pG, with the path
length of 0.034 pc. Instead, the magnetic field becomes
close to the equipartition if we adopt n, = 2 x 10* cm ™3
(B ~ Beq = 1.2 mG). Thus, we conclude that the gas
clump has n. of three orders of magnitude higher than
the mean n. on pc scales. Such a n. is consistent with
the cloud of narrow emission line region around the cen-
tral engine [1991)). Tt is possible that the gas
clump is accreting to the SMBH since it is located within
the Bondi radius of 8.6 pc (Fujita et alll2016).

As we showed in section Bl the observed RM looks
slightly time variable. This could indicate that the gas
density is inhomogeneous even within a clump, which
causes temporal variations of RM as the hotspot moves.
Alternatively, the time variability of RM could be caused
by the accretion flow itself. [Pang et all (2011)) predicted
temporal RM variations due to the dynamical fluctua-
tions of electron density and magnetic field in the accre-
tion flow on the timescale of weeks to years by numerical
simulations. They suggested that the RM variations can
be a tool to distinguish the accretion flow models. The
predominant component of rapid RM variations, how-
ever, is the electrons in the vicinity of radius where the

electron becomes relativistic regime (r,.¢;). The radius
rre; 1S expected to be an order of 100R,
) or even smaller (see discussion by 2014).

Since our measured RM originates in a region much fur-
ther away, the accretion flow may not be responsible for
the observed RM variations. Further observations of RM
variations will be valuable to constrain the origin of RM.

4.3. Implications to Magnetic Field Configuration

The energy transport and dissipation mechanism
from AGN to cluster scale is the primary sub-
ject for the heating of intra-cluster medium (ICM)
against the radiative cooling at the cluster core (e.g.
[McNamara & Nulsenl 2007). Many different heating
mechanisms such as the dissipation of sound waves and
weak shocks (Fabian et all 2003, [2005), magnetohydro-
dynamic (MHD) waves (Fujita et all 2007), cosmic rays
(Fujita & Ohira 2012, M) and the mixing of hot bub-
ble gas with the ICM [2017) have been
proposed. The magnetic field at the cluster core is cru-
cial for these arguments since the energy transportation
can depend on the global configuration of the magnetic
field. It is worth noting that all RMs reported in the
present paper, Taylor et all (2006), and [Plambeck et all

) show the plus sign, which indicates that the mean
line-of-sight magnetic field component points to the ob-
server at three different distances from the central black
hole. This allows us to speculate that the magnetic field
configuration in the ambient medium is radial from the
black hole to ~ 8 pc scale. The RM toward the counter
jet component would show minus sign if this is the case.
Measurements of the RM toward the counter jet are key
to test this speculation. A counter jet component N1 re-
ported in [Fujita & Nagai (2017) is possibly a hotspot in-
teracting with the ambient medium. A relatively ordered
magnetic field is likely to exist in such a region. Thus, the
polarized emission can be detected from this component
by higher-frequency VLBI observations, which can avoid
a strong free-free absorption and Faraday depolarization

by the accretion disk (e.g. [Walker et all[2000).

As we discussed in section .2] the equipartition mag-
netic field on pc scales is estimated to be about 24 pG. If
the magnetic field configuration is radial (B(r) o« 7~2),
the magnetic field strength should be 1.6 x 10* G at
~ 1Rgs. We note that the accretion flow can be inho-
mogeneous (see discussion in section 2]), which is likely
to cause changes in magnetic field direction. Thus, this
is the first-order approximation. There is no measure-
ment of the magnetic field strength at the vicinity of the
SMBH for 3C 84, so it is not possible to do a comparison
of the derived value with a different approach. One rel-
evant information is that [Kino et all (2015) derived the
magnetic field strength of about 100 G at the base of the
jet of M87 using the turnover frequency due to the syn-
chrotron self-absorption with the aid of Event Horizon
Telescope (EHT) data. This value is somewhat smaller
than the case of 3C 84, but the magnetic field of 3C 84
can be much larger than M87 since the radio luminos-
ity of 3C 84 is roughly two orders of magnitude larger
than that of M87. |O’Sullivan & Gabuzda (2009) esti-
mated the magnetic field strength at the jet base for BL
Lac objects using the core-shifts argument and derived
an order of 10* G, which is similar to our estimate for
3C 84. It seems that the radial configuration of magnetic
field in the ambient medium is not too extreme assump-
tion

4.4. Implications to the Origin of Low Polarization in
3C 84

Traditionally 3C 84 is used as an instrumental polar-
ization calibrator for most Very Large Array (VLA) fre-
quencies and configurations because no strong polarized
emission is detected. In the image presented in this pa-
per, the polarized emission is detected as a spot while
the emissions from the remaining regions are indeed un-
polarized. This might indicate that the magnetic field
of the ambient medium is highly turbulent within the
VLBA beam size (~ 0.3 mas~ 0.1 pc), resulting in a
strong depolarization, and the magnetic field is some-
how ordered only in the vicinity of the hotspot. If this is
the case, the jet may not be interacting with a ‘clumpf
but a stretched or filamentary gas feature supported by
the ordered magnetic field. Such a gas feature could be
a scaled-down version of the Ha filaments observed in
kpc to 10 kpc scales [2008). However, we
cannot exclude a possibility that the emissions from the
jet of 3C 84 are intrinsically less polarized. It is note-
Worthy that not only 3C 84 but also other radio galax-
ies (M87 Cen A, Cyg A) show no or little polarization

[2005) in contrast to strongly polarized
jets of blazars. Interestingly, all these radio galaxies show
a limb-brightened structure (M87: Kovalev et al. 2007;
Ly et al. 2007; Hada et al. 2011, Cen A: Kataoka et al.
2006, Cyg A: Boccardi et al. 2016), which is suggestive
of the velocity gradient across the jet width. The number
of studies on the spectral energy distribution SED% of
AGN jets also support this model (e.g.

(2005 IT hi hisellini 2008, [2014). The observed
difference in the polarized emission between blazars and
radio galaxies can be explained if the spine emission is
strongly polarized while the sheath emission is less po-
larized. This scenario can be testable with millimeter
and submillimeter VLBI observations with the Global
Millimeter VLBI Array (GMVA) and the EHT with the
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(i) Quasi-spherical accretion
and Disk

210-345

Hotspot

43 GHz
210-345 GHz

43 GHz

(ii) Quasi-spherical accretion
with a funnel and Disk

(iii) Quasi-spherical accretion
with a funnel, Disk, and
Clumpy gas

F1G. 3.— Schematic image of possible accretion flow structures. (i) 210-345 GHz emission is dominant in the hotspot. Faraday rotation
is caused by RIAF. (ii) 210-345 GHz emission is dominant in the inner jet. Funnel zones are created by the previous jet activities, which
causes a decrease of Faraday rotation as compared to the case (i). (iii) The jet is interacting with a clumpy gas, which responsible for the

observed Faraday rotation toward the hotspot at 43 GHz.

Atacama Large Millimeter /submillimeter Array (Array),
which are less affected by the depolarization thanks to
small beam and high frequency.
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