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Abstract. The radio source 3C 84 associated with the radio/giant elliptical galaxy NGC 1275 is one of the
best targets to probe the radio counterpart of theγ-ray emitting region. Although this source shows clear
time variability in γ-ray bands, no clear correlation in radio light curve was found on the timescale ofγ-ray
variability. The location of theγ-ray flaring region has been an open question. In this proceeding, we firstly
review our previous findings from radio observations. Next we present our new results based on the Very
Long Baseline Array (VLBA) data at 43 GHz. We discover the limb-brightened structure in the “restarted"
jet associated with the 2005 radio outburst. In 1990s, the jet structure was rather ridge-brightening than limb-
brightening, despite the observations were done with similar angular resolution. This indicates that the radio
jet morphology in terms of the transverse structure has been indeed changed recently. This change in the
morphology shows an interesting agreement with the time variation of theγ-ray flux density, i.e., theγ-ray flux
density in 1990s was more than 7 times lower than the current one. We argue the possibility that the transition
from ridge-brightening to limb-brightening is related to theγ-ray time variability.

1 Introduction

The radio source 3C 84 is associated with the giant ellip-
tical/radio galaxy NGC 1275 (z=0.0176). Thanks to its
brightness and proximity, this source is one of the best
studied radio source in history. Recently increased activ-
ity starting in 2005 was detected in radio band [1]. The
VLBI observations revealed that this flux density increase
originated within the central pc-scale core, accompanying
the ejection of a new jet component [13, hereafter Paper I].
This new component appeared from the south of the core
around 2003 [17, hereafter Paper II], and was moving to
the position angle∼ 160◦ steadily with slightly changing
speed in both parallel and perpendicular directions. The
apparent speed was ranging from 0.1c to 0.5c. The flux
density of both the new component and the core particu-
larly became bright after 2007-2008. After 2009, the new
component has still shown monotonic increase in flux den-
sity [14, hereafter Paper III].

It is notable that 3C 84 is the best studiedγ-ray ra-
dio galaxy along with M 87 and Centaurus A, and there-
fore these sources the ideal laboratories to study theγ-ray
emission mechanism in misaligned Active Galactic Nuclei
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(AGNs). Strong variability in theγ-ray emission has been
detected from 3C 84 byFermi-LAT. An averagedγ-ray
flux during the first four months is (2.10± 0.23)× 10−7 ph
cm−2 s−1 above 100 MeV [1]. Thisγ-ray flux is seven
times brighter than the upper limit byEGRET/CGRO. It
was claimed that the innermost jet of 3C 84 is the most
likely source ofγ-ray emission because of the time varia-
tion on the timescales of years to decades. During the first
2 years, two episodes of increasedγ-ray activity were ob-
served: one occurred in 2009 Apr-May [10], and the other
one occurred in 2010 June-August [4]. In particular, the
second flare was detected up to 102.5 GeV [2]. Largest in-
creased activity in GeV band was detected more recently.

2 Our Previous Findings

2.1 No radio counterpart of γ-ray flares

In Paper III, the radio time variability was studied to search
the correlation with theγ-ray variability, but no clear cor-
relation was found on the timescale ofγ-ray variability.
Neither new component ejection nor change in morphol-
ogy associated with theγ-ray flares were found by Very
Long Baseline Interferometry (VLBI) observations (Pa-
per III). The lack of significant changes in radio band for

 

 

           
  DOI: 10.1051/
C© Owned by the authors, published by EDP Sciences, 2013

,
/

04008 (2013)
36104008201
61

epjconf
EPJ Web of Conferences

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

6

Article available at http://www.epj-conferences.org or http://dx.doi.org/10.1051/epjconf/20136104008

http://www.epj-conferences.org
http://dx.doi.org/10.1051/epjconf/20136104008


EPJ Web of Conferences

 5

 10

 15

 20

 25

 2009  2009.5  2010  2010.5  2011  2011.5  2012

F
lu

x
 d

e
n

s
it
y
 [
J
y
]

Year

C1(15GHz)
C2(15GHz)
C3(15GHz)

Metsahovi(37GHz)
C1+C2+C3(15GHz)

Figure 1. Single dish and VLBI light curves from Metsahovi at
37 GHz and MOJAVE at 15 GHz, respecctively. Red squares,
green circles, and blue triangles represent the MOJAVE flux den-
sities of C1, C2, and C3, respectively (see Paper II for the com-
ponent labeling). The sum of flux densities of C1, C2, and C3 is
indicated by black squares. Single dish light curve by Metsähovi
is indicated by cyan diamonds. Twoγ-ray flaring events are indi-
cated by pink gray rectangles. Note that Metsähovi flux density
contains the emission from the entire 3C 84 source.

3C 84 after the detection of highγ-ray activity leaves the
debate on the region responsible for the high-energy emis-
sion and its location is still open.

2.2 SED modeling using measured apparent
motion

Previous spectral modeling using one-zone synchrotron-
self Compton (SSC) requires mildly relativistic jet flow in
order to reproduce theFermi γ-ray flux density [1]. On
the other hand, the apparent speed detected by VLBI is
relatively slower than the jet speed predicted from one-
zone SSC model unless the jet angle to the line of sight
is very small (<5◦: Paper II). We performed SED fit to
the observed broad band spectrum using VLBI-measured
apparent speed (Figure 2). If we adoptγmin = 103 as is
the case in Abdo et al. (2009), the 43 GHz lies below the
frequency of low-energy cutoffand therefore the spectral
index should be 1/3. However, the observed spectral in-
dex of newly-born component (C3) is about−0.9 between
22 GHz and 43 GHz. It failed to reproduce the optically
thin radio spectrum observed by the Very Long Baseline
Array (VLBA) observations (Paper II). Hence it seems dif-
ficult to attribute the broadband SED to the one-zone SSC
emission from C3.

3 Where is the radio counterpart of the
γ-ray flares?

While several possibilities to reconcile the discrepancy be-
tween radio andγ-ray properties have been discussed (Pa-
per I; Paper II; Paper III), it is of great interest to inves-
tigate the presence of spine-sheath structure with the ve-
locity gradient [6] in the jet of 3C 84 since this scenario
is one of the successful scenarios to reconcile theγ-ray
emission from the radio galaxies. According to this sce-
nario, the radio emission is mostly coming from the slower
sheath while the emission from the spine is beaming away
from the line of sight. Therefore, the limb-brightening can
be observed along the jet if the spine-sheath structure is

Figure 2. Overall SED of NGC 1275 constructed with multiband
data and the VLBA 43 GHz flux of C3 (red square). The SED is
fitted to the VLBA 43 GHz flux of C3 (red square), optical/UV
(Swift/UVOT; magenta open circle), andγ-ray (Fermi; magenta
point) data with a one-zone SSC model. See Paper II in more
detail.

present. Clear evidence of limb-brightening was found in
several AGNs [7–9, 15], but no clear signature of limb-
brightening has been found in 3C 84. To detect the limb-
brightening, high resolution which can resolve the trans-
verse direction of the jet and high dynamic range image
are required.

4 New 43-GHz Very Long Baseline Array
Observation

The observation was carried out with 10 VLBA stations
at 43 GHz on 2013 January 24. Both right-hand and
left-hand circular polarizations were received, and only
parallel-hand correlations (RR and LL) were processed.
The observation consisted of many different scans for
3C 84. The integration time for each scan is ten sec-
onds. Total integration time for 3C 84 is about 45 min-
utes, and overall observation including calibrator scans
were spanned over 8 hours. The scans for 3C 84 were
spread over different hour angle evenly, and therefore we
obtained gooduv-coverage.

The data reduction was performed using Astronomi-
cal Imaging Processing System (AIPS) developed by Na-
tional Radio Astronomy Observatory (NRAO). Ana priori
amplitude calibration was performed using aperture effi-
ciency and system noise temperature provide by each sta-
tion. The opacity correction for the atmospheric attenua-
tion was applied. Fringe fitting and bandpass calibration
were applied. For the deconvolution of synthesized im-
age, we used CLEAN and self-calibration technique. Fi-
nal images were obtained after a number of iterations with
CLEAN and both phase and amplitude self-calibration us-
ing the DIFMAP software package
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Figure 4. The transverse slice profile of the jet. The left and
right figures show the profiles along (a) and (b) indicated by the
broken lines in the Fig. 3, respectively.

5 The 43-GHz VLBA Image of 3C 84

Figure 3 shows the self-calibrated image of 3C 84 by Very
Long Baseline Array observation at 43 GHz on 2013 Jan-
uary 24. In previous studies it was shown that the source
mostly consisted of three components. We have also de-
tected same structure, but finer scale structure is visible
from this image. The bright core and one-sided jet struc-
ture is clearly seen. The jet is directing to the position
angle−170◦ up to 1.2 mas from the core and then slightly
changing its direction to the position angle−180◦. At the
end of the jet, there is a bright knot-like feature. While this
feature was represented by a single Gaussian component,
so-called C3, in the previous studies, multiple subcompo-
nents are seen from this image. The changing pattern of
the jet direction is approximately consistent with the pre-
viously detected path of C3 motion (Paper II). There is an
elongated feature (C2) towards the west from C3 region,
which invokes the backflow from C3. However, C2 had
been already present before the emergence of C3. There-
fore, the origin of C2 is not very clear. We did not detect
any significant emission from the counter-jet side. Overall
structure is consistent with the images shown by Boston
University Blazar Peoject.

The slice profiles across the jet are shown in Figure 4.
The most remarkable finding is that the limb-brightened
structure is evident along the approaching jet, which is the
“restarted" jet associated with an ongoing activity started
from 2005. To our knowledge this is the first discovery of
the limb-brightening in the jet of 3C 84.

6 Discussion

The detection of limb-brightening is expected as if there is
the velocity gradient across the jet and the beaming-cone

angle of the emission from the “spine" is smaller than the
jet viewing angle. So far we have not detected a clear cor-
relation in light curve between radio andγ-ray in 3C 84
on the timescale of days to months. Also, the observed
apparent motion is relatively slower than the jet veloci-
ties expected from the one-zone synchrotron-self Compton
model or decelerating jet model. Yet, such an uncorrela-
tion between radio andγ-ray is expected as if we are only
seeing the slower sheath by radio observation andγ-ray
emissions are produced by the inverse Compton scattering
off the low energy photons from the sheath or spine by the
electrons in the fast spine.

Here we roughly estimate the outflow velocity of the
limb-brightened region. For the simplicity, we assume that
the jet has intrinsically uniform brightness across the jet
in transverse direction and the observed transverse bright-
ness is only affected by the transverse velocity structure
which results in the varying Doppler enhancement of dif-
ferent jet axisymmetric layers. The limb-brightened struc-
ture is corresponding to a layer where the Doppler factor
becomes its maximum. Assuming the viewing angle (θ)
of 25◦, the Doppler factor reaches its maximum where the
bulk Lorentz factor (Γ) is about 2.4 (β∼ 0.9). Thus, one
can estimate that the velocity of the limb-brightened re-
gion (sheath) and the inner dim region (spine) areΓ ∼ 2.4
andΓ & 2.4, respectively. Although the assumed view-
ing angle is within the range of preferred viewing angle
estimated previously

The estimated bulk Lorentz factor of limb-brightening
region is somewhat faster than the VLBI measured mo-
tion of C3 unless the viewing angle is very small. In [10],
it is noted that both the low- and high-energy peaks of
NGC 1275’s spectral energy distribution (SED) in theνFν
representations are located at substantially lower frequen-
cies than those of typical low-frequency peaked BL Lac
objects (LBL). Therefore, the jet viewing angle of 3C 84
is not likely to be as small as those of blazars. A possi-
ble explanation is that C3 is the terminal shock produced
by the interaction with the interstellar medium (ISM) and
apparent motion of C3 does not reflect the jet motion.

[5], [16], and [12] reported the 43-GHz VLBA images
of 3C 84 as of 1990s. From those images, no clear limb-
brightening was confirmed despite similar angular reso-
lution was achieved. One possibility to explain this dif-
ference is a change in the transverse velocity structure in
the epoch 2000-2005, confirmed by the restarted activity
of 3C 84 in 2005 and by the emission of a new bright
component (C3) in 2003 (Paper II). This can be realized
if the flow speed in spine region was slower in 1990s and
the beaming angle of the emission from the spine was
larger than the viewing angle. Alternatively, one may think
that there was a similar transverse velocity structure in
1990s but the viewing angle was rather small. If the jet
viewing angle was smaller than the beaming angle of the
spine emission, the ridge-brightening could appear only
in 1990s because of strong beaming of the spine emission
towards the observer. A change in the viewing angle is
suggested by the change of the direction in the plane of
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Figure 3. The 43-GHz total intensity map of 3C 84. The contours are plotted at the level of 5.43×(−1.41, 1, 1.41, 2.83, 4, 5.66,
8, 11.3, 16, 22.6, 32, 45.3, 64, 90.5, 128, 181, 256) mJy beam−1. The peak intensity is 2.17 Jy beam−1. The ellipse shown at the
bottom left corner of the image indicates the full-width half-maximum of the convolved beam. The FWHM of the convolved beam is
0.24× 0.13 mas at the position angle 0.69◦. The white broken lines (a) and (b) indicated in the figure is the slice locations for Fig. 4.

the sky of the present jet (C3) with respect to pre-existing
component C2 (Paper I; Paper II).

We favor the first possibility for the following reason.
If the viewing angle was small and the physical proper-
ties of the jet (such as magnetic field, electron energy dis-
tribution, and etc) were no so different from the current
ones, 3C 84 should be detected as the brightγ-ray source
because of the strong beaming effect. Contrary to this,
the upper limit ofγ-ray flux in 1990s was more than 7-
times weaker than the recent flux level. Therefore, we
speculate that the change in the apparent transverse struc-

ture is resulted from the change in the velocity structure.
We propose that the origin ofγ-ray flux variability on the
timescale of decades in 3C 84 might be the result of the
change in the transverse velocity structure, i.e., the veloc-
ity of the spine has became faster than that of 1990s.

7 Summary and Conclusions

The new 43-GHz VLBA observation revealed the clear
limb-brightened structure along the restarted jet of 3C 84
in the central sub-parsec scale. This is the first discovery
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of the limb-brightening in 3C 84. Interestingly, the limb-
brightening was not found in 1990s despite the similar an-
gular resolution was already achieved. This may indicate
that the transverse velocity structure was changed in as-
sociation with the restarted activity in the period of 2000-
2005. If we relate the change of the apparent jet structure
with the change in the transverse velocity structure, the
time variability of theγ-ray emission can be naturally ex-
plained.
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