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Relativistic jets in NLS1
• Discovery of γ-ray emission in 

NLS1 by Fermi-LAT
• Possible new class of AGN 

producing powerful jets after 
blazars & radio galaxies

• Parsec-scale morphology very 
compact or one-sided core-jet
– Similar to blazars

• Detailed properties of NLS1 jets 
still poorly understood due to the 
lack of VLBI studies
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Figure 1. SEDs of the four RL-NLS1s detected by Fermi/LAT in order of decreasing γ -ray flux. The SED of PMN J0948+0022 is that from Abdo et al. (2009a).
In the SED of 1H 0323+342, there are also detections in the hard X-rays by Swift/BAT (Cusumano et al. 2009) and INTEGRAL/ISGRI (Bird et al. 2007). The TeV
upper limit is derived from observations with Whipple (Falcone et al. 2004). Archival radio data are from NED, but are displayed just for completeness, since they are
not used in the model fit. The synchrotron self-absorption is clearly visible around 1011–12 Hz. The short dashed light blue line indicates the synchrotron component,
while the long dashed orange line is the SSC. The dot-dashed line refers to EC and the dotted black line represents the contribution of the accretion disk, X-ray corona
and the IR torus. The continuous blue line is the sum of all the contributions.

Table 3
Parameters Used to Model the SEDs

Name Rdiss
a log Mb RBLR

c P ′
i

d Ld
e Bf Γb

g θv
h γe,break

i γe,max
j s1

k s2
l

1H 0323+342 1.9 (650) 7.0 116 1.0 1.4 (0.9) 30 12 3 60 6000 –1 3.1
PKS 1502+036 24 (4000) 7.3 155 21 2.4 (0.8) 1.6 13 3 50 3000 1 3.2
PKS 2004–447 6 (4000) 6.7m 39 3.1 0.15 (0.2) 6.9 8 3 120 1500 0.2 2

PMN J0948+0022n 72 (1600) 8.2 300 240 9 (0.4) 3.4 10 6 800 1600 1 2.2

Notes.
a Dissipation radius in units of 1015 cm and (in parenthesis) in units of the Schwarzschild radius.
b Black hole mass in units of M⊙ (details and caveats about the mass estimation used in this work can be found in Ghisellini et al. 2009a; the error with this
method is generally about 50%).
c Size of the BLR in units of 1015 cm.
d Power injected in the blob calculated in the comoving frame, in units of 1041 erg s−1.
e Accretion disk luminosity in units of 1045 erg s−1 calculated by integrating the thermal component (black dotted line) of the SEDs in Figure 1 and (in
parenthesis) in Eddington units.
f Magnetic field in Gauss.
g Bulk Lorentz factor at Rdiss.
h Viewing angle in degrees.
i Break random Lorentz factors of the injected electrons.
j Maximum random Lorentz factors of the injected electrons.
k Slope of the injected electron distribution below γe,break.
l Slope of the injected electron distribution above γe,break.
m Fixed from measurement with reverberation mapping method reported by Oshlack et al. (2001).
n See Abdo et al. (2009a).
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Center at RA 20 07 55.1880000  DEC -44 34 43.102000

CONT: 2007-445  IPOL  1451.992 MHZ  PKS2004B16.ICL001.1
PLot file version 1  created 01-MAR-2011 16:08:57

Cont peak flux =  2.0008E-01 JY/BEAM 
Levs = 9.264E-04 * (-1, 1, 2, 4, 8, 16, 32, 64,
128, 256, 512, 1024)
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peak= 200.1;  f.c.= 0.9 (mJy/beam)

Figure 8: VLBA image at 1.4 GHz of PKS2004-447. On
the image we provide the restoring beam, plotted in the
bottom left corner, the peak flux density in mJy/beam,
and the first contour (f.c.) intensity in mJy/beam, which
is 3 times the off-source noise level. Contour levels
increase by a factor of 2.
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 PKS 1502+036     15.3  GHz                                      11/JAN/2002

Peak = 536.1; f.c. = 0.6 (mJy/beam)
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Figure 6: VLBA image at 15.3 GHz of PKS 1502+036
collected on 11 January 2002. On the image we provide
the restoring beam, plotted in the bottom left corner, the
peak flux density in mJy/beam, and the first contour
(f.c.) intensity in mJy/beam, which is 3 times the
off-source noise level. Contour levels increase by a factor
of 2.

and PKS1502+036 is dominated by a flat-spectrum
compact and bright component from which a fainter
jet-like feature emerges. Both sources show substan-
tial flux density variability.
In the case of PKS1502+036, the availability of
two-epoch VLBA observations at 15 GHz allowed
us to detect a new component at about 3 mas from
the central region that was not visible in the first
observing epoch. Assuming that this component is
the same knot of the jet detected at about 1 mas
during the first epoch, we estimate an apparent
superluminal expansion velocity of ∼8c, providing
further evidence for boosting effects. However, with
only two observations taken with a time separation
of 4 years, we cannot unambiguously state that the
two components are the same one at the different
epochs. To confirm this result we are now analyzing
additional archival VLBA observations which allow a
better time sampling.
The interpretation of the radio properties of
PKS2004−447 is more uncertain due to the lack of
spectral information. In fact, the bright and compact
component at the easternmost edge of the source may
be either the source core, or a very compact hot-spot
like those found in a few young radio sources [e.g.
Orienti et al. 2006]. The little flux density variability
reported by Gallo et al. [2006], and its steep spectrum

above 8.4 GHz make PKS2004-447 a candidate of
being a young radio source rather than a blazar. To
unveil the nature of this source new multifrequency
observations with parsec-scale resolution have been
requested.

Although the radio properties are important to
constrain the emission mechanisms in the low-energy
part of the spectrum of RL-NLS1s, at centimeter
wavelengths, i.e. those discussed here, their emission
is highly affected by synchrotron self-absorption.
The one-zone homogeneous model adopted for the
broad-band SED of these sources [e.g. Abdo et al.
2009b] is based on a single synchrotron emission
component which does not fit the radio data,
being all the emission below 1012 Hz considered
self-absorbed. Information on the mm/sub-mm
emission is fundamental to set tight constraints on
the low-energy emission, and ALMA observations will
open a new window for investigating these sources in
an unexplored frequency domain.

 PKS 1502+036     15.3  GHz                                      21/JUL/2006

Peak = 521.7; f.c. = 0.5 (mJy/beam)
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Figure 7: VLBA image at 15.3 GHz of PKS1502+036
collected on 21 July 2006. On the image we provide the
restoring beam, plotted in the bottom left corner, the
peak flux density in mJy/beam, and the first contour
(f.c.) intensity in mJy/beam, which is 3 times the
off-source noise level. Contour levels increase by a factor
of 2.
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Figure 3. VLBI images of 1H 0323+342 obtained by the VLBA archive data. Top left and bottom right panels show images at 2.3 and 15.4 GHz, respectively, whereas
others are at 8 GHz. The lowest contour is three times the off-source rms noise (σ ). The dashed and solid curves show negative and positive contours, respectively.
The restoring beam is indicated in the lower left corner of each image. The labels C0, D3, D2, and D1 ((a) and (b)) show the Gaussian model fitting components, and
the position of each component is indicated by a cross. The image descriptions are given in Table 4.
(A color version of this figure is available in the online journal.)

component of 198 mJy (Doi et al. 2012). We consider that the
extended structure has an optically thin spectrum and therefore
shows very weak emission at around 8 GHz. It should also be
noted that the flux density of component C gradually decreases,
similar to the total flux density, whereas the flux density of
component D1 seems to be stable, as shown in Figure 1. The
results indicate that the short-term radio variability observed
with Y32 (and probably the gamma-ray-emitting region) is
mainly associated with the central component.

4. VLBA ARCHIVE DATA

To investigate time variation of the pc-scale structure of the
source, we reduced the data of the archival VLBA observations
at 2, 8, and 15 GHz. The observations are summarized in Table 4.
The simultaneous VLBA observation at 2.3 and 8.3 GHz on

1996 May 16 has been published by (Beasley et al. 2002;
VLBA observation code; BB023). The 15 GHz observation was
carried out as part of the VLBA MOJAVE Program8 (Lister et al.
2009) on 2010 October 15, just half a month before the JVN
epoch 1 observation. Figure 3 shows images of 1H 0323+342
with VLBA. Descriptions of each image are given in Table 4.
The size of the restoring beam for the BK077 observation is
slightly larger than those for other observations at 8 GHz since
the visibilities with Mauna Kea station, which gives longer-
baseline data, are excluded because of inadequate accuracy of
the amplitude calibration. All images shown in Figure 3 have
a pc-scale structure similar to those of the JVN observations,
consisting of two distinct components, with each of them

8 See also http://www.physics.purdue.edu/MOJAVE/.
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No. 5] VLBI Observations of SDSS J094857.3 + 002225 831

Fig. 1. VLBA contour maps of SDSS J094857.3 + 002225 on 2003 October 30. The contour levels are 3σ ×−1, 1, 2, 4, 8, 16, 32, 64, 128, and
256, where σ is the rms of image noise at each frequency. In the images at 5.0, 8.4, and 15.4 GHz, “ + ” symbols represent the positions of C0 and C1
components, which were identified by visibility-based model fitting (subsection 3.1).

in diameter. The VLBA observation should have the ability
to resolve a size of ∼ 0.10 mas for the stronger component.
The size of 0.10 mas corresponds to a decrease of ∼ 10% in
the visibility amplitude at the longest baseline of the VLBA
at 15 GHz. Because of the sufficiently good sensitivity and
calibration, we were able to determine the fringe visibility to
5% (see similar discussion by Kellermann et al. 1998). Thus,
we assume that the effective resolution of our VLBA obser-
vation at 15 GHz is around 0.10 mas, which is about a quarter
of the synthesized beam. The component C0 is presumably
compact and a size of < 0.10mas, corresponding to < 0.66pc
on a linear scale.

3.2. VLA Images

In the VLA images, only a single, unresolved component
was found at all frequencies, except for 1.4 GHz where radio
interference affected the data. No diffuse emission component
was found, even in (u,v)-tapered images. The flux density was
measured by a Gaussian model fitting on the image domain
using the task JMFIT of the AIPS.

3.3. Measured Flux Densities

The measured flux densities are listed in table 2. We
estimated the total error from the root mean square of the
uncertainty of amplitude calibration and the error in the
Gaussian fitting (including thermal noise).

The total spectra of the observed VLBA flux densities
were slightly inverted (α > 0, Sν ∝ ν + α), which is consistent
with past observations. Nonsimultaneous observations from
111.5 mJy at 1.4 GHz by the FIRST survey (Becker et al. 1995)
and 234 mJy at 8.4 GHz by the Jodrell Bank VLA Astrometric
Survey (Browne et al. 1998) showed an inverted spectrum.
Simultaneous observations at 2.7, 5, and 10.7 GHz (Reich et al.
2000) showed a spectral index of α = −0.24± 0.08. Our VLA
flux densities were consistent with, or less than, those of the
VLBA; this suggests that there is no missing flux in the VLBA
images of this object.

The VLBA flux density at 1.7 GHz decreased to 50% in
19 months. The flux density at 15 GHz also decreased by
39% to 69% in 46 days between the VLBA and VLA obser-
vations. We believe that these were intrinsic decreases of the
flux density, rather than losses of high-frequency coherence on
the VLA data. The VLA observations were made during good
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1H 0323+342
(z = 0.063)

• Nearest γ-ray detected NLS1
– Host galaxy spatially 

resolved
• Pc-scale jet well resolved 

– 1mas = 1.2pc (projected)

HST (Foschini 2011)

6pc
(projected)

Abdo+2009

• Max vapp~9c  → θview<12�(Lister+16)

• Radio variability analysis 
θview~4�(Fuhrmann+16)

• Rebrightened feature at 7mas “S”
– Stationary over > a decade 

(Wajima+2014) 

Stationary feature 
at 7mas “S”

MOJAVE 15GHz

Lister+2016



New VLBI study of 1H 0323+342: 
Motivation

• The source offers a privileged opportunity to study the details 
of jet formation in NLS1(nearby, bright, resolved)

• Despite this observational advantage, now absent from 
MOJAVE list, and only a few basic jet properties have been 
constrained yet
– What is the nature of “S”?
– What is the difference from or similarity to jets in blazars / 

radio galaxies?
– Spectral properties?
– Collimation / Acceleration properties?
– Where is the location of γ-ray emission?
– Any hints on BH mass (~107Msun vs  >108Msun)?

• Leon Tavares+14, D’Ammando+18

• To address these questions in more detail, we started a new 
multi-frequency VLBA program on this jet



Giovannini et al. 2018; Nakahara et al. 2018). Our multi-
frequency images of 1H 0323+342 allow us to examine W(z)
of this jet in detail.

We basically followed the method described in our previous
studies on M87(Hada et al. 2013, 2016). We made transverse
slices of the 1H 0323+342 jet every 1/2–1/3 of the beam size
along the jet, and each slice was fit with a single Gaussian
function (because the jet is single-ridged at all distances in our
VLBA images8). We then defined the jet width at each z as a

deconvolved size of the fitted Gaussian (ΘGauss
2 −Θbeam

2 )1/2,
where ΘGauss and Θbeam are the FWHM of the fitted Gaussian
and the projected beam size perpendicular to the jet,
respectively. The result is summarized in Figure 2, where the
measured jet width profile is plotted as a function of projected
(angular) distance from the innermost (43 GHz) core. Thanks to
the wide frequency coverage, we could measure the jet width
profile over ∼3 orders of magnitude at distances from
0.1 mas to ∼80 mas.
Figure 2 reveals some very interesting features on the

structure of this jet. The jet shows a clear change in the
collimation slope between z7 mas and z7mas. We then
fit a power-law function W(z)=Aza to the inner jet data

Figure 1. VLBA images of 1H 0323+342. (a), (b), (c), (d), (e), (f), (g), (h), and (i) are naturally weighted images at 1.4, 1.7, 2.3, 5.0, 8.7, 12.5, 15.5, 23.9, and
43.3 GHz, respectively. For each image, contours start from −1, 1, 2, Ktimes a 3σ image rms level and increase by factors of 21/2. The yellow ellipse in the bottom
right corner of each map is the beam size of the map. Feature S is a quasi-stationary component located at 7 mas from the core.

8 Note that Doi et al. (2018) has recently revealed a limb-brightened jet profile
around S based on a detailed image analysis of VLBA archival data. This does
not affect the result of our jet-width measurement presented here.
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Spectral index 
distributions

• Flat-spectrum core, optically-thin jet
• Small core-shift (<100uas between 5 and 43GHz)

– Small jet viewing angle
• Similar to many other blazars. Nothing special?

6 HADA ET AL.

0.1pc

Figure 3. Astrometry of the core position of 1H 0323+342 at vari-
ous frequencies. Position of the 24 GHz core is set to be the coor-
dinate origin of this plot. Note that position of the 43 GHz core is
almost identical to that of the 22 GHz core. The contours are a total
intensity map 1H 0323+342 at 43 GHz. Grey-shaded ellipse indi-
cates a best-fit elliptical Gaussian model to the 43 GHz core (see
Table 2). The cross symbol indicates an extrapolated position z0 of
the origin of the parabolic jet (see Section 3.3), which is a likely
position of the central black hole.

3.3. Core-shift

Our multi-frequency VLBA data also enable us to exam-
ine the core-shift (e.g., Lobanov 1998; Hada et al. 2011) of
1H 0323+342. We investigated the core-shift of the source
in the following way. Between 24 and 43 GHz, the core-
shift of the target was measured with respect to the cali-
brator 0329+35102 by using the phase-referenced images of
0329+3510. On the other hand, between 1.4 and 24 GHz, the
complex structure of the calibrator prevented us from reliable
core-shift measurements (see Appendix). Instead, we per-
formed a ’self-referencing’ method at these frequencies be-
cause 1H 0323+342 shows a well-defined optically-thin fea-
ture S at ∼7 mas from the core. We thus measured the core-
shift between 1.4 and 24 GHz by assuming that the feature S
has no frequency-dependent position shifts.

The result of our core-shift measurement is shown in Fig-
ure 3. The origin of this plot is set to be the core position
at 24 GHz, at which core-shift measurements could be made
with respect to all the other frequencies. The (x, y) position

2 In this case, the core-shift from the calibrator may affect the measure-
ment of the core-shift of the target, but we confirmed that the calibrator’s
core-shift between 24 and 43 GHz is negligible (see Appendix for details)

(A) α(2.3-5.0) (B) α(8.7-15.5)

(C) α(15.5-23.9) (D) α(23.9-43.3)

Figure 4. Spectral index (defined as Sν ∝ ν+α) distribution of
1H 0323+342 for various frequency pairs (color maps): (A) be-
tween 2.3 and 5.0 GHz; (B) between 8.7 and 15.5 GHz; (C) 15.5
and 23.9 GHz; (D) 23.9 and 43.3 GHz. Contours in each inset are a
total intensity map at the lower frequency, starting from (1, 2, 4, 8,
16, 32, 64,...) times 0.2 mJy/beam. Yellow ellipse in each inset is
the size of convolving beam.

errors for each data are one-tenth of the beam size, which
is rather conservative. Interestingly, the measured core posi-
tions between 5.0 and 43 GHz were concentrated within the
central ∼100µas area and we did not find any clear trend
of core-shift among these frequencies. At 2.3 GHz and the
lower frequencies, Figure 3 implies a possible trend of core-
shift in the direction of the jet, but the position uncertainties
of the low-frequency cores are quite large due to the poor
angular resolution and the severe blending between the core
and neighboring jet emission. Therefore, we conclude that
the core-shift ∆θcs of 1H 0323+342 is very small: ∆θcs !
100µas between 5.0 and 43 GHz and ∆θcs ! 500µas be-
tween 1.4 and 43 GHz.

Given that the radio core shows an optically-thick spec-
trum (see Section 3.4), the small core-shift suggests the
jet having a small viewing angle toward our line-of-sight.
This is consistent with the detection of highly superluminal
components up to ∼9 c (Lister et al. 2016) which constrains
θview!12 deg. An even smaller viewing angle θview!4 deg
is suggested if the time scales of radio variability are addi-
tionally considered (Fuhrmann et al. 2016).

The small core-shift and viewing angle implies that the an-
gular separation of the central BH with respect to the radio
core is rather short. Such a separation can be measured if
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Figure 3. Astrometry of the core position of 1H 0323+342 at vari-
ous frequencies. Position of the 24 GHz core is set to be the coor-
dinate origin of this plot. Note that position of the 43 GHz core is
almost identical to that of the 22 GHz core. The contours are a total
intensity map 1H 0323+342 at 43 GHz. Grey-shaded ellipse indi-
cates a best-fit elliptical Gaussian model to the 43 GHz core (see
Table 2). The cross symbol indicates an extrapolated position z0 of
the origin of the parabolic jet (see Section 3.3), which is a likely
position of the central black hole.

3.3. Core-shift

Our multi-frequency VLBA data also enable us to exam-
ine the core-shift (e.g., Lobanov 1998; Hada et al. 2011) of
1H 0323+342. We investigated the core-shift of the source
in the following way. Between 24 and 43 GHz, the core-
shift of the target was measured with respect to the cali-
brator 0329+35102 by using the phase-referenced images of
0329+3510. On the other hand, between 1.4 and 24 GHz, the
complex structure of the calibrator prevented us from reliable
core-shift measurements (see Appendix). Instead, we per-
formed a ’self-referencing’ method at these frequencies be-
cause 1H 0323+342 shows a well-defined optically-thin fea-
ture S at ∼7 mas from the core. We thus measured the core-
shift between 1.4 and 24 GHz by assuming that the feature S
has no frequency-dependent position shifts.

The result of our core-shift measurement is shown in Fig-
ure 3. The origin of this plot is set to be the core position
at 24 GHz, at which core-shift measurements could be made
with respect to all the other frequencies. The (x, y) position

2 In this case, the core-shift from the calibrator may affect the measure-
ment of the core-shift of the target, but we confirmed that the calibrator’s
core-shift between 24 and 43 GHz is negligible (see Appendix for details)

(A) α(2.3-5.0) (B) α(8.7-15.5)

(C) α(15.5-23.9) (D) α(23.9-43.3)

Figure 4. Spectral index (defined as Sν ∝ ν+α) distribution of
1H 0323+342 for various frequency pairs (color maps): (A) be-
tween 2.3 and 5.0 GHz; (B) between 8.7 and 15.5 GHz; (C) 15.5
and 23.9 GHz; (D) 23.9 and 43.3 GHz. Contours in each inset are a
total intensity map at the lower frequency, starting from (1, 2, 4, 8,
16, 32, 64,...) times 0.2 mJy/beam. Yellow ellipse in each inset is
the size of convolving beam.

errors for each data are one-tenth of the beam size, which
is rather conservative. Interestingly, the measured core posi-
tions between 5.0 and 43 GHz were concentrated within the
central ∼100µas area and we did not find any clear trend
of core-shift among these frequencies. At 2.3 GHz and the
lower frequencies, Figure 3 implies a possible trend of core-
shift in the direction of the jet, but the position uncertainties
of the low-frequency cores are quite large due to the poor
angular resolution and the severe blending between the core
and neighboring jet emission. Therefore, we conclude that
the core-shift ∆θcs of 1H 0323+342 is very small: ∆θcs !
100µas between 5.0 and 43 GHz and ∆θcs ! 500µas be-
tween 1.4 and 43 GHz.

Given that the radio core shows an optically-thick spec-
trum (see Section 3.4), the small core-shift suggests the
jet having a small viewing angle toward our line-of-sight.
This is consistent with the detection of highly superluminal
components up to ∼9 c (Lister et al. 2016) which constrains
θview!12 deg. An even smaller viewing angle θview!4 deg
is suggested if the time scales of radio variability are addi-
tionally considered (Fuhrmann et al. 2016).

The small core-shift and viewing angle implies that the an-
gular separation of the central BH with respect to the radio
core is rather short. Such a separation can be measured if

Core shift

Phase-referencing mode
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Figure 2. Jet width profile W (z) of 1H 0323+342 as a function of (projected) distance z from the 43 GHz core. The dashed line (A) represents
a best-fit model for the inner (z < 6.5mas) jet W (z) ∝ z0.58, indicating a parabolic collimating jet. The dashed line (B) represents a best-fit
model for the outer (z > 7.5mas) jet W (z) ∝ z1.41, indicating a hyperbolic expanding jet. The vertical dashed line (C) indicates the location
of the quasi-stationary feature S, where the jet width is locally shrinking (by a factor of 2) and the transition of jet shape occurs.

distances in our VLBA images1). We then defined the jet
width at each z as a deconvolved size of the fitted Gaussian
(Θ2

Gauss −Θ2
beam)

1/2 where ΘGauss and Θbeam are FWHM
of the fitted Gaussian and the projected beam size perpen-
dicular to the jet, respectively. The result is summarized in
Figure 2, where the measured jet width profile is plotted as a
function of projected (angular) distance from the innermost
(43 GHz) core. Thanks to the wide-frequency coverage, we
could measure the jet width profile over ∼3 orders of magni-
tude in distance from !0.1mas to ∼80 mas.

Figure 2 revealed some very interesting features on the
structure of this jet. The jet shows a clear change in the
collimation slope between z ! 7mas and z " 7mas. We
then fit a power-law function W (z) = Aza to the inner
jet data (0.1mas < z < 6.5mas) and the outer jet data

1 Note that Doi et al. (2018) has recently revealed a limb-brightened jet
profile around S based on a detailed image analysis of VLBA archival data.
This does not affect the result of our jet-width measurement presented here.

(7.5mas < z < 80mas) separately (where A and a are free
parameters). We found that the inner jet region within 7 mas
is well described by a parabolic shape with a = 0.58± 0.02,
indicating the jet being continuously collimated over these
distances. On the other hand, beyond 7 mas the jet starts
to expand more rapidly with a = 1.41 ± 0.02, suggest-
ing a conical or hyperbolic expansion. This parabolic-to-
conical/hyperbolic transition occurs exactly at 7 mas from the
core, where the bright stationary component S is located. The
jet width at 7 mas (on the stationary component) is locally
shrinking by a factor of 2. The local contraction at S has re-
cently been reported by Doi et al. (2018) based on MOJAVE
15 GHz data, and the present result further confirms this fea-
ture. All of the findings reported here are robust thanks to the
sufficient number of dataset and consistency at different fre-
quencies. It is notable that the observed jet collimation pro-
file looks very similar to that seen in the nearby radio galaxy
M87 and HST-1 (Asada & Nakamura 2012). We will discuss
the comparison between M87 and 1H 0323+342 in Section 4.
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model for the outer (z > 7.5mas) jet W (z) ∝ z1.41, indicating a hyperbolic expanding jet. The vertical dashed line (C) indicates the location
of the quasi-stationary feature S, where the jet width is locally shrinking (by a factor of 2) and the transition of jet shape occurs.
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function of projected (angular) distance from the innermost
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collimation slope between z ! 7mas and z " 7mas. We
then fit a power-law function W (z) = Aza to the inner
jet data (0.1mas < z < 6.5mas) and the outer jet data
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profile around S based on a detailed image analysis of VLBA archival data.
This does not affect the result of our jet-width measurement presented here.

(7.5mas < z < 80mas) separately (where A and a are free
parameters). We found that the inner jet region within 7 mas
is well described by a parabolic shape with a = 0.58± 0.02,
indicating the jet being continuously collimated over these
distances. On the other hand, beyond 7 mas the jet starts
to expand more rapidly with a = 1.41 ± 0.02, suggest-
ing a conical or hyperbolic expansion. This parabolic-to-
conical/hyperbolic transition occurs exactly at 7 mas from the
core, where the bright stationary component S is located. The
jet width at 7 mas (on the stationary component) is locally
shrinking by a factor of 2. The local contraction at S has re-
cently been reported by Doi et al. (2018) based on MOJAVE
15 GHz data, and the present result further confirms this fea-
ture. All of the findings reported here are robust thanks to the
sufficient number of dataset and consistency at different fre-
quencies. It is notable that the observed jet collimation pro-
file looks very similar to that seen in the nearby radio galaxy
M87 and HST-1 (Asada & Nakamura 2012). We will discuss
the comparison between M87 and 1H 0323+342 in Section 4.
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Figure 2. Jet width profile W (z) of 1H 0323+342 as a function of (projected) distance z from the 43 GHz core. The dashed line (A) represents
a best-fit model for the inner (z < 6.5mas) jet W (z) ∝ z0.58, indicating a parabolic collimating jet. The dashed line (B) represents a best-fit
model for the outer (z > 7.5mas) jet W (z) ∝ z1.41, indicating a hyperbolic expanding jet. The vertical dashed line (C) indicates the location
of the quasi-stationary feature S, where the jet width is locally shrinking (by a factor of 2) and the transition of jet shape occurs.
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width at each z as a deconvolved size of the fitted Gaussian
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1/2 where ΘGauss and Θbeam are FWHM
of the fitted Gaussian and the projected beam size perpen-
dicular to the jet, respectively. The result is summarized in
Figure 2, where the measured jet width profile is plotted as a
function of projected (angular) distance from the innermost
(43 GHz) core. Thanks to the wide-frequency coverage, we
could measure the jet width profile over ∼3 orders of magni-
tude in distance from !0.1mas to ∼80 mas.

Figure 2 revealed some very interesting features on the
structure of this jet. The jet shows a clear change in the
collimation slope between z ! 7mas and z " 7mas. We
then fit a power-law function W (z) = Aza to the inner
jet data (0.1mas < z < 6.5mas) and the outer jet data

1 Note that Doi et al. (2018) has recently revealed a limb-brightened jet
profile around S based on a detailed image analysis of VLBA archival data.
This does not affect the result of our jet-width measurement presented here.

(7.5mas < z < 80mas) separately (where A and a are free
parameters). We found that the inner jet region within 7 mas
is well described by a parabolic shape with a = 0.58± 0.02,
indicating the jet being continuously collimated over these
distances. On the other hand, beyond 7 mas the jet starts
to expand more rapidly with a = 1.41 ± 0.02, suggest-
ing a conical or hyperbolic expansion. This parabolic-to-
conical/hyperbolic transition occurs exactly at 7 mas from the
core, where the bright stationary component S is located. The
jet width at 7 mas (on the stationary component) is locally
shrinking by a factor of 2. The local contraction at S has re-
cently been reported by Doi et al. (2018) based on MOJAVE
15 GHz data, and the present result further confirms this fea-
ture. All of the findings reported here are robust thanks to the
sufficient number of dataset and consistency at different fre-
quencies. It is notable that the observed jet collimation pro-
file looks very similar to that seen in the nearby radio galaxy
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the frequency dependence of the core-shift is accurately de-
termined (Hada et al. 2011), while the accuracy of our core-
shift measurements on 1H 0323+342 is inadequate to use this
method. Instead, we can reasonably deduce the BH position
by taking advantage of the observed parabolic profile of the
inner jet. Assuming that the parabolic shape continues all the
way down to the BH and the jet width converges to zero at
the BH position, we again fit the inner jet within z < 6.5mas
using the following equation (instead of W = Aza):

W (z) = A(z − z0)
a, (1)

where the additional free parameter z0 is the angular dis-
tance of the BH position from the 43 GHz core. We obtained
a very similar parabolic profile a = 0.60 ± 0.03 together
with z0 = −41 ± 36µas. As visualized in Figure 3, the de-
rived BH position z0 (as shown by a cross symbol) is within
the ellipse of the 43 GHz core. Thus the parabolic jet shape
consistently suggests a small viewing angle of this jet. For
θview = 4 − 12 deg, the deprojected distance between the
43 GHz core and the BH position is estimated to be ∼(0.24–
0.71) pc. Note that z0 might be an upper limit of the BH-core
distance if the (parabolic) jet has a non-zero width at the BH
position.

3.4. Spectra

In Figure 4, we show maps of spectral index distribution
of 1H 0323+342 for various frequency pairs. To create an ac-
curate spectral index map for each frequency pair, map posi-
tions at the two frequencies were adjusted by using the astro-
metric results in Section 3.3. Also in Figure 4, we used the
same uv range and pixel sampling for each frequency pair.
Then the two maps were convolved with a synthesized beam
at the lower frequency.

As seen in Figure 4, the core regions generally show flat-
to-inverted (i.e., optically-thick) spectra, while the extended
jet regions show steep (optically-thin) spectra, which is con-
sistent with typical characteristics of blazar jets. Some previ-
ous studies suggest that radio spectra of NLS1 jets are sim-
ilar to those in young radio galaxies (e.g., Gallo et al. 2006;
Berton et al. 2016b), whose spectral turnover occurs around
1–10 GHz. However, our result indicates that the radio spec-
tra of the 1H 0323+342 core remain flat even at 43 GHz.

Regarding the extended jet, there is a possible trend that
the spectra on and right down the quasi-stationary feature S
are slightly flatter than those in the upstream side of S. Al-
though the uncertainties are still large, this might indicate re-
energization of nonthermal electrons via shock in the feature
S.

4. DISCUSSION

4.1. Jet Collimation Break at the Recollimation Shock

(A)

(B)

(C)

Figure 5. Extended plot of jet width profile of 1H 0323+342 includ-
ing MERLIN and VLA measurements at large scales. The dashed
lines (A), (B) and (C) are the same as in Figure 2.

Structural transition of jet profile has recently been discov-
ered in some nearby radio galaxies (M87; Asada & Nakamura
(2012), NGC 6251; Tseng et al. (2016), 3C 273; Akiyama et al.
(2018), NGC 4261; Nakahara et al. (2018)). This has trig-
gered active discussion about the mechanisms of jet forma-
tion and collimation. Our result presented here is the first
example where such a structural transition was discovered in
the jet of a NLS1 galaxy.

To check the jet collimation profile beyond the VLBI
scales, we additionally analyzed a few archival data of
1H 0323+342 obtained by connected radio interferometers.
We found one VLA data at 1.4 GHz (Project ID AM601,
obtained in 1998 with the B configuration and an on-source
time of 15 minutes) and another data with MERLIN at 5 GHz
(obtained in 2006 with an on-source time of 5 minutes). At
the large scales, the main jet can continuously be seen up to
∼10–20 arcsec from the core, while the overall source mor-
phology shows a hint of the counter jet (see also Antón et al.
2008)3. In Figure 5 we show an extended plot of the jet
width profile (for the main jet) including the VLA/MERLIN
measurements. Beyond 100 mas from the core, the deviation
from the inner jet parabola is more evident, and the jet width
becomes a factor of !10 wider than that expected from the
parabolic profile.4 If we fit the width profile of the outer jet

3 A more detailed study on the kpc-scale structure of this jet will be pre-
sented in a forthcoming paper (Doi et al. in preparation)

4 There is a possibility that the jet viewing angle is different be-
tween pc and kpc scales since the position angle of the kpc-scale jet is

586 S. Antón et al.: The colour of the narrow line Sy1-blazar 0324+3410

Fig. 6. VLA 1.4 GHz maps of 0324+3410 in A (left) and C (right) configurations. The contours increase in factors of 2 from 0.0004 Jy/beam for
the A-configuration and 0.0005 Jy/beam for the C-configuration.

⟨∆(B − R)/∆(log r)⟩ = −0.09 ± 0.07 is cited for non-radio emit-
ting galaxies (Peletier et al. 1990). Therefore the colour gradient
of J0321+3410 is consistent with the above trends, but perhaps
a more extreme example.

There is a colour reversal, a blue-ward swing, at ra-
dial distances r(arcsec) < 3, clearly visible in the colour
image and profile, Fig. 4. The radial colour gradient
is ∆(B − R)/∆(log r) = 0.3 ± 0.02. Since we are dealing with an
AGN the obvious interpretation is that the blue emission is AGN
light. This is the extra light that reduces the 4000 Å break con-
trast below that expected for pure starlight. But it is important
to note that this blue emission is not point-like as the nuclear
region becomes bluer at a radius ∼2−3 arcsec. Thus it is pos-
sible that a circumnuclear starbust component exists near the
AGN. We have also computed the ratio between the effective
radii re(B)/re(R), following Mahabal et al. (1999), and we ob-
tained re(B)/re(R) = 0.69, i.e. the central surface brightness in B
is larger than that of R. That is consistent with the observed
colour gradient and with Mahabal et al. (1999) findings for a
sample of radio galaxies ⟨re(B)/re(R)⟩ = 0.87 ± 0.15, in contrast
with early-type galaxies ⟨re(B)/re(R)⟩ = 1.25 ± 0.1. There is a
bluish patch in J0324+3410, at a distance of 4−5′′ from the cen-
tre which shows up as a dip in the radial profile and a dark arc in
B−R image. That patch coincides with the ring region. Blue dips
are observed in B−R profiles of galaxies with strong star forma-
tion (see Fig. 22 in Barton et al. 2003) and in ring galaxies, e.g.
Arp 10 (see Fig. 20 in Appleton et al. 1997). The interpretation
is that the blue dips are regions of star-formation. If we inter-
pret the bluish patch in J0324+3410 as composed by clumps of
young blue stars, it suggests triggering by interactions/collisions
and mergers.

Is there independent evidence for an interaction
in J0324+3410? Examination of the field surrounding
J0324+3410, see Figs. 1 and 5, shows a pair of interacting
galaxies in the northeast (labeled as “1” and “2” in Fig. 5)2.
They have a disrupted morphology seen in B and R images, and
are also both bluish in colour. There is a third galaxy (labeled
as “3” in Fig. 5), between the pair of galaxies and J0324+3410,
that shows a colour gradient, being bluer in the region that is
nearest to the pair of galaxies. If this group of galaxies lies
at the same redshift as our object then the pair would be at a
projected distance of approximately 145 kpc. Considering a
typical relative velocity of 300 km s−1 that would mean that
the galaxies could have been interacting in the last ∼108 years.
Given that the age of star forming clumps in interacting and
merging systems range between few mega-years and 108 yrs

2 No redshifts are available.

(see Hancock et al. 2007, and references in-there), this time
scale is consistent with the possibility that the ring emission
comes from an interaction-induced starburst in J0324+3410. We
have mapped L-band VLA data from the archive, Fig. 6. There
is a core plus a two-sided structure, an unusual morphology for
a blazar, suggesting that the AGN axis makes a larger angle
with the line of sight than is typical (i.e. <30◦). Note that this
is consistent with the models that argue that NLS1 are objects
seen at large angle. A lower limit on the age of the source
might be estimated through the radio size plus an assumption
on the lobe advance speed. The radio (unprojected ) size is
∼15 kpc, assuming a typical speed of 0.01c, that gives an
age between 107−108 years, for angles with the line of sight
between 30−80◦. It is interesting the consistency between the
estimates of the time scales of interaction and radio activity,
suggesting a correlation between the two, but note the caveat of
the lack of redshift for the field galaxies.

On the other hand, and by analogy with Arp 10 (CA96),
J0324+3410 might be a merger remnant. As in Arp 10,
J0324+3410 shows a faint outer asymmetric disk-like emission.
The colour gradient magnitude and the colour of the structure
inside and across the ring-morphology of J0324+3410 is very
similar to that see in collisional ring galaxies, in particular to
that of Arp 10. The later may be in the intermediate stage of a
merger , and this could also be the case of J0324+3410, a mi-
nor merger involving a small companion which has already been
absorbed into the core of the central object and leading to a ring-
like structure.

4. Summary

We have combine B and R NOT images of J0324+3410 to study
its host galaxy. Analysis of the images shows a ring structure
that resembles the inner region of interacting/merger systems.
The B− R colour image and B−R profile of J0324+3410 reveal
that: a) the object is bluer towards its centre, and we interpret it
as emission from the AGN plus circumnuclear starburst b) the
ring contains blue regions interpreted as clumps of star form-
ing regions c) there is a large colour gradient, that is consistent
with those detected in collisional ring galaxies. In many aspects
J0324+3410 is similar to the ring galaxy Arp 10. We discuss
scenarios in which J0324+3410 is a merger remnant, or part of
an interacting system in the last 108 years.
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Nature of S ?

• The observed jet collimation profile 
strongly suggests that the parabolic-
to-conical transition originates in S

• Very similar to HST-1 in many aspects
– Quasi-stationary
– Location from the core (~100pc)
– Compressed and rebrightened

• Recollimation shock at the end of 
collimation zone is likely 
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Figure 1. VLBA images of 1H 0323+342. (a),(b),(c),(d),(e),(f),(g),(h) and (i) are naturally-weighting images at 1.4, 1.7, 2.3, 5.0, 8.7, 12.5,
15.5, 23.9, 43.3 GHz, respectively. For each image, contours start from -1, 1, 2,...times a 3σ image rms level and increase by factors of 21/2.
The yellow ellipse at the bottom-right corner of each map is the beam size of the map. The feature S is a quasi-stationary component located at
7 mas from the core.

3.2. Jet width profile

Measuring the profile of jet width W (z) as a function
of radial distance z provides important clues to the for-
mation and collimation mechanisms of a relativistic jet,
as demonstrated in recent VLBI studies on nearby ra-
dio galaxies (Asada & Nakamura 2012; Hada et al. 2013;
Nakamura & Asada 2013; Hada et al. 2016; Boccardi et al.
2016; Tseng et al. 2016; Nakahara et al. 2018; Giovannini et al.

2018). Our multi-frequency images on 1H 0323+342 allow
us to examine W (z) on this jet in detail.

We basically followed the methodology in our previous
studies on M87 (Hada et al. 2013, 2016). We made trans-
verse slices of the 1H 0323+342 jet every 1/2–1/3 of the
beam size along the jet and each slice was fit with a sin-
gle Gaussian function (because the jet is single-ridged at all

Cheung+07



• We further searched for any polarimetric signature 
associated with S using MOJAVE data

• Strongly polarized feature on S (FP ~30%)
• Highly ordered B-fields
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(z > 7.5mas) together with the VLBA/MERLIN/VLA data,
a best-fit slope results in a = 1.25 ± 0.02, approaching a
conical shape.

The observed jet width profile strongly suggests that the
structural transition from parabolic to hyperbolic/conical
originates in the quasi-stationary feature S. This situ-
ation is remarkably similar to the case of the jet in
M87 (Asada & Nakamura 2012), where its parabolic to con-
ical transition occurs at the bright quasi-stationary (and pos-
sibly γ-ray emitting) knot HST-1 located at ∼120 pc from
the nucleus. For HST-1, its cross section seems to be slightly
smaller than that expected from the parabolic profile. This
leads to an argument that HST-1 represents a recollimation
shock at the end of the collimation zone (Cheung et al. 2007;
Asada & Nakamura 2012).

For 1H 0323+342, the local contraction of jet width at
the transition site is more evident than HST-1. This fea-
ture was first reported by Doi et al. (2018) and the present
multi-frequency study further confirmed this. While in M87
there is still no clear evidence for the “recollimation zone”
between the parabolic region and HST-1, in 1H 0323+342
we can clearly see the recollimation zone just upstream of
S (z∼6-7 mas), connecting the whole sequence of parabolic
zone, recollimation zone, shock and expansion. The rebright-
ening of jet intensity with a possible spectral flattening at S
indicates the re-energization of jet particles via shock com-
pression. Interestingly, the deprojected distance of the fea-
ture S is ∼40-120 pc (for θview ∼ 4 − 12 deg), which is
similar to that of HST-1 in pc unit. Moreover, S seems to
be caused by the passage of highly superluminal compo-
nents (Doi et al. 2018, see also Section 4.2), and this kind
of event is repeatedly seen also in HST-1 (Biretta et al. 1999;
Cheung et al. 2007; Giroletti et al. 2012; Hada et al. 2015).
We therefore suggest that the feature S in 1H 0323+342 is
analogous to HST-1 in M87, and might be a potential site of
γ-ray emission (see Section 4.3).

We further checked one recent VLBA polarization map
taken by the MOJAVE 15 GHz program to search for any
polarimetric feature associated with S (Figure 6). Interest-
ingly, the jet exhibits strongly polarized emission exactly on
S, where the values of fractional polarization reach as high
as ∼30%, indicating the presence of highly ordered mag-
netic fields. This is in agreement with S being a shocked
compressed feature. Note that the apparent electric-vector-
polarization angles (EVPA) in both the core and S are per-
pendicular to the jet, but the EVPA shown are not rotation-

∼90 deg (Antón et al. 2008) while the pc-scale jet is ∼125 deg. This might
affect the deprojected distance of jet. However, the jet position angle at
the MERLIN scales is still very similar to that in the VLBA scales, so the
jet profile between VLBA and MERLIN scales should be compared in the
same viewing angle.

S

Core

1.2 pc (projected)

Figure 6. VLBA 15 GHz polarization map of 1H 0323+342. We re-
trieved the calibrated data from the MOJAVE 15 GHz archive. The
total intensity distribution is shown by contours, while the fractional
polarization distribution is shown by color (the values are in per-
cent). Note that the EVPA shown are not RM-corrected.

measure (RM)-corrected ones, preventing us from discussing
the intrinsic geometry of the B-fields associated with the jet.
A recent optical polarimetry study on this source suggests the
optical EVPA being parallel to the jet axis (Itoh et al. 2014),
implying the B-field direction (associated with the optical
emission) being perpendicular to the jet. Thus a future dedi-
cated VLBI polarimetric study including RM measurements
would be useful to better understand the B-field properties
associated with S.

We also note that the presence of a recollimation shock
at some distances from the radio core is also suggested in
some other blazars and blazar-like radio galaxies such as
3C 120 (Agudo et al. 2012), 3C 111 (Beuchert et al. 2018)
and CTA 102 (Fromm et al. 2011, 2013). In particular, the
latter two sources show peculiar time evolution in radio spec-
tra (CTA 102) or in polarized emission (3C 111) when su-
perluminal components pass through a standing component,
interpreted as the interaction of moving shocks with a recolli-
mation shock. Application of a similar multi-epoch analysis
to 1H 0323+342 would help confirm the recollimation shock
scenario of S and its similarity to blazars.

4.2. Coexistence of Jet Collimation and Acceleration

One of the longstanding central questions regarding rel-
ativistic jets is the physical link between collimation and
acceleration of the flow. This is vital to understand the
ultimate mechanisms of jet formation (e.g., McKinney
2006; Komissarov et al. 2009) and also the origin/location
of γ-ray emission (e.g., Marscher et al. 2008). In re-
cent years this topic has extensively been examined for

Bars are EVPA

EVPA NOT RM-
corrected
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the M87 jet (Nakamura & Asada 2013; Asada et al. 2014;
Mertens et al. 2016; Hada et al. 2017), and these studies are
beginning to uncover the physical link and coexistence of the
acceleration and collimation zone (ACZ) in this jet, which
is in agreement with magnetic collimation and acceleration
models (e.g., Nakamura et al. 2018). However, hitherto very
few observational evidence of ACZ is obtained for other
sources.

For 1H 0323+342, Fuhrmann et al. (2016), Lister et al.
(2016) and Doi et al. (2018) detected significant superlumi-
nal motions at parsec scales. Interestingly, they consistently
found a trend of gradual increase of jet proper motion with
distance. Also, the lower brightness temperature of the core
than those of typical γ-ray blazars indicates a relatively mild
Doppler factor in the core region, suggesting that the inner-
most jet region is still not fully accelerated (Wajima et al.
2014; Fuhrmann et al. 2016). Therefore, it would be of great
interest to compare those velocity results and the collimation
profile obtained in our study.

In Figure 7, we show a combined plot of the proper mo-
tions in the literature, Lorentz factors (Γ) calculated based
on the proper motion results, jet collimation profile and the
corresponding full opening angle profiles, as a function of
deprojected distance from the core. Here we adopt θview =
5 deg to calculate the deprojected distance. We also assume
that the proper motions traced by jet components reflect bulk
flow motions in the jet.

We can indeed see an intriguing signature: the jet kinemat-
ics and global jet shape looks closely related with each other.
The jet speed progressively increases with distance from a
few to !100 pc, where the jet shape is parabolic and the
opening angle smoothly decreases with distance. Then the
jet speed becomes the highest (at Γ ∼10) right before reach-
ing ∼100 pc where the stationary feature S is located. Be-
yond this distance, the jet speed seems to be saturated and the
jet expands conically. Following M87 (Nakamura & Asada
2013; Asada et al. 2014), this is the second example where
the coincidence of collimation and acceleration as well as a
recollimation shock at the end of ACZ was discovered.

According to the current theoretical paradigm of power-
ful AGN jet formation, a jet is initially produced by strong
magnetic fields amplified by a spinning black hole or/and
an inner part of the accretion disk (Blandford & Znajek
1977; Blandford & Payne 1982). The flow is initially slow
in a magnetically-dominated state, and the subsequent ac-
celeration is realized by gradually converting the magnetic
(and also thermal) energy into the kinetic one, while the
ambient pressure from the external medium collimates the
flow. As a consequence, an acceleration and collimation
zone is co-formed over long distances from the black hole
(by either magnetically (McKinney 2006; Komissarov et al.

Figure 7. Collimation and acceleration of 1H 0323+342 jet as a
function of deprojected distance from the core. A jet viewing an-
gle of 5 deg is assumed. From the top panel to bottom: apparent
motion reported in the literature; Lorentz factor calculated based on
the apparent motion; intrinsic full opening angle calculated from the
observed jet width profile; and jet width profile.

2007, 2009) or hydrodynamically (Gómez et al. 1997;
Perucho & Martı́ 2007)).

To test whether the observed collimation and acceleration
zone in 1H 0323+342 is causally connected or not, it is im-
portant to examine if the product Γφ/2 satisfies the condition
Γφ/2 ! σ1/2

m , where φ/2 and σm is half-opening angle and
magnetization parameter of the jet, respectively. This con-
dition can be derived by requiring that the opening angle of
a magnetized jet must be smaller than the opening angle of
the Mach cone of fast-magnetosonic waves so that the flows
can communicate across the jet (Komissarov et al. 2009). If
the jet far beyond the central engine is roughly in equiparti-
tion (i.e., σm ∼ 1), the condition becomes Γφ/2 ! 1. We
calculated the product for the five components of Lister et al.
(2016), and found Γφ/2∼(0.01, 0.02, 0.03, 0.04, 0.02) for
components (6, 5, 4, 3, 2). This indicates that these are all
well causally connected. It is also notable that the values are
roughly constant from ∼4 to ∼100 pc, suggesting that the

Γ (θview= 5�)

φ

S

Deprojected distance (pc) for θview=5�
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Figure 3. Different activity periods selected for SED generation and modeling. Q corresponds to a quiescent state, while F1, F2, and F3 are three flaring states when
enhanced γ -ray emission is detected from the source. All units are the same as in Figure 1.
(A color version of this figure is available in the online journal.)
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Figure 4. Photon flux vs. photon index variations of 1H 0323+342 during different flaring states. The dashed line is the weighted linear least-squares fit to the data.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Flux0.3−2.0keV (counts s−1)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

F
lu

x
2
−

1
0
k
e
V

(
c
o
u
n
t
s

s
−

1
)

Figure 5. Hard vs. soft X-ray count rate plot of 1H 0323+342. The best-fitting
linear model is represented by the solid line, whereas the dashed line refers to
the perfect one-to-one correlation. A “softer when brighter” trend is evident.

feature above ∼4 keV. The absorption is modeled using TBabs
in Xspec, with a column density of 1.27 × 1021 cm−2, and the
power-law index is found to be 2.02 ± 0.06.

We initially attempt to fit these features with an ionized
reflection model, using Reflionx (Ross & Fabian 2005). We
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Figure 6. Ratio of the average XRT spectrum to an absorbed power-law fit
between 1 and 4 keV. A soft excess is clearly visible at low energies, and a
possible Fe line feature at high energies.
(A color version of this figure is available in the online journal.)

find a best fit of χ2
ν = 1.07, for 587 dof. We find an iron

abundance of 2.9 ±0.6 relative to solar, a photon index of
1.94±0.06, and an ionization parameter of 231±20 erg cm s−1.
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G-ray production 
at ~100pc??

• Feature S (z ~ 100pc for θview=5)
– Counterpart of HST-1
– Maximally beamed at the 

end of ACZ
• Previous GeV flares coincided 

with the passing of superluminal 
components through S

• Issues
• tvar~ R(1+z)/cδ ~ 30days

– Too large to explain day-
scale G-ray variabilities

– More compact substructures 
in S (like HST-1)?

• What’s the source of seed photons?

quasi-stationary feature S from the nucleus corresponds to
∼120 pc or ∼6×107RS in deprojection.

4.1. Analogy with M87

These characteristic jet structures in 1H 0323+342 are
reminiscent of the M87 jets in pc scales and the HST-1
complex at a deprojected distance of 120pc. The inner radio jet
of M87 showing a limb-brightened structure (e.g., Kovalev
et al. 2007). Asada & Nakamura (2012) discovered a jet
structure locally convergent at the location of HST-1, which is
the transitional boundary of a jet acceleration region with a
parabolically expanding streamline and a deceleration region
with a conical expansion (e.g., Nakamura & Asada 2013;
Asada et al. 2014). 1H 0323+342 also shows a parabolic shape
in the inner jet and a hyperbolic/conical shape at larger scales
(Hada et al. 2018). The location of the upstream end in the
HST-1 complex in M87 has been stable to within ∼2mas at

860mas from the core (Cheung et al. 2007). Although there
has been no report on the limb-brightened structure near the
HST-1 complex, superluminal ejections from HST-1 showed a
variation in the position angle (Giroletti et al. 2012), which may
be because the downstream of HST-1 has a wide opening
angle. It is proposed that HST-1 is the result of a recollimation
shock, a stationary shocked region resulting from overcollima-
tion in the jet, which explains the broadband flaring activity
including TeV γ-ray emission (Stawarz et al. 2006; Cheung
et al. 2007).

4.2. The Limb-brightened Structure with a Recollimation Shock

We propose that the combination of the observed limb-
brightened structure and the convergence site in the quasi-
stationary feature in the 1H 0323+342 jet can be explained in
the framework of the recollimation shock. We consider that the
limb-brightening at the upstream of the convergence site is
possibly a radiation layer of shocked materials flowing between
a contact discontinuity that separates from the external medium
and the recollimation shock front. The low-brightness inner
layer is considered to be an unshocked spine flow. Such a
picture has been demonstrated by Bromberg & Levinson
(2009) and Bodo & Tavecchio (2018) to explain the activity in
a small region located at a considerable distance from the
central engine in several blazars and M87. The shape of the
post-shocked dissipation layer after the recollimation shock is
very similar to the limb-brightening at the upstream of the
convergence site in 1H 0323+342. Bromberg & Levinson
(2009) and Bodo & Tavecchio (2018) also revealed that
significant pressure loss caused by radiative cooling can lead to
the jet being focused in a tiny cross-sectional radius by external
pressure. This picture explain well the fact that the intensity
peak and convergence site are adjacent to one another, as
observed in 1H 0323+342. The limb-brightening at the
downstream in the 1H 0323+342 jet can be caused by
emission from the combination of a shocked outer layer with a
relatively high Γ and inner layer strongly decelerated through a
reflected shock, as shown in Bodo & Tavecchio (2018).

4.3. Possible Coincidences of Rayg‐ Activity and Jet-passing
Events through the Critical Sites

We also discuss possible correlations between γ-ray
activities and passing events of the superluminal component
through the intensity peak of the quasi-stationary feature S and
the convergence site. This is the possible third finding in the
present study (Figure 4(b)). The most striking event is that
the component C4 reached the intensity peak of S during the
known GeV γ-ray active phase F2 (MJD=56470–56500;
Paliya et al. 2014). Furthermore, the subsequent γ-ray active
phase F3 (MJD=56531–56535) coincides with the component
C4ʼs arrival at the convergence site. The estimated dates of
passing through the two critical sites are listed in Table 1.
Table 1 also presents corresponding dates for components

C3 and C5. The date of C3 crossing the convergence site
was coincident with the previous γ-ray active phase F1
(MJD=56,262–56,310). The proper motion of C5 is expected
to cross the two critical sites at MJD∼56900–57200. At this
period the Fermi LAT daily and weekly quick-look light
curves10 (not shown) show γ-ray recurrence in the duration

Figure 4. Time-domain plots for 1H0323+342. (a)Measurements of
separations from the core for jet components. The solid lines represent fitted
proper motions for components (the yellow shaded belt on C4 shows fitting
error). The horizontal solid line and red shaded belt represent the average and
standard deviation of the location of convergence site (CS) in the jet. The
horizontal dashed line and gray shaded belt represent the average and standard
deviation of the location of quasi-stationary feature’s intensity peak (SP) in the
jet. (b)Radio light curves of the core region and quasi-stationary features S in
MOJAVE images. The periods shaded by light blue and denoted as F1, F2, and
F3 represent known γ-ray activity periods, which were defined by Paliya et al.
(2014). The vertical dotted–dashed line represents the time of a fast γ-ray flare
at MJD=56,534.13 (Paliya et al. 2014, 2015).

10 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/
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BH mass: 
low or high ?

• If MBH ~ (1-3) x 107Msun
– Suggested by optical/X-ray 

studies (eg, Zhou+07, Landt+17)
– Jet collimation must be 

maintained over 100000000Rs 
from BH !

• If MBH ~ (3-5) x 108Msun
– Consistent with M-σ relation 

(eg, Leon Tavares+14)
– Jet shapes of 1H & M87 

overlap also in Rs domain
– Jet collimation break occurs 

near the sphere of 
gravitational influence of 
SMBH (RSGI = GMBH/σ2~106Rs) Deprojected distance (Rs)

H
ST

-1
H

ST
-1 S

S

~RSGI



Summary
• We studied the detailed radio structures of the pc-scale jet 

of 1H 0323+342 using multi-frequency VLBA
• A number of exciting discoveries !

– Highly polarized, recollimation shock feature S
– Jet collimation break at the recollimation shock
– Coexistence of jet collimation and acceleration
– Possible gamma-ray production at ~100pc

• Overall, the pc-scale jet of 1H0323+342 is remarkably similar 
to M87/HST-1 (as well as some blazars), suggesting that a 
common jet formation mechanism may be at work

• Link between jet collimation break and BH mass? 
• 1H 0323+342 provides a privileged opportunity to study the 

jet formation in NLS1
• Future

– Multi-frequency polarimetry (RM analysis)
– Comparisons with RMHD simulations (Mizuno+15, Fuentes+18) 

may also be interesting
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of MJD∼57000–57300. As far as these data are concerned,
there are apparent associations between γ-ray emission and
passage events of jet components. The recollimation site in the

quasi-stationary feature is a possible candidate for observed
γ-ray emission in 1H 0323+342.
X-ray spectral modeling suggested a dominance by non-

thermal jetted (inverse-Compton) emission during both F2 and
F3, whereas in the quiescent (and F1) phase there is a
significant dominance by thermal corona (Paliya et al. 2014).
Given the hour-scale light curve in F3 and its estimated γ-ray
luminosity, a good fraction of the total kinetic energy of the jet
was converted into radiation (Paliya et al. 2014). They
proposed that the dissipation sites for all of these γ-ray phases
are located ∼100RS (∼0.002 pc) from the nucleus, with region
sizes of ∼0.0005pc based on the one-zone broadband spectral
modeling. On the other hand, the convergence site has a cross-
sectional diameter of ∼0.4mas (∼0.3 pc). Some compact
substructures confined to the narrowing cross section are
required to reconcile the γ-ray productions at the quasi-
stationary feature.

Figure 5. Jet structure of 1H0323+342. Contours represent the total intensity map of MOJAVE data on the epoch MJD=55757. Sub-figures show the sliced
intensity profiles in transverse direction at the locations z=6 (red color) and z=9 (blue color) from the core. Bold lines illustrate a putative sheath layer in the jet as a
shocked plasma after a recollimation shock.

Table 1
Estimated MJDs of Passing Through the Two Critical Sites

Component Quasi-stationary S Convergence Site
(MJD) (MJD)

(1) (2) (3)

C3 56144±145 56417±155
C4 56479±45 56561±48
C5 56998±101 57112±109

Note.Column(1) ID of components; Column(2) estimated MJD of passing
through the location of the intensity peak of the quasi-stationary feature S;
Column(3) estimated MJD of passing through the location of the
convergence site.
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