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ABSTRACT

We made simultaneous single-dish and very long baseline interferometer (VLBI) observations of a narrow-line
Seyfert 1 galaxy 1H 323+342, showing gamma-ray activity revealed by Fermi/Large Area Telescope observations.
We found significant variation of the total flux density at 8 GHz on the timescale of one month by the single-dish
monitoring. The total flux density varied by 5.5% in 32 days, which is comparable to the gamma-ray variability
timescale, corresponding to the variability brightness temperature of 7.0 × 1011 K. The source consists of central
and southeastern components on the parsec (pc) scale. Only the flux of the central component decreased in the same
way as the total flux density, indicating that the short-term radio variability, and probably the gamma-ray-emitting
region, is associated with this component. From the VLBI observations, we obtained brightness temperatures of
greater than (5.2 ± 0.3) × 1010 K and derived an equipartition Doppler factor of greater than 1.7, a variability
Doppler factor of 2.2, and an 8 GHz radio power of 1024.6 W Hz−1. Combining them, we conclude that acceleration
of radio jets and creation of high-energy particles are ongoing in the central engine and that the apparent very
radio-loud feature of the source is due to the Doppler boosting effect, resulting in the intrinsic radio loudness being
an order of magnitude smaller than the observed values. We also conclude that the pc-scale jet represents recurrent
activity from the spectral fitting and the estimated kinematic age of pc- and kpc-scale extended components with
different position angles.
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1. INTRODUCTION

Gamma-ray emission from active galactic nuclei (AGNs)
is one of the important properties in terms of activities and
energetics of the central engine and emergence of relativistic
jets. In the Energetic Gamma-Ray Experiment Telescope era,
nearly 100 gamma-ray emitting AGNs were known (Hartman
et al. 1999; Sowards-Emmerd et al. 2003, 2004). They are
predominantly radio-loud AGNs and are categorized as blazars,
suggesting a close connection between gamma-ray and radio
emission. On the other hand, observations with the Fermi
Gamma-ray Space Telescope (hereafter Fermi) have resulted
in the identification of more than a thousand AGNs, some of
which are categorized as nonblazar active galaxies or radio
galaxies (Nolan et al. 2012). Moreover, Fermi has also revealed
the existence of new classes of gamma-ray-emitting AGNs, one
of which is a narrow-line Seyfert 1 galaxy (NLS1). NLS1 is
a subclass of AGNs and is identified by its optical properties:
narrow permitted lines, FWHM(Hβ) < 2000 km s−1, emitted
from the broad line region, [O iii]/Hβ < 3, and a bump due to
Fe ii (Osterbrock & Pogge 1985; Pogge 2000).

The first detection of gamma-ray emission in a radio-loud
NLS1 by Fermi was made for PMN J0948+0022 (Abdo et al.
2009a). Intensive observations by the Large Area Telescope
(LAT) on board Fermi have revealed new detections of gamma

rays of other three radio-loud NLS1s (Abdo et al. 2009b).
To date, seven NLS1s are listed as gamma-ray sources detected
by Fermi/LAT (Foschini 2011), and the number of gamma-ray
NLS1s is increasing.7 These are surprising discoveries because
most NLS1s are hosted in a spiral galaxy, which usually does not
have relativistic jets, whereas blazars are hosted in an elliptical
galaxy. Although milliarcsecond (mas)-scale images have been
obtained for several gamma-ray NLS1s with very long baseline
interferometer (VLBI) observations (Doi et al. 2006b, 2007;
Giroletti et al. 2011; Linford et al. 2012; Orienti et al. 2012;
D’Ammando et al. 2012, 2013) and some of them have revealed
the presence of a closely aligned relativistic jet, there are still
large uncertainties for the derived parameters in gamma-ray
NLS1s, and it is therefore important to investigate the parsec
(pc)-scale properties.

NLS1s are also considered to have high mass accretion
rates, close to the Eddington limit, and lower black hole
masses (MBH ∼ 105–7 M�) compared to other classes of AGNs
(Boroson 2002). Considering the relation among radio loudness,
the black hole mass, and the accretion rate (Greene et al. 2006;
Zhou et al. 2007 and references therein), those properties imply
that NLS1s are generally radio-quiet objects and have weak or
no jet activity (Maccarone et al. 2003). In fact, previous studies
show that the fraction of radio-loud NLS1s is low (about 7%)

7 See http://www.brera.inaf.it/utenti/foschini/gNLS1/catalog.html.
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Table 1
Summary of JVN Observations and Description of JVN Images

Epoch Date Telescopes θBmaj θBmin P.A. Speak σ SCLEAN

(UT) (mas) (mas) (deg) (mJy beam−1) (mJy beam−1) (mJy)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

1 2010 Nov 1 11:00–21:00 VERA, HIT 3.52 1.81 124.0 397 3.1 467
2 2010 Nov 15 10:00–20:00 VERA, HIT, KAS 3.73 1.85 126.0 298 2.8 359
3 2010 Nov 30 09:00–19:00 VERA, HIT, KAS 3.77 1.80 124.5 272 2.2 335

Notes. Columns are as follows: (1) JVN observation epoch; (2) observation date; (3) telescopes (VERA: VERA (4 × 20 m), HIT: Hitachi
32 m, KAS: Kashima 34 m); (4)–(6) parameters of the restoring beam: FWHM of major and minor axes and the position angle of the
major axis; (7) peak intensity; (8) rms noise level; (9) total CLEANed flux.

compared to other AGN classes (Komossa et al. 2006) and that
NLS1s have lower jet activities compared to other types of
radio-loud AGNs (Greene et al. 2006; Zhou et al. 2006). NLS1s
are thus considered to be at the high/soft state containing a
slim disk, whereas blazars and flat-spectrum radio quasars are
at the low/hard state, in the analogy of Galactic X-ray binaries
(Mineshige et al. 2000; Maccarone et al. 2003). It is interesting to
study the relation between the state transition and the jet activity
in AGNs since we can import knowledge of the state transition
for Galactic X-ray binaries to AGNs. Again, multiepoch and
high-resolution radio observations are essential to investigate
them.

In this paper, we report the results of simultaneous single-dish
and VLBI observations of 1H 0323+342 at 8 GHz, including
the archival data obtained by the Very Long Baseline Array
(VLBA). 1H 0323+342 is one of seven gamma-ray-emitted
NLS1s detected by Fermi/LAT (Abdo et al. 2009b). An optical
observation by the Hubble Space Telescope shows that the
source is hosted in a spiral galaxy containing a single spiral
arm (Zhou et al. 2007), whereas another results claim that
the host galaxy of the source has a ring structure triggered
by an interacting/merging process (Antón et al. 2008). MBH
is estimated to be a few times 107 M� with a few different
methods using the width and luminosity of the Hβ line and the
continuum luminosity at 5100 Å (Zhou et al. 2007). This is in
good agreement with MBH = 107.0 M� from the parameter used
to model the spectral energy distribution (Abdo et al. 2009b).
Abdo et al. (2009b) estimate the accretion disk luminosity to
be 1.4 × 1045 erg s−1, or 0.9 LEdd, where LEdd is the Eddington
luminosity. Although these characteristics are typically seen
among NLS1s, the source has extremely high radio loudness
R1.4 = f1.4 GHz/f440 nm = 318 (Foschini 2011), or R5 =
f5 GHz/f440 nm = 246 (Doi et al. 2012), and is listed in one of 29
very radio-loud (R > 100) NLS1s (Foschini 2011), implying
activities due to relativistic jets in the inner region. A redshift z of
0.0629±0.0001 is measured by Zhou et al. (2007), and we adopt
this value, although some previous studies adopt z = 0.061 as
reported by Marchã et al. (1996). 1H 0323+342 is the nearest
object among gamma-ray NLS1s, allowing us to investigate the
inner region of the source with higher angular resolution.

The contents of this paper are as follows. Our observations and
data reduction procedures are described in Section 2. We present
the results of single-dish and VLBI observations in Section 3.
In Section 4, we describe the results of the archival VLBA
observations. In Section 5, we discuss the observed variability
feature, the relation to general properties of NLS1s, and possible
connections between gamma-ray emission and the pc-scale
structure. The achievements of our study are summarized in
Section 6. Throughout this paper, we define the spectral index
α as Sν ∝ ν+α , where Sν is the flux density at the frequency

ν, and we adopt a Λ cold dark matter (ΛCDM) cosmology
with H0 = 71 km s−1 Mpc−1, ΩΛ = 0.73, and ΩM = 0.27
from the results of the Wilkinson Microwave Anisotropy Probe
(Komatsu et al. 2009), corresponding to an angular-to-linear
scale conversion of 1.20 pc mas−1 for 1H 0323+342.

2. OBSERVATIONS AND DATA REDUCTION

The total flux density of 1H 0323+342 was monitored by
the Yamaguchi 32 m radio telescope (hereafter Y32; Fujisawa
et al. 2002) at 25 epochs from 2010 November 9 (2010.858) to
2011 February 5 (2011.099). The Y32 observations were made
typically every two or three days. The monitoring was done
at 8.38 GHz with a total bandwidth of 400 MHz in the total
power mode. We employed the “Z-scan” method to remove both
the gain and atmospheric fluctuations and the pointing offsets.
A detailed procedure of the observation and data reduction
of the method is described by Kadota et al. (2012). The flux
density of 1H 0323+342 was measured by comparing the total
received power with that of a strong, nearby radio source,
3C 123 (9.310 Jy; Ott et al. 1994).

Observations with the Japanese VLBI Network (JVN; Doi
et al. 2006a) were made simultaneously with Y32 monitor-
ing at three epochs in 2010 November. The observation dates
of each epoch are shown in Table 1. Six radio telescopes,
four telescopes from the VLBI Exploration of Radio Astrom-
etry (VERA; Kobayashi et al. 2003) with an antenna diame-
ter of 20 m each, the Hitachi 32 m telescope (Yonekura et al.
2013), and the Kashima 34 m telescope, were used for the ob-
servations, although Kashima did not participate in epoch 1.
Observations were made in right-circular polarization at
8.424 GHz with a total bandwidth of 32 MHz. Observed sources
were 1H 0323+342 as a target, J0310+3814 as a gain calibra-
tor (separation angle of 4.◦94 from 1H 0323+342), DA 193 as
a flux calibrator, and 3C 84 as a bandpass calibrator. The to-
tal on-source duration for 1H 0323+342 is 443 minutes in all
epochs. The data were correlated using the Mitaka FX correlator
(Shibata et al. 1998) with an output preaveraging time of 2 s.

The JVN data were reduced using the Astronomical Image
Processing System (AIPS) software (Greisen 2003) for ampli-
tude and phase calibration and the Caltech software Difmap
(Shepherd 1997) for imaging and self-calibration. We did not
employ a standard a priori amplitude calibration using the sys-
tem noise temperature because it was not measured during the
observations at several stations. Flux densities of each source
were therefore determined as follows. We determined the flux
density of DA 193 by single-dish observations with Y32 to be
4.787 ± 0.027 Jy on 2010 November 15 and 4.907 ± 0.040 Jy
on 2010 November 29. We assumed the correlated flux den-
sity of DA 193 with JVN to be same as that with single-dish
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Figure 1. The 8.4 GHz light curve of 1H 0323+342. The filled squares show
the total flux obtained with the Yamaguchi 32 m radio telescope. The numerical
data of the measurements are shown in Table 2. The open and filled circles
indicate the flux of components C and D1, respectively, obtained with the JVN
observations (see also Section 3.2 and Table 1).

measurements since DA 193 can be considered as a point source
within the JVN baseline lengths. Flux densities were determined
comparing cross-correlation amplitudes for each source with
those for DA 193. To correct the variation of the antenna gain
due to the change of the antenna elevation, we applied self-
calibration to the gain calibrator J0310+3814. It can be con-
sidered a point source and was observed once an hour with an
on-source duration of 5 minutes per scan. A fitted curve to the
solutions for the gain calibrator was applied to other sources.

Through the procedure described above, we determined flux
densities of J0310+3814 at epochs 2 and 3 to be comparable to
previous results by VLBI observations at the same frequency.
On the other hand, the flux density of J0310+3814 at epoch 1,
obtained by the AIPS task GETJY, was determined to be twice
(1.913 Jy) than that at epochs 2 (0.985 Jy) and 3 (0.989 Jy). We
finally determined a flux density of J0310+3814 at epoch 1
to be same as that obtained at epoch 2 for the following
reasons. At epochs 2 and 3, both the Kashima 34 m and
Hitachi 32 m telescopes participate in the observations. Those
antennas have system-equivalent flux densities approximately
seven times better than those of four VERA antennas at 8 GHz.
We therefore consider the results at epochs 2 and 3 to be more
likely than that at epoch 1. In addition, we obtain similar flux
densities at epochs 2 and 3, as mentioned above. We therefore
consider that J0310+3814 does not show variability during the
JVN campaign.

We exported the calibrated visibility data to Difmap for imag-
ing. The amplitude calibration error obtained with the self-
calibration procedure was 10%, 4%, and 4% for each epoch.
To ensure a better angular resolution, we adopt uniform weight-
ing of the data with gridding weights scaled by amplitude errors
raised to the power of −1. The maximum and minimum pro-
jected baseline lengths of the JVN observation were 2290 km,
or 64 Mλ (VERA Mizusawa–VERA Ishigakijima baseline), and
77 km, or 2.2 Mλ (Hitachi–Kashima baseline), respectively.

3. RESULTS

3.1. Single-dish Monitoring with the
Yamaguchi 32 m Radio Telescope

Figure 1 shows the total flux density measurements of 1H
0323+342 by Y32. Numerical data of the measurements are

Table 2
Results of the Total Flux Measurement at 8.38 GHz with the

Yamaguchi 32 m Radio Telescope

Date Epoch S8 GHz Na

(mJy)

2010 Nov 9 2010.858 427 ± 28 31
2010 Nov 13 2010.868 432 ± 24 35
2010 Nov 17 2010.879 366 ± 27 32
2010 Nov 21 2010.890 359 ± 16 39
2010 Nov 23 2010.896 369 ± 15 38
2010 Dec 1 2010.918 358 ± 18 39
2010 Dec 3 2010.923 374 ± 11 39
2010 Dec 5 2010.929 325 ± 12 39
2010 Dec 7 2010.934 379 ± 27 38
2010 Dec 9 2010.940 288 ± 18 38
2010 Dec 11 2010.945 309 ± 13 40
2010 Dec 18 2010.964 305 ± 8 39
2010 Dec 19 2010.967 345 ± 26 26
2010 Dec 23 2010.978 324 ± 9 36
2010 Dec 26 2010.986 373 ± 25 24
2010 Dec 29 2010.995 355 ± 21 31
2010 Dec 30 2010.997 340 ± 13 39
2011 Jan 4 2011.011 350 ± 21 26
2011 Jan 6 2011.016 363 ± 17 36
2011 Jan 8 2011.022 287 ± 24 25
2011 Jan 18 2011.049 348 ± 21 17
2011 Jan 24 2011.066 363 ± 23 18
2011 Jan 26 2011.071 338 ± 35 12
2011 Feb 3 2011.093 324 ± 20 15
2011 Feb 5 2011.099 266 ± 30 12

Note. a Number of independent measurements.

shown in Table 2. Error bars at each point in Figure 1 indicate a
1σ standard deviation divided by the square root of the number
of independent measurements. The source was also monitored
between 2010.6 and 2011.2 at nine frequencies from 2.64 to
142 GHz by the F-GAMMA Program (Fuhrmann et al. 2011;
Angelakis et al. 2012). Our results are in good agreement with
theirs at 8.35 GHz, within the margin of error. F-GAMMA
results show that the flux density varies almost simultaneously
at observing frequencies from 2.64 to 32.0 GHz (Fuhrmann et al.
2011); therefore, we believe that the flux variation observed with
Y32 is intrinsic. The total flux varies significantly during the
period of Y32 monitoring compared with the constant flux. The
maximum and minimum flux densities during Y32 monitoring
can be seen as 432 ± 24 mJy on 2010 November 13 and
266 ± 30 mJy on 2011 February 5, respectively, corresponding
to a flux decrease of 38% in 84 days, whereas the total
flux does not decrease monotonically. We apply a third-order
polynomial to all measurements of Y32 to estimate the local
minimum and maximum of the flux densities (reduced χ2 =
3.61 with 23 degrees of freedom (dof) and 2.33 with 21 dof for
linear and cubic functions, respectively, which is significant at
>99.9% confidence level). The local minimum of 325 mJy at
epoch 2010.956 and the local maximum of 344 mJy at epoch
2011.043 are derived from the best-fit curve, corresponding
to a flux variation of 5.5% in 32 days. Whereas Fuhrmann
et al. (2011) pointed out that the source indicates variability
on timescales of months to years, our results clearly show the
existence of the short-term radio variability on a timescale of 1
month. Moreover, this is comparable to the (e-folding) gamma-
ray variability timescale of 17.7 ± 14.4 days from the 2 yr
monitoring results from 2008 September to 2010 September by
Fermi/LAT (Calderone et al. 2011), suggesting that the source
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Figure 2. VLBI images of 1H 0323+342 at epochs 1 (top left), 2 (top right), and 3 (bottom) obtained by the JVN observations at 8.4 GHz. The lowest contour is three
times the off-source rms noise (σ ). The contour levels are −3σ , 3σ × (

√
2)n (n = 0, 1, 2, . . ., 10). 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 C and D1 show the Gaussian model fitting components, and the position
of each component is indicated by a cross. The image descriptions are given in Table 1.

(A color version of this figure is available in the online journal.)

Table 3
Model Fitting Results for JVN Observations

Epoch Comp. S r φ θmaj θmin P.A. T
(image)

B,rest
(mJy) (mas) (deg) (mas) (mas) (deg) (1010 K)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

1 C 419 ± 40 . . . . . . <1.12 ± 0.11 <0.12 ± 0.01 131.1 ± 0.4 >8.3 ± 1.3
D1 54 ± 4 7.22 ± 0.17 122.8 ± 2.1 3.76 ± 0.38 0.11 ± 0.01 116.5 ± 2.7 . . .

2 C 309 ± 12 . . . . . . <0.59 ± 0.02 <0.24 ± 0.01 84.6 ± 0.5 >5.8 ± 0.4
D1 47 ± 1 6.25 ± 0.13 125.8 ± 1.9 2.76 ± 0.11 0.27 ± 0.01 109.6 ± 3.4 . . .

3 C 279 ± 11 . . . . . . <0.55 ± 0.02 <0.26 ± 0.01 117.9 ± 0.4 >5.2 ± 0.3
D1 49 ± 1 6.26 ± 0.14 124.2 ± 1.4 5.22 ± 0.21 1.62 ± 0.07 134.4 ± 3.6 . . .

Notes. Columns are as follows: (1) JVN observation epoch; (2) component name; (3) flux density; (4) distance from the origin defined by component C; (5)
position angle with respect to the origin (measured from north through east); (6)–(8) parameters of the Gaussian model: FWHM of major and minor axes and
the position angle of the major axis; (9) brightness temperature given in the source’s rest frame.

of short-term radio variability is probably associated with the
gamma-ray-emitting region.

3.2. JVN Observation Results

Figure 2 shows images of 1H 0323+342 at each epoch. The
image parameters are shown in Table 1 along with the total
flux density of all CLEAN components. JVN images could not
resolve the central one, containing a few components in the
images obtained by VLBA, as shown in Section 4. To quantify
the relative location and the flux density of each component
of the JVN images, we modeled the calibrated images with
elliptical Gaussian components. Table 3 shows the model fitting
results obtained by the AIPS task JMFIT. The formal errors of

each parameter are estimated using the formula from Fomalont
(1999). The data at all epochs are modeled satisfactorily by
two distinct components, with the brighter and unresolved
component labeled C and the weaker component labeled D1,
situated to the southeast of C. The angular size of C, shown in
Table 3, is therefore the upper limit. The sum of the flux densities
of components C and D1 is in good agreement with both the
total CLEANed flux and single-dish measurements by Y32, as
shown in Tables 1 and 2, whereas the Very Large Array (VLA)
observations at 1.4 GHz on 2006 February 7 and 2007 January
15 (VLA observation code; AP501) show the source having a
large-scale structure with a total size of about a hundred kpc
(Antón et al. 2008) and with a flux density for the extended
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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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Table 4
Observation Summary and Map Description of VLBA Images

Code Date (Epoch) νobs ton θBmaj θBmin P.A. Speak σ Contours
(GHz) (s) (mas) (mas) (deg) (mJy beam−1) (mJy beam−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

BB023 1996 May 16 (1996.374) 2.269 322 6.00 2.77 9.0 351 2.6 n = 0, 1, . . ., 11
1996 May 16 (1996.374) 8.339 322 1.73 0.73 8.7 245 1.0 n = 0, 1, . . ., 12

BK077 2003 Oct 9 (2003.688) 8.421 178 2.26 1.35 −16.9 334 2.5 n = 0, 1, . . ., 14
BE042 2005 Aug 20 (2005.636) 8.420 6640 1.93 0.63 −2.0 204 1.3 n = 0, 1, . . ., 14
BL156 2008 Apr 20 (2008.303) 8.392 281 1.98 0.81 −7.5 217 1.6 n = 0, 1, . . ., 14
BL149 2010 Oct 15 (2010.789) 15.357 2088 0.76 0.47 0.0 223 0.3 n = 0, 1, . . ., 15

Notes. Columns are as follows: (1) VLBA observation code; (2) observation date and epoch; (3) observation frequency; (4) total on-source time; (5)–(7)
parameters of the restoring beam: FWHM of major and minor axes and the position angle of the major axis; (8) peak intensity; (9) rms noise level; (10) contour
levels. The number n corresponds to −3σ , 3σ × (

√
2)n.

Table 5
Model Fitting Results for Archival VLBA Observations

Epoch ν Comp. S r φ θmaj θmin P.A.
(GHz) (mJy) (mas) (deg) (mas) (mas) (deg)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

1996.374 2.269 C0+D2 389 ± 35 . . . . . . 1.33 ± 0.13 1.00 ± 0.10 55.9 ± 0.4
D1 168 ± 10 6.39 ± 1.31 126.7 ± 1.2 3.80 ± 0.38 2.22 ± 0.22 147.4 ± 1.7

1996.374 8.339 C0 271 ± 11 . . . . . . 0.49 ± 0.02 0.14 ± 0.01 125.9 ± 0.2
D2 51 ± 1 0.58 ± 0.26 110.6 ± 0.4 1.37 ± 0.07 0.13 ± 0.01 131.8 ± 3.0
D1 40 ± 1 6.70 ± 0.32 125.0 ± 2.4 3.27 ± 0.16 1.43 ± 0.07 138.6 ± 8.2

2003.688 8.421 C0+D2 348 ± 13 . . . . . . 0.52 ± 0.02 0.35 ± 0.01 120.5 ± 0.2
D1 40 ± 1 7.03 ± 0.31 126.3 ± 5.4 3.36 ± 0.13 0.62 ± 0.03 121.0 ± 2.4

2005.636 8.420 C0 203 ± 6 . . . . . . 0.35 ± 0.01 0.15 ± 0.01 148.4 ± 0.1
D2 43 ± 1 0.50 ± 0.21 124.6 ± 0.2 1.48 ± 0.04 0.15 ± 0.01 117.8 ± 1.7

D1b 13 ± 1 6.93 ± 0.20 124.8 ± 2.0 0.93 ± 0.02 0.30 ± 0.01 107.1 ± 1.5
D1a 31 ± 1 7.18 ± 0.21 125.4 ± 2.3 5.86 ± 0.33 1.17 ± 0.01 127.3 ± 2.0

2008.303 8.392 C0 179 ± 5 . . . . . . 0.30 ± 0.01 0.09 ± 0.01 137.0 ± 0.1
D2 98 ± 2 0.57 ± 0.21 130.7 ± 0.2 1.35 ± 0.04 0.22 ± 0.01 117.6 ± 0.6

D1b 29 ± 1 6.86 ± 0.28 126.3 ± 5.1 5.11 ± 0.15 1.09 ± 0.03 127.0 ± 3.1
D1a 12 ± 1 7.30 ± 0.21 126.0 ± 2.4 1.56 ± 0.05 0.44 ± 0.01 137.3 ± 2.6

2010.789 15.357 C0 193 ± 4 . . . . . . 0.18 ± 0.01 0.04 ± 0.01 148.5 ± 0.1
D3 48 ± 4 0.19 ± 0.19 119.4 ± 0.1 0.20 ± 0.01 0.09 ± 0.01 142.7 ± 0.9
D2 49 ± 1 0.67 ± 0.24 126.3 ± 0.2 1.97 ± 0.08 0.29 ± 0.01 131.5 ± 2.1
D1 19 ± 1 7.10 ± 0.27 125.0 ± 2.4 2.77 ± 0.11 0.67 ± 0.03 124.4 ± 11.8

Notes. Columns are as follows: (1) VLBA observation epoch; (2) observation frequency; (3) component name; (4) flux density; (5) distance from the origin
defined by component C0; (6) position angle with respect to the origin (measured from north through east); (7)–(9) parameters of the Gaussian model: FWHM
of major and minor axes and the position angle of the major axis.

slightly resolved. We modeled the calibrated VLBA images
with elliptical Gaussian components. Table 5 shows the model-
fitting results. The model-fitting procedure and estimation of
errors for each parameter are made in the same manner as those
for the JVN data. We could reconstruct VLBA images with three
elliptical Gaussian components, C0, D2, and D1, at 8 GHz, and
component D1 could be resolved into two components, D1b and
D1a, in epochs 2005.636 and 2008.303. In epochs 1996.374 at
2.3 GHz and 2003.688, the images could be modeled by two
components because of lower angular resolution than for other
epochs. Component C in the JVN images was resolved into two
components, C0 and D2, in the VLBA images at 8 GHz. For the
15 GHz image we could find an additional component, D3, in
the vicinity of C0.

We also compared the image of JVN epoch 1 with that of the
15 GHz VLBA. We restored the synthesized beam of the VLBA
15 GHz image to the same size as the JVN epoch 1 observation
and obtained the flux density of the central component as
276 mJy. The spectral index of α15

8 = −0.70 is thus derived
from the observations by JVN epoch 1 and VLBA MOJAVE.

The radio power at a rest frequency of 8.0 GHz is estimated
to be P8 GHz = 1024.6 W Hz−1, where a k correction is applied
using α15

8 .

5. DISCUSSION

5.1. Brightness Temperature

We have two kinds of radio observations, a single-dish
monitoring and VLBI observations; therefore, we can derive
brightness temperatures TB from these results using different
methods. TB in the source’s rest frame can be obtained with an
image as

T
(image)

B,rest = 1.77 × 109(1 + z)
Sν

ν2θmajθmin
(K), (1)

where θmaj (mas) and θmin (mas) are the FWHM sizes of the
Gaussian component in the major and minor axes, respectively,
and Sν (mJy) is the flux density at an observing frequency
ν (GHz). Given the model fitting result of Sν = 419 mJy,
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θmaj < 1.12 mas, and θmin < 0.12 mas for component C at
epoch 1, which leads to the highest TB among our JVN
observations, we obtain T

(image)
B,rest > (8.3±1.3)×1010 K. T (image)

B,rest
at the other epochs are shown in Table 3. Linford et al. (2012)
made a VLBA observation of the source on 2010 June 30 at
4.8 GHz and estimated the brightness temperature of the core
component to be 2.15 × 1010 K, which is comparable to our
results.

We can also obtain TB with the flux variation as

T
(var)

B,rest = 4.1 × 1010

[
DL

Δt(1 + z)

]2 ΔSν

ν2
(K) (2)

(Wagner & Witzel 1995), where DL (Mpc) is the luminosity
distance to the source and ΔSν (mJy) is a change in the observed
flux density at an observing frequency ν (GHz) during a period
of Δt (days). Given the single-dish monitoring result of ΔSν =
19 mJy, Δt = 32 days and applying DL = 270 Mpc, we obtain
T

(var)
B,rest = 7.0 × 1011 K. Alternatively, T

(var)
B,rest can be estimated

by applying the maximum and minimum flux densities during
Y32 monitoring, ΔSν = 166 mJy, Δt = 84 days, and is found to
be T

(var)
B,rest = 8.9 × 1011 K, which is in good agreement with the

above result.
The brightness temperature has been measured for sev-

eral gamma-ray NLS1s with radio observations. Zhou et al.
(2003) analyzed the VLA observation data of a quasar PMN
J0948+0022, which is known to have the highest radio loud-
ness in NLS1s, and found the long-term flux variation with
a timescale of a few years. The brightness temperature was
estimated to be ∼1013K from the variability. This high TB
was confirmed by Doi et al. (2006b) with their VLBA images
and flux variation at 1.7–15.4GHz, which result in T

(image)
B,rest >

5.5 × 1011δ−1 K and T
(var)

B,rest > 3.3 × 1013δ−3 K, where δ is the
Doppler factor. TB of PMN J0948+0022 was also measured with
the global optically connected VLBI (e-VLBI) observation at
22 GHz and was found to be T

(image)
B,rest ∼ 3.4 × 1011 K (Giroletti

et al. 2011). Yuan et al. (2008) compiled previous radio obser-
vations for a sample of radio-loud NLS1s and estimated T

(var)
B,rest

for three gamma-ray sources: 1.1 × 1013 K for SBS 0846+513,
5.1 × 1012 K for PMN J0948+0022, and 3.6 × 1012 K for PKS
1502+036. D’Ammando et al. (2013) found significant flux vari-
ation by both single-dish flux monitoring with the Owens Valley
Radio Observatory 40 m telescope at 15 GHz and multiepoch
VLA observations at eight frequencies from 1.4 to 22.2 GHz,
and they estimated T

(var)
B,rest to be 2.5 × 1013 K from single-dish

measurements. Although our TB is a few orders of magnitude
lower than those mentioned above, it still exceeds the upper
limit of TB assuming the condition of energy equipartition, as
shown in Section 5.2, suggesting that acceleration of the radio
jet is ongoing in the central engine of the source.

The 8 GHz radio power is estimated to be P8 GHz =
1024.6 W Hz−1, as shown in Section 4, which is much higher
than the radio powers at 1.5 GHz of up to 1023.7 W Hz−1 mea-
sured in a sample of the most radio luminous starburst galaxies
(Lonsdale et al. 1993; Smith et al. 1998a, 1998b). This also sup-
ports the fact that a nonthermal process in the central region, not
a starburst activity, is responsible for the radio emission from
1H 0323+342.

5.2. Doppler Factor

If we assume the condition of energy equipartition between
particles and magnetic fields, TB,limit ∼ 5 × 1010 K is derived
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Figure 4. Spectral index map of 1H 0323+342 derived from the flux densities at
8.4 GHz (JVN epoch 1 on 2010 November 1) and 15.4 GHz (VLBA MOJAVE
on 2010 October 15). The map corresponds to an area greater than the 3σ noise
level in JVN epoch 1. The 15.4 GHz map is restored with the same beam size
as the 8.4 GHz map, which is represented in the lower left corner.

(A color version of this figure is available in the online journal.)

as a value for the upper limit in the source’s rest frame
(Readhead 1994). The observed T

(image)
B,rest for JVN epoch 1

significantly exceeds the limit. Thus, an equipartition Doppler
factor, δeq = T

(image)
B,rest /TB,limit, of greater than 1.7 should be

required to reconcile with our TB. We can compute the variability
Doppler factor as δvar = (1 + z)(T (var)

B,rest/TB,limit)1/(3−α). Adopting

T
(var)

B,rest = 7.0 × 1011 K and α15
8 = −0.70, δvar = 2.2 can be

obtained. Both δeq and δvar are in good agreement with those
obtained by the results with the F-GAMMA Program (Angelakis
et al. 2012). These high δ indicate the existence of a highly or
mildly relativistic jet(s) in the inner region of the source. This is
the third source in which the Doppler beaming effect has been
detected in gamma-ray NLS1 by both direct imaging with VLBI
and the flux variation, following PMN J0948+0022 (Doi et al.
2006b) and PKS 1502+036 (D’Ammando et al. 2013).

5.3. Spectral Index Distribution

Figure 4 shows the spectral index map of 1H 0323+342
between JVN epoch 1 at 8.4 GHz (2010 November 1) and
the VLBA MOJAVE at 15.4 GHz (2010 October 15). Neither
observation employs the phase-referencing technique, resulting
in the loss of the absolute position through the self-calibration
procedure (Pearson & Readhead 1984; Thompson et al. 2001).
We therefore superposed two images with reference to the
optically thin component D1 since the optically thick central
region generally shows the frequency-dependent position shift
(e.g., Lobanov 1998a, 1998b). Model fitting to the restored
15.4 GHz MOJAVE image results in a position offset of
component D1 at 8.4 and 15.4 GHz with respect to component
C of Δα = 0.2 mas and Δδ = 0.3 mas in right ascension and
declination, respectively. The compact central region with a size
of 0.6 mas, or 0.7 pc, shows an optically thick spectral feature as
it becomes steeper along the stream of the jet. Figure 5 shows the
spectral index distribution given by a position angle of 122.◦8,
corresponding to the direction of component D1 with respect
to C at JVN epoch 1. Error bars for each point in Figure 5
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Figure 5. Spectral index distribution given by the position angle of 122.◦8.
The horizontal axis shows the angular separation from the center position of
component C. A positive value corresponds to the southeastern direction.

are estimated by the image rms and the amplitude calibration
error of each image. The maximum of the spectral index at the
innermost region is α = 0.42±0.20, showing the central region
has an inverted or flat spectrum at even higher frequencies. This
feature is similar to that of blazars, suggesting that the source
has activities due to relativistic jets.

5.4. Proper Motion of Each Component

Figure 6 shows the distance of components D2 and D1
(a, b) from the core (C or C0) as a function of the observed
epoch. Although we cannot identify component D1 with either
D1a or D1b, if we adopt the identification of D1 with D1a,
an apparent proper motion of −0.115 ± 0.083 mas yr−1 is
obtained by a weighted least-squares linear fit to component
D1, corresponding to an apparent velocity vapp of (−0.45 ±
0.32)c. If we exclude the points for JVN epochs 2 and 3
for a linear fit to D1, an apparent proper motion of 0.031 ±
0.011 mas yr−1 is obtained, corresponding to vapp = (0.12 ±
0.04)c. For component D2, the apparent proper motion is
0.004±0.008 mas yr−1, corresponding to vapp = (0.02±0.03)c.
If we omit the data point at 1996.374, the apparent proper motion
becomes 0.033 ± 0.004 mas yr−1, corresponding to vapp =
(0.13 ± 0.02)c, which is similar to that for component D1. We
cannot determine whether component D1 at epoch 1996.374
and at other epochs is identical since no VLBI observation was
performed from 1996.374 to 2003.688. Future multiepoch and
intensive VLBI observations will make an identification and a
measurement of precise proper motion of D1. In either case, our
results show that both components D2 and D1 are stationary or
have very low speeds compared to typical (gamma-ray) blazars
(e.g., Jorstad et al. 2001).

5.5. Relation to General Properties of NLS1s

As shown in Section 1, NLS1s are generally considered to
have higher accretion rates and lower jet activities compared to
other types of radio-loud AGNs (Greene et al. 2006; Zhou et al.
2006). In the analogy of X-ray binaries with MBH ∼ 10 M�,
radio emission is quenched when the luminosity is from a few
percent to about 10% of the Eddington rate, corresponding to the
high/soft state, whereas the jet emerges when the luminosity is
nearly equal to the Eddington rate, corresponding to a very high
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Figure 6. Distance of components D2 and D1 ((a) and (b)) from component
C (for JVN observations) or C0 (for VLBA observations) as a function of the
observed epoch. See Tables 3 and 5 for numerical values. The open and filled
symbols are for components D2 and D1, respectively. The squares and circles
represent the VLBA results at 8 and 15 GHz, respectively, and stars correspond
to components D1a and D1b at epochs 2005.636 and 2008.303. The triangles
represent the JVN results.

state (Maccarone et al. 2003; Fender et al. 2004). 1H 0323+342
has both highly or mildly relativistic jets in the innermost region,
as revealed by our observations, and an extremely high accretion
rate with an accretion disk luminosity of 0.9 LEdd (Abdo et al.
2009b). These characteristics imply that the state transition of
the source is in accordance with that of Galactic X-ray binaries.

On the other hand, 1H 0323+342 has a very high accretion
rate with a smaller black hole mass of ∼107 M� (Zhou et al.
2007; Abdo et al. 2009b), and it also shows a very radio-loud
feature of R1.4 = 318 (Foschini 2011), or R5 = 246 (Doi
et al. 2012). These properties seem to be contrary to previous
studies showing a correlation between radio loudness and the
black hole mass (McLure & Jarvis 2004 and references therein)
and an anticorrelation between radio loudness and the accretion
rate (Greene et al. 2006 and references therein) for a large
sample of AGNs. Following these correlations, 1H 0323+342
may intrinsically be a radio-quiet one but seems to be radio loud
as a result of the Doppler boosting effect, as similar results have
been obtained for several radio-loud NLS1s (Doi et al. 2011,
2012). The observed radio flux density is boosted by a factor of
D = δ3−α , and we obtain D = 18.5 when applying δ = 2.2
and α = −0.70 derived from our studies. Thus, the intrinsic
radio loudness can be estimated as R

(int)
1.4 = 17 and R

(int)
5 = 13.

Although these R are still in the radio-loud regime (R > 10;
Kellermann et al. 1989), 1H 0323+342 intrinsically has a much
lower R than expected.

5.6. Radio Spectrum

Figure 7 shows the composite radio spectrum of 1H
0323+342, including not only our VLBI observation results
but also previous single-dish or interferometric measurements.
We applied spectral fitting to the VLBI data with a syn-
chrotron self-absorption (SSA) spectral model, Sν = S0ν

2.5[1−
exp(−τssν

α−2.5)], where S0 is a scaling constant and τss is the
SSA coefficient. In the SSA fit to the sum of the flux of all
VLBI components, a peak flux density Sm of 0.72 Jy is derived
at a turnover frequency νm of 3.5 GHz, as shown in Figure 7(a),
while the source is separated into two or more components
in Figures 2 and 3. If we apply the SSA fit to each VLBI
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Figure 7. Composite radio spectrum of 1H 0323+342. The filled symbols represent the VLBI results at 2.3 GHz (VLBA), 8.4 GHz (JVN epoch 1), and 15.4 GHz
(VLBA), whereas the open squares are the total flux density by single-dish or radio interferometer. The open triangle indicates the flux density of the core component
obtained by VLA (Doi et al. 2012). (a) Radio spectrum for the sum of flux for all VLBI components. The solid line represents the best-fit curve with the synchrotron
spectrum. (b) Radio spectra for components C and D1. The filled circles and squares are VLBI results for components C (or C0 + D3 + D2 for VLBA) and D1,
respectively. The dashed and dotted lines represent the best-fit curve with the synchrotron spectrum for components C and D1, respectively, and the solid line describes
the sum of two synchrotron spectra. A turnover frequency of 0.9 GHz is assumed for the spectral fitting to component D1 (see also Section 5.7). Single-dish and
interferometer measurement data are from Colla et al. (1973), Condon et al. (1998), Douglas et al. (1996), Healey et al. (2007), Neumann et al. (1994), Reich et al.
(2000), Rengelink et al. (1997), and Zhang et al. (1997). Part of the flux data is compiled from the SPECFIND V2.0 catalog (Vollmer et al. 2010).

component, as shown in Figure 7(b), Sm = 0.57 Jy is derived
at νm = 3.9 GHz for component C. Here νm can be given under
the condition of a homogeneous, self-absorbed, and incoher-
ent synchrotron radio source with a power-law electron energy
distribution of

νm ∼ 8B1/5S2/5
m θ−4/5(1 + z)1/5 (GHz) (3)

(Kellermann & Pauliny-Toth 1981), where B (G) is the magnetic
field and θ (mas) is the angular size of a source. Applying
νm = 3.9 GHz and Sm = 0.57 Jy given by the SSA fitting
results and θ = √

θmajθmin ∼ 0.4 mas from VLBI observations,
we can derive B ∼ 2 mG, which is comparable to the
magnetic field for young radio galaxies (e.g., Murgia et al.
1999). For component D1, Sm = 0.31 Jy is derived assuming
νm = 0.9 GHz in the spectral fitting in Figure 7(b). Applying
B ∼ 2 mG derived for component C and θ ∼ 2 mas, we
obtain Sm ∼ 0.37 Jy from Equation (3), which is comparable
to that given by the SSA fitting. Although Equation (3) depends
strongly on the parameters, component D1 shows similar νm
or Sm between the spectral fitting and numerical estimation.
In Figure 7(b), the sum of two synchrotron spectra accounts
for the total flux measurements at a frequency of greater than
1 GHz. Particularly, the total flux of the central component
detected by VLA at 1.4 GHz (open triangle in Figure 7; Doi
et al. 2012) accounts for the sum of the flux of two VLBI
components, implying that the emission of the VLA central
component mainly comes from the pc-scale VLBI components.
However, the composite spectrum for the VLBI components
cannot account for the points in the MHz frequency range.
These emissions probably come from extended, optically thin
components on the kpc-scale detected with interferometric
observations, as discussed in Section 5.7.

We should point out that the composite radio spectrum shown
in Figure 7 is not obtained simultaneously. Future multifre-
quency, simultaneous, and high-resolution VLBI observations
are thus important to reveal the spectral properties of the inner-
most region precisely.

5.7. Possibility of a Young Radio Source
and Recurrent Jet Activity

Some previous studies point out similarities between NLS1s
and young radio galaxies, such as gigahertz-peaked spectrum
sources (GPSs; O’Dea 1998), in terms of compact and stable
radio morphologies and a steep spectrum of an inner region
(e.g., Gallo et al. 2006; Komossa et al. 2006). As shown in
Section 5.4, the JVN observations combined with the archival
VLBA data revealed the existence of two stationary or slowly
moving components, D2 and D1, and Zhou et al. (2007) mention
that component D1 is possibly a weak radio lobe.

The viewing angle of the component φ can be obtained using
the apparent velocity βapp ≡ vapp/c and a Doppler factor δ as

φ = tan−1 2βapp

β2
app + δ2 − 1

(4)

(Ghisellini et al. 1993). If component D1 has the same δ as C
and we adopt δ = 2.2, as derived in Section 5.2, we can obtain
φ = 3.◦6, which is in good agreement with φ = 3◦ derived by
the model fitting to the spectral energy distribution (Abdo et al.
2009b). We can also calculate the real distance between C and
D1 as 0.13 kpc. Assuming linear expansion of components D2
and D1 with a constant apparent velocity of 0.02c and 0.12c,
respectively, as shown in Section 5.4, a kinematic age tkin of
120 and 220 yr is derived for the respective components. A
similar source age can be estimated from a correlation between
the linear size and νm of a source (O’Dea & Baum 1997). Thus,
we believe that the pc-scale structure in 1H 0323+342 detected
by VLBI observations has GPS-like features in terms of the
GHz-peaked spectrum, as shown in Figure 7, the young age of
∼102 yr, and the compact structure of ∼0.1 kpc.

On the other hand, previous VLA observations show tkin ∼
107–108 yr for the 100 kpc scale structure detected by the VLA
C-array configuration (Antón et al. 2008; Doi et al. 2012),
whereas tkin ∼ 106–107 yr can be estimated for the extended
structure with a scale of 20 kpc detected by the VLA A-array
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configuration. The VLA images also show the extended struc-
ture with a position angle of ∼45◦ with the 100 kpc scale and
∼90◦ with the 20 kpc scale (Antón et al. 2008), both of which
are significantly different from that of ∼125◦ with pc-scale im-
ages obtained by VLBI observations. Additionally, no extended
feature could be found by the JVN observations within the field
of view of a few hundred mas (corresponding to a kinematic age
of ∼104 yr) under the condition of a detection limit three times
the rms image noise. The difference in the estimated kinetic age
for components D2, D1, and the Kiloparsec-scale structures,
as well as the fact that no extended feature could be found by
the JVN observations within a field of view of a few hundred
mas, imply that the pc-scale jet structure represents recurrent
jet activity (e.g., Baum et al. 1990; Augusto et al. 2006; Doi
et al. 2013b). In fact, the 8 GHz radio power for the pc-scale
components is P8 GHz = 1024.6 W Hz−1, as shown in Section 4,
and the jet kinetic power is roughly estimated to be ∼1044erg
s−1 from P8 GHz, which is enough to make the source grow to the
size of a hundred kpc (Doi et al. 2012, 2013a). The extremely
large difference in the position angle between the kpc and pc
scales may be the projection effect of extended components due
to the small viewing angle.

5.8. Possibility of Free–Free Absorption

Free–free absorption could be an explanation for an apparent
asymmetric structure, and previous VLBI observations have
revealed the existence of free–free absorption in several GPSs
(e.g., Kameno et al. 2000, 2001; Marr et al. 2001). The optical
depth of free–free absorption can be estimated as

τff = 8.235 × 10−2T −1.35
e ν−2.1

∫
LOS

n2
edl (5)

(Mezger & Henderson 1967), where Te (K) and ne (cm−3) are
the electron temperature and density of the absorber, ν (GHz)
is the frequency, and l (pc) is the path length via the line of
sight. The peak intensity of component D1 is 38 mJy beam−1

on the image of JVN epoch 1, resulting in an attenuation of
more than a factor of 4.1 if we assume an intrinsic jet sym-
metry and a detection limit of the counter component of three
times the rms image noise. A τff greater than 1.4 is thus re-
quired to reconcile with the observed asymmetry. Assuming
Te > 8000 K for the fully ionized condition, l = 0.13 kpc for the
distance between components C and D1, and ν = (1+z)×8.4 =
8.9 GHz, a column density of electrons Ne = nel > 6 ×
1023 cm−2 is required. This Ne is two orders of magni-
tude larger than the Galactic H i column density of 1.349 ×
1021 cm−2 obtained by the ROSAT All-Sky Survey (Voges et al.
1999). Moreover, the kpc-scale radio morphology of the source
seems to be an asymmetric structure elongated to the east, as
shown by Antón et al. (2008), although they consider the mor-
phology to be a core plus a two-sided structure. As shown in
Section 5.5, we obtain D = 18.5 as a boosting factor for the
radio flux. This D is accountable for the observed flux ratio of
approaching to receding jet components mentioned above. We
therefore conclude that the asymmetric structure detected by the
JVN observations is not due to free-free absorption but due to
the Doppler beaming effect.

5.9. Gamma-Ray Emission from 1H 0323+342

Marscher et al. (2008) analyzed the multiwavelength light
curve and quasi-simultaneous multiepoch VLBI images of a
blazar BL Lacertae and proposed the inner jet model to explain

the flare timing between each energy band and the sudden
change in the optical polarization position angle. They suggest
that the flare is stimulated by the passage of the emission
feature through the conical standing shock at around 105Rs
from the central black hole, where Rs is the Schwarzschild
radius, and the gamma-ray flare would occur in this area. 105Rs
corresponds to a linear scale of 0.1 pc or an angular size of 0.08
mas for 1H 0323+342. Although our observations combined
with the archival VLBA results reveal the existence of the
relativistic jet in the innermost region and stationary or slowly
moving components D2 and D1, as shown in Section 5.4, the
linear distance of D2 and D1 from C0 is 107Rs and 108Rs,
respectively, assuming φ from our results. The central black
hole may be located upstream of the core at 8 GHz as a result
of the frequency-dependent position shift; thus, the distance
between the central black hole and components D2 and D1
is farther than those mentioned above. On the other hand,
the linear scale of 105Rs is comparable to the light-crossing
distance corresponding to the timescale of the short-term radio
variability (0.3 × 105Rs), which is probably associated with
component C (and the gamma-ray-emitting region), as shown
in Section 3.2. Moreover, the VLBA image at 15 GHz shown
in Figure 3 indicates the existence of a component D3 in the
vicinity of component C0, with a separation angle of 0.19
mas, or a linear distance of 2 × 105Rs. Proper motion and flux
variation of component D3 might be related to the gamma-
ray flux, and future high-resolution and high-sensitivity VLBI
observations will be important to investigate the gamma-ray
emission mechanism from NLS1s.

Gamma-ray emission has been detected from blazars with
a larger Doppler factor and a smaller viewing angle (e.g.,
δ � 14 and φ < 4.◦8 for PKS 1741−038; Wajima et al. 2000)
and with a smaller Doppler factor and a larger viewing angle
(e.g., δ ∼ 2.5 and φ = 23.◦3 for PKS 1622−297; Wajima
et al. 2006). Both blazars have superluminal jet components
and thus show very high intrinsic velocities with β > 0.9,
implying that the inverse-Compton process plays a key role
for gamma-ray emission. On the other hand, 1H 0323+342 has
smaller δ, β, and φ and thus seems to have different features
compared to typical gamma-ray blazars. Future simultaneous,
multiwavelength observations from radio to gamma-ray and
high-resolution polarization studies will be key issues to reveal
the gamma-ray emission mechanism from NLS1s.

6. CONCLUSION

We made simultaneous single-dish and VLBI observations
of gamma-ray NLS1 galaxy 1H 0323+342 at 8 GHz. The
achievements of our study can be summarized as follows.

1. We found significant flux variation on the timescale of
one month with single-dish monitoring by the Yamaguchi
32 m radio telescope. The total flux density varied by
5.5% over 32 days, corresponding to a variability brightness
temperature of 7.0 × 1011 K.

2. Milliarcsecond-scale images obtained by three-epoch
Japanese VLBI Network observations show that the source
has a compact core-jet structure similar to that of blazars.
The visibilities can be modeled satisfactorily by two el-
liptical Gaussian components. Only the central component
shows a flux decrease similar to that of the total flux ob-
tained with the single-dish monitoring, whereas the flux
density of the southeastern component seems to be stable.
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3. Two year Fermi/LAT monitoring results show that the
source has gamma-ray flux variation on a timescale sim-
ilar to our single-dish monitoring results. By combining
results 1 and 2, we conclude that the source of short-term
radio variability is probably associated with the gamma-
ray-emitting region.

4. The brightness temperature obtained by the JVN observa-
tions is greater than (5.2 ± 0.3) × 1010 K, and the radio
power at 8 GHz is estimated to be 1024.6 W Hz−1. These
values indicate that a nonthermal process in the central re-
gion is responsible for the radio emission from the source.

5. The Doppler factor is estimated to be δeq > 1.7 assuming
the condition of energy equipartition in the JVN observa-
tions, and δvar = 2.2 from the observed radio variability,
indicating the existence of a relativistic jet(s). This is the
third source in which the Doppler beaming effect is de-
tected in gamma-ray NLS1s by both direct imaging with
VLBI and the flux variation.

6. The JVN observations revealed the existence of Doppler
boosted jet components that affect the radio loudness of
the source. Although the source shows extremely high
apparent radio loudness with R > 200, the intrinsic R
is less than 20 when applying the Doppler factor obtained
by the JVN observations. Hence, for 1H 0323+342 with a
smaller black hole mass (∼107 M�) and high accretion rate
(∼0.9 LEdd), there seems to be no large discrepancy with
previous studies, suggesting a correlation between R and
the black hole mass and an anticorrelation between R and
the accretion rate.

7. Multiepoch JVN and VLBA images detected slowly mov-
ing jet components D2 and D1 with apparent velocities of
(0.02 ± 0.03)c and (0.12 ± 0.04)c, respectively, and the
real distance between components C and D1 was estimated
as 0.13 kpc. A kinematic age of ∼102 yr is derived for
both components assuming the linear expansion, which is
significantly different from that of kpc-scale components
(∼107–108yr). By combining the results of the spectral fit-
ting to the flux measurements and observed properties in
terms of the position angle and the lack of medium-scale
radio emission, we conclude that the pc-scale jet structure
represents recurrent jet activity.
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