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Most of theγ-ray emitting active galactic nuclei (AGN) are blazars, although there is still a small fraction of non-blazar
AGN in theFermi/LAT catalog. Among these misalignedγ-ray-emitting AGN, a few can be classified as Compact Sym-
metric Objects (CSOs). In contrast to blazars in whichγ-ray emission is generally thought to originate from highlybeamed
relativistic jets, the source ofγ-ray emission in unbeamed CSOs remains an open question. Therarity of theγ-ray emitting
CSOs is a mystery as well. Here we present the radio properties of theγ-ray CSO candidate 2234+282.
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1 Introduction

One of the intriguing discoveries of theFermi Large Area
Telescope (LAT) survey is the overwhelming majority (98
%) of theFermi-detected AGN classified as blazars
(Ackermann et al., 2015). In leptonic models,γ-ray radia-
tion from blazars is mostly explained by Compton scatter-
ing of low-energy synchrotron photons by the same rela-
tivistic electrons in the jets producing the synchrotron emis-
sion at lower frequencies (e.g.,Bloom & Marscher, 1996);
in hadronic models, the high-energy emission is dominated
by relativistic protons (e.g.,Böttcher, 2010). Besides the
blazars, there are dozens of misaligned AGN detected by the
Fermi (e.g.,Abdo et al., 2010a; Ackermann et al., 2015).
The sample size is still small, though they constitute a very
interesting class ofγ-ray emitters. Cen A (NGC 5128), Per
A (NGC 1275) and M87 (3C 274) are three well-studied
nearby radio galaxies in whichγ-ray emission was observed
in the core. A single-zone synchrotron self-Compton (SSC)
jet model was successfully applied to fit the LATγ-ray spec-
trum of these radio galaxies, although other explanations
exist (e.g.Abdo et al., 2009). These non-blazar gamma-ray
AGN generally have moderate jet beaming, with Doppler
boosting factor of 2 – 4. Extendedγ-ray emission was also
detected from Cen A lobes (Abdo et al., 2010b), and it is
interpreted as the inverse Compton scattering of the cosmic
microwave background photons by the relativistic electrons
in the lobes.

Among the misaligned AGN, there is a sub-class named
Compact Symmetric Objects (CSOs), which are regarded

⋆ Corresponding author: e-mail: antao@shao.ac.cn
⋆⋆ speaker at the conference.

as young radio galaxies (reviewed byFanti, 2009; O’Dea,
1998). Theoretical models have predictedγ-ray emission
from CSOs (Kino et al., 2009; Migliori et al., 2014; Stawarz et al.,
2008). However there are only twoγ-ray CSO candidates
known to date, 4C+55.17 (McConville et al., 2011) and
PMN J1603−4904 (Müller et al., 2014). In this paper, we
report a newγ-ray CSO candidate 2234+282.

2 Sample selection and data reduction

In order to increase the sample size ofγ-ray CSOs, we
looked into the archival MOJAVE1 (Monitoring Of Jets in
Active galactic nuclei with VLBA Experiments,Lister et al.,
2009) database to search for new candidates.

The criteria of sample selection are :

1. the source has been identified byFermi with high statis-
tical significance;

2. the radio morphology is of CSO type, characterised with
compact double lobes with or without a central core;

3. the total flux density which is integrated over the whole
source in each VLBI image shows a steep or GHz in-
verted (GPS type) spectrum.

In total, 344 AGN are cross-matched between the MO-
JAVE andFermi catalogues. Among them, we found only
one source, 2234+282 matching the above three criteria.
Such a low percentage (0.3%) is consistent with the rarity
of theγ-ray CSOs in general. Details of the radio emission
properties are given in the next Section, including the spec-
tral indexα (defined asSν ∝ να), the brightness tempera-
ture Tb of the core, and hot spot advance speed (βadv).

1 http://www.physics.purdue.edu/astro/MOJAVE/index.html
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Fig. 1 Overlaid VLBI images of 2234+282 at 8.4 GHz
(red contours) and 15 GHz (black contours). The 8.4-GHz
image was made from the VLBA data on 1996 May 15
(project code: BB023), the restoring beam (shown as a red
ellipse in the bottom left corner) is 2.05 mas× 0.87 mas
at PA= −12.8◦. The peak brightness is 0.708 Jy beam−1.
The contour levels increase by a factor of 2, and the lowest
contour is 1.5 mJy beam−1 (3σ). The 15-GHz data were ob-
tained on 1996 May 16 (project code: BK037). The restor-
ing beam is 1.17 mas× 0.49 mas at PA= −23.4◦ (shown
as a black ellipse in the bottom left corner). The peak bright-
ness is 0.421 Jy beam−1, and the lowest contour is 1.1 mJy
beam−1 (3σ).
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Fig. 2 Radio flux density versus frequency. The data
points, obtained from the single dish or VLA measurements,
are collected from the NED. The radio spectrum is complex
above 1 GHz due to variability. A significant decrease of
flux density at 408 MHz suggests a low frequency turnover
around 1 GHz.

3 CSO identification of 2234+282

2234+282 (also named as CTD 135) has a redshiftz = 0.79.
Its optical spectrum was described byShaw et al.(2012)
as transitional between flat-spectrum quasars and BL Lac
type objects. It was detected byFermi with a statistical sig-
nificance of 52.1σ, corresponding to 3FGL J2236.3+2829
and 2FGL J2236.4+2828 (Acero et al., 2015), but not de-
tected by the Energetic Gamma Ray Experiment Telescope
(EGRET;Hartman et al., 1999) of the Compton Gamma Ray
Observatory, probably due to insufficient sensitivity.

The radio spectrum of the total flux density is complex
above 1 GHz due to the variability of the non-simultaneous
data points (Figure2)2. Except for that, there is a signifi-
cant decrease in the flux density at 408 MHz, suggesting a
low frequency turnover around 1 GHz in the spectrum. The
Very Large Array (VLA) observation performed at 1.5 GHz
in 1984 revealed a bright compact component and a weak
feature about 4.9′′to the southwest (Murphy et al., 1993).

The Very Long Baseline Array (VLBA) images at 2.3
GHz show a single compact component which is resolved
along the northeast-southwest direction at frequencies higher
than 5 GHz. Figure1 shows the 15-GHz image (black con-
tours) overlaid on the 8.4-GHz one (red contours). At 15
GHz, the emission structure can be fitted with three Gaus-
sian components,NE, C andSW. ComponentC is the most
compact, and accounts for 65% of the total flux density. We
used circular Gaussians in the fitting to get the peak location
and the size of the models, in order to simplify the compari-
son and to decrease the number of free parameters. One fifth
of the beam size is taken as the error of the position. Compo-
nentsNE andC are still blended at 8.4 GHz. The combined
NE+C component shows a somewhat steep spectrum with
a spectral index ofα = −0.43 ± 0.07 (Figure 3-a). The
details of the VLBI observations used here to describe the
spectral index of the source are given in Table1. The weaker
SW component shows an inverted spectrum with a turnover
around 4 GHz. The spectrum of the optically thin section is
rather steep, showingα = −2.50± 0.18.

Since 2009 the MOJAVE program observations of the
source were performed in full polarization. According to
those the polarized emission is concentrated in components
NE andC. ComponentC does not show evident variation in
polarization, butNE shows significant variability in the po-
larized intensity at 15 GHz on a time scale of a few months.

ComponentsC andNE can be resolved only at 15 GHz
and frequencies above. Since there has been no simultane-
ous observation at 15 and 24 GHz, and the source is vari-
able (see below), an accurate estimation of the spectral in-
dex of componentC is not possible. Even though, the cen-
tral componentC is the brightest and most compact one
among the three. The brightness temperature ofC ranges
from 3.4 × 1010 K to 1.5 × 1012 K at 15 GHz. ThusC is
most likely the core.

2 http://ned.ipac.caltech.edu/
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Fig. 3 Panela) shows the radio spectra of the VLBI components in 2245+282. The dashed line indicates the power law
fit to the spectrum of the componentC+NE. The dotted line represents the model fit to the spectrum ofSW by using a power
law together with the free-free absorption. We note that thespectrum can also be fitted with a synchrotron self-absorption
model. Panelb) displays the light curves at 2.3, 8.4 and 15 GHz. Panelc) shows the separation of componentsNE-SW as a
function of time. The dashed line denotes the least-squaresfit to the observed data.

Figure3-b shows the light curves of the total flux den-
sity at 15, 8.4 and 2.3 GHz. 2.3 and 8.4 GHz observations
were performed in the framework of the VLBA calibrator
survey3. The flux densities at all three frequencies were cal-
culated by summing up the CLEANed components. The
source exhibits variability at all three frequencies with aper-
centage fluctuation index defined as

u = 100
σ

〈S〉
(1)

(Heeschen et al., 1987), in which 〈S〉 is the mean andσ is
the standard deviation. That givesu = 25.1% (15 GHz),
25.9% (8.4 GHz) and 30.6% (2.3 GHz). Since the central
componentC contributes the majority of the total flux den-
sity, the variability may in fact represent the flux density
variation inC.

We investigated the position change of componentNE

with respect to the assumed coreC, and found thatNE ap-
parently moves toward the coreC. This is actually indica-
tive that the componentC is a mixture of the core and an
inner fast-moving jet (not resolvable at 15 GHz) which was
ejected toward the northeast. We then usedSW component
as the reference to calculate the hot spot separation speed.
The angular separation between componentsNE andSW as
a function of time is depicted in Figure3-c. The separa-
tion rate is estimated asβsep = 0.014 ± 0.004 mas yr−1,
corresponding to a projected hot spot separation speed of
0.6 ± 0.2 c. Assuming that the jet and counterjet have an
equal speed, the average hot spot advance speed is∼ 0.3 c.
This hot spot speed is a typical value for CSOs (An & Baan,
2012), but much lower than the jet speed in blazars.

To summarize, all pieces of evidences, including the
compact triple structure, steep spectrum, and low jet speed
are consistent with each other to imply that 2234+282 is
a CSO. The brightness temperature and moderate variabil-
ity of the core indicate that the innermost jet is Doppler
boosted.

3 the data are from the VLBI archive at http://astrogeo.org

Table 1 Interferometric observations used to describe the
spectral index of the source (Figure3 Panela)).

Epoch ν Project id SC+NE SSW

(GHz) (Jy) (Jy)
1996 May 15 2.3 BB023 1.49 ± 0.15 0.02 ± 0.002

1996 Jun 5 5 BH019 1.04 ± 0.10 0.18 ± 0.02

1996 May 15 8.4 BB023 0.89 ± 0.09 0.07 ± 0.01

1996 May 16 15 BK037 0.64 ± 0.06 0.02 ± 0.002

4 Discussion

The location and the radiation mechanism ofγ-ray emis-
sion from CSOs remain open questions. A single-zone SSC
emission model well fits the broadband SEDs from radio
up to GeV energy bands in blazars and also in some mis-
aligned AGN (e.g., M87:Abdo et al., 2009). The one-zone
SSC model requires relativistic beaming. However, unlike
the blazar jets, the CSO jets are in general mildly relativis-
tic and unbeamed (An & Baan, 2012). It is obvious that this
SSC model can not reproduce theγ-ray emission from CSOs.
Some other models have been investigated to interpret theγ-
ray radiation from CSOs. For example,Stawarz et al.(2008)
proposed that the relativistic electrons injected from thehot
spots to the CSO lobes can up-scatter the ultraviolet photons
from the disk to GeV energy range.Migliori et al. (2014)
proposed a two-zone SSC jet model for theγ-ray emission
from GPS and CSS quasars, in which the seed synchrotron
photons which are from an inner blazar-like jet knot are up-
scattered by the electrons in an outer slower jet knot. In ad-
dition, bremsstrahlung emission from the shocked plasma
in the cocoon of CSO may also have a significant contri-
bution to the high-energy emission (Kino et al., 2009). The
model predictsγ-ray emission from CSOs that could be
detected byFermi, since the electron density and temper-
ature are much higher in the young radio lobes than those
in older ones. The difference of these models is that the first
two (Migliori et al., 2014; Stawarz et al., 2008) are of non-

www.an-journal.org c© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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thermal origin and and the last one (Kino et al., 2009) is
thermal.

The observational properties of 2234+282 make it aγ-
ray CSO candidate, increasing the number ofγ-ray CSO
candidates from 2 to 3. The number of CSOs detected in
GeV energy range so far is significantly lower than pre-
dicted by theoretical models.D’Ammando et al.(2015)
searched 60 CSOs and analyzed 6 years of LAT data but
failed to confirm anyγ-ray CSO. The theoretical calcula-
tions show that the model-predictedγ-ray flux is near or be-
low the currentFermi detection limit (Migliori et al., 2014).
Continuing search of a complete CSO sample based on the
Fermi data at a lower energy range of 0.1 – 10 GeV is under-
way (D’Ammando et al., 2015) to verify whether the CSO
emission is intrinsically dominated in low energy band. On
the other hand, the morphology, spectral properties and kine-
matics of these three sources suggest mildly relativistic jet.
VLBI data of γ-ray CSO candidates provide important in-
formationon the radio jet luminosity and jet speed, placing
stringent constraints on theγ-ray emission models. Com-
plementary wide-band SED fits of these three sources are
crucial for verifying whether the jet plays an important role
in generatingγ-ray emission from CSOs (the model of
Migliori et al., 2014). If however theγ-ray emission from
CSOs is found to be of thermal origin and related to the
lobes, that would identify a newγ-ray emission mechanism
for AGN as proposed byKino et al.(2009).
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