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Abstract

Centaurus A (Cen A) is the nearest active radio galaxy, which has kiloparsec-scale jets and giant lobes detected by
various instruments in radio and X-ray frequency ranges. The Fermi-Large Area Telescope and High Energy
Stereoscopic System (HESS) confirmed that Cen A is a very high-energy (VHE; >0.1 TeV) ~-ray emitter with a
known spectral softening in the energy range from a few GeV to TeV. In this work, we consider a synchrotron self-
Compton model in the nucleus for the broadband spectrum below the break energy and an external Compton
model in kiloparsec-scale jets for the y-ray excess. Our results show that the observed ~-ray excess can be suitably
described by the inverse Compton scattering of the starlight photons in the kiloparsec-scale jets, which is consistent
with the recent tentative report by HESS on the spatial extension of the TeV emission along the jets. Considering
the spectral fitting results, the excess can only be seen in Cen A, which is probably due to two factors: (1) the host
galaxy is approximately 50 times more luminous than other typical radio galaxies and (2) the core "-ray spectrum
quickly decays above a few MeV due to the low maximum electron Lorentz factor of v, = 2.8 x 10? resulting
from the large magnetic field of 3.8 G in the core. By the comparison with other y-ray detected radio galaxies, we
found that the magnetlc field strength of relativistic jets scales with the distance from the central black holes d with
B(d) o d~ 0% 014,
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1. Introduction

Centaurus A (Cen A, also known as NGC 5128) hosts the
nearest active galactic nucleus (AGN) at a redshift of
z = 0.00183, with a radio jet and large-scale Fanaroff-Riley
type I (FR I) radio morphology. The jet of Cen A is oriented at
a large angle with respect to the line of sight of the observer,
f = 15°-80°, as estimated by very-long-baseline interferome-
try (VLBI; Tingay et al. 1998; Hardcastle et al. 2003). The
mass of the central supermassive black hole is estimated to be
Mgy = (5.5 £ 3.0) x 10’ M., using stellar kinematics studies
(Cappellari et al. 2009). In the X-ray region, the extended jet
structures, such as lobes and knots, are observed by Chandra.
According to the long-term monitoring, the spectral indices of
the majority of the knots are steep, which indicates that their
emission mechanisms are synchrotron radiation. In the core
region, the Seyfert-like disk radiation dominates the X-ray
spectrum; however, the jet core emission also contributes in the
range of ~1%-10% to the entire core X-ray emission. The jet
X-ray component has a longer timescale of variability than the
Seyfert-like disk emission (Markowitz et al. 2007; Fukazawa
et al. 2011). In the ~-ray bands, both high-energy (HE;
>0.1 GeV) and very high-energy (VHE; >0.1 TeV) ~ rays
have been detected in Cen A. The recent Fermi-Large Area
Telescope (LAT) observation shows a spectral hardening above
~2.8 GeV (Sahakyan et al. 2013; H.E.S.S. Collaboration et al.
2018). In addition, this hard component is smoothly connected
to the TeV emission detected by the High Energy Stereoscopic
System (HESS; H.E.S.S. Collaboration et al. 2018). The
spectral energy distribution (SED) below the break energy can
be described by one-zone synchrotron self-Compton (SSC)
models (Abdo et al. 2010). For the modeling of the GeV-TeV

hardness component, it was assumed that the HE and VHE
emissions were produced in the core similarly to that of the
two-zone SSC model (H.E.S.S. Collaboration et al. 2018), SSC
combined with the dark matter particles annihilation model
(Brown et al. 2017), SSC + external Compton (EC) combined
with the disk photons model, and SSC + EC + photohadronic
model (Joshi et al. 2018). However, recently, a new analysis
technique, with the improved understanding of the point-spread
function (PSF) of HESS, revealed that the emission of the VHE
~-ray is extended along the kiloparsec-scale jet (Sanchez et al.
2018). Considering this study, kiloparsec-scale jet models
explaining the TeV emission by EC with inner jet photons,
such as Bednarek (2019) have been reported. Furthermore,
Hardcastle & Croston (2011) suggest that the EC radiation at
the kiloparsec-scale jets represents the GeV-TeV ~-ray
emission. In addition, there is a model with the isotropic
kiloparsec-scale pair halo formed due to the absorption of the
VHE gamma-ray emission of the core on the starlight (Stawarz
et al. 2006b).

In this work, we aim to explain the overall SED of Cen A
using a leptonic model involving the SSC model + EC
combined with the starlight model considering the core and
kiloparsec-scale jets. The double-peaked SED was fitted with
the one-zone SSC model in the core region up to a few GeV
and the GeV-TeV hardness component was fitted with the
Compton scattering of starlight photons due to the ultrarela-
tivistic electrons in the jet knots. The X-ray observations of the
knots of Cen A with Chandra are presented in Section 2. In
Section 3, we investigate the energy densities of various seed
photons to determine the dominant photons for inverse
Compton (IC) scattering at the kiloparsec scale. Then, the
results of the fitting using the SSC method and EC combined
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Table 1
Spectral Fitting Results of the Jet Knots of Cen A

Knot Ny* No® Iy° Reduced x* (* /dof) Distance® OKnot"
AXI1A 0.54 £+ 0.03 7.50 £+ 0.52 2.25 £+ 0.06 0.94 (143.0/152) 0.9 0.8 £ 04
AXI1C 0.59 + 0.03 11.9 + 0.1 2.19 + 0.07 1.08 (194.1/179) 0.9 1.7+04
AX2 0.51 £+ 0.09 1.76 £+ 0.28 1.93 £ 0.14 1.03 (63.0/61) 1.1 2.7 +£0.7
BX2 0.17 £ 0.03 397 £ 0.25 1.74 £+ 0.06 1.00 (163.4/163) 35 35+£02
Notes.

2

# Hydrogen column density from the Galaxy and Cen A in units of x10* cm 2.

® Photon index and normalization at 1 keV of the power-law model. The normalization is in units of x 10~5 ph em~2 s~! keV-".
¢ Distance from the nucleus in units of x10?' cm. These values are obtained from Kraft et al. (2002).

4 Size of the source region in units of x10'? cm, measured using Equation (1).

with the starlight model are presented. In Section 4, we explain
the detection of the spectral hardening in Cen A by discussing
the relationship between the magnetic field strength of the
emission zones and the distance from the core. Our conclusions
are presented in Section 5. In this paper, we assume standard
cosmology with Hy = 70 km gt Mpcf1 and €, = 0.29 (Ben-
nett et al. 2014). This corresponds to a linear scale of
1” = 18 pc at a luminosity distance of D; = 3.8 Mpc. The
errors in this work are at the 1o confidence level unless stated
otherwise.

2. Chandra Observation

The Advanced CCD Imaging Spectrometer (ACIS-I)
detector on board the Chandra X-ray Observatory has an
angular on-axis resolution of ~0”5 and it operates in the
0.2-10keV range. Its high angular resolution enables the
investigation of the nonthermal emission from the knots in the
kiloparsec-scale jet of Cen A. Although more than 30 X-ray
knots have been observed (Kraft et al. 2002; Goodger et al.
2010), approximately half of them have steep spectra,
indicating the high-energy part of the synchrotron emission,
and it is unlikely that they are related to the observed gamma-
ray excess. In this study, we consider the two brightest hard
spectral (I'x < 2) knots, AX2 and BX2. In addition to them,
for comparison, we also consider two bright soft spectral knots,
AXIA and AXIC. These four knots were also detected by
radio observations at 4.8, 8.4, and 22 GHz by the Very Large
Array (VLA) operated by the National Radio Astronomy
Observatory (Kraft et al. 2002; Hardcastle et al. 2007; Goodger
et al. 2010). We selected three observations (ObsID 7800,
8489, 8490; PI Kraft), with exposure times of 90.8 (on 2007
April 17), 93.9 (on 2007 May 8), and 94.4 ks (on 2007 May
30), respectively. According to Goodger et al. (2010), there is
no flux variability for AX1A and AX2, and there are small
variabilities (less than ~20%) for AX1C and BX2, during the
time range. The data were analyzed using the Chandra
Interactive Analysis of Observations (CIAO) software v4.8
and the Chandra Calibration Database (CALDB) v4.7.4. The
spectral analysis was performed using the X-Ray Spectral
Fitting Package (XSPEC) v12.9.

We extracted the 0.5-9 keV spectrum of each knot using a
region with a radius of 3” and analyzed the local background in
an annulus around the source with an inner radius of 3” and an
outer radius of 6”. Those noninteresting bright regions
(detected by the CIAO tool wavdetect with >30 signifi-
cance) that are included in the region of interest, are omitted.
The spectral fitting results of the four knots are shown in
Table 1. We use the same X-ray knot IDs as those in Figure 2

in Goodger et al. (2010). For the fitting of the merged spectra,
we adopted the model phabs x powerlaw in the XSPEC,
where phabs corresponds to the absorptions in the Galaxy and
Cen A and powerlaw is the nonthermal power-law emission
from the knots.

In addition, we estimated the width of the knot perpendicular
to the direction of the propagation from the Chandra X-ray
image in the 0.5-10 keV bandpass by

[ 2 2
OKnot = yOobs — OPSF> ey

where okpo 1S the full width at maximum height (FWHM) of
the knot, oy is the observed width (FWHM) of the knot, and
opsr 1s the width of the PSF (FWHM). For this analysis, we
used only one observation (OBSID: 8489) to avoid uncertain-
ties that would be introduced by combining the PSFs of two or
more observations at different roll angles and off-axis
positions. The obtained width of the knots and their distance
from the core are shown in Table 1.

3. Results
3.1. Estimation of the Photon Energy Density along the Jet Axis

To determine the dominantly scattered seed photons by the
electrons in the kiloparsec-scale jet, we analyzed the energy
densities of the ambient radiation fields (such as the
synchrotron photons from the nucleus, synchrotron photons
in the knots, starlight photons from the host galaxy, and the
cosmic microwave background (CMB)) along the jet axis,
shown in Figure 1, measured in the rest frame of the outer jet at
different distances from the core. The emissivity profile of the
starlight j., is expected to follow the galactic mass distribu-
tion; thus, we can obtain the energy density profile for the
starlight emission using an approximate calculation by
integrating jg. along a ray and the solid angle, as
Usar = (1/€) [juoe (r)ds 2 (Stawarz et al. 2006a). In this
study, we used the result from the detailed calculation of the
starlight emission profile for Cen A reported by Stawarz et al.
(2006b). For the analysis of the energy density of the
synchrotron photons from the nucleus in the kiloparsec-scale
jet rest frame, we assume that the radiation enters the
considered emitting region directly from the jet base. Then,
as discussed in Stawarz et al. (2003), the energy density can be
represented by

Unie =

@

Ly (2Luc ) 1
4rr2e\ S ) QD)2
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Figure 1. Energy densities of various seed photons along the jet axis. The blue
solid line represents the starlight photon energy density (Usw,,). The energy
density of the CMB (Ucyp) and the synchrotron emission from the nucleus jet
(Unue) are represented by the orange solid line and magenta dashed line,
respectively. The synchrotron emissions of the AX2 and BX2 knots (Usyy) are
represented by red stars. The light blue and black dotted lines represent the
distances of the AX2 and BX2 knots from the nucleus, respectively.

where L, is the synchrotron luminosity of the nuclear jet, ¢
is the nuclear Doppler factor, which reflects a jet viewing angle
of 6 = 30° and nuclear jet bulk Lorentz factor of ', = 1.0,
and I" = 1.0 is the bulk Lorentz factor of the emission region.
The bulk Lorentz factors of the nuclear and kiloparsec-scale jet
are derived from the VLBI and VLA observations (Tingay
et al. 1998; Goodger et al. 2010). It should be noted that L,
was set to 1.7 x 10*?ergs—!, which is the expected luminosity
at the synchrotron peak frequency of ~6.3 x 10'° Hz for the
SSC model, which is discussed in a later section. We also
analyzed the energy density of the CMB, as seen in the
comoving frame, by

Ucmp = aTgT2(1 + 2)*, A3)

where a = 7.56 x 10 ergem > K * and T, = 2.7 K is the
current temperature of the CMB, at z = 0 (Abazajian et al.
2015). In this case, we calculated it at the bulk Lorentz factor of
I' =1.0 and z = 0.00183, while the obtained energy density
had a constant value of Ucypg = 0.26 eV cm >, Finally, the
energy density of the synchrotron photons within the jet knots
was represented by Uyne = (47 / c) f L sync dv, where I, gy is
the synchrotron intensity (Inoue & Takahara 1996). For a
possible spectral connection between the X-ray and GeV-TeV
component, we consider the AX2 and BX2 knots in this
section, with energy densities of
Usyne = 2.9 x loflzerg cm ™’ and
Usgne = 5.5 x 107 ergem >, respectively, obtained from
the EC models in Section 3.2.2.

Figure 1 shows the energy density profiles for various IC
seed photons of the above analysis, and it indicates that the
starlight photon fields have higher energy densities than the
others at more than a few hundred parsecs. Thus, the starlight is
a strong candidate as IC seed photons for the kiloparsec-scale
jet knots, such as AX2 and BX2 located at a distance of 350
and 1100 pc from the nucleus, respectively. It should be noted
that in the case of M87 (an extensively studied FRI radio
galaxy) the starlight component is weaker than that in Cen A
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(Hardcastle & Croston 2011). In addition, the total K-band
luminosity of the galaxy obtained from the Two Micron All
Sky Survey (2MASS) of Cen A is approximately 50 times
greater than that of other typical radio-detected AGNSs
(Balmaverde & Capetti 2006). We note that, if we assume a
slightly larger Lorentz factor (I';,,. > 3) for the subparsec scale
jet, contribution from the nuclear jet emission may dominate
the photon density more than anticipated starlight emission at
the kiloparsec scale (see, Equation (2)). However, this is an
extreme case in which the kiloparsec-scale jet is situated
exactly downstream from a starlight jet with a fixed opening
angle, which seems unrealistic as implied from the Chandra
X-ray images (Kraft et al. 2002).

3.2. SED and Modeling

The emission from the core of Cen A is represented by the
double-peaked shape observed in many blazars. Therefore, we
attempted to model the overall SED of the core up to a few
GeV with a standard homogeneous one-zone SSC model
developed and widely used for BL Lac objects (for details see
Inoue & Takahara 1996; Kataoka et al. 1999; Maraschi &
Tavecchio 2003; Inoue & Tanaka 2016). The recent Fermi-
LAT analysis provided evidence for the spectral hardening
from the photon index of 2.70 £ 0.02 to 2.31 £ 0.07 at a
break energy of ~2.8GeV, at a level of 40 (H.E.S.S.
Collaboration et al. 2018). This hardness component, including
the HESS spectrum above the break energy, exceeds over the
power-law extrapolation of the gamma-ray spectrum obtained
by likelihood analysis below the break energy. Then, we
assumed that the high-energy ~-ray emission above a few GeV
resulted from the IC scattering of the starlight photons by the
ultrarelativistic electrons in the kiloparsec-scale jets. The SSC
and EC models consider an electron energy distribution in the
form of a broken power law as

N(y) = {K(V/’Ybrk)p‘ (v < Yorx) @)

KO/ 7o) (7 > York)s

for an electron Lorentz factor v (Ymin < v < V), Where Yy
represents the electron break Lorentz factor, at which the
radiative cooling time equals the dynamic timescale. Above the
electron maximum Lorentz factor +,, the electron distribution
follows an exponentially cutoff function. The parameter p,
represents the low-energy electron index between vy, and Yok
and p, represents the high-energy electron index between yi
and 7.. The electron density is represented by K. Further
physical parameters of this model are the source radius, R, the
magnetic field, B, the Doppler factor, § = 1/[I'(1 — 3 cos 0)],
where [ is the bulk speed of the plasma moving along the jet,
the bulk Lorentz factor, I' = [1 — 32]71/2, and 6, which is the
angle between the jet axis and the line of sight. In this work, for
the SED model fitting, a jet viewing angle of 6 = 30° was
selected. To characterize the thermal radiation from the host
galaxy, a diluted blackbody was chosen at a single temperature,
Textoptica, With an optical luminosity, Leyoptica (Inoue &
Takahara 1996).

In this study, the y-ray attenuation due to pair creation was
ignored. The v-ray emission in the core does not extend beyond
the MeV-band (See Section 3.2.1). The internal 4— attenuation
in the knots by optical photons only exists at a level of
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Figure 2. Overall SED of Cen A obtained from multiwavelength data, using NED, Suzaku bow-tie (Fukazawa et al. 2011), CGRO-COMPTEL (Steinle et al. 1998;
Steinle 2001), Fermi-LAT, HESS (H.E.S.S. Collaboration et al. 2018), VLA (Kraft et al. 2002; Hardcastle et al. 2007; Goodger et al. 2010), and Chandra (used in this
work). Left panel: SSC model fitting for the core emission, represented by the red solid line, and the EC/starlight model for the kiloparsec-scale jet emission with the
AX2 knot, represented by the blue solid line. The blue diamonds and the blue bow-tie represent the radio and X-ray spectra of AX2, respectively. The starlight
emission from the host galaxy of Cen A is represented by the light blue solid line. Right panel: EC/starlight model for the kiloparsec-scale jet emission with the BX2
knot, represented by the black solid line. The core emission is the same as that in the left panel. The black diamonds and the black bow-tie represent the radio and

X-ray spectra of AX2, respectively.

T~ 107* and the extragalactic background light opacity
becomes 21 only above 15 TeV (e.g., Inoue et al. 2013).

3.2.1. SSC Model for the Core Emission

According to the observed variability (flux doubling)
timescale of the VLBI jet core emission (Kellermann et al.
1997; Horiuchi et al. 2006), we can calculate an upper limit of
the size of the core, with #,,. of approximately a few days, as
R < ¢ty =~ 10" cm for the expected § ~ 1. It should also be
noted that monitoring of Cen A by the VLBI shows that the
subparsec scale jet has components with a slow apparent
motion of ~0.lc away from the nucleus, which implies
I" = 1.005 (Tingay et al. 1998).

Figure 2 shows the noncontemporaneous multiwavelength
vF, SED of Cen A obtained from the radio to very high-energy
~-ray data. The left and right panels represent the SSC+EC
model with AX2 and BX2 knots, respectively. In the radio to
optical /ultraviolet (UV) band, the archival NASA/IPAC
Extragalactic Database (NED) data were used for the core
emission. The X-ray observations of Suzaku and the Interna-
tional Gamma-Ray Astrophysics Laboratory show that the
X-ray emission from the core of Cen A is dominated by
Seyfert-like emission (Markowitz et al. 2007; Beckmann et al.
2011). To consider the pure jet emission in the X-ray band for
the SSC modeling, for the jet component we used the
parameters obtained from fitting the spectrum of the Suzaku
observation in 2009 with double power-law functions (thermal
Comptonization of disk photons and jet model) previously
reported by Fukazawa et al. (2011). The power-law photon
index of the jet component is I'y = 1.6 in the X-ray energy
range of 0.5-300keV and it is consistent with the expected
slope in the radio to optical band. The ~-ray data were obtained
from the observations by the Imaging Compton Telescope
(COMPTEL) of the Compton Gamma-Ray Observatory
(Steinle et al. 1998; Steinle 2001) from 1991 to 1995, the

Fermi-LAT observations from 2008 to 2016, and the HESS
observations from 2004 to 2010 (H.E.S.S. Collaboration et al.
2018). It is reported that no significant variation is detected in
the GeV-TeV energy band (Brown et al. 2017; H.E.S.S.
Collaboration et al. 2018).

In previous studies, a large difference between low- and
high-energy electron spectrum indices has been reported (e.g.,
p1 = 1.8, po = 4.3, see Abdo et al. 2010; H.E.S.S. Collabora-
tion et al. 2018; Joshi et al. 2018), which is true only if the
magnetic field within the emission region is highly nonuniform.
In this study, we assume uniform magnetic field, therefore, the
electron distribution breaks in its index by one power above the
break energy 7, Which is indicated from the steady solution
of the simplified kinetic equation for electrons (Inoue &
Takahara 1996; Longair 2011). Thus, we set the difference to
~], and then, we obtained low- and high-energy electron
spectrum indices of p; = 1.90 and p, = 2.80, respectively.
Due to this effect, we obtained a maximum electron Lorentz
factor of 7. = 2.8 x 10°, which is noticeably smaller than the
previously reported values of ~. > 10°. In addition, the
magnetic field of B = 3.8 G is significantly larger than the
typical range of B, which is approximately several tens of mG,
found for non-Blazar FR T AGNs (Chiaberge et al. 2003; Abdo
et al. 2009b; Baghmanyan et al. 2018; Tanada et al. 2018). As
shown in Figure 2, the overall trend of the core SED is
adequately represented by the one-zone SSC model. Further
physical parameters for the core emission are the electron
density of K = 2.0 x 10° cm ™3, the minimum electron Lorentz
factor of ~uin = 1.0, the electron break Lorentz factor of
York = 1.8 X 10?, the source radius of R = 4.8 x 10" cm, the
jet viewing angle of 6 = 30°, and the Doppler factor of
6= 1.0, as summarized in Table 2. The obtained total
luminosity of the core emission is L,g = 1.5 X 10% erg s,
which is within the same order of the electron kinetic jet
luminosity of Ly;, = 1.1 x 10% erg s L.
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Table 2
Fitted Physical Parameters for the SSC Model Shown in Figure 2
Parameter Core AX2 BX2
K [em™] 2.0 x 10° 6.5 x 1073 2.1 %1073
2 1.90 2.24 245
P2 2.80 3.00 3.10
Ymin 10 10 80
York 1.8 x 10° 8.0 x 10* 3.0 x 10°
Yo 2.8 x 10° 2.0 x 108 4.0 x 10®
R [cm] 48 x 10" 33 x 10" 3.7 x 10"
B [G] 3.8 8.5 x 107* 1.6 x 1074
5 1.0 1.1 1.0
r 1.005 1.013 1.001
01°] 30 30 30
Text,optical [K] 4.0 x 103 4.0 x 103
Lext,upticul [erg 571] 3.0 x 1044 3.0 x 1044
ue [erg cm ] 1.9 14 x 107° 20 x 107°
up [erg cm ] 57 x 107! 29 x 10°® 1.0 x 107°

Note. Obtained physical parameters for the emission from the core and AX2
and BX2. The parameters are the electron density, K, the low-energy electron
spectrum slope, p;, the high-energy electron spectrum slope, p,, the minimum
electron Lorentz factor, 7, the break Lorentz factor, iy, the maximum
electron Lorentz factor, ., the source radius, R, the magnetic field, B, the
Doppler factor, 4, the bulk Lorentz factor, I, the angle between the jet axis and
the line of sight, 6, the starlight temperature, Tex( opticar» the optical luminosity of
the starlight, Ley opiicai the electron energy density, u., and the magnetic energy
density, up.

3.2.2. EC Model for the Kiloparsec-scale Jet Emission

In this section, the fitting of the emission from the
kiloparsec-scale jet knots, including the radio, X-ray, and
GeV-TeV SED with the EC/starlight model is discussed. In
the radio band, the VLA radio observations of the knots in the
Cen A jet at 4.8, 8.4, and 22 GHz were used (Goodger et al.
2010). For the host galaxy emission as seed photons, the data
used were obtained from the Cerro Tololo Inter-American
Observatory (Becklin et al. 1971), the Orbiting Astronomical
Observatory I (OAO-2) (Welch 1979), and the 2MASS (Jarrett
et al. 2003). In the X-ray band we analyzed the Chandra data
(used in this work) in 2007, as shown in Table 1.

As can be seen in Figure 2, the X-ray spectra of the AX1A
and AXIC knots cannot be related to the high-energy ~-ray
spectra of Fermi-LAT and HESS, because their photon indices
are too steep (I'x > 2). Therefore, we used only the AX2 and
BX2 knots for the EC modeling, that is, we fitted the excess
GeV-TeV hardness component with the model of IC scattering
of starlight photons in the AX2 knot (left panel) or the BX2
knot (right panel). The parameter values of the best-fit are
shown in Table 1. In both the AX2 and the BX2 cases, the
overall SED of Cen A can be fitted appropriately with the SSC
+ EC/starlight model, as shown in both panels of Figure 2. For
the fitting of the SED, the source sizes of AX2 and BX2 were
fixed at R = 3.3 x 10°cm and R = 3.7 x 10" ¢m, respec-
tively, which are given in Section 2. The bulk Lorentz factors
were also set as I' = 1.013 for AX2 and I' = 1.001 for BX2,
which were estimated from the proper motional speeds of the
knots monitored by the VLA (Goodger et al. 2010). The
obtained magnetic field of 8.5 x 10~* G for AX2 is apparently
different from that of 1.6 x 10™* G for BX2, because the
observed radio flux of AX2 is approximately 10 times larger
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than that of BX2. Furthermore, the large difference in the
electron densities of the two knots is mainly due to the
difference in the Doppler factor and the X-ray flux between the
AX2 and BX2 knots. In the TeV-band, the observed photons
originate from the scattering in the Klein—Nishina (KN) regime
because the energy of the seed photon in the rest frame of the
relativistic electron is larger than 511keV. This requires
relatively large maximum electron Lorentz factors of ~. =~
10% and a hard high-energy electron spectrum slope of p, =~ 3
for both knot models. These results suggest that the SSC +
EC/starlight model can explain the overall SED of Cen A
appropriately. Moreover, the recently improved understanding
of the PSF of HESS by new simulations and analysis
techniques revealed that the VHE ~-ray of Cen A is produced
in the kiloparsec-scale jet (Sanchez et al. 2018), which is
consistent with our results.

4. Discussion

One of the possible reasons for the detection of the GeV
hardness in the SED of Cen A is the very steep spectrum of the
core emission above a few MeV. This results from the small
maximum electron Lorentz factor of 7. = 2.8 x 10° , where the
other observed values of FR I are 7. = 10° for the core of
NGC 1275 (Tanada et al. 2018), . = 107 for the core of M87
(Abdo et al. 2009b), and ~, = 10° for the core of Centaurus B
(Cen B; Fraija et al. 2018). The maximum electron Lorentz
factor providing a balance between the particle acceleration and
radiation cooling is represented by 7. o< [B/(up + Ueor) €12,
where uyy is the soft photon density, which is the sum of the
synchrotron and the external photon contributions and £ is the
efficiency of scattering for the particle acceleration, known as
the gyrofactor (Inoue & Takahara 1996). According to their
relationship, a higher magnetic field and gyrofactor result in a
smaller maximum electron Lorentz factor. As the magnetic
field is B = 3.8 G, the required gyrofactor is & ~ 10® under the
assumption of the Bohm limit acceleration. Therefore, our
results imply not only the existence of a high magnetic field in
the core, but also the very low particle acceleration efficiency in
the core.

This indicates that the emission region in the nucleus jet of
Cen A is located very close to the central core because the
detailed general relativistic magnetohydrodynamics (MHD)
simulation shows that the energy density of the magnetic field
decays with the distance from the jet base (i.e., closer to the jet
base the magnetic field is higher; McKinney 2006). In addition,
the AGN jet can be collimated by the MHD process (Meier
et al. 2001), and the collimation profile of the M87 jet was
recently constructed by the VLBI observations, which reports
that the jet width follows Wje oc 3% up to 10° times the
Schwarzschild radius, and then, further downstream the jet
transforms into a conical shape of Wie o o (Asada &
Nakamura 2012; Hada et al. 2013). Thus, the rather small
source size of R = 4.8 x 10"°cm obtained from the SSC
fitting for the core of Cen A suggests that the emission region
is located very close to the nucleus. To verify that a higher
magnetic field can be observed closer to the core, we plotted
the obtained magnetic fields from the SED fits for various FR 1
AGNSs as functions of the distance from the core, as shown in
Figure 3 (no error is included). It should be noted that for the
sake of simplicity, the distance of the emission region from the
nucleus is defined as d = R/sin@,,, where R is the source
radius obtained from previous studies (Chiaberge et al. 2003;
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Figure 3. Magnetic fields obtained from the SED fits for various FR I AGNs as
functions of the distance from the core. The blue filled circle, square, and
triangle represent the magnetic field strength of the Cen A core, AX2, and
BX2, respectively. The blue open marks indicate the magnetic field strength of
the core of the other FR I AGNs. The distances of AX2 and BX2 are directly
measured using the Chandra analysis (Kraft et al. 2002). Except for these
knots, the distance is calculated with the emission region size obtained by the
SED model fitting as described in Section 4. The black solid line is the best-fit
power-law function, B(d) = By(d/r,)~¢, for these data. For simplicity, the
distance units for the other AGNs are also represented by the Schwarzschild
radius of Cen A. The obtained fitting parameters are the initial magnetic field of
By = (1.5 +0.2) x 10> G at the Schwarzschild radius re, and
o = 0.88 + 0.14.

de Jong et al. 2015; Fraija et al. 2017, 2018; Baghmanyan et al.
2018; Tanada et al. 2018) and 0,,, is the opening angle of the
jet. The VLBI observations revealed that the opening angle is
collimated to the range of 2°-8° at a distance of 1 pc from the
core; therefore, we set the angle as 5° (Junor et al. 1999;
Horiuchi et al. 2006). For the distances of the AX2 and BX2
knots, we used the directly measured values, as shown in
Table 1. As can be seen in Figure 3, the magnetic field decays
as a power-law function B(d) = By(d/r;)"®, where the
Schwarzschild radius of Cen A is r, =2GMgy/ P
1.6 x 10" cm. The obtained fitting parameters are the initial
magnetic field of By = (1.5 &+ 0.2) x 10°G  at rg and
a = 0.88 £ 0.14. The conservation of particle number in a
freely expanding conical jet requires the particle number
density of N(d) o« d~?, which implies B(d) x d~' from
equipartition (Hirotani 2005) and it is consistent with our
results. Furthermore, the core-shift analysis with the Very Long
Baseline Array observations of blazars shows that the
attenuation of the magnetic field at the vicinity of the core is
described by B(d) x d~' appropriately (O’Sullivan &
Gabuzda 2009). According to the theory of the magnetically
powered jet (Komissarov et al. 2007; O’Sullivan &
Gabuzda 2010), the initial magnetic field strength for a black
hole launched jet can be calculated by
By~ 15 x 10°L12r7 '~ 36 x 103G, where Lgg =~
1.5 x 10¥ erg s~ ' is the total jet luminosity of Cen A obtained
from the SSC fitting, which is about one-fourth of the fitted
value. Although there is a discrepancy between the theory and
fitted value, which might be caused by the rough estimations
such as the distance of the emission zones, these results support
our suggestion that the SSC emission region of Cen A is
located near the nucleus.
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5. Conclusions

In this paper, we proposed an SSC + EC/starlight model to
explain the overall SED of Cen A, including the hardening of
the spectrum above the break energy of a few GeV. This
scenario assumes that the excess hard ~-ray emission results
from the IC scattering of starlight photon fields by the electrons
in the knots in the kiloparsec-scale jet. Remarkably, HESS
observations recently reported that the TeV ~-ray emission is
not point-like, but extended along the kiloparsec-scale jet,
which is consistent with our scenario (Sanchez et al. 2018).
Considering the photon indices of the X-ray spectra analyzed
using the Chandra data in this work, we found that AX2 and
BX2 knots can be appropriately related to the ~-ray spectrum (
ie.,, I'x < 2). Therefore, we fitted the excess GeV-TeV
emission from the kiloparsec-scale jet with AX2 and BX2.
As a result, the overall SED of Cen A can be fitted
appropriately by the SSC + EC/starlight model in both the
AX2 and BX2 cases. The one-zone SSC fitting for the core
emission obviously requires a low maximum electron Lorentz
factor of 4, = 2.8 x 10’ and large magnetic field of B = 3.8 G
compared to that of other typical FR 1 radio galaxies
(Chiaberge et al. 2003; Abdo et al. 2009b; Baghmanyan
et al. 2018; Tanada et al. 2018).

Based on these results, we assume that the detection of the
spectral hardening above the break energy of ~2.8 GeV in
Cen A, unlike typical AGNs, is due to the following two
reasons: (1) the host galaxy of Cen A is strongly luminous and
(2) the core ~-ray spectrum decays quickly above a few MeV
due to low maximum electron Lorentz factor. This is supported
by the fact that the energy density of the starlight at the
kiloparsec-scale jet is sufficiently higher than those of other
photons, such as CMB, synchrotron emission from the nucleus
and the knot for IC scattering. This suggests that a strong
emission from the host galaxy is needed for producing bright
GeV-TeV radiations. In addition, we found that the magnetic
field strength of relativistic jets approximately scales with the
distance from the central black holes d with B(d) q 088 £ 014
as compared with other 7-ray detected radio galaxies. There-
fore, the high magnetic field, resulting in the low maximum
electron Lorentz factor, indicates that the emission region of the
inner jet is very close to the nucleus. Based on these, we
conclude that the IC radiation, peaking at 10-100 GeV,
becomes visible in Cen A. This suggests that the EC radiation
from the kiloparsec-scale jets is hidden by the hard ~-ray
spectrum in typical AGNs that have sufficiently large
maximum electron Lorentz factors. We plan to apply this
scenario to detailed y-ray analyses of various FR I AGNs with
increased sensitivity from the future Cerenkov Telescope Array
observations (CTA Consortium 2019).
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