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ABSTRACT

We propose the synchrotron self-Compton (SSC) scenario coupled with a filamentary jet model to reproduce the very-high-energy
γ-ray emissions from Cen A. With reference to self-similarity of knot-like features in the jet, we assumed a nonuniform magnetic
field associated with current filaments of various transverse sizes. For energetic electron production, the diffusive shock acceleration
at sites distributed over the kiloparsec-scale jet was considered. We show that the maximum Lorentz factor of the electron steadily
exceeds 108 due to suppression of synchrotron loss of the electrons trapped in the weak magnetic field of the thin filaments, and an
inhomogeneous SSC scenario in the inner jet can predominantly contribute to establishment of the pronounced hardening of γ-ray flux
detected by the High Energy Stereoscopic System (H.E.S.S.). It is also suggested that the spectral contribution from diffuse regions
of the outer jet potentially amounts to the observed Fermi fluxes.
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1. Introduction

The nearest radio galaxy, Centaurus A (NGC5128, at a dis-
tance of 3.8 Mpc from us; Harris et al. 2010) is known as a
powerful γ-ray emitter and serves as a unique laboratory to
study the radiative processes in the kiloparsec-scale jets and
giant radio lobes. Intriguingly, the High Energy Stereoscopic
System (H.E.S.S.) detected, in the γ-ray spectral hump, the
unnatural hardening above 250 GeV (Aharonian et al. 2009;
Abdalla et al. 2020), which exceeds the flux level extrapolated
from the early Fermi-Large Area Telescope (LAT) data in the
sub-GeV range (Abdo et al. 2010). The H.E.S.S. suggests the
Lorentz factor of accelerated electrons reaches the order of
108. Although the single-zone synchrotron self-Compton (SSC)
scenario (Chiaberge et al. 2001) can adequately reproduce the
spectra of Cen A up to sub-GeV range detected by the Ener-
getic Gamma Ray Experiment Telescope (EGRET) on Comp-
ton Gamma Ray Observatory (CGRO; Steinle et al. 1998), it
is not accountable for the very high energy (VHE; 100 GeV–
100 TeV) γ-ray fluxes detected by the H.E.S.S. (Abdalla et al.
2020). Abdo et al. (2010) constructed a multiband spectrum
of Cen A core below ∼10 GeV using a single-zone SSC
model, but required an alternative parameter set in such a way
that would explain the early H.E.S.S. data beyond 100 GeV
(Aharonian et al. 2009). Lenain et al. (2008) proposed a model
of multiple blobs similar in size to and positioned at various
angles with respect to the jet axis and moving in different direc-
tions to the line of sight. Their model in which the electron
acceleration site was supposed to be in the jet-forming region
could also explain the H.E.S.S. spectrum, but the supposition is
somewhat incompatible with the latest observational result that
the γ-rays are produced in the whole jet (Abdalla et al. 2020).
Assuming more intense magnetic-field strength than in the con-
ventional SSC modeling, Petropoulou et al. (2014) considered
? Corresponding author: honda@ktc.ac.jp

the VHE emission that stems from a hadronic component, on
the basis of the single-zone SSC model. Inverse Comptoniza-
tion (IC) of dust emissions by electrons accelerated at velocity
shear (Liu et al. 2017; Mbarek et al. 2025) might be a process of
the VHE γ-ray production, which would be compatible with the
H.E.S.S. result (Abdalla et al. 2020). In any case, the substantial
observations prompt us to elucidate a fundamental mechanism
of particle acceleration responsible for the low-energy spectral
hump from radio to X-rays being arguably reflected in the γ-ray
hump.

The broad γ-ray image is reminiscent of ubiquity of X-ray
knots in the jet. The high-resolution X-ray images (Kraft et al.
2002) reveal that the X-ray knots are embedded in radio knots
(Burns et al. 1983, hereafter BFS83) and similar in form to
them, implying the common acceleration mechanism for elec-
trons emitting the synchrotron photons. In terms of this aspect,
we conceive that the X-ray knots, which can be associated with
shock waves (Kraft et al. 2002), represent a major origin of
the VHE γ-ray fluxes. The shock is generated by collision of
flowing plasmas and could realize the diffusive shock accel-
eration (DSA) of electrons and positrons in situ (Drury 1983;
Biermann & Strittmatter 1987). On the other hand, the violent
situation is known to be unstable for the electromagnetic current
filamentation (Weibel-like) instability (e.g., Honda 2004; Kato
2007). Nonlinear development of the turbulent state results in
the nonuniformity of magnetic fields (Silva et al. 2003), which
should be incorporated in the modeling of the accelerator as the
synchrotron emitter.

This motivated us to consider an inhomogeneous SSC pro-
cess in the kiloparec-scale jet as a possible mechanism of
the VHE γ-ray production. For the scale-invariant magnetized
current filaments reflecting self-similarity, the magnetic-field
strength depends on the transverse size, λ, of the filaments, con-
forming to the turbulence spectrum of B2

k/8π, with k being 2π/λ
(e.g., Montgomery & Liu 1979). The field strength of the thinner
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filament is weaker than that of the largest filament comparable to
the global mean inferred from energy equipartition with photon
fields. Thus, we can expect, in accordance with foregoing the X-
ray observation, that electrons in the thinner filaments be accel-
erated to higher energies; this is due to the suppression of syn-
chrotoron cooling. In simple modeling with evenly fragmented
multi-blobs, it is hard to postulate such a weak magnetic field
without violating consistency with the global equipartition. Con-
cerning the comparison with the spectral measurement, the point
is that the brighter knots close to the nucleus are obscured by
thick dust lane in the infrared to the ultraviolet band. This makes
the direct comparison with their intrinsic nonthermal spectra dif-
ficult. Thus, building the SSC model accountable for the VHE
fluxes is directly linked to the key problem: how to reason-
ably construct, in the inner jet, the synchrotron X-ray spectrum
including the extended high-energy tail and its cutoff, as rec-
onciled with the X-ray fluxes measured in the Chandra band
(Kraft et al. 2002).

In this work, we adopted a phenomenological approach to
constructing the radiation spectrum in the radio to the γ-ray
range. Rather than solving the kinetic equation with a monoener-
getic injection term to obtain temporal evolution of the electron
energy distribution, we focused on the detailed internal structure
of the jet, considering the steady distribution. We address the fact
that the inhomogeneous SSC processes in the filamentary jet-
knots are likely a major mechanism behind the VHE γ-ray pro-
duction. The model is based on the DSA of electrons trapped in
the magnetic field of the scale-invariant filaments, and the com-
petition with energy loss processes is assessed quantitatively for
each of the filaments. It is demonstrated that in the thinner fila-
ments with the weaker magnetic fields, the electrons are acceler-
ated to higher energy levels, and in the bright X-ray knots of the
inner jet, the maximum Lorentz factor reaches 109 in a critical
region where synchrotron cooling time of the electrons is com-
parable to the timescale of their local escape from there. In the
DSA sites distributed in the kiloparsec-scale jet, the theoretical
synchrotron spectra are constructed by numerically superposing
the fluxes from the numerous filaments. Taking account of radia-
tive cooling of the filaments and the SSC process in knots A and
B, we reproduced the γ-ray hardening observed by the H.E.S.S.
The physical parameters such as the compression ratio of the
scattering center, magnetic field strength, and so on, required for
spectral reproduction were fixed within a narrow range. If we
consider the contribution from diffuse regions of an outer jet far
away from the central engine, the data observed by the Fermi-
LAT can almost be reproduced in the range of 10–100 GeV.

In Sect. 2, we provide an explanation of the filamentary
jet model, in terms of its application to the knots of Cen A;
that is, the self-similar structure formed by the generation and
nonlinear development of the current filaments (Sect. 2.1), the
DSA and energy-loss processes in the filaments (Sect. 2.2), the
semi-numerical method of constructing the synchrotron spec-
trum (Sect. 2.3), and conceivable inverse Compton (IC) pro-
cesses (Sect. 2.4). In Sect. 3, the reproduced spectra of knots
and a diffuse region are shown and compared with the H.E.S.S.
and Fermi fluxes. Section 4 is devoted to the conclusion and a
discussion on spectral variability.

2. Theoretical modeling

2.1. Filamentary knots and the self-similarity

The jet bulk may be composed of electron-positron plasma (e.g.,
Hirotani et al. 2000), but it is enough for our purpose to consider

Fig. 1. Schematic view of current filamentation and coalescence in a
knotty region. When plasmoids ejected intermittently from the central
engine catch up with the preceding flow, the bulk breaks up into numer-
ous separate fragments. The filaments are represented by many pipes;
the inset illustrates a sample of the realistic one that is bent or twisted.
The filaments soon coalesce due to the attractive force acting on the
currents in the same direction. These processes actively repeat because
of multiple shocks. The corresponding spectra of turbulent magnetic
fields are depicted on the right side. The filamentation is driven at the
scale of plasma skin depth (c/ωp), and the magnetic-field energy accu-
mulates on the largest scale (D) via the inverse cascade in the k space
(left-pointing arrow).

the acceleration of (emissions from) electrons only, relying on
the charge symmetry. The filamentation instability is expected
in the jet knots or blobs (Honda & Honda 2007) and in a huge-
current-carrying jet as well (Honda & Honda 2002); the former,
involving shocks, is part of the present issue. In our view, each
of the radio knots (such as A, B, . . .) with the jet’s width con-
tains multiple shocks, as intermittent activities of the central
engine lead to successive impingement of ejected plasmoids on
the preceding slower ones. We envisage that inside the knot, the
filamentation driven by the shocks, coalescence of the current
filaments, and condensation of magnetic energy (Honda et al.
2000; Silva et al. 2003) are taking place everywhere, so the fil-
aments are present not only behind the shocks, but also ahead
of them. The power-law spectrum of the turbulent magnetic
fields, B2

k ∝ k−β, effectively appears in the inertial range result-
ing from the inverse cascade. That is, due to the attractive force
acting on the currents in the same direction, some of them coa-
lesce each other into the larger one. The expected self-similar
structure is in accordance with the observed features of sub-
knots in a knot (Kraft et al. 2002) and subsubknots in a subknot
(Hardcastle et al. 2003; Snios et al. 2019). Figure 1 schemati-
cally shows the dynamical picture of the filamentary knot as
a filament’s “wood”. When the filamentation is actively occur-
ring, the turbulent spectral index reflects an ideal state of two-
dimensional turbulence of transverse magnetic fields as β = 2
(Montgomery & Liu 1979). In the advanced stage of turbulence,
the value of β likely increases (Silva et al. 2003), but the sub-
sequent filamentation will reset it to 2. Because of the multi-
plicity of the shocks, these processes repeat, to virtually equili-
brate inside the knot. In knots of the outer jet, weaker shocks
and/or longer intervals among the shocks may bring about a
larger effective β value, if at all.

After transit of a shock train, i.e., in a post-knot region, the
filamentation is no longer active, so the accumulation of larger
filaments is prominent. The phase of energy condensation at the
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largest scale of the jet width could be also expected in the diffuse
regions of the outer jet. The situation in which small filaments
are swept away, leaving only a few large filaments, is similar to
the special case in which exists solely a filament, as compared to
the single-zone model.

Meanwhile, the plasma will magnetohydrodynamically
evolve toward an energy-relaxed state in order to self-organize
the force-free helical flow (Chandrasekhar & Kendall 1957;
Broderick & Loeb 2009), which is impinged upon by the leading
edge of subsequent shocks. The theory suggests that in a lower
luminosity region between knots, the jet may lose its sharp shear,
as it has a rather smooth velocity distribution. The specific con-
figuration likely degrades efficiency of the shear acceleration,
but acts as a pre-stage accelerator to inject seed electrons into
the forthcoming shocks.

2.2. Diffusive shock accelerator of electrons

Locally ordered magnetic fields of the filaments are inevitably
disturbed by the Alfvén waves. We assumed that the energy-
density ratio (denoted as b), of the fluctuating magnetic fields
to the mean field B(λ; β), is constant smaller than unity and
independent of λ. The gyrating electrons bound to the mean
field of a filament are resonantly scattered when the condi-
tion rg ∼ k′−1 is satisfied (Drury 1983), where rg(γe, B) and
k′(≥ k) are the gyro-radius of the electron with the Lorentz fac-
tor, γe, and wave number of the Alfvénic fluctuations, respec-
tively. The successive small-angle deflections enable the elec-
trons to go back and forth across the shock statistically; this is
a subject of the Fermi-based DSA mechanism. In the plasma
configuration argued in Sect. 2.1, the magnetic-field lines tend
to be largely inclined, rather than parallel, with respect to the
shock-normal direction. Besides this, the inclination angle is dis-
tributed when the filaments are wiggling (see Fig. 1 inset), as
seen in observations (Giovannini et al. 2018; Fuentes et al. 2023;
Raiteri et al. 2024). In this respect, an average of the inclination
angle upstream of the shock was considered, and its value was
set to the de Hoffmann-Teller limit: θ = cos−1(U/c) (with the
shock speed of U = 0.5c comparable to the speed of proper
motion: Hardcastle et al. 2003), in which the acceleration effi-
ciency is at its maximum (Honda & Honda 2005). Taking all this
into account, the characteristic acceleration time of the electron
is given by tacc = [3ηr/(r − 1)](rg/c), where r is the scattering
center compression ratio, which is precisely related to the gas
compression ratio (Schlickeiser 2002), and

η =
3

2b

(
λ

2rg

) 2
3
[
1 +

r

(cos2 θ + r2 sin2 θ)3/2

]
, (1)

which is valid when k′ is of the inertial range of the Kolmogorov
spectrum (Biermann & Strittmatter 1987).

With regard to the processes that limit the acceleration, it is
crucial for the temporal limit to take synchrotron radiation loss
into account, provided that the energy density of the magnetic
field, um = B2/8π, is locally comparable to that of synchrotron
photons uph, or more. The extended argument on photon fields is
given later in Sect. 2.4. We did not take account of an adiabatic
expansion effect of the acceleration regions, since the magnetic
self-collimation (Honda & Honda 2002) will significantly pre-
vent them from expanding at least radially outward. Then, for the
electrons bound to stronger magnetic fields of larger filaments,
the acceleration is limited by the synchrotron cooling time of
tsyn = 3mec/4σTumγe, where σT is the cross-section of Thom-
son scattering, and the other notations are standard. The equation

of tacc = tsyn provides the solution for γe, namely, the maximum
Lorentz factor (denoted as γ∗) determined by the temporal limit.
On the contrary, for the electrons in smaller filaments, the escape
loss overcomes the synchrotron loss; note here that “escape”
does not mean running away from the jet width. In other words,
the spatial limit rg = λ/2 determines γ∗ in that regime. It is
remarked that the local escape could successively occur until
the electrons are trapped in a filament larger than λc, to be fur-
ther energized or radiatively cooled. The critical size of the fila-
ment λc exists, at which point the energy restriction of electrons
switches from the temporal to the spatial limit (Honda & Honda
2007). The achievable maximum of γ∗ is realized at λc, to give
the synchrotoron cutoff frequency. We numerically evaluated γ∗
for various filament sizes, λ, based on which we constructed the
synchrotron spectrum via the method explained below.

2.3. Semi-numerical method of constructing theoretical
synchrotron spectra

The theoretical maximum value of λ is limited by the observed
transverse size of the knots and the diffuse region, both of which
are denoted as D j. Here, the maximum of λ, denoted as D, is
given by fcrD j, where fcr is a parameter less than unity, which
stands for correlation reduction of the filamentary turbulence.
On the other hand, a theoretical minimum of λ is limited by the
plasma skin depth of c/ωp ∼ 5×105n−1/2

e cm (see Fig. 1), where
ωp and ne (in cm−3) are the angular frequency of plasma oscilla-
tion and number density of electrons (typically, ne ∼ 10−2 cm−3;
BFS83), respectively. Between D and c/ωp, the scale of λ is sup-
posed over many orders of magnitude, as compared to the pow-
ers of the tenth structure of radio jets (Bridle & Perley 1984).
The related self-similar feature is illustrated in Fig. 2, along with
the relation between D and D j. In the modeling, were we intro-
duce the effective minimum d(≥c/ωp), we obtain D/d = 10n,
with n being allowable up to ∼15.

The contribution of various filaments to the flux is consid-
ered as follows. In the λ space, numerical filaments with the total
number, N, are distributed at equal intervals, ∆ = n/N, on an
exponent with no characteristic length scale. Let S i be the area
of cutting edge of the i-th filament and F (S i) be the size distri-
bution of the filaments. As the specific form of F is unknown,
we assume that it has a form such as F (S i) = (S i/S 0)−q, where
q is a constant satisfying 0 ≤ q < 2. Then, we have the following
requirement:

N∑
i=0

F (S i)S i =
S 0{1 − [10−(2−q)∆]N+1}

1 − 10−(2−q)∆ =
π

4
fpD2

j , (2)

where S 0 = (π/4)D2, with D = fcrD j being the area of the
largest filament and fp the filling rate of filaments in the jet,
which satisfies f 2

cr < fp < 1. From Eq. (2) for N � 1, we
have f 2

cr/ fp = 1 − 10−(2−q)∆, which is written as (2 − q)n =

−N log10(1− f 2
cr/ fp) > 0. In the calculation of the DSA and con-

struction of synchrotron spectrum, the parameter fp is merely
involved in the logarithmic argument, whereas varying the value
of fcr directly affects the shape of the spectrum (the break fre-
quency appears proportional to f −1

cr ; cf. Eq. (3)). For simplicity,
therefore, we set the filling rate as fp = 0.5. Then, regarding
the unknown quantity of (2 − q)n as invariant of the turbulent
dynamics, we changed N when varying the fcr value in spectral
fitting.

As for the electron acceleration, the DSA mechanism gener-
ates the energy distribution of electron density n(E)dE ∝ E−pdE
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with p = (r+2)/(r−1), where p is assumed to be constant in each
of the emission regions. Note here that p is not decomposed into
multi-values; the steady electron distribution is presumed to hap-
pen as a continuous injection, instead of via solving the kinetic
evolution. We considered synchrotron emissions from the elec-
trons in the i-th numerical filament to measure λi, and then we
summed them all. The relativistic beaming effect was ignored
(Abdalla et al. 2020). Provided n(E) = ciE−p, with ci being a
constant for the i-th filament, the number density of electrons
injected into the i-th filament is given by ni ' [ci/(p−1)]E−(p−1)

min,i ,
where Emin,i is the energy of the injected electrons. The emissiv-
ity per unit volume of the i-th filament can be approximately
expressed as Ji(ν) ≈ ciB(λi)

p+1
2 ν−

p−1
2 exp(−ν/νi) (e.g., Longair

1994), where B(λi) = Bm(λi/D)(β−1)/2 with Bm = B(λ0 = D),
and νi = (3/4π)eγ2

i B(λi)/mec with γi = γ∗(λi). Here, a factor
on the order of unity (dependent on p, etc.) has been ignored.
To evaluate the luminosity, Lν,i, of the i-th filament, the Ji(ν)
must be multiplied by the area of the filament S i and the number
of filaments of that size: F (S i) = Fi. That is, we have Lν,i ≈
κiB(λi)

p+1
2 ν−

p−1
2 exp(−ν/νi), where the i-dependent coefficient is

explicitly given by κi = ciFiS i = ni(p − 1)E(p−1)
min,i FiS i. For the

likely p ' 2 that corresponds to r ' 4, we have κi ' FiS iniEmin,i,
and therefore, κi can be claimed to almost stand for the total
energy of electrons injected into the i-th-sized filaments. In any
case, the sum

∑N
i=0 Lν,i provides, in effect, the quantity that could

be compared with the observed flux density, Fν, of the emission
region. Were we assume κi ∼ const. = κ, the summation is signif-
icantly simplified; for example, both the cases of κ = S iniEmin,i
for given (q, n) = (0, n) and κ = S 0niEmin,i for (q, n) = (1, 2n)
apparently lead to the same Fν while allowing the different inter-
pretation of the actual turbulent state of filaments and injection
conditions. At this juncture, we demonstrate the specific calcu-
lation with such an invariant κ and (q, n) = (0, 6) (↔ (1/3, 7.2),
(1/2, 8), etc.; the related coverage of λ is verified below). Indeed,
the setting that tacitly allows for niEmin,i ∝ 1/S 1−q

i with q < 1
is physically relevant in that the electron density is expected to
be higher in the radially inner region of jet, where the electron
energy is higher according to the X-ray observation, suggesting
that a large amount of energetic particles are confined in a nar-
rower channel of the inner region (Kraft et al. 2002).

Figure 3 shows, for example in knot A, the calculated γ∗ of
electrons trapped and accelerated in the filaments of the various
sizes (top) and the flux of synchrotron radiation from the elec-
trons in some representative filaments (bottom). In the top panel,
one can see that when the filament size, λ, is larger than the criti-
cal size, λc, γ∗ is determined by the temporal limit due to the syn-
chrotron cooling, while λ < λc, γ∗ is determined by the spatial
limit, as discussed in Sect. 2.2. The filaments a-d labeled in the
upper and lower panels correspond to each other. At the largest
filament, a, the radio-optical flux is of the highest level owing to
B = Bm, while γ∗ is low. The cooling time, tsyn ' 1.2 × 108 s, is
much shorter than the timescale of the escape from this filament,
i.e., on the order of 1010 s. As for the thinner filament, b, the flux
decreases due to B < Bm, and γ∗ increases. At the even thinner
filament, c, with λc = 0.16 pc, the flux drops further, whereas γ∗
and the corresponding synchrotron frequency reach their maxi-
mum; tsyn ' 5.7×108 s is comparable to the escape time. At fila-
ment d, where λ and B are still smaller, the escape from the fila-
ment dominates the synchrotron loss, and, correspondingly, both
γ∗ and the synchrotron frequency decrease (thin dotted curve in
the bottom). This figure also clarifies that synchrotron radiation
from electrons in the thin filament of λ � λc contributes very
little to the ‘Total’ spectrum, indicating that the coverage of λ

presumed above is reasonable. As a result, the radiation from
the largest filament, a, appears to form the break in the spec-
trum, while that from filament c forms the cutoff of the spec-
trum. The synchrotron break and cutoff frequencies are defined
by νb = ν0(γ0, Bm) and νc = ν(γc, B(λ = λc)), respectively, where
γ0 = γ∗(λ0) is denoted as γb and γc = γ∗(λ = λc).

Cooling after the acceleration, i.e., the aging effect of elec-
trons, may be important for modeling a lower activity region
similar to the hot spots of Fanaroff-Riley class II (FR-II) radio
galaxy lobes (e.g., Meisenheimer et al. 1997; Brunetti et al.
2003; Cheung et al. 2005). The effect is, however, reasoned to
be ignorable for the FR-I jet-knot environments, where the vio-
lent intermittent activities constantly take place such that a trail
of working regions of the DSA successively captures electrons
being radially confined by relatively ordered magnetic fields.

2.4. Inverse Comptonization

For the major IC, we considered the local SSC. That is, the
photon frequency boosted via the IC, νic = γ2

eν, which is pro-
portional to ν2/B(λi), was calculated for each filament; the cor-
responding photon fluxes from all filaments were summed up.
Concerning uph as the target photon fields, 〈uph〉 . 〈um〉 was
inferred from an approximate equipartition relation inspected in
an inner jet region closer to the nucleus for the global mean
over the concerned emission region (Meisenheimer et al. 2007);
there, the emission region better matches the electron acceler-
ation region. In addition, in the situation in which filaments
sparsely distribute (see Fig. 2), it is thought that the effect
of radiative transfer is more pronounced in thinner filaments,
causing larger deviations from the equipartition relation locally.
Indeed, if all the low-energy photons are ideally boosted up to
higher energies by the IC, the evaluated flux of the high-energy
photons (νFν)ic exceeds the observed level. In this respect, we
took into account the effect that prevents the ideal boosting
of all photons. First, the relation uph/um . 1 is expected to
decrease (νFν)ic below the synchrotron νFν level. Second, for
the thinner filaments, the larger emitting surface-to-volume ratio
will increase the radiative cooling of filaments significantly;
this includes the radiator effect. For a one-dimensional approx-
imation of a fragmented column, we employed the model that
uph/um decreases by the factor λ/D, instead of solving the details
of the radiative transfer. This would reflect the ratio of the scale
λ of filaments to a typical mean free path of synchrotron photons
(close to the free-streaming limit, in certain cases). Besides, the
filament suffers synchrotron photons emanating from the other
filaments. Yet, even if the energy loss of the photons during the
inter-filament transport is negligible, the influence of larger fil-
aments on smaller ones is limited to the IC of the lower energy
photons (see Fig. 3, bottom panel); the influence of the smaller
one on the larger one will be negligible. As it stands, the non-
local SSC due to this effect is thought of as being less domi-
nant, compared with the local one. Accordingly, combining the
two, we have uph/um = a(λ/D) with a . 1, which is reflected
in (νFν)ic/(νFν)syn, involving the implication of a ∼ fcr (see
Table 1). It is noted that the model with a < 1, substantiated
below, ensures the maximum energy analysis in which tacc = tsyn
is solved for the electron DSA. The Klein-Nishina effect is also
included. Superposing the spectra that involve these effects, we
obtain the boosted nonthermal spectrum, which could be com-
pared with the observed γ-ray fluxes.

We mention, in addition to the synchrotron component,
another potential candidate for target photons; i.e., the so-called
external component: the contribution from the other parts of
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Fig. 2. Transverse cut of knotty region that contains, with a filling rate
less than unity, filaments with various transverse sizes, λ. Note the rela-
tion of λ ≤ D < D j, where D is diameter of the largest filament and D j
corresponds to diameter of the jet.
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Fig. 3. Maximum Lorentz factor of electrons accelerated in the fila-
ments with various sizes, λ, in a knot (top) and flux density due to con-
tribution from sampled filaments (the labels a-d correspond to these;
bottom panel). The solid black curve (labeled Total) shows the flux that
is the sum of contributions from all filaments in the considered λ range.
For an explanation, see the text.

Cen A. Considering the entire system, various regions are
possible, such as the central engine, circumnuclear disk, thick
dust lane, and so on. Of particular interest to us is the region
that may affect γ-ray hardening, and hence we focused on the
nucleus with radiation contributions in the visible light and
higher energy regions. The active nucleus was investigated by
Marconi et al. (2000) with Wide Field and Planetary Camera 2
(WFPC2) and Near Infrared Camera and Multi-Object Spectro-
graph (NICMOS) observations of the Hubble Space Telescope
(HST). They explain the optical and near-infrared emission
by the combination of the nonthermal power law extrapolated
from X-rays reddened by 14 mag and modified blackbody
emission at 700 K probably caused by emission from hot dust
within 2 pc of the nucleus. Alternatively, interferometric obser-
vations with Mid-infrared Interferometric Instrument (MIDI)
revealed the existence of a well-resolved disk and an unresolved
core in the innermost parsec of Cen A (Meisenheimer et al.
2007). Using their results combined with the earlier data
(Marconi et al. 2000), they demonstrated that the core spectrum
can be approximated by the power-law synchrotron spectrum of
Fν ∝ ν−0.36 that was cut off exponentially above the frequency

of ν ∼ 8 × 1013 Hz; the core is optically thick below ∼45 GHz.
A thermal component of a geometrically thin disk whose
diameter is about 0.6 pc containing dust heated up ∼240 K also
contributes between 20% (at the radio wavelength of 8 µm) and
40% (at 13 µm) to the nuclear flux. Even if the photons from
the nuclear region could reach knot A or B without significant
energy loss, the Lorentz factor of the major electrons that
would upscatter them would be on the order of γe ∼ 104−105

(see Fig. 3, panel top). Therefore, the frequency of boosted
photons would be at most νic = γ2

eνsyn ∼ 1021−1022 Hz, which
is far below the H.E.S.S. band. The contribution of external
components to the spectrum of the diffuse region is discussed
later in the paper.

3. Results: Reproduction of the observed γ-ray
fluxes

We applied the filament model discussed in Sect. 2.1 to knots
A and B including many nested subknots and subsubknots, and
determined the physical parameters required for the spectral
evaluation. In addition to the key parameter Bm, the free dimen-
sionless parameters of the model are r, b, β, fcr, and a, whose
domains are 1 < r ≤ 4, b � 1, β ≥ 2, fcr < 1, and a . 1, respec-
tively. For the knots, it might seem difficult to fix the physical
parameters because of the lack of flux data in the infrared to the
ultraviolet band (Sect. 1). However, we see that the values can be
determined within a narrow permissible parameter window with
reference to synchrotron flux data in the outer diffuse regions
(Hardcastle et al. 2006) and γ-ray data (Abdalla et al. 2018).

In particular, the value of Bm is tightly restricted by the piv-
otal relation νic,b = 2.4 × 1023(10 mG/Bm)(νb/1014 Hz)2, where
νic,b is the frequency at which the (νFν)ic spectrum breaks to take
the peak value. That is, we obtain Bm ∼ 10 mG from combining
the expected νic,b & 1023 Hz and νb ∼ 1014 Hz comparable to
that observed in the outer diffuse regions. Regarding the shock
strength, we supposed the situation in which the multiple shocks
are not superposed, but spatially distributed, so that the compres-
sion ratio did not exceed the strong limit. Meanwhile, it is natural
to consider that the shocks are weakened as they propagate out-
ward; in the diffuse regions, radio-infrared data (Hardcastle et al.
2006) suggest r ≤ 3.3. Accordingly, for the knots closer to the
nucleus, the expected r range reduces to 3.3 ≤ r ≤ 4. For a given
D j, and the constraints on Bm and r, we can estimate the value
of b from

b ' 0.055
r

r − 1
f (r, θ)

(
νb

1014 Hz

) 2
3
(

D
100 pc

) 2
3 ( Bm

10 mG

)
, (3)

where f (r, θ) is the factor [1 + · · · ] given in Eq. (1). Provided
the νb ∼ 1014 Hz and the plausible range of fcr & 10−1, we
have b ∼ 10−1; i.e., virtually the maximum. Concerning β, it is
unlikely that the effective value deviates significantly from two
(see Sect. 2.1). Its combination with the r value determines the
X-ray spectral index. Following this, the specific shape of the γ-
ray spectrum was determined; the flux level was then adjusted by
the coefficient, a, of the cooling factor. Assuming that absorption
of the γ-rays by diffuse extragalactic background light is negligi-
ble (Aharonian 2004), the theoretical spectrum was constructed
as a better fit to the fluxes measured in multiple bands over radio-
to-VHE γ-rays.

The parameter values we used here are summarized in
Table 1, along with the observed D j of the major knots and the
diffuse region. For knots A and B, the synchrotron spectra are
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Table 1. Physical properties of major knots and diffuse region.

Namea D j
b (pc) Bm (G) r b β fcr a

knot A 147.9 0.01 3.5 0.1 3 0.5 0.4
knot B 173.4 0.01 3.4 0.2 3 0.5 0.4
Diffuse 714 0.01 3.3 0.3 − 0.1 0.4

Notes. (a)Name of the X-ray-emitting regions that contain smaller X-ray
(sub/subsub)knots. The diffuse region corresponds to the rectangular
“Inner” region defined in Hardcastle et al. (2006). (b)The jet width at
each region (for the knots, radio-20 cm: BFS83).
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Fig. 4. νFν spectra of the knots (top) and diffuse region (bottom) in
the radio-to-γ-ray range for the parameter values given in Table 1. For
the knots, the observed radio fluxes are cited from BFS83, and the X-
ray fluxes are obtained by adding up the fluxes of subknots (Kraft et al.
2002). The calculated spectra and observed fluxes of knots A and B are
denoted by the red and blue curves and marks (asterisks; open-squares),
respectively. The solid and dot-dashed purple curves show the calcu-
lated spectra of the IC component (knots A+B) with and without radia-
tive cooling effect of filaments, respectively. The overall spectrum of
synchrotron+IC is shown as a solid black curve. The calculated spec-
tra of the diffuse region are denoted by green curves, and the observed
fluxes from that region (green crosses) are cited from Hardcastle et al.
(2006). The cases for which the observed X-ray flux is assumed to origi-
nate from synchrotron radiation and IC (+radiative cooling) are, respec-
tively, shown by the thin dashed and bold curves. The observed γ-ray
fluxes of the H.E.S.S. (top: purple triangles) and Fermi-LAT (bottom:
brown open-circles) are cited from Abdalla et al. (2018).

shown in Fig. 4 (top) via red and blue curves, respectively; the
former corresponds to “Total” in Fig. 3 (bottom). For knot A
and B, the X-ray Fν spectral indices are estimated as 1.2 and
1.3, respectively, and Lorentz factors of the electrons making
the major contribution to the spectra at, for example, 1.4 keV
are γe = 1.3 × 107 and 1.1 × 107, which are generated in the
size of λ = 3.5 pc and 5.8 pc where B = 0.48 mG and 0.67 mG,
respectively. For convenience, the resulting values of γb, γc, νb,
and νc are listed in Table 2 (for knot A, compare with Fig. 3).
The γc ∼ 109 provides the theoretical upper limit of the electron
Lorentz factor, which amenable to the argument in Abdalla et al.
(2020). We find that νc reaches mega-electronvolt γ-ray band and
the spectra extended above νb in the bright knots make dom-
inant contributions to establishing the observed γ-ray harden-
ing. In the top panel, the theoretical (νFν)ic spectra including the
Klein-Nishina (KN) effect and the KN plus radiator effects are

Table 2. Break and cutoff frequencies and the corresponding Lorentz
factor of electrons.

Name γb γc νb (Hz) νc (Hz)

knot A 6.3 × 104 3.0 × 109 1.7 × 1014 8.2 × 1020

knot B 9.7 × 104 4.0 × 109 3.9 × 1014 1.6 × 1021

Inner − 1.4 × 105 − 8.5 × 1014

denoted by dot-dashed and solid curves, respectively. The spec-
tral depression by the radiative cooling is indicated by the arrow
and is found to be noticeable in the VHE range and above. The
overall multiwavelength spectrum of the combined synchrotron
and IC components is also shown by the thick black solid curve.

Some lower luminosity X-ray features (e.g., FX1, . . .,
GX1, . . .; Snios et al. 2019) that have recently been resolved in
the outer diffuse regions (“Inner” and “Middle”; Hardcastle et al.
2006) appear to be similar to the well-known X-ray subknots
(AX1, . . ., BX1, . . .: Kraft et al. 2002) in the knots (A and B;
BFS83). This potentially allows us to apply the current method
to the diffuse regions in a common way, except for differences in
the physical parameters. In Fig. 4 (bottom), for the parameters of
the diffuse region given in Table 1 with β = 6, we show the spec-
trum of synchrotron radiation from the “Inner” region and its
upscattered spectrum via the IC with dashed green curves. We
see that interpreting the observed X-ray flux as the synchrotron
origin fails to reproduce the γ-ray data, as far as the SSC is
presumed. It does not mean, however, that the filament model
itself is ruled out there. If coupling this model with the external
Comptonization of dust emissions (from the nuclear disk or dust
lane as mentioned above), one might account for the observed
γ-ray spectrum up to the VHE range. However, here we con-
sider an alternative possibility: the case in which filamentation
has already ceased, and the coalescence of filaments has pro-
ceeded, leaving a single large filament in accordance with the
discussion in Sect. 2.1. This just corresponds to the single-zone
modeling; for the same parameter set (but, now free from β), we
show the spectrum in the same panel (bottom) via a thick solid
green curve. For this case, the values of γc(=γb) and νc(=νb)
are listed in Table 2. Although the solo contribution from the
“Inner” part of the diffuse region is not quite enough to account
for the observed Fermi fluxes, it is anticipated that the observed
ones can be explained by adding the contributions from the knots
and/or the other diffuse regions.

4. Concluding remarks

In conclusion, we find that the major origin of the spectral hard-
ening of the VHE γ-ray fluxes in Cen A could be ascribed to the
inhomogeneous SSC in the bright X-ray knots distributed in the
jet; synchrotron loss of the DSA is markedly suppressed for the
electrons trapped in the weak magnetic field of thin filaments. In
particular, the model reflects the common self-similar structure
and turbulent evolution of the internal jet, and, as it is, it provides
a promising alternative to the external Compton (Tanada et al.
2019) and shear acceleration (Liu et al. 2017) scenarios. In our
concept, once the filament parameters, which are somewhat con-
strained by independent observations, are fixed, the key fac-
tors characterizing the spectral shape (e.g., the break and cutoff
frequencies, the power-law exponent, etc.) are derived. Unlike
conventional single-zone SSC models, it is no longer necessary
to explicitly specify the maximum and minimum values of the
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electron Lorentz factor or the second exponent of the broken
power-law spectrum.

This paper does not deal with the steep rise in νFν flux
observed by the TANAMI Very Long Baseline Interferome-
try (VLBI; for the archival data: Abdo et al. 2010) and HST
(Marconi et al. 2000), which is deemed to be the thermal and/or
nonthermal component ranging from radio-to-infrared wave-
lengths. The narrow high-energy peak between the X-rays and
soft γ-rays observed by SUZAKU (Markowitz et al. 2007) and
Swift-Burst Alert Telescope (BAT; Ajello et al. 2008), respec-
tively (not shown in the figure), which is thought to comprise
the upscattered thermal photons (or the synchrotron photons;
Lenain et al. 2008), is also beyond the scope of this study.

As for the spectral variability of Cen A, the stable nature of
the X-ray spectrum was first revealed by Rossi X-ray Timing
Explorer (RXTE) observations (Rothschild et al. 2011). On the
other hand, Tachibana et al. (2016) reported a soft lag in the X-
ray band on a timescale of days, owing to detailed analysis of the
light curves measured by the Gas Slit Camera (GSC) aboard the
Monitor of All-sky X-ray Image (MAXI). Although the mecha-
nism that generated the soft lag is still unknown, the results are
negative for a single-zone jet, which is incorporated in an SSC
model. According to our model, the soft lag can be explained
by the stronger turbulent state in an innermost region (compared
to compact blazars), which reduces the β value to ∼2 or lower
(Honda 2008). Our SSC model can also respond to the variability
of γ-rays and that of synchrotron X-rays; i.e., the γ-ray variabil-
ity timescale can be estimated as τ ∼ tacc = tsyn ∝ λ−(3β−7)/8,
with λ being the solution of νγ = γ2

eν(γe, B) for given γ-ray
energy hνγ = E. Note that for β > 7/3, hard lag appears. At
E = 20 GeV (100 TeV), the Cherenkov Telescope Array (CTA;
Biteau et al. 2020) covers the range; there, we read τ ∼ 4.2 yr
(6.0 yr) for the knot-A parameters, for example, along with the
hard-lag appearance above one giga-electron volt. We hope that
the filament model, and its applicability to the other jets, can
be verified by high-spatiotemporal-resolution, multiwavelength
observations including the CTA in the future.
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