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ABSTRACT

As the closest known active galactic nucleus, Centaurus A (Cen A) provides a rich environment for astrophysical exploration.
It has been observed across wavelengths from radio to gamma-rays, and indications of ongoing particle acceleration have been
found on different scales. Recent measurements of very-high-energy (VHE) gamma-rays (> 240 GeV) by the HESS observatory
have inferred the presence of ultra-relativistic electrons along Cen A’s jet, yet the underlying acceleration mechanism remains
uncertain. Various authors have proposed that jet substructures, known as knots, may serve as efficient particle accelerators. In this
study, we investigate the hypothesis that knots are the particle acceleration sites along Cen A’s jets. We focus on stationary knots,
and assume that they result from interactions between the jet and the stellar winds of powerful stars. By combining relativistic
hydrodynamic simulations and shock acceleration theory with the radio and X-ray data, we compare theoretical predictions
with morphological and spectral data from different knots. We estimate the maximum electron energy and the resulting VHE
gamma-ray emission. Our findings suggest that electrons accelerated at the knots are responsible for the gamma-ray spectrum
detected in the VHE band.
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1 INTRODUCTION

Centaurus A (NGC 5128, Cen A) is the closest active galactic nucleus
(AGN)), at a distance of 3.8 = 0.1 Mpc from the Milky Way (Harris,
Rejkuba & Harris 2010). It produces collimated jets on kiloparsec
scales and ejects galactic material at scales of ~ 0.5 Mpc forming
large-scale lobes (Israel 1998; McKinley et al. 2022).

Cen A has been studied at wavelengths from radio to y-rays (Israel
1998). Concerning radio morphology, it is classified as an FRI radio
galaxy, with a radio luminosity 2.6 x 10*° erg s~! measured at
1.40 GHz (van Velzen et al. 2012). The proximity of Cen A allows
substructures to be resolved in radio and X-ray both in the lobes
and jet (McKinley et al. 2022; Bogensberger et al. 2024; Prabu et al.
2025), revealing the presence of non-thermal radiation as diffuse
emission and in the form of knots (Kataoka et al. 2006; Worrall et al.
2008; Goodger et al. 2009; Snios et al. 2019).

Anisotropy studies conducted by the Pierre AugerCollaboration
reveal that Cen A is located in the direction of an excess of UHECR
events (Caccianiga & Collaboration 2019). Being a nearby AGN,
there are several works pointing to Cen A being the UHECR source
causing the excess (Ginzburg & Syrovatskii 1963; Romero et al.
1996; Gopal-Krishna Biermann, de Souza & Wiita 2010; Liu et al.
2012; Farrar et al. 2013; Wykes et al. 2013, 2018; Joshi et al. 2018).
It is known that nearby sources are necessary to explain the more
energetic parcel of UHECR (Lang et al. 2020); however, the sources
of UHECRs were never detected definitively, remaining one of the
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largest puzzles of current astrophysics (Alves Batista et al. 2019).
UHECRs from distant sources are subject to higher deflections
in extragalactic magnetic fields (Achterberg et al. 1999), making
Cen A one of the most compelling detectable candidates for UHECR
accelerators due to its proximity and power.

Cen A is an important source of high-energy radiation, being
observed by different instruments (Hartman et al. 1999; The Fermi-
LAT Collaboration 2010; H.E.S.S. Collaboration 2018; The H.E.S.S.
Collaboration 2020). The central source (H.E.S.S. Collaboration
2018), the giant lobes (The Fermi-LAT Collaboration 2010), and
potentially the inner lobes (Prokhorov & Colafrancesco 2018) are
y-ray sources. Between GeV and TeV energies, the spectrum of the
central source suffers an upturn that prevents it from being described
by one single zone synchrotron self-Compton (SSC) model for the
core, requiring an additional component (H.E.S.S. Collaboration
2018). Different explanations for the origin of the very-high-energy
(VHE) radiation observed in Cen A have been proposed (see, for
example, fig. 4 of Rieger 2017). The recent discovery of extended y -
ray emission by The H.E.S.S. Collaboration (2020) was interpreted
as evidence for ultra-relativistic electrons in the jet. However, the
acceleration mechanism remains unknown.

Tanada, Kataoka & Inoue (2019) and Sudoh, Khangulyan &
Inoue (2020) proposed the knots detected along the jet of Cen A
as the main candidates for particle (re)acceleration. Knots are
clumps of bright material that can originate from turbulence, fluid
compression, collisions with obstacles, jet re-confinement, or mag-
netic reconnection. The presence of knots in the jet of Cen A is
ubiquitous, being detected on parsec and kiloparsec scales, both
on radio and X-ray wavelengths (Goodger et al. 2009; Miiller
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et al. 2014). Most of the Cen A’s knots can be explained by
collisions of the jet with obstacles, such as stellar winds (SWs),
planetary nebulae, or gas/molecular clouds (Hardcastle et al. 2003;
Goodger et al. 2009; Snios et al. 2019). The collision produces shock
complexes and regions of magnetic field amplification suitable for
particle acceleration (Bednarek & Protheroe 1997; Araudo, Bosch-
Ramon & Romero 2013; de la Cita et al. 2016). Two newly identified
X-ray knots, C1 and C2 (Bogensberger et al. 2024), could be
attributed to impulsive particle acceleration (based only on the time-
scale of the bright variation), but it is unclear if they belong to
the jet.

First-order Fermi acceleration at shocks (Fermi-I) is the main
process proposed to accelerate particles in jet-SW interac-
tions (Bednarek & Protheroe 1997; Araudo et al. 2013). The
collision generates a double shock structure separated by a contact
discontinuity. Cosmic rays and electrons can be accelerated in wind
and jet shocks. The interaction also causes turbulence, which mixes
the jet material with the wind and can cause the deceleration of
the jet and internal entrainment of mass (Wykes et al. 2013, 2014,
2019).

The accelerated electrons will produce non-thermal radiation
mainly due to synchrotron and inverse-Compton (IC) losses. Syn-
chrotron radiation can explain the radio and X-ray emission de-
tected (Goodger et al. 2009; Snios et al. 2019). The resultant y-
ray emission from IC should have energies up to ~ 100 TeV, with
peaks in the range 0.01-1 TeV (Araudo et al. 2013; de la Cita et al.
2016), and has been proposed to explain the spectrum and variability
from GeV to TeV in astrophysical jets (Bednarek & Protheroe 1997;
Barkov et al. 2012; Araudo et al. 2013; de la Cita et al. 2016, 2017).

In this work, we conduct a detailed analysis of the hypothesis of
knots generated by the collision of the jet with a SW in Cen A.
We combine relativistic hydrodynamical (RHD) simulations with
a radiation model to solve the knot structure and predict the VHE
y radiation from the knots and their immediate surroundings. For
the first time, we combine morphology and multiwavelength mea-
surements of Cen A with fluid simulations and particle acceleration
theory to test the hypothesis of jet—-SW collision as the origin of
knots and high-energy radiation in Cen A’s jet. In Section 2 the knot
and acceleration models are described. The results for the brighter
AXI1A, AX1C, AX2, and BX2 knots are presented in Section 3. In
Section 4 the expected emission of the extended region around the
knots and from knots complexes is discusses. The implications of
the model are presented in Section 5. Finally, Section 6 summarizes
the main conclusions found in this work.

2 MODELLING THE KNOTS

Cen A’s knots have been detected both in radio and X-ray wave-
lengths, by Very Large Array (VLA) and Chandra, respectively (e.g.
Hardcastle et al. 2003; Goodger et al. 2009; Snios et al. 2019). An
image showing the X-ray jet and knots of Cen A is presented in
Fig. 1, alongside the radio observation of the giant lobes and the
kiloparsec jet with the inner lobe. To develop a consistent model,
we focus on the brightest, better resolved, AX1A, AX1C, AX2, and
BX2 knots, following Tanada et al. (2019). These knots are stationary
considering 22 yr of X-ray observations (Bogensberger et al. 2024),
consistent with radio measurements (Goodger et al. 2009). VLBI
radio images (Tingay & Lenc 2009) support the collision model
for the origin of the stationary knots with X-ray counterparts by
detecting the compact centroid of knots A1A, A1C, and A2A, radio
counterparts of AX1A, AX1C, and AX2, respectively (BX2 was not
present in the analysis). The knot A1A and possibly A2A present
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substructures in the VLBI images. The main properties of the X-
ray knots used in this work can be found in Table 1. AX1A and
AXI1C could also be associated with a re-confinement shock, but the
fact that the knots present substructure and the presence of the A1B
knot moving between them challenge this hypothesis (Goodger et al.
2009).

Our approach to modelling the knots can be separated into the
following steps:

(1) Solving the fluid equations for the jet’s interaction with a SW
(Section 2.1). The jet properties are taken from data, and the SW is
assumed based on that of proposed stars generating the knot.

(i1) Determination of the electron population (Section 2.2). Non-
thermal electrons are assumed to be accelerated at the shock
waves produced in the jet/SW interaction and evolve through the
computational grid. Synchrotron and IC cooling are also taken into
account;

(iii) Prediction of non-thermal radiation from the electrons (Sec-
tion 2.3). The model’s free parameters are obtained based on the radio
and X-ray measurements for the knots, and the very-high-energy y-
rays are predicted.

Below each step is described in detail.

2.1 Fluid

To develop an underlying model for the interaction between the jet of
Cen A and the SW, the initial conditions of the RHD simulation were
informed by the available data from radio and X-ray observations
of Cen A. The RHD equations were solved in an axisymmetric
2D cylindrical coordinate frame using the pruTo code (Mignone
et al. 2007). The computational grid is measured in units of the
jetradius (R;), with rgp, = /R, Zim = z/R;, with z along the jet
axis and r as the cylindrical radius. The value of R; is taken at
the distance between zy,o; and the core. Variations of the radius of
the jet in the definition of the grid are neglected. The simulation
was performed in the interval rgy, = [0, 1.5], Zsim = [0, 4.0], with
resolution §, = §, = 1/200 leading to a grid of 300 x 800 cells.
Around the BX2 knot, for instance, the simulation grid encompasses
z = 1102 pc up to z = 1354 pc, and considering R; = 63 pc, the
change in the jet radius between the base and the top of the grid is
~ 6 pc, a difference < 10 per cent.

The spatial integration order follows a piecewise total variation
dimishing (TVD) linear reconstruction (second-order accurate), with
a harmonic mean limiter of van Leer. The Riemann problem was
solved using the Harten, Lax, Van Leer approximation (Mignone &
Bodo 2005). Additional dissipation was applied using the standard
multidimensional shock flattening strategy to increase the code
robustness. The time increment was evaluated using a second-
order TVD Runge—Kutta algorithm with a Courant-Friedrichs-Levy
number of 0.4.

We do not consider the interaction of the jet with the external
medium in the present analysis. The initial condition of the simulation
is set by the jet properties, except for in cells within the SW injection
region.

2.1.1 Jet

Based on the X-ray data provided by Chandra measurements, Snios
etal. (2019) found an apparent speed for the collective proper motion
of the fainter substructure in the jet of (0.68 % 0.20)c (equivalent to
(0.57 £ 0.11)c, for a jet inclination angle of 50°), over the projected
length of 0.26-1.35 kpc along the jet of Cen A. The speed is
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Figure 1. Radio and X-ray images of Cen A. Left: Murchison Widefield Array radio (185 MHz) image of the whole radio source (McKinley et al. 2022;
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/other/NatAs/6.109, colours in logarithm scale). Top right: VLA radio (21 cm or 1.4 GHz) image of the kiloparsec
jet and inner lobes (Condon et al. 1996, colours in linear scale). Bottom right: X-ray (0.2-10 keV) image of the jet as seen by Chandra (ObsID = 20794,
https://doi.org/10.25574/20794, PI: P. Nulsen, see also Snios et al. 2019, colours in logarithm scale). The main knots are labelled following Snios et al. (2019).

A bilinear interpolation smoothing was applied to all images.

Table 1. Experimental estimations for the X-ray knots AX1A, AX1C, AX2, and BX2 and its radio counter-part A1A

(a/b), A1C, A2A (a/b), and B1A.

Knot Zknot (PC)* Rj (pe)® ovLa1 (pc)* ox (pc)? ox/ R;
AXI1A/ATA (a/b) 292 33 1.65/2.1 2.6 0.08
AX1C/A1C 292 33 4.8 5.5 0.17
AX2/A2A (a/b) 356 37 2.7/5.9 8.8 0.24
BX2/B1A 1134 63 — 11.3 0.18

Notes. *Distance of the knot to Cen A’s core, obtained by Kraft et al. (2002).

bJet radius at z = zxqor evaluated using the measurements from Chandra of Wykes et al. (2019).

“Diameter of the radio counterpart estimated based on the VLBI measurements of Tingay & Lenc (2009). The VLBI
measurements indicates substructures for A1A and A2A, labelled as a and b.

4X-ray knot FWMH, based on Chandra measurements obtained by Tanada et al. (2019).

comparable to the values from VLA’s radio data (Goodger et al.
2009). Considering individual knots, Bogensberger et al. (2024)
reported an apparent speed of (0.46 £ 0.11)c, where the differences
are attributed to bright knots and diffuse material. A superluminal
apparent velocity was detected for the knot AX4, which requires a
minimum velocity of (0.94 & 0.02)c for this particular knot. Radio
observations reveal a complex, non-laminar motion in the region
of the A-knots (Goodger et al. 2009). An apparent perpendicular
velocity to the jet axis is also detected in X-ray (Bogensberger et al.
2024). The turbulence could be associated with the formation of the

knots by the interaction of the jet with SWs (Wykes et al. 2019). In
this work, the velocity of the plasma in the jet will be assumed to be
v; = 0.6¢ along the jet axis (Z), with no 7 component.

Wykes et al. (2019) use X-ray measurements of Chandra to
determine the pressure profile of the interstellar medium in the
vicinity of the jet, given by

1)

kpc ’

P(V,Z)=P0<
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where Py = 5.7 x 107! dyncm™2 and v/r2 + z2 is the distance from
Cen A’s core. Following the work of Wykes et al. (2019), pressure
equilibrium between the jet and the external medium is assumed.
A Taub—Matthews equation of state is considered for the plasma
in the jet, with y){' = 13/9, suitable for temperatures where the
electrons are relativistic and the protons are non-relativistic (Wykes
et al. 2019).

The jet power of Cen A has been determined by different methods,
being consistently estimated as L; ~ 10%-10* erg s=! (Croston
et al. 2009; Yang et al. 2012; Wykes et al. 2013; Neff, Eilek & Owen
2015; Sun et al. 2016). In this work, L; = 2 x 10* erg s~! will be
used. The total power in the jet is given by the sum of the kinetic,
thermal, and magnetic contributions,

Va

Lj=mRv; |Tj(T; = Dp;c® + —
a

r2(p+ 32/871)}, @)

where I'; = (1 — (vjc)z)H/2 is the jet bulk Lorentz factor, P; is the
thermal pressure in the jet, and B is the magnetic field intensity. The
contribution of the thermal pressure to the total poweris ~ 5 per cent,
indicating that the jet of Cen A is kinetically dominated, so we neglect
the thermal pressure in our work. The magnetic pressure must be
relatively unimportant, since the upper limit of the magnetic field in
the knot, ~ 80 uG (Snios et al. 2019), provides a pressure of the
same order as the thermal pressure, and this magnetic field in the
knot is likely to be amplified. Knowing v; and R;, and considering
the power of the jet constant in time, the jet density (p;) can be
estimated. Random perturbations 8p;/p; = 1072 were applied to
break the homogeneity of the jet’s fluid. The profile of jet radius
along the jet axis, R;(z), was determined by Wykes et al. (2019)
using X-ray measurements. Taking the values at the position of the
AX1A/AX1C knots gives p; ~ 7 X 1075 cm™3,

2.1.2 Star

The SW is characterized by the wind terminal velocity (V) and the
mass injection rate (M), both of which depend on the star’s class.
The parsec scale of the knots’ size demands the interaction of the
jet with stars in enhanced mass-loss stages. Hardcastle et al. (2003)
propose that rarer Wolf—Rayet (WR) stars may generate knots with
radius ~ 10 pc. VLBI observations (Tingay & Lenc 2009) indicate
the knot radius ~ 0.5-3 pc and Goodger et al. (2009) argue the
more common O/B stars as possible obstacles. Wykes et al. (2014,
2019) explore the mass entrainment of material from asymptotic
giant branch stars as responsible for the jet deceleration and proposes
that the collision with their SW may be quantitatively responsible
for the X-ray emission of the jet in the downstream region (~ 3 pc
from the galactic centre). Luminous blue variable stars were also
considered (Wykes et al. 2014). Miiller & Araudo (2023) have shown
that at least one WR star will be found inside the first ~ 200 pc of
AGN jets. This work will explore WR-like stars since they present
the most powerful winds, assuming V,, = 3000 km sV and M =
10~ Mg yr~! (Hamann et al. 2019; Miiller & Araudo 2023).

The SW is modelled as a constant flow, radially blown from the
knot position z & zy,.. In the reference frame used in the simulation,
for each knot, the SW position is chosen as (rgm = 0, Zgm = 0.5).
Inside the inner boundary, the SW material is approximated by an
ideal gas, whose density and pressure are given by

= M 3
psw = 4nriVy'
0
Psw = kgTsy =2, 4
mpy
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where the temperature was approximated by Tsy ~ 10° K (Nugis &
Lamers 2002; Toald et al. 2017), for a simple hydrogen gas approx-
imation. Given that the flow presents spherical symmetry, pPLUTO’s
smoothing function for the initial condition was applied.

2.2 Non-thermal electrons

The strong bow shock formed from the collision of the jet with the SW
is considered an efficient particle accelerator (Araudo et al. 2013).
Based on diffusive shock acceleration theory, it is assumed that the
electron energy spectrum will follow a power law (Matthews, Bell &
Blundell 2020) with an exponential cut-off (Protheroe & Stanev
1999) at a maximum energy E.x. The synchrotron and IC cooling
constrains the maximum energy, which is dependent on the local
magnetic and radiation fields. Before we detail the electron spectrum
and its characteristics, it is necessary to introduce a model for the
magnetic and radiation fields in and around the knots.

2.2.1 Magnetic fields

Assuming equipartition between the non-thermal electron and mag-
netic energy density, Goodger et al. (2009) estimated a magnetic field
~ 222 uG for the knot BX2. Studying the fading in the brightness
of the knots AX1C and BX2, Snios et al. (2019) established an
upper limit of 80 uG, neglecting acceleration processes. Sudoh et al.
(2020) argue that thermal particles dominate even in the knot region,
implying a relatively small magnetic field, ~ 40 pG, even in the
amplified region of the knot. When performing RHD simulations, as
is done in this work, it is assumed that any dynamical effect of the
magnetic field can be neglected. Comparing the ~ 220 G magnetic
field obtained for BX2 with the amplified pressure on the shock
from the simulations (~ 10~ dyn cm~2) gives a ratio between the
magnetic to the thermal pressure of ~ 0.1 at BX2. Since the pressure
is higher, the ratio should be lower for the inner knots.

In our modelling, we estimate the strength of the magnetic field
on the grid from the thermal pressure as Uy, = P /B, (Gémez et al.
1995; Seo, Ryu & Kang 2023), where B, is considered constant with
a value appropriately chosen such that B satisfies the observational
constraints in the literature. The value of B can be written as

87'[P_ Bp

B VB

where Bp is obtained from the RHD model at the shock position
(Table 2). Combining Bp with the literature’s estimations (~
40-80 nG), we found B, = (Bp/Bino)?, Wwith values BAX! ~
200-810, BAX? ~ 160-670, and BEX? ~ 50-210. Assuming B,, to

be constant along the jet, the maximum magnetic field of the knots
Bnax = 80 uG gives the constraint 8,, > 210.

B= 5)

2.2.2 Radiation fields

Different radiation fields have been identified and estimated along
the jet of Cen A. Fig. 2 shows the radiative energy density along
the jet expected from the galactic (core, starlight, and gas/dust lane),
WR star, and cosmic microwave background (CMB) components.

Close to the central AGN, the dominant radiation field comes
from the synchrotron and SSC emitted from the core. In this work,
our model for the core radiation follows the SSC fit and spatial
dependence from Tanada et al. (2019), with a luminosity L, =
1.7 x 10 erg s!.
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Table 2. Radiation and magnetic fields at the positions referent to knots AX1, AX2, and BX2.

Knot Upz" * Uraa = Upz" + Uwg® Bp (LG)* B

AX1 1.03 x 107777123 1.1 x 10710 1150 200-810
AX2 7.42 x 1078118 8.4 x 1071 1020 160-670
BX2 2.86 x 107977068 2.6 x 107! 595 50-210

Notes. *Local analytical expression for the radiation field around the high z = zyno (Sections 2.2.2 and 2.2.3).
bTotal radiation field at the shock, z — Zgnor ~ 0.1R ; from the WR position (Sections 2.2.2 and 2.2.3). *Bp
obtained from the pressure at the shock position (Section 2.2.1). 48,, based on the literature’s estimations for

the magnetic field (Section 2.2.1).

1078
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102 103

z (pc)

Figure 2. Radiative energy density along Cen A’s jet, used to compute the
IC radiation losses and spectrum. The core, starlight, dust, CMB, and WR
stars components are shown (see the text for details). The knot locations are
shown with vertical dashed grey lines.

At distances of hundreds of parsecs from the core, the energy
density from the galactic starlight becomes dominant. According
to Tanada et al. (2019), the spectral distribution of the starlight
component is well described by a blackbody with temperature
4 x 10 K and luminosity 3 x 10* erg s~

In addition to the core and starlight radiations, Cen A presents
a third relevant galactic component, which will be denoted dust
radiation. Optical images of Cen A reveal an extended kpc-scale disc
of gas and dust, known as the dust lane, possibly associated with a
previous galactic merger (Struve et al. 2010). Based on LABOCA
measurements and archival ISO-LWS data, Weif} et al. (2008) ex-
tracted the spectral energy distribution (SED) from a 1.4 kpc aperture
around the centre of Cen A. We approximate the SED dust as a 30 K
blackbody with luminosity Lgu ~ 10* erg s=!. We do not find
significant differences in our results using the modified black body
distribution o< B, (T} 2)v?, applied by The H.E.S.S. Collaboration
(2020), where B,(T) is the Planck function, and 7}, = 14 K and
30 K, respectively. Given the extension of the dust lane and since
the radius of the LABOCA measurements overcomes the distance
of the knots from the core, in this work the dust radiation energy
density is approximated as a constant up to the observation radius of
the LABOCA measurement, Ry, = 1.4 kpc, such that the energy
density is given by Uguse ~ Laust/47 R3 -

The usual CMB and the radiation field from the WR star might
also affect the electrons and their radiation. The WR star is taken as
a blackbody of temperature T, = 5 x 10* K and radius R, = 2.5R

typical for WR stars (Araudo et al. 2013; Wykes et al. 2014 and
references therein). The energy density in the WR radiation field

2
is approximated by Uyg = 10T} (R*/D) ~3.76 x 107" /D,
where D, = D/1 pcis the distance from the star’s surface measured
in parsecs, and o = 5.67 x 107> erg cm™2 s~! K~ is the Stefan—

Boltzmann constant.

2.2.3 Maximum energy of electrons

For known magnetic and radiation fields and shock parameters,
E.x can be calculated locally at each point along the shock. The
maximum energy of electrons is reached when the acceleration time-
scale is equal to the energy-loss time-scale. We assume diffusive
shock acceleration with a coefficient D = nDpg, where Dy is the
Bohm diffusion coefficient describing diffusion with a mean free path
equal to the Larmor radius, r,. 1 is a parameter > 1 that characterizes
how close the particle acceleration is to the idealized Bohm regime.
Our estimate for the acceleration time-scale is then given by

n DB _ E nreg _ Nlace
v2cos?®  3vicos?®  PE..4c0st0B,c

Tace = Egev , (6)
where Dj is the Bohm diffusion coefficient, Banesa = v/c is the veloc-
ity ahead of the shock in speed of light units, 6 is the angle between
the shock normal and the jet velocity, and f,.c = 1.17 x 107 yr.
The factor cos? 6 represents an approximate way to account for the
combined effects of the velocity projection and the acceleration effi-
ciency likely dropping with shock obliquity (Caprioli & Spitkovsky
2014).

Given that the shock in the jet material becomes stationary, the
shock geometry can be analytically described by a parabola, zZgock =
ar? + b, and the angle between the shock normal and the jet velocity
field (ox 2) is given by @ = tan~!(2ar). Fig. 3 presents the shock
structure and the parameters ¢ and b obtained by fitting the shock
profile from the RHD simulations.

The synchrotron and IC cooling time-scales are

[sync 1

Toyne = , @)
sync B i G EGeV

_ tic 1
TIC = Wraaserg e Ecev’ ®

with e = 1.25 x 10 yr and #;¢ = 5.0 x 10~* yr. Considering
Tace = Tloss = (Tggme + 7,¢)7", our estimate for the maximum energy
reached in the acceleration along the shock is

Emax _ L ﬂaheadV BP 1

=1 12
GV gt G (zanoak) "™ [ (1 tne) + Una 1o/ 1)
with Bp = +/87 P, P measured in dyn cm™2 and G(z(r)) =

(cosarctanf(z))~' = 1 + (2ar)* the obliquity correction. The pa-
rameter x = n~'/? < 1 accounts for the acceleration efficiency.

)
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Figure 3. Jet shock for each knot (points) with parabolic fit (dashed line).
The parameters obtained in the parabolic fit of each region are shown in the
respective colours for each knot: black (AX1), blue (AX2), and red (BX2).
The shock structures are the same as shown in the simulation snapshots in
Fig. 5.

For simplicity, in the simulation box around each knot, Uy,4(z) is
approximated by

Uraa(r, 2) = UpZ" 4+ Uwr(r, 2), (10)

with the parameters U, and n obtained by fitting the total radiation
field (without the WR component) for the simulation box of each
knot (Table 2).

Through this work, the cases B, = [210, 670, 800], and x =
[0.01, 1], are investigated. Neither of these parameters affects the
hydrodynamics, but they are the main parameters that determine the
predicted SED from a given simulation.

2.2.4 Electron population

After leaving the shock, the electrons injected as a power-law
spectrum are subject to synchrotron and IC cooling. Over time,
electrons with energy E above the critical energy E;, will suffer
the effects of cooling, while the population with E<FE) remains
uncooled, resulting in a broken power law (Longair 2011). In the
stationary state between injection and transport, £, depends only on
the position on the simulation grid, such that the electron spectrum
in a cell (i, j) is written as

-p
E
NI A e T (F‘J) Z | forE<Boa (11
e, "

EbAt/' p-p E P
(To Ey ,for E > E i,

where A;; is proportional to the energy deposited in non-thermal
electrons, U,. Assuming U, « Up and using equation (5), it is possi-
ble to estimate A;; < P;j. Wetake A = Ay x P(r,z) x V(r, z), with
V(r,z) = 2nrérdéz the volume of the cell, and Ay a normalization
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constant. Both A( and p are determined using the radio/X-ray flux
data. Since cooling is synchrotron/IC, p’ = p + 1.

The critical energy Ej, results from the temporal cooling of E .
The break energy is seeded locally in the shocked cells with initial
value E;, = En.x and evolves with the fluid in the pruTO simulation
as a passive scalar or tracer, Q = p'/3/E,, in a generalization of
the method described by Ayache, van Eerten & Eardley (2021) for
synchrotron cooling in gamma-ray bursts. We adopt a fiducial value
of 1 TeV as the initial maximum energy of the unshocked jet/SW
material.

2.3 SED from radio to gamma-rays

We evaluated the radio to y-ray SED of the non-thermal radiation
emitted by the electron population using the Naima library (Zabalza
2015). Based on equipartition arguments, Goodger et al. (2009)
argue that the origin of the X-ray emission from the knots is
mainly synchrotron. The H.E.S.S. Collaboration (2020) also found
a synchrotron explanation for the X-rays measured along the jet.
Assuming a synchrotron origin for radio and X-ray emission from
the knots, the spectral index p of the electron population is given
by p = 2a,, + 1. Using the data extracted by Tanada et al. (2019)
for radio/X-ray emission at the knots, the values p“*? =2.66
and pB%? =2.27 were determined. The X-ray emission in knots
AX1A/AXI1C decreases with increasing energy. In this case, p were
estimated using the VLA and the first point of Chandra X-ray data,
obtaining pA¥'4 =2.40 and pAX'C =2.43. We assume the same
electron population will produce y-rays via IC scattering.

We calculate the radio to y-ray SED of each knot by summing the
non-thermal emission from cells within a radius given by half the
Chandra resolution (~ 9 pc at the distance of Cen A). In the case of
BX2, the knot size found by Tanada et al. (2019) is larger than the
Chandraresolution. In this case, the knot is resolved, and so the actual
knot size was used to calculate the SED. The curves were normalized
to Chandra data at ~ 1 keV, and arbitrarily normalized to the upper
and lower uncertainties for x = 1 and x = 0.01, respectively.

2.4 X-ray images

To compare the morphology obtained from the model with the X-
ray measurements, we built a synthetic X-ray image from our model.
The X-ray emission for an observation perpendicular to the jet axis
was evaluated as

].phot
JE =N 12
5 mZ v, (12)

where J};—hm is the total emissivity of the cell after the projection.
The emissivity jP™' is the emissivity obtained for each cell in the
model, normalized using radio/X-ray data, and integrated between
[E, E2] =[0.9,2.0] keV, the range considered in the images of
reference (Snios et al. 2019). The sum accounts for building a face-
on view from the simulated emission as expected for cylindrical
symmetry. The volume of the cell V;; was considered in correcting
the emissivity.

A Gaussian filter was applied to the simulated emission to make
for a fair comparison with the Chandra images. Comparing to the
images from Snios et al. (2019), the standard deviation was taken
equal to the smooth area used of 3 pixels x 0.123 arcsec pixel™.
Each pixel of simulation has a size R; x r x 1”/18 pc, implying
a standard deviation in simulation units given by 1328.4/(R; /pc).
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Figure 4. Hydrodynamic properties obtained for knot at position BX2. Left: pressure profile superposed with the shock tracer (black) and k7. Centre: Mach
number and velocity profile with velocity streamlines. Right: pressure and ram pressure along the z-axis for r = 0; the fraction of jet material is also shown with

ared line.

The estimation of the knot radius was made according to Kraft et al.
(2002) and Tanada et al. (2019) and assuming a standard deviation
of 0.5 arcsec.

3 MODEL RESULTS

3.1 Hydrodynamical structure of knots

The hydrodynamic quantities obtained for the BX2-like knot are
shown in Fig. 4. The left plot shows the pressure profile, with
the double-shock structure superposed, and the temperature kT,
assuming a hydrogen plasma. A cell is flagged as lying within a
shock if V.v <0 and VP/P > €, where € is an arbitrarily chosen
minimum shock strength threshold. The standard value (¢ = 5) used
in pLuTo was used and found to well characterize the double shock
structure. The central panel shows the Mach number and the velocity
profile. The pressure, ram pressure, jet material fraction, and velocity
along the z-axis are shown in the right panel.

The double shock structure formed around the wind injection
region is clearly visible. The jet shock or bow shock is formed at
Zsim ~ 0.45, which can be seen as an intense jump in pressure. At
this point, the upstream velocity decreases and, consequently, so
does the ram pressure. At zgy, &~ 0.477 the ram pressure goes to
zero and the contact discontinuity is formed. The SW shock starts
at Zgm ~ 0.48. Close to the SW injection region (zZsim = 0.5), the
pressure follows a (z — Zxnor) > profile.

The plasma heats considerably after crossing the jet shock, from
kT ~1MeV to kT ~ 100 MeV. The heated and highly pressurized
plasma flows along the velocity streamlines and is distributed
throughout the jet material while it cools. The central region with
material cooler than its surroundings corresponds to the SW material,

as seen in the velocity field lines. Both the jet and stellar shocks are
strong, with Mach numbers ~ 11 and ~ 6, respectively.

Fig. 5 shows the pressure and velocity obtained for knots at
positions AX1, AX2, and BX2. The decrease of the jet pressure
with z can be seen by comparing to the region upstream of the shock.
The jet shock in BX2 is more extended and less radially distributed
(see Fig. 3) than the AX-knots, which can be attributed to an
increase in the shock intensity with increasing distance from the core.
Considering v; a constant along the jet (which is reasonable in the
scale that has been considered in this paper (see Wykes et al. 2019),
and a cylindrical jet), and taking AP =~ p;I'; sz_ x Rj_z(z), then
AP/Pj o 2" R;?(2), implying (AP /P))lpxa ~ 2(AP/Pj)lax1-

3.2 Maximal and break energies

Given the initial plasma conditions and the radiation fields, Epax
depends on the free parameters S, and yx. Solving equation (9),
Fig. 6 shows the maximal energy obtained at the position of the knots
as a function of the magnetic field intensity for x = 1 and 0 = 0.
In the expected range of values 8, ~ 200-800, the variations of
E ax With B, are small, and E,,x becomes approximately dependent
only on x. The maximum values obtained in the simulations are
EAXD ~ 3.1 PeV, EAX2 ~ 3.4 PeV, and EEX2 ~ 4.4 PeV. The maxi-
mum energy increases with the distance from the core, as the energy
density of galactic radiation field components decreases downstream
the jet. For comparison, the Hillas energy in all knots considered
is 0.1-0.3 EeV, for B,, ~ 200-800, indicating that the values E .
above are achievable and reasonable.

Fig. 7 shows, for the AX1 model, the spatial distribution of
the break energy FE,, together with the electron distribution and
the predicted non-thermal radiation at different positions along the
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Figure 5. Comparison between knots at position AX1, AX2, and BX2, from left to right. Left panels: pressure profile superposed with the shock tracer (black).
Right panels: speed and velocity streamlines (black). We observe a similar overall structure to the jet-SW interaction. There is a drop in jet velocity with z and

slight changes in bow shock shape (see the text and Fig. 3).
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Figure 6. Maximal electron energy for models of knots at positions AX1,
AX2, and BX2 as a function of the magnetic field strength, for & = 0 and Uyyq
of Table 2. For each knot, the coloured bands represent the range of magnetic
field strengths for B, ~ 200-800.

simulation box. The cooling of the electrons advected along the
velocity streamlines is evident and reflects in the electron spectra.
Magnetic field variations result in significant differences in the
intensity of the synchrotron peak of radiation compared to the IC
peak at different locations. As expected, the value of y strongly
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influences the highest energy radiation in both synchrotron and IC
emission. Dust and starlight components are the relevant radiation
fields in all cases (see Appendix A).

3.3 Non-thermal radiation from the knot centroid

Fig. 8 shows the SED obtained for the knots AX2 and BX2. The radio
and X-ray measurements are satisfactorily reproduced in all scenarios
considered. In both cases, the results for x = 0.01 indicate that
electrons with energies at least ~ 0.01 PeV are necessary to describe
the data. This constrains the maximum energy of the electrons to
Emax > 10 TeV (y ~ 2 x 107), assuming a synchrotron origin for
the X-ray flux measurements of Chandra in agreement with the
results obtained by The H.E.S.S. Collaboration (2020).

The results for the models of AX1A and AX1C are shown in Fig. 9.
Even considering the proposed lower acceleration efficiency, x =
0.01, it is impossible to explain the fading X-ray emission in knots
AX1A and AX1C. To achieve an approximate match, we found it was
necessary to significantly reduce the maximum energy, requiring x =
2 x 1073; this improves the conformity to the X-ray data, but then
overestimates the radio emission from the region by a factor ~ 2. The
result suggests that the acceleration efficiency for the AX1 complex
is lower compared to the downstream knots. Possible reasons for this
less effective shock acceleration include a more relativistic shock
caused by the higher jet velocity, or changes in the jet magnetization
or magnetic field geometry.

3.4 X-ray morphology

Fig. 10 shows the X-ray morphology obtained for the BX2 knot
(similar profiles were obtained for the other knots), for two values
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Figure 8. SED predicted using Ugyst and Ustarlight for the AX2 (1 eft) and BX2 (right) knots centroid. The circles and butterfly regions show the measurements
of VLA, Chandra, and HESS. The different colours represent different values for ,,, and the solid and dashed lines denote x = 1 and x = 0.01, respectively.

of x. The X-ray signal is stronger at the knot centroid and fades
with increasing distance from it. The bright intensity and spatial
distribution are dependent on yx, reflecting the SED profile of Fig. 8.
A lower maximum energy implies a flux suppression at the end of
the considered X-ray range, resulting in a lower integrated number

of photons. Also, energy losses remove the electrons from the X-ray-
emitting range, resulting in a less extended emitting tail.

The qualitative profile obtained from the simulation is compatible
with the X-ray images of the knots, as shown in Fig. 1 (see also Snios
et al. 2019). The predicted number of photons per unit area per unit
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Figure 9. SED predicted using the Uqust and Usgarlight for the AX1A (left) and AX1C (right) knots centroid. The same elements of Fig. 8 are shown, but with

an additional SED for g, = 210, x = 2 x 1073 also plotted.
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Figure 10. X-ray image for the model of knot BX2 with g, = 210 for
x = 0.01 (left) and x = 1 (right). For improved clarity, colours are shown
on a logarithmic scale, truncated at 10~7 photons cm~2 s~!. The theoretical
predictions have been smoothed using a 3 pixel rms Gaussian, as described
in Section 2.4.

time is NEX2 ~ 1076 cm™2 s~!, one order of magnitude higher than

reported by Snios et al. (2019) (NEX2, '~ 1077 cm™2 s71), based
on a visual inspection. The maximum number of photons observed
in the other knots is Npax ~ 1077 cm™2 s~!, keeping a comparable
excess of one order of magnitude to the observations.

Using X-ray data from Chandra in the range ~ 0.5-8 keV, Tanada
et al. (2019) estimate the width of each knot perpendicular to the
propagation direction. They assume the knot size equals the full
width at maximum height (FWMH) corrected by the Chandra PSE.
The FWMHs obtained in our models, after accounting for Chandra
resolution, are oax; = 6.9 pc, gax2 = 9.2 pc, independent of y,
and opxy = 11.8-13 pc for x = 0.01-1. Comparing these values to
the obtained by Tanada et al. (2019) (Table 1), the model provides
values larger by factors ~ 25 per cent, ~ 5 per cent, and ~ 4 —
15 per cent, for AX1C, AX2, and BX2, respectively.

The differences found between our model and the Chandra
measurements can be explained by a slightly weaker SW combined
with a larger electron dispersion than that considered in the model.
We attribute this to the diffusion of high-energy electrons in the
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region dominated by stellar material, where the diffusion dominates
over the advection. Diffusion will increase the emissivity of these
cells, relieving the electron energy density necessary to normalize
the X-ray flux (see Section 5.2).

The exception is AX1A, where the difference in knot size reaches
~ 150 per cent. This could indicate that the knot AX1A is formed
by a star with a weaker wind. However, VLBI measurements of
AXI1A (Tingay & Lenc 2009) indicate the presence of substructures
for the radio counterpart of AX1A, which could require an alternative
hypothesis for the origin of AX1A. One hypothesis is that the
interaction between the shocks of the knots in the AX1 region could
generate substructures.

4 GAMMA-RAY EMISSION FROM PARTICLES
ACCELERATED AT KNOTS

Having so far focused on the hydrodynamics of the jet-SW interac-
tions and the radio and X-ray properties, we now turn our attention
to the role of knots in producing VHE y-ray emission. Sudoh et al.
(2020) raised the hypothesis that the electrons accelerated at the
knots could energize the entire jet, which is supported by our result
for E, as shown in Fig. 7. The energy of the electrons at the top
of the simulation box is ~ 10'3 eV, and the losses must decrease
far from the galaxy. The emission of non-thermal radiation is not
restricted to the knot centroid, but the entire perturbed/post-shock
region contributes to high-energy radiation, in particular y-rays.
Electrons are accelerated in shock waves up to at least 10 TeV
and cool as they travel along the jet. The synchrotron component
could explain the diffuse X-ray emission found in the jet, and the
IC could contribute to the signal detected by the Fermi-LAT satellite
and HESS Observatories.

Limited angular resolution prevents current y-ray experiments
from resolving the emission from individual knots. Thus, in addition
to the AX2 and BX2 knots centroid and extended emission, other X-
ray knots may contribute to the y-ray flux measured by the Fermi and
HESS observatories. Up to 2010, 40 X-ray knots have been detected
by Chandra (Goodger et al. 2009), and in the 2024 analysis, others
have been resolved (Bogensberger et al. 2024).

Knots are classified according to their distance from the centroid
and labelled from A to G along the jet, and S in the counter-



jet (Goodger et al. 2009) (see also Fig. 1). The X-ray knots are mainly
distributed in a region between ~ 15-30 arcsec ~ 270-540 pc away
from the nucleus, which we will refer to as the AX-complex. This
complex contains the X-ray knots AX1A, AX1C, AX2, AX2A, AX3,
AX4, AX4A, AXS, and AX6. The BX-complex is formed by the X-
ray knots BX1, BX2, BX2A, BX3, BX4, and BX5. The knots AX1A,
AXI1C, and BX2 are the brighter knots at 1 keV, followed by AX6
and AX?2 (Goodger et al. 2009).

Complexes C and E contribute to ~ 8 per cent and ~ 1 per cent,
respectively, of the total X-ray flux that comes from the knots A and
B at 1 keV. Complexes F and G are further away from the centroid.
In particular, the G complex, the outermost complex at ~ 200 arcsec
(~ 3.6 kpc), is located at the infrared flare point, where there is
also a local X-ray peak. Downstream, there is an absence of X-
ray emission, and so this location has been proposed to be the last
point of high-energy particle acceleration along the jet (Hardcastle,
Kraft & Worrall 2006), although we note that acceleration of very-
high-energy (or even ultrahigh energy) particles in the giant lobes
has also been regularly discussed (e.g. Hardcastle et al. 2009).

Due to the large number of X-ray knots, our analysis will focus
only on the contribution of the brighter inner complexes A and B.
The hydrodynamic models for AX2 and BX2 will be used as a proxy
for the knots of complex A and B, respectively. The approximation is
expected to be valid, as dust is the dominant radiation field to y-ray
production in both A and B complexes and pressure variations have a
second-order effect (Fig. 5). This approximation ignores interactions
between different knots: the perturbed plasma from one knot could
collide with another knot, increasing turbulence, for example.

We selected the AX- and BX-knot complexes since (a) these are
the regions containing the brighter knots in X-ray, and we expect this
to be reflected in the y -ray luminosity; (b) the galactic radiation fields
change with the distance and beyond 1.4 kpc there are no measure-
ments of the dominant dust radiation field; (c) we did not simulate
jet collisions far from the BX-complex, which could generate major
prediction inaccuracies due to different hydrodynamical conditions.

To make predictions of the y-ray spectrum, we use the available
X-ray and radio data to constrain the normalization and slope of the
electron spectrum in each knot. In particular, we use the radio to
X-ray spectral index o} obtained by Goodger et al. (2009) for each
knot to characterize its emission. The electron spectral index is taken
as p = 205 + 1. The SED was integrated in the same spatial area
for the respective proxy, AX2 or BX2. To normalize our spectra,
we account for the differences observed in the X-ray flux. After
normalizing the knots so that, within observational uncertainties,
they produce the same emission at 1 keV, the SED is weighted using
the flux density jx, at 1 keV, by f; = ji/jzX* for AX2-like knots
and f; = ji/jEX? for BX2-like knots. Our overall approach has
the advantage that we use observing frequencies (X-ray and radio) at
which the knots can be individually resolved to inform our modelling,
which is then used to make predictions, integrated across multiple
knots, for the much lower resolution y-ray waveband.

The model we have developed for AX2 and BX2 is suitable for
knots whose origin can be attributed to jet—-SW interactions, with
an X-ray spectrum dominated by uncooled electrons («xy < 1). For
some of the X-ray knots this origin has been discarded. Knots AX3,
AX4, and BX2A (and also SX2A and CX4) move at relativistic
speeds, ruling out an origin due to a collision of the jet with
obstacles (Bogensberger et al. 2024). Comparing the proper motions
measured in X-ray and radio for knots AX3 and AX4, previously
identified as the radio knots A3A and A3B, Bogensberger et al.
(2024) argue that they are not radio/X-ray counterparts. AX2A was
detected only in two Chandra observations, being unlikely a jet
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knot (Bogensberger et al. 2024), and will not be included in the
analysis. Similarly, knots BX3 and BXS5 were not present in the 2024
analysis and will also be excluded.

Table 3 summarizes the main properties of the X-ray knots used
in the analysis. Throughout this section, we will focus on g, = 210,
since in this case BAX! ~ 80 uG, within the maximum allowed value
estimated by Snios et al. (2019), and BEX2 ~ 40 uG, the expected
value of Sudoh et al. (2020).

4.1 Knot complexes: centroid emission

Fig. 11 shows the predicted SED for the different groups of knots. The
effect of the spectral indices and flux weight can be seen clearly. The
predicted y-ray flux density between different knots approximately
tracks the X-ray flux density, since the same electron population
generates both components through synchrotron and IC emission,
respectively. The centroid emission of BX2 is dominant compared
to that of the other knots. Although the knot centroids produce some
y-ray, this emission is not sufficient to account for the HESS data.

The radio emission of BX1 exceeds that of BX2 and is of the same
order as that for BX4. However, the radio counterpart of BX1 was
not detected (Goodger et al. 2009), while it was observed both for
BX2 and BX4. This fact challenges the applicability of the model
for BX1.

4.2 Knot complex: extended emission

We now predict the y-ray emission from the entire simulation box for
all knots, not only the centroid region of each knot. Only the region
downstream of the parabolic jet shock was considered, since the
model gives no information about the electron distribution (spectral
index and maximum energy) in the upstream jet flow, and we expect
the emission in that region to be subdominant. The flux is normalized
according to the emission in the knot centroid, as discussed in
Section 4.1.

Fig. 12 shows the SED obtained for the sum of emission from the
knot’s centroid and extended region. AX1A, AX1C, and BX2 are the
brighter y-ray sources in the jet, with BX2 contributing with fluxes
at higher energies than AX1A/AX1C. AX2 is the dominant source
of y-rays in the AX-complex, and the total AX-complex emission
agrees with the HESS measurements for 8 = 210, x = 0.01. In the
BX-complex, the y-ray flux from BX2 is dominant, and, as in X-
ray, the y-ray emission from BX2 is the higher between all the
knots considered. In general, the emission from the BX-complex
overcomes that from the AX-complex, and the emission from BX2
exceeds the y-ray flux measured by HESS.

The total energy in the non-thermal emission cannot exceed the
available energy provided by the jet and SW bow shocks. For
consistency, we compare the non-thermal radiation luminosity of the
extended and centroid emission from BX2 (LEX?) and the available
luminosity from the jet bow shock (Ljps). According to Araudo et al.

(2013), Ljp = (%)ZL, ~5x 109 erg s~ for R, ~ 0.05 R; (see
Fig.4)and L; = 2 x 10* erg s~!. Integrating the non-thermal spec-
trum of Fig. 12 from radio to y-rays, we obtain LEX? ~ 1.4 x 10,
or a fraction ~ 25 per cent of the energy available on the shock.
Similar calculations for AX1A and AX1C gives ~ 30 per cent and
~ 50 per cent, respectively. Considering the sum of knots, the energy
requirements can be distributed across different shocks, relieving the
energetic requirement. For AX-complex, for example, the fraction is
~ 15 per cent of one jet bow shock, but multiple jet bow shocks are

contributing. Although high, these values indicate that the energy
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Table 3. Measurements of the X-ray fluxes and spectral indices for the knots discussed in this work.

Knot X-ray flux 1 keV (nJy)? ax ® a;‘('g a )4 p reference
AX1A 10.65 1.08 0.85 2.40 Fitting data from Tanada et al. (2019)
AXI1C 21.43 1.06 0.85 2.43 Fitting data from Tanada et al. (2019)
AX2 9.29 0.77 0.86 2.66 Fitting data from Tanada et al. (2019)
AX2A 3.19 0.56 - - Not a jet knot (Bogensberger et al. 2024)
AX3 4.02 0.78 0.80 2.6 Relativistic speed (Bogensberger et al. 2024)
AX4 4.98 0.94 0.88 2.8 Relativistic speed (Bogensberger et al. 2024)
AX4A 0.30 0.48 - - Taken as AX6
AXS 6.60 0.59 0.61 2.2 p=2a3+1
AX6 9.39 0.51 0.70 2.4 p=2a3+1
BX1 3.69 0.83 - - Taken as BX4
BX2 19.39 0.63 0.67 2.27 Fitting data from Tanada et al. (2019)
BX2A 1.44 0.58 - - Relativistic speed (Bogensberger et al. 2024)
BX3 2.02 1.40 - - High ax; not in (Bogensberger et al. 2024)
BX4 4.94 0.91 0.77 25 p =20} +1
BX5 3.06 1.13 - - High ax; not in (Bogensberger et al. 2024)
Note. * From Goodger et al. (2009).
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Figure 11. SED predicted for different knot groups for x = 0.01, B,, = 210. VLA and Chandra data are presented for comparison and are taken from Tanada

et al. (2019) for knots AX2 (left) and BX2 (right).
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Figure 12. Sum of the knot centroid and extended non-thermal emission predicted for different knot groups for 8, = 210, with x = 0.01 for AX- (centre) and

BX-complex (right), and x =2 x 1073 for AX1A/AXI1C (lef?).

MNRAS 539, 3697-3713 (2025)



10712 |

10—13 =

10—14

E2dN/dE (erg cm™2 s71)

107 10° 101 1013
Photon energy (eV)

Figure 13. Sum of the knot centroid and extended non-thermal emission
predicted for the knots AX1A, AX1C, AX-complex (AX), and BX-complex
(BX), and B,, = 210. The models AX1C and BX-complex are normalized to
the HESS data.

dissipated at the shock is enough to account for the non-thermal
emission obtained here.

The sum of the centroid and extended y-ray emission from the
combination of knots exceeds the signal measured by Fermi-LAT
and HESS independent of the value of x even for the high magnetic
field considered B, = 210. Fig. 13 shows the SED for the knots,
for B,, = 210, normalized to the HESS data. Considering the BX-
complex a factor ~ 6.5 is needed as a normalization factor (~ 4 for
BX2 only). AX1A or AX1C only demands a factor ~ 2, while if all
knots are taken into account, the y-ray excess is ~ 10. The excess
can be explained by an overestimation of the normalization in the
knot centroid, due to diffusion, for example, a higher magnetic field
than considered (Section 5.3), or a different fraction of non-thermal
energy in the knot centroid and extended region. The last hypothesis
has already been raised by Sudoh et al. (2020).

4.3 Cooled electrons emission

The y-ray emission from the extended region of the knots can explain
the VHE y-rays measured by HESS, but is unlikely to describe the
excess detected by the Fermi-LAT concerning the core SED. The
Fermi peak requires a break energy of the electron spectrum lower
than that provided in the knot region. This raises the question whether
after propagating through the jet, the electrons are sufficiently cool
to explain the Fermi-LAT signal.

Considering the initial maximum energy at the knots ~ 4y PeV
and assuming the electrons are advected by the fluid at 8; ~ 0.6,
it is possible to estimate the break energy of the spectrum after
propagation through the entire jet length, reaching ~ 3.6 kpc. There
is no information about the radiation fields in the whole jet, so
we assumed the dust and CMB components are constant up to
3.6 kpc (the other radiation fields are expected to be subdominant, see
Fig. 2). We focus on particles accelerated at AX1 (Ziniia1 =~ 293 pc),
AX2 (Zinitial =~ 356 pc), and BX2 (zZiniiar = 1134 pc). The electrons
reach the end of the jet with E, ~ 1 TeV. The emission of the
cooled electrons is normalized to the HESS data, in a qualitative
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Figure 14. Comparison between the profiles for the y-ray measurement by
Fermi-LAT and HESS and the prediction for electrons accelerated at the knots
AX1, AX2, and BX2 after propagating along the ~ 3.6 kpc jet extension. The
emission model is described in Section 3, where x measures the acceleration
efficiency. The curves are arbitrarily normalized to the data points.

approach to the problem. Fig. 14 shows the profile obtained in
both cases. Electrons accelerated in the knots provide a good
explanation for the HESS emission, but only the cooler electrons,
from inner AX1 and AX2 knots, explain the data from Fermi-LAT
and HESS simultaneously. The possibility is that these electrons are
trapped in the lobes where they emit (Prokhorov & Colafrancesco
2018).

5 IMPLICATIONS

We have shown that particle acceleration at jet knots provides a
reasonable explanation for the VHE y-rays observed from Cen A
on kpc-scales. We have already discussed some of the ways in
which our results agree or disagree with the observed data. We
now explore further implications of this work for the jet properties,
diffusion physics, and acceleration of protons and ions to even higher
energies.

5.1 Jet velocity

After passing through the bow shock, the jet material is decelerated,
as seen in Fig. 5. If the jet widening, observed at ~ 250 pc from
Cen A’s core (Goodger et al. 2009), is caused by the interaction
with the obstacles that generate AX1A and AXIC, this raises the
interesting possibility that the true jet speed could be higher in
the inner region than reported. Snios et al. (2019) compare the
apparent jet speeds along the jet for both M87 and Cen A. The
M87 jet presents superluminal motion in the range ~ 10-1000 pc,
while there are no data for Cen A in the ~ 10-100 pc scale. If
the jet of Cen A accelerates after ~ 10 pc as reported to M87, the
collision that results in the AX1A/AX1C may make the jet wider
and slower. Further support for this scenario comes from Bogens-
berger et al. (2024), who find the AX4 knot is moving at ~ 0.9¢
indicating the existence of significantly higher speeds within the
Cen A jet.
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5.2 Diffusion effects

The method we used to solve for the electron distribution is suitable
when the transport of accelerated particles is dominated by advection,
since it does not account for diffusive effects. The time-scales for
diffusion and advection are

L2 L: B
Taif = 75~ = ldif © #G, (13)
2Dgp Epev
L
Tadv = ; = tadv%v (14)

where L. is a characteristic scale measured in parsecs, v = fBc is
the fluid speed of the region, #4iy = 4.88 yr, and #,4, = 3.26 yr.

The transition length-scale between the dominance of diffusion
and advection can be estimated by equating the relevant time-scales,
which gives

[ dif/adv _ % Epey

® = 3 hB (15)

To estimate the diffusion radius around the shock, we assume
Bynot ~ 40 nG. The jump condition for the magnetic field obtained
in the simulation is ~ 10-15. In the jet material around the shock,
B ~4uG, B; =0.6,and E,, ~ 4 PeV, the maximum displacement
due to diffusion is Ljy ~ 1 pc. There is a small correction to the
knot radius due to diffusion. On the other hand, in the SW material,
assuming B ~ 1 uG, Byg = 1072, and Epay ~ 4 PeV, the maximum
displacement is Ly ~ 270 pc. Compared to the knots’ radius, the
accelerated electrons could fill the entire stellar material region inside
the shock. This behaviour will lead to an increase in the emission
area, relieving the problems with the high emissivity obtained in the
model and motivating future calculations that account for a more
detailed treatment of particle transport.

Approximating the inner knot region as the shell of a hemi-

147
sphere, the emitting volume will be ~ ET((R +8R)* — R?), with

R ~ 0.1R; the shock radius and §R ~ 0.025R; the shock width.
Estimating that the diffusion will increase the emitting region to
the full sphere, of radius 1 parsec above, the normalization to the
radio/X-ray flux in the centroid will drop by a factor ~ 5. Given
the spatial scale of diffusion, this effect can account for the strong
peaked emission obtained in the X-ray images of the model, and can
increase the radius of the knots.

In these estimates we have considered the idealized Bohm
diffusion coefficient as the one relevant for the diffusion pro-
cess; this is equivalent to setting the diffusion mean free path
equal to the Larmor radius. A more realistic scenario should
assume D(E) ~ Dy(E)[(E/Eq) > +23(E/Ey)], where Eq~
0.9B,GAc pc/2m (Globus, Allard & Parizot 2008). The coherence
length of the magnetic field, A., is hard to estimate, assuming
Ae ~ (0.1 — I)R; will increase the diffusion coefficient, relative to
Bohm, by a factor of 2—4 at the energy of 4 PeV for B ~ 4 uG and
BX2.!

5.3 Magnetic fields

We use the VLA/Chandra data to define the amplitude of the
synchrotron emission in the model. The amplitude of the synchrotron

Hncreasing the diffusion coefficient in the acceleration site will lengthen
the acceleration time-scale, leading to a less efficient acceleration. This
way, writing D(E) = Dg(E)y(E, Ez) implies that x = n(Emax, Eq)~'/?
(see Section 2.2).
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Figure 15. Mean magnetic field along the jet for f,, = 210. The mean
values obtained in the simulation box for the knots AX1 (left), AX2 (centre),
and BX2 (right). The magnetic field intensity obtained from the pressure
profile (equation 5) is shown in grey. The values obtained in the literature
[40 puG (Sudoh et al. 2020), <80 pG (Snios et al. 2019), and 23 uG (The
H.E.S.S. Collaboration 2020)] are also shown.

spectrum increases as B’*1/2, whereas the amplitude of the IC
component depends on B~+D/2 meaning that the higher the
magnetic field, the lower the luminosity of y-rays (considering the X-
ray amplitude fixed by observations). The comparison of the model
to the HESS flux provides a lower limit for the magnetic field in the
knots. The high flux obtained for the knots BX2 may suggest a higher
magnetic field in the BX-complex than assumed here, or §,, < 210.
To account for the factor ~ 4 y-ray excess from BX2 (see Fig. 12)
a magnetic field of ~ 90 uG is necessary, closer to the upper limit
calculated by Snios et al. (2019).

Fig. 15 shows the radially averaged magnetic field in the sim-
ulated regions along z for the different values of S, used in this
work. The magnetic field of 23 pG estimated by HESS and the
approximate analytic expectation from equation (5) are also shown.
The ~ 23 uG HESS estimate was obtained using the SED data
on scales 2.4-3.6 kpc in projection from Hardcastle et al. (2006),
which contains knots from the F- and G-complexes. Given that
the jet magnetic field should decrease with the distance from the
core (O’Sullivan & Gabuzda 2009), extrapolating this value back
along the jet will lead to magnetic fields with unreasonably high
values in the inner region, including in the knots. A more probable
scenario is that the magnetic field in that region is amplified by the
knots, consisting of an effective, perturbed field. This amplification
could take place through cosmic ray-driven instabilities at the
shock (e.g Bell 2004), with subsequent turbulent magnetic field
amplification in the disrupted flow behind the jet—-SW interaction.
Considering the values for the magnetic field obtained here and
given that the jump in the magnetic field in the shock is ~ 15, values
~ 1 uG for the non-amplified magnetic field in the jet on the ~ 3 kpc
scale are more likely.

5.4 Knots as UHECR accelerators?

Shock acceleration is among the prime candidate mechanisms to
accelerate particles to ultra-high energies (Matthews et al. 2020;
Rieger 2022). In addition to electrons, the shock generated from
the collision between the jet and the SW can accelerate protons
and heavier nuclei, which cool much more slowly and can have
higher maximum energies. Wykes et al. (2018) and Miiller & Araudo
(2025) propose that the wind from a WR star could provide heavier



elements, not usually expected to constitute the jet and necessary
to explain the UHECR composition inferred from the Pierre Auger
Observatory data (Mayotte et al. 2023). Posteriorly, these nuclei
could be (re)accelerated by jet shock waves, turbulences, the shear
layer between the jet and the environment, or in the lobes (e.g.
Hardcastle et al. 2009; Matthews et al. 2019; Rieger 2022).
Assuming acceleration occurs at the knot centroid with size ~
0.1R;, the maximum energy reached by a nucleus of charge Z will
be Egiias ~ Z(B/UG)(R;/pc) x 10~* EeV (Hillas 1984). Taking
the upper limit magnetic field estimated by Snios et al. (2019), the
maximum energies reached in the knots AX2 and BX2 are EAX2 ~

max

0.2Z EeV and EBX2 ~ 0.4Z EeV, respectively. This represents an
optimistic scenario in which the diffusion regime at the acceleration
site follows Bohm diffusion. For a more realistic estimate, we assume
that nuclei are subject to the same acceleration efficiency as electrons
(x 2 0.01), resulting in an expected maximum energy of Z PeV. For
AX1A and AX1C the value is EAXI1A/AXIC (0 27 EeV; however, if
the same acceleration efficiency of the electrons applies to the nuclei
(x ~ 2 x 1073), the maximum energy drops to 0.4Z PeV. Given
these estimates, it seems that protons and ions are some distance off
reaching the UHECR regime, a finding that is in-keeping with other
more general estimates in Cen A based on the current jet activity (e.g.
Massaglia 2007; Croston et al. 2009; Matthews et al. 2018, 2019).

6 CONCLUSIONS

In this paper, we tested the hypothesis of knots as particle accelerators
responsible for the VHE y radiation detected in Cen A. The problem
was treated in detail, combining multiwavelength data with RHD
simulations and particle acceleration theory. We focused mainly on
the better known AX1A, AX1C, AX2, and BX2 knots. We find
that particle acceleration at jet—-SW interaction sites can provide a
plausible explanation for the X-ray and radio knots as well as the
VHE y-ray energy emission observed from the Cen A jet. The main
conclusions developed here are listed below.

(i) Energetics: In general, the model results are in good agreement
with the radio and X-ray data for all the knots. Knots AX2 and BX2
should accelerate electrons at least up to ~ 40 TeV, but energies so
high as ~ 4 PeV are expected. The inner AX1A and AX1C knots
require a smaller acceleration efficiency, and the maximum energy
achieved should not exceed ~ 6 TeV.

The high values obtained for the maximum energy of electrons
suggest the knots are the accelerators of the relativistic electrons
demanded by the HESS measurements;

(ii) Morphology: The size obtained for knots AX1C, AX2,
and BX2 agrees with the current estimations based on Chandra
X-ray data, indicating that the parameters selected for the SW
are reasonable. This suggests that powerful WR stars as possible
obstacles to generating these knots, which is plausible given the
expectations (Miiller & Araudo 2023) for the number of WR stars
along the jet.

The radius of the knot AX1A is more than twice that found by the X-
ray measurements, which could indicate a weaker SW. The presence
of a substructure in the AX1A knot challenges the explanation by an
obstacle only, but interactions with AX1C could not be discarded.
All models present an excess in the number of photons when
compared to the X-ray images. We attribute this to the diffusion
effect, not included in our model.

(iii) y-rays: Assuming the current estimations for the knot’s
magnetic field, we obtained that the emission of the knot centroid is
not enough to account for the HESS measurements. The extended
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emission from electrons accelerated at the knots constitutes a
satisfactory explanation for the VHE y radiation measured by HESS.
As expected, the brighter knots in X-ray dominate the y-rays band,
especially AX1C and BX2. The y-ray flux measured by Fermi-LAT
could also be explained by the cooling, along the jet, of the electrons
injected from the knots’ shock. These electrons could be trapped in
the lobes (Prokhorov & Colafrancesco 2018). Another possibility
is a still lower maximum acceleration efficiency of the inner knots
AXI1A and AX1C.

(iv) Magnetic fields: Given the jump conditions obtained in this
work, we propose that the 23 nG magnetic field obtained by HESS
using data from a region 2.4-3.6 kpc away from the core corresponds
to a magnetic field amplified by the knots of the F- and G-complexes.
Assuming the validity of our model in the extended region of the
knots, the sum of the y-ray flux exceeds the measurements from
HESS. By normalizing the y-ray flux from BX2, we found that the
magnetic field in the BX-complex should be closer to ~ 80 uG, as
estimated by Snios et al. (2019).

From the point of view of UHECR, we expect that the knots
accelerate particles up to ~ 0.2Z EeV, in a highly efficient scenario.
This is not enough to explain the more energetic ~ 10'? eV particles.
However, knots could inject heavier nuclei (Wykes et al. 2014;
Miiller & Araudo 2025) from WR stars that will undergo subsequent
acceleration in the jet and/or lobes.

Besides not being able to disentangle the emission from individual
knots, the brighter AX1A/AX1C and BX2 have different maximum
energies. In principle, measurements with high energetic and spatial
resolution may indicate the dominant knots in the VHE band and
test the acceleration efficiency in the knots. This constitutes the
ideal scenario for tests using the CTAO (The Cherenkov Telescope
Array Consortium 2019), as is visible from Fig. 13. In the en-
ergy range 10-100 TeV, the angular resolution of the CTAO will
be ~ 0.02-0.03° =~ 70-100 arcsec ~ 1.3—1.8 kpc (The Cherenkov
Telescope Array Consortium 2019). This angular resolution is
enough to separate the contribution of the inner knots complexes
(A, B, C, and E) from the outer ones (F and G) and the lobes since
AX2 is located at ~ 20 arcsec and the F complex is at ~ 150 arcsec
from the core. In a future publication, we will explore the potential
of CTAO to study particle acceleration in Cen A.
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VHE radiation along the jet of Centaurus A 3713

APPENDIX A: RADIATION FIELDS FOR AXI1A, where the radiation fields are more intense, for x = 2 x 1073,
NON-THERMAL EMISSION Dust is the dominant radiation to generate VHE y-rays in all cases.
External Compton with starlight radiation significantly generates y -
rays in MeV/GeV scale. The SSC contribution is negligible and is
not shown.

Fig. Al shows the radiation emitted in each point of Fig. 7 via
synchrotron and IC for all the radiation fields considered and the
positions shown in Fig. 7. Here we show the profile for the inner knot
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Figure A1l. SED in different locations along AX1 knot. The positions are the same as shown in Fig. 7: shock 1 (red square), shock 2 (brown square), jet (blue
square), and shocked material (green square).
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