PROCEEDINGS

OF SCIENCE

The origin of the very-high-energy radiation of
Centaurus A

Caina de Oliveira,”* James H. Matthews” and Vitor de Souza“
“4Sdo Carlos Institute of Physics, University of Sao Paulo, IFSC — USP

13566-590, Sdo Carlos, SP, Brazil.
b Department of Physics, Astrophysics, University of Oxford

Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, UK

E-mail: olivcaina@gmail.com, caina.oliveira@usp.br

As the closest known active galactic nucleus, Centaurus A provides a rich environment for
astrophysical exploration, being detected from radio to gamma rays. Recently, very-high-energy
gamma rays have been measured by the HESS observatory. The signal is associated with the jet,
revealing the presence of relativistic electrons. However, the underlying acceleration mechanism
remains uncertain. Several works have proposed that jet substructures, known as knots, may act
as efficient particle accelerators. In this work, we model the particle acceleration in the knots,
assuming they originate from the interactions between the jet and powerful stellar winds. The knots
are modeled using relativistic hydrodynamics simulations using the PLUTO code. It is assumed
that the shock injects relativistic electrons whose maximum energy depends on the radiation fields
of the galaxy. The spectral index is found based on the radio and X-ray observed data, assuming
a synchrotron origin. Inverse Compton scattering of the same electron population produces the
very-high-energy vy rays in this model. Our findings suggest that electrons accelerated at the knots
are responsible for the y-ray spectrum detected in the very-high-energy band. The possibility of
knots as ultra-high-energy cosmic ray accelerators is also explored.
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1. Introduction

Centaurus A (Cen A) is the closest radio galaxy, at a distance 3.8 Mpc [1]. It is ejecting
collimated jets, which have been resolved in radio and X-ray wavelengths [2, 3]. In addition, Cen A
is an important source of high-energy radiation. Recently, the HESS Collaboration reported the
detection of an extended emission of very-high-energy vy radiation along the jet of Cen A [4]. The
y-ray signal favors a synchrotron interpretation for the X-ray emission detected along the jet, and
suggests the existence of an efficient particle acceleration mechanism acting far away from the
central black hole. However, this underlying acceleration mechanism remains uncertain.

The jet of Cen A presents substructures known as knots. There are both stationary and moving
knots detected in radio and X-ray wavelengths [3, 5]. The majority of the knots can be explained
by collisions of the jet with obstacles, generating a local shock complex. Stationary shocks can be
produced by collisions with the stellar wind (SW) from high mass-loss rate stars, such as AGB, O/B,
and/or Wolf-Rayet (WR) stars [2, 3, 6]. Collisions between the jet and stellar winds produce shock
waves and regions of magnetic field amplification suitable for long-lived particle acceleration [7].
Accelerated electrons will produce non-thermal radiation from synchrotron and Inverse Compton
losses. The last have been proposed to generate y radiation, potentially explaining the vy rays excess
observed from Cen A [8, 9].

More than 40 knots have been detected by Chandra along the jet of Cen A [3, 5]. The
brightest X-ray knots, at 1 keV, are distributed closer to the core, in the AX and BX groups [3].
In this work, we build a detailed model for the brightest knots AX1A, AX1C, AX2, and BX2 and
predict the acceleration of electrons on them. After testing the model, we extended the analysis
for other stationary knots and evaluated the expected y-ray signal. For more details see the main
publication ref. [10].

2. Modelling the knots

Our model for the knots is based on the following steps: obtain the hydrodynamic profile
for the jet/SW interaction; estimate the electron population in the simulation grid; and predict the
non-thermal emission from the electrons. These steps are detailed below.

2.1 Hydrodynamic profile

The fluid equations for the jet/SW collision were solved using the Relativistic Hydrodynamics
(RHD) module from PLUTO code [11]. The simulation was performed in a 2D setup, assuming
cylindrical symmetry with a grid of 300 x 800 cells, considering the interval rg, = [0, 1.5],
Zsim = [0,4.0]. Computation units are converted to physical units considering the jet radius (R;)
at the distance from the respective knot from the core (zinot). The plasma is assumed to follow the
Taub-Matthews equation of state.

The initial velocity, pressure, and density of the plasma in the jet were obtained from data avail-
able for Cen A. The jet speed was taken equal to v; = 0.6¢ [2] along the jet direction (Z). The jet is
assumed to be in mechanical equilibrium with the external medium. The external pressure was esti-
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mated using the profile obtained by ref. [12] as P(r,z) = 5.7x 10~ dyn cm 2 (\/r2 + zz/kpc) )
The density of the jet was approximated by p; = L_,'/]TR?(Z)V_/F_,' (T; = 1) c?, where L; =~
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2 x 10® erg s~! is the jet power [13], and T’ ; 1s the jet Lorentz factor. The jet radius R; along the
jet axis was determined by ref. [12]. Note that the pressure and density are dependent on zynor and
are different for the knots AXTA/AXI1C (zaxi1a/axic ~ 292 pc), AX2 (zax2 ~ 356 pc), and BX2
(zBx2 ~ 1134 pe) [14].

The SW is characterized by the wind terminal velocity (V.,), the mass injection rate (M), and the
wind temperature (Tsw). In this study, we consider the knots to be a product of the interaction with
power WR stars, as previously argued [6, 15]. It is assumed Vi ~ 3000 kms™', M ~ 10~* Mg yr~?,
and Tsw ~ 10° K [15]. The SW density and pressure are found by psw = M /47r’V,, and
Psw = kpTswpsw/mpy, respectively. The SW is modelled as a constant flow, radially blown from
the knot position at z & zxno at simulation coordinates 7y, = 0, zgim = 0.5.

2.2 Electron population and non-thermal electromagnetic spectrum

We assume that the strong and extended jet shock injects an electron energy spectrum given
by power law with an exponential cutoff at a maximum energy Ep.x. FEmax 1S calculated by
equalizing the acceleration and energy-loss timescales. The acceleration timescale is estimated as
nDg/ czﬁihea d cos? @, where Dp is the Bohm diffusion coefficient, Banead is the speed ahead the
shock, and 7 > 1 accounts for deviations from the idealized regime of Bohm diffusion. The factor
cos® 0 is an approximate way to account for the likely dropping in the acceleration efficiency with
the shock obliquity and the effects of the velocity projection.

Synchrotron and Inverse Compton energy losses are assumed to be the main processes causing
the cooling of electrons around the knots. The strength of the magnetic field in each cell is
estimated from the thermal pressure by B = B,,Bp = /87PB,,, where P is the local thermal
pressure measured in dyn cm~2. The range of values for j3,, is estimated based on constraints for
the magnetic field for the knots (40 — 80 uG [2, 9]), as BaX! ~ 200 — 810, 2X2 ~ 160 — 670, and
BBX2 ~ 50 — 210. The local radiation density is obtained by fitting the expression Uyaq(z) = Upz"
around the position of each knot, where U.,q considers contributions from the galactic core, starlight,
and dust lane. The core and starlight components are taken from [8]. The contribution from the
kpc-scale dust lane found around the galaxy is approximated as a 30 K blackbody with luminosity
Laust = 10* erg s~!, whose energy density is taken as a constant in the spatial scale of the knots,
such that the energy density is ~ Lgyst/ 47rR(21ustc.

In these circumstances, Eax iS estimated as
1/2
Emax X Biet Bp , n

o 1/4 1/2 2
GeV ﬁm/ G (Zshock) / g—:(tacc/tsync) + Urad(tace/t1ic)

where Bje; is the jet speed ahead the shock in speed of light units, fgyne = 1.25 X 1019 yr, f1c =
5.0x107* yr, and foc = 1.17x107% yr. y = =72 is a free parameter that accounts for limitations on
the acceleration efficiency. Factor G (zghock) = 1+ (2ar)? provides the correction for shock obliquity.
The geometry of the jet shock can be described by a parabola, zgwock = ar? + b, where a and b are
obtained by fitting the shock profile from the RHD simulations (aax; = 3.658, aax, = 3.588, and
agxe = 3.914).

After being injected by the shocks, electrons with energy above a critical energy Ej, will suffer
the effects of cooling, resulting in a broken power law energy spectrum. Assuming a constant
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injection from the shocks, the system reaches a stationary state, such that £ depends only on the
position on the simulation grid. The energy spectrum at each cell (i, j) is written as

dN
dE

(E/Eo)™P, E < Eyp;j

. )
(Epij/E0) N (E/Ep;j)~ PV, E > E,j

i,j

= Ai je_E/Emax,ij {

Assuming the energy deposited in non-thermal proportional to the thermal energy of the cells, we
estimate A;; = AoP;;V;;, where V;; = 2nréréz is the volume of the cell, and Ay a normalization
constant. Ag and the spectral index p are obtained from the radio and X-ray data available for each
knot. Ej is obtained from the temporal cooling from E.x, evolved with the fluid in the RHD
simulation as a passive scalar Q = p'/3/E;, in a generalization of the method described in ref. [16].

The spectral energy distribution (SED) from the electron population is evaluated using the
NAIMA library [17].

3. Knots AX1, AX2 and BX2

To test the hypothesis of the jet/SW collision as the origin of the knots, a detailed analysis of the
model for the knots AX1A/AX1C, AX2, and BX2 was made. The value of p was obtained assuming
a synchrotron origin for radio and X-ray emission from the knots. In this case, p = 2a + 1, where
«a is the radio to X-ray spectral index. Based on the data of ref. [8], paxia = 2.40, paxic = 2.43 L
paxz = 2.66, and pgx> = 2.27. Two values for the acceleration efficiency y (0.01 and 1) were
explored. The normalization constant Ay was chosen to normalize the curves to the upper and lower
uncertainties of Chandra X-ray data at 1 keV for y = 1 and y = 0.01, respectively.

To compare the simulation results to the data, we define the emission of the knot centroid. The
knot centroid radius was defined as half the Chandra resolution (~ 9 pc at the distance of Cen A)
for knots AX1A, AX1C, and AX2, whose sizes are 2.6, 5.5, and 8.8, respectively [8]. BX2 presents
a size 11.3 pc [8], and then the centroid of the knot BX2 was defined as half the knot radius. The
total centroid emission was obtained by summing the non-thermal emission from cells within the
centroid region. Figure 1 shows the SED obtained for the knots’ centroids. For knots AX2 and
BX2, the radio and X-ray measurements are satisfactorily reproduced in all scenarios considered.
This constrains the maximum energy for electrons to > 40 TeV. The drop in the X-ray flux for knots
AX1A/AXI1C requires a significantly reduced maximum energy. An approximate match was found
for y = 0.002, indicating Ep.x < 6 TeV.

The validity of the model was further verified by comparing the size of the knots (o) obtained
from the X-ray signal from our model with the Chandra measurements. A synthetic X-ray image
was built by summing the emissivity between [0.9,2.0] keV of each cell, perpendicular to the jet
axis. For a fair comparison with the Chandra images, a Gaussian filter is used with a standard
deviation of 0.5 arcsec. The knot size was calculated according to refs.[8, 14]. We obtained
oaxi = 6.9 pc, oaxo = 9.2 pc, independent of y, and ogxy = 11.8 — 13 pc for y = 0.01 — 1.
Comparing these values to the obtained in ref. [8], the sizes found by the model are larger by
factors ~ 150 9%, 25 %, 5 %, 4 — 15 %, for AX1A, AX1C, AX2, and BX2, respectively. This
indicates that the model is a suitable approximation for knots AX1C, AX2, and BX2, but not for knot

IFor knots AX1A and AX1C, p was estimated using the VLA radio data and the first point of Chandra X-ray data.
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Figure 1: SED for AX1A, AX1C, AX2 and BX2 knots centroid. The circles and butterfly regions show the
measurements of VLA, Chandra, and HESS. The different colours represent different values for 3,,,, and the
solid and dashed lines denote y = 1 and y = 0.01, respectively. For knots AX1A and AX1C, the additional
SED for y = 0.002 is also plotted. Reproduced from de Oliveira et al. [10] licensed under CC BY 4.0.

AX1A. AX1A (A1A) requires an alternative hypothesis for its origin. Figure 2 presents the X-ray
morphology obtained for the knot BX2 for y = 0.01 and y = 1 (similar profiles were obtained for
the other knots). The qualitative profile obtained from the simulation is compatible with the X-ray
images of the knots (compare with ref. [2]). The knot centroid produces a stronger signal, but an
extended X-ray tail is also visible. The emission is dependent on the maximum energy achievable,
since 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.

4. Generalization for groups of knots

Differently from VLA radio and Chandra X-ray measurements that can resolve the knots’
emission, Fermi-LAT and HESS observatories provide the y-ray emission from an area that en-
compasses the knots and possible diffusive emission from the jets and Inner Lobes. To verify if
electrons accelerated in the knots can explain the VHE +y-ray signal, we generalize our model to
include the extended tail emission and several knots. We choose stationary X-ray knots from groups
AX (AX2, AX4A, AX5, and AX6) and BX (BX1, BX2, and BX4) according to ref. [5]. The RHD
simulation for knot AX2 and BX2 will be used as a model for the knots in the AX- and BX-groups,
respectively. The parameters p and Ay will be chosen according to the data available for each
knot analyzed. For each knot, Ay will be corrected by f; = jx. i/jx, axz for AX2-like knots and
fi = jx.iljx, Bx2 for BX2-like knots, where jx is the X-ray flux density at 1 keV,. The electron
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Figure 2: Synthetic X-ray image for the model of knot BX2 with 8, = 210 for y = 0.01 (left) and y =1
(right). Colours are shown on a logarithmic scale, truncated at 107 photons cm~2 s~!. The theoretical
predictions have been smoothed using a 3 pixel rms Gaussian to compare with ref. [2]. Reproduced from de

Oliveira et al. [10] licensed under CC BY 4.0.
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Figure 3: Total non-thermal emission predicted for different knot groups for 5,, = 210, with y = 0.01
for AX- (centre) and BX-complex (right), and y = 2 x 1073 for AX1A/AXIC (left). Reproduced from de
Oliveira et al. [10] licensed under CC BY 4.0.

spectral index is taken as p = Za/ff'g + 1, based on the radio to X-ray data available in ref. [3] °.

Figure 3 shows the SED obtained for the y-ray energy range for §8,,, = 210 and y = 0.01. The
brighter y-ray sources in the jet are AX1A, AX1C, and BX2. Due to the higher maximum energy,
BX2 contributes with high-energy y rays than the AX1 knots. The total AX-complex emission
agrees with the HESS measurements, while the y-ray emission from the BX-complex overcomes
that from the AX-complex, and exceeds the y-ray flux measured by HESS.

5. Knots as UHECR accelerators ?

Being suitable sites for electrons accelerations up to relativistic energies, we test whether
knots could produce ultra-high-energy cosmic rays (UHECR). Assuming the acceleration occurs
at the shock wave that defines the knot centroid, we estimate a Hillas energy Egijas ~ Z X

2Knots AX4A and BX1 were not detected in radio, and their spectral index was taken equal to that from AX6 and
BX4, respectively, based on the similarities between their spectral index in the X-ray range.
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10~% EeV(B/uG)(R/pc). Taking the upper limit B ~ 80 uG, we estimate Eﬁfﬁis ~0.2Z, El‘;‘fﬁis ~

0.27, Egi)ﬁs ~ 0.4Z EeV. This maximum energy represents the optimistic scenario in which the
diffusion regime at the acceleration site follows Bohm diffusion. In this way, knots seem to be
unable to explain nuclei with energies ~ 10 — 100 EeV observed. Despite that, knots can be suitable
places to provide heavier elements, not usually expected to constitute the jet, and necessary to

explain the UHECR composition, as previously proposed [18, 19].

6. Conclusion

We tested the hypothesis of knots as particle accelerators responsible for the VHE vy radiation
detected in Cen A. By studying the brighter knots AX1A, AX1C, AX2, and BX2, we showed that
the jet/SW model provides a satisfactory explanation for the origin of stationary knots. The shock
produced by the collision 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. By combining the centroid
and extended region of the knots from AX and BX groups is possible to explain the y-ray signal
measured by HESS. In a future publication, we will explore the potential of CTAO to study particle
acceleration from knots in Cen A.
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