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ABSTRACT

NGC 1068 is a nearby, widely studied Seyfert II galaxy presenting radio, infrared, X-ray, and y-ray emission, along with strong
evidence for high-energy neutrino emission. Recently, the evidence for neutrino emission was explained in a multimessenger model,
whereby the neutrinos originate from the corona of the active galactic nucleus. In this environment, y-rays are strongly absorbed,
so that an additional contribution is necessary, for instance, from the circumnuclear starburst ring. In this work, we discuss whether
the radio jet can be an alternative source of the y-rays between about 0.1 and 100 GeV, as observed by Fermi-LAT. In particular, we
include both leptonic and hadronic processes, namely, accounting for inverse Compton emission and signatures from pp as well as
py interactions. In order to constrain our calculations, we used VLBA and ALMA observations of the radio knot structures, which
are spatially resolved at different distances from the supermassive black hole. Our results show that the best leptonic scenario for the
prediction of the Fermi-LAT data is provided by the radio knot closest to the central engine. For that to be the case, a magnetic field
strength of ~1 mG is needed as well as a strong spectral softening of the relativistic electron distribution at (1-10) GeV. However, we
show that neither such a weak magnetic field strength, nor such a strong softening is expected for that knot. A possible explanation for
the ~10 GeV y-rays could potentially be provided by hadronic pion production in case of a gas density 210* cm™. Nonetheless, this
process is not found to contribute significantly to the low-energy end of the Fermi-LAT range. We conclude that the emission sites in
the jet are not sufficient to explain the y-rays across the whole Fermi-LAT energy band.

Key words. galaxies: Seyfert — gamma rays: general — X-rays: galaxies

1. Introduction

The nearby starburst-Seyfert II galaxy NGC 1068, located at a
distance of Dy, = 10.1 + 1.8 Mpc (Tully et al. 2009), is not
only one of the first and brightest galaxies of its kind stud-
ied by Seyfert (1943) — but it is also one of the first sources
to show strong evidence for neutrino emission, as observed by
the IceCube experiment (Abbasi et al. 2022). NGC 1068 shows
also clear non-thermal emission in the y-ray band up to some
tens of GeV (Ackermann et al. 2012). The observation of a neu-
trino flux that is much higher than the gamma-ray flux resulted
in the expectation that neutrinos must be produced in a y-ray
absorbed environment (Inoue et al. 2020, 2022; Murase et al.
2020; Kheirandish et al. 2021; Eichmann et al. 2022). Since the
AGN corona is optically thick to y-rays, it seems to be the
most likely origin of the TeV neutrinos. The origin of the GeV
y-rays is less clear, since it may be located in different regions.
Eichmann et al. (2022) explore the possibility that y-rays with
energies higher than a few hundreds of MeV are produced by
hadronic pion production in the starburst ring located ~1.3 pc
from the BH. Another scenario, presented by Inoue et al. (2022),
considers the production of y-rays via the hadronic pion produc-
tion by an outgoing wind that impacts the obscuring torus. As a
third possibility, y-rays could be produced in the radio jet by rel-
ativistic electrons that inverse-Compton scatter the infrared radi-
ation from the torus (Lenain et al. 2010). The contribution of the
jet to the y-ray signal is also addressed in Tagawa et al. (2023).

In this work, we test the hypothesis that the jet of NGC 1068
contributes to the GeV y-ray emission, based on radio observa-
tions of the jet and a physical model of the multi-wavelength
non-thermal emission.

Radio observations (Gallimore et al. 2004; Michiyama et al.
2022) show distinct emission sites at some tens of parsecs, as
well as a few hundreds of parsecs from the supermassive black
hole of NGC 1068. These are commonly associated with its jet
that is inclined to the line of sight (LoS) by about 45°. Hereof, the
most distant emission site shows spatial widening, including four
bright knot structures according to Michiyama et al. (2022), and
the typical lobe structure that marks the head of the jet. Here the
whole structure seems to have hit the interstellar medium (ISM)
and, therefore, it presents an overall shock feature. Moreover,
all of the observed radio structures can be inferred by spherical
symmetric knot structures with a radius, r¢, on the order of about
a few parsecs. According to Roy et al. (2000) these knots are
streaming non-relativistically away from the central engine, with
a speed of at most v ~ 0.075¢.

Without accounting for the spatial features of the radio emis-
sion sites, Lenain et al. (2010) provided a phenomenological
explanation of the observed y-ray emission at GeV energies.
They adopted an emission site at a distance from the torus
of 65pc, with a radius of r, = 7pc and a magnetic field of
0.1 mG, which, however, is not observed in the radio band. Using
relativistic electrons with a broken power-law energy distribu-
tion they manage to explain observed GeV y-rays by inverse
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Compton (IC) scattering of IR photons from the torus. Based
on the given radio power, the expected jet power Pje according
to Cavagnolo et al. (2010) is at the order of at most 10*3 ergs~!.
Thus, the jet of NGC 1068 is comparably weak to produce the
observed y-ray luminosity between about 0.1 and 100 GeV of
about 10*' ergs~!.

In this work, we strive to account for the observational
details of the individual radio knots and investigate if leptonic
or hadronic emission in these knots can actually explain the
observed y-ray signal. The paper is structured as follows. In
Sect. 2, we introduce the dominant emission scenarios for the
previously introduced emission sites. In Sect. 3 we apply them
to the case of NGC 1068. In Sect. 4, we conclude and discuss
whether or not the observed radio knots can also be considered
as origin of the observed y-ray signal.

2. Theoretical toolbox

In the following, we introduce the potential leptonic and
hadronic y-ray production scenarios at the different location of
the radio knots within the jet of NGC 1068, which have been
observed by VLBA and ALMA. A schematic sketch of the dif-
ferent emission sites is shown in Fig. 1. As known from the jets
of other AGN it is well established that these environments are
suitable to accelerate electrons and protons to relativistic ener-
gies by, for instance, diffusive shock acceleration, shear accel-
eration, and/or magnetic reconnection (Matthews et al. 2020).
However, we stay agnostic with respect to the acceleration mech-
anisms at work and presume a power-law distribution with a
spectral index g of relativistic electrons and protons, respec-
tively, as a result of the acceleration.

2.1. Leptonic model

In the presence of a single relativistic electron (with 8 =~ 1),
its emitted synchrotron power is given by Pgy, = dorey?Us/3,
where o7 denotes the Thomson cross section and Uz = B2/8x
yields the magnetic energy density. Moreover, the spectral
energy distribution (SED) of the emitted power shows a maxi-
mum at a frequency vy, =~ yg vL, with the characteristic Larmor
frequency vi. = eB/2nmcc. In a similar manner, the total emitted
power by IC scattering of a monochromatic photon target dis-
tribution with an energy density, Uy, can also be given in the
Thomson limit by Pic = 40'Tcy§ Upn/3. In addition, it is well
known in the Thomson regime that an initial photon of a fre-
quency, vy, gives a mean frequency of vic = 4y2vy/3.

In the case of a differential energy distribution of electrons
according to ne(y.) o« v.%, the emissivity e(v) at a given fre-
quency v, within an interval dv, results for both emission pro-
cesses from those electrons with an appropriate energy y., within

the interval dy., so that
Vsyn Vsyn
ne yC = d’ye»
VL VL

6]

1
esyn(Vsyn) styn = E Psyn (76 =

and

1 3y, 3y
eic(vic) dvic = I Pic ()’e = ‘,4_\5) Ne [)/e = 1[4—:;:) dy. .
(@)

Hereby, we suppose that all the power is emitted at the frequen-
cies vy and vic, respectively. This is an appropriate estimate
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Fig. 1. Sketch of the environment, with the distances not shown to scale.
The corona (in purple) has a radius of 7., ~ 107 pc. The torus (in light
blue) has a radius of r,, = 3.6pc. The C, NE, and P1-P4 knots are
shown in red, dark blue, and green, respectively. The radii of the knots
and respective distances, z, from the core are summarised in Table 1.

since the synchrotron and IC power spectra, for a given ., show
a peak at these characteristic frequencies. We note that these
relations imply that all power is emitted at a typical frequency.
With

~1/2

dy. _ Veyn and % _ V;cl/z i 1/2 3
dvsyn 2y£/2 dV[C 2 4V0
the ratio of IC over synchrotron luminosity yields
3-ge
vicLy, _ vicec(vic) 3vic/vo |2 Upm
= =z = @
VsynLvsy“ Vsyn Esyn(Vsyn) 4 Vsyn/ VL Us

where the equality only holds in the Thomson limit, where
vovic < (mc?)?/h?. Hence, for a given target photon field (that
is idealized to be monochromatic) and a known synchrotron flux
spectrum at vy, the resulting y-ray luminosity vicL,,. from IC
scattering depends on the magnetic field strength according to
vicLy,. o B~174)/2 We note that the exact calculation, without
the delta approximation, leads to a slightly smaller ratio by about
a factor of two in the range of interest. Thus, the previously intro-
duced monochromatic luminosity ratio Eq. (4) provides, in any
case, a robust upper limit of the actual ratio.

Supposing that the energy within the emission site is at
equipartition, an estimate of the corresponding magnetic field
strength can be derived in a way that is similar to the procedure
published in Pacholczyk (1970). First, the total electron energy
budget of those electrons that predominantly contribute to the
synchrotron luminosity, L, ,, namely, those with ye = /veyn/vL
can be estimated by:

Vsy“) v, ©)

V.
~ 2 syn _
E. =~ mec Re | Ve =
YL YL

where V denotes the volume of the emission site. According to
Eq. (1) the corresponding synchrotron luminosity can be approx-
imated by:

1/2
1 (v
VsynLv,_Vn = E ( ;yn) P syn (7e =
L

Vsyn Vsyn
He|Ye = —|V
VL VL

Q)
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so that the total electron energy dependent on the differential
synchrotron luminosity at vgy, yields

E. = cgyp B2 VynL with  cgyp =

Vsyn

12rmec e 12
2nmecvegn |

@)
V Up, the total energy

%y

With a magnetic field energy of Ep =
within the emission site is given by

B? rﬁ
Vsyn + 6 ’

where the heavy particle energy, E,, is k times the electron
energy of those electrons that predominantly contribute to Ly, .
Its value depends on the acceleration mechanism of relativistic
particles, but, in general, it is expected that k > 1. Assuming
that the total energy is at its minimum, namely, 0E, /0B = O,
we obtain a magnetic field strength of:

Eot = Ee + Ep + Eg = (1 + k)cgyn B2 vgynL

®)

- 2/7
Beg = (4.57(1 + 0?7 c2Tr o (vagnL,,) s )
for which the magnetic field energy is about equal to the total
particle energy.

2.2. Hadronic model

In the case of a hadronic origin of the observed y-ray luminosity,
there is no robust low-energy counterpart (as in the leptonic sce-
nario) that can be used to constrain the energy distribution of the
CR protons. Moreover, y-rays can in principle be produced by
photomeson or hadronic pion production, namely, by inelastic
interactions with some target gas and target photon field, respec-
tively.

In the case of photomeson production, the corresponding
photon emissivity is given by (Dermer & Menon 2009):

ey o™ (%) foo e w0
& &2
Zp

€py (Ev) = f(f’p,«s),

a 6472y, myc? 7}%

where n,p(g) denotes the differential photon number density at
a dimensionless photon energy € = hv/m.c*. Moreover, the
function f(¥p,&) = {[min (2)‘/1,3, s;) ]2 - 8;2} accounts for sin-
gle pion production, where 0';7 = 340ub, 8; =390, &, = 980, as
well as multi-pion production, where o7, = 120ub, s; = 980,
g, — oo. Furthermore, {5 = 1 and {}' = 2, respectively,
denote the multiplicity in case of single and multi pion produc-
tion respectively, and x)"* = 0.1 is the mean fractional energy of
the produced y-ray compared to the incident primary proton. In
addition, n,(¥,) is the differential intensity of CR protons with a
Lorentz factor ¥, = (E,)/ ()(ympcz).

In the case of hadronic pion production, the corresponding
photon emissivity is given by (Schlickeiser 2002):

2304
. E _ 2C ngas M C™Yp,max dE Eﬂ 4/3
Epp( 7)— 3 > 24 7 {0pp >
rmgc® Jg,mad myc
“y

1/3 4/3
E, E, -1/2
() [( ) )[Em] SLoan

My C My C

where ng,, denotes the constant target gas density. Moreover, the
product of the total cross-section ,o7p, and the multiplicity, £, can

be approximated at y, > 1.75 by {opp(¥p) = 8.12 % 10727 (3, —

1)%33 cm?. We note that at y, < 1.75, the steep decline of the

inclusive cross-section {0, yields a strong suppression of the
emissivity at sub-GeV energies.
Using a differential proton number density n,(y,)

-4 .
no (7p/yo,p) " for Ypmin < ¥p < Ypmax. the associated total

relativistic proton luminosity, L, = 47rr§vk mpc2 f dyp vp 1p(¥p)s
cannot exceed the available jet power Pje, namely, L, = fie; Piet
with fier < 1.

In this work, a homogeneous spherically symmetric emission
site with a radius ry is adopted, so that the y-ray luminosity at a
certain energy E, yields:

o
VoyLuy, = Apy E2 — 1 fiaPiec 75 f , dan"h—ig)f@p,s), (12)
Uk ﬁ &

and
Lo g2 C (e o, Yy man o5
Vpp Vep — £App yi (CIII—_Z) ]aet JelL mdet n

vtk
0.53

4gp-1

(13)
respectively, with:
A = é’ya';’;,n(Z—qp) 14
Py 2 4 2—gp 2-gp \’ (14)
48r myC Xy (Yp,max - yp,min)
and
2.89x 10726 (2 - g)
App = (15)

mrrmpc4 (yﬁ,nlligx - 7;,:,};)
The exponent of 0.53 in Eq. (13) results from the used energy
dependence of the inclusive cross section. Dependent on the
present target densities ng,s and npy, respectively, the hadronic y-
ray production is typically dominated by one of these processes.
In the following, we introduce the photon target fields needed for
the IC and photomeson scenarios.

2.3. Photon target

The broadband SED of NGC 1068 consists of different com-
ponents. Some of its radio emission can be associated with
synchrotron emission from the jet (Gallimore et al. 2004). The
IR excess is predominantly due to thermal reradiation by
dust particles in the vicinity of the torus (Raban et al. 2009;
Lopez-Rodriguez et al. 2018). In the optical to UV band, we
observe a “blue bump”, which is interpreted as a pseudoblack-
body emission from an optically thick and geometrically thin
accretion disk. A soft X-ray excess and an underlying power-law
mainly towards hard X-ray energies can be attributed to Comp-
tonization of softer seed photons (Murase et al. 2020), which is
typically associated with the AGN corona.

We show in Fig. 2 the target photon densities that are taken
into account. In blue, we describe the dusty torus, with an aver-
age temperature of Ty, ~ 150 K (Lopez-Rodriguez et al. 2018).
We used a simplified model with a blackbody spectrum as given
by:

tor _
vL, =

Lol (hv(l +z))4 exp(_hv(l +z)), a6)

6 kB T;Or kB Ttor
A139, page 3 of 7
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Fig. 2. SED of the energy density within the torus and corona+disk
environment, computed at a distance of 15 pc. The torus field has its
peak at a characteristic frequency of v, = 1.7 x 10'3 Hz, the disk at
a frequency of vy = 4.5 X 10" Hz and the corona at a frequency of
Veor = 3.4 % 10" Hz.
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Fig. 3. Differential photon energy densities at their characteristic fre-
quencies. The data points for knot C and NE refer to the internal back-
ground photon energy densities according to Gallimore et al. (2004) (at
5 GHz) and the ones for P1-P4 refer to the data from Michiyama et al.
(2022) (at 92 GHz). For the conversion of the radio data of the six
knots knot radii of r,; = 0.2 £ 0.1pc, ko, = 0.3 £ 0.15pc and
re3 = 3.5 £ 1.75 pc, respectively, are assumed.

which properly explaines the spectral emission around the peak
at about v, = 1.7 x 1013 Hz; however, at v > v, the additional
contribution by the clumpy torus and star formation become
dominant (see, e.g., Lopez-Rodriguez et al. 2018). Here the pref-
actor of 1/6 ensures that the integral over LY yields the bolo-
metric luminosity of Ly, = 2.46 x 10% ergs™!, as provided by
the so-called CLUMPY torus model by Lopez-Rodriguez et al.
(2018), where an outer radius of ry,; = 3.6 pc has been adoptedl.
We note that the alternative scenario of a smooth torus yields a
photon density that is about a factor of 0.5 times smaller.

In purple, we illustrate the photon energy density originat-
ing from the innermost central region, that consists of the disk
and the corona, which can extend up to ~100 Schwarzschild

' Under consideration of the different assumptions on the distance of

NGC 1068.
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radii (Murase 2022), which is ~10~* pc in the case of NGC 1068.
Hereby we model the photon field of the accretion disk by using
an empirical model by Ho (2008), where the UV spectrum is
determined from the given Eddington ratio Agqq = Lvoi/Lgaa ~
1.4 of NGC 1068. Since different spatial scales are to be taken
into account, we cut off the spectrum at energies lower than
2.4x 10" Hz. The main contribution of infrared photons at these
energies originate predominantly from outside the corona+disk
environment such as from the outer star formation region and the
torus (see also Elvis et al. 1994; Murase et al. 2014).

The subsequent coronal X-ray spectrum is modelled by a
power-law with an exponential cutoff. Here, the photon index,
I'x, is correlated to Aggq through I'x = 0.167 X log(Lggq) + 2
and the cutoff energy is given by Ex ¢y ~ [-7410g(Agdq) + 1.5 X
10%]keV (Murase et al. 2020).

We note that this emission from the nuclear region of
NGC 1068 gets reprocessed and/or scattered by the clouds in the
broad line region, so that a fraction fyg < 1 of the central lumi-
nosity voL,, forms a diffuse radiation field at a distance from
the BH of z ~ 0.1 pc. However, at the considered emission sites,
where z > 1 pc, this diffuse photon field appears again as a point
source yielding a photon energy density in the reference frame
of the knot of (Dermer & Menon 2009):

Yo LVU

Usg = 220 [r21+80°]

17
4nz2c an

where Syc denotes the velocity of the knot and I is its corre-
sponding Lorentz factor. We note that at small distances from
the isotropic photon target, the previous point source assump-
tion is no longer valid and details of the geometry of the isotropic
radiation field have to be taken into account to obtain the pho-
ton energy density in the reference frame of the knot. We refer
to Sikora et al. (1994) for more details. Since all of the consid-
ered emission sites show non-relativistic velocities with gx =
vk/c < 0.05 (Roy et al. 2000), we can neglect these relativistic
beaming effects in the following. We note that Eq. (17) can also
be used for the isotropic photon field from the torus, with a lumi-
nosity, voL,,, if we assume that z > ri, and the spatial exten-
sion of the torus is not orders of magnitudes smaller than ;. As
shown in Fig. 3 the photon energy density from the corona-+disk
environment is at all distances larger than the differential photon
density of the torus at its peak frequency of v, = 1.7 X 103 Hz.
Moreover, it is shown in Fig. 3 for the considered emission sites
with a knot radius r¢ as well as an observed luminosity vopsLobs
in the radio band, as given in Table 1, that the internal photon
field” energy density at vyp, yields:

gty _ YobsLobs
trg

2
47Trk c

< Uyg. (18)

This also holds for the considered emission sites if we account
for the observed spectral behaviour, @, and compare the energy
densities at the characteristic frequencies of the torus or the disk.
Hence, in the following, only the external photon fields are taken
into account, as the dominant photon target to generate y-rays up
to some tens of GeV.

In general, the y-ray luminosity, according to Egs. (4), (12),
and (13), scales linearly with the present target photon density,
if absorption via yy pair production (with an absorption coeffi-
cient «y,) can be neglected. Figure 4 shows that this is actually a

2 With internal we are referring to the photon density that is produced
within the considered knot structures, in contrast to the previously dis-
cussed external fields.
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Table 1. Properties for the different emission sites that have been
observed in the radio band by Gallimore et al. (2004) (for C and NE)
and Michiyama et al. (2022) (for P1-4) as well as the expected mag-
netic field strength according to Eq. (9).

4 A3 Vobs Vol::va‘,b5 a Beq(k = 100)

[pc] [pc]l [GHz] [10*ergs™'] [mG]
C 15 0.2 5 6.4 0.23 154
NE 30 0.3 5 9.5 0.90 10.9
P1 484 3.5 92 7.6 0.50 1.40
P2 477 35 92 8.6 0.59 1.40
P3 468 3.5 92 8.8 0.65 1.40
P4 468 3.5 92 7.5 0.50 1.40

Notes. Length scales are determined supposing a source distance of
10.1 Mpc, so that 1”7 = 49pc. Here, z is the distance of the knot
with respect to the central engine, ry is the knot radius, vpsLy,,, is the
observed radio luminosity at a frequency, vobs, and a the spectral index
at this frequency.

10!
S 100
107! ;
1072 1071 100
z [pc]

Fig. 4. Optical thickness, 7,,, at 17 GeV dependent on the distance z of
the knot with respect to the central engine. Here, the absorption coeffi-
cient, «,,, is calculated according to Dermer & Menon (2009) and the
shaded range corresponds to the uncertainty of the knot radius evolution
(see e.g., Zacharias et al. 2022 for more details).

proper presumption as even at the highest considered y-ray ener-
gies the corresponding optical thickness 7., = a,, rx < 1 for the
considered radio knots. Moreover, it illustrates that dependent on
the supposed knot radius evolution the observed y-rays at a few
x10 GeV cannot be explained by alternative emission sites that
are closer than about a few X0.1 pc to the central nucleus.

3. Results
3.1. Leptonic scenario

In the following, we determine the y-ray luminosity at the low
and high-energy end of the recently updated Fermi-LAT flux
(Abdollahi et al. 2022), namely, at vic; = 0.18GeV h~! (lumi-
nosity of 1.7 x 10* erg/s) and vic, = 17 GeV h~! (luminosity of
8.2x 10* erg s™!). Hereby, we use Eq. (4) to determine the y-ray
luminosity from IC scattering in the Thomson limit, so that

_ l+ge

B~ vl

MmeC

19)

Vsyn ?

3-ge
3 V[C/VO e |2 V()L
VICLVIC =2 [— E— —_—

8T Veyn 22c

10%

1043

1042

v
ED 104
L
g 40
\kl_) 10
Y
1008 C (17 GeV)
C (0.18 GeV)
1% NE (17 GeV)
NE (0.18 GeV)
P1-P4 (17 GeV)

1037
1

Fig. 5. Produced luminosity via IC process, according to Eq. (4). The
dotted lines indicate the values of the magnetic field according to
Eq. (9). The grey shaded band excludes all values higher than Pj.

where vgynLy,, = VobsLyy, at Vsyn = Vobs as given in Table 1. A
maximal y-ray luminosity is obtained for a dense target energy
distribution at v as well as a low value of vq in case of g < 3.
In case of optically thin synchrotron emission at vy, according
to Ly, o vy the spectral behavior of the relativistic electron
distribution can be determined by g. = 2a + 1. We note that this
spectral behavior can in principle become softer towards higher
energies due to the impact of synchrotron or IC losses. Without
these softening effects, the spectral behavior as given in Table 1
indicates that the torus with a spectral luminosity of voL,, =
1.72 x 10* erg s at vy = vor = 1.7 X 103 Hz is the dominant
photon target.

As shown in Fig. 5 the emission sites C is at vicp, =
17GeV h™! able to exceed the observed y-ray luminosity for
the whole range of reasonable magnetic field strength values,
such as its Beq value (for a proton-to-electron energy ratio of
k = 100) that is indicated by the red dotted line. We note that for
all emission sites the values of B.q are rather large. Comparing
the results at 0.18 and 17 GeV, it is clear that the adopted spec-
tral behavior of the relativistic electrons, which has been derived
from the radio emission, is too hard with respect to the observed
spectral behavior in the y-ray band. Thus, in principle this emis-
sion site has enough total energy to produce the observed 7y-
rays above about a few GeV, if electrons can be accelerated up
0 Yo = 3vy/4vier = 4 X 10°. To explain also the sub-GeV
y-ray emission, a magnetic field strength of about 0.5mG is
needed, which is about an order of magnitude smaller than what
is expected from the minimal total energy estimate. Moreover, a
significant softening of the spectral behavior of the CR electrons
to an index of g. ~ 3.3 at y. = /3vic.1/4Vior = 4 X 10* is needed
to agree with the spectral behavior of the observed y-ray data.

Hence, in addition to the low magnetic field strength, the
data also shows the need for a strong cooling break in the elec-
tron spectrum at about 1 GeV. As shown in Fig. 6, a break at
about these energies can only occur if the escape of CR elec-
trons is delayed by at least an order of magnitude with respect
to the free streaming condition which is determined by the light-
crossing time of the knot, suggested to be about 0.2 pc by VLBA
observations (cf. Table 1). This can in principle be realized by
diffusive escape from the knot, which however, already soft-
ens the initial spectral behavior so that only a minor softening
by Ag. =~ 0.6 emerges at the transition from diffusive escape
to IC losses. Moreover, we can see that synchrotron emission
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Fig. 6. Interaction timescales for the relevant radiative processes in C
knot. The horizontal black line represents the size of the region based
on radio observations. We can see that inverse Compton cooling (blue
curve) becomes efficient for electron energies E. > 1.1 GeV, as denoted
by the vertical line, leading to a cooling break in the electron spectrum.

(green line) is comparatively inefficient, since the energy den-
sity of the magnetic field is much lower than that of the external
thermal fields. That also applies to relativistic bremsstrahlung
losses (purple line), even for the case of a dense target plasma.
Moreover, as shown previously in Fig. 4, at distances of ~10 pc
there is a low opacity to gamma-gamma annihilation, therefore
the source is considered to be optically thin. Thus, all potential
interaction processes in knot C are not able to explain the neces-
sary softening of the spectrum. A significant y-ray contribution
from the NE knot is only obtained for a magnetic field strength
<0.1 mG. Furthermore, it can be excluded that the observed y-
rays originate from the head of the jet (i.e., P1-4).

3.2. Hadronic scenario

Accounting for the external photon targets by the torus, disk and
corona with a differential photon number density,

1 mec?

= " U, 20
4r (hvo)? % 0)

nph(g) =

at a dimensionless photon energy € = hvy/mec?, we determine
in the following the resulting y-rays according to photomeson
production as given by Eq. (12). Since the torus only provides
photons at energies <100 keV, these target photons are not ener-
getic enough to provide y-rays up to some tens of GeV. How-
ever, the X-ray photons from the corona with energies up to few
x100keV are in principle energetic enough to yield y-rays at
these energies, but not at sub-GeV energies. Moreover, VayLy,, is
(even for the most optimistic scenarios) also at 17 GeV multiple
order of magnitudes below the observations as illustrated by the
pale color bands in Fig. 7. Hence, we can clearly rule out that the
jet produces the observed y-rays by a photohadronic scenario.
In the case of hadronic pion production the dark color
bands in Fig. 7 show that at a few GeV, the resulting luminos-
ity vppLyp is much closer to observations than the photohadronic
scenario. At the same time, due to the steep decline of the inclu-
sive cross section for 7° production at y, < 1.75, the result-
ing y-ray flux will also decline below ~1 GeV; so that, in any
case, the observed sub-GeV 7y-rays cannot be explained. In order
to match the observed y-ray luminosity at 17 GeV, the Fig. 8
shows the necessary product of target gas density (n4,5) and the
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Fig. 7. Range of the hadronic y-ray flux from photomeson production
(pale color bands) and hadronic pion production (dark color bands) for
spectral indices g, € [1, 3]. Here a knot velocity of v, = 0.075c¢, as
well as a target gas density of ng,s = 10°cm™ and fi = 0.5 is used.
Moreover, we adopted Ypmin = 1. and ypmax = 2 X 103 to obtain a cut-
off in the resulting y-ray flux from hadronic pion production at about a
few x10GeV as indicated by the observations.
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Fig. 8. Necessary parameter condition for the different knot envi-
ronments C, NE, and P1-P4 to explain the observed y-ray flux of
8.2 x 10¥ ergs™! at 17 GeV by hadronic pion production. Here a knot
velocity of v, = 0.075 ¢ is used as well as yp min = 1. and ¥p max = 2% 10°
to obtain a cut-off in the resulting y-ray flux at about a few x10GeV as
indicated by the observations.

fraction (fi) of the jet power that goes into CR protons depen-
dent on their spectral index (gp). Even in the most optimistic
scenario where the jet is completely dominated by the CR pro-
tons, namely, fier = 1, the target gas density needs to be multi-
ple orders of magnitude higher than the average ISM density of
about 1cm™3. As shown by Garcia-Burillo et al. (2014), dense
molecular gas with n(H,) > 103~ cm™ is present within the cir-
cumnuclear disk of NGC 1068. In particular, knot C seems to
impact a giant molecular cloud (Gallimore et al. 2004), which
is (in part) due to the need of free—free absorption at 1.4 GHz.
Thus, if the target gas in the considered knot structures also
shows an increased density, the slight excess of the observed
y-ray flux at about 17 GeV could actually be a result of the con-
tribution from y-rays by hadronic pion production. In any case,
an additional y-ray emitter is also needed to explain the observed
y-rays at sub-GeV energies.
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4. Discussion and conclusions

In this work, we discuss the possibility that the different radio
emission sites, so-called knots, within the jet-like structure of
NGC 1068 can be associated as the origin of the observed y-ray
flux between about 0.1 and 100 GeV. Hereby, we account for
the observed spatial and spectral details of these radio structures
and discuss the potential leptonic and hadronic y-ray emission
scenarios.

For relativistic protons within these radio knots, hadronic
pion production is the most promising scenario to explain the
mild excess of the observed y-ray flux at about 17 GeV. For this
purpose, it is needed that

( vp/c )1 ( Ngas )( 4R )( ﬁetPjet )~ 10%73:

0.075 lem=3/\5pc) \ 108 ergs~! ’

hence, the target gas needs to be significantly denser than in the
average ISM. In particular the knot C shows indications of the
impact of a dense molecular cloud (Gallimore et al. 2004) that
would be sufficient to explain the GeV vy-rays. But in any case,
an additional leptonic y-ray contribution is needed to account for
the observed sub-GeV 7y-rays. This result is also in agreement
with Fang et al. (2023), who provides a similar outcome for gas
densities of ng,s ~ 10° cm™3 and hard proton spectra. Moreover,
this could be a possible explanation of the few X100 GeV emis-
sion observed by Ajello et al. (2023).

For relativistic electrons, IC scattering with the IR photons
from the torus yields the highest flux of y-rays based on the
expected spectral behavior of the electrons from radio observa-
tions. Depending on the supposed magnetic field strength within
these radio knots, we could constrain that the knot C, which is
the closest with respect to the central engine, represents the most
likely emission site for the production of the observed y-rays.
However, for this purpose, it is necessary for: (i) the magnetic
field strength to be <1 mG; and (ii) the electron spectrum needs
to show a break with a strong softening at about an energy of
(1-10) GeV to agree with the observed spectral behavior of the
vy-ray flux. However, we also show that such a strong softening
(by Ag. =~ 1.8 if at low energies g. ~ 1.5 as indicated from
VLBA observations) cannot emerge from the potential interac-
tion processes in knot C. In general, these findings are in good
agreement with the results from Lenain et al. (2010); however,
the previously mentioned conditions (i) and (ii) were assumed
to explain the y-ray data by IC scattering with IR photons
from the torus in that work. Still, these conditions do not hold,
because the radius and magnetic field values needed to achieve
the right y-ray luminosity are ~0.1 pc and 0.1 mG. These values
are, respectively, an order of magnitude lower and higher than
what is observed and expected. Moreover, we do not naturally
find a spectral break at an energy of (1-10) GeV. Therefore, by
accounting for the observational constraints by Gallimore et al.
(2004), it is not possible to explain the observed y-rays by the
radio knot C or any other observed knot structure. Yet, if one of
these sites impacts a dense target gas, they could still provide
some hadronic y-ray contribution at about 10 GeV.

One of the key parameters of these results is the strength of the
magnetic field: based the minimal total energy condition, as given
in Eq. (9), a value of about (1 + k)*” mG is obtained; however,
this still includes the uncertain proton-to-electron energy ratio, .
Moreover, this classical estimate can be revised, because it does
not account for inhomogeneous magnetic fields, the synchrotron
spectrum over the real energy range and the real ratio, k, of total
energies. Using the number density ratio (instead of the hardly
known energy ratio, k) for the same value of 100, it has been

shown by Beck & Krause (2005) that it is only for soft spectra
(e.g., the case of knot NE with @ = 0.90), the resulting magnetic
field strength can become smaller by about a factor of about 0.4.
Hence, even in the most extreme scenario of a vanishing hadronic
particle energy (so that k ~ 0), the field strengths, B, given in
Table 1, would only become smaller by a factor of about 0.27.
Further, knot C only manages to produce sufficient y-rays
due to its non-relativistic bulk motion. In the case of a mildly
relativistic motion, namely, I, > 1, the target photon energy
density in the rest frame of the knot would be reduced according
to Eq. (17) and the target photon frequency, vy, would suffer from
relativistic Doppler de-boosting; in total, this would lower the

expected IC y-ray luminosity by a factor of I', (42,

Apart from the previously discussed spatially resolved radio
knots, there could be the chance that the observed y-rays are
produced much closer to the foot of jet, where radio telescopes
cannot resolve individual emission sites. As shown in Fig. 4,
the emission sites already become opaque for ~10GeV 7y-rays
at distances of about 0.1 pc due to yy pair production. There-
fore, such alternative emission sites are not sufficient to explain
the observed y-rays at the highest energies.
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