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The recent observation of tera electronvolt neutrinos from NGC 1068 has clarified that the dom-
inant high-energy neutrino sources might actually be gamma-ray dim at these energies. But to
understand the whole multi-messenger picture, we need not only to account for the central region
of this active galactic nucleus (AGN) but also for its circumnuclear starburst region. In this work,
we update a recently published multi-messenger model for AGN-starburst composite galaxies by
a detailed treatment of the stochastic acceleration process within the AGN corona. Moreover, we
introduce some updates of the multi-messenger data and show that the entire spectrum can still be
described very well if both, starburst and AGN corona, are taken into account. In contrast to the
previous results a significantly lower CR pressure within the corona is needed and a strong decline

of the neutrino flux towards lower energies at about 1 TeV is obtained.
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1. Introduction

The recent observation of high-energy neutrinos from the Seyfert galaxy NGC 1068 by the
IceCube experiment [1] clarified that these sources are of special interest for the high-energy
astrophysics community—as potential sources of highly-energetic cosmic rays (CRs) and their
associated by-products in form of electromagnetic radiation and high energy neutrinos. Since many
Seyfert galaxies do not show (at least for many years) any clear sign of non-thermal activity, this
finding caused some rethinking within the community. As NGC 1068 is the brightest and one of the
closest Seyfert type 2 galaxies there have also been models that predicted it to be one of the brightest
neutrino sources in the northern hemisphere [2]. To some surprise the actually observed neutrino
flux lacks an electromagnetic counterpart at these energies. Thus, the production side seems to be
opaque for y-rays above some hundreds of GeV. Moreover, NGC 1068—as well as several other
Seyfert galaxies—features a starburst region, which is characterized by a high rate of star formation
and supernova explosions, and it is therefore referred to as active galactic nuclei (AGN)-starburst
composite galaxy. Here, the starburst is located in a circumnuclear ring-like structure with a radius
of about 1 kpc with respect to the AGN in its center. Hence, at low frequencies, i.e. up to the
X-ray regime, current observatories have actually a sufficient spatial resolution to distinguish the
two potential emission sites of NGC 1068. But the detailed origin of the observed high-energy
y-radiation by the Fermi-Large Area Telescope (LAT) as well as the high-energy neutrinos at
even higher energies is unclear. Indications that a one-zone model is not enough to explain the
multi-messenger emission from NGC 1068 have been present for several years, e.g. [3]. But the
recent high-energy neutrino signal with the missing y-ray counterpart clearly exposes the need for
a second source environment that generates the y-ray flux up to some tens of GeV. In contrast to
the neutrino origin that is commonly considered to be associated to the AGN corona [4—7]—due to
the need for an opaque environment where CR particles could be accelerated up to at least some
tens of TeV—the origin of the GeV y-rays is still under debate: Since NGC 1068 also possesses a
jet-like structure on sub-kpc scales as indicated by centimeter radio observations [e.g. 8, 9] it has
been suggested [10] that the observed gamma-rays originate in these jets as a result of CR electrons
inverse Compton scattering off the infrared (IR) radiation from the torus. Or alternatively, winds
from the coronal region that impact the torus and trigger shocks enable CR protons to be accelerated
up to TeV energies, so that the observed GeV photons originate from hadronic pion production with
the torus gas [11]. In this work we account for the circumnuclear starburst ring as the potential
source of the GeV +y-rays. In addition, we model the AGN corona and use the multi-messenger data
of NGC 1068 to disentangle the multi-messenger puzzle of that source. In contrast to the previous
approach [7], hereafter referred to as E+22, we have updated the data sample and improved the
treatment of the stochastic acceleration process within the AGN corona.

2. AGN-starburst model

In the following we adopt the two-zone AGN-starburst model of E+22 for NGC 1068: An inner
spherically symmetric AGN corona with a radius of some tens of Schwarzschild radii R = 2GM/c?
as well as an outer starburst ring with a radius of ~ 1 kpc. Both spatial regions seem to be in steady
state and they are treated as spatially homogeneous for mathematical convenience. Moreover,
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we account for a magnetic field (that is uniform on small scales and randomly orientated on
significantly larger ones), a constant thermal gas target density ngas with a temperature 6y, and
an energy dependent thermal background photon target. More details on these ingredients can be
found in E+22.

In the case of the starburst ring (str), the acceleration is expected to be introduced by a
multitude of supernova remnants (SNRs) via diffusive shock acceleration (DSA). Here, the CRs
with momentum p are kept within the accelerating shock region of magnetic field strength B by
the Bohm diffusion, due to the CR self-generated Bell instability, so that the acceleration timescale
yields, e.g. [12], 75, ~ 20/3 (p/e B) (c/vsn)?. Here, the average shock speed vy, can be assumed
to equal the wind speed vy, e denotes the elementary charge and ¢ refers to the speed of light.
Considering the commonly used two-zone approach! for the starburst region, where DSA within the
acceleration zone yields a primary source rate g% (p) o p~5 exp[—p/p] of relativistic electrons and
protons, respectively, with a momentum p and a spectral index with 1.5 < s < 2.5 as expected from
conventional DSA. The maximal momentum p is determined by the equality of the acceleration and
loss timescales, i.e. 755, () = TS (p). Hereby, Tioss = [Toh, + Tose] !> Where Teool and Tesc denote
the relevant cooling and escape timescales, respectively, as given in E+22. The normalization of

the proton injection rate can be obtained from

c Ve / dp’ p’ 43" (p") = vsn fon Esn (1

based on the given supernova rate vsn and the fraction fsn of the total ejected energy Esn of the
supernova that goes into CRs within the volume V" of the starburst ring. Thus, the acceleration
zone provides a primary source rate for the interaction zone, where the CRs subsequently suffer
from continuous and catastrophic energy losses yielding a steady state density distribution 75" (p)
according to

= 4" (p) (+q§2d(p)) : )

S(p)

d [pn*(p) +ns"(p)
ap

Toool (P)
Here qiﬁd( p) denotes the additional (leptonic) contribution by secondary electrons (e™) and
positrons (e*) that are generated by hadronic interaction processes.

In the case of the corona region (cor), however, the acceleration is expected to result from
stochastic diffuse acceleration (SDA), where the same scattering process that yields the diffusive
escape is also responsible for the stochastic acceleration. Thus the corresponding the acceleration
timescale is given by, e.g.[5],

2 2-x
o) H
where we consider turbulence with a power spectrum oc k~* and a turbulence strength !, Com-
monly it is assumed that either x = 5/3 referring to Kolmogorov turbulence, or » = 3/2 (Kraichnan
turbulence), which can be motivated from isotropic MHD turbulence in the magnetically dominated
regime, if it is realized. Moreover, va = B/ \/W denotes the Alfvén speed, which depends
on the given magnetic field strength B as well as the number density ngas of thermal protons of

INot to be confused with the two-zone AGN-starburst model that was mentioned earlier.
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mass mp. Note that the Alfvén speed is also the crucial quantity to determine the development
of the turbulence cascade, which happens on timescales 7cas ~ R/va. Since, efficient SDA needs
turbulence on small scales (large wavenumbers k), the infall time i,y = R/avisvk, Which depends
on the dimensionless viscosity parameter ayis and the Keplerian velocity vg = /G Mpy/R, needs
to be large enough, i.e. Tinf > Tcas.

In case of SDA within the corona, the previously mentioned two-zone model is no longer valid,
as there is no spatially confined acceleration zone. Hence, one has to include momentum diffusion
in the transport equation (2), so that however, a semi-analytical solution is only possible under
certain conditions. One of these conditions, as shown by Ref. [13], is an inefficient particle escape,
i.e. Teool <K Tesc—as expected in case of the corona (see e.g. E+22). Therefore, we solve the steady
state transport equation

0 2D(p) p cor 9 ancor(p) _ _cor 2nd

with the momentum diffusion coefficient D(p) = p?/7S%. Here, the primary source rate ¢ (p) o

d(p — pinj), with an initial momentum pjn; that corresponds to a Larmor radius that matches about the
smallest possible scales reached by the turbulent cascade. Note that this momentum is different for
electrons and protons due to their different rest mass. In case of primary particles with pinj < peg.
where the equilibrium momentum is defined by 735{(Peq) = Tooy, (Peq), the solution of Eq. (4) yields
[13]

n®(p > Pinj < Peq) & P2 exp [_(l/a)(P/peq)a] 5

with a = 2 — » — r, where the momentum dependence of the dominant loss process scales as

cor
Tcool

quite small (~ 1 MeV/c), so that a dominant contribution from secondary electrons and positrons

o p". In the case of CR electrons and positrons within the AGN corona, peq is typically

with pinj > peq is expected. In that case, we obtain a spectral contribution at p > peq that is
determined from the spectral behavior of the hadronic production rate of the secondaries as well
as the dominate cooling process at these energies. Note that due to the hard CR proton spectra,
the monochromatic approximation of the Bethe-Heitler process [14] as it is used in E+22, is not
appropriate at low energies, so that we use the more detailed Born approximation of this process as
given by Ref. [15].

To normalize the CR proton spectrum, we adopt that the CR pressure Pg = f dp’ n®"(p")p’c/3
within the coronais a fraction fg, of the gas pressure Pgas = ngas kg Ogas, i.€. Per = foas Pgas. Incase
of the CR electron density we adopt—for the corona as well as the starburst ring—a quasi-neutral
environment so that

(o) dp B o d_p
/n T ne (p(1) P = / 4T s (p(1)) . ©)

nj Tinj

where the non-relativistic kinetic energy Tiy; refers to pin; for the corona and to the kinetic energy
of the accelerating shock in case of the starburst.

In comparison, the spectral behavior of the CRs is quite different in those two environments:
Within the starburst ring we expect a soft spectrum with n"(p) o< p~5~9, where § > 0 depends on
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the dominant loss process, whereas in the AGN corona we obtain n°(pinj < p < peq) P2, so
that the spectrum is in this energy range universal and much harder.?

Using the previously introduced spectral energy distribution of CR protons and electrons we
determine the non-thermal emission of those particles from radio to gamma-ray energies. Hereby,
both emission regions are considered to be spherically symmetric and homogeneous. Thus, the
resulting emission (&,,) and absorption (ay,) coefficients—whose details can be found in E+22—of
the messenger particle m are spatially constant, so that the spectral energy flux from a source at a
distance d is given by

E,
Fm(Em) = m em(Em) Veﬂ(Em) . (7
Here
Var(Ew) = [ &1 exp (-am(En) 7,7 ®)

denotes the effective emission volume, where 7 represents an arbitrary position on the surface of
the emission volume.

3. Observational Data

The previously introduced model includes the outer starburst ring (at about 1 kpc distance from
the core) as well as the AGN corona in the center (with an extension of at least ~ 0.1 mpc), hence
all of potential emission sites in between (such as the pc scale jet/wind emission, see e.g. [8])
cannot be taken into account. Therefore, the chosen multi-messenger dataset of NGC 1068 needs
to ensure that: (i) it matches the spatial scales of the emission sites in our model, (ii) the data
itself matches the same spatial scales at different wavebands, and (iii) it is related to non-thermal
emission. Moreover, we account for the latest distance measurement by Ref. [16] that accurately
accounts for the peculiar motion of our Galaxy away from the local void yielding a distance of
NGC 1068 of d = 10.1 + 1.8 Mpc, so that 1" ~ 50 pc. Thus, the observational data that is used in
the following consists of:

Observational data associated to the starburst ring

(i) In the radio band, i.e. at 2, 6 and 20 cm, VLA has observed the large scale emission at a distance between 10"
(~ 0.5kpc) and 25" (~ 1.2 kpc) with respect to the nucleus, as already used in E+22.

(ii) In the IR band a bolometric mid-infrared luminosity of Lg = 2.4%04 104 erg s! (using a source distance of
10.1 Mpc) is adopted, referring to an isotropic, diluted modified blackbody radiation field (see E+22 for more
details).

(iii) In the X-ray band the Chandra X-ray Observatory [17] provides a measurement of the (0.1 —10) keV flux between
anuclear distances of 5" (~ 0.25 kpc) and 60" (~ 3 kpc) showing that above about 2 keV an additional power-law
contribution (of potentially non-thermal origin) is needed. But since a major flux contribution emerges from
small nuclear distances that cannot be associated to the starburst ring, we use these observations above 2 keV only

as an upper limit.

2Note, that this is only the case for a very inefficient particle escape from the acceleration site—see Ref. [13] for more
details.
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Observational data associated to the corona None of the current observatories has a sufficient
spatial resolution to resolve the corona region of NGC 1068. Therefore, all of the subsequently
used data should be taken with a grain of salt.

(1) In the radio and IR band we use the data from a recent work by Ref. [18], where all the available Atacama Large
Millimeter/ submillimeter Array (ALMA) archival data of the nuclear region of NGC 1068 has been analyzed
with a beamsize of < 0’’.1. In addition also the VLA and VLBA data from Ref. [8, 19, 20] of the nuclear
region (typically referred to as S1) is summarized, which however, show a significantly different beam size—in
particular the 5 GHz VLA data. There is no clear evidence of non-thermal emission at these frequencies, so
that we adopt a contribution by free-free emission from dense disk winds heated by X-rays from the corona, as
suggested by Ref. [8]. But it is clear that in particular in the submillimeter band not all of the spectral features
can be explained by this approach, see e.g. [18].

(ii) In the X-ray band the high X-ray luminosity provides a clear hint of the coronal activity, since the hot thermal
electrons (with temperatures of ~ 10° K) in the corona can inverse Compton scatter the UV photons from the disk
to those frequencies. Due to the viewing angle, the observed flux is even already attenuated by the torus yielding
an intrinsic luminosity at (2 —10) keV of [21] L = 3.43‘_‘6 x 10%3 erg/s (using a source distance of 10.1 Mpc). Its
spectral behavior can be described by a power law with an exponential cutoff, that can be estimated empirically
from the given Eddington ratio (bolometric to Eddington luminosity, Lyo/Lgqq) according to Ref. [22, 23].
Between 1 eV and 6 keV, we use the parametrized model from Ref. [24] to include also the UV photons from the

disk. As in E+22, this UV-to-X-ray field is used as a constant photon background within our model.

Observational data of unclear origin At high y-ray and neutrino energies the spatial origin
within NGC 1068 cannot be resolved, so that it can in principle originate from both corona and
starburst ring.

(1) In the high y-ray band there are measurements from Fermi-LAT up to 100 GeV as well as two upper limits at
(100 — 300) GeV, and additionally some upper limits from the MAGIC telescope at higher energies, as already
used in E+22.

(ii) The high energy neutrino signal between about (1.5 — 15) TeV, as recently observed by the IceCube Neutrino
Observatory [1], yielding a muon neutrino flux normalization at 1 TeV of (5.0 + 1.5) x 10~ TeV ! ecm=25~!

as well as a soft spectrum (e« E;; 3.2£0.2y jn case of a power-law.

4. Results

Guided by the best-fit results from E+22, we adjust the parameters (s, fsN, Ngas, B, ) of the
starburst ring and (Rcor, fgass Mgas» B, 17) of the AGN corona to obtain a good agreement with the
observational data. In case of the starburst contribution, we obtain no major changes compared to
the E+22 results, as the additional upper limit in the X-ray has already been in agreement with the
previous results. But in case of the necessary contribution from the AGN corona, we recognize that
a significantly lower CR pressure P on the order of only a few percentages or less is needed. This
results from the much hard spectral behaviour of the CR protons, which we obtained from the proper
treatment of the stochastic acceleration process. Moreover, this also leads to a much harder spectral
behavior of the neutrino flux at £, < 1TeV compared to the E+22 result. The y-ray data is still
explained predominantly by the starburst ring, where a soft acceleration spectrum (with s ~ 2.35)
avoids the need (due to the upper limits at > 50 GeV) for a high-energy cutoff. However, that
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leaves is a minor discrepancy at about 15 GeV. In the submillimeter range of the central nucleus,
synchrotron self-absorption yields a sharp cutoff of the coronal synchrotron emission (which is
dominated by secondary electrons and positrons), so that only at 691 GHz a significant amount of
this emission is left. At lower frequencies the free-free emission of the extended diffuse ionized
gas is needed to explain the data, so that especially the spectral details of the VLBA data of the S1
region are not accurately reproduced.

But overall, the multi messenger data is—without a detailed fitting approach—already ex-
plained quite well by our updated model showing that the starburst ring and the AGN corona is
needed to understand the high energy phenomena of NGC 1068.

102

VLA (ext.)
VLBA (S1)
VLA (S1)
ALMA (S1)
—— Chandra
® 4FGL
10°4 « wmacic
=== |ceCube

101 4

40 <«@

=« == free-free (ext. diff. ion. gas)

s (starburst)

w1 D (COrona)

we w1 (Starburst)

— Y (COrONa)

y (total)

-V (total)

[ photon backgr. (corona)
photon backgr. (starburst)

"o
1074 . | .
10715 10712 1079 106 1073 100 103

Figure 1: The model predictions of the photon and neutrino SED of NGC 1068 with respect to the multi-
messenger data as given in Sect. 3. Note that the torus attenuation—which becomes relevant at energies
< 1 MeV—is not taken into account here.

5. Conclusions and Discussion

In this work, we updated the spatially homogeneous, spherically symmetric, steady state two-
zone model for AGN-starburst composite galaxies, that has first been introduced by E+22. We
now properly account for the stochastic acceleration process within the AGN corona (in case of
an inefficient particle escape) as well as the Bethe-Heitler pair production. Moreover, we used
some updates of the multi-messenger data of NGC 1068, such as the recently detected neutrino
flux, and present a manual fit to these data. Similar to the E+22 results, the y-ray emission above a
few x100 MeV results predominantly from the starburst region, whereas the high-energy neutrinos
at TeV energies must originate from the coronal region. But in contrast to previous results a
significantly lower CR pressure within the corona is needed and a strong decline of the neutrino flux
towards lower energies at about 1 TeV is obtained. In the centimeter to submillimeter band we still
account for an additional contribution by an extended diffuse ionized gas with a spatial extension
of ~ 1 pc that, however, is of unclear origin (see Ref. [18] for a more detailed discussion). To what
extent this contribution is actually needed or if it can be replaced completely by a contribution from
the base of the jet or the torus, needs to be clarified in future investigations with a more detailed
fitting approach.
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