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Interplay between accelerated protons, x rays and neutrinos in the corona
of NGC 1068: Constraints from kinetic plasma simulations
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We examine properties of accelerated protons potentially responsible for the neutrino excess observed in
the direction of NGC 1068, using constraints from kinetic particle-in-cell simulations. We find that
(i) coronal x rays and optical/ultraviolet light in the inner disk lead to efficient absorption of hadronic y rays
within 100 Schwarzschild radii from the black hole; (ii) protons accelerated from the coronal thermal pool
cannot account for the observed neutrinos; and (iii) explaining the observed signal requires an injection of
protons with a hard spectrum, peaking at y,, ~ 103104, into the turbulent magnetically dominated corona,

where they are confined and reaccelerated. The resulting neutrino signal can be consistent with IceCube
observations. In our most favorable scenario, the injected protons are preaccelerated in intermittent current
sheets in the vicinity of the black hole, occurring either at the boundary between the disk and the outflow or

during magnetic flux eruption events.
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Introduction. Recent observations of NGC 1068 show
a significant neutrino flux [1] with a luminosity L, <
10*? erg/s that dwarfs its expected y-ray counterpart [1,2].
It has hence been suggested that opaque active galactic
nucleus (AGN) cores can be significant high-energy neutrino
sources, where dense radiation attenuates y rays while
contributing to neutrino emission, e.g., [3-13]. Speci-
fically, highly magnetized coronae are promising particle
accelerators that can also produce neutrinos mainly through
interactions with coronal x rays, e.g., [6,14,15], within a
region <100r, [6,16]. Nonetheless, a framework that self-
consistently explains these observations is lacking as the
complex interplay of particle acceleration, disk properties,
and radiation fields is decisive. In this Letter, we investigate
whether magnetized coronae in the vicinity of supermassive
black holes (BHs) are viable candidates to be neutrino
emitters.

Initially, we study the effects of radiation and magnetic
fields in coronae relying on observations of x rays and
optical/lUV (OUV) radiation of AGNs. The x rays in
the nuclear regions emanate from compact coronal
regions [17,18] with half-light radii ~6r, [19], and could
lie within 510rg above the BH, e.g., [20-25]. These x rays
from the central parts of AGNs are produced by the
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comptonization of disk photons on electrons energized
in the coronae, e.g., [26,27]. We rely on a recent under-
standing of the dissipation of magnetic energy and its
conversion to radiation in collisionless magnetic reconnec-
tion and turbulence, in first-principles models of x-ray
spectra of x-ray binaries, e.g., [28,29]. Similar conditions
are expected in the coronae of NGC 1068, a Compton thick
AGN with a thin disk where matter obscures nuclear x-ray
emission because of a large column density. As for OUVs,
they are found to be directly correlated with x rays in
Seyferts, e.g., [30,31]. Henceforth, we construct a neutrino
emission framework that accounts for particle acceleration
and the radiation properties of coronal regions, concomitant
with the effects of neutrino production mechanisms (pro-
ton-proton, pp, and photomeson, py) based on analytical
arguments and kinetic particle-in-cell (PIC) plasma
simulations.

Parent protons of detected neutrinos. From energy con-
servation, we write the neutrino flux ¢,, based on the parent
proton spectrum ¢ considering that the multipion produc-
tion channel is dominant in the TeV-PeV range,

E}p,(E,) Ry, EL(E,). (1)

where E, is the proton energy, and E, = ak, the neutrino
energy, with a ~ 1/20. k, is akin to an optical depth for
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neutrino production, such that «,(E,) = min(f; ! (fes). 1),
with 7, the proton cooling time, and 7. the proton escape
time from the corona. y,, is an interaction-dependent
scaling where y,, = 1/2 (from the charged to neutral
pion ratio) and v, = 3/4y,, (adding a scaling from pion
and muon decay). The proton luminosity L, needed to
explain the 1-10 TeV neutrino spectrum is then

Lp%4ﬂD2(1+Z)2M, (2)

YpxKy

where z is the redshift, D is the distance to the source, and
E2¢,(E,) is extracted from IceCube data [1].

We retrieve the required slope of the distribution of
accelerated protons, ¢(E) x E~5, from Eq. (1), where
the neutrino spectrum, ¢, x E~7 «x E~*k,(E), and g =
3240.2 [1]. As we discuss below, for realistic plasma
conditions and properties of the radiation fields, 7, is
mostly energy independent (Fig. 1), and 7., scales
weakly with E,, fo,. o E,”, where 6, ~0.3. We find that
protons are efficiently confined in the corona, resulting in
k, ~ const. Therefore, s € [3.0, 3.4], which sets the coronal
plasma magnetization o, defined as the ratio of the
magnetic energy density to the rest mass energy density,
thanks to kinetic simulation results.

The observed neutrino to bolometric luminosity ratio,
L,/Ly, ~ 1073 [33,34], implies that the accelerated pro-
tons’ spectral luminosity, L,(E,), peaks for E,~
1-10 TeV. Otherwise, if the inferred proton spectrum is
extrapolated down to lower energies, E, i, < 100 GeV,
the injected proton power would exceed the bolometric
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FIG. 1. Upper panel: cooling length for proton synchrotron,
pp,and py interactions in the putative corona of NGC 1068, in an
energy range encompassing the observed neutrino signal (the
shaded region). Lower panel: acceleration distance, ct,, for
relativistic magnetic reconnection, cz,.(B.), along with proton
Larmor radii, R;. As for the stochastic acceleration distance,
cty(0)/r, =~ 107" for Iy ~r, [32], with a relatively unknown
energy dependence.

luminosity, viz., L,(E, yin) > Lo =7 x 104 erg/s [35],
violating energy conservation. Consequently, proton accel-
eration from the coronal thermal pool cannot account for
the neutrino signal, unless the coronal plasma magnetiza-
tion ¢ is unlikely large, 6 > 10°. The reason is that particle
acceleration in magnetized plasma (by either turbulence
or magnetic reconnection) tends to produce a soft spec-
trum (s > 2) above the equipartition energy (~o in colli-
sionless plasma) and a hard spectrum (s < 1) below it.
However, a low-density proton population preaccelerated
O ¥ pinj ~ 10°~10%, in a disparate region of large magneti-
zation, 6, 2 10°-10%, then injected and reaccelerated in the
turbulent coronal plasma, can accommodate the energetic
demands. In the scenario discussed below, proton preac-
celeration is supposed to occur in high-c, intermittent
current sheets, at either the outflow boundary or current
sheets in BH magnetic flux eruptions.

Coronal radiation fields. Considering their importance for
py interactions and y-ray obscuration, we discuss radiation
fields in the inner regions of NGC 1068. We adopt the
unified model of AGNs, where the apparent difference
between the Seyfert I and II classes is solely due to
orientation to the observer. We can then rely on type I
AGN (visible nucleus) for clues on radiation fields in
type I AGNs (e.g., NGC 1068). In this sense, we consider
coronal x-ray emission, along with its corresponding
optical/UV (OUV) emission through the «,, relation as
the dominant radiation fields (see the Appendix).

As for y rays produced through pp and py processes,
they are suppressed through the Breit-Wheeler process (see
the Appendix). Generally speaking, AGN OUV emission
inferred from Eq. (A1) can attenuate y rays within < 100r,
to a level consistent with observational limits [36], while
GeV y rays are attenuated by coronal x rays. More data in
the TeV range will put firmer constraints on consistency
with the hadronic emission scenario. A future study of
the ensuing y-ray cascades can help to interpret Fermi
data [37].

Coronal magnetic fields and composition. Considering its
crucial role in particle acceleration and radiation produc-
tion, we constrain the coronal magnetic field strength, B..
If magnetic reconnection drives coronal x-ray production,
e.g., [28], where the inverse Compton (IC) lepton cooling
timescale is much shorter than the dynamical time, most of
the magnetic energy dissipated in reconnection is quickly
converted into radiation, such that U, ~ ,Up = 3,B2/8x,
where 5, = 0.1, e.g., [38], is the dimensionless reconnec-
tion velocity. We find B, ~2 x 10* G. Conversely, if
magnetized, large-amplitude fluctuations are present, i.e.,
0B ~ B, turbulence is the main driver. We expect a balance
between the energy carried away by escaping radiation,
~Uy /1, ese» and the turbulent cascade power, (6B)?/(4xty),
where 1, . = (71 + 1)lesc/c is the photon escape time
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associated with diffusion over scale I.., 77 2 1 [39] the
Thomson optical depth, and 7, the eddy turnover time
at the turbulence driving scale, [, [29,41]. For [l ~ [,
and 71 ~ 1, we find B, ~2 x 10° G. Overall, we expect
B, ~10°-10* G, depending on energy dissipation, con-
sistent with subequipartition field strength in thin disks,
e.g., [28].

Plasma in BH coronae consists of electrons, protons, and
most likely positrons, produced in two-photon collisions of
compotonized photons. The existence of positrons is
motivated by observations of coronae lying close to the
pair balance line, where electron and positron densities are
equal, e.g., [19], but the lepton to proton total density ratio,
i, /7, is uncertain. i, is self-regulated such that 74 ~ 1,
resulting in 71, ~ 71/ (Z77,.) =~ 10" cm™ [42]. We can then
calculate the pair magnetization parameter, o, = B>/
(4zit,m,c*) = (2¢/v7)(Up/U,), thus o4y ~ €/7r, for
the turbulence scenario [43], where £ = X;U,r./(m,c*) ~
10 is the radiative compactness parameter [44]. Proton
magnetization is then o, = oy (m,/m,)(n./n,), and
o, < 10, for #i,/i, <m,/m, Below, we focus on the
mildly relativistic scenario o, ~ 1 as kinetic simulations
strongly hint to this case for s ~ 3. Note that these coronal
protons are magnetically energized such that (y,) ~ ¢,,, and
so L » < L.

Proton escape time. Strong turbulent magnetic fields in the
corona can lead to efficient confinement of accelerated
protons. If magnetic fields are dynamically important in the
vicinity of BHs, we estimate r, <[, < h, where [, is the
coherence length of the B field [45] and & ~ r is the scale
height of the thin disk. This assumption constrains f.,
since for B, ~10°-10* G, the proton Larmor radii are
R, < l., which eventually results in significant scattering
in the corona. The proton mean free path is set as A, ~
I.(Ry/1.)% for R; /I, < 1, where 8, ~ 0.3 corresponds to
scattering on intermittent small-scale field reversals as is
likely appropriate for large-amplitude turbulence; the exact
value of the exponent is a subject of active investigations,
e.g., [46,47]. For strong diffusion, R;/l. < 1 so that
particles random walk, and we get (Ctes./7.) ~ Fe/As ~

(rc/lc)(rg/RL)1/3 [48], and

10 eV B,

E,

Mgy >1/3
G

<CZesc/rc> ~ 200( ’ 103 G. 107MO

It follows that if a mildly relativistic coronal inflow/outflow
is present, with a velocity >5 x 1073 ¢, the proton residence
time will be limited by the coronal inflow/outflow time.

Proton cooling in the corona.

Photomeson (py) interactions: We calculate the py mean
free path 1,, = ¢/ t;; based on the effects of x rays and
OUV using Eq. (AS5) [49]. See details in the Appendix.

Proton-proton (pp) interactions: The pp mean free path is
App = (1,2,,)7", where ,, is the cross section for pp
interactions [50] and 7, is the density of coronal protons. We

can further express it as 1, = (r./7r)(Z7/Z,,) (7. /7).

Cooling synthesis: In the upper panel of Fig. 1, we show the
normalized mean free path 1/ r. for pp and py interactions,
along with the effects of synchrotron cooling [51]. We
also account for the potential impact of pion synchrotron
cooling, e.g., [55]. For pp interactions, we plot 4,,,(7,/7,),
insensitive to 7,/7,. We note (i) that protons invariably
interact through py in the corona because of confinement
[Eq. (3) and Fig. 4 in Supplemental Material [51]], and (ii) the
presence of an OUV “wall” that sets a maximum energy
Eyan < 10" eV, beyond which (a) 7, > 4,,/c and (b) pro-
tons do not escape the corona before interacting
with the 2500 A component. pp interactions could be
significant, for 7#,/ii, <5, ~which is equivalent to
6, < 0.1. For mildly relativistic magnetizations, &, ~ 1,
corresponding to 7,/i, ~ 200, py interactions dominate
proton cooling. In the following, we further constrain ¢, and
i, /7 ,. Moreover, the proton cooling time is shorter than the
escape time due to diffusion [Eq. (3) [51]], resulting in
efficient conversion of proton energy into neutrinos.

Proton acceleration in the coronal plasma. In what
follows, we probe proton acceleration in the corona using
PIC plasma simulations. We consider the two most likely
processes producing efficient particle acceleration in
magnetically dominated plasma: relativistic magnetic
reconnection and turbulence. We verify whether features
of reconnection-accelerated and/or turbulence-accelerated
coronal protons are compatible with the IceCube signal.
We conclude that protons accelerated from the thermal
pool cannot explain the IceCube results for both accel-
eration mechanisms. The most likely source of the
observed neutrinos are low-density protons preenergized
in a region with a large ¢, through reconnection, and later
confined and reaccelerated in the turbulent corona.
We provide constraints on the magnetization in the
corona, ¢ = B*/4nc*(m,ii, + m,i,) = o4/(1+04/0,),
and, thus, 7,/7 »» based on the observed neutrino flux and
spectral slope, s, and properties of the particle acceleration
mechanisms.

It has recently been shown that highest-energy particles
in 3D relativistic reconnection are accelerated while on
“free-streaming” trajectories, bouncing between the two
converging upstream flows [56-58]. The acceleration
time of these particles, #,, corresponds to a distance
ct, = ¢/(p,wp), where wg = eB/(m,cy,) is the gyrofre-
quency of accelerated protons. In magnetized turbulence,
highest energy particles are accelerated by stochastic
scattering off turbulent fluctuations [32], corresponding
to an acceleration distance, ct, ~ 31,/ o, where [y ~ r, is the
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FIG. 2. Upper panel: spectral features of pairs (dot-dashed) and
protons (solid) for cooled current sheets with y;c = 100..
Protons are accelerated to ¢, with a flat spectrum and for
Yp > o, the spectrum scales roughly as o y,*. Lower panel:
empirical dependence of the spectral slope s on ¢ from PIC
simulations.

turbulence driving scale. We compare these two scales in
the lower panel of Fig. 1. We observe that reconnection-
driven acceleration is faster compared to stochastic accel-
eration, t, < f,, for E, < E, ;. Below we constrain the
spectra of protons accelerated by the two processes.

Proton acceleration by reconnection: In this scenario, the
corona is modeled as a collection of current sheets that
accelerate and confine pairs and protons. To study this case,
we perform radiative PIC simulations of a current sheet,
initialized in a Harris equilibrium, with the upstream
plasma composed of pairs and ions [58]. The importance
of IC cooling for leptons is set by yc, defined as the
particle Lorentz factor for which cooling rate balances the
acceleration rate from reconnecting electric fields. We set
7ic/o+ = 10, corresponding to a dynamically weak cool-
ing expected in the AGN corona [56].

In Fig. 2, we plot examples of proton spectra (solid lines)
and pairs (dot-dashed), at five light-crossing times of the
simulation box. We find that (i) y¢ is the maximum attainable
Lorentz factor for leptons. (ii) Proton acceleration is not
affected by lepton cooling, and produces a spectrum con-
taining most of the energy aty ~ ¢ ~ ¢,,. (iii) Fory, 2 o, the
proton spectrum is expressed as dn/dy, o« y,* (upper panel
of Fig 2), where s € [2,5] depending on ¢ (lower panel of
Fig. 2; see also, e.g., [58,59]).

Proton acceleration by turbulence: In this scenario, the
corona is magnetically dominated and turbulent with ampli-
tude fluctuations, 0B ~ B.. We analyze 3D driven turbu-
lence simulations (setup based on work by [29,60-62]),
until ~5 light-crossing times of the simulation box. In
addition to initial thermal particles [63], we add a low-
density population of “preaccelerated” protons injected
with a hard spectrum, dn/dy, ~y," until y, ~ 7, [64].
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FIG. 3. Upper panel: density of coronal protons and pairs, along

with the proton spectral range set by y;,; needed to explain the
NGC-1068 signal [1]. The dashed line is the proton density
associated with the same signal. Middle panel: luminosity
requirements in the expected y, range. Lower panel: PIC
simulation results from the injection of test protons with high
Yinj in magnetized turbulence with ¢ = 3.

A large population of reaccelerated particles is obtained,
with a nonthermal slope, s, that hardens as ¢ increases.
We find that the energy-containing Lorentz factor of the
evolved distribution of preaccelerated particles remains at
Yinj> along a tail with a slope s ~ 3, similar to that of the
background particles (lower panel in Fig. 3).

Proton acceleration synthesis. The most constraining
property of the IceCube signal is its high luminosity. If
we rely on particles accelerated from the coronal thermal
pool, a significant proton luminosity at y, ~ 10°~10* can
only be achieved in the reconnection scenario for ¢, 2 10
(s & 2). This, however, yields a spectrum much harder than
the observed slope of the neutrino spectrum. We conclude
that if starting from a thermal population, proton accel-
eration in the corona cannot explain the IceCube signal.
The scenario of turbulent confinement and reacceleration
of preaccelerated protons can favorably compare with
observations. The required slope at high energies, s ~ 3,
is most consistent with reacceleration in a coronal turbulent
plasma of ¢ ~ ¢, 2 1. This corresponds to 7,/i, ~ 500,
favoring py over pp interactions (see Fig. 1). In Fig. 3, top
panel, we plot the expected coronal proton densities,
vp(dn/dy,) (solid red lines), which we extend to NGC
1068’s relevant energy range, and compare with the proton
density n~E,dn,/dE,~ Lp/(4ﬂr%CEp) necessary to
produce IceCube’s signal [dashed gray from Eq. (2)].
The middle panel of Fig. 3 constrains this scenario by
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requiring the total luminosity of injected protons L, to be
below Ly, implying yjy; ~ 10°. The lowest required proton
luminosity, L,, scales as ~L,/10, for the injection at
Yinj ~ 10*. The expected injected density is ~1075-107
of i1,,.

To that end, we propose that intermittently appearing
current sheets in the vicinity of the BH, with magnetiza-
tion o,y and the amount of dissipation of magnetic
energy comparable to that happening in the corona, result
in bursts of a low-density population of protons impul-
sively accelerated up to yipj ~ 6, ps, and injected into
magnetically dominated and turbulent coronae, where
protons are confined and reaccelerated. Such sheets could
occur (i) at the disk/outflow boundary where relativistic
asymmetric reconnection could be prominent [65], i.e. one
side of the flow containing a low proton density, (ii) at the
BH’s rotational equator during magnetic flux eruptions
regulating the magnetic flux on the BH through episodi-
cally occurring magnetic reconnection [66], or (iii) at the
interface between magnetic loops of alternating polarity
that are advected into the polar region, where the mag-
netization is relatively high [67-70]. Such a configuration
produces relatively weak BH outflows, which might be
more compatible with radio observations of NGC 1068.
One of these scenarios or a combination thereof is
plausible (see the Appendix), as large scale general
relativistic magnetohydrodynamic simulations of accre-
tion flows around BHs show that (a) reconnection occurs
at such boundaries, e.g., [65,71-73], and (b) magnetic
flux eruptions occur in thin radiatively efficient disks,
e.g., [74,75].

If the proton slope is steeper, s = 3.5, the nonrelativistic,
but still magnetically dominated, high-amplitude turbu-
lence can also serve as the reacceleration mechanism [76].
Turbulence becomes nonrelativistic for 6, < 1, correspond-
ing to 71, /i, < 150. This scenario requires the reaccelera-
tion length, ~3r.(0.1/5), to be shorter than the proton
cooling time, 4,. At low enough &, such that i1, ~ 7,, the
cooling is dominated by pp, such that 4, ~ 10r.. If ct, < 4,
then ¢ 2 0.03. Additional constraints can be provided by
Bethe-Heitler cooling (see Supplemental Material [51]).

Conclusions. We present basic steps connecting first-
principles plasma simulations of proton acceleration in
AGN coronae to the observed interplay of x rays, y rays,
and neutrinos. Our most robust conclusions are that
(1) radiation fields in the corona lead to efficient absorption
of hadronic y rays within 100 r, of the BH; (ii) protons
accelerated from the coronal thermal pool cannot account
for NGC 1068’s neutrinos; (iii) the observed neutrinos stem
from py interactions; and (iv) explaining the neutrino signal
requires injection of protons preaccelerated to y ~ 103-10%,
into the turbulent magnetically dominated corona, where
they are confined and reaccelerated.
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Appendix: Radiation fields, confinement, and potential
injection scenarios.

Radiation fields.

Optical/UV (OUV): A tight relation between the OUV
and x-ray radiation is observed in AGNs, and is set by
the spectral index ao = —10g (L;xev/Lysgy 4)/2.605,
e.g., [78-82]. The integrated intrinsic x-ray luminosity
of NGC 1068 in the 2-10 keV band is L, =77, x
10" ergs™! [83]. We can then estimate the luminosity
Lysoo 4 130,31]:

108 Ly ey = (0.760 40.022) 10g L5 4 + (3.508 £ 0.641).
(A1)

We estimate the OUV energy density based on coronal x
rays as Uy, = Lysgy 4/ (4mcrdy,), where ry,, defines the
radius within which half of the observed light is contained
(the half-light radius). From quasar microlensing observa-
tions along with the AGN disk size estimates, r,,, ~ 100r,
over a wide range of BH masses 210" M, e.g., [84]. Seyfert
galaxies have quasarlike nuclei, but with a clearly detectable
host galaxy, thus, we rely on quasar continuum models [85]
to obtain dngy,/de ~ Uyye™" for [1050, 2500] A.

X rays: X rays are the dominant targets for the py
process as the lowest energy photons, €, that contribute
to producing E,~ 10 TeV neutrinos have energies
€min = (am,c?ey,)/E, ~ 1 keV, where m,, is the proton
mass, and €, ~ 0.15 GeV is the py energy threshold in the
proton frame. For NGC 1068, we deduce a spectral energy
density U,ey? if € <20 keV and Uge™? if 20 <e <
200 keV (Fig. 2 in [35]), where U, = L,/(4nr2c) is the
coronal x-ray energy density, r. ~ 10r, is the corona size,
e.g., [19,21], and €5 ~ 7 keV [86]. We note that the x-ray
spectral shape of these obscured sources is uncertain and
the spectrum of type I Seyferts might be different.
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y-ray interactions. High-energy photons with energies ¢,
interact most efficiently through Breit-Wheeler [88] with
target photons of energy ¢, ~ m%c“/ey, which gives ¢, >
0.1 eV for ~TeV y rays. We calculate the center of
momentum energy of target photons with energy e, and
high-energy photons ¢,, such that S = e,e,(1 —cos)/
(2m2c*), where 0 is the angle between the momenta of
photons in the laboratory frame. Assuming isotropic target
photon field, one can estimate S ~ ¢,¢,/(2mZc*). Finally,

the yy cross section, X,,, can be expressed as

%, =51 =¢%) | =262 ¢*) + (3= ¢*)In

(A2)

where ¢ = /1 — 1/S. We can then calculate the yy optical
depth for a coronal region of size r. ~ 10r,.
The optical depth for yy is 7, (€,) ~ ff‘m‘“ reZ,, (€. €,) X

t.min c=yy
(dn,/de,)de,, where T, (€. €,) is the cross section for yy,
and ¢, is the target photon energy. The resulting optical
depth is shown in Fig. 2 in the Supplemental Material [51].
Since y rays are produced and absorbed throughout the

corona, the y-ray luminosity in the IceCube energy range is

2E¢,(E,)

Tyy

0, (e,) ~ (l—e).  (A3)

We finally obtain Fig. 4, which shows the impact of yy
interactions on the y-ray flux. Interactions with both OUV
and x rays are considerable, for €, < 10 TeV (see Fig. 4).
However, OUV photons are needed to curb the y-ray flux at
the TeV level.

Photomeson cooling. To calculate 4,, = c/t,, ! for protons

with Lorentz factor y,, we employ [49],

71077
C\lm ......
IE _g| ™ MAGIC Limits e e e
:g 10777 ..., lceCube
[«5) ¢ E2 _ ZE.%@:/(E./) v v v
U 10~ 11 | 1Y T 7y Uow)
2 _ 2E2¢,(E,)
@ ¢’7E T Uy
N 10~ 13 . . .
53] 1010 1011 1012 1013
E(eV)

FIG. 4. y-ray spectrum suppression based on x rays and OUV
[Eq. (A3)], along with IceCube [1], and MAGIC [36] limits in the
NGC 1068 signal energy range. The x rays cannot account for
the y-ray suppression above ~10 GeV, but the 2500 A emission
provides enough suppression.

toy (1) €Zer(€')de’, (A4)

ke /Oo deﬁe_2 /2;/176
2}/[7 elh/zyp de é!h

where €' & 2y ,e is the photon energy in the proton rest
frame, e is its energy in the BH frame, £ is the inelasticity,
and X is the py cross section.

X rays: Based on NGC 1068’s x-ray spectral features [35],
an effective cross section X =~ 150 pb [50], and an
interaction ~ threshold  E, = m,c%&/(2¢p) 2 101 e

Eq. (A4) yields

i) [ (3 -3 iy, > @/ (260)

1) _

§§Czeff UX gT: s if Yp < Eth/(2€0)'
(AS)

OUV: We calculate t;yl for the OUV component based on
Eq. (A4), where dn,,/de ~ Ugy,e™! in the 1050-2500 A
range. In the vicinity of the corona, the photon energy

density is Ugyy = Losog 4/ (47cr3y,), and we get for
71) > éth/(zec)’

y2 1
Ve 27p 2

t]_U} (yp) gczeff Uouv <]1’1 ) s (Aﬁ)

where €, ~ 12 eV (1050 A) is the photon energy.

Confinement of high-energy protons.

Confinement in the corona: As discussed above, pro-
tons are confined in the corona before interacting with
radiation fields to produce neutrinos. In Fig. 4 of the
Supplemental Material [51], we show the ratio of #,, /.o
and 1, /tconr, Where t.qy is the proton confinement time
defined as t.o,r = min(z.i(B.), e/ vio), With v;, the speed
of a potential coronal inflow/outflow.

The first conclusion we draw is that protons are
confined for long enough to efficiently interact through
py for the considered radiation fields, and through pp if
i1, /i, < 100. Note that since particles are most efficiently
confined in the diffusive regime as set by Eq. (3) in the
main text, i,/i, ~ 100 is the maximum allowed ratio for
pp interactions to occur in the corona, irrespective of the
radiation fields. The second conclusion is that, if either an
inflow (part of the corona is accreting into the BH) or an
outflow (e.g., a wind launched from the corona) with v;, 2
10~2¢ is present [see Eq. (3)], neutrino production effi-
ciency can be suppressed as the cooling time becomes
longer than the confinement time, t,/f.,ns 2 1/3.

Confinement in a 3D magnetically dominated turbulence
box: To test the confinement process, we track injected
protons and check whether their mean free path, Ay, is
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consistent with the expected random walk confinement
estimate, Ao 2 ry(Ry/r,)"* [Eq. (3)]. In coronae, we
generally expect deg/r. ~0.1(R./r,)"/3. In the energy
range of interest and for ~10° G field, (eg/7¢) ~
5 x 1073, For our simulation setup, we expect (i./L) =~
(I/L)(RS /1)'/3, where RS is the energy-dependent proton
Larmor radius in our simulations. For our simulation
parameters, we obtain (1./L) ~ 1072,

We finally calculate the mean free path of test protons,
Apst» 10 our simulations if they follow a random walk.
We calculate the displacement of particles d and the total
distance traveled D, such that A,y ~ d>/D. We show the
obtained results in Fig. 5 in the Supplemental Material [51],
where we find Ay /L € [1073, 1072]. Therefore, we find that
Apst/L ~ Ac/L ~ Aese/ 1e» and show that the mean free path
estimates are consistent with our PIC simulations. A more
detailed analysis of energetic proton confinement in mag-
netically dominated turbulence in PIC simulations will be
the subject of a forthcoming study.

Potential injection scenarios. This Letter offers strong hints
that—provided IceCube’s signal originates from the corona
of NGC 1068—an injection of nonthermal particle pop-
ulations, not accelerated in the coronal plasma and respon-
sible for high-energy neutrinos, is occurring. This is an
important point in the plasma and particle acceleration
communities, as it shapes our understanding of the struc-
ture of the corona itself and, potentially, the accretion flow
and magnetic field structure in the vicinity of the BH.
The exact mechanism injecting protons at y,, ~ 10°-10*
is unclear. However, we present a few ideas that are worth
expanding on. For instance, we put forward that asym-
metric reconnection that self-consistently occurs at the
boundary of the turbulent accreting plasma could control
the injection up to y, ~o,. Further acceleration would

happen because of stochastic acceleration in turbulence. An
analogy could be drawn here from turbulent acceleration
in a magnetized plasma, where injection of accelerated
particles occurs through reconnection, followed by reac-
celeration through turbulence in the same magnetically
dominated region [32,71]. In our scenario, the initial
acceleration occurs through reconnection in a significantly
more magnetized plasma, and subsequent stochastic accel-
eration in the corona. Ultimately, the slope of the power-
law tail at the highest energies is dictated by turbulence,
instead of reconnection, as shown in our simulations.
Self-consistent PIC simulations are needed to investigate
the interplay of asymmetric reconnection, occurring at
the boundary of media with different magnetizations,
and turbulence.

Alternative scenarios we put forward include magnetic
flux eruptions in arrested accretion [66], and acceleration at
the interface between magnetic loops of alternating polar-
ity, which can form in the corona, e.g., [68—70]. Both of
these alternatives include initial acceleration through recon-
nection followed by reacceleration in the magnetized
turbulence. In both instances, reconnection can be occur-
ring in the regime of a low guide field, and, with laminar
initial conditions, producing a hard power-law tail with
s ~2,e.g., [58,59]. However, an injected population with
s ~2 could experience a steepening to s ~ 3 because of
turbulent reacceleration if R; < [, where [ is the energy-
carrying scale in the turbulent medium. We were not able to
fully test this hypothesis in our PIC simulations because of
a limited separation of scales; however, we expect injected
particles to be stochastically reaccelerated in turbulent
media. We will investigate stochastic reacceleration more
thoroughly in a forthcoming publication. An additional
possibility consists in current sheets possessing a finite
guide field, which could steepen the spectrum [13].
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