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Abstract: A neutrino outburst between September 2014 and March 2015 was discovered from the
blazar TXS 0506+056 by an investigation of 9.5 years of IceCube data, while the blazar was in a
quiescent state during the outburst with a gamma-ray flux of only about one-fifth of the neutrino
flux. In this work, we give a possible interpretation of the abnormal feature by proposing that
the neutrino outburst originated from the interaction between a relativistic jet and a dense gas
cloud formed via the tidally disrupted envelope of a red giant being blown apart by the impact
of the jet. Gamma-ray photons and electron/positron pairs produced through the hadronuclear
interactions, correspondingly, will induce electromagnetic cascades and then make the cloud ionized
and thermalized. The EM radiation from jet cloud-star interaction is mainly contributed by the
relatively low-energy relativistic protons which propagate in the diffusion regime inside the cloud
due to magnetic deflections, whereas the observed high-energy neutrinos (2100 TeV) are produced
by the relatively high-energy protons which can continue to beam owing to the weak magnetic
deflections, inducing a much higher flux of neutrinos than electromagnetic radiation. The observed
low-energy electromagnetic radiations during the neutrino outburst period are almost the same as
that in the quiescent state of the source, so it may arise mainly as the same state as the generally
quiescent. As a result, due to the intrusion of a dense cloud, the neutrino outburst can be expected,
and, in the meantime, the accompanying electromagnetic radiations from hadronic processes will not
cause any enhancement in the blazar’s electromagnetic flux.

Keywords: blazars; neutrino astronomy; active galactic nuclei; high-energy neutrinos

1. Introduction

On September 22nd, 2017, a track-like neutrino event IceCube-170922A with energy
~290 TeV was reported in coincident with a flare of a blazar TXS 0506+056 both spatially
and temporally, with a significance at 3¢ level [1]. Various studies have discussed the
possible origin of the event [2-16]. If the correlation is true, the discovery indicates that
effective hadronic processes operate in the jet of TXS 0506+056.

Subsequently, the analysis of historical IceCube data independently shows a 3.50
excess of high-energy neutrinos from the same position between September 2014 and
March 2015 [17]. The excess consists of 13 £ 5 events above the expectation from the
atmospheric background. Curiously, during this neutrino outburst, the electromagnetic
emissions from the radio to gamma-ray band of TXS 0506+056 were in the low state. We can
infer from such a phenomenon that the jet luminosity is probably not enhanced during the
outburst, so the neutrino outburst must be due to the increase in the efficiency of hadronic
interactions. In addition, the lack of strong electromagnetic (EM) radiations of this source
during the neutrino outburst may favor a hadronuclear origin of the neutrinos over a
photohadronic origin [18]. On the other hand, the luminosity of gamma rays above 0.1 GeV
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during the neutrino outburst period is almost the same as its quiescent state, showing only
about one-fifth of the luminosity of neutrinos between 32 TeV and 3.6 PeV [17-19], while
the gamma-ray flux generated in the hadronuclear process is thought to be comparable to
the neutrino flux. Although a hard proton spectrum might reproduce such a ratio between
gamma-ray flux and neutrino flux, the hard spectrum is not consistent with the neutrino
spectrum, unless a spectral break is assumed in the proton spectrum !. Thus, the key to, and
the difficulty of, explaining the neutrino outburst is to reconcile the measured gamma-ray
flux with the neutrino flux in this period.

Motivated by the unusual observations of gamma rays and neutrinos, some scenarios
have been proposed, i.e., the structured blob with an additional compact core [20], two
dissipation blobs located at different distances from the central supermassive black hole
(SMBH) [21], and invoking the produced neutral neutron beam through hadronic processes
to suppress subsequent EM cascades contributions [22]. Suggested by the radio observa-
tions, the strong signs of the deceleration of jet within the inner region of TXS 0506+056
may be caused by the jet—star interaction [23]. In addition, the interaction between the
AGN jet and red giant (RG) star or dense cloud has been proposed as a possible origin
of high-energy radiations from M87 via proton—proton collisions[24,25]. In this work, we
study a jet cloud-star interaction scenario for the neutrino outburst, in which a dense
cloud enters the jet and provides additional targets for the hadronuclear interactions (or pp
collision) (see the sketch in Figure 1). Ref. [3] considered clouds in the broad line region
(BLR) as targets for hadronuclear interaction to explain IceCube-170922A, whereas the
increased power of the jet is required to meet the brightening of gamma-rays. We here
consider a scenario that the cloud originated from the tidally disrupted envelope of RG,
which moves to the vicinity of the SMBH, being blown apart by the jet [24]. We calcu-
late the hadronuclear interactions between cosmic ray protons and the dense gas in the
cloud, as well as the EM cascade initiated by the secondary photons and electron/positron
pairs. In this paper, we suggest that the EM radiations from jet cloud-star interaction are
mainly contributed by the relatively low-energy relativistic protons which propagate in
the diffusion regime due to magnetic deflections inside the cloud, whereas the observed
high-energy neutrinos (2100 TeV) are produced by the relatively high-energy protons
which can continue to beam owing to weak magnetic deflections. The high-energy gamma
rays accompanying high-energy neutrinos produced via pp collisions can escape from the
cloud but will then be attenuated by extragalactic background light (EBL) and/or cosmic
microwave background (CMB). Such an effect can cause the observed high-energy neutrino
flux to be much higher than the EM radiations considering the contribution of jet cloud-star
interaction. As a result, the EM signals from a jet cloud-star interaction could be even
lower than the quiescent state, predicting the non-enhancement of EM radiations, while
the neutrino signals could reach the observational level. The predicted gamma-ray and
neutrino flux will be compared to the measurements in the paper.
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Figure 1. The sketch (not to scale) of jet-cloud interaction after the intrusion of a cloud into the jet
flow. See Section 2 for more details.
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2. The Requirements of the Cloud

The duration of a neutrino outburst from the direction of TXS 0506+056 is t;, = 11032
days for a Gaussian time-window analysis and ¢, = 158 days for a box-shaped time-
window analysis [17]. The jet-crossing time of the cloud t. should be comparable to the
duration. Therefore, by assuming the velocity of the cloud orbiting the SMBH as the
Keplerian velocity, the required jet-cloud interaction height from SMBH can be found by
tjC = th/ i.e.,

1/3

.\ 2
Zje = [GMBH <2]5) ] ~ 5.5 % 10107338/ Mo em, (1)

where 0 is the jet semi-opening angle, Mpp 9 = Mpy/ 10° M, (hereafter, a notation x /109 =
X is used for a conventional expression in c.g.s. units). One possible origin of the cloud is
from an RG, whose external layers are far-less gravitationally bound to the stellar core [24].
As a result, the envelope of an RG would suffer significant tidal disruption when the RG
passes by the vicinity of an SMBH, and a significant mass > 10* g can be unbound from
the stellar core [26-31]. At the height z;. from SMBH, the RG could lose its outer layers
with a radius beyond R} = sz(MRG/MBH)1/3 ~ 55 x 10139:%/31?]26/;M11{€®cm when it
penetrates the jet. For a solar-mass RG, the radius can be up to a few hundred of the
solar-radius R, so one has Rgg ~ ngc which corresponds to the “weak tidal interaction”
case in [24]. Under this situation, the blown-apart envelope of an RG is still roughly
spherical [27], serving as the required cloud for hadronuclear interactions. The jet-cloud
interaction results in a forward shock sweeping through the cloud and heating it. The cloud
would then significantly expand to one order of magnitude larger at its sound speed c;
through the mediation between its thermal pressure and the jet pressure. For a jet with a
luminosity L; and Lorentz factor I'; interacting with a spherical cloud with a radius . and
anumber density 7. at a height z;, by equating the cloud thermal pressure to the jet ram
pressure (regardless of the effect of the magnetic field), i.e., (l"j - 1);/1]‘111,,c2 = ncmpvg, the
shock speed vs can be given by [32]

Vs = X_1/2C ~ 3 X 108n;111/29:%zj_c’117L}’£§ cam/s 2)

as long as v; < ¢, where x = n./nj(I'; — 1) is the density ratio of the cloud to the

jet. The density of the jet can be estimated to be n; = L;/ [(FJ- - 1)mpc37rRﬂ ~ 4 x

105L]-,47 (T;/20) 712];/2176:% cm 3, where R; = 6z is radius of transverse section of the

jet at height z;.. Therefore, the shock crossing time of the cloud is t; = 2rc/vs ~ 6 X
1067’(31151’12,/1%6,12]'(;,17[4;417/2 S.

Note that the Rayleigh-Taylor (RT) and Kelvin—-Helmholtz (KH) instabilities could
deform the cloud and mix the materials of the cloud into the jet flow [33]. The timescales
of both can be estimated for an instability length I of the perturbation as, tgr ~ /I/g =

dxrcl/(3c2) and txyg ~ /1/rel = 1\/x/c, where g = P]-m’%/MC ~ 302/(4)(rc) and
Srel ~ ¢2/(xl) are the acceleration of the cloud and the corresponding acceleration of the
cloud to the jet, and P; is the jet ram pressure. For the significantly disruptive perturbation
I ~ 2r;, one has tgy ~ trr ~ ts, which is consistent with some numerical calculations
that suggest the cloud can be deformed by the RT and KH instabilities in a timescale
2r¢/vs [33-35]. The fragments of the deformed cloud, nevertheless, could still evolve until
all the materials of the cloud are melted into the jet flow, and the true lifetime of the cloud
(defined as when all of the materials of the cloud are well mixed into the surrounding jet
flow) could be more than six times the timescale of KH instability (see the bottom panel
of Figure 15 in [33]). As a result, the true lifetime could be up to 26tk ~ 107 s, which
is comparable to the event duration f.. Actually, the effective hadronuclear interactions
between the jet flow and the materials of the cloud can take place even if the cloud is melted



Universe 2023, 9, 1

4 of 14

into the jet flow, unless the density of the cloud significantly decreased. This timescale for
effective hadronuclear interactions could be evaluated by the cloud moving from z;. to

2zj., so one has ty; ~ /22 /g ~ 107s, if neglecting the initial radial speed of the cloud and

gtni < c. Therefore, both the cloud drag time, which is the time needed for accelerating the
cloud, and the cloud mixing time (or the true lifetime) are several times ¢, i.e., 2107 s, for
the density ratio of the cloud to the jet considered here.

The hydrodynamic evolution is quite complicated and a detailed discussion is beyond
the scope of this work. However, the estimation above for relevant timescales makes it
plausible to consider that a dense cloud can exist and provide the targets for effective
pp collisions in a timescale consistent with the neutrino outburst duration. Thus, for
simplicity, firstly, we consider CRs that accelerated in the jet to penetrate a spherical cloud
with a radius of 7. = 5 x 10" cm and a gas density of 7, = 10! cm~3 (see the sketch in
Figure 1), supplying a high gas column density Ny =~ n.r. =~ 5 x 10> cm~2. The total
mass of the cloud can be found by M, = 4mfg'mpnc /3 ~8x 10317211 17Mc,11 g, which can be
achieved if the jet’s kinetic luminosity is large and the tidal encounter is strong [28,30]. The
interaction between the jet flow and the cloud can generate a bow shock and a forward
shock crossing the cloud. For the forward shock inside the cloud, the ion plasma frequency
iswy = (47‘[;’16(22/711,!,)1/2 ~ 45 x lOSnC,n s~1, while the ion Coulomb collision rate per
particle is w, = n.ocvp ~ 9.8 x 10_3”c,110p,9T;82 s~! by assuming that the velocity of a
proton is comparable with the shock velocity and the temperature of the proton is the
same as that of the electron (see the next Section for details), where 0. = me*/(3kT,)?
is the cross section of a Coulomb collision. With w, < wy, the shock is expected to be
collisionless in terms of Coulomb interaction. However, accelerations of relativistic protons
in the cloud still tend to be prohibited inside the cloud because of the quite large optical
depth, as discussed in Section 3 (namely, the forward shock is radiation-mediated). Even
so, protons can be accelerated to the very high energies in the relativistic jet by some
dissipation processes, such as internal collisions between different parts of the jet due to
the velocity inhomogeneity, or via the internal-collision-induced magnetic reconnection
and turbulence mechanism [36], or by the bow shock acceleration [37]. The accelerated
protons could diffuse into the cloud [38—40]. By considering the possible advection escape
of particles, one can evaluate the advection timescale in the downstream of the bow-
shock as taqy = 7c/Vjps =~ 6 X 1O4rc,14_7s with the post-bow-shock materials velocity
Ojps = ¢/4. The diffusion timescale is t4;¢r = x%2/2Dg ~ 1.5 x 105(Ep/1TeV)’1B_31’§,14.7 s
for a Bohm diffusion, where x = 0.2r. and Dg = E,c/3eB [41]. Therefore, the protons with
energies E, 2 2.5B ,31’31 47 IeV could enter the cloud efficiently. Actually, the accelerated
protons with relatively low energies can enter the cloud as well, e.g., for the magnetic
reconnection acceleration in Ref. [42]. The advection escape probability could be very
small as long as the mean-free path of the particle parallel to the magnetic field is much
shorter than the characteristic size of the reconnection region and eventually overcomes the
reconnection layer thickness to enter the cloud [42]. For simplification, we assume that the
accelerated protons can enter the cloud efficiently. These high-energy protons can initiate
the subsequent pp collisions, and the characteristic cooling timescale through pp collision
in the SMBH rest frame is

tpp =~ 8.4 x 10° n_{, (0, /40 mb) s, 3)

where I'; is the bulk Lorentz factor of the jet, and 0y is the cross-section of pp collision. The
dynamical timescale is
tayn = e/~ 1.7 x 10* re 1475, (4)

In addition, the relativistic protons may propagate in the cloud by diffusion, especially
for relatively low-energy protons. The escape timescale (or residence time in the cloud)
can be evaluated by s = 1772/ Dp, where Dp = rg,wg /16 is the Bohm diffusion coefficient
with the gyroradius r¢ = E,/eB, the cyclotron frequency is wg = eBc/E, and 7 < 1is
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the correction factor which considers the deviation in the actual diffusion from the Bohm
diffusion [39]. Therefore, one has

Tos 24 x 10° 171721, ,B_3(Ep/1PeV) s (5)

for the magnetic field B = 10~ G. Basically, the surface magnetic-field strength of most
RG stars could be too low (much smaller than 1G) to be detected [43]. However, such
a magnetic-field strength can be evaluated by the magnetic flux conservation, which
indicates that the radial (poloidal) magnetic-field component decreases as B, & r~2 with the
evolution of star radius and the transverse (toroidal) magnetic-field component decreases
as B, o r~! [44]. For a typical surface magnetic-field strength ~ 1 G of main sequence star,
the envelope of RG star can have a magnetic-field strength of approximately ~104-10"2 G
if the radius of the RG star becomes ~100 times larger than that of its main sequence
stage. Next, B = 1072 G in the cloud is adopted for analytical estimations and numerical
calculations. The deflection angle of a high-energy proton in the magnetic field of a cloud
can be estimated as 6; ~ 0.057.,147B_3(E,/1PeV) ~fora propagation distance ~r.. This is
approximately smaller than the jet beaming angle for the high-energy protons with energies
beyond 1PeV, ie., 05(E, 2 PeV) < 1/T; = 0.05. As a result, the protons with energies
exceeding ~1 PeV propagating inside the cloud, as well as the subsequent generated
high-energy neutrinos via pp collisions, can be treated as beamed propagation. Whereas,
for the protons with energies lower than ~1 PeV, they tend to have a larger deflection
angle and residence time inside the cloud, as shown above, inducing a propagation in the
diffusion regime.

Following the analysis above, we can see CR protons will lose almost all their ener-
gies to secondary particles through pp collision due to the high gas density of the cloud.
However, protons with energies 21 PeV and produced secondary neutrinos can continue
to beam while other protons with energies <1 PeV and their secondary neutrinos tend to
be more extended in the propagation directions or even isotropic. For simplification, we
introduce a correction factor to approximately consider the conversion between the diffuse
regime and beamed propagation, namely,

1, 64 < 1%
fe=1 (Tj62)° I <67 <2 ©®)
(2r,)%, 6,>2

where §; is the defection angle for diverse energy. Our calculations are implemented by
treating radiations as beamed and then dividing by the correction factor f..

3. Thermalization in the Cloud

EM cascades will be initiated by high-energy gamma rays and electron/positron pairs
generated in pp collision. The electron/positrons generated in the cascades give rise to a
strong UV /X-ray emission, and the cloud will be fully ionized by the cascade emission [3].
Assuming the mean number density of ionized electrons is the same as that of protons, i.e.,
n. = n., the averaged optical depth due to the Compton scattering of electrons is

Tey = TcleOT =2 3370147111 (7)

Obviously, the cloud is optically thick to the radiations with energies below ~MeV 2.
Due to shock heating, the proton temperature immediately behind the shock front is T}, ~

mpvg /3k ~ 4 x 10871;111 K. The timescales for Coulombian thermalization through ¢ — e

scattering t,_. ~ 0.1 Tg’éznc_lll s, p — p scattering t,_, ~ 3 Téj’gznc_ll1 s and e — p scattering is

tep = 100 Tgéznc_lll s [24]. As we can see, these timescales are quite small and, therefore, the
shocked cloud is thermalized. As a result, we assume the proton and electron have the
same temperature, i.e., T, >~ T).
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The main channel of thermal radiation is free—free (thermal bremsstrahlung) emission,
and the cooling rate of electrons due to free—free emission can be given by

dT,

- p ~ 10" 1T 20 K /s. (8)

The photon mean energy by free—free emission is (¢) ~ kT, ~ 10keV and the total
luminosity is L¢f =~ 104 Tigzninr‘? 147 €rg/s. The concentration of thermal photons can be

estimated as L
nep = 477TC££7% ~ 1011TBT81/211‘Z"117’C,14_7 cm 3, )
Only a fraction of the ~1/ 7, of the cascade emission can escape from the cloud without
being scattered. Most emitted photons will experience multiple scatterings (NTEﬂleOOO times)
inside the cloud. A large number of scatterings will lead to the Comptonization of the
cascade emission. Energy will be redistributed between photons and electrons and the emer-
gent photon spectrum can be approximated by a Wien distribution at the high-frequency
end [45-49], X
L = 2V i (10)
c
where the factor C is a constant related to the production rate of the photons and T, is the
temperature of thermal electrons. Such a photon field will, in turn, influence the EM cascade
process so the value of C and T, is important to the result. The production rate of photons is
basically determined by the luminosity of the cascade radiation, which essentially originates
from the energy lost by protons in hadronuclear interaction. Given the isotropic-equivalent
luminosity of all-flavor neutrino to be 1.2 x 1047 erg/s in the range of 32 TeV-3.6 PeV, the
beaming corrected luminosity is about 1/ I’Jz- times smaller, i.e., 7.5 x 10*3 erg/s with I =20.
To explain the relatively flat neutrino flux, we need a proton injection with a power-law
distribution of a spectral index around —2, as suggested by the general Fermi acceleration.
Proton energy in each decade is more or less the same for a flat spectral distribution and
neutrinos carry about half of the energy lost by protons in pp interactions [50], resulting in
a bolometric proton luminosity of ~5 x 10* erg/s considering the bolometric correction
In(E}, max/ mpc?)/ In(3.6 PeV /32 TeV)~3.5. Considering that neutrinos carry about half
of the energy lost by protons in pp interactions [50], the luminosity of cascade which is
initiated mainly by absorbed secondary gamma rays and electron/positron pairs ranging
from 2-100 GeV (2GeV corresponds to the minimum energy of the accelerated proton
~T jm,,c2 ~ 20GeV, Ey ~ 0.1Ep) should be Lcas =~ 1044 erg/s under the bolometric cor-
rection. Assuming the Comptonized photon field reaches a (quasi-)steady state, i.e., the
emission rate equal to the energy input rate, we can find the parameter C by

7'[/47'[1’%11,511/ ~ Lcas. (11)

The electron temperature immediately behind the shock front is m,v3 /3k ~ 4 x 108 K
(given the high density and high temperature, the time for proton and electron reaching
equilibrium via Coulomb collision is extremely short, so we assume proton and electron
have the same temperature). The temperature may decrease during the expansion of
the cloud. On the other hand, given an average photon energy of 100 eV (~10° K if the
distribution is thermal), cascade emissions can heat electrons via Compton scattering if
the temperature is too low. Thus, the electron temperature may not drop below 10° K. The
electrons in the cloud can be thermalized to be a Maxwellian distribution through e — ¢

scattering with the timescales {,_, ~ 103 T%zngllo s [24], the temperature of which can be

evaluated by %kTe ~ %mevg, ie, T, ~ 2 x 10°K.
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4. pp Collisions and the Cascade Emission

A fraction of CR protons can enter the cloud and interact with the gas in the cloud.
Given a total CR proton luminosity of Ly tot, and the ratio of the cloud section to the
jet section of (r./Rj)? = 2.5 x 1073, the injected CR proton luminosity is L, = 2.5 x
10’3Lp,tot. Assuming the injected CR protons follow a power-law distribution N,’] =
AE}*exp(—E}/E}, max) in the jet comoving frame, we can obtain the normalization factor

Aby fE;a,max AE;N;,dE; = Ly/ FJZ. s is the spectral index and the cutoff energy in the jet
comoving frame Ej, ., is fixed to be 10'%eV. The spectrum of secondary particles generated
in pp collisions is calculated by following the semianalytic method in [50]. The produced
high-energy photons and electron/positron pairs will initiate EM cascades in the cloud via
the synchrotron radiation, bremsstrahlung, the inverse Compton (IC) scattering, and yy

annihilation. The photon number of the Comptonized radiation field can be estimated by

NComp = 47‘[6}’§Cj<s3k'1—'e ~ 2 X 10" Leasaar 137 T, 7 em ™. (12)
resulting in an optical depth of Ty, >~ 0y fcomp?ec = 10 where 0, =~ 10~2° cm ™2 is the peak
cross section of the v annihilation process. The detailed treatment of cascade emission
can be found in previous literature, e.g., [51].

The cascade emission in the optical to X-ray band will be scattered via the Compton
scattering by thermal electrons, leading to an attenuation of flux in the line of sight by a
factor of (1 — e~ ™7)/1,,. In the numerical calculations, a full cross-section of Compton
scattering including the Klein—Nishina effect is taken into account [45]. In addition, the very-
high-energy (VHE) photons with energies above 100 GeV will be attenuated significantly
due to the absorption of EBL by a factor of e~ L. In addition, the different setups of EBL
models will not change our results significantly since at such a large luminosity distance
Dy, ~ 1.77 Gpc for the redshift, i.e., z = 0.3365. The VHE gamma rays will be significantly
attenuated by the EBL whatever, either for optimistic EBL model or lower estimation of
EBL model. In the calculation, the employed EBL model here is based on [52].

Note that the VHE gamma rays can escape from the cloud and the jet flow due to negli-
gible absorption, especially for the VHE gamma rays with energies 2100 TeV which can con-
tinue to beam during the propagation. For the < absorption in the cloud, the required en-
ergies of low-energy photons to attenuate the 100 TeV high-energy gamma rays are around
~0.01 eV. The photon number density at ~0.01 eV in the cloud is obviously very small for
the adopted electron temperature 10°-~108 K. In the jet after escaping from the cloud, the
required photon energy in the jet comoving frame is ¢ ~ 0.2 (I';/20)(E,/100TeV) ! eV,
ie, e~ Tje ~ 4(I;/20)?(E,/100TeV) eV in the SMBH frame. ¢ ~ 4eV is almost the
same as the peak energy of the low-energy hump of TXS 0506+056, showing a flux of
F. ~ 5 x 10~ erg/cm? /s [19]. One can consider the radiation region as a jet cone with a
semi-opening-angle 1/ l"j and a radius R F ZCF]ZAtvar/ (142z) ~8x 102 ¢cm, where the
time variability is roughly Atyar ~ 1year in the quiescent state (as shown in Figure 5 in
Ref. [19]). The energy density in the jet comoving frame is

D2F, F R =
W~ 5 ~2x10710 ihe ( J;O ) ergem?,  (13)
[5eR% 5x 10" erg/cm?/s \ 8 x 10™cm

where 0, ~ 1072 cm? is the cross section of 7y absorption. For the high-energy gamma-
rays penetrating this radiation field, the optical depth is (n'y ~ u'y /¢€’)

. -3 Fe Ry o
T=n S/(T'W(Rf/r]) ~25x%x10 5 % 10_11erg/cm2/s (8 X 1020Cm> ’ (14)
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which is too small to absorb the high-energy gamma rays. Note that the above estimate
of the optical depth may be optimistic for an approximate time variability ~1 year for
the quiesent state. The variability timescale may be smaller, e.g., ~1 week in Ref. [53] for
the follow-up observations for IceCube-170922A, resulting in a smaller emission radius.
If a smaller variability timescale is involved, a larger optical depth will be expected as
described in Equation (14), e.g., T =~ 0.1 for a variability timescale of 1 week. In addition
to ¢y absorption, for the electron scattering, these high-energy gamma rays can escape
from the cloud as well due to the suppressed scattering cross-section in the Klein-Nishina
regime. However, these high-energy gamma-rays can be absorbed significantly by EBL
and CMB for a redshift 0.3365, resulting in electromagnetic cascades in the intergalactic
medium. The deflection of electrons by the intergalactic magnetic field is expected to spread
out the cascade emission and consequently contribute little to the observed flux. A strong
intergalactic magnetic field >3 x 10~'® G has been suggested due to the non-detection of
the extended GeV halo around blazars, which deflects the pairs out of the line of sight prior
to their IC emission [54] °. Therefore, we neglect the contribution of intergalactic cascades.

10-9 § Wikhbii B LA BEL AL IR AL BEM AL BEMRAAL IR BELRALL B BEMALL B, B AL B, BELALL
f =——Case 1: T=10'K, L ,=1.6*10"erg/s, s=2
107 I Case 2: T =3"10K, L =1.2*10"erg/s, s=1.8 3"
— = Case 1: (anti)muon neutrinos * . .
m [ - - - Case 2: (anti)muon neutrinos “ K
~ B 1 % N
N 1
£ 10" E
s f 3
<] C / ]
S 5
3 10-12 L / -
w / 3
g /
3 1onL .
L E
10™ ! 3
107 .J-l Ay i v vd v 2o ) G 2vnd v v v 1
10° 10* 10* 10° 10° 10" 10® 10° 10" 10" 10" 10"™ 10" 10" 10"

E (eV)

Figure 2. The predicted photon flux (solid curves) produced by secondary electromagnetic particles
generated in pp collision and the corresponding neutrinos flux (dashed curves). The blue curves
are for an electron temperature of T, = 107 K in the cloud with spectral index s = 2 of the injected
CR protons, while the magenta ones are for T, = 3 x 10’ K and s = 1.8. The purple-shaded region
represents the uncertainty of observed neutrino flux and the gray region represents the X-ray flux
in archival data. The gray circular data points are gamma-ray flux during the neutrino outburst
analyzed by Ref. [19] and the square ones are analyzed by Ref. [18], which are almost the same as
the observations in the quiescent state. The blue and magenta dotted curves represent the photon
flux before the absorption by EBL and the Compton scattering by thermal electrons in the cloud. In
both cases, except adopted parameter values shown in the figure, other parameters are the same, i.e.,
Ly =14 x 10* erg/s, E}, 0 = 10'°eV, B=1073G, rc = 5 x 10 em, n, = 10" em ™3, T; = 20 and

the redshift z = 0.3365.

Our results are shown in Figure 2. The blue solid curve represents the predicted
photon flux with the cloud temperature of T, = 10” K and an injection spectral index of
s = 2 for CR protons. There is a dip in the spectrum around 0.3 GeV due to the absorption
by the Comptonized photon field. The absorption leads to a hard spectrum above the
0.3 GeV. The blue dashed curve shows the muon and anti-muon neutrino flux assuming a
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flavor ratioof 1 : 1 : 1 after oscillation. The blue dotted curve shows the photon flux without
Compton scattering and EBL absorption for reference. The results with T, = 3 x 10’ K
and p = 1.8 are shown with magenta curves. Comparing the magenta curves with blue
curves, the dip is shallower with a higher temperature due to the photon number density
being smaller given the same energy density. We also plot the Fermi-LAT data analyzed
by Ref. [19] and by Ref. [18] in the figure. The X-ray and gamma-ray emissions (gray data
in Figure 2) are almost the same as the observations in the quiescent state, presenting a
non-enhancement behavior. The EM radiations from jet-cloud interaction present a quite
low flux since they are mainly generated by the relatively low-energy CR protons (<1 PeV)
which become more diffused or even isotropic due to the magnetic deflection inside the
cloud. However, the high-energy neutrinos ranging from tens of TeV to multi-PeV produced
by the relatively high-energy CR protons (21 PeV) can continue to beam due to very weak
magnetic deflections. Therefore, neutrinos have a much higher flux than the EM radiations
only considering contributions from jet-cloud interaction. The very fast increase in neutrino
flux between multi-TeV to ~100 TeV shown in Figure 2 is due to the correction factor of
Equation (6), considering the transformation from diffusion regime to beamed propagation.
In addition, the high-energy gamma rays with energies larger than 100 GeV are attenuated
significantly by the EBL. Eventually, when the neutrino signals for both cases in Figure 2
reach the observational level, the EM radiations from jet-cloud interaction could be much
lower than the quiescent state, predicting non-enhancement of observed EM radiations.
We speculate that the observed EM emission arises from its general quiescent state, while
the neutrino outburst in this time duration is produced by the sudden intrusion of a dense
cloud. To match the observed high-energy neutrino flux, the required luminosity of CR
protons injected into the cloud is L), ~ 10* erg/s, which translates to a total luminosity of
CR proton in the jet to be (5-6) x 10*® erg/s. This is smaller than the Eddington luminosity
Lggg >~ 1.3 % 1047MBH,9 erg/s of a 10° M SMBH, in accordance with the fact that the source
is in the quiescent state during the neutrino outburst.

Even though the adopted luminosity in our model is smaller than the Eddington
luminosity, it reaches ~50% of the Eddington luminosity for a 10° M. SMBH. However,
BL Lac objects are generally believed to have a low Eddington ratio. For the leptonic
models of blazar radiations, a sub-Eddington jet power is required due to the high radiation
efficiencies of electrons. A super-Eddington jet power is needed when hadronic models
with low efficiencies are involved [56]. However, in our model, the efficiency of the hadronic
model is close to 100% owing to the dense gas target and then a sub-Eddington ratio is
invoked. In addition, the Eddington luminosity is achieved by the balance of radiation
pressure and gravity, which is not a strict limit on the luminosity of a black hole since some
mechanisms, e.g., the Blandford—Znajek mechanism [57] which extracts the spin power of
SMBH and the super-critical accretion of SMBH [58,59], could break through the Eddington
luminosity. In addition, Ref. [16] claims the blazar TXS 0506+56 is a masquerading BL
Lac, namely, intrinsically a flat-spectrum radio quasar with hidden broad lines, implying a
possible high Eddington ratio.

We also tried other model parameters. For the estimated electron temperature ranging
~100-108 K, the cascade emissions will not exceed the quiescent state since the significant
isotropization of low-energy EM radiations when the high-energy neutrino flux is consistent

with observations. The cutoff energy of protons in the jet comoving frame Ej, .., is fixed

to be 10%¢V, namely, Epmax = F]-E;,,max = 200 PeV in the SMBH rest frame, which can
roughly generate neutrino with the highest energy E, max >~ 0.05Ep max =~ 10 PeV. Thus,
Epmax = 101 can satisfy the requirement of the observational upper limit of neutrino
energy, i.e.,, 7.5 PeV. For a larger E}, ,,,, differences in results would be tiny since the
normalization factor A will change slightly for a flat CR spectrum. For a smaller E;rmax,
the produced neutrino cannot reach the upper limit of the energy range provided by
IceCube. The adopted value of the magnetic field is prominent since it determines the
characteristic energy of conversion from the diffusion regime to the beamed propagation,

which is important to reduce EM radiations. For a larger magnetic field, higher energy
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protons would propagate in the diffusion regime and make the observed neutrino number

. . e 1 (T 1 E
lower, and vice versa. Basically, one has the magnetic field B < 1073 6,114_7 <ﬁ) ey G to

keep protons with energy E, beamed. Our adopted magnetic-field strength is located at
the reasonable range of the magnetic field of the RG envelope, as mentioned in Section 2.
In addition, for secondary electrons in the cascade emission, the electron timescales
of synchrotron, IC, bremsstrahlung and dynamical evolution are presented in Figure 3,
which indicates that the IC and bremsstrahlung processes dominate at the lower and higher
electron energy for the adopted parameter values, respectively. Note that the Comptonzied
radiation field also provides target photons for the photomeson process. However, given
a 7y opacity of ~10, the efficiency of the photomeson interaction is of the order of 0.01.
Although the radiation field can permeate the entire jet section and interact with all the CR
protons in the jet, which is (R;/ 7¢)? times more than CR protons that enter the cloud, this
factor is canceled out by the fact that the photon field density also decreases by a factor of
(re/ Rj)2 at the scale of the entire jet section. Thus, we can neglect the photomeson process.

10° g
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Figure 3. The synchrotron, IC, bremsstrahlung and dynamical timescales of electrons in the SMBH
rest frame. The same parameters are adopted as in Figure 2.

5. Discussion and Conclusions

During the period of neutrino outburst, EM emissions, including X-rays and gamma-
rays of TXS 05064056, are in the low state. This leads us to consider a jet cloud-star
interaction scenario in which the outburst is due to the increase in the efficiency of hadronu-
clear interaction rather than the increase in jet power. The observational gamma-ray flux is
much lower than the high-energy neutrino flux. It violates the prediction of the hadronic
process which generally generates the comparable gamma-ray and neutrino flux. The X-ray
to gamma-ray flux also puts an upper limit on the emission of the EM cascade initiated by
hadronic interactions. Bearing these requirements in mind, we showed the jet cloud-star
interaction model could successfully explain the neutrino outburst. The intrusion of a
dense cloud into the jet flow serves as the target for hadronic processes of high-energy
protons, generating high-energy neutrinos and gamma rays effectively. The EM radiation
from the jet-cloud interaction is expected to be spread out since they are mainly contributed
by the relatively low-energy protons that propagate in the diffusion regime inside the cloud,
reducing the expected EM flux to the level below the observational upper limit. How-



Universe 2023, 9, 1

11 0f 14

ever, the high-energy neutrinos in the IceCube energy band are produced by the relatively
high-energy protons that can continue to beam due to the weak magnetic deflections. As a
result, for our model, during the outburst of high-energy neutrinos, the accompanying EM
radiations from hadronic processes will not cause any enhancement in the blazar’s EM flux.

The magnetic-field strength is crucial to determine the characteristic energy of con-
version from the diffusion regime to the beamed propagation in our model. A smaller
magnetic field is important to make the expected high-energy neutrino flux much higher
than the accompanying EM flux, inducing a consistent result in the observations. However,
a too large magnetic field can lead to the diffusion of produced high-energy neutrinos as
well, causing our model to be invalid. Moreover, our model predicts a dip in the gamma-ray
spectrum which is due to the 9y annihilation by the Comptonzied cascade radiation. It
results in a hardening in the spectrum beyond the dip energy which is seen in this event. On
the other hand, we also expect a relatively high flux at ~10 MeV, which is in the detectable
energy range of e-ASTROGAM. These gamma-ray features may not be detectable either for
a Blazar or for other distant sources due to the relatively low flux. They could be overshot
by EM emissions from the blazar or too weak to be detected for a distant source. However,
they may be detectable for a nearby non-Blazar AGN, such as M87 and Cen A [25]. The
temperature of the cloud is crucial to the position and depth of the dip. It is estimated to be
10°-10® K in this work, leading to the energy of the dip in the range of 0.01-10 GeV. The
temperature may be measured from the spectrum of Comptonized radiation. However, the
Comptonized radiation is isotropic, resulting in a flux in the order of only 10~® erg/cm?s
in X-ray for TXS 0506+056, and is outshone by the nonthermal emission of the jet. However,
it may be observable from nearby misaligned AGN:Ss if jet star-cloud interactions happen,
probably accompanying a brightening of the TeV emission due to the negligible absorption
of EBL. This may also serve as a test for our model in the future.

In addition to the blazar TXS 05064056, the prediction of a much higher neutrino
flux than the EM signal in our model could be responsible for other “orphan” neutrino
flares, e.g., IceCube-200107A with the blazar 4FGL J0955.1+3551 [60]. The inner regions
of galaxies usually contain a large amount of gas, dust, and stars [61]. Assuming that the
active galaxies are similar to our Milky Way, in the inner region of a galaxy, the stellar mass
density is ~2.6 x 107 M@pc’3 within a distance of 0.01 pc from the central black hole [62].
Thus, in one galaxy, the number of RGs within 0.01 pc can be roughly estimated as ~0.26
under the assumption that the mass of a star in this region is one solar mass; ~1% of stars
are RGs [63]. For the known ~3500 Fermi-LAT blazars [64] and a typical jet opening angle
~0.1, the blazar jet-RG interaction number in the universe is roughly ~2. Note that this
estimated interaction number is very crude, since the active galaxies may be very different
from Milky Way. Even when the jet-RG interaction occurs, diverse situations, e.g., the
magnetic field, the mass of RG, the position of RG intrusion, and the jet power, etc., could
make EM and neutrino radiations very different.
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Notes

1

Even so, the observed gamma-ray spectrum may be still hard to fit since the cascade emission induced by the high-energy photon
from neutral pion decays may contaminate the gamma-ray emission as well.

Above ~MeV, photons will experience the Klein-Nishina effect, inducing their optical depths to become smaller due to the
smaller cross-section in Klein—Nishina regimes oxn ~ or(E,/ mec?) 1.

In this situation, the accompanying degree-scale IC halos may still exsit, but the absence of this feature in the observations,
as claimed in Ref. [55], may imply other dominant physical processes that preempt the creation of halos, e.g., the presence of
beam-plasma instabilities in the intergalactic medium.
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