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1. Introduction: tidal disruptions as particle accelerators

When a star wanders too close to a supermassive black hole (SMBH), it can be torn into pieces
and ultimately accreted onto the black hole. As a result of such Tidal Disruption Event (TDE), a
flare of radiation in the thermal, UV and X-rays is produced [1, 2, 3, 4], lasting for days, months
or even years. TDEs are very interesting in astronomy because they allow to probe black holes that
are usually quiet (in contrast with the active galactic nuclei, AGN), and therefore difficult to study.
Tens of candidate TDEs have been observed, and more frequent observations are expected with
near-future surveys (see, e.g., [5]).

Interestingly, some TDE observations carry signatures of a relativistic jet in their X-ray emis-
sion. The best studied of such jetted TDEs is Swift J1644+57 [6]. The idea of TDEs as the cause
of relativistic jets — probably with hadronic content, from the matter of the disrupted star — leads
to considering them a possible source of Ultra-High Energy Cosmic Rays (UHECR) [7], and, as
byproduct of the latter via photo-hadronic interaction, of high energy neutrinos [8, 9, 10].

Recently, realistic, detailed studies have been performed on high energy neutrinos from TDE:s,
with focus on their possible contribution to the observed diffuse neutrino flux at IceCube [11, 12,
13]. The possibility of a joint interpretation of the neutrino data and of the UHECR data — with
attention to the heavy nuclear composition of the cosmic rays — has also been studied [14, 15].
In the current theoretical context, where the the interpretation of the IceCube data is still open
to several hypotheses, and at the same time multi-messenger constraints are already placing tight
constraints on the historically favored interpretations (starburst galaxies, AGN, gamma ray bursts,
etc., see, e.g., [16] and references therein), TDEs have emerged as an attractive alternative, for
their being dark in GeV-TeV gamma-rays, and for their characteristically long duration. Both such
features weaken the constraints on TDE neutrino emission, allowing TDEs to account for a large
fraction of the IceCube observed flux.

In Sec. 2 I will review the theory of neutrinos from TDEs, following mainly Refs. [13, 14].
In Sec. 3 new, preliminary, material [17] will be presented, proposing the hypothesis that the TXS
0506+056 neutrino historical flare [18] could be due to a TDE.

2. Neutrinos from Tidal Disruption Events: single burst and diffuse flux

2.1 Basic TDE physics and rates

Consider a star of mass m and radius R (with m and R roughly of solar size, m =M.~
1.99 x 10® g and R =R~ 6.96 x 10'% cm), moving on a path that approaches a SMBH, of
mass M. Let us also consider the ideal scenario of a black hole in vacuum (no prior accretion
activity, etc.). As the star becomes closer to the SMBH, it can be deformed, and ultimately de-
stroyed by tidal forces. Basic arguments of balancing of forces [1, 2, 3, 4] show that this happens
when the star’s distance to the SMBH falls below the tidal radius: r, = (2M/ m)l/ R ~8.8x
10" cm (M/10° M) 13 (R/Rs) (m/M@)_l/3, if this radius is larger than the SMBH Schwarzschild
radius, r; > Ry = 2MG/c? ~ 3 x 10! cm (M /10% M@). The latter condition implies that disrup-
tion can occur if M < Mpay ~ 1072 Mg [19]. After disruption, about ~ 1/2 of the mass of
the star becomes bound to the SMBH and is ultimately accreted on it. Therefore, a total energy
Emax ~M, ¢*/2 ~ 9 x 10°3 erg is available for the jet. If the mass infall rate is sufficiently high
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a jet can be generated, with super-Eddington luminosity that declines with time as ~ ¢~>/3 [2]. It
is estimated that a fraction 11 ~ 0.1 of all TDEs host such jets [6]. The flare will last as long as
the infall rate remains above the Eddington rate, AT ~ &(0.1 — 1) yr [2]. Therefore, TDEs are
relatively long transients, very different from second-long phenomena like the Gamma-Ray Bursts.

The cosmological rate of TDEs is very uncertain. The predicted rate per SMBH is Nrp ~
10737(M /105 M,)~%! yr=! [19]. Combining it with the SMBH mass function, which scales
roughly like M—3/2 [20], gives the volumetric (comoving) rate, differential in M, p(z, M) o< M~1(1+
z)~3, and the total rate R(z) = |, v p(z,M)dM. A major uncertainty is the lower cutoff mass,
Min, of the SMBH for which disruption can be effective (see, e.g. [20]). One gets a local rate
of R(0) ~ 8 1076 Mpc 3 yr~! for My, = 10° M, (R(0) ~ 1076 Mpc =3 yr~! for My, = 10° M..).
Considering the jet beaming angle, and the fraction 7], the rate of observable jetted TDEs is ex-
pected to be R(0) ~ 0.35 — 10 Gpc 3 yr~!, depending on M.

2.2 Neutrino production in a TDE jet

As a phenomenological approach, one can consider photohadronic neutrino production in a
generic jet, with parameters set to match those of the best observed TDE, Swift J1644+57. These
values will appear in the equations below and in Table 1 (with exceptions, see Table caption). The
starting elements of the neutrino flux calculation are the background photon (X-ray) spectrum and
the proton spectrum, which are taken as having power-law forms (spectral indices in Table 1).

Table 1: Parameters of the model for the neutrino fluence in fig. 3, in the SMBH frame. All the parameters
are set to reproduce those of the Swift J1644+57 TDE, except , and I" (which scale with M). See [13].

Symbol | Definition value
ty Variability timescale 6.3s
r Lorentz factor 6
ép Baryonic loading (energy in protons versus X-rays) 10
Ep Magnetic loading (energy in magnetic field versus X-rays) 1
k, Proton spectral index 2
Ex Isotropic equivalent energy in X-rays 3-10%3erg

AT Duration of X-ray flare 108 s
EX br Observed X-ray break energy 1 keV
a Lower X-ray spectral index € < & py 2/3
B Higher X-ray spectral index € > &x p, 2

Although a numerical approach is necessary for precision, it is useful to introduce some ap-
proximate analytical scalings [8]. The fluence of muon neutrinos can be expressed as E 2F;}(E ) o<
Ex&, fpyCa(1+ Cy). Here the total energy in protons is expressed as proportional to the energy in
X-rays, E, = Ex&),, via the phenomenological constant §,. The quantity f,, is the pion production
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efficiency, i.e., the average fraction of energy deposited into pion production:

foy=~=0.35 (LX > <F> _4( by )71 (i>_1 % (Ep/Epp)P " for Ep <Eppe
Py 10475 ergs—! / \ 10 102 s KeV (Ep/Ep)*" for E, > Eppr
2.1
Here Ly = Ex /AT is the average X-ray luminosity, and E,y, is the proton energy leading to
photo-pion production at the A-resonance corresponding to the X-ray break energy, i.e., E, p =
1.5107GeV (I'/10)* (1 KeV/ & pr). I is the jet bulk Lorentz factor and 7, its minimum variability
time scale (which influences the collision radius R, where shell collisions take place, see [13]).

The factors (; and ,, are energy-dependent suppression factors that account for pion and muon
propagation (energy losses and decay).

Naturally, the jet parameters will vary with the type of SMBH and star involved in the dis-
ruption. In [13], some tentative parameter scalings with M were proposed. Here I review the
“strong scaling” scenario, where t, is determined by the SMBH Schwarzschild time (a relation-
ship that was suggested in the interpretation of the Swift J1644+57 data, [6]): t, ~ T,, with T, =
27R;/c ~ 63s (M/10° M). Moreover, I scales in a way that was found to fit AGN data [21]:
(M) = (M/10 M)*2. All other parameters are constants, as in Table 1. The detailed simulation
of the neutrino production and propagation was performed with the NeuCosmA code [22]. Fig.
1 (left panel) shows the predicted muon neutrino fluences for different values of M. The strong
enhancement of the neutrino emission for decreasing M is explained by how the scalings of ¢, and
I" influence the pion production efficiency, Eq. (2.1).
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Figure 1: Left: from [13]: the fluence of v, + Vy, as a function of the neutrino energy, for a single TDE
at z = 0.35, in the strong scaling model, for different SMBH masses. Right: Adapted from [13]: the corre-
sponding diffuse flux of v, + Vy, for My, = 10 M..,. The product G = &, x m has been set to G = 0.2 (below
the reference value, G = 1) to reproduce the measured IceCube flux at £ ~ PeV (shown, from [23, 24]).

2.3 Diffuse flux and connection with the UHECR

The diffuse flux of neutrinos is obtained by convolving the neutrino emission of a single TDE
with the cosmological rate of TDEs, with inclusion of neutrino oscillations and redshift effects.
Because the rate p(z,M) declines with M (Sec. 2.1), the diffuse flux decreases rapidly as My,
increases, and is strongly affected by the uncertainty on this parameter. Fig. 1 (right panel), shows
the diffuse flux predicted by the strong scaling model, with My, = 10° M., compared with the
measured IceCube flux after 6 years of data taking (taken from [23, 24]). In the figure, the product
G = &, x 1 has been adjusted to a more conservative value (see caption) to match the data. This
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adjustment implies that the current IceCube data already constrain the interesting region of the
parameter space of the model. From the figure, one can also see that the model reproduces the
observed energy spectrum well above ~100 TeV.

Motivated in part by the success of TDE models on the neutrino front, applications to the
UHECR have been studied. In the latter context, TDEs are attractive as a potential source of
medium-heavy nuclei [25, 26, 14, 15], which could explain the relatively heavy composition of the
UHECR seen at the Pierre Auger Observatory [28, 27]. The most natural scenario is the disruption
of carbon-oxygen white dwarfs, which is can be realized efficiently for intermediate mass black
holes (M ~ (10 — 10%) M.)). In [14], the production and propagation of neutrinos and UHECR was
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Figure 2: Taken from [14]. Left: Simulated energy spectrum of UHECRsS (thick); and its components from
(groups of) different nuclear species (thin, color coding in right panel). The Auger data are shown [28].
Right: Predictions and data [27] on the average of the X, distributions as a function of the energy.
simulated consistently, by including the effects of nuclear cascading in the jet as well as cosmic ray
propagation in the intergalactic medium. For simplicity, a single nuclear species, 4N, was injected
in the jet, as (accurate) approximation of the mixed carbon-oxygen injection. The numerical codes
and methodology used are those in [22, 29, 30]. An example of resulting UHECR spectrum and
composition is shown in Fig. 2; the agreement with the data is very good. The corresponding
neutrino flux matches the observed neutrino spectrum at IceCube at ~PeV energy (see [14]). Thus,
it is possible that the entire, diverse TDE phenomenology, including both white dwarf and main
sequence stars, might account for most of the UHECR and neutrino data.

3. The TXS 0506+056 historical flare: a tidal disruption?

An analysis of IceCube archival data at the coordinates of the blazar TXS 0506+056 (TXS
from here on, redshift z = 0.336) revealed the likely detection of a flare of 13 &5 neutrino events in
2014-2015 [18], with duration AT ~ 110420 days, total fluence is @19y = 2. lfgg 10-' GeV cm 2,
and estimated isotropic equivalent luminosity L, ~ 1.2 x 10%’ ergs/s. Electromagnetic observa-
tions of TXS for the same time period are sparse, and available data are consistent with the time-
averaged blazar emission (see [31, 32], and references therein).

The three month-long duration of the neutrino flare immediately suggests a TDE as a natural
explanation, corroborated by the relatively high energy of the event (L, x AT ~ 1.6 10°* ergs
isotropic equivalent energy, suggestive of a disrupted star of a few solar masses, see Sec. 2.1).
Intriguingly, the strong scaling TDE model discussed above, with My, = 10° M., reproduces the
measured fluence and spectrum very well (without any fitting to the data), as shown in Fig. 3
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(left panel). The TDE interpretation becomes more complex, however, once the multi-messenger
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Figure 3: Spectra for the TXS historical flare. Left: The measured neutrino fluence (dashed), and the
corresponding prediction for the M = 10° M, strong scaling model (solid; same as fig. 1; see Table 1
for the parameters). The good agreement is accidental. Right: Multimessenger plot, showing the photon
spectrum data, the neutrino flare spectrum, and a prediction in the compact core model (solid: photons;
dashed: neutrinos. Figure courtesy of Shan Gao, based on [33]).

picture of the flare is considered. Indeed, preliminary calculations [17] show that in the strong
scaling model the predicted photon flux exceeds the measurements and upper bounds synchronous
to the flare. This is known to be a general problem of a minimal jet framework, see, e.g. [34, 33].
Another issue is that the strong scaling model (and the TDE interpretation in general) is in tension
with the high estimated mass of the TXS SMBH (Mrxs ~ 3 10% M, [35]), which exceeds Mpax
(Sec. 2.1) and would require a variability time scale much greater than that in Table 1.

To improve the TDE interpretation of the historical flare, one can turn to non-minimal jet
models. The fact that TXS is an active galaxy, with a pre-existing jet and accretion disk, is a
motivation to use a compact core model (see, e.g., [33]), where the jet is made of two zones, one
wider and with lower particle/radiation density (the pre-existing jet), which can explain the low
energy part of the photon spectrum, and the other more compact and denser (the core, due to the
TDE), which is responsible for the high energy gamma rays and neutrinos. Unfortunately, the
compact model is found to be unable to accommodate all the observations: it can reproduce the
neutrino spectrum and exceed photon constraints, or accommodate the latter at the price of under-
predicting the number of neutrino events in the flare. Fig. 3 (right panel) shows the latter case,
where the electromagnetic constraints are saturated and only one neutrino event is predicted (note
also the unnaturally high energy budget, corresponding to the disruption of a ~ 50 M, star). These
results agree with those in [33].

Despite the issues, a TDE interpretation of the historical flare is still a possibility. It might re-
quire including other potentially important phenomena. For example, the accretion torus generated
by the debris of the disrupted star could cause significant absorption effects, and possibly choke a
jet[9, 12]. Absorption might partially explain why Swift J1644+57 was dark in gamma rays above
100 MeV [6]. Indications of significant absorption of X-rays, consistent with an accretion disk,
have been found in the (non-jetted) TDE PS16dtm [36]. It is also conceivable that an undetected
black hole with M ~ 10° M, might exist in the vicinity of the core of TXS, and disrupt a Sun-like
star, with possible effects due to the interplay with the central black hole and its accretion disk.
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