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Abstract

We study the production of high energy neutrinos in jets from the tidal disruption of stars
by supermassive black holes. The diffuse neutrino flux expected from these tidal disruption
events (TDEs) is calculated both analytically and numerically, taking account the depen-
dence of the rate of TDEs on the redshift and black hole mass. We find that ∼ 10% of
the observed diffuse flux at IceCube at an energy of about 1 PeV can come from TDEs
if the characteristics of known jetted tidal disruption events are assumed to apply to the
whole population of these sources. If, however, plausible scalings of the jet Lorentz factor
or variability timescale with the black hole mass are taken into account, the contribution
of the lowest mass black holes to the neutrino flux is enhanced. In this case, TDEs can
account for most of the neutrino flux detected at IceCube, describing both the neutrino flux
normalization and spectral shape with moderate baryonic loadings. While the uncertainties
on our assumptions are large, a possible signature of TDEs as the origin of the IceCube
signal is the transition of the flux flavor composition from a pion beam to a muon damped
source at the highest energies, which will also result in a suppression of Glashow resonance
events.
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1 Introduction

It is an established fact that supermassive black holes (SMBH) inhabit the center of most
or all galaxies. The physics of these objects is still mysterious in many ways, and can be
studied by observing the effects that the enormous gravitational field of a SMBH produces
on the surrounding gas and stellar matter.

A particularly dramatic effect is a Tidal Disruption Event (TDE), the phenomenon in which
a star passing within a critical distance from the SMBH is torn apart by its extremely
strong tidal force. The accretion of the disrupted stellar matter on the SMBH can generate
observable flares of radiation in the thermal, UV and X-rays that might last for days,
months, or even years [1–4]. These flares have the potential to reveal important information
on the innermost stellar population of a galaxy, and on the physics of SMBH. TDEs are
especially valuable as probes of SMBH that are normally quiet – as opposed to the Active
Galactic Nuclei – and therefore more difficult to study. In a recent catalogue [5] (see
also Ref. [6]), 66 TDE candidates have been identified with various degrees of confidence.
Roughly, observations confirm the general theory of tidal disruption, whereas they leave
many open questions on the energetics and dynamics of these phenomena – and possible
selection biases in their detection, see e.g. Ref. [7].

Interestingly, a subset of all the observed TDEs show evidence for a relativistic jet, and
exhibit a significantly higher luminosity in X-rays. The best observed jetted TDE is Swift
J1644+57 [8]; others are Swift J2058.4+0516 [9] and Swift J1112.2-8238 [10] (the latter
being somewhat atypical, see [5]). Other transient events have been proposed to be jetted
TDEs [11, 12], although their interpretation is less robust. It has also been suggested that
jetted TDEs might have have been observed in the past in gamma rays, as a new class of
Ultra-Long Gamma Ray Bursts (ULGRBs) [13].

If they indeed generate jets, TDEs are candidate sources of cosmic rays. This was first
investigated by Farrar and Gruzinov [14], who showed that TDEs naturally meet all the
necessary criteria to accelerate protons to energy E ∼ 1020 eV, and might be sufficiently
abundant to account for the observed ultra-high energy cosmic ray flux. Following works
[15] discussed this result for TDEs with parameters compatible with the Swift J1644+57
event, suggesting that they could explain the recently observed cosmic ray hotspot; see also
Ref. [16].

Under the hadronic hypothesis, jetted TDEs are also sources of neutrinos, via proton-photon
interactions. A prediction of the neutrino flux from a TDE was first published by Wang et
al. [17] for parameters motivated by Swift J1644+57. The corresponding number of events
at the IceCube detector was estimated. A follow up study [18] (see also [19]) shows that
TDEs could be hidden neutrino sources, lacking a photon counterpart due to the jet choking
inside an envelope made of the debris of the disrupted star1.

The topic of TDEs as neutrino sources is especially timely. Indeed, IceCube has discovered a
diffuse flux of high-energy astrophysical neutrinos of dominantly extragalactic origin [20]. So
far, no class of objects which could power most of this flux has been identified. Specifically,
the contributions from Active Galactic Nuclei (AGN) blazars [21] and Gamma-Ray Bursts

1We do not consider this possibility in our work.
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(GRBs) [22,23] have been strongly constrained by stacking the information from many dif-
ferent gamma-ray sources. Furthermore, optically thin sources with neutrino production via
proton-proton interactions are constrained by the related gamma-ray production from π0

decay and its contribution to the diffuse extragalactic gamma-ray backgrounds. Compar-
isons with observations have shown that starburst galaxies cannot be the dominant source
powering the diffuse neutrino flux [24,25]. This favors a photohadronic origin for the neutri-
nos, because mechanisms with proton-photon interactions can reproduce the spectral shape
and flavor composition of the observed neutrinos [26]. It is plausible that photohadronic
sources might be hidden in GeV-TeV gamma-rays, because the parameters that cause a
high neutrino production efficiency at the same time produce high opacity to gamma-rays
at the highest energies [27].

To summarize, if one single class of sources dominates the observed high-energy neutrino
flux, it likely obeys the following criteria: (i) the neutrino production occurs by photo-
hadronic interactions, (ii) the photon counterpart, if any, is more likely to be found in the
KeV-MeV energy bands than in the GeV-TeV bands, and (iii) the sources should be abun-
dant enough in the universe, so that each of them individually is sufficiently weak to evade
constraints from neutrino multiplets searches [28–30].

In this work, we study the diffuse flux of neutrinos from TDEs, which may address these
three criteria. Specifically, we compute the neutrino production from a single TDE, and use
the existing information on the TDE demographics to compute the diffuse flux of neutrinos
from TDEs. Parameters motivated by Swift J1644+57 observations will be used, with
emphasis on the physical scenarios that could reproduce the observed neutrino signal at
IceCube. Signatures of a TDE neutrino flux that could be relevant for future observations
will be discussed as well.

The paper is structured as follows. In Sec. 2 the physics of tidal disruption, and the cosmo-
logical rate of TDEs are discussed. Sec. 3 presents the details of the numerical calculation
of the neutrino flux from a single TDE, with results for several illustrative combinations of
parameters. In Sec. 4 results are given for the diffuse flux expected at Earth from a cosmo-
logical population of TDEs. A discussion on the compatibility with the IceCube data, and
future prospects, is given in Sec. 5.

2 Physics of TDEs

2.1 Tidal disruption and jet formation

The basic physics of tidal disruption of star by a SMBH was first discussed in the 1970s and
1980s, in a number of seminal papers [1–4]; see Refs. [31,32] for more recent examples. Here
we summarize the main aspects for a star of solar mass and radius, m =M�' 1.99× 1033 g
and R =R�' 6.96× 1010 cm. Let M be the mass of the SMBH.

As it moves closer to the SMBH, the star can be deformed, and ultimately destroyed by
tidal forces. This happens when the star reaches a distance close enough to the SMBH
so that the force on a mass element (inside the star) due to the self-gravity of the star is
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comparable to the force produced on the same element by the SMBH. This distance is the
tidal radius

rt =

(
2M

m

)1/3

R ' 8.8× 1012 cm

(
M

106 M�

)1/3
R

R�

(
m

M�

)−1/3

, (1)

and the orbital period at such radius is

τt = 2π

(
r3
t

2MG

)1/2

' 104 s

(
R

R�

)3/2(
m

M�

)−1/2

. (2)

It is useful to compare these quantities with the SMBH Schwarzschild radius

Rs =
2MG

c2
' 3× 1011 cm

(
M

106 M�

)
, (3)

and the corresponding time scale

τs ∼ 2πRs/c ' 63 s

(
M

106 M�

)
. (4)

Here τs is a good approximation of the orbital period at the innermost stable circular orbit,
for a Schwarzschild black hole (in the observer’s frame, see e.g. Ref. [33]).

Comparing rt with Rs shows that the star will be swallowed whole, with no prior disruption,
if M >∼ Mmax ' 108 M�. Here a more conservative value, Mmax ' 107.2 M� will be used,
motivated by Ref. [7]. As will be clear from Sec. 4.1, our results for the diffuse neutrino flux
depend weakly on Mmax.

In the case where disruption occurs, the main phenomenology can be described analytically
in terms of basic physics arguments [2]. About ∼ 1/2 of the mass of the disrupted star
becomes bound to the SMBH and is ultimately accreted on it. Therefore, an upper limit to
the energy emitted in this event is

Emax ∼M� c2/2 ' 9× 1053 erg , (5)

assuming that the change in the SMBH’s own internal energy is negligible. After a dark
interval of O(10) days – the time-scale of infall of the tightest bound debris – rapid accretion
of matter on the SMBH begins. In circumstances where the mass infall rate is sufficiently
high – depending on the detailed dynamics of the stellar debris (see e.g. Refs. [34, 35]) – a
flare is generated, with super-Eddington luminosity that declines with time as ∼ t−5/3. The
flare vanishes rapidly after a time ∆T ∼ O(0.1 − 1) yr , when the infall rate drops below
the Eddington rate.

Extreme, highly super-Eddington flares are expected if a relativistic jet is launched. The
best known jetted TDE is Swift J1644+57. Its X-ray flare had an isotropic equivalent
luminosity LX ' 1047.5 erg s−1 over a time interval ∆T ' 106 s, for a total energy in X-rays
EX = LX∆T ' 3×1053 erg. Note that the applicable luminosity is arguable, as the average
(versus peak) luminosity depends on the time interval considered because the luminosity
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drops with time, see e.g. Ref. [5]. Here we choose the time window and luminosity which
we find most appropriate for neutrino production.

A minimum variability time tv ∼ 102 s was observed in the X-ray luminosity, and a Lorenz
factor Γ ∼ 10 for the jet was inferred from the data [8]. The energy EX is therefore
well below the (beaming factor-corrected) maximal isotropic equivalent energy ∼ 2Γ2Emax.
Parameters motivated by Swift J1644+57 are considered typical, as they are overall similar
to those of the other well established jetted TDE, Swift J2058.4+0516 [9].2 They were used
in [17] for neutrino flux estimation, and will be used here as well as benchmark (see Sec. 3.2).

2.2 Rate of TDE

The cosmological rate of TDEs is given by the product of the the rate of TDEs per black
hole ṄTD, the SMBH mass function φ(z,M), defined as the number of black holes per
comoving volume and per unit mass at redshift z, and the occupation fraction, focc(M),
which represents the probability that a SMBH is located at the center of a host galaxy:

ρ̇(z,M) = ṄTD(M)focc(M)φ(z,M) . (6)

We describe these quantities following mainly Shankar et al. [36], Stone and Metzger [37],
and Kochanek [7]. In [36] the black hole mass function is calculated for M ≥ 105 M�, using
information from quasar luminosity functions, and estimates of merger rates to model the
growth of black holes. Constraints from local estimates of the black hole mass function are
taken into account as well. It is found that φ(z,M) declines with z – roughly as (1 + z)−3

– and scales approximately like M−3/2 for all z and for 105 M�<∼M <∼ 107.5.

The occupation fraction focc can be modeled in first approximation as a step function, with
focc ' 1 (focc ' 0) above (below) a cutoff mass Mmin. Below this mass a number of effects
suppress the probability that low mass SMBH are found in the center of galaxies. For
example, a low mass SMBH is more likely to be ejected from the host galaxy, see e.g., [38].
In [37] several possibilities are discussed for the cutoff, with Mmin ∼ (2× 105− 7× 106) M�.
Instead, in [7] the entire mass range 105 M�<∼ M <∼ 107.5 M� is used for the calculation
of TDE rates. Even lower mass values, down to M ' 104.5 M� are considered in [38],
motivated by the values of M reported in recent observation of dwarf galaxies [39, 40]. We
consider the Shankar et al. mass function, extrapolated at M < 105 M�, and use, for
illustration, several values in the interval Mmin = (104.5 − 106.5) M� for the cutoff mass.

The rate of tidal disruptions (jetted and non-jetted) per SMBH decreases weakly with
increasing M ; here we use ṄTD ' 10−3.7(M/106 M�)−0.1 yr−1 [7], which is close to the upper
limit obtained from the ASAS-SN data [41]. We consider only the total rate of disruptions
per SMBH, neglecting their distribution in the mass of the disrupted star m. As shown
in [7], this distribution ranges in the interval m ∼ (0.1− 2) M�, with m ' 0.3 M� a typical
value. Variations of m in this interval would only produce weak effects (less than a factor
of ∼ 2) in our calculations (see Eqs. (1) and (2)). These effects are subdominant compared
to those of M varying over two orders of magnitude, and therefore they are neglected here.3

2Note however that for Swift J2058.4+0516, noise limited the sensitivity to time variability to scales
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Figure 1: Left panel: The differential rate of TDEs (jetted and not jetted) ρ̇(z,M) as a
function of M for selected values of z (labels on curves). The mass interval [Mmin,Mmax] =
[104.5 M�, 107.2 M�] is used here. Right panel: The total volumetric rate of TDEs, R(z),
for Mmax = 107.2 M� and different values of Mmin (labels on curves).

Fig. 1 shows the differential TDE rate, ρ̇(z,M) ∝ M−1.6 (left), and the total rate R(z) =∫Mmax

Mmin
ρ̇(z,M)dM , as a function of z (right). As expected, R(z) is dominated by the lowest

mass SMBH, decreasing by a factor ∼ 100.6 ' 4 when Mmin is increased by an order of
magnitude.

Consider the effective rate of observable jetted TDEs R̃, which can be estimated as R̃ =
Rη/(2Γ2) with the beaming factor 1/(2Γ2) and the fraction η of all TDEs producing a jet.
Using Γ ' 10 [8] and η ∼ 0.1 [8], the suppression factor between observable jetted and all
TDEs can be estimated to be ∼ 5 · 10−4. Consequently, the local rate of observable jetted
TDEs is expected to be R̃(0) ' 0.35 − 10 Gpc−3 yr−1, depending on Mmin. Note that this
rate is still subject to possible selection biases if one compares it to data.

It is interesting to compare the expected jetted TDE rate R̃(0) to constraints from current
IceCube data [28–30]. For example, Ref. [29] discusses the case of transient sources, under
the assumption that they contribute to most of the astrophysical neutrino flux observed at
IceCube. The main result is that rare but powerful transients, with a local rate R̃(0) <
10 Gpc−3 yr−1, can be excluded within five years of operation (corresponding to present
data) from the non-observation of multiplets. These bounds apply to short transients (like
Gamma Ray Bursts); they relax somewhat for longer lived sources like TDEs.4 However,
it is already evident from that estimate that a diffuse neutrino flux from TDEs describing

larger than ∼ 103 s. The smallest time scale of variability observed was at the level of ∼ 104 s [9].
3Note also that the mass of the disrupted star, m, does not directly enter our calculation, where we use

observed values of the X-ray luminosity and total energy, LX and EX , as inputs; see Sec. 3.1.
4The other references come to similar conclusions, with some dependence on source evolution history,

spectral shape etc.
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Table 1: Parameters used in this work, unless noted explicitly otherwise. These parameters
apply to the SMBH frame.

Symbol Definition Standard value
tv Variability timescale 102 s
Γ Lorentz factor 10
ξp Baryonic loading (energy in protons versus X-rays) 10
ξB Magnetic loading (energy in magnetic field versus X-rays) 1
kp Proton spectral index 2
EX Isotropic equivalent energy in X-rays 3 · 1053 erg
∆T Duration of X-ray flare 106 s
εX,br Observed X-ray break energy 1 keV
α Lower X-ray spectral index ε < εX,br 2/3
β Higher X-ray spectral index ε > εX,br 2
η Fraction of TDEs with jet formation (used for diffuse flux) 0.1

IceCube data must be dominated by the low mass part of the SMBH mass function in order
to avoid the tension with these constraints. A next generation instrument [42] will be more
sensitive, being able to identify sources that are more frequent but less bright. A bound
might be as strong as R̃(0) < 103 Gpc−3 yr−1, which can clearly test the TDE hypothesis.
We will discuss another way to test of the TDE hypothesis, using the flux flavor composition,
in Sec. 4.2.

3 Neutrino production in a TDE-generated jet

3.1 Photohadronic processes and neutrino emission

For the computation of the neutrino flux from a single TDE, we follow the relativistic wind
description in Ref. [17]. We apply however methods as they have been used in state-of-
the-art calculations for relativistic winds in Gamma-Ray Bursts before [43–45] using the
NeuCosmA software. A comparison between the numerical computation used in this study
and the analytical estimate can be found in App. A. Our standard parameter values are
summarized in Table 1. We note that the approach in this section could be also easily
applied to TDE stacking analyses, for which the required input is listed in Table 1 (except
from η, but including z); in fact, a very similar method has been used for Gamma-Ray
Burst stacking in Ref. [46].

The photon spectrum is assumed to fit the observed spectral energy distributions of TDEs
described as a broken power law with a spectral break, parameterized in the shock rest
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frame (SRF) by (we use primed quantities for the SRF)

N ′γ(ε
′) = C ′γ ·


(

ε′

ε′X,br

)−α
ε′X,min ≤ ε′ < ε′X,br(

ε′

ε′X,br

)−β
ε′X,br ≤ ε′ < ε′X,max

0 else

, (7)

where C ′γ is a normalization factor. Typical values can be found in Table 1, where ε′X,br =
εX,br(1 + z)/Γ, and ε′X,min and ε′X,max can be translated from the observed energy band cor-
respondingly. We use the Swift energy band with εX,min ' 0.4 keV and εX,max ' 13.5 keV [8]
to define the target photon spectrum, unless noted otherwise. Note that one may define a
bolometric correction to that (such as one may extend the target photon spectrum beyond
that range), but the increase of the neutrino flux would be small as long as the break energy
was sufficiently well covered.

The proton spectrum is assumed to be a cut-off power law with a spectral index kp ' 2
expected from Fermi shock acceleration

N ′p(E
′
p) = C ′p ·

{ (
E′p

GeV

)−kp
· exp

(
− E′2p
E′2p,max

)
E ′p ≥ E ′p,min

0 else
. (8)

The maximal proton energy E ′p,max is determined automatically by balancing the accelera-
tion rate with synchrotron loss and adiabatic5 cooling rates and comes from the cutoff from
acceleration, and we choose E ′p,min ' 1 GeV. However, for the neutrino production in TDEs
the maximal proton energy is not so important as long as E ′p,max & 108 GeV, because the
magnetic field effects on the pions and muons will dominate the maximal neutrino energies
and the energy budget only logarithmically depends on E ′p,min and E ′p,max for kp = 2. Con-
sequently, the chosen shape of the (super-exponential) cutoff, which may be relevant for the
description of ultra-high energy cosmic rays, does not have any impact on the neutrino flux
computation.

The isotropic equivalent energy EX (in erg) is given in the SMBH frame6 as

EX =
4π d2

L

(1 + z)
SX . (9)

in terms of the X-ray fluence SX (in units of erg cm−2). Note again that this fluence is
assumed to be measured in the energy band from 0.4 to 13.5 keV . The isotropic energy EX
can be obtained from the X-ray luminosity by EX = LX∆Tobs/(1 + z). Here we see already
one known subtlety: redshift enters here because the observed duration ∆Tobs is defined
in the observer’s frame and EX and LX in the SMBH frame. For the computation of the
diffuse flux, it will be most convenient to define all quantities in the SMBH frame, including

5The adiabatic cooling timescale is chosen to be similar to the dynamical timescale, which means that
it is implied that the dynamical timescale can limit the maximal energy.

6A clarification is due on the definition of frames of reference used here. For brevity, the wording “SMBH
frame” will be used to indicate a frame of reference of an observer at rest with respect to the SMBH and
located at a distance L from it such that Rs � L� c/H0. Instead, “observer’s frame” indicates the frame
of reference of Earth. Energies in the two frames differ by redshift effects.
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∆T , tv, εX,br, εX,min, and εX,max, which means that all TDEs with the same parameters will
be alike in the SMBH frame. Practically, we implement that by computing the neutrino
fluxes for a TDE that takes place at a very small z � 1 (where the oberver’s frame is
basically identical with the SMBH frame). This computation gives the neutrino fluence,
i.e., the number of neutrinos of a given flavor that reach Earth per unit energy per unit
area, Fα(E) (α = e, µ, τ). For future use, it is convenient to also consider the number of
produced neutrinos of a given flavor (after oscillations) per unit energy Qα(E), which is
related to the fluence by Fα(E) = Qα(1 + z)3/(4π d2

L) (which is Fα(E) = Qα/(4π L
2) for

small z with the lookback distance L ' dL). From Fα and Qα, the fluence of neutrinos
for a generic TDE at any redshift z is obtained by the appropriate re-scaling. We checked
that the difference between the two methods (all parameters alike in SMBH frame versus
oberver’s frame) is small.

The isotropic energy can be easily boosted into the SRF by E ′X = EX/Γ. Assuming that the
emitted photons are coming from synchrotron emission of electrons (or mainly interact with
electrons), the amount of energy in electrons and photons should be roughly equivalent. In
a baryonically dominated relativistic wind, we have

E ′p ' E ′X ξp (10)

where ξp is the ratio between proton and X-ray energy – referred to as “baryonic loading”.

We compute the photon and proton densities in the SRF defining an “isotropic volume”
V ′iso, which is the volume of the interaction region in the source frame assuming isotropic
emission of the engine. Thus, the assumption of isotropic emission will cancel in the density.
Similarly, V ′iso is an equivalent volume in the SRF where only the radial direction is boosted,
which is given by

V ′iso = 4π R2
C ·∆d′ (11)

with shell width ∆d′ ' Γctv/(1+z) obtained from the variability timescale, and the collision
radius RC ' 2 Γ2 c tv/(1+ z). From Eq. (11) we can then estimate the size of the interaction
region as V ′iso ∝ Γ5t3v, which means that it strongly depends on the Γ factor.

Because of the intermittent nature of TDEs, the total fluence is assumed to be coming
from N ' ∆T/tv such interaction regions. Now one can determine the normalization of the
photon spectrum in Eq. (7) from∫

ε′N ′γ(ε
′)dε′ =

E ′X
N V ′iso

. (12)

if one assumes that the target photons can escape from the source. Note that EX/N ' LXtv,
which means that one can use LX equivalently to define the target photon density or pion
production efficiency – as we do in the analytical approach in App. A.

Similarly, one can compute the normalization of the proton spectrum in Eq. (8) by∫
E ′pN

′
p(E

′
p) dE ′p = ξp ·

E ′X
N V ′iso

. (13)
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Given that the ratio between magnetic field and X-ray energies is ξB, one has in addition7

U ′B = ξB ·
E ′X
N V ′iso

or B′ =

√
8π · ξB ·

E ′X
N V ′iso

. (14)

Once the proton and photon densities and the magnetic field are determined, the rest of the
computation is straightforward. We solve the time-dependent differential equation system
for the pion and consequent muon densities, including photo-meson production based on
SOPHIA [47] (with an updated method similar to Ref. [48] and first used in Ref. [49]).
We also include the helicity-dependent muon decays [50] and the leading kaon production
mode. The radiation processes of the secondary pions, muons and kaons include synchrotron
losses, adiabatic losses, and escape through decay, which lead to characteristic cooling breaks
different for pions, muons, and kaons, and a transition in the flavor composition [51]; see
App. A for an analytical discussion.

3.2 Neutrino fluence from a tidal disruption event

3.2.1 Modeling the jet: inputs and assumptions

Considering that the masses of the black holes responsible for TDEs may vary over more
than two orders of magnitude, it is natural to expect a certain degree of diversity in the
jetted TDEs. Here we estimate how certain parameters of the jet may depend on the
SMBH mass. For the sake of generality, we choose parameter scalings that either have an
observational basis, or a direct connection to fundamental physics.

Let us first discuss three parameters that most influence the neutrino flux, the minimum
variability time tv, the Lorenz factor Γ, and the luminosity LX . Observations of Active
Galactic Nuclei indicate a mild dependence of Γ on M which is best fit by [52]

Γ =

(
M

10 M�

)0.2

. (15)

This corresponds to Γ ∼ 6, 10, and 16 for M = 105, 106, and 107 M�, respectively, which are
compatible with observational estimates for Swift J1644+57. The relationship in Eq. (15) is
consistent [52] with the magnetically arrested accretion flow model [53, 54], which predicts
Γ to depend on the square of the SMBH spin, which in turn increases with M . Still, it is
not known if Eq. (15) applies to the broader set of galaxies (most of them not hosting an
active nucleus) of interest here. Therefore, it should be considered as a mere possibility,
although theoretically substantiated.

For the minimum variability time, tv, it is reasonable to make the hypothesis that it be
related to the smallest possible time scale available in a black hole, the Schwarzschild “time”
τs, Eq. (4). Typical values of τs are consistent with the variability seen in Swift J1644+57,

7With this definition of ξB , the magnetic loading is slightly different from Ref. [17], who define the
magnetic energy with respect to the wind luminosity (which is a factor of three higher than the radiated
energy). Their magnetic loading is therefore effectively a factor of three higher than ours.
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and indeed the hypothesis of a connection to the Schwarzschild time is used in interpretations
of Swift J1644+57 data to infer the mass of the parent SMBH [8].

Lastly, we can expect some dependence of LX on M . Combined data on jetted and non-
jetted TDEs are well fit by a luminosity function that scales like the inverse square of
LX [55]:8

ρ̇(M)

Γ2(M)
∝ L−2

X , (16)

which implicitly gives a scaling LX = LX(M) ∝ Γρ̇−1/2. Eq. (16) is just a a possibility.
Indeed, it is also possible that X-ray flares from jetted TDEs do not follow the same trend as
the ones from non-jetted TDEs (see Fig. 11 of Ref. [55]). There are also different scalings,
resulting from theoretical relationships between X-ray luminosity and SMBH mass (e.g.
Ref. [31,32]) such as coming from a possible connections between the peak X-ray luminosity
and the rate of accretion.

For the purpose of illustrating possible different degrees of dependence of the neutrino flux
on the SMBH mass, M , we present results for four scenarios (see Table 2):

• Base case. Here no dependence on M is considered at all, and a single set of jet
parameters is assumed to describe all jetted TDE. The parameters are the same as
in [17], see Table 1.

• Weak scaling case. Here the weak dependence of Γ on M , motivated by AGN obser-
vations, is included, Eq. (15). All other parameters are as in the base case, except
the variability time, which is taken to be tv = 103 s (which is more conservative for
neutrino production). This value is meant to illustrate a different possibility, relative
to the base value in Table 1, and is motivated by the median (rather than minimum)
scale of time variability observed in Swift J1644+57.

• Strong scaling case. Here both Γ and tv ∼ τs scale with M as given in Eqs. (4) and
(15). This means that, in addition to Γ scaling in the Weak case, it is assumed that
the time variability of the jet is correlated with the period of the lowest stable orbit
of the star disrupted by the SMBH.

• Lumi scaling case. Here the same scalings as the Strong case are used, and additionally
the scaling of LX is included, as in Eq. (16). Explicitly, considering that ρ̇(M) ∝M−1.6

and Γ2 ∝ M0.4 (cf., Eq. (15)), Eq. (16) implies that LX ∝ M . We therefore take
LX = 3 · 1047M/(106 M�) erg s−1, such that the luminosity is the same as in the
Strong case for the benchmark SMBH mass M = 106 M�.

The general effect of the scalings proposed here can be understood by embedding Eqs. (4),
(15), and (16) in the analytical formalism in App. A. Considering that Γ and/or tv increase
with M , we expect: (i) a decrease of the pion production efficiency fpγ, and therefore of the
neutrino production, with the increase of M . Indeed, fpγ ∝ Γ−4t−1

v (Eq. (20)), which implies

8One can substitute the integral over M by one in LX in the diffuse flux Eq. (17) for LX ∝ Mα, in
which case one observes that (ρ̇(M)/Γ2(M) corresponds to the luminosity distribution function.
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Table 2: Our standard scaling scenarios.

Case tv [s] Γ LX [erg/s] Reference(s)
Base case 102 10 3 · 1047 Table 1, Ref. [17]

Weak scaling case 103 Γ =
(

M
10M�

)0.2

3 · 1047 Eq. (15), Ref. [52]

Strong scaling case tv ' 63 M
106M�

Γ =
(

M
10M�

)0.2

3 · 1047 Eqs. (4), (15), Ref. [52]

Lumi scaling case tv ' 63 M
106M�

Γ =
(

M
10M�

)0.2

3 · 1047 M
106M�

Ref. [55] (see text)

fpγ ∝ M−0.8 (fpγ ∝ M−1.8) in the Weak (Strong) case; similar results can be found from
Eq. (11). This means that smaller SMBH masses imply higher pion production efficiencies.
(ii) An increase of the proton, pion and muon break energies withM , resulting in a hardening
of the neutrino spectrum. This is because these energies scale as, respectively, Ep,br ∝ Γ2,
Eπ,br ∝ Γ4tv , Eµ,br ∝ Γ4tv (Eqs. (21), (22) and (23)). This means that Ep,br ∝M0.4 in both
scalings, and Eπ,br, Eµ,br,∝M0.8 (Eπ,br, Eµ,br,∝M1.8) in the Weak (Strong) case.

When the dependence of LX on M is included (Lumi case), the neutrino flux roughly scales
as φ ∝ LX fpγ ∝ M0.2, thus increasing slightly with M , contrary to the other scenarios
considered here.

All our neutrino flux calculations include neutrino oscillations in vacuum, with the exception
of Fig. 5 in App. A. We have checked that a possible envelope ahead of the jet, caused
by debris of the disrupted star, is sufficiently thin that matter-driven flavor conversion is
negligible. Due to the extremely long propagation distance, only the effect of averaged
oscillations is observable in a detector, and the corresponding flavor conversion probabilities
depend only on the mass-flavor mixing matrix, U : P (να → νβ) =

∑3
i=1 |Uαi|2|Uβi|2, where

α, β = e, µ, τ and i = 1, 2, 3 runs over the neutrino mass eigenstates. We use the standard
parameterization of the mixing matrix, with the following values of the mixing angles:
sin2 θ12 = 0.308, sin2 θ23 = 0.437, sin2 θ13 = 0.0234 (see e.g. Ref. [56]).

3.2.2 Neutrino fluence at Earth

Fig. 2 (left column) shows the fluence, E2Fµ, of νµ + ν̄µ (after oscillations) for a single
TDE, for the Base case and for the scaling scenarios outlined above and for different values
of M . The Base case result does not depend on M because the neutrino flux is computed
using LX and fixed values of Γ and tν .

The Weak case with M = 106 M� differs from the Base one only for the value of tv,
which is one order of magnitude larger. The neutrino fluence is suppressed by roughly the
same factor, as expected from the suppression of the pion production efficiency (Sec. 3.2.1,
App. A). From the scaling of Γ (Eqs. (15) and (20)) a suppression by ∼ 100.8 ∼ 7 is expected
for every decade of increase of M ; this matches the behavior in Fig. 2 well at low energy.
The figure also shows the expected hardening of the neutrino spectrum with increasing M ,
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Figure 2: The fluence of νµ + ν̄µ (left panels) and the flavor ratio (right panels), including
flavor mixing, as a function of the neutrino energy, for a single TDE at z = 0.35. Shown are
results for the Base, Weak, Strong, and Lumi cases (from top to bottom panes). In each
figure, the curves correspond to different SMBH mass, M = 105 M� (solid), M = 106 M�
(dashed), M = 107 M� (dotted). For the flavor ratio, the horizontal lines show the values
expected for the standard pre-oscillation compositions (F 0

e : F 0
µ : F 0

τ ) = (1, 2, 0) (pion beam)
and (F 0

e : F 0
µ : F 0

τ ) = (0, 1, 0) (muon damped source).
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due to the increase of the break energies (Sec. 3.2.1).

For the Strong case, the result for M = 106 M� is very similar to the Base case, due to the
nearly identical parameters. As discussed in Sec. 3.2.1, here the degree of enhancement with
the decrease of M is stronger; this means that low mass black holes will strongly dominate
the neutrino flux because the time variability of the jet is assumed to be correlated with
the period of the innermost stable orbit – which is shorter for smaller SMBH masses. We
also observe the expected stronger broadening of the spectrum towards higher energies due
to the stronger scaling of the pion and muon break energies. In the Lumi scaling scale, the
enhancement from small M is compensated by the scaling LX ∝M , which means that the
flux actually increases with M – as discussed above.

In summary, for a single TDE, in most cases, the quantity E2Fµ (with Fµ the fluence of
muon neutrinos) peaks at E ∼ 106 − 107 GeV, with a maximum value E2Fµ ∼ 10−5 −
few × 10−3 GeVcm−2. In the scenarios with parameter scaling, the neutrino flux increases
with decreasing M . In the case of Strong scaling, the fluence can be as high as E2Fµ ∼
10−1 GeVcm−2 at E ∼ few × 105 GeV.

Fig. 2 (right column) also illustrates the flavor ratio fµ = Fµ/(Fe + Fτ ) of neutrino flux
after flavor mixing in the three models considered here, and selected values of M . This
flavor ratio roughly corresponds to the observable ratio between muon tracks and cascades
in IceCube, and has been widely used in the literature to study the impact of a change of
the flavor composition. For all models there is an energy window where fµ ' 0.48; this is
the region where µ decay proceeds unimpeded, Eµ <∼ Eµ,br. In this regime, for each pion in
the jet, two muon neutrinos and one electron neutrinos are expected, so that the original
(before oscillations) flavor composition of the neutrino flux is (F 0

e : F 0
µ : F 0

τ ) = (1 : 2 : 0).
At higher energy, Eµ >∼ Eµ,br, the ratio fµ increases to fµ ' 0.536, reflecting the transition
to the regime where µ absorption dominates over decay, so that the original flavor content
is (F 0

e : F 0
µ : F 0

τ ) ' (0, 1, 0) While Eµ,br is nearly the same for the Base and Weak cases,
it is much lower for the Strong and Lumi scenarios at lower M , so that for M = 105 M�,
already at energies of a few PeV the neutrino flux enters the muon damped regime.

4 Diffuse neutrino flux from TDE

4.1 Diffuse flux prediction: Spectrum and flavor composition

The diffuse flux of neutrinos of a given flavor α from TDEs – differential in energy, time,
area and solid angle – is obtained by convolving the neutrino emission of a single TDE with
the cosmological rate of TDEs (see, e.g. [57] for the formalism):

Φα(E) =
c

4πH0

∫ Mmax

Mmin

dM
η

2Γ2(M)

∫ zmax

0

dz
ρ̇(z,M)Qα(E(1 + z),M)√

ΩM(1 + z)3 + ΩΛ

, (17)

where Qα is the number of neutrinos emitted per unit energy in the SMBH frame, and
E ′ = E(1 + z) is the neutrino energy in the same frame; E is the energy observed at Earth.

13



Here η is the fraction of TDEs that generate relativistic jets, which is assumed to be a
constant, η ' 0.1. This value has been suggested as plausible on the basis of a possible
similarity with AGN [8]. The beaming factor 1/(2Γ2(M)) accounts for the fraction of jets
along our line of sight. Its use in Eq. (17) is consistent with the fact that the same equation
contains the physical comoving rate of TDEs (not corrected for beaming or observational
biases). Due to the decline of ρ̇(z,M) with z (Fig. 1), the flux Φα depends only weakly
on zmax; here we take zmax = 6, which is the maximum value considered in SMBH mass
function calculation of Shankar et al. [36].

Fig. 3 shows the diffuse muon neutrino flux, E2Φµ(E), for the four scaling scenarios of
interest, and Mmin = 105, 106 M� (solid curves). The shaded area models the uncertainty
on Mmin, which is varied in the interval Mmin = [104.5, 106.5] M�. In all cases, the spectrum
resembles the spectrum of a single TDE with M ∼ Mmin and z � 1 (Fig. 2), as expected
since the TDE rate is a decreasing function of z and M (Fig. 1). For the Base, Weak
and Lumi cases (with Mmin = 105 M�), the diffuse flux has a maximum of E2Φµ(E) ∼
10−9 GeVcm−2s−1sr−1 between 1 PeV and 10 PeV. For the Weak case, we note the stronger
contribution of the lowest mass SMBH, M = 105 − 106 M�, reflecting the more powerful
neutrino emission as M decreases (Sec. 3.2). The same features are observed for the Strong
case, with an even more enhanced contribution of the lowest mass SMBH, which causes the
flux to peak at lower energy, E ∼ 0.3 PeV. The dependence on Mmin is, on the other hand,
relatively mild for the Base and Lumi cases.

The post-oscillation flavor ratio for the diffuse flux is shown in Fig. 3 (right column). Like
the fluence, it mainly follows the corresponding quantity for a single TDE with lowest M
and lowest z (Fig. 2). In the Lumi case, the contributions from lower and higher M are
comparable at about 10 PeV. The observational implications of the energy dependence of
the flavor composition will be discussed in the next section.

Before closing this section, let us briefly comment on constraints on TDEs from X-ray
surveys. As a consistency check, in App. B we present the diffuse X-ray flux corresponding
to the four scaling scenarios in Table 2. This flux is found to be consistent with observations
(see Appendix).

4.2 Comparison to IceCube data

Let us now discuss the impact of current and future IceCube data on the search for neutrinos
from TDEs. After about 6 years of data taking, IceCube has established that the Earth
receives a flux of astrophysical neutrinos which is diffuse in nature, in first approximation,
and at the level of E2Φ ∼ few × 10−8 GeVcm−2s−1sr−1, at observed energies between
∼ 30 TeV and ∼ PeV. Even accounting for large and poorly known uncertainties – which
depend in part on the model of the candidate sources – this measurement appears to be in
tension with the most extreme flux predictions in Fig. 3. In particular, for the parameters
of reference used in this work, the Strong scaling scenario with Mmin ∼ 104.5 − 105 M�
should be already strongly disfavored by the IceCube data, whereas all the other cases are
compatible with IceCube observations.

One should consider, however, that the jet parameters have a wide range of plausible values,
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Figure 3: The diffuse flux of νµ + ν̄µ (left panes) and the corresponding flavor ratio (right
panes) at Earth, including flavor mixing, as a function of the neutrino energy, for the Base,
Weak, Strong, and Lumi scaling cases (top to bottom), for Mmin = 105 M� (solid), and
Mmin = 106 M� (dashed). In the flux plots, the shaded regions show the variation corre-
sponding to varying Mmin in the interval Mmin = [104.5, 106.5] M�. In the flavor ratio figures,
the horizontal lines show the values expected for the standard pre-oscillation compositions
(φ0

e : φ0
µ : φ0

τ ) = (1, 2, 0) (pion beam) and (φ0
e : φ0

µ : φ0
τ ) = (0, 1, 0) (muon damped source).

The energy of the Glashow resonance in the flavor composition panels is marked by a dotted
line.
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Figure 4: The spectra for the diffuse all-flavor flux, for the Strong, Weak, Lumi and Base
(i.e., no scaling) models (labels on curves), for Mmin = 105 M�. The overall constant
G = ξp × η has been adjusted to saturate the measured IceCube flux at E ' PeV (shown,
data points [58,59]), and takes the values G = 0.2, 10.9, 4.3, 8.1 for the Strong, Weak, Lumi
and Base cases, respectively.

which leads to a a more quantitative question: can TDEs account for most of the IceCube
flux, and for what values of the parameters? From Eqs. (13) and (17) we see that Φµ scales
directly with

G ≡ ξp × η ' 10× 0.1 ' 1 , (18)

evaluated for our standard assumptions. In principle, the neutrino flux also scales with the
X-ray luminosity (as both initial proton and the pion production efficiency are proportional
to LX), the beaming factor, the minimal and maximal proton energies (as the proton total
energy is distributed over that energy range), etc.. However, these scaling factors are less
trivial to treat, as, for instance, a higher luminosity will not only increase the pion pro-
duction, but also the magnetic field and therefore the secondary cooling – which partially
compensates for that. We therefore do not include them directly in G.

Fig. 4 shows the all-flavor fluence for the diffuse flux, for Mmin = 105 M�, with the factor
G adjusted (values in the figure caption) to saturate the IceCube data (shown as well) at
E ' 1 PeV. Note that we do not perform a statistical analysis of the data, but rather the
normalization of the predicted flux is chosen so that the data point at 1 PeV is exactly
reproduced. We see that the Base and Weak cases can describe the data in the 0.1-1 PeV
energy range, although at the price of invoking parameter values G ∼ 8 − 11. Such an
increase of the neutrino flux could come from a factor of ten higher baryonic loading than
anticipated in Table 1, i.e., ξp ∼ 100, or, equivalently, from a higher value of η.

Such a large baryonic loading may on the one hand not be unreasonable, as similar values
are found for gamma-ray bursts fitting the UHECR data [60]. In our notation, one can easily
compare the energy in baryons with the constraint on the energy Eq. (5): For the chosen EX
and the conservative estimate Γ & 6 (for M > 105 M�), one finds ξp . 2Γ2Emax/EX ∼ 200
in order to not to violate the constraint on the maximal emitted energy. This constraint
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is satisfied here, but the jets will have to be dominated by baryons for low mass black
holes. However, increasing ξp versus η has the problem that it increases the tension with
the multiplet constraints in IceCube, whereas increasing η versus ξp changes the fraction of
jetted versus non-jetted TDEs. In addition to requiring a somewhat extreme value of ξp,
the Base and Weak cases are in overall tension with the data due to their relatively hard
spectrum, which overestimates the flux above PeV while underestimating it at lower energy.
Our nominal assumptions may therefore be more plausible. In different words, for the Base
case, we find that 1/8 ' 12% of the observed flux in IceCube can be described by TDEs,
whereas we find 1/11 ' 9% for the Weak case at an energy of about 1 PeV.

Instead, the Strong case describes the data best: it reproduces the observed energy spectrum
well, with only some tension with the data in the second lowest energy bin, and only slightly
overestimating the flux at the highest energy; see Fig. 4. The normalization leads to G ' 0.2,
i.e., parameters even more conservative than the reference reference values used in Eq. (18).
For example, one may choose ξp = 2 and η = 0.1, or ξp = 10 and η = 0.02. Regarding
the spectral properties, one should keep in mind that in this scenario the neutrino flux is
vastly dominated by the lowest mass black holes (see Fig. 3, lower left panel), with a strong
dependence on Mmin. For smaller Mmin, Mmin ∼ 104.5 M�, the description of the data
becomes better due to the softening of the neutrino spectrum, and the value of G required
to saturate the measured flux decreases further. The opposite effect (worse description of
data) is expected for larger Mmin.

The Lumi scaling case is found to be in between these two scenarios. At the nominal
prediction, 23% of the observed IceCube flux can be described by TDEs. The flux can,
however, be saturated if the baryonic loading or η are slightly adjusted, such as ξp ' 40 and
η = 0.1. The spectrum describes the IceCube data with slightly larger cutoff energy.

It is interesting to compare our prediction to current IceCube data fits. For a global analysis
of data [59], relatively soft spectral indices of the neutrinos are found: α ' 2.5 for a power
law fit. A recent through-going muon analysis, however, indicates a spectral index α '
2 [61]. These findings, together with information on the spatial distribution of the events,
suggest the possibility that at low energies a softer, possibly Galactic contribution dominates
(cf., low energy datapoints in Fig. 4, which cannot be reproduced), whereas at high energy,
an extragalactic component dominates and the spectrum becomes harder [62, 63]. The
diffuse flux from TDEs is an example for such an extragalactic hard component.

It is especially noteworthy that the Strong and Lumi scaling cases have a unique signature,
apart from the good description of the spectral shape: in this case the flavor composition
changes from a pion beam to a muon damped source at E ∼ PeV (see lower right panels
of Fig. 3). This indicates the transition to a regime, as the energy increases, where muons
cool faster by synchrotron losses than they can decay, see Eq. (23). While this effect can
probably not be seen in the current IceCube experiment, it might be visible at the planned
volume upgrade IceCube-Gen2 [42]; see Ref. [64] (Figs. 3 and 9 there).

Perhaps even easier to test is the fact that the diffuse flux becomes muon damped at the
Glashow resonance, see vertical lines in right panels of Fig. 3. This issue is discussed in
Ref. [65]: if the spectrum is hard enough, Glashow events must be seen in the current
IceCube experiment after about 10 years of operation even in the pγ case under realistic
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assumptions for the photohadronic interactions. The most plausible scenario which can
evade this constrained is a muon-damped source at the Glashow resonance at 6.3 PeV, for
which the ν̄e at Earth can only come from oscillated ν̄µ from the π− contamination at the
source. A non-observation of Glashow event rates in IceCube may therefore be a smok-
ing gun signature for a muon damped source at the Glashow energy, and therefore TDEs
as dominant source class - or alternatives, such as low-luminosity gamma-ray bursts [66],
microquasars [67], or AGN nuclei [26]. IceCube-Gen2 can then be used for more detailed
source diagnostics.

5 Summary and conclusions

We have studied the production of high energy neutrinos in baryonic jets generated in
the tidal disruption events (TDEs) of stars by supermassive black holes (SMBH). Using the
NeuCosmA numerical package, detailed results have been obtained for the fluence and flavor
composition of a neutrino burst from an individual TDE, and for the diffuse flux of neutrinos
of each flavor from all cosmological TDEs. Jet parameters motivated by observations have
been used, and variations of these parameters over the diverse population of parent SMBH –
in the form of scalings with the SMBH mass M – have been studied. Four scaling scenarios
have been considered, ranging from no scaling at all (all TDE being identical in the SMBH
frame) to a strong scaling, where the bulk Lorentz factor Γ has been varied in a way
motivated by AGN observations, and the variability time scale tv has been assumed to be
correlated with the innermost stable orbital period of the SMBH. We have also considered
a possible luminosity distribution function, related to the SMBH mass distribution. The
dependence on the occupation fraction of SMBH – in the form of the minimum mass Mmin

of SMBH that can be found in the core of galaxies – has been studied as well.

In summary, we find that:

• The largest contribution to the diffuse neutrino flux is expected from the SMBH with
lower mass located at low redshift z <∼ 1. This is because the rate of TDEs decreases
with M , and with z as well. The dominance of low M TDEs is stronger in the scenarios
with parameter scaling, as discussed above, and weakened if the luminosity scales with
SMBH mass. In all cases, the spectral features and flavor composition of the diffuse
flux generally reflect the quantities of the lowest mass SMBH, and therefore are very
sensitive to the cutoff of the SMBH occupation fraction, Mmin.

• For the jet parameters of reference (Table 1), and in cases with weak or no scaling,
TDEs can be responsible for ∼10% of the observed neutrino flux at IceCube at an
energy of about 1 PeV. Instead, for the same parameters, strong scaling and Mmin

<∼
105 M�, the nominal neutrino flux would exceed the IceCube measurement, which
means that this extreme situation is already disfavored by current data, and IceCube
constrains Mmin, the baryonic loading ξp, and the fraction η of TDE producing jets.

• As a consequence, more moderate parameters can be chosen for the strong scaling case
– which can describe both normalization and spectral shape of the observed diffuse
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flux at the highest energies. Examples are η = 0.1 and ξp = 2, or η = 0.02 and
ξp = 10. Note that more frequent TDEs with lower baryonic loadings can release
a possible tension with constraints from the non-observation of neutrino multiplets.
We also find that a second, possibly softer contribution to the flux of different origin
(possibly Galactic) is needed to account for the lowest energy neutrino events.

• For the strong scaling case, which describes the spectral shape best, the flavor compo-
sition changes with increasing energy, and approaches a muon damped source at E >∼
PeV. This signature may be detectable in the next generation upgrade IceCube-Gen2.
In addition, recall that so far IceCube has not observed any events at the Glashow
resonance. If this became a statistically significant suppression in the future, it could
be a smoking gun signature for TDEs as dominant source, because it is expected for
a muon damped source.

• If the luminosity of jetted TDEs scales with the SMBH mass – in addition to the
scalings of the Lorentz factor and of the variability time scale – an intermediate case
is found which describes the spectrum very well, which exhibits a flavor composition
change at the Glashow resonance, and which can describe about one fourth of the ob-
served diffuse IceCube flux at its nominal prediction – or saturate the diffuse flux with
a slight increase of ξp or η. This case corresponds to a X-ray luminosity distribution
function ∝ L−2

X (Sec. 3.2.1).

Overall, we find TDEs to be an attractive possibility to explain, at least in part, the still
elusive origin of the observed neutrino flux. Indeed, they naturally fit a hypothesis that has
recently emerged from data analyses: that the IceCube signal might be due to relatively
frequent, transient photohadronic sources with photon counterparts at sub-MeV energies
only. Upcoming, higher statistics data at IceCube and its future evolutions (such as IceCube-
Gen2) could substantiate the TDE hypothesis in a number of ways. One could be dedicated
searches for time- and space- correlations of neutrino events with known TDEs, possibly to
be done in collaboration with astronomical surveys. Another way is more detailed studies
of the diffuse flux, that could show transitions, as the energy increases, in the spectral index
and flavor composition of the flux, thus indicating the presence of a distinct component at
∼ PeV, of different origin than the lower energy events.

Of course, one should consider the large uncertainties that affect the prediction of the
neutrino flux from TDEs. We illustrated some of them, especially those due to the uncertain
low mass cutoff (i.e., the lower mass end of the SMBH occupation fraction), and those
associated to the scaling of time variability or of the Lorentz factor of the jet with the
SMBH mass, the baryonic loading of the jet, the fraction of TDEs producing jets, and the
uncertain luminosity distribution. These quantities are likely to become better known as
more astronomical data are gathered on TDEs.

It is also fascinating that neutrino detectors themselves might contribute to our learning of
the physics of tidal disruption. Indeed, flux constraints from neutrino data could establish
important upper limits on the energetics, baryon content and and frequency of TDEs;
these limits would be complementary to astronomical observations, which are more strongly
affected by absorption and limited sky coverage. Alternatively, a discovery of TDEs as
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neutrino sources would most likely give upper limits on the low black hole mass cutoff,
and would distinguish among different scaling models for the jet parameters with the black
hole mass. By probing tidal disruption events, neutrino data would therefore contribute
to answering unresolved questions on the fundamental physics of black holes, on the birth
and evolution of supermassive black holes, and on the dynamics of galactic cores that are
usually quiet and are only “illuminated” occasionally by tidal disruption.

Note added. During completion of this study, Refs. [68,69] have appeared. Their conclu-
sions (about 5 − 10% of the diffuse flux observed at IceCube could be consistent with the
TDE hypothesis) is roughly consistent with our result for the Base case (1/8.12 ' 12%).
Ref. [68] compute event rates from individual TDEs and derive a constraint on the diffuse
IceCube flux. Ref. [69] also considers neutrinos from chocked jets, and conclude that the
contribution must be sub-dominant. Note that their ξ̃cr corresponds to our ξp. Compared to
Refs. [68, 69], our work includes a fully numerical computation of the diffuse flux including
flavor effects, and the scaling assumptions with the SMBH mass function are unique to our
work.
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A Comparison to an analytical computation

Here we compare our numerical computation to the analytical approach given in Ref. [17].
We assume the same parameters as in Table 1 and the main text, unless explicitly stated.
The following relationships among the observables are assumed to hold at z = 0, where the
oberver’s frame corresponds to the SMBH frame.

It is reasonable to approximate the pion, muon and and neutrino energies as fixed fractions
of the parent proton energy, Eπ ∼ 0.2Ep, Eµ ∼ 0.15Ep and E ∼ 0.05Ep. The neutrino
flavor fluences (without flavor mixings) can be modeled analytically as [17]

E2F 0
µ(E) =

1

32πd2
L

EXξp
ln (Ep,max/Ep,min)

fpγζπ(1 + ζµ) ,

E2F 0
e (E) =

1

32πd2
L

EXξp
ln (Ep,max/Ep,min)

fpγζπζµ . (19)

The pion production efficiency fpγ is the average fraction of energy deposited into pion
production. It is, similar to gamma-ray bursts [70,71], given by

fpγ ' 0.35

(
LX

1047.5 erg s−1

)(
Γ

10

)−4(
tv

102 s

)−1 ( εb
KeV

)−1

×

{
(Ep/Epb)

β−1 for Ep < Ep,br

(Ep/Epb)
α−1 for Ep ≥ Ep,br

.

(20)
Here LX = EX/∆T is the average X-ray luminosity, and Ep,br is the proton energy leading
to photo-pion production at the ∆-resonance corresponding to the X-ray break energy, i.e.,

Ep,br = 1.5 107GeV

(
Γ

10

)2(
1 KeV

εX,br

)
. (21)

In Eq. (19), the factors ζπ and ζµ are suppression factors that account for pion and muon
propagation (energy losses and decay). The quantity ζπ can be expressed in terms of a
spectral break energy Eπ,br, beyond which the timescale of synchrotron losses becomes
smaller than the pion lifetime:{

ζπ = 1 for Eπ <∼ Eπ,br

ζπ ∝ E−2
π for Eπ >∼ Eπ,br

with Eπ,br ' 5.8× 108 GeV

(
LX

1047.5 erg s−1

)− 1
2
(
ξB
1

)− 1
2
(

Γ

10

)4(
tv

102 s

)
. (22)

A similar expression holds for ζµ, for with

Eµ,br ' 3.1× 107 GeV

(
LX

1047.5 erg s−1

)− 1
2
(
ξB
1

)− 1
2
(

Γ

10

)4(
tv

102 s

)
. (23)

A comparison between the analytical technique and the numerical techniques is given in
Fig. 5. First of all, it is noteworthy that our numerical and analytical techniques match
relatively well in terms of both shape and normalization.
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Figure 5: The fluence E2F 0
α for νµ + ν̄µ (α = µ, thick) and νe + ν̄e (α = e, thin), for a TDE

at z = 0.35. Dashed: analytical approximation; solid: NeuCosmA numerical result. Flavor
mixing is not included here, hence the factor of ∼ 2 difference in the fluence compared to
Fig. 2.

The slightly different shape comes mostly from high-energy photohadronic processes, see
Ref. [43], from kaon production (at the highest energies), and from the different treatment of
the photo-production threshold (at the breaks) [45]. At low neutrino energies, the analytical
curves are simply extrapolated with Eq. (20) using the high-energy photon spectral index
β, whereas the numerical computation cuts off at a maximal photon energy given by the
observed energy window (relevant for the minimal neutrino energy).

The somewhat lower numerical versus analytical normalization is rather a coincidence of two
competing processes: additional (to the ∆-resonance) high-energy photomeson production
modes enhance the pion production compared to the analytical estimate and make the
spectral peaks more pronounced [43], whereas several reduction factors have been identified
in Refs. [45, 72]. One example for the flux reduction is the over-estimation of the pion
production efficiency using the break energy in Eq. (20) instead of integrating over the
whole spectrum. The relative normalization between analytical and numerical computation
depends on the type of assumptions made for the analytical computation and the parameters
(such as photon break energy and spectral indices).

We observe that the analytical method matches the numerical computation relatively well
(within about a factor of two), whereas for GRBs, the analytical computation typically
overestimates the neutrino flux much more significantly.
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B Predicted X-ray flux

As a consistency check of our results, we calculated the X-ray flux expected for the different
scaling scenarios (Table 2), following the same formalism as in Eq. (17). The results are
shown in Fig. 6. As expected from the scalings of Γ and LX , the contribution of the lower
mass SMBH is largest in the Weak and Strong cases, and suppressed in the Lumi case. Note
that the Weak and Strong cases differ only by tv, which affects the neutrino production but
not the X-ray flux. In all scenarios, the flux is consistent with observations, being at
least one order of magnitude below the diffuse extragalactic soft X-ray flux as measured at
E ' 0.25 KeV by ROSAT: E2ΦX ' 5−9 KeV cm−2s−1sr−1 [73]. At E >∼ KeV, the observed
diffuse flux is even larger (see e.g., [74] and references therein), thus strongly outshining the
predicted TDE flux.
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Figure 6: The diffuse X-ray flux predicted in the Base case (upper pane), Weak and Strong
case (middle pane) and Lumi case (lower pane), for Mmin = 105 M� (solid), and Mmin =
106 M� (dashed). The shaded regions show the variation corresponding to varying Mmin in
the interval Mmin = [104.5, 106.5] M�.
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