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Sources for UHECRs and neutrinos?

Observations
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-
like events are indicated with crosses whereas shower-like events are shown as filled circles. The
error bars show 68% confidence intervals including statistical and systematic errors. Deposited
energy as shown here is always a lower limit on the primary neutrino energy.

IceCube Preliminary

Figure 2: Best-fit per-flavor neutrino flux results (combined neutrino and anti-neutrino) as a func-
tion of energy. The black points with 1s uncertainties are extracted from a combined likelihood fit
of all background components together with an astrophysical flux component with an independent
normalization in each energy band (assuming an E�2 spectrum within each band). The atmospheric
neutrino and muon fluxes are already subtracted. The best-fit conventional flux and the best-fit up-
per limit on “prompt” neutrinos are shown separately, not taking into account the effect of the
atmospheric self-veto, which will significantly reduce their contribution. The blue band shows the
1s uncertainties on the result of a single power-law fit to the HESE data. The pink band shows
the n

µ,up best fit [10] with 1s uncertainties. Its length indicates the approximate sensitive energy
range of the n

µ,up analysis.
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Tidal disruptions by massive black holes
Promising candidate sources of ultrahigh energy messengers

‣ Propagation and interaction of UHECRs in various radiative backgrounds 
‣ Applied to TDEs powering jets

Impact of interactions within the jet?

Especially for nuclei, numerical treatment required: 
• various interaction and energy-loss processes 
• production of secondary particles

- time variability of the emission 
- equipartition                        ⟶  mean magnetic field 
- bulk Lorentz factor

Observed non-thermal emission  
⟶ properties of radiation region/jet

(e.g. Swift J1644+57)

tvar = 102 s

UB = Urad

� ⇠ 10

4/10

C. Guépin, K. Kotera, E. Barausse, K. Fang and K. Murase, 2018, A&A, 616, A179 



Tidal disruptions by massive black holes

Photon density in the jet (observable)

C. Guépin et al.: Ultra-High Energy Cosmic Rays and Neutrinos From Tidal Disruptions

it also strongly depends on what happens to the elements
before they get injected and accelerated in the jet. Heavy
nuclei could indeed undergo fragmentation during the dis-
ruption of the stellar object, or a large fraction of light nu-
clei could escape as part of the expelled stellar envelope. In
this work, the elements injected in the radiation region are
protons (p), helium (He), carbon and oxygen (CO), silicium
(Si) and iron (Fe).

The maximum injection energy E0
Z,max is determined

by the competition between the acceleration timescale for a
nucleus of charge Z, t0acc = ⌘�1

accE
0/c Z e B0?, and the energy

loss timescales t0loss = min(t0dyn, t0syn, t0IC, t0BH, t0
p�

, ...), where
t0dyn = R/��c is the dynamical timescale (see Appendix A
for numerical estimates of E0

Z,max). The factor ⌘acc  1

describes the efficiency of the acceleration process: for a
maximally efficient acceleration, ⌘acc = 1. In this study, we
neglect the re-acceleration of secondary particles and leave
it for future work.

From the energetics point of view, the luminosity in-
jected in cosmic rays is considered to be related to the
bolometric luminosity in photons, such as LCR = ⇠CRLbol,
where we define the baryon loading fraction ⇠CR as the frac-
tion of the bolometric luminosity that is injected into cos-
mic rays of energy E � Emin ⌘ 10

16 eV.

2.2. Modeling the TDE spectral energy distribution

As suggested in Senno et al. (2016), we model the spec-
tral energy distribution (SED) inside the TDE jet as a log-
parabola with three free parameters: the peak luminosity
Lpk, peak energy ✏pk and width â. The photon energy den-
sity then reads

✏02n0
✏

=

Lpk

4⇡�

2R2c
(✏0/✏0pk)

�â log(✏0/✏

0
pk

) . (1)

The peak luminosity and peak energy set the maximum of
the SED. The data can help to constrain the width of the
log-parabola and a potential high-energy cut-off. However,
there are large uncertainties on the observed photon den-
sity, due to galaxy absorption, and even more on the photon
density inside the jet (see Burrows et al. 2011; Bloom et al.
2011 for the spectrum of Swift J1644+57).

From our SED model, the bolometric luminosity can
then be defined as the luminosity integrated over the en-
tire spectrum: Lbol =

R
d✏ Lpk/✏0 (✏0/✏0pk)

�â log(✏0/✏

0
pk

). As
we consider a constant photon field, this bolometric lu-
minosity is larger than the peak luminosity. Moreover, as
we model the radiation field inside the jet, we should have
Ljet,obs ⇠ Lbol. Note that in most cases, the main contri-
bution to the observed luminosity is the jet luminosity, but
for high black hole masses Mbh > 5 ⇥ 10

7 M�, the ther-
mal luminosity is of the same order of magnitude as the jet
luminosity (Krolik & Piran 2012).

In this work, we examine several cases summarized in
Table 1 and illustrated in Fig. 1. We choose to only vary the
width â and the peak luminosity Lpk of the log-parabola,
and to consider a typical peak energy ✏pk = 70 keV, which
is compatible with Swift J1644+57 observations (e.g. Bur-
rows et al. 2011). Each case corresponds to a different mag-
netic field, and therefore corresponds to a maximum proton
? Some papers adopt t

acc

= ⌘
acc

r0L/c due to the historical con-
vention.

Lbol[Lpk] (erg s�1) â B0
(G) E0

p,max (eV)

3.5 ⇥ 10

48
[10

48
] 0.25 5.1 ⇥ 10

3
1.8 ⇥ 10

18

6.8 ⇥ 10

48
[10

48
] 0.07 7.0 ⇥ 10

3
2.4 ⇥ 10

18

1.0 ⇥ 10

49
[10

48
] 0.03 8.7 ⇥ 10

3
2.2 ⇥ 10

18

6.8 ⇥ 10

46
[10

46
] 0.07 7.0 ⇥ 10

2
6.3 ⇥ 10

18

6.8 ⇥ 10

47
[10

47
] 0.07 2.2 ⇥ 10

3
4.3 ⇥ 10

18

6.8 ⇥ 10

48
[10

48
] 0.07 7.0 ⇥ 10

3
2.4 ⇥ 10

18

Table 1: Properties of the different TDE photon fields considered
in this work, for a cosmic-ray acceleration efficiency ⌘

acc

= 1. All
the photon fields are modeled by a log-parabola (Eq. 1), with
bolometric luminosity L

bol

, peak luminosity L
pk

, peak energy
✏
pk

and width â.
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Fig. 1: Photon density for a log-parabola model, with fixed peak
luminosity L

pk

= 1048 erg s�1.

energy E0
p,max (Eq. A.4). The magnetic field is inferred as-

suming equipartition between the radiative and magnetic
energy densities: ⇠

B

R
d✏0✏0n0

✏

0 = B2/8⇡ with ⇠
B

= 1.
The TDE photon spectra evolve in time. As mentioned

earlier, although we do not account for proper time evo-
lutions of the SED in this paper, we will consider two
states of the SED, inferred from the observations of Swift
J1644+57, and which are important for our framework: an
early state, corresponding to a high state that can last typi-
cally tdur ⇠ 10

5 s with a bright luminosity, a high jet ef-
ficiency and a narrow jet opening angle; and a medium

state, 1 � 1.5 orders of magnitude less bright, but lasting
tdur ⇠ 10

6 s, with a lower jet efficiency and a larger jet open-
ing angle. For both states, we set a width â = 0.07. These
parameters are overall compatible with Swift J1644+57
SED models corrected for galactic absorption, (e.g., Bur-
rows et al. 2011).

2.3. Interaction processes

All relevant interaction processes for nucleons and heavier
nuclei are taken into account in our calculations. Nucleons
experience pion production via photohadronic and hadronic
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In the following, fixed width, variable peak luminosity: high state, medium state
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Tidal disruptions by massive black holes

Mean free paths for various interaction processes

No deflection, tdyn prevail over tdiff at these energies 
⟶ escape of particles directly related to tdyn 

Interaction/energy-loss timescales (discrete or 
continuous processes):

t�1
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Tidal disruptions by massive black holes

UHECR and neutrino spectra for one source
C. Guépin et al.: Ultra-High Energy Cosmic Rays and Neutrinos From Tidal Disruptions
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Fig. 4: Cosmic-ray spectra for one source with pure iron injection with spectral index ↵ = 1.8, photon field with â = 0.07 and
acceleration efficiency ⌘

acc

= 0.2. We show the total spectrum (black) and the composition (other colors), as indicated in the legend,
for TDE around a black hole of mass M

bh

= 7 ⇥ 106M�, with a corresponding SED in its high state with L
pk

= 1047.5 erg s�1 and
t
dur

= 105 s (left) and in its medium state with L
pk

= 1046 erg s�1 and t
dur

= 106 s (right), for a source distance dL,1 = 1.88 Gpc.
We assume here ⇠

CR

= 1.

Fig. 5: Neutrino spectra for 3 flavors for one source with same characteristics as in Fig. 4. We show the total spectra (in eV cm�2)
for a high state SED with L

pk

= 1047.5 erg s�1 (left) and a medium state SED with L
pk

= 1046 erg s�1 (right). We consider two
different distances dL,1 = 1.88 Gpc (dark blue) and dL,2 = 20 Mpc (light blue). The IceCube and projected GRAND sensitivities
(Fang et al. 2017) are also shown (dashed black and green lines). For the IceCube sensitivities, we show two cases depending on
the declination: 0� < � < 30� (most favourable case, thin line) and 30� < � < 60� (Swift J1644+57 case, thick line) (Aartsen et al.
2014).

regime, i.e. for Mbh . Mbh,jet, where Mbh,jet = 4 ⇥
10

8M� (ṁ/ṁ0)
2/3M

(1+⇠)/3
?,� [(k

?

/f
?

)/0.02]

�1/2
��3, the jet

luminosity is given by Krolik & Piran (2012):

Ljet ⇡ 10

43
erg s

�1 f(a/M)

�
h

↵s
M

�1/2
bh,6

⇥ 8 ⇥ 10

3 q(ṁ/ṁ0)M
(1+3⇠)/2
?,�

✓
k

?

/f
?

0.02

◆�1/2

��3 , (9)

where ↵s is the ratio of inflow speed to orbital speed of
the disk, and �

h

the ratio of the midplane total pressure
near the ISCO to the magnetic pressure in the black hole’s
stretched horizon, such that ↵s�h

⇠ 0.1�1. ṁ =

˙Mc2/LEdd

is the normalized accretion rate in the outer disk (with LEdd

the Eddington luminosity), ṁ0 is the peak normalized ac-
cretion rate, and q is the fraction of ṁ accreted on the black
hole, thus accounting for possible outflows. We do not con-
sider the sub-Eddington regime as it involves black holes
with higher masses, which should not be able to tidally dis-
rupt main sequence stars.

The total energy release per TDE is given by

Ejet ⇡ LjetPorb ' 4⇥10

52
erg M

?,�
f(a/M)

�
h

↵s
q(ṁ/ṁ0) , (10)

which should be less than ˙Mc2. Note that a jet luminosity
Ljet = ⌘jet

˙Mc2, and ⌘jet ⇠ 1 are achieved if the disk is mag-
netically arrested but the efficiency factor may be smaller.
Also, the gravitational binding energy is much lower, so
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Tidal disruptions by massive black holes

Diffuse UHECR and neutrino spectra

Population model + intergalactic propagation

Only TDEs powering jets, comoving event rate density from simulations. 
- Dependences: redshift z  and black hole mass Mbh 
- Modeling jet luminosity (following Krolik & Piran, 2012)

�CR(ECR) =
c

4⇡H0

z
maxZ

z
min

L
maxZ

L
min

dz dL
fs ⇠CR ṄTDE dnbh(z, L)/dLp

⌦M(1 + z)3 + ⌦⇤

⇥ F c
CR,s,p(E

c
CR, z, L)t

c
dur
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Tidal disruptions by massive black holes
Diffuse UHECR and neutrino spectra + composition

composition: 70% Si et 30% Fe  
injection spectral index: 1.5  
acceleration efficiency: 0.1  
fraction of the event local rate: 1% 
‣ maximum local event rate density: 155 Gpc−3 yr−1 

A&A proofs: manuscript no. TDE_final
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Fig. 7: Diffuse cosmic-ray spectrum from a population of jet-
ted TDEs (calculated in their medium states) obtained for an
injection of 70% Si and 30% Fe, with spectral index ↵ = 1.5,
⇠
CR

f
s

= 1.4 ⇥ 10�2 and source evolution derived in this work,
with maximum bolometric luminosity in the population L

max

=
6.8 ⇥ 1046 erg s�1. We show the total spectrum (black) and its
composition. We superimpose data from the Auger experiment
(black dots, The Pierre Auger Collaboration et al. 2015), and
from the Telescope Array experiment (grey dots, Fukushima
2015) for which only statistical uncertainties are shown.

event. Note that if the high states were dominant for the
UHECR production, we would not be able to fit the data:
because of the strong photodisintegration of heavy elements
in the very dense radiation background, we would obtain a
large production of nucleons below 10

19
eV and no survival

of heavy elements at the highest energies. However, because
of its limited duration (tdur ⇠ 10

5
s is chosen as an upper

bound), the high state is unlikely to be dominant. In a more
refined model we should account for the evolution of the lu-
minosity of the jet, which should decrease during the event
duration.

The disrupted stellar object provides material –protons
and heavier nuclei– which can be injected and accelerated
in a jet. As already emphasized, the composition of this
material is poorly constrained: it could be similar to the
composition of the stellar object or modified during the
disruption process. It is interesting that white dwarfs could
be commonly disrupted by intermediate mass black holes.
These stars could be a source of copious amount of CNO
nuclei, which seem to be observed in the composition of
UHECRs measured by Auger, as noted in Alves Batista &
Silk (2017). For completeness, we have tested in this study
various injection fractions, and we have presented one case
that allows one to fit well the Auger data. We note that a
deviation of 5% of the composition does not largely affect
the fit to the data within the error bars, and given the
uncertainties on the other jetted TDE parameters.

Markers of the occurrence of jets associated with TDEs
have been detected only very recently. Most TDEs should
not power jets and only a small fraction of jetted TDEs
should point toward the observer, depending on the jet
opening angle. Therefore, the properties of these objects
are still subject to large uncertainties. From an obser-
vational perspective, the jetted TDEs detected recently
are very luminous events with a peak isotropic luminos-

ity Lpk ⇠ 10

47 � 10

48
erg s

�1, and a local event rate den-
sity is of ṅtde,0 ⇠ 0.03 Gpc

�3
yr

�1 (e.g. Farrar & Piran
2014). On the other hand, normal TDEs are less lumi-
nous and characterized by a higher local event rate density
ṅtde,0 = 10

2
Gpc

�3
yr

�1 (e.g. Donley et al. 2002). However,
the characteristics of this new population –mainly their lu-
minosity distribution and comoving event rate density– are
difficult to infer due to the scarcity of observations. From
our population model, the maximum local event rate den-
sity that we can expect reaches ṅtde,0 ⇠ 2⇥10

2
Gpc

�3
yr

�1

for core galaxies and ṅtde,0 ⇠ 3⇥10

3
Gpc

�3
yr

�1 for power-
law galaxies.

The fraction needed to fit the UHECR spectrum of the
Auger observations, ⇠CRfs = 1.4 ⇥ 10

�2, can account for
example for low UHECR injection rates ⇠CR, and/or for
population constraints, such as the fraction of TDE jets
pointing toward the observer. Assuming the low rate in-
ferred from the observations of ṅtde,0 ⇠ 0.03 Gpc

�3
yr

�1

for the jetted events pointed toward the observer, a baryon
loading of ⇠CR ⇠ 187 is required. This value is consistent
with the non-detection of neutrinos from Swift J1644+57,
which implies an upper limit to the baryon density of a few
100 (Senno et al. 2016; Guépin & Kotera 2017).

At the lowest energies, the high state could contribute
marginally to the diffuse cosmic-ray flux, as shown on fig-
ure 5. The strong photodisintegration in the high state leads
to a strong production of nucleons below 10

19
eV, which

would add a new component to the spectrum and make the
composition lighter. This would lead to a better fit of the
composition in Fig. 8.

5.2. Diffuse neutrino flux

The TDE event density obtained by fitting the Auger data
with our UHECR spectrum allows us to calculate the diffuse
neutrino flux from a population of TDEs, by considering the
fraction ⇠CRfs calculated above. As shown in Fig. 9, the dif-
fuse neutrino flux from jetted TDEs contributes marginally
to the total diffuse neutrino flux observed by IceCube (Ice-
Cube Collaboration et al. 2017). As it peaks at high ener-
gies, around 10

16
eV, it could be a good target for future

generation detectors. However, we note that this flux is too
low to be detectable with ARA/ARIANNA, POEMMA and
GRAND at even higher energies. Its high energy cut-off re-
duces the flux at higher energies, and therefore it lies just
below the GRAND sensitivity limit.

6. Discussion, Conclusion

We assess in this study the production of UHECRs and neu-
trinos by a population of TDEs. In our model, the disrup-
tion of a stellar object launches a relativistic jet, in which
internal shocks can accelerate a part of the disrupted ma-
terial –that is, light and heavy nuclei. This scenario is con-
nected to recent observations and analytic studies, favoring
a jetted model for some very luminous events. In such a
case, material from the disrupted object can be injected
and accelerated inside the jet, and can experience interac-
tions before escaping and propagating in some cases toward
the Earth. However, other scenarios could be contemplated;
for instance a substantial fraction of the accreted material
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acceleration efficiency: 0.1  
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Fig. 7: Diffuse cosmic-ray spectrum from a population of jet-
ted TDEs (calculated in their medium states) obtained for an
injection of 70% Si and 30% Fe, with spectral index ↵ = 1.5,
⇠
CR

f
s

= 1.4 ⇥ 10�2 and source evolution derived in this work,
with maximum bolometric luminosity in the population L

max

=
6.8 ⇥ 1046 erg s�1. We show the total spectrum (black) and its
composition. We superimpose data from the Auger experiment
(black dots, The Pierre Auger Collaboration et al. 2015), and
from the Telescope Array experiment (grey dots, Fukushima
2015) for which only statistical uncertainties are shown.

event. Note that if the high states were dominant for the
UHECR production, we would not be able to fit the data:
because of the strong photodisintegration of heavy elements
in the very dense radiation background, we would obtain a
large production of nucleons below 10

19
eV and no survival

of heavy elements at the highest energies. However, because
of its limited duration (tdur ⇠ 10

5
s is chosen as an upper

bound), the high state is unlikely to be dominant. In a more
refined model we should account for the evolution of the lu-
minosity of the jet, which should decrease during the event
duration.

The disrupted stellar object provides material –protons
and heavier nuclei– which can be injected and accelerated
in a jet. As already emphasized, the composition of this
material is poorly constrained: it could be similar to the
composition of the stellar object or modified during the
disruption process. It is interesting that white dwarfs could
be commonly disrupted by intermediate mass black holes.
These stars could be a source of copious amount of CNO
nuclei, which seem to be observed in the composition of
UHECRs measured by Auger, as noted in Alves Batista &
Silk (2017). For completeness, we have tested in this study
various injection fractions, and we have presented one case
that allows one to fit well the Auger data. We note that a
deviation of 5% of the composition does not largely affect
the fit to the data within the error bars, and given the
uncertainties on the other jetted TDE parameters.

Markers of the occurrence of jets associated with TDEs
have been detected only very recently. Most TDEs should
not power jets and only a small fraction of jetted TDEs
should point toward the observer, depending on the jet
opening angle. Therefore, the properties of these objects
are still subject to large uncertainties. From an obser-
vational perspective, the jetted TDEs detected recently
are very luminous events with a peak isotropic luminos-

ity Lpk ⇠ 10

47 � 10

48
erg s

�1, and a local event rate den-
sity is of ṅtde,0 ⇠ 0.03 Gpc

�3
yr

�1 (e.g. Farrar & Piran
2014). On the other hand, normal TDEs are less lumi-
nous and characterized by a higher local event rate density
ṅtde,0 = 10

2
Gpc

�3
yr

�1 (e.g. Donley et al. 2002). However,
the characteristics of this new population –mainly their lu-
minosity distribution and comoving event rate density– are
difficult to infer due to the scarcity of observations. From
our population model, the maximum local event rate den-
sity that we can expect reaches ṅtde,0 ⇠ 2⇥10

2
Gpc

�3
yr

�1

for core galaxies and ṅtde,0 ⇠ 3⇥10

3
Gpc

�3
yr

�1 for power-
law galaxies.

The fraction needed to fit the UHECR spectrum of the
Auger observations, ⇠CRfs = 1.4 ⇥ 10

�2, can account for
example for low UHECR injection rates ⇠CR, and/or for
population constraints, such as the fraction of TDE jets
pointing toward the observer. Assuming the low rate in-
ferred from the observations of ṅtde,0 ⇠ 0.03 Gpc

�3
yr

�1

for the jetted events pointed toward the observer, a baryon
loading of ⇠CR ⇠ 187 is required. This value is consistent
with the non-detection of neutrinos from Swift J1644+57,
which implies an upper limit to the baryon density of a few
100 (Senno et al. 2016; Guépin & Kotera 2017).

At the lowest energies, the high state could contribute
marginally to the diffuse cosmic-ray flux, as shown on fig-
ure 5. The strong photodisintegration in the high state leads
to a strong production of nucleons below 10

19
eV, which

would add a new component to the spectrum and make the
composition lighter. This would lead to a better fit of the
composition in Fig. 8.

5.2. Diffuse neutrino flux

The TDE event density obtained by fitting the Auger data
with our UHECR spectrum allows us to calculate the diffuse
neutrino flux from a population of TDEs, by considering the
fraction ⇠CRfs calculated above. As shown in Fig. 9, the dif-
fuse neutrino flux from jetted TDEs contributes marginally
to the total diffuse neutrino flux observed by IceCube (Ice-
Cube Collaboration et al. 2017). As it peaks at high ener-
gies, around 10

16
eV, it could be a good target for future

generation detectors. However, we note that this flux is too
low to be detectable with ARA/ARIANNA, POEMMA and
GRAND at even higher energies. Its high energy cut-off re-
duces the flux at higher energies, and therefore it lies just
below the GRAND sensitivity limit.

6. Discussion, Conclusion

We assess in this study the production of UHECRs and neu-
trinos by a population of TDEs. In our model, the disrup-
tion of a stellar object launches a relativistic jet, in which
internal shocks can accelerate a part of the disrupted ma-
terial –that is, light and heavy nuclei. This scenario is con-
nected to recent observations and analytic studies, favoring
a jetted model for some very luminous events. In such a
case, material from the disrupted object can be injected
and accelerated inside the jet, and can experience interac-
tions before escaping and propagating in some cases toward
the Earth. However, other scenarios could be contemplated;
for instance a substantial fraction of the accreted material
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Fig. 8: Mean and standard deviation of X
max

for the spectrum
shown in Fig. 7 (pale grey band). We also show Auger mea-
surements (Aab et al. 2014) with uncertainties (black dots) and
simulation results for pure proton injection (red band) and pure
iron injection (blue band). The band are obtained by account-
ing for hadronic model uncertainties (Epos-LHC, Sibyll 2.1
or QGSJet II-04).

could be ejected as a wind, where particles could be linearly
accelerated??.

The bulk Lorentz factor � and the opening angle of the
jet ✓jet are two additional important quantities impacting
our results. The bulk Lorentz factor of the jet impacts the
observed jet isotropic luminosity and the energy of detected
cosmic rays and neutrinos. The dynamical time also scales
as � and the photon energy density as �

�4, thus an in-
crease of a factor of a few on � could lead to a drastic cut
in the photodisintegration rates. Here we use the fiducial
value � = 10 but for larger values, one can expect that the
survival of nuclei would be favored, leading to lower nucleon
production at lower energies, and thus to a larger param-
eter space allowing for a good fit for the diffuse UHECR
spectrum. Our choice is conservative in this sense. On the
other hand, the neutrino production would be consequently
reduced. The opening angle of the jet is also not well con-

?? Note that Zhang et al. (2017) showed that UHECR accelera-
tion is difficult in the wind model.
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Fig. 9: Diffuse neutrino flux for 3 flavors from a population of
jetted TDEs with the same properties as in Fig. 7 (neutrino pro-
duction calculated in their high states). We also show the diffuse
neutrino flux measured by the IceCube experiment (IceCube
Collaboration et al. 2017), and the projected limits for GRAND
(Fang et al. 2017), ARA/ARIANNA (Allison et al. 2015; Bar-
wick et al. 2015) and POEMMA (Neronov et al. 2017).

strained, therefore we adopt a small value ✓jet ⇠ 5

� for the
high state (e.g. Bloom et al. 2011; Burrows et al. 2011). Like
the bulk Lorentz factor, this parameter is also involved in
the model that we use to link the black hole mass to the
isotropic luminosity of the jet. The jet can be seen only if
it is pointing toward the observer. However, we note that
the effective opening angle for cosmic rays could be higher
than the usual opening angle, as cosmic rays could experi-
ence small deflections inside the jet, thus misaligned jetted
TDEs, characterized by a higher rate than aligned events,
could also contribute to the diffuse cosmic-ray flux.

While finalizing this paper, we became aware of the in-
dependent work of Biehl et al. (2017) on a similar topic.
These authors show that the acceleration of nuclei in jets
created by the tidal disruption of white dwarfs could lead
to a simultaneous fit of the UHECR data and the mea-
sured IceCube neutrino flux in the PeV range. One ma-
jor difference with our study is that we include a detailed
jetted TDE population study, by modeling the luminosity
function and rate evolution in redshift. Our conclusions are
also different from theirs, in so far as we cannot fit the ob-
served diffuse IC neutrino flux with our TDE population
model. This negative result is consistent with several argu-
ments already highlighted in previous works by Dai & Fang
(2016) and Senno et al. (2016). In particular, the absence
of observed neutrino multiplets in the IceCube data gives
a lower limit of & 100 � 1000 Gpc

�3
yr

�1, which is signifi-
cantly higher than the rate of jetted TDEs pointed toward
us, inferred from observations of ⇠ 0.03 Gpc

�3
yr

�1, and
higher rates with dimmer luminosities are also constrained
by X-ray observations. Besides, large baryon loadings with
& 1000 are ruled out, as such values would imply that Swift
J1466+57 would have been observed in neutrinos. Also, a
large baryon loading factor implies a total TDE energy of
& 10

54 erg, which violates the energetics argument.
Our model is able to reproduce with a reasonable ac-

curacy and for a reasonable range of parameters the ob-
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Fig. 7: Diffuse cosmic-ray spectrum from a population of jet-
ted TDEs (calculated in their medium states) obtained for an
injection of 70% Si and 30% Fe, with spectral index ↵ = 1.5,
⇠
CR

f
s

= 1.4 ⇥ 10�2 and source evolution derived in this work,
with maximum bolometric luminosity in the population L

max

=
6.8 ⇥ 1046 erg s�1. We show the total spectrum (black) and its
composition. We superimpose data from the Auger experiment
(black dots, The Pierre Auger Collaboration et al. 2015), and
from the Telescope Array experiment (grey dots, Fukushima
2015) for which only statistical uncertainties are shown.

event. Note that if the high states were dominant for the
UHECR production, we would not be able to fit the data:
because of the strong photodisintegration of heavy elements
in the very dense radiation background, we would obtain a
large production of nucleons below 10

19
eV and no survival

of heavy elements at the highest energies. However, because
of its limited duration (tdur ⇠ 10

5
s is chosen as an upper

bound), the high state is unlikely to be dominant. In a more
refined model we should account for the evolution of the lu-
minosity of the jet, which should decrease during the event
duration.

The disrupted stellar object provides material –protons
and heavier nuclei– which can be injected and accelerated
in a jet. As already emphasized, the composition of this
material is poorly constrained: it could be similar to the
composition of the stellar object or modified during the
disruption process. It is interesting that white dwarfs could
be commonly disrupted by intermediate mass black holes.
These stars could be a source of copious amount of CNO
nuclei, which seem to be observed in the composition of
UHECRs measured by Auger, as noted in Alves Batista &
Silk (2017). For completeness, we have tested in this study
various injection fractions, and we have presented one case
that allows one to fit well the Auger data. We note that a
deviation of 5% of the composition does not largely affect
the fit to the data within the error bars, and given the
uncertainties on the other jetted TDE parameters.

Markers of the occurrence of jets associated with TDEs
have been detected only very recently. Most TDEs should
not power jets and only a small fraction of jetted TDEs
should point toward the observer, depending on the jet
opening angle. Therefore, the properties of these objects
are still subject to large uncertainties. From an obser-
vational perspective, the jetted TDEs detected recently
are very luminous events with a peak isotropic luminos-

ity Lpk ⇠ 10

47 � 10

48
erg s

�1, and a local event rate den-
sity is of ṅtde,0 ⇠ 0.03 Gpc

�3
yr

�1 (e.g. Farrar & Piran
2014). On the other hand, normal TDEs are less lumi-
nous and characterized by a higher local event rate density
ṅtde,0 = 10

2
Gpc

�3
yr

�1 (e.g. Donley et al. 2002). However,
the characteristics of this new population –mainly their lu-
minosity distribution and comoving event rate density– are
difficult to infer due to the scarcity of observations. From
our population model, the maximum local event rate den-
sity that we can expect reaches ṅtde,0 ⇠ 2⇥10

2
Gpc

�3
yr

�1

for core galaxies and ṅtde,0 ⇠ 3⇥10

3
Gpc

�3
yr

�1 for power-
law galaxies.

The fraction needed to fit the UHECR spectrum of the
Auger observations, ⇠CRfs = 1.4 ⇥ 10

�2, can account for
example for low UHECR injection rates ⇠CR, and/or for
population constraints, such as the fraction of TDE jets
pointing toward the observer. Assuming the low rate in-
ferred from the observations of ṅtde,0 ⇠ 0.03 Gpc

�3
yr

�1

for the jetted events pointed toward the observer, a baryon
loading of ⇠CR ⇠ 187 is required. This value is consistent
with the non-detection of neutrinos from Swift J1644+57,
which implies an upper limit to the baryon density of a few
100 (Senno et al. 2016; Guépin & Kotera 2017).

At the lowest energies, the high state could contribute
marginally to the diffuse cosmic-ray flux, as shown on fig-
ure 5. The strong photodisintegration in the high state leads
to a strong production of nucleons below 10

19
eV, which

would add a new component to the spectrum and make the
composition lighter. This would lead to a better fit of the
composition in Fig. 8.

5.2. Diffuse neutrino flux

The TDE event density obtained by fitting the Auger data
with our UHECR spectrum allows us to calculate the diffuse
neutrino flux from a population of TDEs, by considering the
fraction ⇠CRfs calculated above. As shown in Fig. 9, the dif-
fuse neutrino flux from jetted TDEs contributes marginally
to the total diffuse neutrino flux observed by IceCube (Ice-
Cube Collaboration et al. 2017). As it peaks at high ener-
gies, around 10

16
eV, it could be a good target for future

generation detectors. However, we note that this flux is too
low to be detectable with ARA/ARIANNA, POEMMA and
GRAND at even higher energies. Its high energy cut-off re-
duces the flux at higher energies, and therefore it lies just
below the GRAND sensitivity limit.

6. Discussion, Conclusion

We assess in this study the production of UHECRs and neu-
trinos by a population of TDEs. In our model, the disrup-
tion of a stellar object launches a relativistic jet, in which
internal shocks can accelerate a part of the disrupted ma-
terial –that is, light and heavy nuclei. This scenario is con-
nected to recent observations and analytic studies, favoring
a jetted model for some very luminous events. In such a
case, material from the disrupted object can be injected
and accelerated inside the jet, and can experience interac-
tions before escaping and propagating in some cases toward
the Earth. However, other scenarios could be contemplated;
for instance a substantial fraction of the accreted material
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Fig. 8: Mean and standard deviation of X
max

for the spectrum
shown in Fig. 7 (pale grey band). We also show Auger mea-
surements (Aab et al. 2014) with uncertainties (black dots) and
simulation results for pure proton injection (red band) and pure
iron injection (blue band). The band are obtained by account-
ing for hadronic model uncertainties (Epos-LHC, Sibyll 2.1
or QGSJet II-04).

could be ejected as a wind, where particles could be linearly
accelerated??.

The bulk Lorentz factor � and the opening angle of the
jet ✓jet are two additional important quantities impacting
our results. The bulk Lorentz factor of the jet impacts the
observed jet isotropic luminosity and the energy of detected
cosmic rays and neutrinos. The dynamical time also scales
as � and the photon energy density as �

�4, thus an in-
crease of a factor of a few on � could lead to a drastic cut
in the photodisintegration rates. Here we use the fiducial
value � = 10 but for larger values, one can expect that the
survival of nuclei would be favored, leading to lower nucleon
production at lower energies, and thus to a larger param-
eter space allowing for a good fit for the diffuse UHECR
spectrum. Our choice is conservative in this sense. On the
other hand, the neutrino production would be consequently
reduced. The opening angle of the jet is also not well con-

?? Note that Zhang et al. (2017) showed that UHECR accelera-
tion is difficult in the wind model.
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Fig. 9: Diffuse neutrino flux for 3 flavors from a population of
jetted TDEs with the same properties as in Fig. 7 (neutrino pro-
duction calculated in their high states). We also show the diffuse
neutrino flux measured by the IceCube experiment (IceCube
Collaboration et al. 2017), and the projected limits for GRAND
(Fang et al. 2017), ARA/ARIANNA (Allison et al. 2015; Bar-
wick et al. 2015) and POEMMA (Neronov et al. 2017).

strained, therefore we adopt a small value ✓jet ⇠ 5

� for the
high state (e.g. Bloom et al. 2011; Burrows et al. 2011). Like
the bulk Lorentz factor, this parameter is also involved in
the model that we use to link the black hole mass to the
isotropic luminosity of the jet. The jet can be seen only if
it is pointing toward the observer. However, we note that
the effective opening angle for cosmic rays could be higher
than the usual opening angle, as cosmic rays could experi-
ence small deflections inside the jet, thus misaligned jetted
TDEs, characterized by a higher rate than aligned events,
could also contribute to the diffuse cosmic-ray flux.

While finalizing this paper, we became aware of the in-
dependent work of Biehl et al. (2017) on a similar topic.
These authors show that the acceleration of nuclei in jets
created by the tidal disruption of white dwarfs could lead
to a simultaneous fit of the UHECR data and the mea-
sured IceCube neutrino flux in the PeV range. One ma-
jor difference with our study is that we include a detailed
jetted TDE population study, by modeling the luminosity
function and rate evolution in redshift. Our conclusions are
also different from theirs, in so far as we cannot fit the ob-
served diffuse IC neutrino flux with our TDE population
model. This negative result is consistent with several argu-
ments already highlighted in previous works by Dai & Fang
(2016) and Senno et al. (2016). In particular, the absence
of observed neutrino multiplets in the IceCube data gives
a lower limit of & 100 � 1000 Gpc

�3
yr

�1, which is signifi-
cantly higher than the rate of jetted TDEs pointed toward
us, inferred from observations of ⇠ 0.03 Gpc

�3
yr

�1, and
higher rates with dimmer luminosities are also constrained
by X-ray observations. Besides, large baryon loadings with
& 1000 are ruled out, as such values would imply that Swift
J1466+57 would have been observed in neutrinos. Also, a
large baryon loading factor implies a total TDE energy of
& 10

54 erg, which violates the energetics argument.
Our model is able to reproduce with a reasonable ac-

curacy and for a reasonable range of parameters the ob-
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Conclusion

UHECRs and neutrinos from jetted tidal disruption events 
‣ numerical tool, propagation and interaction of UHECR in any type of  

radiative background 
‣ applied to tidal disruptions by massive black holes powering jets 
‣ parameters chosen to reproduce the Auger UHECR spectrum and 

composition: 
‣ composition and spectral index of injection, 
‣ acceleration efficiency, 
‣ fraction of the event local rate, 

‣ predicted neutrino spectrum only marginally detectable with GRAND. 

Perspectives 
‣ include gamma-ray production 
‣ uncertainties?  

- bulk Lorentz factor 
- interactions cross sections, production of secondaries 
- propagation…
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