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During a tidal disruption event, a star is torn apart by the tidal 
forces of a supermassive black hole, with about 50% of the 
star’s mass eventually accreted by the black hole. The result-
ing flare can, in extreme cases of super-Eddington mass accre-
tion, result in a relativistic jet1–4. While tidal disruption events 
have been theoretically proposed as sources of high-energy 
cosmic rays5,6 and neutrinos7–14, stacking searches indicate 
that their contribution to the diffuse extragalactic neutrino 
flux is very low15. However, a recent association of a track-like 
astrophysical neutrino (IceCube-191001A16) with a tidal dis-
ruption event (AT2019dsg17) indicates that some tidal disrup-
tion events can accelerate cosmic rays to petaelectronvolt 
energies. Here we introduce a phenomenological concordance 
scenario with a relativistic jet to explain this association: an 
expanding cocoon progressively obscures the X-rays emitted 
by the accretion disk, while at the same time providing a suffi-
ciently intense external target of backscattered X-rays for the 
production of neutrinos via proton–photon interactions. We 
also reproduce the delay (relative to the peak) of the neutrino 
emission by scaling the production radius with the black-body 
radius. Our energetics and assumptions for the jet and the 
cocoon are compatible with expectations from numerical sim-
ulations of tidal disruption events.

On 1 October 2019, a track-like astrophysical neutrino (named 
IceCube-191001A) was detected16; a dedicated multimessenger 
follow-up programme revealed the tidal disruption event (TDE) 
AT2019dsg as a candidate source, with a P value of 0.2% to 0.5% 
of random association17, corresponding to ~3σ significance. 
The neutrino followed the peak of the AT2019dsg light curve by 
t − tpeak = 154 d and had a most likely energy E ≈ 0.2 PeV (ref. 16 and 
links therein). Its observation reveals a new class of cosmic ray 
sources, as it indicates that some TDEs can accelerate cosmic rays to 
petaelectronvolt energies.

The TDE AT2019dsg is located at redshift z ≈ 0.05, or luminos-
ity distance dL ≈ 230 Mpc. It was discovered in the optical–ultravio-
let (UV) bands by the Zwicky Transient Facility (ZTF) on 9 April 
201918, and it reached its luminosity peak in this band on 30 April 
2019 (tpeak = 58603 modified Julian date). Several follow-up observa-
tions were conducted in the optical–UV18, radio17,19,20 and X-ray17,21,22 
bands, the latter starting at t − tpeak = 17 d. The picture that emerged 
from the observations shows a several-months-long flare, with black 
body (BB) spectra observed in both the optical–UV (temperature 
TBB = 38,900 K, photospheric radius RBB ≈ 5 × 1014 cm) and X-ray 
(TX ≈ 0.06 keV, RX ≈ 3 × 1011–7 × 1011 cm) bands, and luminosities 
L exponentially decaying over an (initial) timescale of 57.5 d and 
10.3 d starting at LBB = 2.88 × 1044 erg s−1 and LX ≈ 2.5 × 1043 erg s−1, 
respectively (Fig. 1, thick black and blue curves). The quoted X-ray 
luminosity is for an energy window [0.3–8.0] keV, whereas an X-ray 

luminosity LX ≈ 4 × 1044 erg s−1 was found in ref. 22 in the energy win-
dow [0.1–10] keV. Instead, the luminosity in radio emission was 
approximately constant over a nearly 90 d period, with increasing 
radius of emission Rradio ¼ Oð1016Þ cm

I
 (ref. 17). The radio emission 

has been interpreted as an indication for a mildly relativistic out-
flow present over the timescale of the neutrino event. Furthermore, 
optical polarimetry observations of this TDE cannot be uniquely 
interpreted, and may provide some hint for a relativistic jet23. A 
further noteworthy element is that out of the 17 TDEs in the ZTF 
sample, only 4 were found to have a counterpart in X-rays; of these, 
AT2019dsg was the one with the highest sustained (over several 
days) X-ray luminosity.

In this study, we propose a coherent ‘concordance’ framework 
of a (dark or hidden) jetted TDE, which is consistent with the uni-
fied model (based on magnetohydrodynamical simulations) of 
Dai et al.24; see Methods for details. The framework describes the 
neutrino energy and arrival time—where the latter is somewhat a 
challenge—considering the overall decreasing trend of the mul-
timessenger luminosities (Fig. 1, thick solid black and blue curves). 
A schematic concept is given in Fig. 2. At early times, the X-rays 
are visible for the observer, whose line of sight is on (or close 
to) the jet axis. Plasma shells collide at radial distance RC, where 
(internal) shocks form, leading to proton acceleration. We assume 
that absorption by the expanding outflow causes the exponential 
decay of the observed X-ray flux (Fig. 1, thick blue curve). Then, 
the same effect leads to photons isotropizing on the same times-
cale, which are backscattered and Doppler-boosted into the jet 
frame where they serve as targets for the neutrino production  
(Fig. 2, right panel). The physical jet power is taken from ref. 24, and 
is assumed to follow the BB luminosity (Fig. 1, thick green curve). 
The jet ceases when the physical power drops below the Eddington 
luminosity. We assume that RC evolves similarly to RBB, which is 
observed to decrease slightly over time. A decreasing RC implies 
an increasingly compact collision region, and thus an increase of 
the neutrino production efficiency / R�2

C
I

 at late times. Similarly, 
a larger RC, such as may be expected for a larger supermassive 
black hole (SMBH) mass, would lead to a decreased neutrino  
production efficiency.

The result for the time evolution of the neutrino luminos-
ity, Lν, is shown in Fig. 1 (red curve). Its initial rise and peak, at 
t − tpeak ≈ 30–70 d, follows the isotropized target X-ray flux. At later 
times, the evolution of Lν is mostly determined by the competi-
tion of the decreasing proton injection and target photon densi-
ties (driving a decrease of the neutrino flux) and the decreasing 
production radius RC enhancing the neutrino flux. As a conse-
quence of this interplay, the neutrino luminosity has a second 
peak at t − tpeak ≈ 130–170 d. The late-time luminosity revival could 
contribute to explaining the observed detection of one neutrino 
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at t − tpeak = 154 d. Eventually, after the revival, Lν undergoes a 
sharp drop from the jet cessation or the RC stagnation (Methods  
and equation (5)).

Figure 3 shows the predicted neutrino fluence, F μ

I
, as well as two 

differential limits on the same quantity (see caption), for compari-
son. Compared with other cases of proton scattering on thermal 

X-rays, the neutrino energy spectrum is relatively wide here due 
to multipion processes dominating the neutrino production (see, 
for example, ref. 25 for a similar case). The most likely value of the 
neutrino energy (Eν ≈ 0.2 PeV, with a large uncertainty allowing up 
to one order of magnitude larger values), falls near the maximum 
of the fluence.

The total, time-integrated number of events predicted in IceCube, 
Nν, depends on the effective area used. We find Nν ≈ 0.26 when 
using the point source effective area (which applies to a transient 
point source analysis), and Nν ≈ 0.05 when using the gamma-ray 
follow-up effective area, which includes the probability that the alert 
system is triggered. Note that the observation of one event is well 
compatible with Nν ≪ 1, due to Poissonian statistics and due to the 
Eddington bias26. From Fig. 3, we also observe that the early- and 
late-term contributions to the total fluence are comparable, which 
implies that a neutrino detection ~150 d after the peak is plausible.

Let us discuss our proposed jet scenario in the broader con-
text. Compared with the best-known jetted TDE, Swift J1644+57, 
AT2019dsg is very different: it is ~103 times less powerful (from the 
observer’s point of view) in X-rays, and its X-ray spectrum is ther-
mal, in contrast with the non-thermal spectrum of Swift J1644+57, 
which was interpreted as signature of a jet. Therefore, the existence 
of a jet in AT2019dsg might be less obvious, and leaves some open 
questions.

One of these is how to reconcile the non-observation of 
(non-thermal) jet signatures in X-rays and gamma rays—at least 
gamma rays in the 0.1–1.0 PeV energy range, which are a direct 
counterpart of the neutrinos—with the expectation that the jet 
should be able to break out of a surrounding envelope material8 and 
therefore should not be completely hidden.

Currently, the sparseness of the data from AT2019dsg (for exam-
ple, gamma-ray limits are relatively weak, see ref. 17), does not allow 
for a clear description of the electromagnetic spectrum from the jet 
over a wide energy range. With regard to the microphysics in the 
jet, there is no evidence for non-thermal signatures from acceler-
ated electrons, such as synchrotron radiation and inverse Compton 
scattering. This fact may indicate a relatively high baryonic loading 
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Fig. 1 | Time evolution of different luminosities in the jetted TDE 
model. The labels are directly given next to the curves; see main text for 
definitions. The neutrino luminosity is a result of our work, whereas the 
other curves are input quantities of the model. Thick black and blue (solid) 
curves (the latter starting at t − tpeak ≈ 17 d, reflecting the lack of X-ray data 
before that point) are chosen to roughly follow data18; the dotted black 
curve represents a power-law fit from ref. 18, which has a fixed late-time t−5/3 
behaviour. All shown luminosities are isotropic equivalent, and refer to the 
source/engine frame, except for LEdd and Lphysjet

I
. The vertical arrow marks the 

arrival time of the observed neutrino event.
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Fig. 2 | Illustration of the evolution of the TDE outflow in the concordance scenario. a,b, Here two time periods are shown: early (t − tpeak < 17 d), where 
X-rays can efficiently escape (a), and late (t − tpeak ≫ 17 d), where X-rays are absorbed/backscattered into the jet frame (b). The relevant length scales are 
marked as dashed lines to guide the eye (order magnitude only; as follows: RX, X-ray photosphere radius; RBB, BB radius; Rradio, radio emission region;  
Rabs, X-ray mean free path; RC, neutrino production radius). The anticipated direction of the observer is shown as well. The proton acceleration and  
neutrino production is expected to happen at RC ≈ RBB, where plasma shells collide and shocks form. The flow expands slightly faster in the direction  
of the jet axis. P, production region.
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(energy in protons versus electromagnetic radiation) or unexpected 
parameters of the electron population in the jet, very different from 
Swift J1644+57. Our model does not require any assumptions on 
these quantities, as the input on the X-rays, which serve as target 
photons, is from observation.

Other explanations of the lack of jet signatures could be in the 
macroscopic picture, such as a possible intermittent nature of the 
jet, effects of an off-axis line of sight, a larger efficiency of energy 
dissipation in the collision region or an unusual jet geometry—as 
there may be effects from jet recollimation, twisting or precession. 
Propagation effects could explain the suppression of petaelec-
tronvolt gamma rays, which may be reprocessed in the source or 
absorbed in the extragalactic background light. More information 
on a possible jet might be obtained by very long baseline radio inter-
ferometry or by late-term radio observations27 if the observed radio 
signal is interpreted as the afterglow of a relativistic jet; see also ref. 
28 for further discussions.

We have described the observation of a neutrino coincident with 
the tidal disruption event AT2019dsg in a jetted TDE model. In our 
interpretation, the unusually high X-ray luminosity of AT2019dsg 
is the reason for the efficient neutrino production, which implies 
that X-ray-bright TDEs might also be neutrino bright. We have also 
shown that the late time of the neutrino signal (about 150 ds after 
the optical peak) is not a coincidence if the neutrino production 
radius scales with the BB radius, whereas a very early neutrino sig-
nal close to the peak is not expected because the X-rays have not 
isotropized yet. Energetics and parameters match a unified TDE 
model from numerical simulations24, which have led to our concor-
dance model. Indeed, for a large enough black hole spin, a jet may 
be expected in a unified picture of TDEs in addition to a mildly 
relativistic outflow24, which has been (indirectly) observed17. A 
preliminary support to the jet hypothesis also comes from optical 
polarimetry of AT2019dsg23.

If AT2019dsg and Swift J1644+57 are both jetted TDEs, then 
one will have to conclude that the phenomenology of TDEs is very 
diverse. New dedicated studies will be needed to explain this vari-
ety in terms of parameters such as the black hole mass and spin, 
the type of disrupted star, the type of star–black hole approach  

trajectory, and the spectral energy distribution. The diversity will 
then impact the estimate of the diffuse flux of neutrinos from TDEs. 
Our calculations show that AT2019dsg-like TDEs could contribute 
to the total neutrino flux observed at IceCube at the percent level.

We conclude that TDEs might be a promising class of neutrino 
emitters. While we have presented only one model here, other possi-
bilities are conceivable, such as the interaction of an isotropic outflow 
with UV photons17, non-relativistic shocks forming in the environ-
ment29 or a neutrino production from the accretion disk itself, espe-
cially radiatively inefficient accretion flows or magnetically arrested 
disk states14; the neutrino production may also happen in a hot corona 
similar to that of an active galactic nucleus (AGN)30. Our model is 
unique in that we have emphasized the connection to the X-ray obser-
vations, we have described the late, post-peak neutrino observation, 
and we have obtained a sufficiently high neutrino fluence to describe 
the observations in spite of a relatively small assumed SMBH mass.

Methods
A star (of mass m) is disrupted by a SMBH (mass M) if (1) it falls within a distance 
less than the tidal radius:

rt � 9 ´ 1012 cm
M

106M�

� �1=3 R
R�

m
M�

� ��1=3

and (2) the tidal radius exceeds the SMBH Schwarzschild radius

Rs ¼
2MG
c2

 3 ´ 1011 cm
M

106M

� �
; ð1Þ

(where G is the gravitational constant and c is the speed of light) as otherwise the 
star is swallowed by the black hole as a whole. The latter condition implies that 
the SMBH mass is bounded from above by the Hill’s mass1: M ≲ MH ≈ 4 × 107 M⊙, 
for a solar-type star being disrupted (see also ref. 31 for a more detailed discussion 
based on TDE demographics). When modelling a TDE emission, an upper 
bound on the total energy is given by the rest energy of the disrupted star, 
Emax � M�c2 � 1:8 ´ 1054 erg
I

 for a solar-mass star. A useful benchmark parameter 
is the SMBH Eddington luminosity: LEdd  1:3 ´ 1044 erg s�1 M=ð106 MÞð Þ

I
.

The Blandford–Znajek mechanism32 suggests that a weak initial magnetic 
field in the accretion disk in combination with a high black-hole spin can lead 
to the formation of a jet. Numerical simulations of TDEs that are based on 
general relativistic radiation magnetohydrodynamics confirm this hypothesis; 
see, in particular, the unified model in ref. 24, where a relatively high spin and 
M = 5 × 106 M⊙ were used. This simulation obtains an average mass accretion rate 
(at near-peak times) _M � 102LEdd

I
 (see also refs. 33,34), of which ~20% and ~3% go 

into the jet and the bolometric luminosity, respectively (a remaining 20% powers 
the outflow). These fractions result in a moderately super-Eddington jet, and a 
total radiative emission near the Eddington limit (assuming the results of ref. 24 can 
be rescaled for black holes of different masses):

Lphysjet  20LEdd  3 ´ 1045 erg s�1 M
106 M

� �
; ð2Þ

Lbol  3LEdd  4 ´ 1044 erg s�1 M
106 M

� �
; ð3Þ

where Lphysjet

I
is the physical jet luminosity and Lbol

I
is the bolometric luminosity. 

In ref. 24, the density profile of the accretion disk was modelled, indicating that 
the typical size of the optically thick region (that is, the radial distance where the 
optical depth for electron scattering is equal to unity) is

RBB  103 Rs  3 ´ 1014 cm
M

106 M

� �
; ð4Þ

approximately, and for M ≈ 106 M⊙ (the validity over wide ranges of M has not been 
studied).

The velocity profile of the gas indicated increasingly fast outflows in regions of 
decreasing density (away from the plane of the accretion disk and closer to the jet), 
with speeds reaching v ≈ 0.1c or even v ≈ 0.5c.

From a comparison with the measured parameters of AT2019dsg, an 
overall consistency appears. We note in particular the good agreement of the 
BB luminosity and radius (or, in other words, of the measured BB luminosity 
and temperature, via the Stefan–Boltzmann law, from which we find 
RBB ¼ LBB=4πσSBT4

BB

� �1=2  4 ´ 1014 cm
I

, where σSB
I

is the Stefan–Boltzmann 
constant, in agreement with the value quoted in ref. 18) with equations (3) and 
(4), which indicate a black hole mass M ≈ 106 M⊙ for AT2019dsg. This value of M 
also ensures basic consistency with the measured X-ray emission radius, which 
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Fig. 3 | Predicted neutrino fluence for the jetted TDE model. The curves 
are computed as integrated muon neutrino and antineutrino fluence 
(including flavour mixing). The integrated contributions from early 
(red dashed) and late times (red dot-dashed) are shown separately. 
In comparison, the differential limits and predicted event rates using 
the gamma-ray follow-up (GFU52) and point source (PS53) effective 
areas for the declination of AT2019dsg are shown; the likely neutrino 
energy is taken from ref. 17. Here the differential limit (DL) is given by 
E2νFDL

μ ¼ Eν=ðAeffðEνÞ ln10Þ
I

 as a function of the effective area Aeff, which 
implies that following the differential limit curve precisely for one order of 
magnitude in energy yields one neutrino event.
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is found to be up to a factor of a few larger than Rs (see, for example, the NICER 
measurement, rX = 6.8(+0.9, −0.7) 1011 cm (ref. 22), and might be underestimated 
due to observational effects17. We note that higher values of the SMBH mass, 
M ≈ 107 M⊙, are obtained using the empirical SMBH–galaxy bulge mass correlation; 
see, for example, ref. 35; however, a TDE-specific relationship, which includes TDE 
demographics, indicates scattering around M ≈ 106 M⊙ for that bulge mass36. A 
new method based on TDE dynamics37 gives an estimate of M ≈ 1.3 × 106 M⊙ for 
AT2019dsg, consistent with our choice. We stress that should a higher black-hole 
mass be established in the future, our model would remain valid, although with 
modified parameters. For instance, one may assume that a smaller fraction of the 
total energy goes into the jet (at the expense of a physical jet luminosity below the 
Eddington luminosity), or a corresponding increase of the physical jet luminosity 
potentially coming with enhanced neutrino production (at the expense of 
increased tension with signatures of the jet).

Moving now to describing the long-term evolution (t − tpeak ≳ 10 d) of a TDE 
signal, we note that no detailed numerical modelling exists, so far. Therefore, this 
part of the signal is more open to speculation and variety of interpretation. Here 
we adopt LBB as a quantity of particular relevance, as it is probably a direct indicator 
of the accretion disk formed by the debris of the disrupted star. We model the 
time evolution of LBB following ref. 18, with a change from faster to slower cooling 
at t − tpeak ≳ 100 d (Fig. 1), where the cooling rate approaches the trend LBB ∝ t−5/3, 
which is expected if the mass accretion rate follows the fallback time of stellar 
material1,2 (see dotted curve in Fig. 1).

Our proposed jetted TDE scenario builds on the methods of ref. 11. In the 
remainder of this section, the main features, assumptions and inputs are described.

(1) Jet variability, Lorentz factor and physical energy. For the jet, a bulk Lorentz 
factor Γ  Oð10Þ

I
 is a natural value, inspired by AGN observations (for example, 

ref. 38) and consistent with the best-known jetted TDE, Swift J1644+5739. We 
take Γ = 7, and assume a viewing angle of zero, therefore the Doppler factor is 
D = 2Γ ≈ 14; these values are centred around the usual assumption of a boost 
factor of about 10. Consequently, the jet opening angle can be estimated as 1/Γ. 
Matter propagating in the jet has density and velocity inhomogeneities, leading to 
collisions of plasma shells at the collision radius RC where internal shocks form, 
and proton acceleration and subsequent neutrino production via proton–photon 
scattering occurs. The inhomogeneities are characterized by the variability 
timescale of the jet, tv, for which the Schwarzschild time is a plausible lower 
limit: tv≳τs  2πRs=c  63 s M=ð106 MÞð Þ

I
. A comparable value, tv ≈ 100 s, was 

favoured by the Swift J1644+57 data39, and is adopted here. Using the estimates 
above for Γ and tv, one obtains a typical RC ≈ 2Γ2ctv ≳ 2Γ2cτs of about a few ×1014 cm. 
Note how this value is comparable to RBB, equation (4).

For the physical energy of the jet, we assume Lphysjet ¼ 3 ´ 1045 erg s�1  20LEdd
I

 
at peak time, consistent with equation (2). We also assume that Lphysjet

I
 evolves with 

time proportionally to LBB until when Lphysjet

I
 drops below LEdd and the jet is expected 

to cease2. The time of jet cessation depends on the (uncertain) evolution of RBB, and 
can take place at ~170 to 300 d post peak (Fig. 1)—which is in any case after the 
time of the neutrino detection; we apply an exponential cutoff / expð�Ledd=L

phys
jet Þ

I
 

to the proton luminosity to include this effect. It can be estimated that over this 
timescale a total emitted energy Etot ≲ 3 × 10−2 M⊙c2 is needed to power the jet. We 
assume that electromagnetic signatures of the jet cannot be seen due to absorption, 
similarly to the case of X-rays (discussed below).

(2) Collision radius. The long delay of the neutrino detection with respect to tpeak 
suggests little or no decrease of the neutrino luminosity over more than 100 d. To 
reproduce this feature, we introduce a new element, a time-decreasing collision 
radius RC. In particular, inspired by the numerical similarity RC ≈ RBB at peak time, 
we assume that RC follows the observed evolution of RBB (ref. 18):

RC

1014 cm
 5:0 exp � t�tpeak

109 d

 
; t � tpeak≤150 d

1:3; t � tpeak>150 d :

(
ð5Þ

In general, a time-decreasing RC can be justified in the context of the overall decline 
of the power of the jet, which might result for example, in a decreasing value of Γ. 
We note that the estimate RC ≈ 2 Γ2tv does not literally hold in multizone collision 
models, but rather a more physical description of the collision radius should be 
done in terms of the distance between the plasma shells and their width (see ref. 40 
for an in-depth discussion). Since the pion production efficiency scales / R�2

C
I

, the 
drop in RC will enhance the late-term neutrino production.

(3) Target photons. Another key element of our model is that the background 
photons necessary for the photo-pion production originate externally to the jet, 
as the X-rays that are emitted from the inner accretion disk (at R ≈ RX) are then 
backscattered into the jet funnel (Fig. 2, right panel). This assumption is attractive 
because it links the neutrino production to AT2019dsg being particularly bright 
in X-rays. The description also naturally fits the neutrino energy, as the target 
photon energy to produce petaelectronvolt neutrinos can be estimated (for external 
photons boosted into the jet frame) as

EX ðkeVÞ  0:025
Eν ðPeVÞ : ð6Þ

Therefore, for the jetted TDE scenario with external radiation, X-rays with the 
observed temperature are the ideal target. In principle, some UV photons could 
also reach the collision region and serve as targets for neutrino production. 
However, their contribution should be negligible, because: (i) the flux of 
backscattered UV photons should be small, since observations are consistent with 
an unabsorbed UV flux and the emission geometry is different (see (4) for their 
potential impact); and (ii) unscattered UV photons would enter the (relativistically 
moving) collision region from behind, resulting in decreasing photo-pion 
efficiency.

The observed exponential decline of LX suggests that a time-dependent 
absorption effect might be at play. Hence, we consider a scenario where an 
expanding outflow obscures the X-rays. For an expansion speed v ≈ 0.1c—which is 
conservative, values reaching v ≈ 0.5c are expected closer to the jet (see ref. 24)— 
we find that, over the characteristic X-ray decline time of ~10 d, the cocoon 
expands out to at least a distance ~3 × 1015 cm, which can serve as an estimate for 
the absorption radius Rabs. Considering that Rabs exceeds the initial value of RC by 
nearly an order of magnitude, it is realistic to expect that a fraction of the X-ray 
photons will be absorbed/reprocessed over the length scale RC ≈ RBB. The scattered 
photons will then serve as an external target photon field of isotropized X-rays, 
leading to Doppler-boosted (by a factor D2, leading to enhanced pion production) 
target photon density similar to external photon targets in AGNs (see, for example, 
ref. 41, whose description we follow here).

One can check that our proposed mechanism for the photon background is 
compatible with theoretical outflow models. Considering that in such models the 
matter density has a somewhat complicated dependence on radial distance and 
on time, and that several processes contribute to the scattering and absorption 
of X-rays42, only a rough estimate can be presented here. The Thomson optical 
depth (from charge neutrality, assuming that the electron density is half of that 
of protons/neutrons and there is a significant contribution from free electrons) is 
given by

τT  2
ρ

10�14 g cm�3

� �
d

1015 cm

� �
; ð7Þ

where d is the travelled distance. In ref. 24 (see Fig. 4 there; for the densities ρ, see 
Fig. 3), the numerically calculated region where the electron-scattering optical 
depth approaches 1 is shown, and its size is found to be comparable to RBB (for a 
wide range of angular distances from the jet funnel), which justifies our assumption 
of photon isotropization at and beyond that scale of length. Note that the photon 
absorption opacity especially increases beyond the photo-ionization threshold of 
hydrogen (13.6 eV), which means that it is plausible that UV photons can escape 
whereas X-rays are confined; details are model dependent.

To implement the scenario described above quantitatively, we model the 
unattenuated X-ray luminosity according to simulations for TDEs with slim 
disks, for example, ref. 43, which show that the X-ray luminosity does not follow 
the mass fallback rate, but stays nearly constant up to the time of flare cessation 
(the mass accretion rate becomes sub-Eddington). In ref. 43, an exponential drop 
over a timescale of 200 d post peak is found for the SMBH mass used here, which 
we incorporate into our model, assuming that the unattenuated light curve is 
at the level of the observations at the earliest times measurements are available 
(t − tpeak = 17 d). Note that the applicability of the slim-disk model may be limited, 
especially at early times43. However, our neutrino light curve does not qualitatively 
change even if the X-ray luminosity follows the BB one. We furthermore assume 
that 10% of the unattenuated X-rays isotropize and build up on the attenuation 
timescale, with the same energy spectrum as the unattenuated parent photon flux 
(which is plausible considering the relatively low rate or photon re-processing). 
Note that this radiation will not be observable, so any late-term X-ray bounds only 
apply to the thick blue (dashed) curve in Fig. 1.

(4) Hadronic content of the jet. Protons (proton energy: E0
p

I
) are assumed to be 

accelerated at the collision radius RC by internal shocks to a power-law spectrum 
/ E0

p
�2

I
 (primed indices refer to the shock frame) with a maximal energy 

determined by balancing the acceleration rate t0�1
acc ¼ ηc=R0

L
I

 (with moderate 
acceleration efficiency η = 0.01 and R0

L
I

 the Larmor radius of the proton) with 
the synchrotron loss and dynamical rates (so the Hillas criterion is satisfied). 
As the interactions occur in the optically thin (to pγ interactions) regime, the 
requirements for proton acceleration are moderate. The (isotropic equivalent) 
proton luminosity is given by Lisop  ð2Γ2ÞεLphysjet

I
 (Fig. 1), where (2Γ2) is the 

beaming factor and ε is the transfer (dissipation) efficiency from jet kinetic energy 
into non-thermal radiation dominated by baryons. We take ε ≈ 0.2, which is well 
within the range of typical values for gamma-ray burst internal shock scenarios 
(see, for example, refs. 40,44–47).

Note that, if the non-thermal radiation from the jet can escape, its 
non-observation results in a lower limit on the jet baryonic loading, ξb, which is 
usually defined as the ratio of proton and electron injection luminosities. More 
specifically, assuming that the electrons are in equilibrium with the X-rays, 
one can estimate the minimal baryonic loading by comparing the required 
isotropic-equivalent proton luminosity to the X-ray bounds. Using the late-term 
bound LX ≲ 1042 erg s−1 (ref. 18) one obtains ξb ≳ 103–104, which implies that the 
expected non-thermal X-ray signal is below the current bound if there is sufficient 
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energy in protons compared with electrons. Comparable or larger numbers 
are typical for hadronic models of AGNs, such as the first identified neutrino 
emitter, TXS 0506+05648. One should consider, however, that constraints depend 
on the photon spectrum of AT2019dsg. For example, if an AGN-like spectrum 
is assumed—with its characteristic suppression in the X-ray band and likely 
peak in the optical–UV and gamma-ray ranges—the constraint on ξb may be 
about an order of magnitude weaker. One may wonder about the contribution 
of non-thermal X-rays from the jet to the neutrino production. Because these 
photons are produced in the jet co-moving frame (and so are not Lorentz boosted), 
for them the neutrino production efficiency is lower compared with the external 
(boosted) photons; this efficiency problem has been studied for TXS 0506+056 and 
AGNs in general49,50.

(5) Magnetic field and other assumptions. We assume that the magnetic 
field energy density takes a fraction of 10% of the proton energy density11 
(corresponding to 2% of the jet kinetic energy), which leads to a magnetic field 
B′ ≈ 90 G. The neutrino mixing angles are taken from from NuFIT 4.1 (2019)51. 
Note that in our model, the information from radio data are not directly relevant 
for the neutrino production, mainly because Rradio ≫ RC.

Our numerical treatment closely follows ref. 11, with the time evolution of the 
spectra being calculated in discrete steps of 1 d width.

(6) Shape of the resulting neutrino spectrum and light curve. The 
neutrino light curve (Fig. 1) is approximately described by Lν / Lisop f ν

I
, where 

f ν / L isotropized
X =R2

C
I

 is the neutrino production efficiency and L isotropized
X
I

 is the 
luminosity of the isotropized X-rays. Consequently, there are three competing 
processes determining its shape: (1) the evolution of Lisop

I
, dropping with the BB 

luminosity (Fig. 1), (2) the decrease of RC following equation (5) and (3) the 
evolution of L isotropized

X
I

. The time of the first peak of the neutrino light curve is 
determined by the timescale of isotropization of the X-rays, which is inferred 
from the observed obscuration timescale. The decline following the first peak 
comes from the combined effect of decreasing proton luminosity—including 
the break at t − tpeak ≈ 100 d—and of the decreasing collision radius. The peak 
at t − tpeak ≈ 150 d originates from the stagnation of the collision radius decrease 
in equation (5). The later decline, after the second peak, follows the decreasing 
Lisop
I

 and its eventual exponential cutoff, occurring when Lphysjet

I
 falls below the 

Eddington luminosity (at t − tpeak ≈ 300 d, shown in Fig. 1). Note that following 
the slim-disk model, the unattenuated X-ray luminosity is assumed to decline 
exponentially over a timescale of 200 d. The effect of that model-dependent time 
evolution on the neutrino light curve is secondary: as a test, we produced results for 
an alternative scenario, where the unattenuated X-ray luminosity evolves with time 
following the BB luminosity; we found that the qualitative conclusions are robust.

Let us now comment on the neutrino spectrum in Fig. 3. Its general form 
roughly matches the naive estimate presented in equation (6) for the Δ-resonance; 
however, its detailed shape is broader, because multipion production is efficient 
due to the high target photon temperature. A number of uncertainties affect 
the neutrino spectrum and light curve. Specifically, the high-energy end of the 
spectrum depends on the maximal proton energy (determined by the acceleration 
efficiency), Ep;max≳20Eν � 4 PeV

I
 (estimated from the observed neutrino energy 

Eν ≈ 0.2 PeV). The neutrino spectrum would be enhanced at high energy for higher 
Ep;max

I
, if a background of lower-energy photon targets were available, for example, 

as isotropized UV photons. In such a case, the neutrino spectrum would peak at 
about a factor of 20 higher energy according to equation (6), which implies that 
Ep;max≳80 PeV
I

 is required. Conservatively, we did not include this possibility in the 
main text as there is no observational evidence for UV obscuration/backscattering. 
Moreover, due to the different sizes of the X-ray and UV photospheres, one can 
not apply the same assumptions as for the X-ray backscattering (thus introducing 
further uncertainty). Still, we have done that in a test run—assuming the same 
acceleration efficiency as in the main text—with the goal of studying an extreme 
scenario. As expected, we find an overall more energetic neutrino spectrum, which 
would be less compatible with the observed neutrino energy. Note that unscattered 
UV photons or X-rays (which may be relevant at early times, before obscuration 
sets in) have an ~102 lower Doppler factor than backscattered photons, since they 
come from behind the production region. Therefore, their contribution to the 
neutrino flux is suppressed.
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