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Detecting neutrinos is not easy
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Event view of IceCube-170922



Neutrino astronomy

• Astrophysical signal detected: 
announced by IceCube in 2013 


• Event rate: ~10 per year 


• Many possible origins: Blazars, 
SNe, Pulsars, GC, Fermi Bubbles, 
GRBs, FRBs, …


• But no cross-correlation detected 
with known sources (see talk later 
today by Shin'ichiro Ando)


• Origin remains largely unknown
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Solution: real time follow-up

• Since 2016, IceCube releases neutrino 
“alerts” (~50% signal probability) 


• Localized to 1-10 deg2


• Chance coincidence with a Fermi-
detected blazar is high


• The temporal coincidence with a 
gamma ray flare from a blazar leads to 
association at the 3 sigma level 
(Science 2018)
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Follow-up of neutrino alerts with the Zwicky Transient Facility (ZTF)
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ZTF and Tidal Disruption Events

• Tidal Disruption Events (TDEs) are rare: only 
30 found in the last decade                                    
(for a review see van Velzen et al. 2020)


• With ZTF, we tripled the number good TDEs     
(van Velzen et al. 2019; 2021) 

• Radio-emitting TDEs are even more rare 
(Alexander, van Velzen, et al. 2020)

• In October 2019, we found a HE neutrino 
spatially coincident with a radio-emitting TDE              
(Stein et al. ATel #13160)
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Image: Robert Stein

One of the 16 ZTF CDDs (3 deg2)


On the day of IC191001A
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Paintball-based significance (p=0.005)
A neutrino coincident with a tidal disruption event

Radio TDE

Neutrino

Image credit: Gaia/DPAC



The multi-wavelength picture
A record-breaking TDE

• Very high UV luminosity 
(2nd highest flux on Earth)


• X-rays from accretion disk 


• Very bright IR emission 
due to “dust echo” 

• Neutrino arrived late, 
about 6 months post peak
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Figure 1: Multi-wavelength lightcurve of AT2019dsg. Error bars represent 1� intervals. The upper
panel shows the optical photometry from ZTF, alongside UV observations from Swift-UVOT. The
plateau luminosity is a factor of 10 brighter in UVW2 than the pre-disruption baseline of the host
galaxy. The lower panel shows the integrated X-ray energy flux, from observations with Swift-XRT
and XMM-Newton, in the energy range 0.3-10 keV. Arrows indicated 3� upper limits. The vertical
dotted line illustrates the arrival of IC191001A.

9

ne
ut

rin
o 

ar
riv

al



Radio monitoring with the VLA
Constant energy injection by central engine

11 Figure 2: Synchrotron analysis. Left: radio measurements from VLA, AMI, and MeerKAT, at four
epochs with times listed relative to the first optical detection. The coloured lines show samples
from the posterior distribution of synchrotron spectra fitted to the measurements, the dashed lines
trace the best-fit parameters. The free parameters are the electron power-law index (p = 2.9±0.1),
the host baseline flux density, plus the magnetic field and radius for each epoch. Right: the energy
and radius for each epoch for a conical outflow geometry with an opening angle of 60�. The dotted
lines indicate a linear increase of both parameters. The last epoch shows a significant (> 3�)
increase over the previous expansion rate of the outflow. Error bars represent 1� intervals.
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Stein, van Velzen et al. (2021, Nature Astronomy)



Multiple zones of emission 
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of the neutrino ~180 d after discovery. Given that neutrinos typi-
cally take a fraction !p" ! 0.05 of the parent proton energy, our 
accelerator must be capable of accelerating protons to at least 4 PeV. 
We evaluate the Hillas criterion32 that the proton Larmor radius 
be less than the system size, to determine whether this is possible. 
We use our estimates for conditions in the synchrotron zone at the 
time of neutrino detection, with B ! 0.07 G and R ! 7 " 1016 cm for  
the near-contemporaneous radio epoch. Taking this as a baseline, 
we find a maximum proton energy of ~160 PeV, far in excess of our 
requirements. The Hillas criterion can also be satisfied within the 
engine that powers the radio-emitting outflow, because the product 
BR is not expected to decrease at smaller radii (for example, B # R$1 
for a toroidal configuration).

The target for neutrino production can be either photons (p# 
interactions) or protons (pp interactions). For a photon target, neu-
trino production occurs above an energy determined by the mass of 
the % resonance, m%. For a thermal spectrum, of temperature T, we 
then find $" ! !p"[(m%

2 $ mp
2)/4$#] ! 0.3(T/105 K)$1 PeV. For the UV 

photosphere of the TDE we find $" ! 0.8 PeV, while for the compact 
X-ray source we find $" ! 0.05 PeV. Both of these values are compat-
ible with the observed neutrino, for which there is a typical uncer-
tainty of one energy decade33, so either photon field could serve as 
a target. For the UV photosphere, we find that the mean free path 
for the parent proton of a petaelectronvolt neutrino (~2 " 1013 cm, 
Supplementary Information) is much smaller than the photosphere 
radius, so the UV photosphere is indeed optically thick. At smaller 
radii, the X-rays would overtake the UV photons as dominant scat-
tering targets.

In the multizone model, shown in Fig. 3, the thermal photons 
provide a guaranteed target for pion production. However, hadrons 
could in principle also serve as a target, leading us to consider a 
single-zone scenario in which the protons are accelerated at the 
same location as the synchrotron-emitting electrons, with the neu-
trino spectrum following the same intrinsic energy power law as 
the protons and electrons. For pp neutrino production, high tar-
get densities of np ! 1/(%ppR) ! 108 cm$3 would be required for effi-
cient production of neutrinos, where %pp is the proton–proton cross  

section and R ! 1017 cm is the characteristic size of the radio region 
at the time of neutrino production. This high density could be 
provided by the unbound stellar debris, although this component 
moves with a typical maximum velocity29 of 0.05 c, and therefore the 
majority of this debris would have to be swept up with the outflow. 
Alternatively, the density could be provided by pre-existing gas, 
although since this gas orbits in the sphere of influence of the black 
hole it would be challenging to satisfy the upper limits on predis-
ruption accretion.

To obtain the expected neutrino flux from this source we have 
to estimate the energy (Ep) carried by protons that are accelerated 
above the energy threshold needed to produce high-energy neu-
trinos. The outflow energy of 2 " 1050 erg that we derived from the 
radio observations (Fig. 2) represents a lower bound to the energy 
that is available for particle acceleration in a central engine. Indeed, 
the total energy budget for a TDE is set by the mass of the disrupted 
star, with ETDE ! (1/2)0.1 M& c2 ! 1053 erg for a solar-mass star. We 
will assume that 1% of this total energy budget is carried by relativis-
tic protons, Ep ! 1051 erg. The total energy in muon neutrinos would 
then be E",tot = (1/8)Ep ! 1050 erg for efficient optically thick pion 
production, after accounting for the pion decay yield and subse-
quent neutrino flavour oscillations. Convolving this implied energy 
E",tot with the effective area, Aeff, of IceCube’s high-energy neutrino 
alert selection34, we estimate the expected number of neutrino 
alerts. Approximating the sharply peaked p# neutrino spectrum as 
a monoenergetic flux anywhere in the range 0.2 PeV ' $" ' 1 PeV, 
we find N" = (E",tot/$")(Aeff/4(DL

2)! 0.03. Thus any optically thick p# 
scenario would be sufficient to produce the neutrino under these 
assumptions.

In contrast to a peaked p# neutrino spectrum, for pp produc-
tion the neutrinos would instead follow a power law. Many of these 
neutrinos would then fall below the threshold of IceCube’s alert 
selection. The associated gamma rays would however fall within 
the sensitive range of gamma-ray telescopes, so this scenario could 
be securely identified through a joint neutrino–gamma-ray signal. 
While no gamma-ray emission was measured using the Fermi Large 
Area Telescope (Fermi-LAT) for AT2019dsg (see Methods and 
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Fig. 3 | Diagram of the three emission zones in AT2019dsg. a, The temporal evolution of the three emission regions. b, The geometry of these same 
regions. The size of the region responsible for radio emission (in grey), as well as the blackbody radius for the UV emission (in purple), is derived from 
data. The Schwarzschild radius is plotted in black for a black hole mass of 3!"!107!M&. The white lines in a represent a continuous outflow with velocity c.
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Conclusions
• Tidal disruption events: second possible source for 

cosmic neutrinos


• Radio observations imply a central engine with 
constant power over ~1 yr


• From the neutrino detection we infer this engine can 
accelerate protons to at least ~1 PeV


• A few acceleration mechanisms possible               
(Winter & Lunardini 2021; Murase+20; Liu+20)


• I prefer the accretion disk: high UV photon density 
leads to PeV scale neutrino production                            
(via Δ resonance; equivalent to GZK limit) 
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What is next?
• We already found another ZTF neutrino association! 

(unpublished)


• More TDEs from ZTF and BlackGEM (NOVA-funded), 
with machine learning applications 


• More radio follow-up with VLA Large program         
(300 hours!) and MeerKAT


• IR observations of TDE dust echoes (James Webb 
Space Telescope preparation)


• Population analysis to infer black hole spin (axions!)


• Contact me for student projects or to collaborate
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URLs
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https://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=2030&two_columns=0


https://www.youtube.com/watch?v=-_dFQYQCmqk


https://www.nasa.gov/feature/goddard/2021/nasa-s-swift-helps-tie-neutrino-to-star-shredding-black-hole

https://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=2030&two_columns=0
https://www.youtube.com/watch?v=-_dFQYQCmqk
https://www.nasa.gov/feature/goddard/2021/nasa-s-swift-helps-tie-neutrino-to-star-shredding-black-hole
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ApJ 2021 (arXiv:2001.01409)

ZTF TDEs each get a Game of Thrones name. 

Before the neutrino detection, the TDE of this talk was called Bran Stark, 


so we now call him the Three Eyed Raven

https://arxiv.org/abs/2001.01409
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https://www.youtube.com/watch?v=-_dFQYQCmqk

