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A B S T R A C T 

We report on the search for optical counterparts to IceCube neutrino alerts released between 2016 April and 2021 August with the 
All-Sky Automated Survey for SuperNovae (ASAS-SN). Despite the discovery of a diffuse astrophysical high-energy neutrino 

flux in 2013, the source of those neutrinos remains largely unknown. Since 2016, IceCube has published likely astrophysical 
neutrinos as public real-time alerts. Through a combination of normal surv e y and triggered target-of-opportunity observations, 
ASAS-SN obtained images within 1 h of the neutrino detection for 20 per cent (11) of all observable IceCube alerts and within 

one day for another 57 per cent (32). For all observable alerts, we obtained images within at least two weeks from the neutrino 

alert. ASAS-SN provides the only optical follow-up for about 17 per cent of IceCube’s neutrino alerts. We reco v er the two 

previously claimed counterparts to neutrino alerts, the flaring-blazar TXS 0506 + 056 and the tidal disruption event AT2019dsg. 
We investigate the light curves of previously detected transients in the alert footprints, but do not identify any further candidate 
neutrino sources. We also analysed the optical light curves of Fermi 4FGL sources coincident with high-energy neutrino alerts, 
but do not identify any contemporaneous flaring activity . Finally , we derive constraints on the luminosity functions of neutrino 

sources for a range of assumed evolution models. 

Key words: neutrinos – gamma-ray burst: general – supernovae: general. 
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 I N T RO D U C T I O N  

eutrinos are unique messengers from the high-energy Universe. 
roduced through interactions of high-energy cosmic rays with 
mbient matter and photon fields, they provide an unambiguous 
racer of the sites of hadronic acceleration (see Ahlers & Halzen 
018 for a recent re vie w). Follo wing the discovery of a diffuse
strophysical neutrino flux by the IceCube collaboration (Aartsen 
t al. 2014 ; Aartsen et al. 2015 ), there is now a major effort to
dentify their origin. No significant clustering has yet been found 
ithin the neutrino data alone, but a search for neutrino clusters from
nown gamma-ray emitters found evidence for a correlation with the 
earby Seyfert galaxy NGC 1068 at the 2.9 σ level (Aartsen et al.
020 ). 
 E-mail: jannis.necker@desy.de 
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A complementary approach is to search directly for electromag- 
etic counterparts to individual high-energy neutrinos that have 
 high probability to be of astrophysical origin. Since 2016, the
ceCube realtime programme (Aartsen et al. 2017b ) has published 
heir detections of such events through public realtime alerts and two
andidate electromagnetic counterparts have since been identified at 
he ∼3 σ level. In 2017, the gamma-ray blazar TXS 0506 + 056 was
bserved in spatial coincidence with a high-energy neutrino during a 
eriod of electromagnetic flaring (Aartsen et al. 2018 ). A search for
eutrino clustering from the same source revealed an additional neu- 
rino flare in 2014–15 (IceCube Collaboration 2018 ), during a period
ithout any significant electromagnetic flaring activity (Garrappa 

t al. 2019 ). Theoretical models have confirmed that conditions in the
ource are consistent with the detection of one neutrino after account-
ng for Eddington bias (Strotjohann, Kowalski & Franckowiak 2019 ). 
o we v er, e xplaining the ‘orphan’ neutrino flare in 2014/15 pro v ed

o be difficult (Reimer, Boettcher & Buson 2019 ; Rodrigues et al.
019 ). Statistically, the gamma-ray blazar population contributes 
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Figure 1. Statistics of ASAS-SN follow-up observations of the 85 IceCube 
alerts issued through to 2021 August. 
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ess than 27 per cent to the diffuse neutrino flux (Aartsen et al.
017c ). 
In 2019, the tidal disruption event (TDE) AT2019dsg was as-

ociated with a high-energy neutrino (Stein et al. 2021b ). Models
ave proposed various TDE neutrino production zones, including the
ind, disc, or corona (see Hayasaki 2021 for a recent re vie w) which

re consistent with the detection of one high-energy neutrino. Radio
bservations of AT2019dsg confirm long-lived non-thermal emission
rom the source (Stein et al. 2021b ; Cendes et al. 2021 ; Mohan et al.
022 ; Matsumoto, Piran & Krolik 2022 ), but generally challenge
odels relying on the presence of an on-axis relativistic jet (Winter &
unardini 2021 ). A population analysis constrained the contribution
f TDEs to less than 39 per cent of the diffuse neutrino flux (Stein
019a ). The flare AT2019fdr was observed in coincidence with a
igh-energy neutrino (Reusch et al. 2022 ). Its TDE-like features
nd the strong dust echos in AT2019fdr and AT2019dsg moti v ated
 search for similar events that found a correlation at 3.7 σ level
f such flares with high-energy neutrino alerts (van Velzen et al.
021 ). Meanwhile, it has also been suggested that AT2019fdr is a
uperluminous supernova (Pitik et al. 2021 ). Taken together, these
esults suggest that the astrophysical neutrino flux has contributions
rom multiple source populations (Bartos et al. 2021 ). Other possible
eutrino source populations include supernovae and gamma-ray
ursts. 

Here, we present the optical follow-up of 56 IceCube realtime
lerts released between 2016 April and 2021 August with the All-
k y Automated Surv e y for SuperNo vae (ASAS-SN; Shappee et al.
014 ; Kochanek et al. 2017 ). ASAS-SN is a network of optical
elescopes located around the globe that observes the visible sky
aily. Its large field of view makes it well-suited for fast follow-
p of IceCube alerts and enables searches for transient neutrino
ounterparts. In Section 2 , we introduce the IceCube alert selection
ollowed by the description of our optical follow-up. We present our
nalysis of possible counterparts in Section 3 . We derive limits on
eutrino source luminosity functions in Section 4 and discuss our
onclusions in Section 5 . 

 I C E C U B E  REA LTIME  ALERTS  

he IceCube neutrino observatory, located at the South Pole, is the
orld’s largest neutrino telescope, with an instrumented volume of
ne cubic kilometre (Aartsen et al. 2017a ). The IceCube realtime
rogramme (Aartsen et al. 2017b ) has released alerts since 2016
or individual high-energy ( > 100 TeV) neutrino events with a
igh probability to be of astrophysical origin. Initially, there were
wo alert streams: the Extremely-High Energy (EHE) alerts and
he High-Energy-Starting Events (HESE) alerts. EHE events were
eported with an estimate of the probability for the event to have
n astrophysical origin, called signalness . This quantity was not
eported for the HESE alerts. The first alert was issued on 2016
pril 27 (Blaufuss 2016a ). To increase the alert rate and to reduce

he retraction rate, these streams were replaced with a unified
Astrotrack’ alert stream in 2019 (Blaufuss et al. 2019 ). All alerts
re now assigned a signalness value, with the stream subdivided into
old alerts (with a mean signalness of 50 per cent) and Bronze alerts

mean signalness of 30 per cent). 
A total of 85 alerts were issued before 2021 September. Twelve

ere later retracted because they were consistent with atmo-
pheric neutrino background ev ents. F or two alerts, IC190504A and
C200227A, IceCube was not able to impro v e the uncertainty of
he spatial localization beyond the initial estimate. Since the initial
ocalizations are typically a lot smaller than the more sophisticated
NRAS 516, 2455–2469 (2022) 
ethod which is used for the final estimate, we would o v erestimate
ur co v erage and thus produce o v erly constraining limits by using
hem (see Section 4 ). Therefore, we exclude these two alerts from
he subsequent analysis. The remaining 71 neutrino alerts were
andidates for our follow-up programme. A summary of the follow-
p status of the alerts is shown in Fig. 1 . All IceCube neutrino alerts
hat could be followed up with ASAS-SN are listed in Table 1 . The
nes that could not be observed are listed in Table 2 . 

 O P T I C A L  FOLLOW-UP  WI TH  ASAS-SN  

.1 The All-Sky Automated Sur v ey for Superno v ae 

SAS-SN is ideal to search for optical counterparts to external
riggers such as IceCube neutrino alerts or gra vitational-wa v e ev ents,
ecause it is the only ground-based surv e y to map the visible sky
aily to a depth of g = 18.5 mag (Shappee et al. 2014 ; Kochanek
t al. 2017 ). ASAS-SN started late 2013 with its first unit, Brutus,
ocated on Haleakala in Hawaii (USA). Shortly after, in 2014, ASAS-
N expanded with a second unit, Cassius, situated at Cerro Tololo
nternational Observatory (CTIO) in Chile. Since late-2017, ASAS-
N is composed of five stations located in both hemispheres: the

wo original stations (Cassius and Brutus), Paczynski, also situated
t CTIO in Chile, Leavitt at McDonald Observatory in Texas (USA),
nd finally Payne-Gaposchkin at the South African Astrophysical
bservatory (SAAO) in Sutherland, South Africa. The two original
nits used a V -band filter until late-2018. The new units were installed
sing g -band filters and the two old units were switched from V to
 after roughly a year of V - and g -band o v erlap. Each unit consists
f four 14-cm aperture Nikon telephoto lenses, each with a 4.47 by
.47-deg field of view. They are hosted by Las Cumbres Observatory
Brown et al. 2013 ). 

The ASAS-SN surv e y has two modes of operation (de Jaeger et al.
022 ): a normal surv e y operation mode and a Target-of-Opportunity
ode (ToO) to get rapid imaging follow-up of multimessenger alerts.
uring normal operations, each ASAS-SN field is observed with

hree dithered 90-s exposures with ∼15 s of o v erheads between
ach image, for a total of ∼315 s per field. For the ToO mode, we
rigger immediately if there is a site that can observe the IceCube
eutrino region. Thanks to the four sites, this is often the case. We
btain ∼15 −20 exposures for the pointing closest to the centre of the
earch region to go deeper and discover fainter candidates. All the
mages obtained from the ToO or the normal surv e y are processed
nd analysed in realtime by the standard ASAS-SN pipeline. A full
escription of the ASAS-SN optical counterpart search strategy can
e found in de Jaeger et al. ( 2022 ). 

art/stac2261_f1.eps
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Table 1. A summary of the 56 neutrino alerts followed up by ASAS-SN. In the first three column, we list the name of the alert and its position. In Columns 
4–6, we give the 90 per cent rectangular localization of the neutrino as sent out in the GCN and the fraction of this area co v ered by ASAS-SN in the first 
24 h and 14 d, respectively, after the neutrino arrival. Finally, we list the signalness of the event and the reference to the original IceCube GCN. For HESE 

events, no signalness values were given and we neglect these events to be conserv ati ve. 

Event RA (J2000) Dec. (J2000) 90 per cent area 1d co v erage 14d co v erage Signalness Reference 
(deg) (deg) (sq. deg.) (per cent) (per cent) (per cent) 

IC160427A 240.57 + 9.34 1.4 100.0 100.0 – Blaufuss ( 2016a ) 
IC160731A 214.50 −0.33 2.2 36.2 100.0 85 –
IC160814A 200.30 −32.40 12.0 0.0 100.0 – Cowen ( 2016a ) 
IC161103A 40.83 + 12.56 3.1 79.9 100.0 – Taboada ( 2016 ) 
IC161210A 46.58 + 14.98 1.7 0.0 100.0 49 Blaufuss ( 2016b ) 
IC170312A 305.15 −26.61 0.9 0.0 100.0 – Blaufuss ( 2017a ) 
IC170321A 98.30 −15.02 5.6 4.5 100.0 28 Blaufuss ( 2017b ) 
IC170922A 77.43 + 5.72 1.3 100.0 100.0 57 Kopper & Blaufuss ( 2017 ) 
IC171106A 340.00 + 7.40 0.7 100.0 100.0 75 Taboada ( 2017 ) 
IC181023A 270.18 −8.57 9.3 70.5 100.0 28 Blaufuss ( 2018b ) 
IC190104A 357.98 −26.65 18.5 14.0 100.0 – Kopper ( 2019a ) 
IC190221A 268.81 −17.04 5.2 78.6 100.0 – Taboada ( 2019 ) 
IC190331A 337.68 −20.70 0.4 0.0 100.0 – Kopper ( 2019b ) 
IC190503A 120.28 + 6.35 1.9 100.0 100.0 36 Blaufuss ( 2019b ) 
IC190619A 343.26 + 10.73 27.2 100.0 100.0 55 Blaufuss ( 2019c ) 
IC190629A 27.22 + 84.33 5.0 0.0 70.6 34 Blaufuss ( 2019d ) 
IC190704A 161.85 + 27.11 21.0 100.0 100.0 49 Santander ( 2019a ) 
IC190712A 76.46 + 13.06 92.0 0.0 13.1 30 Blaufuss ( 2019e ) 
IC190730A 225.79 + 10.47 5.4 100.0 100.0 67 Stein ( 2019b ) 
IC190922B 5.76 −1.57 4.5 100.0 100.0 51 Blaufuss ( 2019f ) 
IC191001A 314.08 + 12.94 25.5 100.0 100.0 59 Stein ( 2019d ) 
IC191122A 27.25 −0.04 12.2 100.0 100.0 33 Blaufuss ( 2019h ) 
IC191204A 79.72 + 2.80 11.6 98.8 100.0 33 Stein ( 2019e ) 
IC191215A 285.87 + 58.92 12.8 0.0 12.4 47 Stein ( 2019f ) 
IC191231A 46.36 + 20.42 35.6 100.0 100.0 46 Santander ( 2019c ) 
IC200107A 148.18 + 35.46 7.6 0.0 78.2 50 a Stein ( 2020a ) 
IC200109A 164.49 + 11.87 22.5 77.7 100.0 77 Stein ( 2020b ) 
IC200117A 116.24 + 29.14 2.9 0.0 100.0 38 Lagunas Gualda ( 2020a ) 
IC200410A 242.58 + 11.61 377.9 38.0 100.0 31 Stein ( 2020c ) 
IC200425A 100.10 + 53.57 18.8 7.2 100.0 48 Santander ( 2020a ) 
IC200512A 295.18 + 15.79 9.8 62.5 100.0 32 Lagunas Gualda ( 2020b ) 
IC200523A 338.64 + 1.75 90.6 24.5 100.0 25 Blaufuss ( 2020b ) 
IC200530A 255.37 + 26.61 25.3 92.4 100.0 59 Stein ( 2020d ) 
IC200614A 33.84 + 31.61 47.8 35.2 100.0 42 Blaufuss ( 2020c ) 
IC200615A 142.95 + 3.66 5.9 97.9 100.0 83 Lagunas Gualda ( 2020c ) 
IC200620A 162.11 + 11.95 1.7 100.0 100.0 32 Santander ( 2020b ) 
IC200911A 51.11 + 38.11 52.7 46.5 100.0 41 Lagunas Gualda ( 2020d ) 
IC200916A 109.78 + 14.36 4.2 100.0 100.0 32 Blaufuss ( 2020d ) 
IC200926A 96.46 −4.33 1.7 100.0 100.0 44 Lagunas Gualda ( 2020f ) 
IC200929A 29.53 + 3.47 1.1 65.1 100.0 47 Lagunas Gualda ( 2020g ) 
IC201007A 265.17 + 5.34 0.6 0.0 100.0 88 Santander ( 2020c ) 
IC201021A 260.82 + 14.55 6.9 2.6 100.0 30 Lagunas Gualda ( 2020h ) 
IC201114A 105.25 + 6.05 4.5 100.0 100.0 56 Blaufuss ( 2020g ) 
IC201115A 195.12 + 1.38 6.6 0.0 100.0 46 Lagunas Gualda ( 2020i ) 
IC201120A 307.53 + 40.77 64.3 82.5 100.0 50 Lagunas Gualda ( 2020j ) 
IC201130A 30.54 −12.10 5.4 100.0 100.0 15 Lagunas Gualda ( 2020k ) 
IC201209A 6.86 −9.25 4.7 100.0 100.0 19 Lagunas Gualda ( 2020l ) 
IC201221A 261.69 + 41.81 8.9 0.0 100.0 56 Blaufuss ( 2020h ) 
IC201222A 206.37 + 13.44 1.5 100.0 100.0 53 Blaufuss ( 2020i ) 
IC210210A 206.06 + 4.78 2.8 100.0 100.0 65 Lagunas Gualda ( 2021a ) 
IC210503A 143.53 + 41.81 102.6 27.1 100.0 41 Santander ( 2021a ) 
IC210510A 268.42 + 3.81 4.0 0.0 100.0 28 Santander ( 2021b ) 
IC210608A 337.41 + 18.37 109.7 94.8 100.0 31 Lagunas Gualda ( 2021b ) 
IC210629A 340.75 + 12.94 6.0 100.0 100.0 35 Santander ( 2021d ) 
IC210717A 46.49 −1.34 30.0 69.2 100.0 50 a Lagunas Gualda ( 2021c ) 
IC210811A 270.79 + 25.28 3.2 100.0 100.0 66 Santander ( 2021f ) 

a For offline selected events, no signalness is given. Because they are promising events that were selected by hand, we assume a signalness of 50 per cent. 
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Table 2. A summary of the 15 neutrino alerts that could not be observed by ASAS-SN. We list the event name and position 
in the first three columns. The area of the 90 per cent rectangular localization of the neutrino is listed in Column 4 and the 
reference to the IceCube GCN in Column 6. 

Event RA (J2000) Dec. (J2000) 
90 per cent 

area Reason References 
(deg) (deg) (sq. deg.) 

IC160806A 122.81 − 0 .81 0 .0 Proximity to sun Cowen ( 2016b ) 
IC171015A 162.86 − 15 .44 14 .9 Proximity to sun Blaufuss ( 2017c ) 
IC180908A 144.58 − 2 .13 6 .3 Proximity to sun Blaufuss ( 2018a ) 
IC181014A 225.15 − 34 .80 10 .5 Proximity to sun Taboada ( 2018 ) 
IC190124A 307.4 − 32 .18 2 .0 Proximity to sun Blaufuss ( 2019a ) 
IC190819A 148.8 + 1 .38 9 .3 Proximity to sun Santander ( 2019b ) 
IC190922A 167.43 − 22 .39 32 .2 Proximity to sun Stein ( 2019c ) 
IC191119A 230.1 + 3 .17 61 .2 Proximity to sun Blaufuss ( 2019g ) 
IC200421A 87.93 + 8 .23 24 .4 Operation Blaufuss ( 2020a ) 
IC200806A 157.25 + 47 .75 1 .8 Proximity to sun Stein ( 2020e ) 
IC200921A 195.29 + 26 .24 12 .0 Proximity to sun Lagunas Gualda ( 2020e ) 
IC200926B 184.75 + 32 .93 9 .0 Proximity to sun Blaufuss ( 2020e ) 
IC201014A 221.22 + 14 .44 1 .9 Proximity to sun Blaufuss ( 2020f ) 
IC210516A 91.76 + 9 .52 2 .2 Proximity to sun Santander ( 2021c ) 
IC210730A 105.73 + 14 .79 6 .6 Proximity to sun Santander ( 2021e ) 
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Figure 2. Top panel : Number of events triggered by ASAS-SN within about 
2 weeks of the IceCube alert. Of the 56 ASAS-SN triggers between 2016 and 
2021, 43 were observed in less than 1 d. Bottom panel : The mean probability 
of ASAS-SN observations for an IceCube alert. The boundary between the 
two station and the fully commissioned five station configuration is mid-2019. 
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Prior to 2017 May, only normal operation images were available.
nce the ToO mode was implemented, we triggered on all the

ceCube neutrino alerts and obtained images as soon as possible,
n some cases within 3 min of the alert arri v al time (IC190221A,
C190503A, IC200911A, IC201114A, IC201130A, IC210210A, and
C210811A). For one event (IC161103A), ASAS-SN was observing
he localization region as part of normal survey operations at
he time of the neutrino arri v al, resulting in images taken 105
 before and 2.5 s after the alert arri v al time. Since late 2017,
here generally is a normal operations image ( ∼18.5 mag) taken
ithin a day if there are no weather or technical issues and the

earch region is not Sun or Moon constrained. The bottom panel
f Fig. 2 shows the cumulative distributions of observed events per
ear. 

To estimate the completeness of our observations, we draw light
urves at random locations all over the sky. We inject simulated SN
a light curves and test whether ASAS-SN would have detected the
imulated superno va. F or each light curv e, this is repeated 100 times.
his gives a completeness down to 16.5 mag in V band and 17.5 mag

n g band, respectively. The analysis will be described in Desai et al.
 2022 ). 

Fourteen neutrino alerts had a localization too close to the Sun
o be observed and one alert was missed due to the short observing
indow (less than 2 h), leaving 56 that were followed up out of 71

eal IceCube alerts. The top panel in Fig. 2 shows the cumulative
umber of events observed by ASAS-SN within about 2 weeks from
he neutrino arri v al, where the right side sho ws e v ents observ ed after
he neutrino arri v al. Thanks to our strategy, we managed to observe
1 of the 56 triggered alerts in less than 1 h (20 per cent) among which
ine were observed in less than 5 min, another four in less than 2
 (7 per cent), and 28 in less than 1 d (50 per cent). This illustrates
ur ability to promptly observe the majority of the IceCube alerts
ndependent of the time or localization. Finally, another thirteen
vents were observed between 24 h and 2 weeks (23 per cent; see
ig. 2 ): four within 2 d, two in less than 3 d, four within 4 d, one in

ess than 5 d, and two within 2 weeks. Note that the longest delays in
bservation (IC200107A and IC201221A) were due to observability
onstraints or bad weather. So within at most 2 weeks, we observed
ll of the neutrino alerts that have not been retracted (12), have a well-
efined search region, and satisfy our observational restrictions: (1)
NRAS 516, 2455–2469 (2022) 
he Sun is at least 12 deg below the horizon, (2) the airmass is at most
wo, (3) the hour angle is at most 5 h, and (4) the minimum distance
o the Moon is larger than 20 ◦. 

The left side of the top panel in Fig. 2 shows the cumulative
umber of events that were serendipitously observed during routine
bserv ations. For 36 e vents we obtained images within 24 h before
he alert, which allows us to put better constraints on candidates. The

art/stac2261_f2.eps
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Table 3. An excerpt of Table C1 of the transients that occur at most 500 d before the corresponding neutrino was detected, excluding spectroscopically 
confirmed type-Ia supernovae and CVs where neutrino emission is not expected. We give the name of the Transient and the Julian Date of its disco v ery in 
the first two columns. Columns 3 and 4 list the corresponding IceCube alert and the neutrino arri v al time. In the last two columns, we give the difference 
between transient disco v ery and neutrino arri v al and the transient type. 

Transient ASAS-SN detection IceCube alert Alert epoch � t = t ASASSN − t IceCube Transient type 
JD JD (d) 

ZTF18adicfwn (AT2020rng) 2459089.9 IC210608A 2459373.7 −284 Unknown 
A TLAS19ljj (A T2019fxr) 2458634.9 IC200410A 2458950.5 −316 Unknown 
ZTF19aapreis (AT2019dsg) 2458618.9 IC191001A 2458758.3 −139 TDE 

ZTF19aadypig (SN 2019aah) 2458519.6 IC191119A 2458806.5 −287 SN II 
ASASSN-18mx (SN 2018coq) 2458286.1 IC190619A 2458654.1 −368 SN II 
ASASSN-17ot (AT2017hzv) 2458070.8 IC180908A 2458370.3 −300 Unknown 
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ocalization region of one alert (IC200530A) was observed about 
0 min before the neutrino arri v al and another one (IC161103A)
as being observed at the time of neutrino arri v al. We also sho w

he distributions for the periods before and after mid-2019. This 
arks the commissioning of the full five stations and the switch 

f the first stations to g band (two stations and five stations in
ig. 2 , respectively). We calculate the probability of any event 
eing observed by dividing the number of followed-up events by the 
umber of neutrino alerts. The results are shown in the bottom panel
f Fig. 2 . For any given neutrino alert ASAS-SN has a probability
f about 60 per cent of obtaining observations. Most notably, the 
witch to the five station configuration significantly increased the 
robability of obtaining follow-up observations. For example, it 
ecame 50 per cent more likely to obtain observations within 1 d. 
Finally, it is worth noting that for 12 out of the 71 alerts (around

7 per cent) considered in this analysis, ASAS-SN observations are 
he only optical follo w-up observ ation reported to the Gamma-ray 
oordinates Network (GCN). 1 

.2 Possible counterpart classes to high-energy neutrinos 

he challenge in identifying counterparts to high-energy neutrino 
vents is that there are many possible neutrino source populations, 
ach with different electromagnetic properties. Again, ASAS-SN’s 
arge field of view, fast response time, and archi v al data for the whole
ky make it well suited for disco v ering transient counterparts to the
ceCube neutrino events. The list of promising candidate source 
lasses include the following: 

(i) Supernovae with strong circumstellar material (CSM) inter- 
ctions: Models predict shock acceleration when the supernova 
jecta interacts with the CSM (Murase et al. 2011 ; Murase 2018 ;
irakashvili & Ptuskin 2016 ). For sufficiently high-density CSM, 
trong interactions produce the narrow emission lines defining a 
ype IIn supernova (Schlegel 1990 ; Chugai & Danziger 1994 ). 
he shock can produce high-energy neutrinos for several years but 

or typical type IIn conditions the flux is expected to have dropped
y an order of magnitude after the first year. 
(ii) Gamma-ray bursts (GRBs) and supernovae with relativistic 

ets: Particle acceleration can occur inside the jet or at the shock
here the jet interacts with the star’s envelope (M ́esz ́aros & Waxman
001 ; Ando & Beacom 2005 ; Senno, Murase & M ́esz ́aros 2016 ). This
s true for both ‘successful’ jets that escape the star and ‘choked’ jets.
n the first case, the electromagnetic counterpart would be a stripped-
nv elope superno va with broad spectral features (a broad-line Ic 
 https:// gcn.gsfc.nasa.gov/ selected.html 

d  

s
i  
upernova, SN Ic-BL), and possibly a long GRB with an optical
fterglow if the jet is aligned with the line of sight (Woosley &
loom 2006 ). In the latter case, the object would be a supernova

c or Ib (Senno et al. 2016 ). In either case, a Type Ib/c SN with an
xplosion within a few days of the neutrino arri v al is a compelling
ounterpart candidate, because the neutrino production is expected 
ithin tens of seconds of the core-collapse (Senno et al. 2016 ). 
(iii) Tidal disruption events (TDEs): TDEs have been proposed as 

igh-energy neutrino sources, where neutrino production can occur 
n jets, outflows or winds, the accretion disc itself or the disc corona
see Hayasaki 2021 for a recent re vie w). The TDE AT2019dsg was
bserved in coincidence with a high-energy neutrino alert, where the 
eutrino arrived 150 d after the optical peak of the TDE (Stein et al.
021b ). Another neutrino was observed about 300 d after the peak
f the possible counterpart and candidate TDE AT2019fdr (Reusch 
t al. 2022 ). The time-scale for non-thermal emission in TDEs can
pan several hundred days, so any active TDE coincident with a high-
nergy neutrino is interesting. This is especially true in the light of
ecently found indication of correlation of high-energy neutrino alerts 
ith TDE-like flares (van Velzen et al. 2021 ). 
(iv) Active galactic nucleus (A GN) flares: A GN flares may pro-

uce high-energy neutrinos by accelerating particles in accretion 
hocks (Stecker et al. 1991 ). This is especially true for blazar flares,
here a jet points towards the Earth (Petropoulou et al. 2015 ).
he blazar TXS0506 + 056 was observed in coincidence with a
igh-energy neutrino alert while it was in a flaring state (Aartsen
t al. 2018 ). Because these objects are numerous, we examined the
SAS-SN light curves of all Fermi 4FGL gamma-ray sources in the

ootprints of the neutrino alerts (see below and Fig. 3 ). 

.3 Candidate counterparts 

able 3 lists all transients identified by ASAS-SN in the 500 d prior
o the neutrino arri v al time excluding Type Ia SNe and dwarf novae
cataclysmic variables). The corresponding lightcurves are shown in 
ig. 4 . The list includes the pairing of the TDE AT2019dsg and
C191001 (Stein et al. 2021b ). We do not detect AT2019fdr (Reusch
t al. 2020 ) because it was too faint for our transient detection pipeline
see Appendix B ). 

The supernova SN 2019aah was spatially coincident with 
C191119A. SN 2019aah was detected ∼300 d before the neutrino 
lert (Nordin et al. 2019 ) and was classified 30 d after the disco v ery
s a Type II supernovae (Dahiwale & Fremling 2020 ). Its spectrum
oes not sho w narro w emission lines, so there is no evidence for a
trong CSM interaction to produce neutrino emission. The emission 
s predicted to be strongest near the optical peak (Murase et al. 2019 ;
MNRAS 516, 2455–2469 (2022) 

https://gcn.gsfc.nasa.gov/selected.html
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Figure 3. The ASAS-SN light curves of two blazars observed in spatial 
coincidence with high-energy neutrino alerts. We show 5 σ detections and 
upper limits. The date of the corresponding neutrino arri v al is marked with a 
vertical line. 
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irakashvili & Ptuskin 2016 ), so we conclude that SN 2019aah is
nrelated to the neutrino. 
SN 2018coq was spatially coincident with IC190619A. It is also

 type II SN (Cartier 2018 ), disco v ered 370 d prior to the neutrino
lert (Stanek 2018 ). Similar to SN 2019aah, its spectrum 13 d after
he disco v ery does not sho w prominent narro w lines as a sign of
SM interaction. The supernova peaked even earlier relative to the
eutrino than SN 2019aah, so SN 2018coq is unlikely related to
C190619A. 

We find four neutrino-coincident events that could not be clas-
ified. All of them were first detected more than 280 d before the
orresponding neutrino arri v al. AT2017hzv (Brimacombe et al. 2017 )
nd AT2019fxr (Tonry et al. 2019 ) faded on the time-scale of a few
eeks and are not detectable at the time of the neutrino arri v al. The

apid fading suggest a supernova or AGN flare, inconsistent with the
eutrino arri v al time which makes it unlikeliy they are associated
ith the corresponding neutrino. 
For AT2020rng, we used the publicly available Zwicky Transient

orced-photometry service (Masci et al. 2019 ). We only find sporadic
etections surrounded by upper limits (see Fig. A1 in the Appendix).
his, together with the relatively bright host galaxy with a mean g -
and magnitude of 15.3 mag suggests that AT2020rng is a subtraction
rtefact rather than a physical transient. 

We also examined the ASAS-SN light curves of every source
n the Fermi 4FGL-DR2 catalogue (Abdollahi et al. 2020 ; Ballet
t al. 2020 ) within the footprint of a neutrino alert. We do not find
ny flaring activity coincident with the arrival of the corresponding
NRAS 516, 2455–2469 (2022) 
eutrino, except for the previously-reported ASAS-SN observations
f the blazar TXS 0506 + 056 (Aartsen et al. 2018 ). This light curve
s shown in the top panel of Fig. 3 , with the source exhibiting an
ptical flare at the time of the neutrino detection. 
The neutrino IC190730A was observed in spatial coincidence

ith the Flat Spectrum Radio Quasar (FSRQ) PKS 1502 + 106
Stein 2019b ; Franckowiak et al. 2020 ) and the ASAS-SN light
urve for this object is shown in the lower panel of Fig. 3 . We
onfirm that the blazar was in a low optical state at the time of
he neutrino arri v al, as reported by Stein et al. ( 2019 ) and Steeghs
t al. ( 2019 ). Time-dependent radiation modelling found that the
etection of a high-energy neutrino from this source is consistent
ith its multiwavelength properties (Rodrigues et al. 2021 ). 

 LIMITS  

hile we do not find any new candidate counterpart transients in
ur follow-up campaign, we can use the non-detections to derive
imits on neutrino source luminosity functions following the method
f Stein et al. ( 2022 ) that is shortly summarized below. Because we
eco v er the two pre-existing source candidates (TXS 0506 + 056
nd AT2019dsg), these non-detection limits do not apply to blazars
r TDEs. 
Stein et al. ( 2022 ) give the probability for no detection of an optical

ounterpart as 

 no counterpart ( M, f ) = 

∏ 

i 

[
1 − P find , i ( M, f ) 

]
(1) 

or an absolute magnitude M and the fraction of astrophysical
ources brighter than that absolute magnitude f ( M ). The probability
f detecting an electromagnetic counterpart to the i th neutrino is 

 find , i ( M, f ) = P astro · P obs · P detectable ( M) · f ( M) . (2) 

t depends on the probability of the neutrino being of astrophysical
rigin P astro which is given by the signalness. The probability of
bserving the counterpart P obs is given by the observational co v erage
f the neutrino localization. The probability that the counterpart
s detectable at all, P detectable ( M ), is a convolution of the assumed
etection efficiency and the redshift distribution of the assumed
ource population, as shown in Fig. 5 . Finally, for each value of M ,
e find the corresponding fraction f ( M ) such that P no counterpart > 0 . 1,
hich give us a 90 per cent confidence upper limit at 90 per cent

onfidence level on the luminosity function f ( M ). 
For each neutrino, the percentage of each neutrino localization

hat was observed by ASAS-SN is listed in Table 1 for one and
4 d after the neutrino arri v al. The probability for the neutrino to
e of astrophysical origin is given by the IceCube signalness (see
ection 2 and Table 1 ). For our detection efficiency, we assume that
ur observations are complete down to 16.5 mag in V band and 17.5
ag in g band (see Section 3 ). 
At a 90 per cent confidence level, we can constrain the fraction of

eutrino sources abo v e our limiting magnitude to be no more than
9.3 and 15.3 per cent for fast transients that reach their peak within
 h and 1 d, respectiv ely. F or transients that peak within 14 d, the
raction is 10.3 per cent. These constraints refer to the visibility of the
ransients and do not include any physical properties of the source
lasses. 

To constrain physical populations of candidate neutrino sources
e have to assume a rate ρ̇( z) at which the transients occur as a

unction of redshift z. We consider a GRB-like (Lien et al. 2014 ) and
 star formation rate (SFR) like (Strolger et al. 2015 ) source evolution
odels. Because the optical afterglow of a GRB rapidly fades on the

art/stac2261_f3.eps
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Figure 4. The ASAS-SN light curves for the transients found in the footprint of the IceCube neutrinos. We show 5 σ detections and upper limits as a function of 
the days after the disco v ery dates listed in Table 3 . For AT2020rng, we used the Zwicky Transient forced-photometry service facility and show the 5 σ detections 
in the r and g band (see Fig. A1 ). Vertical lines mark the time of the neutrino arri v al. 

Figure 5. The relative cumulative neutrino flux at earth of neutrino source 
populations with a GRB-like and an SFR-like density evolution. 
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ime-scale of a few days (Kann et al. 2010 ), we use the 2 h co v erage
raction of 15.3 per cent. Interacting supernovae typically rise on a
ime-scale of at least 2 weeks (Nyholm et al. 2020 ), so we use the
9.3 per cent constraint for our co v erage after 14 d. The cumulative
eutrino fluxes at earth from these populations as calculated with 
larestack (Stein et al. 2021a ) are shown in Fig. 5 . 
Assuming an absolute magnitude for the transient, we can compute 

he luminosity distance at which the transient would be at the apparent 
agnitude to which our follow-up programme is complete. As a 

onserv ati ve choice we use the magnitude limit derived for the type-
a SNe in ASAS-SN (see Section 3 ). Using the source evolutions from
ig. 5 , we derive the neutrino flux that would arise in this volume
rom the corresponding neutrino source population. Given our limits 
n the fraction of the population abo v e our limiting magnitude, we
an convert this into constraints on the fraction of sources F L above
he source absolute magnitude as shown in Fig. 6 . 

These results are not yet constraining for typical supernovae with 
bsolute magnitudes up to around −21.5. Ho we ver, we can constrain
MNRAS 516, 2455–2469 (2022) 

art/stac2261_f4.eps
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Figure 6. Constraints on the fraction F L of a neutrino source population as a function of the intrinsic source Peak Absolute Magnitude. 

Figure 7. Comparison to limits obtained by the Zwicky Transient Facility 
(ZTF; Stein et al. 2022 ) and to the estimated performance of the Vera Rubin 
Observatory (VRO). We show ASAS-SN limits based on the same 24 alerts 
used in the ZTF analysis as well as limits based on all 47 alerts that were 
observable by ASAS-SN in the ZTF analysis period. 
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he luminosity function of a neutrino source population with a GRB-
ike source evolution to produce counterparts that are below −27
ag in V band about 55 per cent of the cases and in g band about

0 per cent of the cases, one day after the neutrino arri v al. This is the
rst such constraint on this time-scale and it is possible because of

he high observation cadence and rapid follow-up of ASAS-SN. 
In Fig. 7 , we show a comparison to similar limits on a population

ollowing the star formation rate obtained by the Zwicky Transient
acility (ZTF; Stein et al. 2022 ). ZTF observed the position of 24
eutrino alerts in the time from 2018 March 20 to 2021 December
1. Because of the greater depth of ZTF observations ( m < 21), the
esulting limits are better compared to ASAS-SN limits using the
ame 24 neutrino alerts (orange dotted line in Fig. 7 ). Observations
y the upcoming Vera Rubin Observatory (VRO) will be even more
ensitive ( m < 24) and can produce even stricter limits through
eutrino follow-up observations if no counterpart is found (brown
ashed line). The advantage of ASAS-SN is its large sky coverage,
hat allowed us to observe 48 alerts in the time of the ZTF analysis.
lthough that does result in stricter limits, Fig. 7 shows that deeper
bservations as provided by the VRO allow us to cut into the bulk of
he luminosity functions of candidate populations. 

 C O N C L U S I O N S  

e presented the ASAS-SN optical follow-up programme for Ice-
ube high-energy, astrophysical neutrino candidates. We observed

he 90 per cent localization region of 56 alerts over the period from
NRAS 516, 2455–2469 (2022) 
pril 2016 until August 2021. Eleven of these alerts were co v ered
ithin one hour after their detection. After 1 d, we had observed 43

vents and after 2 weeks we had observed the localization regions for
ll 56 alerts to a limiting magnitude of ∼18.5. For 12 events (around
7 per cent), this is the only optical follow-up. We did not detect
ny new coincident transients in our analysis, but we did recover
he associations with the blazar TXS 05056 + 056 and the TDE
T2019dsg. 
We find additional transients that we disfa v our as counterparts of

he corresponding neutrino. Given the non-detection of any transient
ounterpart in our search, we derive upper limits on the luminosity
unction of different possible transient neutrino source populations. 

Assuming the IceCube alert stream does not change, we can expect
bout 20 neutrino alerts per year. If our average coverage (18 per cent
fter 2 h and 94 per cent after 14 d) does not change, we can set
imits that are twice as strict on GRBs in 3.5 yr and on CCSNe in
 yr, respectively. 
Although we only identify two neutrino counterparts in our search

AT2019dsg and TXS 0506 + 056), other candidate counterparts
ave been reported. As mentioned abo v e, the candidate TDE
T2019fdr was reported in coincidence with IC200530A (Reusch
t al. 2022 ). Ho we ver, it was too dim to trigger our transient detection
ipeline (see Appendix B ). Another example is the blazar 3HSP
095507 + 355101 in the footprint of IC200107A which was reported
o be flaring at neutrino arri v al (Giommi et al. 2020 ; Paliya et al.
020 ). We do not detect an y e xcess from this source 1 yr before
nd after the neutrino arri v al (see Appendix B ). In both of these
 xamples, we observ ed the corresponding sk y location within 1 d of
he neutrino event. The limitations of our search are therefore set by
ur limiting magnitude. Together with Fig. 7 , this shows that only
nstruments with higher sensitivity like the VRO will allow us to
etect neutrino counterparts on a regular basis. 

In this analysis, we assume the positional uncertainties published
ith the IceCube alerts. These include estimates of systematic
ncertainties based on IC160427A (Pan-Starrs Collaboration et al.
019 ). Ho we ver, this approach treats all events in the same way
nd it is expected that systematic uncertainties depend on the event
opology (Lagunas Gualda et al. 2021 ), and there could be yet
naccounted for systematic effects. Plavin et al. ( 2020 ) find that the
orrelation with parsec-scale nuclei of radio-bright active galaxies
s strongest when the IceCube error contours are inflated by 0.5 ◦

inting at systematic effects currently not included in the published
earch areas. Individual treatments of the systematic uncertainties on
n e vent-by-e vent basis follo wing the preliminary work in Lagunas
ualda et al. ( 2021 ) will be crucial to ensure proper co v erage of the
eutrino angular uncertainty region by follow-up instruments in the
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The planned extension of IceCube, called IceCube-Gen2, is 
xpected to increase the event rate significantly and impro v e the
patial resolution of through-going tracks (Aartsen et al. 2021 ). This
ill allow us to follow up more neutrino alerts and co v er a higher
ercentage of the smaller neutrino localisation area leading to an 
mpro v ed sensitivity to detect optical counterparts. 
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OLD and BRONZE ( https:// gcn.gsfc.nasa.gov/ amon icecube gol 
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020rng by ASAS-SN and the ZTF forced-photometry service. 

F 355101 and the candidate TDE AT2019fdr. Blue vertical lines indicate the time of 
a ively). Although both sources are candidate counterparts these neutrinos (Giommi 
e 95507 + 355101, even in its reported flaring state (Giommi et al. 2020 ), is too dim 

t  to be detected by the transient detection pipeline. 

I by ASAS-SN in IceCube regions is displayed. The first column gives the 
t N disco v ery. In Column 3, we list the IceCube neutrino alert name, while 
C n 5 we give the difference in days between the ASAS-SN and IceCube 
e ned in Section 3.2 that were disco v ered within 500 d before the neutrino 
a re not considered potential neutrino counterparts. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/2/2455/6674220 by U
niversity of H

aw
aii at M

anoa Library user on 28 D
ecem

ber 2022
PPEN D IX  A  

Figure A1. The 5 σ detections and upper limits for AT2

APPEN D IX  B  

igure B1. 5 σ detections and upper limits for the blazar 3HSP J095507 + 

rri v al of the corresponding neutrino (IC2001072A and IC200530A, respect
t al. 2020 ; Reusch et al. 2022 ), they do not show up in our analysis. 3HSP J0
o be detected. AT2019fdr is sporadically detected but was not bright enough

APPEN D IX  C  

n Table C1 , the rele v ant information for all the transients observed 
ransient name, followed (in Column 2) by the epoch of the ASAS-S
olumn 4 contains the ASAS-SN disco v ery time. Finally, in Colum
pochs and in Column 6 the transient type. Interesting sources as defi
re discussed in more detail in Section 3.3 , while all other sources a
MNRAS 516, 2455–2469 (2022) 

art/stac2261_fa1.eps
art/stac2261_fb1.eps


2466 J. Necker et al. 

MNRAS 516, 2455–2469 (2022) 

Table C1. The transient sample. 

Transient ASAS-SN detection IceCube alert Alert epoch � t = t ASASSN − t IceCube Transient type 
JD JD (d) 

SN 2021yrf 2459472.9 IC200911A 2459104.1 369 SN Ia 
ASASSN-21qp 2459457.8 IC200530A 2458999.8 458 SN Ia 
SN 2021vtl 2459442.0 IC200614A 2459015.0 427 SN Ia 
SN 2021vpv 2459439.0 IC210608A 2459373.7 65 SN Ia 
ASASSN-21oy 2459431.7 IC200512A 2458981.8 450 CV 

SN 2021ucx 2459430.1 IC200614A 2459015.0 415 SN Ia 
SN 2021rem 2459405.7 IC200410A 2458950.5 455 SN II 
SN 2021rgw 2459399.9 IC200410A 2458950.5 449 SN Ia 
AT2021qiz 2459394.5 IC160814A 2457615.4 1779 Unknown 
ASASSN-21ld 2459380.1 IC201120A 2459173.9 206 Flare 
SN 2021oza 2459373.8 IC200410A 2458950.5 423 SN Ia 
SN 2021mim 2459365.8 IC200410A 2458950.5 415 SN Ia 
SN 2021mid 2459364.9 IC200410A 2458950.5 414 SN Ia 
SN 2021jwl 2459329.9 IC191119A 2458806.5 523 SN Ia 
ASASSN-21gk 2459322.9 IC190221A 2458535.9 787 CV 

SN 2021ipb 2459316.9 IC200410A 2458950.5 366 SN Ia 
SN 2021hem 2459310.8 IC200410A 2458950.5 360 SN Ia 
SN 2021ghc 2459307.8 IC190819A 2458715.2 593 SN Ia 
SN 2021fqb 2459296.0 IC191119A 2458806.5 489 SN Ia 
SN 2021ezt 2459293.0 IC200530A 2458999.8 293 SN IIn 
AT2021fnf 2459290.7 IC200410A 2458950.5 340 QSO 

ASASSN-21dk 2459286.8 IC200921A 2459114.3 172 CV 

SN 2021bnw 2459262.9 IC200109A 2458858.5 404 SLSN-I 
AT2021cgr 2459257.5 IC201130A 2459184.3 73 Unknown 
ASASSN-21at 2459249.8 IC190712A 2458676.6 573 CV 

SN 2020aaxo 2459187.8 IC200523A 2458992.6 195 SN Ia 
ASASSN-20pb 2459185.8 IC200425A 2458965.5 220 CV 

SN 2020yxd 2459170.8 IC200614A 2459015.0 156 SN Ia 
SN 2020yfw 2459168.7 IC210608A 2459373.7 −205 SN Ia 
SN 2020unl 2459138.1 IC200425A 2458965.5 173 SN Ia 
ASASSN-20my 2459131.6 IC190221A 2458535.9 596 CV 

ASASSN-20mb 2459106.8 IC200512A 2458981.8 125 CV 

AT2020rng 2459089.9 IC210608A 2459373.7 −284 Unknown 
ASASSN-20jl 2459061.5 IC200410A 2458950.5 111 CV 

SN 2020oye 2459054.8 IC200410A 2458950.5 104 SN Ia 
AT2020neh 2459024.8 IC200410A 2458950.5 74 TDE 

SN 2020lsc 2459011.9 IC200410A 2458950.5 61 SN Ia 
SN 2020kpx 2458994.8 IC191119A 2458806.5 188 SN Ia 
SN 2020joh 2458985.8 IC200410A 2458950.5 35 SN Ia 
ASASSN-20eh 2458964.8 IC200530A 2458999.8 −35 CV 

AT2020idu 2458962.9 IC200530A 2458999.8 −37 Unknown 
ASASSN-20ea 2458957.7 IC200916A 2459109.4 −152 CV 

ASASSN-20dz 2458956.6 IC201120A 2459173.9 −217 CV 

ASASSN-20dy 2458955.9 IC201221A 2459205.0 −249 CV 

AT2020fhs 2458943.1 IC200410A 2458950.5 −7 SN Ia 
SN 2020cli 2458909.9 IC200410A 2458950.5 −41 SN Ia 
SN 2020czo 2458904.1 IC200109A 2458858.5 46 SN Ia 
AT2020cxg 2458899.7 IC160814A 2457615.4 1284 CV 

SN 2020zj 2458876.0 IC200410A 2458950.5 −74 SN Ia 
AT2020ajp 2458870.1 IC160731A 2457600.6 1270 Unknown 
ASASSN-20aq 2458867.2 IC200921A 2459114.3 −247 SN Ia 
SN 2020ds 2458863.6 IC201209A 2459192.9 −329 SN Ia 
SN 2019zhs 2458851.1 IC191119A 2458806.5 45 SN Ia 
ASASSN-19aeb 2458845.7 IC210608A 2459373.7 −528 SN Ia 
ASASSN-19abo 2458810.5 IC190819A 2458715.2 95 SN II 
ASASSN-19abe 2458792.5 IC200512A 2458981.8 −189 CV 

SN 2019stx 2458786.5 IC191122A 2458810.4 −24 SN Ia 
ASASSN-19aae 2458784.6 IC210608A 2459373.7 −589 CV 

ASASSN-19wi 2458730.8 IC210608A 2459373.7 −643 CV 

AT2019pfq 2458730.8 IC210608A 2459373.7 −643 Unknown 
SN 2019oml 2458721.6 IC191231A 2458849.0 −127 SN Ia 
ASASSN-19uo 2458719.8 IC200410A 2458950.5 −231 SN Ia 
ASASSN-19ua 2458715.5 IC200523A 2458992.6 −277 CV. 
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Table C1 – continued 

Transient ASAS-SN detection IceCube alert Alert epoch � t = t ASASSN − t IceCube Transient type 
JD JD (d) 

AT2019lvs 2458697.4 IC210608A 2459373.7 −676 Unknown 
SN 2019lrc 2458689.0 IC200523A 2458992.6 −304 SN Ia 
SN 2019kze 2458679.8 IC210608A 2459373.7 −694 SN Ia 
SN 2019ieh 2458673.8 IC200410A 2458950.5 −277 SN Ic 
SN 2019igg 2458666.9 IC200410A 2458950.5 −284 SN Ia 
ASASSN-19qg 2458661.2 IC200109A 2458858.5 −197 SN Ia 
ASASSN-19px 2458657.8 IC200410A 2458950.5 −293 CV 

SN 2019gqa 2458644.9 IC200410A 2458950.5 −306 SN Ia 
AT2019fxr 2458634.9 IC200410A 2458950.5 −316 Unknown 
AT2019dsg 2458618.9 IC191001A 2458758.3 −139 TDE 

SN 2019due 2458601.8 IC200410A 2458950.5 −349 SN Ia 
ASASSN-19kw 2458600.9 IC190104A 2458487.9 113 SN Ia 
SN 2019crd 2458576.9 IC190704A 2458669.3 −92 SN Ia 
SN 2019byw 2458572.6 IC200410A 2458950.5 −378 SN Ia 
ASASSN-19hm 2458569.6 IC160814A 2457615.4 954 SN Ia 
ASASSN-19dw 2458544.5 IC190704A 2458669.3 −125 SN Ia 
ASASSN-19dz 2458545.0 IC200410A 2458950.5 −406 SN Ia 
SN 2019aah 2458519.6 IC191119A 2458806.5 −287 SN II 
ASASSN-19bx 2458516.0 IC200410A 2458950.5 −434 SN Ia 
SN 2019agm 2458516.0 IC200410A 2458950.5 −434 SN Ia 
SN 2019pe 2458502.0 IC200410A 2458950.5 −449 SN Ia 
SN 2019vv 2458502.0 IC191119A 2458806.5 −305 SN Ia 
ASASSN-19an 2458493.0 IC200425A 2458965.5 −472 CV 

SN 2018kji 2458484.0 IC200410A 2458950.5 −466 SN Ia 
ASASSN-18abn 2458465.6 IC191122A 2458810.4 −345 CV. 
ASASSN-18abl 2458465.4 IC191231A 2458849.0 −384 Stellar outburst 
SN 2018ids 2458450.6 IC191001A 2458758.3 −308 SN Ia 
SN 2018hom 2458423.8 IC190619A 2458654.1 −230 SN Ic-BL 

SN 2018hhn 2458417.7 IC190619A 2458654.1 −236 SN Ia 
SN 2018hcr 2458401.6 IC200523A 2458992.6 −591 SN Ia 
ASASSN-18um 2458369.5 IC210608A 2459373.7 −1004 CV 

SN 2018fng 2458369.5 IC200410A 2458950.5 −581 SN Ia 
AT2018fce 2458365.6 IC200410A 2458950.5 −585 Unknown 
ASASSN-18rm 2458339.7 IC210608A 2459373.7 −1034 CV 

SN 2018eoe 2458338.8 IC210608A 2459373.7 −1035 SN Ib 
SN 2018emi 2458333.3 IC200530A 2458999.8 −667 SN Ia 
ASASSN-18qo 2458331.9 IC201120A 2459173.9 −842 CV 

AT2018dzy 2458320.9 IC210608A 2459373.7 −1053 SN Ia 
AT2018dyd 2458316.8 IC191001A 2458758.3 −442 SN Ia 
SN 2018cyh 2458303.5 IC191119A 2458806.5 −503 SN II 
ASASSN-18nr 2458289.0 IC210608A 2459373.7 −1085 SN Ia 
ASASSN-18mx 2458286.1 IC190619A 2458654.1 −368 SN II 
ASASSN-18mn 2458282.6 IC190104A 2458487.9 −205 SN Ia 
AT2018chp 2458282.9 IC200410A 2458950.5 −668 Unknown 
SN 2018bwr 2458274.7 IC200410A 2458950.5 −676 SN IIn 
ASASSN-18ll 2458271.5 IC191119A 2458806.5 −535 Unknown 
ASASSN-18kt 2458258.8 IC210510A 2459344.7 −1086 CV 

SN 2018bgy 2458250.8 IC181014A 2458406.0 −155 SN Ia 
SN 2018bac 2458241.5 IC190704A 2458669.3 −428 SN Ia 
ASASSN-18cr 2458162.9 IC200921A 2459114.3 −951 CV 

ASASSN-18bs 2458143.6 IC190629A 2458664.3 −521 CV 

SN 2018ie 2458140.8 IC171015A 2458041.6 99 SN Ic 
SN 2017ivu 2458110.1 IC200410A 2458950.5 −840 SN II 
ASASSN-17ot 2458070.8 IC180908A 2458370.3 −300 Unknown 
ASASSN-17ou 2458067.7 IC190619A 2458654.1 −586 CV 

ASASSN-17oc 2458059.7 IC210608A 2459373.7 −1314 SN Ia 
SN 2017hfw 2458046.7 IC201209A 2459192.9 −1146 SN Ic 
ASASSN-17od 2458046.1 IC200615A 2459016.1 −970 CV 

ASASSN-17lz 2458008.5 IC200410A 2458950.5 −942 SN Ia 
AT2017fwf 2457977.8 IC200410A 2458950.5 −973 Unknown 
ASASSN-17jz 2457961.9 IC201221A 2459205.0 −1243 ANT 

ASASSN-17jt 2457960.1 IC191001A 2458758.3 −798 Unknown 
ASASSN-17ji 2457946.5 IC191001A 2458758.3 −812 CV 
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Table C1 – continued 

Transient ASAS-SN detection IceCube alert Alert epoch � t = t ASASSN − t IceCube Transient type 
JD JD (d) 

ASASSN-17ja 2457935.5 IC200410A 2458950.5 −1015 CV 

ASASSN-17ii 2457927.9 IC200410A 2458950.5 −1023 SN Ia 
ASASSN-17gr 2457897.9 IC200410A 2458950.5 −1053 Unknown 
AT2017edw 2457893.8 IC200109A 2458858.5 −965 Unknown 
AT2017dtj 2457891.9 IC191119A 2458806.5 −915 Unknown 
ASASSN-17ff 2457863.8 IC200109A 2458858.5 −995 SN Ia 
ASASSN-17fh 2457864.0 IC200410A 2458950.5 −1086 CV. 
ASASSN-17fd 2457863.0 IC191119A 2458806.5 −944 SN Ia 
ASASSN-17fd 2457863.0 IC200410A 2458950.5 −1087 SN Ia 
SN 2017cne 2457847.0 IC191119A 2458806.5 −960 SN Ia 
ASASSN-17ei 2457844.8 IC181014A 2458406.0 −561 CV 

SN 2017ciy 2457840.0 IC200530A 2458999.8 −1160 SN Ia 
ASASSN-17eb 2457835.6 IC200410A 2458950.5 −1115 SN Ia 
ASASSN-17cr 2457805.1 IC200410A 2458950.5 −1145 SN Ia 
SN 2017avl 2457802.8 IC191204A 2458822.4 −1020 SN Ia 
AT2017jn 2457782.1 IC200410A 2458950.5 −1168 Unknown 
ASASSN-17bd 2457777.1 IC200410A 2458950.5 −1173 SN Ia 
ASASSN-17bb 2457777.1 IC191119A 2458806.5 −1029 SN Ia 
ASASSN-17ae 2457758.1 IC200410A 2458950.5 −1192 SN Ia 
ASASSN-16ps 2457753.7 IC190503A 2458607.2 −854 CV 

ASASSN-16oo 2457728.6 IC191122A 2458810.4 −1082 SN Ia 
AT2016ipd 2457721.9 IC200614A 2459015.0 −1293 Unknown 
SN 2016hvu 2457702.8 IC210608A 2459373.7 −1671 SN II 
ASASSN-16ie 2457607.8 IC200410A 2458950.5 −1343 SN Ia 
ASASSN-16hz 2457601.8 IC200523A 2458992.6 −1391 SN Ia 
ASASSN-16fp 2457536.0 IC210608A 2459373.7 −1838 SN Ic-BL 

ASASSN-16ex 2457511.9 IC200530A 2458999.8 −1488 SN Ia 
SN 2016brw 2457511.9 IC200530A 2458999.8 −1488 SN II 
MASTER OT J152333.04 + 092125.6 2457489.9 IC200410A 2458950.5 −1461 SN Ia 
ASASSN-16eg 2457488.0 IC201221A 2459205.0 −1717 CV 

ASASSN-16dp 2457479.0 IC191119A 2458806.5 −1328 SN Ia 
ASASSN-16ct 2457454.0 IC191119A 2458806.5 −1353 SN Ia 
ASASSN-16cq 2457453.8 IC190712A 2458676.6 −1223 CV 

SN 2016afa 2457450.0 IC200410A 2458950.5 −1500 SN II 
ASASSN-16bg 2457425.0 IC200921A 2459114.3 −1689 SN Ia 
MASTER OT J105908.57 + 103834.8 2457419.0 IC200109A 2458858.5 −1440 SN Ia 
PSNJ01534240 + 2956107 2457386.8 IC200614A 2459015.0 −1628 SN 

ASASSN-15ul 2457380.1 IC191119A 2458806.5 −1426 SN Ia 
ASASSN-15tp 2457360.5 IC190712A 2458676.6 −1316 CV 

ASASSN-15ti 2457357.9 IC200911A 2459104.1 −1746 SN Ia 
PSNJ23002463 + 0137368 2457247.0 IC200523A 2458992.6 −1746 SN Ib 
ASASSN-15nz 2457242.8 IC200410A 2458950.5 −1708 CV 

ASASSN-15nr 2457240.9 IC201021A 2459143.8 −1903 SN Ia 
ASASSN-15mu 2457222.0 IC190619A 2458654.1 −1432 CV 

ASASSN-15mw 2457220.5 IC160814A 2457615.4 −395 Blazar candidate 
ASASSN-15js 2457163.8 IC200109A 2458858.5 −1695 SN Ia 
ASASSN-15jd 2457156.0 IC200410A 2458950.5 −1795 CV 

ASASSN-15fu 2457108.7 IC190922A 2458748.9 −1640 CV 

PSNJ15053007 + 0138024 2457101.1 IC191119A 2458806.5 −1705 SN Ia 
ASASSN-15fm 2457096.6 IC210510A 2459344.7 −2248 CV 

ASASSN-15dz 2457074.1 IC200410A 2458950.5 −1876 SN Ia 
ASASSN-15db 2457069.1 IC200410A 2458950.5 −1881 SN Ia 
ASASSN-15dd 2457069.1 IC200410A 2458950.5 −1881 SN Ia 
ASASSN-15bk 2457042.1 IC200410A 2458950.5 −1908 SN Ia 
ASASSN-15bd 2457040.1 IC200410A 2458950.5 −1910 SN IIb 
ASASSN-15av 2457036.9 IC191204A 2458822.4 −1786 CV 

PSNJ03281419 + 3801111 2457018.8 IC200911A 2459104.1 −2085 SN 

2014ea 2457013.0 IC190704A 2458669.3 −1656 SN Ia 
ASASSN-14im 2456932.0 IC200911A 2459104.1 −2172 CV 

ASASSN-14hi 2456916.5 IC191215A 2458833.0 −1916 CV 

PYPer 2456910.0 IC200911A 2459104.1 −2194 CV 

V589Her 2456904.8 IC200410A 2458950.5 −2046 CV 

ASASSN-14fq 2456885.6 IC191204A 2458822.4 −1937 CV 
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Table C1 – continued 

Transient ASAS-SN detection IceCube alert Alert epoch � t = t ASASSN − t IceCube Transient type 
JD JD (d) 

CSS111118:051923 + 155435 2456884.6 IC190712A 2458676.6 −1792 CV 

HYPsc 2456867.0 IC200523A 2458992.6 −2126 CV 

V544Her 2456857.9 IC200410A 2458950.5 −2093 CV 

ASASSN-14dc 2456833.1 IC200614A 2459015.0 −2182 SN 

SDSSJ102637.04 + 475426.3 2456824.7 IC200806A 2459068.1 −2243 CV 

ASASSN-14ax 2456782.0 IC200530A 2458999.8 −2218 SN Ia 
ASASSN-14an 2456758.0 IC210811A 2459437.6 −2680 Nova 
SDSSJ162520.29 + 120308.7 2456757.9 IC200410A 2458950.5 −2193 CV 

2QZJ130441.7 + 010330 2456736.8 IC201115A 2459168.6 −2432 CV 

ASASSN-13dg 2456567.9 IC200614A 2459015.0 −2447 CV. 
ASASSN-13cw 2456543.9 IC191001A 2458758.3 −2214 CV 

HS0218 + 3229 2456540.9 IC200614A 2459015.0 −2474 CV 

1RXSJ185310.0 + 594509 2456519.8 IC191215A 2458833.0 −2313 CV 

ASASJ224349 + 0809.5 2456518.9 IC190619A 2458654.1 −2135 CV 

ASASSN-13bx 2456511.9 IC200523A 2458992.6 −2481 CV 

ASASSN-13bw 2456509.5 IC200410A 2458950.5 −2441 CV 

V521Peg 2456507.0 IC210608A 2459373.7 −2867 CV 

CSS110921:160824 + 165240 2456482.8 IC200410A 2458950.5 −2468 CV 

ASASSN-13bi 2456482.8 IC191119A 2458806.5 −2324 Flare 
WYTri 2456481.1 IC200614A 2459015.0 −2534 CV 

QWSer 2456477.8 IC200410A 2458950.5 −2473 CV 

V368Peg 2456468.5 IC190619A 2458654.1 −2186 CV 

CSS080505:163121 + 103134 2456468.9 IC200410A 2458950.5 −2482 CV 

CSS090911:221232 + 160140 2456459.9 IC210608A 2459373.7 −2914 CV 
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