
Lawrence Berkeley National Laboratory
Recent Work

Title
Follow-up of Astrophysical Transients in Real Time with the IceCube Neutrino Observatory

Permalink
https://escholarship.org/uc/item/0h90n84d

Journal
Astrophysical Journal, 910(1)

ISSN
0004-637X

Authors
Abbasi, R
Ackermann, M
Adams, J
et al.

Publication Date
2021-03-20

DOI
10.3847/1538-4357/abe123
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0h90n84d
https://escholarship.org/uc/item/0h90n84d#author
https://escholarship.org
http://www.cdlib.org/


Draft version March 31, 2021

Typeset using LATEX twocolumn style in AASTeX63

Follow-up of astrophysical transients in real time with the IceCube Neutrino Observatory

R. Abbasi,17 M. Ackermann,57 J. Adams,18 J. A. Aguilar,12 M. Ahlers,22 M. Ahrens,48 C. Alispach,28

A. A. Alves Jr.,31 N. M. Amin,41 R. An,14 K. Andeen,39 T. Anderson,54 I. Ansseau,12 G. Anton,26

C. Argüelles,14 S. Axani,15 X. Bai,45 A. Balagopal V.,37 A. Barbano,28 S. W. Barwick,30 B. Bastian,57

V. Basu,37 V. Baum,38 S. Baur,12 R. Bay,8 J. J. Beatty,20, 21 K.-H. Becker,56 J. Becker Tjus,11

C. Bellenghi,27 S. BenZvi,47 D. Berley,19 E. Bernardini,57 D. Z. Besson,32 G. Binder,8, 9 D. Bindig,56

E. Blaufuss,19 S. Blot,57 S. Böser,38 O. Botner,55 J. Böttcher,1 E. Bourbeau,22 J. Bourbeau,37

F. Bradascio,57 J. Braun,37 S. Bron,28 J. Brostean-Kaiser,57 A. Burgman,55 R. S. Busse,40 M. A. Campana,44

C. Chen,6 D. Chirkin,37 S. Choi,50 B. A. Clark,24 K. Clark,33 L. Classen,40 A. Coleman,41 G. H. Collin,15

J. M. Conrad,15 P. Coppin,13 P. Correa,13 D. F. Cowen,53, 54 R. Cross,47 P. Dave,6 C. De Clercq,13

J. J. DeLaunay,54 H. Dembinski,41 K. Deoskar,48 S. De Ridder,29 A. Desai,37 P. Desiati,37 K. D. de Vries,13

G. de Wasseige,13 M. de With,10 T. DeYoung,24 S. Dharani,1 A. Diaz,15 J. C. Díaz-Vélez,37 H. Dujmovic,31

M. Dunkman,54 M. A. DuVernois,37 E. Dvorak,45 T. Ehrhardt,38 P. Eller,27 R. Engel,31 J. Evans,19

P. A. Evenson,41 S. Fahey,37 A. R. Fazely,7 S. Fiedlschuster,26 A.T. Fienberg,54 K. Filimonov,8 C. Finley,48

L. Fischer,57 D. Fox,53 A. Franckowiak,11, 57 E. Friedman,19 A. Fritz,38 P. Fürst,1 T. K. Gaisser,41

J. Gallagher,36 E. Ganster,1 S. Garrappa,57 L. Gerhardt,9 A. Ghadimi,52 C. Glaser,55 T. Glauch,27

T. Glüsenkamp,26 A. Goldschmidt,9 J. G. Gonzalez,41 S. Goswami,52 D. Grant,24 T. Grégoire,54

Z. Griffith,37 S. Griswold,47 M. Gündüz,11 C. Haack,27 A. Hallgren,55 R. Halliday,24 L. Halve,1 F. Halzen,37

M. Ha Minh,27 K. Hanson,37 J. Hardin,37 A. A. Harnisch,24 A. Haungs,31 S. Hauser,1 D. Hebecker,10

K. Helbing,56 F. Henningsen,27 E. C. Hettinger,24 S. Hickford,56 J. Hignight,25 C. Hill,16 G. C. Hill,2

K. D. Hoffman,19 R. Hoffmann,56 T. Hoinka,23 B. Hokanson-Fasig,37 K. Hoshina,37 F. Huang,54 M. Huber,27

T. Huber,31 K. Hultqvist,48 M. Hünnefeld,23 R. Hussain,37 S. In,50 N. Iovine,12 A. Ishihara,16 M. Jansson,48

G. S. Japaridze,5 M. Jeong,50 B. J. P. Jones,4 R. Joppe,1 D. Kang,31 W. Kang,50 X. Kang,44 A. Kappes,40

D. Kappesser,38 T. Karg,57 M. Karl,27 A. Karle,37 U. Katz,26 M. Kauer,37 M. Kellermann,1 J. L. Kelley,37

A. Kheirandish,54 J. Kim,50 K. Kin,16 T. Kintscher,57 J. Kiryluk,49 S. R. Klein,8, 9 R. Koirala,41

H. Kolanoski,10 L. Köpke,38 C. Kopper,24 S. Kopper,52 D. J. Koskinen,22 P. Koundal,31 M. Kovacevich,44

M. Kowalski,10, 57 K. Krings,27 G. Krückl,38 N. Kurahashi,44 A. Kyriacou,2 C. Lagunas Gualda,57

J. L. Lanfranchi,54 M. J. Larson,19 F. Lauber,56 J. P. Lazar,14, 37 K. Leonard,37 A. Leszczyńska,31 Y. Li,54

Q. R. Liu,37 E. Lohfink,38 C. J. Lozano Mariscal,40 L. Lu,16 F. Lucarelli,28 A. Ludwig,24, 34 W. Luszczak,37

Y. Lyu,8, 9 W. Y. Ma,57 J. Madsen,37 K. B. M. Mahn,24 Y. Makino,37 P. Mallik,1 S. Mancina,37 I. C. Mariş,12

R. Maruyama,42 K. Mase,16 F. McNally,35 K. Meagher,37 A. Medina,21 M. Meier,16 S. Meighen-Berger,27

J. Merz,1 J. Micallef,24 D. Mockler,12 G. Momenté,38 T. Montaruli,28 R. W. Moore,25 R. Morse,37

M. Moulai,15 R. Naab,57 R. Nagai,16 U. Naumann,56 J. Necker,57 L. V. Nguyễn,24 H. Niederhausen,27
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ABSTRACT

In multi-messenger astronomy, rapid investigation of interesting transients is imperative. As an

observatory with a 4π steradian field of view and ∼99% uptime, the IceCube Neutrino Observatory
is a unique facility to follow up transients, and to provide valuable insight for other observatories

and inform their observing decisions. Since 2016, IceCube has been using low-latency data to rapidly

respond to interesting astrophysical events reported by the multi-messenger observational community.

Here, we describe the pipeline used to perform these follow up analyses and provide a summary of the 58

analyses performed as of July 2020. We find no significant signal in the first 58 analyses performed. The

pipeline has helped inform various electromagnetic observing strategies, and has constrained neutrino

emission from potential hadronic cosmic accelerators.

Keywords: high energy astrophysics, neutrino astronomy, multi-messenger astrophysics

1. INTRODUCTION

Recent successes of multi-messenger astronomy are

due in large part to advancements in low-latency as-

tronomical pipelines. Evidence for the first high-energy

cosmic neutrino source, TXS 0506+056 (Aartsen et al.

2018a,b), as well as the discovery of the first electro-
magnetic (EM) signal from a compact binary merger,

GW170817, were both enabled by contemporaneous ob-
servations with various messengers (Abbott et al. 2017;

Goldstein et al. 2017; Savchenko et al. 2017). Obser-

vations of this type are made possible by public chan-

nels such as the Gamma-ray burst Coordinates Network

(GCN)1 and the Astronomer’s Telegram (ATel)2, which

allow observers to coordinate observing strategies world-

wide and quickly respond to interesting astrophysical

transients.

Among the myriad of questions being investigated

with real-time multi-messenger astronomy is the identi-

fication of cosmic neutrino sources. Generated from the

decay of charged pions that were created from proton-

proton or photohadronic interactions in the vicinity of

astrophysical accelerators, neutrinos serve as excellent

messenger particles. Whereas cosmic rays are deflected

on their journey to Earth and high-energy photons pro-

duced in both leptonic and hadronic processes are at-

tenuated by the extragalactic background light (EBL),

neutrinos are neither deflected nor attenuated, and pro-

vide a smoking gun signature for hadronic acceleration.

However, the same small interaction probability which
allows neutrinos to escape dense environments makes

them notoriously difficult to detect. Additionally, cos-
mic rays interacting within Earth’s atmosphere produce
showers of particles, including atmospheric muons and

1 https://gcn.gsfc.nasa.gov/
2 http://www.astronomerstelegram.org/

neutrinos, which comprise a large background when

searching for astrophysical neutrinos. Despite these

challenges, a diffuse astrophysical neutrino flux has been

detected (Aartsen et al. 2016a, 2013a, 2014, 2020a;

Schneider 2020; Stettner 2020), and has been described

with simple power laws from energies of about 10 TeV to
10 PeV. Although evidence for a first high-energy neu-

trino source has been presented, it is estimated that any

neutrino flux from the object TXS 0506+056 could ac-

count for no more than 1% of the total diffuse flux (Aart-

sen et al. 2020a).

In the search for astrophysical neutrino sources, cor-

relation of signals in multiple channels is crucial, as the
aforementioned atmospheric backgrounds are often over-

whelming. In fact, in analyses searching for steady neu-

trino point sources, when looking at the entire sky with

no a priori list of candidate objects, no neutrino source is

significantly detected in 10 years of IceCube data (Aart-

sen et al. 2020b) as well as 11 years of ANTARES data
(Aublin et al. 2019). It is not until neutrino data are

correlated with lists of candidate neutrino emitters from

EM observations that indications of neutrino signals

from sources begin to manifest above the background

expectation (Aartsen et al. 2020b). However, attempts

to correlate astrophysical neutrinos with known sources

thus far have fallen short of explaining the diffuse flux,

such as trying to corellate neutrinos with gamma-ray

bursts (GRBs) (Aartsen et al. 2017a), gamma-ray de-

tected blazars (Aartsen et al. 2017), fast radio bursts

(FRBs) (Aartsen et al. 2020c, 2018c), the Galactic plane

(Aartsen et al. 2017b), large-scale structure (Aartsen

et al. 2020d; Fang et al. 2020), pulsar wind nebulae

(Aartsen et al. 2020e), and the progenitors of gravita-
tional waves (Aartsen et al. 2020f; ANTARES Collabo-

ration et al. 2020; Albert et al. 2019; Albert et al. 2017;

Hussain et al. 2020; Keivani et al. 2020). Many of these

searches have set strong constraints on source classes

https://gcn.gsfc.nasa.gov/
http://www.astronomerstelegram.org/
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Figure 1. Rate of the GFU event selection over time. Different detector operation seasons are denoted by different colors,
where “IC86” denotes the full 86 string detector configuration for IceCube. Each data point is the rate calculated from averaging
3 sequential 8-hour “runs.” As such, there is an expected Poissonian error for each data point on the order of 5% from statistical
fluctations only. In addition to this statistical fluctuation, the overall rate displays a clear annual modulation, whose peak to
peak amplitude is approximately 4% of the mean rate. To balance the effects of statistics and this annual modulation, the
background rate is estimated using a running average with a 10 day width (black), described more fully in Section 3.

which were once believed to be dominant sources of as-

trophysical neutrinos.

However, the similarity in energy densities between

the diffuse astrophysical neutrino flux and the extra-

galactic gamma-ray background observed by the Fermi

telescope (Ackermann et al. 2015) may be suggestive of
common origins (Ahlers & Halzen 2018). The lack of a

clear correlation in previous catalog searches may indi-

cate that while this correspondence may not be straight-

forward, subclasses of already investigated astrophysical

sources could still be responsible for producing a signif-

icant fraction of the neutrino flux (Halzen et al. 2019).

Additionally, evidence for neutrino emission clustered
in time during 2014-2015 from TXS 0506+056 (Aartsen

et al. 2018b) suggests that those extreme sources which

may be neutrino emitters may also be variable in the

time domain.

The identification of these extreme and variable
sources is a problem well-posed for real-time observa-

tions. This was validated by the rigorous follow-up
campaign of TXS 0506+056, as the neutrino alert on
September 22, 2017 (Aartsen et al. 2017c) set off a multi-

wavelength followup of over 20 telescopes across gamma-

ray, X-ray, optical, and radio wavelengths. While the

identification of potential neutrino sources based on

pointing EM telescopes in the direction of neutrino

alerts has already proven fruitful, one can also trigger
followups using neutrino data to search for emission in
the direction of EM objects while they are still in active

states. This complementary approach provides another

promising avenue for the identification of cosmic neu-

trino sources with real-time observations.

Here, we describe the fast-response analysis (hereafter

FRA) pipeline established to rapidly search for neutrino

emission from interesting astrophysical transients, us-

ing data from the IceCube Neutrino Observatory. This

pipeline has been running since 2016, and a subset of the

results were shared publicly via channels such as GCN

and ATel to help inform EM observing strategies. We

begin by providing a brief description of the data sample

in Section 2 and describe the analysis technique in Sec-

tion 3. In Section 4, we explain the types of sources
which have been investigated with this pipeline, and

then summarize all of our results as of July 2020 in Sec-

tion 5.

2. ICECUBE DATA SAMPLE

The IceCube Neutrino Observatory is a cubic-

kilometer neutrino detector instrumented at the geo-

graphic South Pole (Achterberg et al. 2006; Aartsen

et al. 2017d). The detector consists of 5160 digital op-

tical modules (DOMs) distributed on 86 strings, and
buried at depths between 1450 m and 2450 m. The

DOMs consist of 10-inch photomultiplier tubes, onboard
readout electronics, and a high-voltage board, all con-
tained in a pressurized spherical glass container (Abbasi

et al. 2009, 2010). In order to detect neutrinos, the

DOMs can record Cherenkov radiation emitted by sec-

ondary particles produced by neutrino interactions in

the surrounding ice or bedrock. Parameterization of the

scattering and absorption of the glacial ice allows accu-

rate energy and directional reconstruction of neutrino

events (Aartsen et al. 2013b).

IceCube’s field of view covers the whole sky with

∼99% uptime, though it is more sensitive to searches

in the northern celestial hemisphere, where the Earth

attenuates the majority of the atmospheric muon sig-

nal. Thus, the background at final selection level in

the northern sky consists of atmospheric muon neutri-

nos from cosmic-ray air showers (Haack & Wiebusch
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Figure 2. Analysis sensitivity as a function of declination (δ) for characteristic analysis timescales of 103 s (left), 105 s (middle)
and 10

7 s (right), under the assumption of an E−2 power-law spectrum. Sensitivity (solid line) is defined as the median 90%
CL upper limit that would be placed in the case of a non-detection, and discovery potential (dashed) as the flux required to
yield a 3σ significant result, pre-trials, in 90% of cases. The number of coincident neutrino candidate events increases as the
time window for the analysis increases, which in turn increases the threshold for discovery. However, for time windows less than
about one day, well-reconstructed individual coincident neutrino candidate events are often capable of yielding analysis results
that are significant at the 3σ level, pre-trials.

2018). In the southern sky the trigger rate is domi-

nated by atmospheric muons from cosmic-ray air show-

ers, and harsher cuts are placed to reduce this over-

whelming background.

Neutrino events in IceCube consist of two main mor-
phologies: tracks and cascades. Tracks arise from

charged-current νµ interactions, wherein the produced
muon creates a long (O(km)) straight Cherenkov light

pattern throughout the detector. Cascades, on the other

hand, come from neutral current interactions of any fla-

vor or charged-current νe,τ interactions, and are char-

acterized by spherical Cherenkov light patterns from

particle showers. Whereas cascades have much bet-

ter energy resolution, this analysis focuses on track-like
events, as the long track topology not only provides an
increased lever arm for better pointing resolution (< 1◦

for Eν > 10 TeV), but also substantially increases the

effective detection volume.

As this analysis runs in real time, it relies on the abil-

ity to have rapid access to data from the South Pole.
Specifics of the infrastructure established to construct a
real-time neutrino event stream are detailed in Aartsen

et al. (2017e). This system has previously been used

to rapidly send alerts to optical, X-ray, and gamma-

ray telescopes (Kintscher 2016), many of which have

resulted in interesting EM observations (Aartsen et al.

2016b, 2015a; Abbasi et al. 2012; Evans et al. 2015).
Here, we focus on taking extreme transients from these

EM observatories to prompt searches of our own data.

The specifics of the event selection used here, which we

refer to as the “Gamma-ray Followup” (GFU) dataset

(because of its initial application in sending alerts to
gamma-ray facilities), is described in full in Aartsen

et al. (2016b). The angular resolution of the sample as a

function of energy is displayed in (Aartsen et al. 2017e,

Figure 4), and is very similar to other datasets that

have been used for offline searches for neutrino sources

(Aartsen et al. 2020b, Figure 1). At final level, the

stream has an all sky rate that varies between approx-
imately 6-7 mHz due to seasonal variations in the rate
due to atmospheric backgrounds (Desiati et al. 2011;

Tilav et al. 2010; Grashorn et al. 2010). The varia-

tion of the sample’s rate versus time is displayed in

Fig. 1, and our treatment of this modulation is described

in Section 3. This rate is dominated in the northern

hemisphere by atmospheric neutrinos and in the south-
ern hemisphere by atmospheric muons, but consists of
O(0.1%) (O(0.01%)) neutrino candidate events (here-

after referred to as events) from astrophysical νµ in the

northern (southern) hemisphere.

3. ANALYSIS METHOD

The FRA uses an unbinned maximum likelihood

method that is also a feature in other IceCube searches
for neutrino point sources (Braun et al. 2008, 2010), and
preliminary forms of the analysis have been described in

(Meagher et al. 2020; Meagher 2018). For a sample with
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N total neutrino candidate events in the analysis time
window, we maximize the likelihood, L, defined as

L(ns|nb, {xi}) =
(ns + nb)

N
e−(ns+nb)

N !

×
N
∏

i=1

[

ns

ns + nb

S (xi) +
nb

ns + nb

B (xi)

]

,

(1)

with respect to ns, where ns and nb are the signal and

expected background event counts, respectively. The
term outside of the product in the likelihood is intro-
duced to help distinguish potential signal events in the
regime where the expected number of background events

is small (Barlow 1990). Maximizing this “extended like-

lihood” with respect to only ns has been a feature of
previous IceCube analyses searching for short-timescale

neutrino emission (Aartsen et al. 2017a, 2020c,f). In
Equation 1, the index i iterates over all neutrino event

candidates, and S and B represent the signal and back-

ground probability density functions (PDFs) for events

with observables xi. The signal PDF, S, is the prod-

uct of both a spatial term, Sspace, and an energy term,
Senergy. The spatial term is modeled with a two dimen-

sional Gaussian

Sspace =
1

2πσ2
i

e
−

|xs−xi|
2

2σ2
i , (2)

using the event’s reconstruction uncertainty σi for a
source at location xs. The energy term is used to distin-

guish background with a soft spectrum from signal with

an assumed harder spectrum of dN/dE ∝ E−2. Thus,

for each event, a PDF is evaluated using the event’s en-

ergy proxy Ei as well as its reconstructed declination,
δi, as the effective area of the sample has a strong de-

pendence on declination.
Similarly, the background PDF, B, is the product of a

spatial term, Bspace, and an energy term, Benergy. Bspace

is estimated using experimental data, and depends only

on the event’s declination, as the probability in right

ascension is treated as a uniform distribution 1/2π. This

yields

Bspace = PB (sin δi) /2π , (3)

where PB is the PDF of the sample as a function of dec-

lination, determined directly from experimental data.

The background energy term is a two-dimensional PDF

using the event’s reconstructed declination and energy

proxy, and is also determined directly from experimental

data.

The final test statistic, T , is twice the logarithm of the

ratio between the likelihood maximized with respect to

ns (best-fit value n̂s) and that of the background-only

likelihood (ns = 0). This simplifies to

T = −2n̂s + 2

N
∑

i=1

ln

[

n̂sS (xi)

nbB (xi)
+ 1

]

, (4)

In order to determine nb, we calculate the average rate
in data in a time window 5 days in duration on either

side of the time window being used for the analysis. For

analyses being run in real time, there is often not 5 days

of data available after the stop of the analysis time win-

dow, and for this we only use the 5 days of data leading

up to the start of the analysis. The duration of 5 days

was chosen such that it balances the uncertainty in rate

between two competing effects: (1) the Poissonian un-

certainty from the number of events detected and (2) the

error from the fluctuating background rate due to sea-

sonal variations, discussed in Section 2. We then keep
nb fixed to this value, and only maximize the likelihood,

L, with respect to ns.

The sensitivity of this analysis is dependent on the

time window of the transient being investigated as well

as its location on the sky, and we show the sensitivity for

various characteristic time windows as well as different

declinations in Figure 2.
Sensitivities are defined assuming the flux is of the

form

dNνµ+ν̄µ

dEdAdt
= φ0 ×

( E

E0

)−2

, (5)

and quoted in terms of the time-integrated flux, where

dN/dEdA = (dN/dEdAdt) × ∆T , assuming constant

emission. For short time windows, the analysis sensitiv-

ity is constant, as the expectation of having a coincident

event from background is significantly less than one. In

this regime, a single signal event is enough to yield a

significant result in the analysis. Figure 2 highlights the
fact that the reduced background in the northern hemi-

sphere significantly enhances the analysis sensitivity.

The advantage of this analysis in comparison with

analyses which send alerts from IceCube is that it re-
duces the threshold needed for a detection. Analyses

which send neutrino alerts either require high-energy
neutrino candidates (Blaufuss et al. 2020), where the

effective area is smaller than in the GFU sample so as

to only select premier candidates, or they require multi-

plets of lower-energy events in the GFU data (Kintscher

2016). This analysis, however, is sensitive to individ-

ual events that do not need to be of the same qual-

ity or energy as IceCube alert events. The response of

this analysis to individual neutrino candidate events is

displayed in Figure 3 for different power-law spectra in

terms of the median pre-trials significance over many
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Figure 3. Statistical significance expected when detecting one signal neutrino candidate event. The colorscale represents the
median pre-trial significance for analyses for a variety of timescales and declinations when there is one signal event, sampled
according to an E−γ power-law spectrum for γ = 2.0 (left), γ = 2.5 (middle), and γ = 3.0 (right), injected on top of scrambled
background. Although the analysis is designed for incident E−2 spectra, it remains sensitive to individual events from softer
spectra. While a single event might result in a more significant result in the southern hemisphere than the northern hemisphere,
the analysis has a much smaller effective area in the southern hemisphere, and is thus less sensitive in this hemisphere.

Figure 4. Differential sensitivity for an analysis with a 10
3 s

time window, for a source in the northern sky (green), at the
horizon (orange), or in the southern sky (blue). The sensi-
tivities are calculated separately in each decade in energy,
assuming a differential muon neutrino flux dN/dE ∝ E−2 in
that decade only. For events in the southern celestial hemi-
sphere, the harsher cuts in the event selection make this anal-
ysis only sensitive at higher energies, whereas in the northern
celestial hemisphere, the effect of Earth absorption is appar-
ent in the highest energy bins.

realizations. The significance is calculated by compar-

ing the observed T to those from pseudo-experiments

in which the times of the events are scrambled (Cassi-

day et al. 1989; Alexandreas et al. 1993). The temporal

scrambling preserves the detector acceptance as a func-
tion of declination, while altering the right ascension,
and times are reassigned in such a way as to preserve

the observed seasonal variations discussed in Section 2.

For time windows larger than a few hours, the effective

area and background rate in the GFU sample are inde-

pendent of right ascension. For shorter time windows,

the slightly asymmetric azimuthal geometry of the de-

tector leads to an effective area and background rate

that is up to 10% higher for some right ascensions than

others. Although this is not taken into account when
calculating the signal and background PDFs, it does not

introduce a bias in the calculation of the p-values which
we report, as the temporal scrambling preserves local

coordinates and thus maintains any azimuthal structure

that is present in the sample.

Although the analysis is most sensitive to an incident

E−2 flux, it remains capable of yielding significant re-
sults if there is a source with a softer spectrum. Whereas

other searches for point sources often fit the spectral in-
dex of any potential signal, e.g. (Aartsen et al. 2020b),

the index here is fixed, as we are looking for coincidences

of individual events, from which it is not feasible to fit

a spectrum.

As another way to highlight the analysis response to
different spectral shapes, the differential sensitivity is

provided in Figure 4. The analysis is most sensitive
at the celestial equator and northern sky for energies

between O(103) GeV and O(105) GeV, whereas in the

southern sky the harsher cuts increases this regime to be

around 106 GeV. For sources in the northern sky, Earth

absorption becomes important at the highest energies.

3.1. Sources with localization uncertainty

The analysis is also equipped to follow up sources

where the uncertainty on the localization of the object is

a significant fraction of the sky. This has application for

searching for a variety of source classes, including but

not limited to progenitors of gravitational waves, GRBs

reported by the Fermi-GBM observatory, or poorly lo-

calized FRBs. In order to incorporate the localization

uncertainty, the likelihood described in Equation 1 is
maximized at every location on the sky, and the final

test-statistic is defined as

Λ = max
α,δ

[

T (α, δ) + 2 ln
( Ps(α, δ)

Ps(α0, δ0)

)

]

, (6)
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where α, δ are right ascension and declination, respec-
tively. Ps(α, δ) is the spatial PDF of the source being in-

vestigated, which consists of probabilities-per-pixel with

pixels corresponding to locations on the sky generated

according to the HEALPix scheme (Gorski et al. 2005).
These PDFs are generally provided by the observatories

which initially detect the transient of interest. α0, δ0
is the location on the sky corresponding to the max-

imum of this PDF, and T is the test-statistic defined

in Equation 4. This technique has also been used in

dedicated analyses searching for counterparts to gravi-

tational wave progenitors (Aartsen et al. 2020f), ANITA
neutrino candidates (Aartsen et al. 2020g), and ultra-

high-energy cosmic rays (Schumacher 2019).

4. FOLLOW-UP TARGETS

In general, the FRA is run on extreme transients

where there is potential for hadronic acceleration. Ad-
ditionally, the analysis is used when it is believed that

input from neutrino observations would be helpful in
informing EM observing strategies. However, as the de-
cision to perform the analysis is made on a case-by-case
basis, it is difficult to define the exact circumstances

that will result in an analysis. Potential targets pre-

dominately come from channels such as GCN or ATel,

or are sometimes requested explicitly from EM observa-

tories3. In general, we favor sources that are detected
with high-energy EM emission, and those sources which

are in optimal locations for IceCube, namely, sources at

or above the celestial equator.

Once a potential target is identified, both the viability

of the object being a neutrino emitter and the usefulness

of input from a neutrino observatory for the EM com-

munity are evaluated. If it is decided to run the FRA,
a time window, ∆T , is selected that tries to encompass

interesting periods of EM emission (for example, cover-

ing the entirety of a period of flaring activity reported

in a GCN or ATel) while remaining in a regime where

the analysis is most sensitive. After the analysis is com-

plete, results are often shared via the channel where the

emission that prompted the analysis was discussed.

As of July 2020, the FRA has been executed on a

variety of astrophysical transients. While the anal-

ysis is designed to be applicable to generic objects,

some classes of transients are followed up frequently

(a complete list is provided in Appendix A). These

classes include, though are not limited to: (1) extreme
blazar flares, especially those detected in extremely
high-energies, (2) bright GRBs, especially the few de-

3 Requests to perform the FRA can be sent to
roc@icecube.wisc.edu

tected by imaging air cherenkov telescopes, (3) well-
localized gravitational waves, (4) FRBs whose detections
are released in real time, and (5) multi-messenger alert

streams from the Astrophysical Multimessenger obser-

vatory Network4. Since the pipeline’s creation, some of

these source classes have had dedicated real-time anal-

yses, such as gravitational waves (Aartsen et al. 2020f).
Dedicated real-time follow-ups of GRBs as well as the

use of this pipeline to follow up neutrino candidate

events sent by IceCube via AMON will be the subjects

of future works.

5. RESULTS

As of July 2020, the FRA has been used to follow up
external observations 58 times. Although no analyses

have resulted in significant results, we provide a com-

plete list of results in Table 1. p-values are all quoted

pre-trials, and upper limits are set assuming an E−2

power law. For all analyses with p < 0.01, we pro-

vide skymaps of the analysis in Appendix B. A subset of

these results were circulated via channels such as GCN
or ATel, and links are provided where relevant. The dis-
tribution of all observed p-values is shown in Figure 5.

The background distribution of p-values is not expected

to be perfectly uniform, as many analyses operated at

short timescales, where there are zero observed coinci-

dent events. In this case, T = 0, and as this occurs for

multiple pseudo-experiments, many pseudo-experiments
yield the same value of p = 1.0. As the hypotheses tested

for the individual follow-up analyses are unique, we do
not attempt to make any statement on the collection of
results as a population, and instead we highlight some
of the analyses individually in Section 5.1.

For analyses with a p-value that is not 1.0, we find

that the test-statistic is often dominated by one or two
contributing neutrino candidate events. Although the

analysis is capable of yielding significant results with

one signal event from a hard astrophysical spectrum,

none of our results are statistically significant as all of

the coincident events had low reconstructed energies.

Some results that were shared via GCN or ATel prior
to the writing of this work show slight differences in p-

value as those presented here, as they were performed

with a preliminary version of this analysis. The values

provided in Table 1 are all calculated with the analysis

as described in Section 3. This version of the analysis

has been stable since July 2020 and continues to operate

in real time.

5.1. Implications of specific analyses

4 https://gcn.gsfc.nasa.gov/amon.html

mailto:roc@icecube.wisc.edu
https://gcn.gsfc.nasa.gov/amon.html
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Figure 5. Distribution of p-values from all analyses. The
p-values represent the outcome of each individual analysis,
and do not include a trials correction for the ensemble of all
analyses performed. As many of these analyses are looking
for coincidences over short time windows, a large fraction of
analyses have zero coincident events, yielding T = 0, and a p-
value of exactly 1.0. We compare our distribution of p-values
to those expected from many sets of ensembles of pseudo-
experiments from scrambled background data for each of the
58 analyses performed.

Below, we highlight some of the objects that were an-
alyzed. Following each source name we include the dec-

lination of the object as well as the time window for the
analyses performed, as these are the principle factors
driving the analysis sensitivity:

PKS 0346-27 (δ = −27.82◦, ∆T = 4.2 × 105 s):

The most significant result comes from an analysis of
the object PKS 0346-27, a flat spectrum radio quasar
with redshift z = 0.991. At the time of the analysis,

the object was in a high state marked by a daily aver-
aged gamma-ray flux approximately 150 times greater
than its four-year average, and with at least one pho-

ton with > 30 GeV energy detected by the Fermi -LAT

(ATel 11644). Our analysis found one event coincident

with the localization of PKS 0346-27, yielding a p-value
of 0.0027, before correcting for the number of analyses

performed. However, after trials correcting for the num-
ber of analyses performed, we note that this most signif-
icant analysis has a post-trials p-value of 0.145, which

we find to be consistent with background. Our upper
limits, compared to observations across the EM spec-
trum at the time of the flare (Angioni et al. 2019), are
displayed in Figure 6. For this source, as it is located in

the southern celestial hemisphere, we are only sensitive
at the highest energies because of the strict cuts placed
to reduce the harsh backgrounds in the southern sky.

AT 2018cow (δ = +22.27◦, ∆T = 3.0 × 105 s):

In recent years, time-domain optical surveys have re-
vealed a growing class of rare and rapidly evolving extra-

galactic transients, or so-called “Fast Blue Optical Tran-

Figure 6. Spectral energy distribution of the flat spectrum
radio quasar PKS 0346-27. All data points across the elec-
tromagnetic spectrum are taken from Angioni et al. (2019).
Archival data are shown in gray, and data from May 16, 2018
are shown in blue. The limit placed by this analysis (solid
magenta) uses a time window from May 11 - May 15, 2018,
which covered the flaring activity on May 13, 2018 reported
by the Fermi-LAT (ATel 11644). The May 16 time window
for EM data points was chosen to have synchronous Swift
and Fermi-LAT data. For comparison, we show the sensitiv-
ity (dashed magenta) this analysis would have for the same
observation time window for a source at the horizon, where
the sensitivity is optimal. The energies for both our upper
limit and sensitivity span the central 90% of expected ener-
gies assuming an E−2 flux. The black dashed line shows the
sensitivity for CTA south with 5 hours of observations, and
is taken from Cherenkov Telescope Array Consortium et al.
(2019).

sients (FBOTs), see e.g. Rest et al. (2018); Drout et al.

(2014); Arcavi et al. (2016). Among these objects is AT

2018cow, an object which prompted an extensive multi-

wavelength follow-up campaign (Margutti et al. 2019).
Early in observations of the object, an FRA was run

under the assumption that the object could be a Broad-

Lined type Ic supernova, which has been considered as

a potential source of astrophysical neutrinos (Tamborra

& Ando 2016; Senno et al. 2016; Denton & Tamborra
2018). In this context, an analysis was performed with

a 3-day time window, spanning the last optical non-
detection to the first detection. Later observations of
the object led to an array of possible classifications, in-

cluding a tidal disruption event (TDE) or magnetar. In

a separate analysis not part of the FRA program, the

object was reanalyzed in the context of a potential TDE

classification, implementing a time window from 30 days

prior to peak to 100 days after (Stein 2020). Although
slight excesses were identified in both analyses, neither

analysis was significant at even the 3σ level, pre-trials.

As such, we claim no evidence of neutrino emission as

http://www.astronomerstelegram.org/?read=11644
http://www.astronomerstelegram.org/?read=11644
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neither analysis yielded statistically significant results.
Magnetar based models of this object that also predict

neutrino emission are noted to be significantly below the

sensitivity of this analysis (Fang et al. 2019).

GRB 190114C (δ = −26.94◦, ∆T = 3.8 × 103 s):
This was the first GRB detected by an imaging air

Cherenkov telescope that was announced in real time,
with emission in the 0.2 - 1.0 TeV band detected by
MAGIC (Acciari et al. 2019a). Although the high en-

ergy peak in the broadband spectral energy distribution

was later shown to be consistent with a synchrotron self-

Compton interpretation (Acciari et al. 2019b), GRBs
have long been thought to be potential sources of as-

trophysical neutrinos (Waxman & Bahcall 1997). While

no coincident events were observed, the southern dec-

lination of this GRB places it in a location of the sky

where the event selection places stringent cuts to reduce

the atmospheric muon background, see Figure 4. As
such, if there were neutrinos emitted at lower energies

(less than O(10) TeV), the analysis would be much less
sensitive than it would be for a similar source in the

northern celestial hemisphere. The limits placed using

this analysis are compared to the observations across the

electromagnetic spectrum in Figure 7.

Given the redshift z = 0.42 and corresponding lu-
minosity distance of approximately 2.3 Gpc of GRB

190114C (Acciari et al. 2019b), we can also constrain
the isotropic equivalent total radiated energy in muon

neutrinos within our sensitive energy band, Eν,iso. Using

the upper limit presented in Table 1, we calculate

Eν,iso =
4πDL(z)

2

1 + z

∫ E95%

E5%

dN90%
νµ+ν̄µ

dEν dA
EνdEν , (7)

where E5% and E95% represent the bounds on the cen-
tral 90% of energies of detected events assuming an

E−2 spectrum, which for this declination we find to be

around 100 TeV and 20 PeV, respectively. Accordingly,

we constrain the total energy emitted in muon neutrinos

within this energy range, assuming an E−2 spectrum, to
be less than 1.6 × 1054 erg (90% CL). For comparison,

the estimated isotropic energy emitted in photons was

found to be around 3 × 1053 erg (Acciari et al. 2019b).

A similar calculation could be performed for any object

that has a distance measurement as well as cataclysmic

origins that we have investigated using the FRA. We

have restricted our attention here to GRB190114C be-

cause of the extensive multi-wavelength observations of

this object, and because it is one of the few GRBs de-

tected at very high energies.

SGR 1935+2154 / FRB 200428 (δ = +21.89◦,

∆T = 8.6 × 104 s): In April 2020, the CHIME/FRB

Figure 7. Multiwavelength and multimessenger spectra for
GRB 190114C. Observation time windows are indicated in
the legend. Neutrino upper limits are shown assuming an
E−2 flux, and span the central 90% of the expected ener-
gies of neutrino events for this spectral assumption. The
ANTARES limit is taken from Molla (2020). Data points
across the electromagnetic spectrum are taken from Acciari
et al. (2019b) and are shown for two time intervals. The low-
est energy band represents the 90% confidence contours from
a joint fit of Swift-BAT and Swift-XRT data, and the GeV
and TeV bands are the 1σ contour regions from the best-fit
power-law functions from Fermi-LAT and MAGIC, respec-
tively. For comparison, we show the sensitivity (dashed ma-
genta) this analysis would have for the same observation time
window for a source at the horizon, where the sensitivity is
optimal.

instrument detected a millisecond timescale radio pulse
coincident with a period of extraordinarily intense X-
ray burst activity from a known Galactic magnetar,

SGR 1935+2154 (The CHIME/FRB Collaboration et al.

2020), which was also detected by STARE2 (Bochenek

et al. 2020). Further analysis of the observables of this

radio pulse, such as its duration and spectral luminos-

ity, shows the signal to be indistinguishable from the

expectation from an FRB, and this observation has sup-

ported the hypothesis that at least a fraction of the FRB

population arise from magnetars (Bochenek et al. 2020).

Both magnetars, as well as FRBs, have been proposed

as possible cosmic-ray accelerators (Metzger et al. 2020;

Li et al. 2014; Gupta & Saini 2018), and as such, an

analysis was performed searching for coincident neutrino
events. The time window (2020-04-27 18:00:00 UTC to

2020-04-28 18:00:00 UTC) began approximately half an
hour prior to the Swift-BAT trigger (2020-04-27 18:26:20

UTC) and lasted 24 hours, covering all available data
at the time of the analysis, and which encompassed the

time of FRB 200428 (2020-04-28 14:34:24.45), which was

approximately 20 hours after the start of this window.

One coincident neutrino candidate event, arriving dur-
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ing the period of bursting X-ray activity (2020-04-27
19:23:30.93 UTC), but significantly before the FRB, was

identified. This event had a relatively large uncertainty

on its spatial reconstruction (2.67◦ at 90% containment),

and low reconstructed energy of ∼ 1 TeV, which resulted
in an analysis p-value of 0.02 (which is not corrected for

the ensemble of all analyses performed), which we find

to be not statistically significant.

The results from this analysis, as well as other results

that come from this pipeline, can be used to set limits

on populations using extreme objects identified by EM

observations, as we highlight below.
Bochenek et al. (2020) showed that converting the de-

tection of FRB 200428 to a volumetric rate of bursts re-

sults in an estimate of 7.23+8.78
−6.13×107Gpc−3yr−1 for this

type of transient with energy greater than or equal to

FRB 200428. We use this rate to set a constraint on the

total contribution of FRBs from SGR 1935+2154-like

bursts, assuming that for any neutrino flux, FRBs act

as standard candles. An upper limit on this flux can be
calculated using the technique outlined in Strotjohann

(2020), namely, by integrating the rate of sources times

their individual flux contributions over cosmic history

dΦ

dE
=

∫ ∞

0

R(z)
dN

dE
dz , (8)

where dΦ
dE

is the total diffuse differential flux from these

bursts and dN
dE

is the differential flux from each source.

R(z) is the rate at which transients appear on Earth,

given by

R(z) = ρ(z)×
dV

dz
×

1

1 + z
. (9)

For the volumetric rate density, ρ(z), we use the rate

discussed above and assume FRBs track star-formation

activity, as is done in Bochenek et al. (2020). The other

term in the integrand in Eq. 8 is calculated as

dN

dE
=

E90%
4πD2

L

× (1 + z)3−γE−γ , (10)

where E90% is the upper limit on the time-integrated
number of particles at 1 GeV of the burst released in neu-

trinos, assuming the emission follows a spectral shape
consistent with the diffuse astrophysical neutrino spec-
trum as reported in (Aartsen et al. 2015b). Although

the likelihood used in the analysis assumes a spectral

index of γ = 2.0, the analysis is still sensitive when we

calculate this limit by injecting a softer flux which has

a spectral index of γ = 2.5, as is shown in Figure 3.

To be conservative, we adopt a distance estimate for
SGR 1935+2154 of 16 kpc, which was the maximal dis-
persion measure estimated distance reported in Boch-

enek et al. (2020). To calculate E90%, we use the flux

Figure 8. Upper limits on the contribution to the diffuse
neutrino flux from a population of FRBs similar to SGR
1935+2154, for a variety of luminosity functions. The rate of
such a population is taken from Bochenek et al. (2020), and
the limit on the neutrino luminosity is derived from our anal-
ysis of FRB 200428. For a naive standard candle assumption
(light blue), the strict upper limit from the Galactic burst
limits the contribution of FRBs to be less than 1% of the
diffuse astrophysical neutrino flux. However, if the emitted
energy in neutrinos were to scale linearly with the energy
emitted at radio wavelengths (dashed orange), as described
in the text, then FRBs are not ruled out as contributing sig-
nificantly to the diffuse neutrino flux. The band on each of
these limits represents the uncertainty on the reported volu-
metric rate of these transients.

limit found using the FRA as well as the distance of

SGR1935+2154. Our resulting limit, calculated with

the public Flarestack code (Stein et al. 2020), is dis-
played in Fig. 8, which compares this upper limit to the

total observed diffuse astrophysical neutrino flux. For

SGR 1935+2154, this corresponds to a limit on the en-

ergy of the burst of ∼ 4 × 1043 erg emitted between

energies of 200 GeV and 80 TeV for a neutrino flux of

the form dN/dE ∝ E−2.5. We find that, under the as-

sumption that FRBs that track star-formation activity
and are standard candles in regards to their neutrino

luminosities, that a population of FRBs with the afore-
mentioned rate can contribute no more than 0.3% of the
diffuse neutrino flux.

While the majority of the detected FRB population

is extragalactic, a non-detection of a Galactic FRB im-
plies an extremely small flux from extragalactic FRBs,
under the assumption of standard candles. If, instead

of assuming equal neutrino luminosities, the neutrino

contribution were to scale linearly with the emitted ra-

dio energy, this constraint would scale by the ratio of

the mean FRB energy to that from FRB 200428. If

one assumes that the volumetric rate of FRBs per unit
isotropic energy scales according to a power-law distri-
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bution dN/dE ∝ E−γ with γ = 1.7 and extends from the
spectral energy of FRB 200428 out to a maximal spectral

energy, Emax ≈ 2×1033erg Hz−1 (Lu & Piro 2019), then

this ratio of spectral energies is on the order of 5× 102.

Rescaling our upper limit on the total FRB contribu-
tion to the diffuse neutrino flux would then overshoot

the total astrophysical neutrino flux, implying that if a
population of SGR 1935+2154-like FRBs are not neu-
trino standard candles and instead have a positive cor-

relation between neutrino and radio luminosities, then

there is still room for them to significantly contribute to

the diffuse neutrino flux. Even so, this limit highlights

the fact that this pipeline can be used to constrain pop-
ulations of potential neutrino sources by analyzing the
most extreme objects identified in EM observations.

6. DISCUSSION & CONCLUSION

We presented a pipeline for rapidly investigating neu-

trino data in searches for extreme astrophysical tran-
sients. This analysis is well-suited to searching for in-
dividual coincident neutrinos with objects that were

detected using other messengers. Since its start in

2016, this pipeline has proven useful in informing EM

observers about possible neutrino emission, and have

helped develop observing strategies. As of July 2020, no

analyses have resulted in significant detections. Our lim-

its have helped constrain various models of hadronic ac-

celeration for a number of source classes that are thought

to be cosmic-ray accelerators, including, but not limited

to, superluminous transients such as AT2018cow and

Galactic magnetars. The pipeline will continue to be op-

erational. Beginning in 2018, this pipeline has circulated

more of its results in real time via channels such as ATel

or GCN, as is evident in Table 1. This has proven useful

in aiding EM observing decisions, and these results have

also been used by those creating lepto-hadronic emission
models of certain transients of great interest to the ob-
servational community, such as AT2018cow (Fang et al.

2019).

With its 4π steradian field of view and ∼99% uptime,

IceCube is a unique observatory in that it is able to re-

port on nearly every astrophysical transient. The abil-

ity to rapidly communicate a neutrino detected from an

astrophysical transient enables the observational com-

munity to observe interesting objects as they are still

in states of outburst, which could be pivotal in under-

standing the nature of astrophysical neutrinos.
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APPENDIX

A. LIST OF RESULTS

The following table contains information on all of the analyses performed as of July 2020. References are provided to

the GCN or ATel that prompted the analyses, though many of these objects were the topic of multiple GCN circulars

or ATels.
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Figure 9. Skymaps for the two analyses which resulted in a p-value less than 0.01, pre-trials. Maps are centered on the location
of the source being investigated. Each colored × represents a neutrino candidate event in the GFU sample, the color represents
the arrival time of the event, and the size of the circle is each event’s angular uncertainty (90% containment). The analysis
for PKS 0346-27 (left) lasted four days containing a period of increased gamma-ray emission detected by Fermi-LAT and the
analysis of a newly detected gamma-ray source Fermi J1153-1124 (right) was 2 days in duration.

B. SKYMAPS

In Figure 9, we present skymaps of all analyses which resulted in a p-value less than 0.01, pre-trials, although we note

that after trials corrections our most significant result is consistent with background, with a trials corrected p-value

of 0.145. These analyses include (1) the follow-up of a bright GeV flare reported by the Fermi -LAT from the blazar

PKS 0346-27 and (2) Fermi J1153-1124, a source which, at the time, was a newly identified gamma-ray source.
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