UNIVERSITY OF COPENHAGEN

Constraints on Minute-Scale Transient Astrophysical Neutrino Sources

Icecube Collaboration
Published in:
Physical Review Letters

DOI:
10.1103/PhysRevLett.122.051102

Publication date:
2019

Document version _
Publisher's PDF, also known as Version of record

Citation for published version (APA):
Icecube Collaboration (2019). Constraints on Minute-Scale Transient Astrophysical Neutrino Sources. Physical
Review Letters, 122(5), [051102]. https://doi.org/10.1103/PhysRevlLett.122.051102

Download date: 17. okt.. 2021


https://doi.org/10.1103/PhysRevLett.122.051102
https://curis.ku.dk/portal/da/publications/constraints-on-minutescale-transient-astrophysical-neutrino-sources(eea5c198-a0f0-4aff-85f6-bf6b77943436).html
https://doi.org/10.1103/PhysRevLett.122.051102

PHYSICAL REVIEW LETTERS 122, 051102 (2019)

Constraints on Minute-Scale Transient Astrophysical Neutrino Sources

M. G. Aartsen,16 M. Ackermann,5 3. Adams,16 J.A. Aguilar,12 M. Ahlers,20 M. Ahrens,45 I. Al Samarai,25 D. Altmann,24
K. Andeen,35 T. Anderson,50 IR Ansseau,12 G. Anton,24 C. Argl’ielles,14 I Auffenberg,1 S. Axani,14 P. Backes,1
H. Bagherpour,16 X. Bai,42 A. Barbamo,25 J.P. Banron,23 S.W. Barwick,27 V. Balum,34 R. Bay,8 J. I Beatty,l&19
J. Becker Tjus,11 K.-H. Becker,52 S. BenZVi,44 D. Belrley,17 E. Bernaurdini,53 D.Z. Besson,28 G. Binder,9’8 D. Bindig,52
E. Blaufuss,17 S. Blot,53 C. Bohm,45 M. Btimer,21 F. Bos,11 S. Béjser,34 0. Botner,51 E. Bourbeau,20 J. Bourbeau,33
F. Bradascio,53 J. Braun,33 M. Brenzke,1 H.-P. Bretz,53 S. Bron,25 J. Brostean—Kaiser,5 A Burgman,51 R.S. Busse,3 3
T. Carver,25 E. Cheung,17 D. Chirkin,33 A. Christov,25 K. Clark,30 L. Classen,37 G.H. Collin,14 J.M. Conrad,14 P. Coppin,13
P. Correa,13 D.E Cowen,so’49 R. Cross,44 P. Dave,6 M. Day,33 J.P.A.M. de André,22 C. De Clercq,13 J.1. DeLaunay,50
H. Dembinski,38 K. Deoskar,45 S. De Ridder,26 P. Desialti,33 K.D. de Vlries,13 G. de Wasseige,13 M. de With,10
T. DeYoung,22 J.C. Diaz-Vélez,™ V. di Lorenzo,”* H. Dujmovic,47 J.P. Dumm,” M. Dunkman,” E. Dvorak,*

B. Eberhardt,** T. Ehrhardt,* B. Eichmann,'" P. Eller,”” P. A. Evans,” P. A. Evenson,” S. Fahey,” A. R. Fazely,’ J. Felde,"’
K. Filimonov,8 C. Finley,45 A. Franckowiak,53 E. Friedman,17 A. Fritz,34 T. K. Gaisser,3 8. Gallagher,32 E. Ganster,l
L. Gerhardt,9 K. Gholrbani,33 W. Giang,23 T. Glauch,36 T. Gliisenkamp,24 A. Goldschmidt,9 J.G. Gonzalez,38 D. Grant,23
Z. Griffith,33 C. Haack,1 A. Hallgren,51 L. Halve,1 F. Halzen,33 K. Hanson,33 D. Hebecker,10 D. Heereman,12 K. Helbing,52
R. Hellauer,17 S. Hickford,52 J. Hignight,22 G.C. Hill,2 K.D. Hoffman,17 R. Hoffmann,52 T. Hoinka,21
B. Hokanson—Fasig,33 K. Hoshina,33’* F. Huang,50 M. Huber,36 K. Hultqvis'[,45 M. Hﬁnnefeld,21 R. Hussain,33 S. In,47
N. Iovine,12 A. Ishihaura,15 E.J acobi,5 ’G.S. Japaridze,5 M. Jeong,47 K. Jero,33 B.J.P. Jones.,4 P. Kalaczynski,l W. Kang,47
A. Kappes,37 D. Kappesser,3 ‘T, Karg,53 A. Karle,” U. Katz,** M. Kauer, A. Keivani, J. L. Kelley,33 A. Kheirandish,”
J. Kim,”’ T. Kintscher,” J. Kiryluk,*® T. Kittler,”* S. R. Klein,”® R. Koirala,”™ H. Kolanoski,"’ L. Képke,* C. Kopper,”
S. Kopper,48 J.P. Koschinsky,1 D.J. Koskinen,20 M. Kowalski,m’53 K. Krings,36 M. Kroll,11 G. Krijckl,34 S. Kunwar,53
N. Kurahashi,41 A. Kyriacou,2 M. Labare,26 J. L. Lanfranchi,so M. . Larson,20 F. Lauber,52 K. Leonard,33 M. Leuermann,]
Q.R. Liu,33 E. Lohﬁnk,34 C.J. Lozano Mariscal,37 L. Lu,15 1. Liinem.amn,]3 W. Luszczak,33 1. Madsen,43 G. Maggi,l3
K.B.M. Mahn,22 Y. Makino,15 S. Mancina,33 I.C. Man'§,12 R. Mauruyama,3 ’ K. Mase,15 R. Maunu,17 K. Meagher,12
M. Medici,20 M. Meier,21 T. Menne,21 G. Merino,33 T. Meures,12 S. Miarecki,g’8 J. Micallef,22 G. Momenté,34
T. Montaruli,25 R.W. Moore,23 M. Moulai,14 R. Nagai,15 R. Nahnhauer,53 P. Nakarmi,48 U. Naumann,52 G. Neer,22
H. Niederhausen,46 S.C. Nowicki,23 D.R. Nygren,9 A. Obertacke Pollmann,52 A. Olivas,17 A. O’Murchadha,12
J.P Osborne,29 E. O’Sullivan,45 T. Palczewski,9’8 H. Pandyal,38 D. V. Pankova,50 P. Peiffer,34 J.A. Pepper,48
C. Pérez de los Heros,SI D. Pieloth,21 E. Pinat,]2 A. Pizzuto,33 M. Plum,35 P.B. Price,8 G.T. Przybylski,9 C. Raab,12
M. Rameez,20 L. Rauch,5 S K. Rawlins,3 I.C. Rea,36 R. Reimann,1 B. Relethford,41 G. Renzi,12 E. Resconi,36 W. Rhode,21
M. Richman,41 S. Robertson,2 M. Rongen,1 C. Rott,47 T. Ruhe,21 D. Ryckbosch,26 D. Rysevvyk,22 1. Safa,33
S.E. Sanchez Herrera,23 A. Sandrock,21 J. Sandroos,34 M. Santander,48 S. Sarkar,zo’40 S. Sarkar,23 K. Satalecka,53
M. Schaufel,1 P. Schlunder,21 T. Schrnidt,17 A. Schneider,33 J. Schneider,24 S. Sch(jneberg,11 L. S(:humacher,1 S. Sclafani,41
D. Seckel,38 S. Seunarine,43 J. Soedingrekso,zl D. Soldin,38 M. Song,]7 G. M. Spi(:zak,43 C. Spiering,53 L. Stachurska,53
M. Stamatikos,18 T. Stanev,38 A. Stasik,53 R. Stein,53 J. Stettner,l A. Steuer,34 T. Stezelberger,9 R.G. Stokstad,9 A. S'[éBl,15
N.L. Strotjohann,”>" T. Stuttard,”® G. W. Sullivan,'” M. Sutherland,'® I. Taboada,” F. Tenholt,'" S. Ter-Antonyan,’
A. Terliuk,” S. Tilav,”™ P. A. Toale,"® M. N. Tobin,*® C. Ténnis,"’ S. Toscano," D. Tosi,> M. Tselengidou,** C. F. Tung,’
A. Turcati,36 C.F Turley,so B. Ty,33 E. Unger,5 ' M. A. Unland Elorrieta,37 M. Usner,5 3. Vandenbroucke,33
W. Van Driessche,26 D. van Eijk,33 N. van Eijndhoven,13 S. Vanheule,26 J. van Santen,53 M. Vraeghe,26 C. Walck,45
A. Wallace,2 M. Wallraff,1 E.D. Wandlelr,23 N. Wandkowsky,33 T.B. Watson,4 A. Waza,1 C. Weaver,23 M.J. Weiss,50
C. Wendt,® J. Werthebach,™ S. Westerhoff,”® B.J. Whelan,” N. Whitehorn,*' K. Wiebe,** C. H. Wiebusch,' L. Wille,*
D. R. Williams,"” L. Wills,"' M. Wolf,*® J. Wood,” T. R. Wood,” E. Woolsey,” K. Woschnagg,® G. Wrede,” D. L. Xu,”

X.W. Xu,” Y. Xu,*® J.P. Yanez,” G. Yodh,” S. Yoshida,” and T. Yuan™
1. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany
2Deparl‘menl‘ of Physics, University of Adelaide, Adelaide, 5005, Australia
3Department of Physics and Astronomy, University of Alaska Anchorage, 3211 Providence Dr., Anchorage, Alaska 99508, USA
4Depczrtment of Physics, University of Texas at Arlington, 502 Yates St., Science Hall Rm 108, Box 19059, Arlington, Texas 76019, USA
5CTSPS, Clark-Atlanta University, Atlanta, Georgia 30314, USA
8School of Physics and Center for Relativistic Astrophysics, Georgia Institute of Technology, Atlanta, Georgia 30332, USA
7Department of Physics, Southern University, Baton Rouge, Louisiana 70813, USA

0031-9007/19/122(5)/051102(8) 051102-1 © 2019 American Physical Society



PHYSICAL REVIEW LETTERS 122, 051102 (2019)

8Department of Physics, University of California, Berkeley, California 94720, USA
’Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
Olnstitut fiir Physik, Humboldt-Universitit zu Berlin, D-12489 Berlin, Germany
Y Fakultit fiir Physik & Astronomie, Ruhr-Universitit Bochum, D-44780 Bochum, Germany
Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium
BVrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium
14Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
15Department of Physics and Institute for Global Prominent Research, Chiba University, Chiba 263-8522, Japan
16Department of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand
Y"Department of Physics, University of Maryland, College Park, Maryland 20742, USA
18Departmem‘ of Physics and Center for Cosmology and Astro-Particle Physics, Ohio State University, Columbus, Ohio 43210, USA
wDepartment of Astronomy, Ohio State University, Columbus, Ohio 43210, USA
Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark
21Departmenz of Physics, TU Dortmund University, D-44221 Dortmund, Germany
22Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
23Departmem‘ of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2EI
24Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universitit Erlangen-Niirnberg, D-91058 Erlangen, Germany
25Départemem de physique nucléaire et corpusculaire, Université de Geneve, CH-1211 Geneéve, Switzerland
26Department of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium
27Department of Physics and Astronomy, University of California, Irvine, California 92697, USA
Department of Physics and Astronomy, University of Kansas, Lawrence, Kansas 66045, USA
29Departmem‘ of Physics and Astronomy, University of Leicester, Leicester LE1 7RH, United Kingdom
OSNOLAB, 1039 Regional Road 24, Creighton Mine 9, Lively, Ontario, Canada P3Y IN2
31Department of Physics and Astronomy, UCLA, Los Angeles, California 90095, USA
32Department of Astronomy, University of Wisconsin, Madison, Wisconsin 53706, USA
33Department of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin,
Madison, Wisconsin 53706, USA
M nstitute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany
35Department of Physics, Marquette University, Milwaukee, Wisconsin, 53201, USA
*Physik-department, Technische Universitit Miinchen, D-85748 Garching, Germany
I Institut fiir Kernphysik, Westfdlische Wilhelms-Universitit Miinster, D-48149 Miinster, Germany
*®Bartol Research Institute and Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716, USA
39Department of Physics, Yale University, New Haven, Connecticut 06520, USA
4ODepartment of Physics, University of Oxford, 1 Keble Road, Oxford OX1 3NP, United Kingdom
4]Department of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, Pennsylvania 19104, USA
42Physics Department, South Dakota School of Mines and Technology, Rapid City, South Dakota 57701, USA
43Department of Physics, University of Wisconsin, River Falls, Wisconsin 54022, USA
44Deparl‘menl of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA
BOskar Klein Centre and Department of Physics, Stockholm University, SE-10691 Stockholm, Sweden
*®Department of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794-3800, USA
47Depan‘ment of Physics, Sungkyunkwan University, Suwon 440-746, Korea
48Department of Physics and Astronomy, University of Alabama, Tuscaloosa, Alabama 35487, USA
4gDepartment of Astronomy and Astrophysics, Pennsylvania State University, University Park, Pennsylvania 16802, USA
5ODepaerent of Physics, Pennsylvania State University, University Park, Pennsylvania 16802, USA
51Department of Physics and Astronomy, Uppsala University, Box 516, S-75120 Uppsala, Sweden
2Department of Physics, University of Wuppertal, D-42119 Wuppertal, Germany
SDESY, D-15738 Zeuthen, Germany

® (Received 27 July 2018; revised manuscript received 12 November 2018; published 6 February 2019)

High-energy neutrino emission has been predicted for several short-lived astrophysical transients
including gamma-ray bursts (GRBs), core-collapse supernovae with choked jets, and neutron star mergers.
IceCube’s optical and x-ray follow-up program searches for such transient sources by looking for two or
more muon neutrino candidates in directional coincidence and arriving within 100 s. The measured rate of
neutrino alerts is consistent with the expected rate of chance coincidences of atmospheric background
events and no likely electromagnetic counterparts have been identified in Swift follow-up observations.
Here, we calculate generic bounds on the neutrino flux of short-lived transient sources. Assuming an E~27
neutrino spectrum, we find that the neutrino flux of rare sources, like long gamma-ray bursts, is constrained
to < 5% of the detected astrophysical flux and the energy released in neutrinos (100 GeV to 10 PeV) by a

2.13

median bright GRB-like source is < 1032 erg. For a harder E~>!3 neutrino spectrum up to 30% of the flux
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could be produced by GRBs and the allowed median source energy is < 1032 erg. A hypothetical

population of transient sources has to be more common than 10~ Mpc™ yr~! (5 x 1078 Mpc™3 yr~! for

the E~>13 spectrum) to account for the complete astrophysical neutrino flux.

DOI: 10.1103/PhysRevLett.122.051102

Introduction.—An astrophysical neutrino flux at high
energies (from ~10 TeV to a few PeV) was discovered
by the IceCube neutrino observatory [1-3]. The neutrino
arrival directions are largely isotropic suggesting a pre-
dominantly extragalactic origin. Possible sources include
long gamma-ray bursts (GRBs) [4—7], core-collapse super-
novae (CCSNe) with choked jets [8—10], binary neutron
star mergers [11,12], and active galactic nuclei (AGNs)
[13—-17] (see, e.g., Ref. [18], for a more extensive list).
While several neutrino events have been associated with
a blazar [19,20], blazars likely cannot account for the
complete astrophysical flux [21]. The absence of luminous
neutrino point sources [3,22,23] implies that the observed
flux can only be emitted by a class of sufficiently numerous
sources [24-27].

The IceCube detector is deployed in the glacial ice at the
geographical South Pole at depths between 1450 to 2450 m
and comprises a volume of 1 km? [28]. It detects neutrino
events with energies between 100 GeV and a few PeV. If a
secondary muon is produced in a neutrino interaction,
its tracklike signature allows us to resolve the neutrino
direction to ~1° [22]. IceCube has a dedicated optical and
x-ray follow-up program which is triggered by two or more
tracklike events detected within < 100 s that are consistent
with a point source origin [29-31]. Except for AGNs, the
above-mentioned source classes are all expected to produce
such short neutrino bursts as they are powered by central
engines which are typically active for few to about 100 s.
To look for a potential electromagnetic counterpart, follow-
up observations for the least backgroundlike alerts are
obtained with the X-Ray Telescope (XRT [32]) on board
the Neil Gehrels Swift observatory, the 48-inch telescope of
the Palomar Transient Factory (PTF [33,34]; until Feb.
2017), and the Robotic Optical Transient Search
Experiment (ROTSE [35]; until Nov. 2015).

So far, no optical or x-ray transient sources have been
positively associated with any of the neutrino multiplets
[30,31,36]. As the alert rates are consistent with the
background-only hypothesis, we find that strong con-
straints on the existence of short-lived transient populations
can be derived from the IceCube data alone.

Detected neutrino alerts.—IceCube’s optical and x-ray
follow-up program was established in Dec. 2008 to search
for short-lived transient neutrino sources and here we
present results from the first five years of operation with
the complete detector (Sept. 2011—May 2016).

For the follow-up program we select tracklike events,
called neutrino candidates, from the northern sky (for a

detailed description of the event selection see Ref. [37])
which are detected at a rate of about 3 mHz. To suppress the
dominating background of atmospheric neutrino and muon
events we search for two or more neutrino candidates with a
temporal separation of less than 100 s and an angular
separation of less than 3.5°. Doublets are alerts consisting
of two neutrino candidates, while we call alerts with three
or more candidates multiplets.

Within the live time of 1648.1 days we selected in total
460 438 neutrino candidates. The selected data consist of
about ~80% atmospheric neutrinos, ~20% misrecon-
structed atmospheric muons from the southern sky [38],
and less than 1% astrophysical neutrinos depending on the
assumed spectral shape of the astrophysical neutrino flux.

Alerts can also be produced by chance coincidences of
background events and we calculate the rate of background
alerts by randomizing the detection times of events, as
described in Ref. [31]. The expected background is 312.7
doublets, 0.341 triplets, and only 5 x 10™* quadruplets
within the analyzed live time. We have observed 338
neutrino doublets and one neutrino triplet [31] (see
Supplemental Material for more detail on the alerts
[39]). The resulting 90% upper limit [40] on the number
of astrophysical doublets is < 56, while the limit on the
expected number of astrophysical triplets is < 4.0 within
the analyzed live time. We find that the triplet rate provides
stronger constraints on the neutrino flux of transient source
populations.

The significance of doublet alerts is quantified as
described in Ref. [30], but all alerts were consistent with
being chance coincidences of atmospheric events. The two
most significant alerts were studied in great detail [30,31]
and no likely electromagnetic counterpart was detected.
Swift XRT follow-up observations have been obtained for
25 alerts and no sources were identified above a predefined
threshold (see Ref. [36]).

The alert rates, doublet significances and Swift XRT
follow-up observations hence do not provide evidence for
the existence of a population of short-lived transient
sources. In the following we therefore do not make use
of the collected follow-up observations, but use the low rate
of alerts with three or more neutrino candidates to calculate
generic constraints on the neutrino emission of short-lived
transient populations like GRBs and CCSNe.

Simulating transient source populations.—The low rate
of detected neutrino multiplets allows us to calculate limits
on the neutrino flux of a population of transient sources
with durations up to 100 s. For this purpose we simulate
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two types of transient source populations whose properties
are chosen such that they are similar to long GRBs and
CCSNe with a choked jet. The impact of the different
assumptions on the results is summarized in Table 3 of the
Supplemental Material [39].

The redshift distributions for GRBs and CCSNe are
taken from Refs. [41,42], respectively. The distribution for
CCSNe peaks at a lower redshift of z ~ 2 compared to the
one for GRBs which peaks at z ~ 3. We simulate sources in
the northern sky up to a redshift of z =8 and use the
cosmological parameters from Ref. [43]. Sources located at
z > 4 only contribute 1% (5%) of the events for the CCSN-
like (GRB-like) population and hence only have a small
effect on the results.

The distribution of GRB peak luminosities is relatively
broad, spanning at least 4 orders of magnitude [41]. We
assume that the neutrino peak luminosities of GRBs follow
the distribution measured in gamma rays. The population of
CCSNe does not show as large luminosity fluctuations at
the optical wavelengths [44] and we assume a narrow log-
normal distribution with a width of 0.4 in log-10 space
corresponding to fluctuations of one astronomical magni-
tude. The fluctuations assumed for the GRB-like popula-
tion are larger by a factor of 300. Ultimately the neutrino
luminosity functions of both populations are unknown, and
the two different scenarios allow us to quantify their
influence on the detection probability.

Transient durations in the source rest frame are drawn
from a log-normal distribution centered around 11.2 s with
a width of 0.58 in log-10 space, which approximately
reproduces the duration distribution of long GRBs mea-
sured at Earth [45]. We hence assume that the duration of
the neutrino and gamma-ray emission is similar. CCSNe
with choked jets have not yet been observed, but we chose
to use the same duration distribution. We assume that the
transient source instantaneously rises to its peak luminosity
and then decays exponentially according to its simulated
duration. The number of multiplet alerts does not depend
on the shape of the light curve as long as the neutrinos
arrive within 100 s.

The neutrino emission of each source is assumed to
follow a power-law spectrum similar to the detected
astrophysical neutrino flux

H(E) =y x (E/GeV)7. (1)

To account for the uncertainty on the measured neutrino
flux, we use two different spectral shapes: a hard spectrum
with y =2.13 and ¢y =4.0 x 1078 GeV~'cm™2s7!sr7!
and a soft spectrum with y =25 and ¢y =7.1x
107% GeV~'ecm™2s~!sr™!. The normalization ¢, is per
neutrino flavor and includes both neutrinos and antineu-
trinos. The soft spectrum has been measured in a global
fit extending down to an energy of 10 TeV [46] while the
hard E~>'3 spectrum was found in an analysis restricted

to tracklike events from the northern sky with energies
> 100 TeV [3].

The sensitivity of the follow-up program is evaluated
using simulated IceCube neutrino events accounting for the
detector acceptance and the effects of high-energy neutrino
absorption in Earth’s core. During the data-taking period,
data selection methods and reconstructions have been
steadily improved. We account for these changes in our
simulations.

The energy distributions of the events which pass all
selection cuts are shown in Fig. 1. The total expected
number of astrophysical neutrino track events within the
livetime of 1648.1 days is about 470 and 2800y, for the
E~21 and E~>3 spectrum, respectively (see Table 2 in
the Supplemental Material [39] for more details). Here we
extrapolate the power-law neutrino flux down to 100 GeV.
Such a spectrum is expected if the neutrinos are produced
in pp interactions; however for py interactions there
would be a low-energy cutoff [26]. Above the threshold
of 10 TeV, where the astrophysical flux is constrained by
data [47], we expect about 280y, or 910v,, respectively.

Generic constraints.—The simulated source populations
are used to infer limits on the neutrino emission of short
transient sources. We vary both the rate of sources and the
neutrino flux emitted by the complete population to rule out
scenarios that produce more than one detected neutrino
multiplet within the analyzed live time at 90% confidence
level.

While the source rate is a free parameter in the final
result, we discuss in addition the results for two measured
transient rates in more detail: In the first example we
constrain the neutrino emission of a GRB-like population

103 } 1 7.1x107° x (E/GeV) >® GeV 'em 25 ter !
1 40x10°° x (E/GeV) 2 GeVlem 2s tsr!

# astro. muon neutrinos per bin

10 102  10® 10* 10° 10° 10" 108
true neutrino energy [GeV]

FIG. 1. Expected number of astrophysical neutrinos passing the
event selection of the follow-up program within the 1648.1 day
live time. Two different fits to the measured flux are adopted [see
Eq. (1)]. The reconstructed energy can be much lower than the
true neutrino energy shown here, since most tracklike events are
not contained within the instrumented volume.
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TABLE 1. Expected number of alerts from simulated source
populations and 90% upper limits on their neutrino emission. The
limits were calculated based on the observation of only one
neutrino triplet within the analyzed live time.

Population Long GRBs 1% of CCSNe
Spectral shape E~213 ET25 E~213 E2
Rate [Mpc=> yr!] 4.2 x 10710 6.8 x 1077

No. sources” 7200 5.9 x 10°
Expected no. of alerts:”

No. singlets (1z,,) 0 (143) 0(339) 0 (450) 0 (2470)
No. doublets (2v,,) 16 (26) 58 (92) 2.3 (4.0) 33 (60)

No. multiplets (> 3v,) 22 (28) 119 (144) 1.1 (1.5) 19 (26)
Resulting limits:*

Frac. of diffuse flux <30% <5% <250% < 40%
Source v energy [erg] < 102 < 1025 < 10%05¢ < 10508

*Number of transients in the northern sky within z < 8 within the
live time of 1648.1 days.

bExpected number of signal doublets and multiplets if the
respective population accounts for 100% of the astrophysical
neutrino flux. The numbers in parentheses do not include losses
due to our cuts (two events within < 3.5° and 100 s). The total
number of expect events is ~470 for an E~>!3 spectrum and
~2800 for an E~2> spectrum.

“90% C.L. upper limits on the neutrino emission (100 GeV to
10 PeV; flavor equipartition) based on the detection of only one
multiplet.

“The detected astrophysical flux yields a more constraining limit
on the energy emitted in neutrinos of < 10°*! erg.

while in the second one we assume that 1% of all CCSNe
contribute to the astrophysical neutrino flux (e.g., because
they contain choked jets pointed towards Earth; see also
Refs. [48-50]). The local rates of GRBs and CCSNe are
taken from Refs. [51-53], respectively. They allow us to
convert between the local source rate and the number of
transients (see Table I).

We then vary the neutrino flux of the source populations
and calculate the expected number of detected neutrino
events for each source. This depends on the source redshift,
peak luminosity, transient duration, and zenith direction.
We use a Poisson distribution to calculate how likely it is
that one, two, or more than two neutrinos are detected from
a source (shown in parentheses in Table I).

The probability that the reconstructed directions of two
neutrinos from the same source are separated by more than
3.5° depends strongly on the neutrino energies and zenith
direction with a median probability of 27% for the E~%3
spectrum. Additional losses occur when the neutrinos
arrive more than 100 s apart, which happens for 9% of
the sources for the assumed duration and redshift distri-
bution. Assuming that the population produces the entire
astrophysical neutrino flux, the expected number of astro-
physical doublet and multiplet alerts is shown in the middle
part of Table I. Sources with a single detected event cannot
produce an alert.

Using the Feldman Cousins method [40], we rule out
scenarios in which the detection of more than one multiplet
from signal or background (0.341 chance coincidences) is
expected with 90% probability. We find that the expected
number of astrophysical multiplets is < 4.0 within the
analyzed live time. We calculate limits on the population’s
neutrino emission and on the energy that the median source
in the population can release in neutrinos in the energy
range from 100 GeV to 10 PeV in the source rest frame.

Systematic errors on IceCube’s sensitivity are dominated
by the uncertainty on the optical efficiency of the detector
and scattering and absorption in the ice. To quantify these
uncertainties, we repeat the analysis with the efficiency
reduced by 10% and ice absorption increased by 10%.
Because of the lower number of detected neutrino events
and the worse angular resolution, the number of multiplets
decreases by 17% (14%) for the E~>3 (E~213) spectrum.

Figure 2 shows the upper limits, including systematic
errors, on the median source energy for the GRB-like and
SN-like source populations. The diagonal dashed lines
indicate the median transient energy which would produce
the complete detected flux. The corresponding lines for
the harder E~>!3 spectrum are a factor of 13 lower due to
the extrapolation to lower energies (compare Fig. 1). The
ratio between the limits and the respective broken lines

— CCSN-like |7
— GRB-like

By
M
HY =4
: 0

1. 1% 0f CCSNe,

" NS-NS merger

..CCsNe

energy in neutrinos [erg]
=
S)
w
N

101 10° 10® 107 10° 10° 10* 10°
source rate at z=0 [Mpc®yr!]

FIG.2. Limits on the median source energy (90% C.L.) emitted
in neutrinos between 100 GeV and 10 PeV within 100 s. The area
above the bands is excluded for CCSN-like (orange) and GRB-
like (gray) populations, respectively. The upper edge of the limit
corresponds to an E~% neutrino spectrum and the lower one to an
E~213 spectrum. The diagonal dashed lines show which source
energy accounts for 100% of the astrophysical flux for an E=2?
spectrum. For the E~213 spectrum, the complete flux is produced
by 13 times fainter sources (lines not shown). The rate of long
GRBs, NS-NS mergers, and CCSNe is indicated. Beaming is
included for long GRBs, but not for NS-NS mergers or CCSNe
due to the unknown jet opening angles. The figure shows the limit
on the median transient energy and the average energy is a factor
of 3.8 (18) larger for the CCSN-like (GRB-like) population.
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depicts the fraction of the detected astrophysical flux that a
population with a given rate can at most produce (also given
in the second last row of Table I). For populations consisting
of many faint sources these lines provide more constraining
limits, because only few multiplets are expected.

The study was repeated using only events with energies
above 10 TeV where the astrophysical flux has been mea-
sured. Without the extrapolation to 100 GeV both neutrino
spectra yield similar results (compare also Fig. 1). The limit
for the smaller energy range (shown in Fig. 1 in the
Supplemental Material [39]) is a factor of ~1.5 lower com-
pared to the lower edge of the bands shown in Fig. 2,
but corresponds to a larger fraction of the astrophysical
neutrino flux.

The typical distance of a transient source that produces a
neutrino multiplet depends on the source luminosity and on
the source rate of the population, and is large for most
considered rates (e.g., a median distance of 100 Mpc for 1%
of the CCSN rate and the E~>!3 neutrino spectrum). Only
for the CCSN rate does the median distance decrease to
~10 Mpc, such that local inhomogeneities in the Universe
might affect the multiplet rate [54].

As shown in Fig. 2 and Table I, we can constrain the
neutrino emission from a GRB-like population to 5% of the
astrophysical flux adopting the E~2* neutrino spectrum and
to 30% for the E=>13 spectrum. More frequent sources,
such as NS-NS mergers [55] or CCSNe, can account for
much or all of the astrophysical neutrino flux. However, the
rates shown for those two source classes do not include a
beaming factor. If the neutrino emission is collimated in a
jet the rate of observable transients would be reduced.

CCSN-like populations can only account for the
complete astrophysical flux if their rate is larger than
107 Mpc2 yr~' (5 x 1078 Mpc3yr™!) for an E~23
(E~213) spectrum. We can hence exclude rare transients
with less than 15% (0.07%) of the CCSN rate [53]
producing the entire astrophysical neutrino flux.

Conclusion.—IceCube’s optical and x-ray follow-up
program triggers observations when multiple muon neu-
trino candidates are detected within 100 s and are direc-
tionally consistent with a common source origin. The
observed alert rates can be explained by background and
no likely neutrino source has been identified. Extrapolating
the detected astrophysical neutrino flux to 100 GeV, we
expect the detection of 470 to 2800 astrophysical muon
neutrino events within the data collected over 1648.1 days.
Based on the low rate of detected neutrino multiplets
we calculate limits on the neutrino flux for two classes
of short transient sources similar to GRBs and CCSNe with
choked jets.

We find that a transient source population similar to long
GRBs can at most account for 5% (30%) of the astro-
physical neutrino flux for a neutrino spectrum of E~2>?
(E~>13; see Fig. 2). This corresponds to a limit on the
energy emitted in neutrinos within 100 s of < 10°2 erg

(< 10°? erg). Fewer neutrino multiplets are expected if
the neutrino flux is emitted by a larger number of faint
transients. A CCSN-like population can account for the
complete flux if its rate at z=0 is larger than
107> Mpc~!yr™! (5 x 1078 Mpc~! yr™!).

The derived limits are valid for transient sources with
durations up to 100 s which follow the star formation rate or
GRB redshift distribution. Dedicated searches for the
neutrino emission from GRBs and CCSNe provide stronger
constraints [56-58]. However, the limits derived here are
more general: They are solely based on neutrino detections
and therefore also apply to sources that are not detected in
electromagnetic radiation or that exhibit a time delay
between the neutrino and electromagnetic signal. For
binary neutron star mergers, the optimistic extended
emission scenario in Ref. [11] would yield ~2 detected
neutrino multiplets within the analyzed live time and is
hence within reach of the follow-up program. Different
models [11,12,59], however, predict source energies that
are several orders of magnitude below the calculated limit.

The obtained limits strongly depend on the number of
detected astrophysical neutrinos which is determined by
the event selection, the assumed neutrino spectrum and the
considered energy range. This is the likely cause for the
different limits found in literature [25,26]. Contrary to
previous analyses, our results are based on the full
simulation of the IceCube detector including energy and
directional dependent sensitivity and resolution, live time,
event selection, and alert generation. Our search for
transient neutrino sources is ongoing [37] and real-time
multiwavelength follow-up observations extend our sensi-
tivity to sources which cannot be detected and identified by
IceCube alone.
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