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2Fast Radio Bursts - Discovery in 2007 

Figure 2: Frequency evolution and integrated pulse shape of the radio burst. The survey data,
collected on 2001 August 24, are shown here as a two-dimensional ‘waterfall plot’ of intensity
as a function of radio frequency versus time. The dispersion is clearly seen as a quadratic sweep
across the frequency band, with broadening towards lower frequencies. From a measurement of
the pulse delay across the receiver band using standard pulsar timing techniques, we determine
the DM to be 375±1 cm−3 pc. The two white lines separated by 15ms that bound the pulse show
the expected behavior for the cold-plasma dispersion law assuming a DM of 375 cm−3 pc. The
horizontal line at ∼ 1.34 GHz is an artifact in the data caused by a malfunctioning frequency
channel. This plot is for one of the offset beams in which the digitizers were not saturated.
By splitting the data into four frequency sub-bands we have measured both the half-power
pulse width and flux density spectrum over the observing bandwidth. Accounting for pulse
broadening due to known instrumental effects, we determine a frequency scaling relationship
for the observed width W = 4.6 ms (f/1.4 GHz)−4.8±0.4, where f is the observing frequency.
A power-law fit to the mean flux densities obtained in each sub-band yields a spectral index of
−4 ± 1. Inset: the total-power signal after a dispersive delay correction assuming a DM of 375
cm−3 pc and a reference frequency of 1.5165 GHz. The time axis on the inner figure also spans
the range 0–500 ms.
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Lorimer et al.,Science 318 (5851): 777-780 

• A total of ~23 FRBs detected to date. 
Estimated FRB event rate is ~1,000/day
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Figure 1: Multi-wavelength image of the field surrounding the burst. The gray scale and
contours respectively show Hα and HI emission associated with the SMC (8, 9). Crosses mark
the positions of the five known radio pulsars in the SMC and are annotated with their names and
DMs in parentheses in units of cm−3 pc. The open circles show the positions of each of the 13
beams in the survey pointing of diameter equal to the half-power width. The strongest detection
saturated the single-bit digitizers in the data acquisition system, indicating that its S/N ≫ 23.
Its location is marked with a square at right ascension 01h 18m 06s and declination −75◦ 12′
19′′ (J2000 coordinates). The other two detections (with S/Ns of 14 and 21) are marked with
smaller circles. The saturation makes the true position difficult to localize accurately. Based
on the half-power width of the multibeam system, the positional uncertainty is nominally ±7′.
However, the true position is probably slightly (∼ few arcmin) north-west of this position given
the non-detection of the burst in the other beams.
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3Fast Radio Bursts Emitting Neutrinos?

• Blitzar  “Cataclysmic”                                                               
[H. Falcke and L. Rezzolla, A&A 562, A137 (2014)] 

• Binary neutron star merger                                             
[T. Totani, Pub. Astron. Soc. Jpn. 65, L12 (2013)]

• Evaporating primordial black holes                                  
[Halzen et al., PRD 1995]                                                                           
“MeV neutrinos”  

• Magnetar/SGRs hyperflares                                                   
[S. B. Popov and K. A. Postnov, arXiv:1307.4924]                                                                                     

[Halzen et al. (2005) astro-ph/0503348]                                                       
“TeV neutrinos”?       this work
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4IceCube Detector 

Goal: detecting TeV-PeV astrophysical neutrinos 
Construction completed in December 2010
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5Neutrino Signatures in IceCube 
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(1) Track: charged current νμ 

(2) Cascade / Shower: all 
neutral current, charged 
current νe, low-E charged 
current ντ

• <1o Angular resolution

• Factor ~ 2 energy 
resolution

• 10o Angular resolution 
above100 TeV

• 15% energy resolution on 
deposited energy

“high degeneracy”

data

data

2013

IceCube has detected a diffuse astrophysical neutrino flux,  
but no TeV neutrino point sources have been identified to date.
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• Burst times cover IceCube data taking seasons from 2010 to 2015 (6 years) 

• A total of 29 FRBs (11 unique locations).

All Sky Fast Radio Bursts with IceCube Coverage

FRB121102
repeated 26 times (17 times within our data sample)

North

South

Repeated bursts are treated as 
unique bursts in space & time
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7Event Samples  & Background Modeling

Background PDF derived from 
off-time dataNorth

(DEC >= -5o)
South

(DEC < -5o)

842,597 events

(collected from 
2011-2015)

379,261 events

(collected from 
2010-2014)

dominated by
atmospheric 

neutrinos

dominated by
atmospheric 

muons

A total of 1.2 million events 
in 6 years

ApJ 845 (2017), 1, 142015 ApJ 805 L5

https://arxiv.org/abs/1702.06868
https://arxiv.org/abs/1412.6510
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8Analysis Method: Unbinned Maximum Likelihood

T := �n̂s +
NX

i=1

ln(1 +
n̂sSi

< nb > Bi
)

L(N, {xi};ns + nb) =
(ns + nb)

N

N !

· exp(�(ns + nb)) ·
NY

i=1

P (xi)

The likelihood for observing N events with properties          for                           
expected number of events is:

T := ln
L(N, {xi};ns + nb)

L0(N, {xi};nb)

P (xi) =
nsS(xi) + nbB(xi)

ns + nb

The normalized probability of observing event    is          :

{xi}

P (xi)i

(ns + nb)

Si = Stime(ti) · Sspace(~xi)

Bi = Btime(ti) ·Bspace(~xi)

“temporal” + “spatial”
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9Search Strategy

• Stacking

• Max-burst
r.a

de
cl

in
at

io
n

Source 1 Source 2 Source 3

STACKING

“Distributed fluence test”

“Single bright neutrino source test”

r.a

de
cl

in
at

io
n

Source 1 Source 2
Source 3

‣ Model independent

‣ Expanding time windows 
centered at burst times

‣ 25 time windows from 10 
ms to 2 days, expanding as 
2ix10 ms (i =0, …, 24)
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10Sensitivity & Discovery Potentials - Stacking 
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‣One coincident event can be discovery in the short time windows
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11Sensitivity & Discovery Potentials - Max-burst
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12Results - Most Significant Bursts & Events

South Max-burstNorth Max-burst
Most significant time window:  

�T = 655.36 s �T = 167772.16 s
Most significant time window:  
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13Results - Upper Limits

North Max-burstNorth Stacking
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14Results - Upper Limits
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15Results from a previous search …

2

crete sources has been found, either in searches for clus-
tering of the neutrinos or in cross-correlation with cata-
logs of source candidates (IceCube Collaboration 2014b).
The origin of the astrophysical neutrinos remains un-
known. The majority of the astrophysical flux is not
produced by gamma-ray bursts (IceCube Collaboration
2012, 2015d, 2017b) or star-forming galaxies (Bechtol
et al. 2017).

2. NEUTRINO SAMPLE

The event sample used in this analysis is part of a
multi-year data set optimized to search for point sources
of astrophysical neutrinos. The event selection is de-
scribed in detail in IceCube Collaboration (2014b). The
first year of events and accompanying details (includ-
ing the e↵ective area of the event selection as a function
of energy and declination) were recently released (Ice-
Cube Collaboration 2016b). For each event, the data
release includes the time of the event truncated to the
integer Modified Julian Day (MJD), the best-fit energy
and direction, and an estimate of the direction uncer-
tainty (50% containment radius).
The data set includes a total of 138,322 events from 333

days of livetime spanning May 2011 to May 2012 (MJD
55694 through 56062), with a roughly equal number of
events from the northern and southern hemispheres. The
data reduction and event reconstruction procedures are
detailed in IceCube Collaboration (2014b). Events with
declination greater than �5� are considered “up-going”
(northern hemisphere) events and are predominantly at-
mospheric neutrinos. “Down-going” (southern hemi-
sphere) events reconstructed to originate from declina-
tion less than �5� are dominated by cosmic-ray-induced
atmospheric muons and high-energy muon bundles (mul-

Figure 1. Neutrino e↵ective area as a function of energy for the
event selection used in this analysis, in the direction of each FRB.
The declination � of each FRB is given (in degrees) in the legend.
The e↵ective area in the southern sky is less than that near the
celestial equator due to tighter cuts used to reduce the atmospheric
muon background in the southern sky.

tiple muons produced in the same extensive air shower).
As discussed in IceCube Collaboration (2014b), the

event selection was performed separately for the northern
and southern hemispheres with boosted decision trees. In
the up-going region, the ice and the Earth act as a shield
for atmospheric muons, so a high-purity neutrino sample
with a wide energy range and low energy threshold is ob-
tained. In the down-going region, high-energy neutrinos
are also retained, but a high-purity neutrino sample can-
not be as easily achieved due to the atmospheric muons.
In order to bring the atmospheric muon contamination
under control, a higher energy threshold was applied in
the southern sky.
Figure 1 shows the muon neutrino e↵ective area of

the IceCube event selection as a function of energy in
the direction of each FRB. At every energy the e↵ective
area is smaller in the southern sky than near the celes-
tial equator due to the tight cuts necessary to reduce
the cosmic-ray muon background in the southern sky. In
the southern sky, fluctuations are visible in the e↵ective
area curves near the energy threshold ( ⇠20 TeV), likely
due to statistical fluctuations in the Monte Carlo used to
calculate the curves.
The rate of detected events in the sample varies from

day to day due to natural causes such as seasonal vari-
ation in the production of atmosphere neutrinos and
muons (Tilav et al. 2010) and due to detector e↵ects such
as downtime. We estimated the size of possible downtime
e↵ects from the number of IceCube events detected on
the day of each FRB. The event counts are (in time order
of FRB occurrence) 423, 395, 342, and 465. Because the
event count on each day is within ⇠20% of the average
count per day in the full sample (375), detector deadtime
was likely not substantial on any of the FRB days.
Figure 2 shows the event rate in this sample as a func-

tion of declination, averaged over right ascension and
time during the year. Because of the higher energy

Figure 2. Event rate in the IceCube data sample as a function of
declination, averaged over right ascension within each declination
band. The declination of each FRB is shown for reference. The
rate is normalized per calendar day between MJD 55694 and 56062
(369 days), not per day of livetime.
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threshold applied in the southern hemisphere to coun-
teract the high atmospheric muon rate, the event rate
varies by only a factor of ⇠2 across the sky. The average
rate is 0.009 events per square degree (roughly the area
of the point-spread function) per day. Detection of a sin-
gle event compatible with the direction of an FRB and
detected on the same day as the FRB would therefore be
interesting.

3. COINCIDENCE SEARCH

Figure 3. The region of interest centered on each FRB (?) in this
sample is shown in equatorial coordinates in Cartesian projection.
The best-fit direction of each IceCube event is indicated with an
⇥. The 50%-containment circle for each event is shown, as is an
estimate of the 90%- and 99%-containment circles under the ap-
proximation that the point spread function is a radially symmetric
two-dimensional Gaussian distribution.

Four FRBs have been detected in the year spanned
by this IceCube event sample: FRB 110523 (Masui
et al. 2015), FRB 110627, FRB 110703, and FRB
120127 (Thornton et al. 2013). Two are near the ce-
lestial equator and two are well south of it. Because the
IceCube event times are truncated to integer MJD, tem-
poral coincidence with these FRBs can only be tested on
the one-day time scale. For each FRB, the radio burst
detection time was truncated in MJD and the angular
distance to each IceCube event on the same day was cal-
culated. The localization error of each FRB is ⇠0.2� or
better (Thornton et al. 2013; Masui et al. 2015), negligi-
ble in this analysis.
We assume for this search that the point-spread func-

tion for each event can be approximated by a radially
symmetric two-dimensional Gaussian. Under this as-
sumption, the radius of the 90% and 99% error circles
can be determined from the 50% error circle by multiply-
ing by a factor of 1.82 and 2.58, respectively. Figure 3
shows these error circles for coincident (on the same trun-
cated MJD as the FRB) events near each of the FRBs.
The nearest (relative to its error circle) coincident event
is separated by 4.27� from FRB 110703 on MJD 55745,
with a 50% angular error of 1.2�.

4. RESULTS AND CONCLUSION

Because there is no IceCube event consistent with the
time and direction of any of the four FRBs analyzed,

Figure 4. Energy distribution of events that would be detected if
the neutrino flux saturated our upper limits. Each curve is deter-
mined by multiplying the power-law spectral model by the detector
e↵ective area and normalizing so that the integral is 2.3 events (the
90% confidence level upper limit on the event rate given that zero
events were detected). Several power law indices (�) were tested.

we proceed to constrain the neutrino emission associated
with each burst. Using the Poisson distribution, we con-
struct a 90% confidence level upper limit on the neutrino
fluence by finding the fluence that would produce on av-
erage 2.3 detected neutrinos.
The expected number of muon neutrinos detected from

a source at zenith angle ✓ is

N
⌫

µ

+⌫

µ

=

Z
�(E

⌫

)A
eff

(E
⌫

, ✓) dE
⌫

dt, (1)

where �(E
⌫

) is the neutrino flux at earth and A
eff

is the
IceCube e↵ective area as a function of neutrino energy
and zenith angle. We used the e↵ective area correspond-
ing to the event selection and selected A

eff

(E
⌫

) for each
FRB based on its declination (Figure 1). In order to
constrain the neutrino flux, we assume the flux to be a
power law

�(E
⌫

) = �0

�E
⌫

E0

���

. (2)

We set the normalization energy, E0, to 100 TeV and
consider four di↵erent spectral indices ranging from 1.5
to 3. To calculate the expected number of events we
perform the integral in Equation 1 from 1 TeV to 1 PeV
in neutrino energy.
Figure 4 shows for each burst the distribution of event

energies that IceCube would detect for various power-law
neutrino spectra. The shape of each curve is determined
by multiplying the flux by the e↵ective area, and each
curve is normalized to 2.3 total events, i.e. to the 90%
confidence level upper limit on the expected number of
events detected from the burst. As the figure shows,

Data used is public: 
http://icecube.wisc.edu/science/data/PS-IC86-2011 

S. Fahey, A. Kheirandish, J. Vandenbroucke, D. Xu
ApJ 845 (2017) 1, 14

5

Table 1
Characteristics of each fast radio burst (right ascension, declination, time, radio fluence, and telescope) and of the nearest IceCube event

detected on that day (angular distance from FRB, error radius). The final column gives the 90% confidence level upper limit on the
neutrino fluence from the burst assuming the neutrino spectrum is a power law with index 2.0.

FRB R.A. Dec. FRB MJD Radio fluence (GeV cm�2) Telescope � ⌫�FRB ⌫ error (50%) f90% (GeV cm�2)
110523 21h450 -00�120 55704.63 2.37⇥ 10�15 Green Bank 3.70� 0.3� 0.184
110627 21h030 -44�440 55739.90 1.75⇥ 10�15 Parkes 4.85� 0.5� 4.84
110703 23h300 -02�520 55745.79 4.49⇥ 10�15 Parkes 4.27� 1.2� 0.184
120127 23h150 -18�250 55953.34 1.50⇥ 10�15 Parkes 4.07� 0.2� 2.76

Figure 6. The neutrino fluence upper limits for spectral indices
1.5 and 3.0 from Figure 5 (upper curves) are compared to limits
for the same indices derived by the constraint that FRBs not over-
produce the di↵use astrophysical ⌫µ flux observed by IceCube at
any particular neutrino energy, assuming equal neutrino flux from
each of 3 ⇥ 103 FRBs per sky per day. The simple limits derived
from the total di↵use emission are currently more constraining than
the limits set by the dedicated FRB search. Stacking many FRBs
will enable even stronger constraints.
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16Conclusion & Outlook 

• Fast radio bursts (FRBs) could emit high energy neutrinos

• A maximum likelihood analysis has been established to 
search for spatial and temporal coincidence between 
IceCube neutrinos and FRBs

• No significant correlations between IceCube neutrinos and 
FRBs were found in 6 years of data. 

• Most stringent limits on neutrino fluence from FRBs have 
been set to be ~0.04 GeV cm-2. Publication is in preparation.

• IceCube can now quickly follow up on the FRBs to be 
detected in the forthcoming future, adding a multi-
messenger window to help untangle the FRB mystery   
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17Back up slides 
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18Neutrino vs Photon Arrival Times
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19Neutrino vs Photon Arrival Times

For 10 MeV neutrinos:

For 1 TeV neutrinos:

Photon trapped time unknown

z ' 0.5, Dlight ' 2 Gpc
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