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Abstract

We analyze 7.3 yr of ANTARES high-energy neutrino and Fermi Large Area Telescope (LAT) γ-ray data in search
of cosmic neutrino + γ-ray(ν+γ) transient sources or source populations. Our analysis has the potential to detect
either individual ν+γ transient sources (durations d t 1000 s), if they exhibit sufficient γ-ray or neutrino
multiplicity, or a statistical excess of ν+γ transients of individually lower multiplicities. Individual high γ-ray
multiplicity events could be produced, for example, by a single ANTARES neutrino in coincidence with a LAT-
detected γ-ray burst. Treating ANTARES track and cascade event types separately, we establish detection
thresholds by Monte Carlo scrambling of the neutrino data, and determine our analysis sensitivity by signal
injection against these scrambled data sets. We find our analysis is sensitive to ν+γ transient populations
responsible for >5% of the observed gamma-coincident neutrinos in the track data at 90% confidence. Applying
our analysis to the unscrambled data reveals no individual ν+γ events of high significance; two ANTARES track
+ Fermi γ-ray events are identified that exceed a once per decade false alarm rate threshold (p=17%). No
evidence for subthreshold ν+γ source populations is found among the track (p=39%) or cascade (p=60%)
events. Exploring a possible correlation of high-energy neutrino directions with Fermi γ-ray sky brightness
identified in previous work yields no added support for this correlation. While TXS0506+056, a blazar and
variable (nontransient) Fermi γ-ray source, has recently been identified as the first source of high-energy neutrinos,
the challenges in reconciling observations of the Fermi γ-ray sky, the IceCube high-energy cosmic neutrinos, and
ultrahigh-energy cosmic rays using only blazars suggest a significant contribution by other source populations.
Searches for transient sources of high-energy neutrinos thus remain interesting, with the potential for either
neutrino clustering or multimessenger coincidence searches to lead to discovery of the first ν+γ transients.

Key words: BL Lacertae objects: general – cosmic rays – gamma-ray burst: general – gamma rays: general –
neutrinos

1. Introduction

The ANTARES telescope (Ageron et al. 2011) is a deep-sea
Cerenkov neutrino detector, located 40km offshore from Toulon,
France, in the Mediterranean Sea. The detector comprises a three-
dimensional array of 885 optical modules, each one housing a
10 inch photomultiplier tube, and distributed over 12 vertical
strings anchored in the sea floor at a depth of about 2400m. The
detection of light from upgoing charged particles is optimized
with the photomultipliers facing 45° downward. Completed in
2008 May, the telescope aims primarily at the detection of
neutrino-induced muons that cause the emission of Cerenkov light
in the detector (track-like events). Charged current interactions
induced by electron neutrinos (and, possibly, by tau neutrinos of
cosmic origin) or neutral current interactions of all neutrino flavors
can be reconstructed as cascade-like events (Albert et al. 2017a).

Due to its location, the ANTARES detector mainly observes
the Southern sky (2π sr at any time). Events arising from sky
positions in the decl. band d-  -  90 48 are always
visible as upgoing. Neutrino-induced events in the decl. band

d-  +  48 48 are visible as upgoing with a fraction of
time decreasing from 100% down to 0%. While ANTARES
has a substantially smaller volume than IceCube, the use of sea
water as detection medium (rather than ice) provides better
pointing resolution for individual events, especially those of
cascade type, and its geographic location enables reduced-

background studies of the Southern hemisphere including the
Galactic center region. On the other hand, natural light
emission in the water leads to higher background levels
(ANTARES Collaboration et al. 2005).
Chief scientific results from ANTARES include: searches for

neutrino sources using track- and cascade-like events in data
collected between 2007 and 2015 (Albert et al. 2017b);
dedicated studies along the Galactic plane (Albert et al. 2017c),
also in collaboration with the IceCube telescope (Albert et al.
2018a); and searches for an excess of high-energy cosmic
neutrinos over the background of atmospheric events (Albert
et al. 2018b). No cosmic neutrinos have been positively
identified in the ANTARES data. Despite this, by integrating
the cosmic neutrino spectrum from IceCube Collaboration et al.
(2017) over the ANTARES effective area (Albert et al. 2017b),
we estimate an expected 6.8 neutrinos of cosmic origin are
detected each year, though all but the most energetic will be
indistinguishable from the atmospheric background. Among all
the possible astrophysical sources, transient sources increase
the observation possibilities thanks to the suppression of
atmospheric background in a well-defined spacetime window.
For this reason, the ANTARES Collaboration is involved in a
broad multimessenger program to exploit the connection
between neutrinos and other cosmic messengers, including
follow-up analyses associated with gravitational wave events
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(Albert et al. 2017d; Albert et al. 2019b); coincidence searches
against electromagnetic observations from radio (Croft et al.
2016; Albert et al. 2019a) and visible (Adrián-Martínez et al.
2016) to X- and γ-rays (Ageron et al. 2012); blazar flare
episodes (Adrian-Martinez et al. 2015); and the neutrino source
TXS0506+056 (Albert et al. 2018c). To date, there have been
no high-confidence counterparts identified for any ANTARES
neutrino event.

In parallel, members of the Astrophysical Multimessenger
Observatory Network (AMON;53 Smith et al. 2013; Cowen
et al. 2016) have been exploring the possibility of neutrino + γ-
ray (ν+γ) source identification via coincidence analysis,
publishing analyses of Fermi Large Area Telescope (LAT;
Atwood et al. 2009) and public IceCube 40-string (Keivani
et al. 2015) and 59-string (Turley et al. 2018) data. Although no
high-confidence ν+γ transients, nor evidence of subthreshold
ν+γ source populations, were identified in these works, the
latter revealed mild evidence for correlation between IceCube
neutrino positions and the Fermi γ-ray sky.

Within the last year, a coincidence between the neutrino
IceCube-170922A (Kopper et al. 2017) and the flaring blazar
TXS0506+056 (Tanaka et al. 2017) led to multimessenger
(IceCube Collaboration et al 2018b) and time-dependent
neutrino clustering (IceCube Collaboration et al 2018a) ana-
lyses suggesting this BLLac-type object as the first known
source of high-energy neutrinos and the first identified
extragalactic cosmic ray accelerator. Further blazar source
identifications can certainly be anticipated; however, the
absence of point-source excesses in the ANTARES (Albert
et al. 2017b) and IceCube (Aartsen et al. 2017a; Albert et al.
2018a) time-integrated data sets set strict limits on the fraction
of cosmic high-energy neutrinos that can originate in these
observed sources.

Possible alternative source populations include star-forming
galaxies; starburst galaxies; galaxy groups and clusters;
supernovae; and standard and low-luminosity gamma-ray
bursts (see Murase 2015 for a review). Of these source
possibilities, the transient and highly variable source popula-
tions will likely require time-sensitive searches for identifica-
tion. Hadronic models foresee that neutrinos and γ-rays are
cogenerated through the production and subsequent decay of
mesons, mainly pions. γ-rays then result from the decay of
neutral pions, while the decay of charged pions produces
neutrinos. Additional processes in dense astrophysical regions
can then degrade the energy of individual γ-rays to lower
energies while leaving the neutrino energy spectrum almost
unaffected, resulting in correlated emission of higher-energy
neutrinos and lower-energy γ-rays.

The present paper is organized as follows. Details of the data
sets are provided in Section 2. Our statistical approach and
signal injection studies are discussed in Section 3.
Unscrambled results and interpretation are presented in
Section 4, and our conclusions in Section 5.

2. Data Sets

The Fermi LAT data set is highly complementary for cross-
reference with high-energy neutrino data sets. The LAT offers a
1.4steradian field of view, provides all-sky coverage every
three hours on average, and exhibits good sensitivity over the

eg 100 MeV 300 GeV energy band.

This analysis was performed using publicly available Fermi
LAT data. The relevant Fermi data were the Pass8 photon
reconstructions available from the LAT FTP server.54 These
photon events were filtered using the Fermi Science Tools,
keeping only photons with a zenith angle smaller than 90°,
energies between 100MeV and 300GeV, detected during
good time intervals as provided in the LAT satellite files.55

The point-spread function (PSF) of the LAT is given by a so-
called double King function (King 1962) with the parameters
depending on the photon energy, conversion type, and incident
angle with respect to the LAT boresight (Ackermann et al.
2013). At energies in the hundreds of MeV, the angular
uncertainty can be several degrees, especially for off-axis
photons. At e >g 1 GeV the average uncertainty drops below 1°,
and at eg  100 GeV angular uncertainties are better than 0°.1.
The ANTARES data used spans from 2007 February to 2015

December. Data from this 8.9 yr interval are divided into track
and cascade events, all of which are upgoing. According to the
selection criteria defined in Albert et al. (2017b), during this
period 7622 track and 180 cascade neutrino candidates were
identified. The Fermi mission has public data available starting
from 2008 August 4. The ANTARES data is coincident with
weeks 9 through 396 of the Fermi data, with 6774 track-like
events and 162 cascade-like events falling within that 7.3 yr
window. For the ANTARES data, the average PSFs for tracks
and cascades are derived from Monte Carlo simulation, and
then interpolated. For track and cascade events, the 90%
containment radii for the PSFs are 1°.5 and 10°, respectively.
A healpix (Górski et al. 2005) map of resolution 8

(NSide=256, mean spacing of 0°.23) was constructed using
the entire Fermi data set (weeks 9 to 495 at the time of creation)
with aforementioned photon selection criteria. Using the
HEASoft software,56 events were binned into three logarith-
mically uniform energy bins. Each energy bin was then further
binned into a healpix map, with the live time calculated via
a Monte Carlo simulation. Dividing the counts map by the live
time map produced the Fermi exposure map. Zero-valued (low-
exposure) pixels were replaced by the average of the nearest
neighbor pixels. Our three resulting all-sky Fermi maps are
shown in Figure 1. Due to the additional reconstruction
uncertainty in the Fermi PSF for high-inclination events
(inclination angle greater than 60°), three additional maps for
analysis of these events were generated by further averaging all
pixels with their nearest neighbors.

3. Methods

3.1. Significance Calculation

Our analysis follows as an extension to the methods
presented in Turley et al. (2018). Different from previous
work, our analysis allows for coincidences with both multiple
photons and multiple neutrinos. Our analysis also covers both
the track and cascade events detected by ANTARES. For track-
like events, we use an angular acceptance window of 5°, while
for cascade-like events, we use a 10° window. For both event
types, the temporal acceptance window is±1000s. Neutrino
multiplets are constrained to have each neutrino within both the

53 AMON website: http://www.amon.psu.edu/.

54 LAT data located at ftp://legacy.gsfc.nasa.gov/fermi/data/lat/weekly/
photon/.
55 Fermi satellite files located at ftp://legacy.gsfc.nasa.gov/fermi/data/lat/
weekly/spacecraft/.
56 HEASoft website: https://heasarc.gsfc.nasa.gov/docs/software/lheasoft/.
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angular and temporal separation of each other neutrino.
Photons must fall within the angular and temporal window as
measured from the average neutrino position and time. For
each coincidence, a pseudo-log-likelihood test statistic, λ, is
calculated as follows:
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where Pνγ is the product of the PSF of each LAT photon and
each ANTARES neutrino at the best position, x, with each PSF
normalized to have units of probability per square degree. The
LAT PSF for each photon additionally depends on the photon
energy, inclination angle, and conversion type. In general, the
closer the PSF centers are, the larger the resulting λ value. The
nν and nγ terms are, respectively, the number of neutrinos and
γ-rays in the coincidence. The ( )tP Dn g ti, term is the product
of the temporal weighting function (Figure 2) evaluated for
each neutrino and γ-ray in the coincidence.

For particles within 100 s of the average arrival time, this
function is identically one, while it scales as 1/Δt for times
between 100 and 1000s. This allows the search to address the
possibility of longer timescale associations (as might result
from low-luminosity gamma-ray bursts; GRBs) while main-
taining a preference for shorter timescale associations, if and
when they are also present.

The ( )Pg g xB i, term is the product of LAT γ-ray back-
grounds for each photon at the coincidence location, taken from
the background maps shown in Figure 1. Together with the
factorial terms, this acts like a Poisson probability of observing
nγ photons from background. The pc factor, similar to the
IceCube signalness (Aartsen et al. 2017b), is an energy proxy
calculated by the ANTARES collaboration. The pc for a
neutrino event is computed on an event-by-event basis using
the normalised anti-cumulative distribution of the number of
hits from the full ANTARES 2012–2017 neutrino data set. This
probability represents the fraction of ANTARES events with a
number of hits larger than that observed for the event: the larger
the number of hits, the smaller the pc value. Overall, larger
values of the λ statistic suggest a greater likelihood of a
physically associated multiplet from a cosmic source, rather
than a coincidence of uncorrelated events.
The best-fit position x is numerically calculated as the

location of maximum PSF overlap. The photon multiplicity of
each coincidence is calculated iteratively: beginning with a
coincidence including all photons passing the temporal and
proximity cuts, the photon with the lowest PSF density at the
best-fit position is removed and a new λ, for the new best-fit
position, is calculated. This process is repeated until one
photon is left (nγ iterations), with the iteration yielding the
maximum λ selected as the coincidence multiplicity.
This analysis presents two ways to identify a potential signal.

First, with λ unbounded, the null distribution provides
threshold values which can be used to identify individually
significant coincidences and calculate their estimated false
alarm rates. In this work, we use two such thresholds, λD and
λC, corresponding to false alarm rates of one per decade and
one per century, respectively. Second, the presence of a
subthreshold population of ν+γ emitting sources can be
identified by a difference in the cumulative distributions of λ
values between the observed and scrambled (null) populations.
By design, true coincidences will be biased to higher λ values,
and a population containing a sufficient number of signal
events can be distinguished from the null distribution via an
Anderson–Darling k-sample test (Scholz & Stephens 1987).

Figure 1. Background maps of the Fermi LAT γ-ray sky. Fermi data are split
into three logarithmically uniform bins in energy and divided by the mission-
averaged exposure map for that energy range. Grayscale intensity encodes the
resulting mission-averaged photon flux over each band in units of photons per
200 s m−2 deg−2.

Figure 2. Temporal weighting function τ(Δt) used in the analyses. For
∣ ∣D <t 100s, the function is flat and equal to 1. For ∣ ∣< D <t100 s 1000 s,
the function scales as 1/Δt.
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3.2. Background Generation

We generate a set of 10,000 Monte Carlo scrambled versions
of each of our data sets to characterize their null distributions
and define analysis thresholds, prior to performing any study of
the unscrambled data sets. Our scrambling procedure begins by
first converting the coordinates of each neutrino to detector
coordinates. The arrival time and azimuthal angle of each
original neutrino νi are then exchanged with another randomly
selected neutrino νj. Each neutrino retains its original elevation.
Finally, the coordinates are converted back to the equatorial
system. This approach is similar to the method used in our
previous work (Turley et al. 2016), with the primary difference
being the use of detector coordinates for the scrambling
procedure. Fermi LAT photons are not scrambled as the LAT
data contains known sources and extensive (complex)
structure. Coincidence analysis is carried out for each
scrambled data set and λ values are calculated for the resulting
ν+γ coincidences via Equation (1). Thresholds from this
analysis for false alarm rates of 1 per decade (λD) and 1 per
century (λC) are presented in Table 1.

In contrast to previous work (Turley et al. 2018), due to the
sensitivity to multineutrino events and the use of both track and
cascade events, we split the analysis into three separate parts.
The first part is to detect all coincidences with single-neutrino
track-like events. The second looks for coincidences with
multineutrino track-like events. The third and final part is a
search for coincidences with all single-neutrino cascade-like
events. Multineutrino cascades are not considered, as there are
no cascade-like events within the temporal acceptance window
of each other.

3.3. Signal Injection

To estimate the sensitivity of our analysis to subthreshold
populations of cosmic ν+γ emitting sources, we generate a
population of signal-like events. These events are injected into
the scrambled data sets so that the injected distributions can be
compared with the null distribution.

We determine the multiplicity of a generated signal event
following the methods used in Turley et al. (2018). This
method assumes a population of sources emitting one neutrino,
with associated photon fluence distributed according to

( ) µ -N S S S0 0
3 2. In this formulation, ( )N S S0 is the

number of events observed with a fluence greater than the
threshold fluence S0. Setting this minimum to 0.001 photons,
we can invert this relationship and generate the expectation

value for the multiplicity of an arbitrary event in terms of a
uniform random variable u as á ñgn =S0 u

−2/3. The distribution
of nγ is then calculated by drawing randomly from a Poisson
distribution with the expectation value á ñgn . Excluding events
with zero photons, this yields the following nγ distribution:
93.8% singlet, 4.5% doublet, 0.9% triplet, and 0.38%, 0.19%,
0.095%, 0.0567%, 0.0365%, 0.0244%, and 0.0174% for
multiplicities four through 10.
A signal event of photon multiplicity nγ is then generated by

choosing a random R.A. and drawing a random decl. from the
list of all ANTARES events. These coordinates serve as a sky
position for the coincidence. The PSFs for nγ LAT photons and
nν neutrinos are then centered on this point, and placed
randomly according to their respective PSFs. All photons are
chosen to have the same inclination angle, which is drawn from
the full set of inclination angles within the Fermi data set. A
conversion type for each photon is similarly drawn from the
Fermi data set. Photon energies are drawn from a power law
with a photon index Γ=2. Using the photon background
maps, the number of unassociated photons expected to arrive
within the temporal and spatial windows for that section of sky
is calculated. From this Poisson probability, nb photons are
randomly placed uniformly within the spatial window. Energy
and conversion type for the background photons are chosen in
the same manner as for the signal photons. All background
photons are given the same inclination angle as the signal
photons. Each particle is also given an arrival time randomly
selected from a uniform distribution. Using this information, a
λ value is calculated following the methods of Section 3. Due
to the iterative rejection of one or more low-significance γ-rays,
events can end up with some of the injected photons excluded.
Because the varied physical models predicting ν+γ coin-

cidences have different characteristic timescales, we generate
two sets of signal events for each of the three null distributions.
One set draws the timestamps from a uniform distribution
100s wide, while the other draws from a uniform distribution
1000s wide.
To calculate the sensitivity of our analysis, we inject an

increasing number of signal events ninj and plot the median
resulting Anderson–Darling p-value (Scholz & Stephens 1987)
against ninj/nobs for the track and cascade data, as shown in
Figure 3.
For the tracks, this provides an estimate of the threshold

value of ninj that is needed to yield a statistically significant
deviation from the null distribution (see columns ninj,1% and
ninj,0.1% in Table 1). For the cascades, the size of each

Table 1
Coincidence Search Results

Thresholds Observed Values

Data Set á ñn g+n λD λC ninj,1% ninj,0.1% nν+γ λmax pA−D

Tracks, 100s 2716±36 18.5 25.4 205 260 2734 18.94 39%
1000s ” ” ” 220 285 ” ” ”

Cascades 83.6±5.8 8.1 14.6 - - 80 2.7 60%
Track Multiplets 0.48±0.69 - −9.3 - - 0 - -

Note:á ñn g+n is the expected number of neutrinos observed in coincidence with one or more γ-rays, as derived from 10,000 Monte Carlo scrambled realizations of
each data set. lD and lC are the thresholds above which a coincidence is observed only once per simulated decade or century, respectively. ninj,1% and ninj,0.1% are the
number of injected signal events required in simulations to give Anderson–Darling test (Scholz & Stephens 1987) p-values of p<1% and p<0.1%, respectively, by
comparison to the null distributions for each data set. nν+γ is the number of neutrinos observed in coincidence with one or more γ-rays in unscrambled data, λmax is the
maximum observed λ for each data set, and pA−D is the Anderson–Darling test p-value from comparison of the observed λ distribution to the associated null
distribution. Cells with a “-” could not be calculated, for reasons detailed in the main text.
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individual scramble is small enough that replacing 100% of the
data set with signal events yields a p-value of 2.8% on average,
making it very unlikely that this sample would yield a high-
confidence demonstration of an underlying ν+γ source
population. At 90% confidence, our analysis is sensitive to
>130 source-like ν+γ coincidences in the 100s track data,
>145 in the 1000s track data, and >60 in the 100 and 1000s
cascade data. Relevant statistics from these analyses are
provided in Table 1.

In previous work, Turley et al. (2018) found that scrambled
neutrinos coincident with LAT-detected GRBs, in particular
GRB 090902B (Abdo et al. 2009), yielded λ values well above
the lC threshold. To quantify our analysis sensitivity to GRB +
neutrino coincidences, we carried out a Monte Carlo simulation for
each LAT-detected GRB57 that occurred within our data

Figure 3. Anderson–Darling two-sample p-value vs. fraction of coincidences that result from signal events, Nsig/Nobs. Results from both signal populations are shown.

Figure 4. Cumulative and residual histograms of the λ distributions for the track (left, nν+γ=2734) and cascade (right, nν+γ=80) data. The unscrambled data
(green dashed line) and the null distribution (blue line) are shown for both tracks and cascades. Signal injections, generated using a 1000s temporal window and
yielding p=1% (red line) and p=0.1% (black line) are calculated for the track data only, as even 100% signal injection does not allow strong discrimination of
signal and null distributions for the cascade data. Signal injection curves for the 100s temporal window display as identical on this plot. Upper panels show
cumulative histograms, while lower panels show residuals against the null distribution (plotted as null minus alternative). Anderson–Darling test p-values from
comparison of the unscrambled and null distributions are p=39% for the track sample and p=60% for the cascade sample.

Table 2
High-λ Events

Date Time (UTC) MJD Δt (s) Position (J2000) r1σ Nph λ FAR (yr−1)

2012 Nov 21 20:19:52 56252.8471 307  - 248 . 00, 7 . 70 2′ 1 18.9 0.09
2014 Aug 5 11:13:33 56874.4677 750  - 279 . 68, 5 . 05 3′ 2 18.8 0.09

Note: Date, Time, and MJD show the central time of the coincidence, while Δt measures the separation between the earliest and latest particles in the coincidence in
seconds. Position gives the R.A. and decl. (in degrees) of the best-fit position, while r1σ gives the approximate 1σ error on the angular uncertainty in arcminutes (39%
containment, assuming a Gaussian form). Nph is the number of photons in the coincidence. The false alarm rate (FAR) is calculated as the number of events of that λ or
higher expected per year.

57 LAT GRB catalog: https://fermi.gsfc.nasa.gov/ssc/ observations/types/
grbs/lat_grbs/.
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collection period. Neutrinos were injected following our signal
injection procedures, with the GRB position and trigger time as
reference, and with a 1000 s box-window temporal distribution
for neutrino arrival times. For each LAT GRB, we carried out
10,000 such neutrino signal injections and calculated the λ
value for the resulting association in each instance.

The maximum λ generated through this search was
λ=3524.5, resulting from a 368-photon coincidence with
GRB 130427A (Zhu et al. 2013). Of the 128 individual bursts
in this simulation, 58 have median λ values from these neutrino
injection trials of λmed > lC, and a further five bursts have
lC>λmed > lD.

4. Results

Applying our analysis to the two unscrambled neutrino data
sets yields the results summarized in Table 1. Figure 4 shows
the λ distributions for the unscrambled data for the track and
cascade data, along with the null distributions, and distributions
for signal injections (where possible) yielding p-values of 1%
and 0.1%, respectively.

All distributions are normalized to the number of coin-
cidences in the unscrambled distribution. Note that due to the
small size of the cascade coincidence sample, it is not possible
to inject enough signal events into a random scramble to
differentiate from other random scrambles at better than
p=2.8% (97.2% confidence).

Two coincidences above thelD threshold were observed in the
track data. From Poisson statistics, two or more such
coincidences would be observed 16.6% of the time given the
7.3 yr span of the data. Details of these two coincidences are
presented in Table 2. No λ values above the lD threshold were
observed in the cascade data. The subthreshold population search
demonstrated that both unscrambled distributions were consistent
with background, with test statistics of 39% for the tracks, and
60% for the cascades. Results from the track multiplet analysis
are not shown as there were, on average, only 0.48 such
coincidences per scramble, and none in the unscrambled analysis.

Turley et al. (2018) also tested for correlation between neutrino
and Fermi LAT photon sky positions without any temporal
correlation. Repeating this analysis using the ANTARES data,
we first construct a single Fermi background map covering the
full energy range. We then measure the background value at the
location of every neutrino in the track and cascade data to
compute an average photon background for each neutrino map.
Carrying this out on the scrambled neutrino data sets yields an
average background of (2.33±0.06)×10−2 photons deg−2

m−2 per 200s for the track data, and (2.16±0.36)×10−2

photons deg−2 m−2 per 200s for the cascade data. The observed
backgrounds (in the same units) from the unscrambled data are
2.36×10−2 (+0.44σ; p = 33%) for the track data, and
2.19×10−2 (+0.09σ; p = 46%) for the cascade data. Both
results are consistent with background (Figure 5).
The dispersion in the cascade background from scrambled

data sets is far larger than that for the tracks because of the
much-reduced sample size (180 cascade events compared with
7622 track events); however, the two average backgrounds are
consistent, as the mean of the track background is 0.47σ larger
than the mean of the cascade background, as measured using
the standard deviation of the cascade background distribution.
Recalling the IC 59 Northern (p = 28.1%), IC 59 Southern
(p=4.7%), and IC 40 (p = 58.3%) results from Turley et al.
(2018), we can calculate a unified p-value of 19.7% from these
values using Fisher’s method (Mosteller & Fisher 1948).

5. Conclusions

We have carried out a search for ν+γ transients using publicly
available Fermi LAT γ-ray data and ANTARES neutrino data.
Our analysis used archival data from both observatories over the
period 2008 August to 2015 December. As with previous work
(Turley et al. 2018), our analysis was designed to be capable of
identifying either individual high-significance ν+γ transients or a
population of individually subthreshold events, via statistical
comparison to uncorrelated (scrambled) data sets.
Our Monte Carlo simulations demonstrate a sensitivity to

single-neutrino events of sufficient γ-ray multiplicity, as demon-
strated by signal injection against multiple bright LAT-detected
γ-ray bursts. Signal injection against scrambled data sets
established our sensitivity to subthreshold populations of transient
ν+γ sources at the >7% level (>200 coincidences) for tracks;
however, due to the small sample size, we were not able to place
meaningful limits on a subthreshold ν+γ source population
within the cascades data. Our limit of >200 coincidences in the
full data set is equivalent to >27 LAT-associated cosmic
neutrinos per year in the ANTARES data. Because IceCube
estimates of the cosmic neutrino flux and spectrum lead us to
expect 6.8cosmic ANTARES neutrinos per year (Section 1), our
limit is not physically constraining in this context.
Analysis of the observed (unscrambled) data reveals two

ν+γ coincidences above a nominal lD threshold (false alarm
rate FAR<0.1 yr−1; Table 2). Due to the 7.3 yr span of the
data, we anticipate observing two or more λ > lD coincidences
16.6% of the time (p=16.6%). We observe no statistically
significant deviation of the observed λ distributions from their
associated null distributions, with observed p-values of
p=39% and p=60% for the track and cascade events,
respectively.
Independently, we performed the first test for correlation

between ANTARES neutrino positions and persistently bright
portions of the Fermi γ-ray sky. Our test found no significant

Figure 5. Average Fermi γ-ray background rates at the positions of track
(upper panel) and cascade (lower panel) neutrinos. In each panel, the histogram
shows the distribution obtained from 10,000 Monte Carlo scrambled data sets,
while the red line marks the observed background rate for unscrambled data.
Background rates are expressed in units of photons per square meter per square
degree per 200 s. Observed average backgrounds are consistent with
background for both data sets.
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excess in either the tracks (p=33%) or cascades (p=46%).
Combining these values with previous results (28.1% for IC 59
north, 4.7% for IC 59 south, 58.3% for IC 40; Turley et al.
2018) by Fisher’s method yields a joint p-value of p=19.7%.

While our results show no significant evidence of ν+γ
coincidences, we look forward to the results of future searches
using additional neutrino data. We also continue our work with
Astrophysical Multimessenger Observatory Network (Smith
et al. 2013; Cowen et al. 2016) partner facilities and the
Gamma-ray Coordinates Network (Barthelmy et al. 1998) to
generate low-latency ν+γ alerts from Fermi LAT γ-ray and
high-energy neutrino data. Once these alerts are deployed, they
will be distributed in real time to AMON follow-up partners.
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