KM3NeT/ARCA Expectations for the Low Latitude
Bubbles

In 2010 it was pointed out that the Fermi-LAT telescope registered high-energy gamma-ray
emission from giant outflows symmetric respect to the Galactic plane which exceeded the
expected backgrounds. The region were this emission was observed, extending up to 9 kpc
from the Galactic plane and covering a total solid angle of ∼1 sr, was afterward called: Fermi
Bubbles. This observation could be interpreted as the trace of an outburst activity of the central
supermassive black hole and the collected gamma rays were attributed to the non-thermal
emission from cosmic rays accelerated in this region. Since this gamma-ray observations several
hypotheses were made about the leptonic or hadronic origin of this emission. In 2016 a new
analysis by the HAWC collaboration provided stringent upper limits on the gamma-ray flux
from the Northern Fermi Bubble in the energy range of teens of TeV. These limits represent
a constrain also for a possible neutrino counterpart making more difficult the observation
through high-energy neutrino telescopes. However, in 2017, a study of the Fermi-LAT
collaboration focused on the Fermi Bubbles region below 10 degrees of latitude produced
the observation of a different spectral behaviour. The resulting spectral energy distribution
is harder than the one obtained from the whole Fermi Bubbles. This allows for better observational possibilities for neutrino telescopes. Here we show the expectations for KM3NeT/ARCA.
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1. Introduction

2. Low Latitude Fermi Bubbles emission
The Fermi Bubbles are identified as a symmetric giant outflow structure that from the center
of the Milky Way reach a elongation of about 9 kpc to the north and to the south directions
perpendicular respect to the Galactic plane [2]. Already observed as a microwave (20-40 GHz) and
polarized radio (2-20 GHz) emitters, in 2014 they were reported also as a gamma-ray emitters by
the Fermi-LAT collaboration. Whether the origin of this high-energy emission is mainly due to the
interaction of accelerated cosmic rays with the nuclei of the gas or to the inverse Compton emission
from the accelerated electrons [13] is still under debate. In 2017 the HAWC experiment defines
better the SED of the Fermi Bubbles with new high-energy upper limits measured from the Northern
Bubble. These upper limits constrain the SED at a few tenths of TeV suggesting a maximal cutoff
1
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In 2014 the Fermi-LAT collaboration confirms a significant gamma-ray emission connected to
the Galactic symmetric giant outflows already observed on microwaves, X-rays and polarized radio
emission extending up to 9 kpc from the Galactic plane [1, 2], the so-called region of Fermi Bubbles.
Several studies have been carried out considering its morphology over different wavelengths, still
allowing both hadronic and leptonic models [3, 4]. In order to explain the gamma-ray emission
as a product of interaction of cosmic rays (CR) with nuclei of gas in the region, a high-energy
neutrino counterpart is also expected [5, 6, 7]. In 2017 the HAWC collaboration presented a new
study dedicated to the Northern bubble and poses stringent upper limits on the possible gamma-ray
emission above 1 TeV [8], setting a maximal cutoff for the high-energy emission at around 30 TeV.
Assuming that the southern Bubble behaves like the northern one, these observations pose strong
constrains on the possibility to observe a significant high-energy neutrino excess from this region
of the sky. The Fermi-LAT analysis published in 2014 excludes the Low Latitude Bubbles (LLB)
region (|b| > 10◦ ) in order to avoid the flux contamination of point-like sources and molecular
clouds present in the Central Molecular Zone (CMZ) [2]. However in 2017 a new paper from the
Fermi-LAT, dedicated to dark matter searches, shows a new analysis, mostly referring to the portion
of the Bubbles with Galactic coordinates |l| < 15◦ and |b| < 10◦ [9], the LLB region. Unexpectedly
this analysis shows a spectral energy distribution (SED) harder than the one obtained for the entire
Bubbles region and a cutoff that can be extended up to hundred of TeVs. If we assume this SED
directly linked to the initial wind of the Fermi Bubbles, where cosmic rays (CR) are accelerated,
a exciting scenario can be expected for the neutrino emission in the LLB. An analysis presented
in 2018 [10] shows that this hard SED cannot be just a underestimation of the diffuse Galactic
emission expected in the region of the LLB, suggesting the interaction of accelerating hadrons
with the molecular gas as the main physical process for the production of the observed gamma
rays. Assuming this scenario for the LLB we compute the expected neutrino SED and the long
term expectations for KM3NeT/ARCA neutrino telescope, the cubic kilometer telescope under
construction in the ionian sea [11]. In particular we show the observation capabilities of one
building block of ARCA for different cutoff assumptions on the LLB SED taking into account 5
years of observation. First estimates for a different detector layout with a bigger volume (about 6
Km3 ) and a different SED assumption were presented in ref. [12].
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Figure 1: Left) In this plot the SED of the LLB obtained considering the PASS8 data sample [2], reported
with magenta points, and the IceCube fluxes limits obtained considering the HESE events compatible with
the entire Fermi Bubbles region [4] (blue points). The muonic neutrino SED (with the black dashed line) is
obtained considering the Fermi-LAT gamma-ray SED entirely produced by the interaction of CRs with gas.
Right) In this plot we report the Fermi-LAT gamma-ray observations for the low latitude Bubbles (θ < 10◦ )
in comparison with the expected diffuse Galactic emission [10] . The green region represent the space of
gamma-ray SEDs produced in the same region of the sky (LLB) from the interaction of CR with the gas,
assuming different models. The Gamma Model (black line) [15] and conventional diffusion model (blue
line).

3. The KM3NeT neutrino observatory
The KM3NeT collaboration is building a deep sea infrastructure in the Mediterranean Sea [16].
2
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at about 30 TeV for gamma rays , with an equivalent maximal energy for the produced neutrinos at
around 15 TeV. Considering the position of the Fermi Bubbles these upper limits severely reduce
the possibility of neutrino observations with the IceCube neutrino telescope, while leaving some
chances for the observation using the next-generation neutrino telescope KM3NeT. Interestingly
a new SED measurement from the inner Fermi Bubbles |l| < 15◦ and |b| < 10◦ comes out from a
Fermi-LAT work dedicated to dark matter searches showing a different spectral behavior. This new
measurement presents a harder spectrum for the LLB region and shifts the compatible cutoff of
corresponding neutrino SED between 100 to 300 TeVs. The neutrino SED showed on the left plot
of Fig.1 is obtained considering the gamma-ray SED that fit the Fermi-LAT and accounting for the
reported spectral points of IceCube. The IceCube spectral points reported in Fig. 2 are obtained
considering the HESE events spatially correlated with the entire Fermi Bubbles region and after
rescaled for the region of the sky covered by the LLB as in [4]. The gamma-ray observations are
considered fully hadronic setting as a main production mechanism the interaction of accelerated
protons (in the bubble wind) with the molecular gas present in this region of the Galaxy. Therefore
the expected neutrino SED is obtained considering the proton-proton interaction, following [14]
parametrization for the link between gamma-ray and neutrino fluxes. For this particular study
only νµ +νµ were considered, obtaining a normalization flux Φ0 =1.5 × 10−6 GeVcm−2 s−1 sr−1 and a
spectral index α=2.1 with variable cutoff between 100 and 300 TeVs.
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4. Monte Carlo Analysis
This analysis uses a recent Monte Carlo (MC) production of one building block (115 DUs) of
KM3NeT/ARCA for atmospheric neutrinos, neutrino from the LLB and atmospheric muons. Only
track-like events were used. Both the charge current (CC) and the neutral current (NC) interactions of
(anti-)νµ and (anti-)νe were considered for atmospheric and LLB source neutrinos. The simulation
chain used for this analysis is similar to the one described in [11]. The simulated events, with muons
and neutrinos respectively generated through MUPAGE [17] and GENHEN [18], are reconstructed
with a track reconstruction code. Beside the reconstructed track parameters, as the direction and
the energy of the leptonic track, the code provides some additional “quality” parameters that are
correlated with the quality of the fit. The atmospheric neutrino flux simulated is based on the
Honda model for the conventional component and the Enberg model for the prompt component.
A correction for the knee in CR was applied [11]. The LLB neutrino considered in this analysis
are computed considering a source with a E −2.1 SED and the flux normalization obtained from the
gamma-ray data of Fig. 1. The final number of events, for both source (LLB) and background, are
obtained in terms of events/block/year.
4.1 Events selection
The analysis method followed in this paper is similar to that one presented in [12] .To reject
the atmospheric muon backgrounds cuts on the variables provided by the reconstruction code are
applied. The key variables used for this analysis are:
1. θfit: The zenith distribution of the source and background events
2. Reconstructed Galactic coordinates: reconstructed tracks reported in Galactic coordinates.
3. Likelihood: Likelihood given by the track fit procedure (λ)
q
4. Log10 (β): Logarithm in base 10 of the error estimate on the fit calculated as errvx 2 ⊕ errvy 2 ,
where errvx and errvy are the error estimated for the x and y versors of the reconstructed track
in the reference system where the track is on the z axis
3
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The infrastructure comprises two deep-sea Cherenkov detectors named ARCA and ORCA [11]. The
ARCA (Astroparticle Research with Cosmics in the Abyss) detector is deployed 80 km offshore of
Sicily, Italy, at a depth of about 3450 m and the main objective is the discovery and subsequent
observation of TeV-PeV astrophysical neutrino sources. The ORCA (Oscillation Research with
Cosmics in the Abyss) detector is deployed 40 km offshore Toulon, France, at a depth of about
2450 m with a main objective of neutrino mass ordering determination looking at the oscillation of
GeV atmospheric neutrinos. The main detector component of ARCA is a Digital Optical Module
(DOM), a pressure-resistant glass sphere housing 31 3-inch photo-multiplier tubes (PMTs) and their
associated electronics. The DOMs are arranged in string-like structures, called Detection Units
(DUs), anchored to the seabed and held vertically by the buoyancy of the DOMs as well as a buoy.
For ARCA the vertical spacing between the DOMs along a DU is 36 m while the horizontal spacing
between the DUs is 90 m. In the final configuration ARCA will consist of two Building Blocks,
each of these composed by 115 DUs, and instrumenting a total volume of 1 km3 of seawater.
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5. Log10 (Erec ): Logarithm in base 10 of the reconstructed energy

5. Results and discussion
From the range of parameters reported in the previous section we proceed to find the ones who
give us the best values of discovery potential (at 5σ level) and sensitivity (90% confidence level) for
the case of a LLB SED with a cutoff of 100 TeV and a SED with a cutoff at 300 TeV. These values
are considered here as the minimum and the maximum cutoff compatible with the PASS8 spectral
points as well as the IceCube spectral points obtained from the HESE catalog. As discussed in
Section 2 the expected neutrino SED was obtained considering the gamma-ray emission measured
by Fermi-LAT as fully produced by the interaction of CRs in the initial part of the Fermi Bubbles
with the ambient gas. It is worth mentioning that the assumption of a gamma-ray SED dominated
by an Inverse Compton processes, due to accelerated electrons, would have changed completely the
results. A further update of this analysis foresees including also the shower reconstruction analysis
and using templated morphologies of LLB with the gamma-ray emission as extracted from FermiLAT data, which will improve the analysis sensitivity. For the region of LLB we did not account
for the HAWC upper limits since this region is not considered in the recent HAWC analysis, mainly
because outside of the experiment field of view. The HAWC upper limits exclusion allows to fix the
cutoff of expected neutrino SED at higher energies respect to the entire Fermi Bubbles, increasing
the signal to noise ratio for this particular region. More informations about the possible cutoff to
apply to the neutrino SED can arise when considering the samples of astrophysical neutrinos at
lower energies beside the HESE events.

6. Conclusions
In this analysis we show the long term expectations of the future KM3NeT/ARCA neutrino
telescope for the inner regions (LLB) of the already known Fermi Bubbles. Interestingly, considering
the hard SED and a possible cutoff at hundreds of TeV, this region can be considered a optimal target
4
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A preselection of the events was done selecting events in the region of LLB (|lrec | < 15◦ and
|brec | < 10◦ ) and upgoing tracks (θfit > 90◦ ). The number of events per year after the preselection
cuts are reported in Tab 1.
To obtain the best sensitivity (90% of confidence level) and the discovery potential (5σ in the
50% of the pseudo experiment) reported in Fig. 2 we optimize the cuts on Likelihood, Log10 (β) and
Erec parameters to produce the higher signal to noise ratio.
The cuts on λ and β remove most of the atmospheric muon badly reconstructed as up-going
while θfit cut on the reconstructed energy remove mainly the atmospheric background. These cuts
were simultaneously determined.
The final cuts that we obtain for the reported parameters to optimize the signal to noise ratio are the
follow: θfit < 90◦ , λ > 260, Log10 (β) > -2.0, and Erec > 4 TeV for the case of a neutrino SED with
cutoff at 100 TeV, while Erec > 25 TeV for the case of a neutrino SED with a cutoff at 300 TeV.
In table 1 we report the number of events of signal and background at the preliminary cuts level and
after the final cuts.

Antonio Marinelli

KM3NeT/ARCA Expectations for the Low Latitude Bubbles

SED

cuts level

ν sig

νatm

µatm

E −2 e−E100T eV

Prel. Cuts Level
Final Cuts Level
Prel. Cuts Level
Final Cuts Level

71
39
83
29

857
38
857
6

2.45 × 104
0
2.45 × 104
0

E −2 e−E100T eV
E −2 e−E300T eV
E −2 e−E300T eV

Figure 2: a) In this plot we report the Sensitivity 90% CL and the Discovery potential (5σ) for one building
block of ARCA telescope (115 DUs ) considering the muonic neutrino + antineutrino SED expected from
the LLB region with a Cutoff of 100 TeV. The expectations are reported for a reconstructed energy above 4
TeV, as suggested by the optimal energy cut obtained.
b) In this plot we report the sensitivity 90% CL and the discovery potential (5σ) for one building block of
ARCA telescope (115 DUs ) considering the muonic neutrino SED expected from the LLBubbles SED with
a Cutoff of 300 TeV. The expectations are reported for a reconstructed energy above 25 TeV, as suggested by
the optimal energy cut obtained.

for the incoming ARCA experiment. We highlight the fact that this new SED, obtained considering
the Fermi-LAT data, cannot be just an underestimation of diffuse Galactic component present in
this region of the sky. In fact it was already demonstrated in a recent presentation [10] that the
expected diffuse Galactic emission in the LLB region has a different spectral behavior at energies
above 100 GeVs. Considering that, here, we link this initial wind part of the Fermi Bubbles (LLB)
with a dominant proton population explaining the Fermi-LAT gamma-ray SED as the production
of accelerated CR interaction with the gas environment. The corresponding neutrino counterpart
will be observable with 5 years of observations of one building block of KM3NeT/ARCA, even
considering the case of a pessimistic cutoff at 100 TeV.
5
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Table 1: Obtained events. In table we report the reconstructed track-like events/ARCA Building Block/year
for the signal and the background after the preliminary cuts of the LLB direction (|lrec | < 15◦ and |brec | < 10◦ )
and θfit < 90◦ , and after the final cuts: θfit < 90◦ , λ > 260, Log10 (β) > -2.0, and Erec > 4 TeV for the νµ +νµ
Cutoff at 100 TeV, while Erec > 25 TeV for the νµ +νµ Cutoff at 300 TeV.
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