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Abstract: The ejecta of supernovae are the leading candidate sources of Galactic cosmic rays (CRs). Most
Galactic supernovae are formed by the core-collapse of young massive stars that are clustered in regions of
massive star formation. The combination of strong winds of the progenitors and the supernova ejecta leads to
the formation of shocks where charged particles can be accelerated via diffusive shock acceleration. Neutrinos
are a by-product of CR interactions in these clusters or their environment and can help to identify the sources of
CRs. In this paper we study the sensitivity of IceCube to identify this spatially extended neutrino emission from
massive open star clusters.
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1 Introduction
Massive stars are the major contributors to the chemical en-
richment of the interstellar medium (ISM), restoring most
of their total mass to the ISM through stellar winds and su-
pernova explosions, after processing a fraction of it in the
stellar interior [1]. They also inject large amounts of radia-
tion and mechanical energy into the ISM, and their deaths
as core-collapse supernova are recognized as the principal
sources of energy for cosmic ray acceleration.

At Galactic scales, star formation is connected with the
spiral structure as a result of the large scale dynamics
of the interstellar medium. Star formation also occurs on
the small scale of individual star forming events within a
molecular cloud complex, with open clusters as the small-
est groups in the hierarchy of star formation [2]. All this
results in a structured distribution of massive stars in the
Milky Way: from open clusters to open cluster complexes
which are associated to giant molecular clouds following
the underlying spiral pattern of the Milky Way. Massive
stars are short lived, meaning that they not only form
within an open cluster or association, but they also die in
it, with only a small fraction of stars, 2% to 6%, not trace-
able to an origin in a cluster or association [3]. The spa-
tial distribution of the main candidate sources of cosmic
rays should then follow that of massive open clusters in an
”accelerator-dominated” phase, that is, when their energet-
ics are governed by the strong winds of dying massive stars
and supernova explosions [4].

We present here a selection of massive open clusters
to be studied with the IceCube neutrino detector. This se-
lection is specifically made for IceCube and exploits its
capability to continuously monitor the whole sky without
the need for pointing. We customize both IceCube’s tar-
get selection and data analysis by taking into account the
spatial scales involved (from both the phenomenology and
the detectors field of view and angular resolution) and the

sensitivity of the detector. IceCube achieves the highest
sensitivity to TeV-PeV neutrino sources in the northern
hemisphere, a feature which is advantageous to study local
sources of neutrinos. The Sun is located in what is called
the Local arm, a minor spiral feature of the Milky Way be-
tween the Perseus and Sagittarius arms, which can be ac-
cessed in its majority from the northern hemisphere. The
Perseus arm runs at a distance between 2-3 kpc from the
Sun at the Galactic longitudes accessible from the northern
sky, our closest approach to one of the main spiral arms
of the Milky Way. Cosmic-ray acceleration in nearby com-
plexes with a high density of massive stars can therefore be
studied with IceCube, and we propose to test this scenario
by searching for a neutrino event pattern that would arise if
cosmic rays produced in ”accelerator-dominated” star clus-
ters interact with ambient gas and radiation fields. With a
proper selection of open clusters based on their total stellar
mass and evolutionary status, we aim to target those in an
accelerator-dominated phase as a proxy for local Galactic
cosmic ray factories. Identification and distance estimation
to young stars clusters can currently be determined with
precision only for those that are within 3-4 kpc from the
Sun. Therefore, we only investigate sources in the Solar
neighborhood. In the following, we study neutrino produc-
tion under two hypothesis: (1) cosmic ray confinement and
neutrino production inside the cluster area, and (2) cosmic
ray escape and neutrino production in the surrounding clus-
ter environment by interactions of cosmic rays with dense
gas clouds.

Our goal here is to shed some light to the problem of
production, confinement and escape of cosmic rays using
new data from the IceCube neutrino observatory. Our two
hypotheses require two different search strategies. In our
first approach, the search is carried out within open cluster
complexes targeting the production of neutrinos close to
the cosmic ray sources. Our second approach investigates
neutrino emission in high-density gas clouds in close prox-
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imity to the potential accelerators within the cluster. The
status of the analysis are presented.

2 Data and modelling
This work uses the catalogue of open cluster data (COCD)
from [5, 6], with the radii and masses compiled in [7]. The
sample contains 641 open clusters and 9 compact associa-
tions for which a homogeneous set of cluster parameters is
available. The COCD is thought to be complete up to dis-
tances of 850 pc from the Sun and contains optically se-
lected open clusters, where all stars are already formed.

To select high density regions around the clusters envi-
ronment, we use CO data from the composite survey of [8]
as a tracer of molecular hydrogen. Due to the larger abun-
dance of atomic hydrogen in the Milky Way, in particu-
lar in the outer Galaxy, we also use data from the 21-cm
line of HI from the LAB survey [9] to study the kinematics
of the gas in order to assign distances to molecular clouds
from their observed velocity spectra along a given line of
sight. Although the kinematical distance method can be
rendered quite inaccurate by localized perturbations due to
spiral shocks, expanding shells or other type of explosive
phenomena, it is the most efficient method to derive dis-
tances to molecular clouds.

We model the gas component in the Milky Way as an ex-
ponential warped disk [10] with a grand-design four-armed
spiral pattern originated from the spiral density wave per-
turbations of the disk [11]. The velocity of the gas at each
line of sight (Vlos) is thus a combination of the rotational
velocity of the material around the Galactic Center plus
the streaming motions from the Galactic spiral potential,
which are particularly large within the Perseus arm region
of the Galaxy. We assume a Schmidt rotation curve and the
standard density wave theory of [12] to calculate the Vlos
at each direction. The model parameters are then adjusted
to best match the data in order to obtain the association be-
tween the velocity and the distance of the material respon-
sible of the emission at each line of sight [13].

2.1 Selection of ”accelerator-dominated” open
clusters

Starting from the COCD sample we want to select those
clusters having massive stars in their last stages of evolu-
tion, or that have recently exploded as core-collapse super-
novae. The number of such stars in a cluster depends on
both the cluster age and the cluster’s stellar mass distribu-
tion at birth, i.e., the initial mass function (IMF). Given the
uncertainties in both the age determination of the clusters
and the theoretical stellar lifetimes (specially post-MS life-
times), we will simplify the scenario by requiring only that
the turn-off mass of the stars in the clusters is above 9M⊙.
Stellar evolution models predict that only stars with initial
mass above 9M⊙ can lead to supernova explosiones by the
collapse of their nuclei. The lifetime of a star with a main
sequence mass of∼ 9 M⊙ is around 40 My. Clusters older
than∼40 My are not considered in our study, because we
assume that they are scarce in potential accelerators, with
all possible core-collapse supernova that have occurred in
the past gone since long, and their remnants already dissi-
pated into the ISM.

For the remaining clusters with t<40 My, we account
for the large uncertainties in the open clusters’ age [5]
by allowing a safety marging in the ages of the clusters
selected, using only those clusters in which the time in-

Gould’s Belt Local Arm Perseus Arm

NGC 2264 Berkeley 14A NGC 146 NGC 7380
IC 1396 NGC 2244 Berkeley 4 King 12
ASCC 18 Collinder 106 NGC 457 NGC 7788
ASCC 20 NGC 6871 NGC 663 ASCC 7
ASCC 21 Biurakan 1 IC1805 ASCC8
ASCC 122 IC 4996 NGC 957 ASCC9
ASCC 126 Cyg OB2 IC 1448 ASCC17

ASCC 111 NGC 1893 ASCC120
ASCC 117 NGC 6823 ASCC130
ASCC 125 Roslund 2

Table 1: Final open cluster sample

terval tcluster ± 1σtcluster allows for at least one star with
M > 9M⊙ leaving off the main sequence. For the young
and massive clusters, this would imply that a relatively
high number of massive stars are in their last stages of evo-
lution.

The stellar lifetimes are available from the stellar evolu-
tionary codes developed by different groups. We observe
no difference in our final selection by using different stel-
lar grids (Padova grid vs. Geneva grid), due to the large un-
certainties in the cluster ages.

Assuming that all the stars in the cluster were created in
the same burst episode, and that stellar mass loss is negli-
gible in young clusters, we obtain the stellar mass distribu-
tion of each cluster normalizing a the IMF [14] to the total
stellar mass of the cluster. The IMF we use is the one from
[15, 16], a Salpeter slope with correction from unresolved
components and a fundamental mass upper limit .

2.1.1 Final open cluster sample
Our final sample comprises 36 open clusters with masses
between∼ 400M⊙ and 3×104 M⊙, and ages lower than
40 My . Fig. 1 shows the distribution in the Galactic Plane
(-5◦ < b < 5◦) of the open clusters that passed our selec-
tion criteria together with their spatial extent. The appear-
ance in the Galactic Plane is a combination of both the nat-
ural clustering of open clusters in cluster complexes and
projection effects. According to their heliocentric distance,
the cluster complexes we find are: in the Gould’s belt (part
of our Local arm up to∼ 800 pc), in the Local arm, and in
the Perseus arm.

The most nearby massive open clusters in the Gould’s
belt are: IC 1396, NGC 2264, ASCC 18, ASCC 20, ASCC
21, where the last three are part of the Orion complex at
very low galactic latitudes (not shown in the Galactic Plane
distribution of fig. 1).

2.2 Cluster molecular environment
Our selection of northern sky open clusters in the
”accelerator-dominated” stage span a range in Galactic
longitude between l=59◦ and l=210◦. We perform our dis-
tance determination from observed velocities in order to
select molecular clouds in the vicinity of our target open
clusters. Fig.2 shows the example case in the direction of
NGC 6821 and Roslund 2, two open clusters that passed
our selection criteria and that are both located in the Vul
OB1 association at l=60◦, b=0◦, with a distance of∼ 2 kpc.
The continuous line is data from the LAB survey [9], and
the dotted line is our model. The observed velocities are
a combination between different galactoentric distances
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Figure 1: Final open cluster sample. The circles represent the clusters area
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Figure 2: HI velocity profile along l=60◦, b=0◦ from the
LAB survey (solid data) and from our model of the Milky
Way (dotted line). This is the direction of our line of sight
towards the Vul OB1 association, which harbors the mas-
sive open clusters NGC 6821 and Roslund 2.

resulting in a spectrum of projected velocities, streaming
motions induced by the spiral density wave, and random
cloud to cloud motions, which we model introducing a ve-
locity dispersion of 5 km/s. Our model represents reason-
ably well the data and places our line of sight along the
Local arm up to∼3 kpc from the Sun. According to this
model, NGC 6821 and Roslund 2 are located in the Local
arm, together with molecular gas moving with Vlos = 28
km/s. Fig. 3 shows the CO integrated intensity over the ve-
locity interval 22km/s< v <32 km/s, which corresponds
to 1500 pc - 2500 pc in kinematic distance.

Another interesting region worth studying is the Cygnus
region. Here, the observed CO distribution is found to be
within the Local Arm, at distances<2 kpc from the Sun
[17]. Part of the CO emission in this area belongs to the
Gould’s Belt and the rest to the famous Cygnus complex,
rich in TeV gamma-ray sources [18, 20, 19]. Fig.4 shows
that all CO emission is encompassed between -20 and +20
km/s. We want to focus only on the molecular gas nearby
the accelerators; Perseus’ gas is all at velocities around -
42 km/s and does not pose a problem, and Gould’s Belt
clouds are at velocities higher than 7 km/s. Therefore, we
select CO material in the velocity range -20<v<7km/s, as
shown in Fig. 5.

The kinematical distance method is similarly applied to
molecular gas around the remaining open clusters from our
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Figure 3: CO integrated emission (in units of K km/s) in
the environment of the massive open clusters NGC 6821
and Roslund 2 (22km/s< v <32 km/s). The circles repre-
sent the spatial extent of the open clusters

sample. For each cluster, we select molecular material with
velocities corresponding to a distance of∼500 pc around
the cluster.

3 Search method and IceCube sensitivities
Our two hypothesis are designed in order to search for neu-
trinos either from the interior of massive open clusters, or
from molecular clouds in the proximity of the open clus-
ters. If any of our two scenarios is correct, the location
of the brightest spots in the IceCube maps should be cor-
related either with the cluster areas, or with our selected
distribution of molecular gas. In order to search for such
correlation, the analysis of IceCube data will make use of
the Multi-Point Source (MPS) method, developed in [21]
for the search of neutrino emission beyond the single and
spherically symmetric source approach. By measuring the
2-point correlation function of events, using only those
events inside the target area as primaries in the correlation,
the method can account for the type of correlation informa-
tion we are looking for (i.e., neutrino events emitted at any
point inside the clusters area) and efficiently exploit it for
the discovery of extraterrestrial neutrino signal.

In the case of the open cluster search, the target area
is precisely the cluster area, represented in Fig. 1 with
circles. MPS will also profit from the agglomeration of
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Figure 4: CO velocity profile along l=80◦, b=0◦.
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Figure 5: CO integrated emission (v< 7 km/s) in the
Cygnus region (in units of K km/s). The circles represent
the spatial extent of the open clusters.

open clusters into open cluster complexes, making this
method more advantageous than a stacking search.

For our second approach, a region around the open clus-
ters of half the scale-height of the disk (∼ 144pc) is con-
sidered. At the typical distances of the clusters from our
sample, this corresponds to an average angular scale of 4◦.
Within this area we apply a weighted MPS analysis in the
velocity range considered, where higher weights are given
to those regions with higher column densities. IceCube’s
angular resolution limits the minimum spatial structure we
can distinguish to∼1◦, and selecting larger regions will
cause source confusion. Then, the value of 144pc will de-
fine the maximum length at which we study the interac-
tions of escaping cosmic rays.

3.1 Sensitivities
We report the sensitivities of three years of data collected
by the IceCube detector in its 79, 59, and 40-strings config-
urations, for the analysis of the massive open clusters. The
analysis of the molecular clouds in the cluster’s neighbor-
hood is on-going, and results will be presented in a future
work.

The MPS analysis is applied to both background-only
sky maps generated from the data (randomizing in right as-
cension), and to simulated sky maps where a source field
is generated on top of the uniform background distribution.
In the scenario considered here, one point source is simu-
lated for each cluster. The finite angular resolution of the
detector is taken into account in the simulation of the neu-
trino signal by applying a Gaussian smoothening.

The results are reported for the open clusters in our se-
lection and according to their location in the Milky Way

Sensitivities (10−12 TeV−1cm−2s−1)

Gould’s Belt Local Arm Perseus Arm

1.1 0.55 0.27

Table 2: Sensitivities per source for aE−2 spectrum.

spiral pattern. Table 2 shows the sensitivities per source,
defined as the maximum flux that produces in 90% of the
cases a higher value of the test statistics than the average
background case. The sensitivity to neutrino sources in
the northern hemisphere is at the level of(1−5)×10−12

TeV−1cm−2s−1 with the same event sample [22]. The re-
sults of table 2 indicate that IceCube can lower this thresh-
old taking into account the spatial distribution of potential
accelerators in the solar neighborhood. The proximity of
the targets selected here is also advantageous to achieve
the minimum detectable flux from sources with a modest
neutrino luminosity.
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