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1. Introduction

The existence of a diffuse high-energy astrophysical neutrino flux was discovered by the IceCube
collaboration in 2013 [1]. However, the origin of this diffuse flux remains largely unknown. Current
limits imply that if a single source population is responsible for the diffuse neutrino observations,
it should consist of relatively dim but numerous sources [2]. Furthermore, the contribution of
blazars observed by the Fermi Large Area Telescope (LAT) [3] to the diffuse neutrino flux is limited
[4]. Since neutrinos and pionic gamma rays are expected to be produced in the same hadronic
interactions, the non-blazar component of the extragalactic gamma-ray background (EGB) above
50 GeV [5] provides a second constraint to the sources responsible for the diffuse neutrino flux [6].
In particular, the non-blazar EGB bound hints towards gamma-ray opaque neutrino sources [7].

Ultra-Luminous Infrared Galaxies (ULIRGs) are the most infrared-luminous objects on the
sky, with total infrared (IR) luminosities Lig > 102 L, between 8—1000 um (see [8] for a review).
ULIRGS are typically interacting galaxies containing large amounts of heated gas and dust. They
are mostly powered by starbursts with star-formation rates exceeding 100 My, yr~!, with a possible
secondary contribution from an active galactic nucleus (AGN). Such an AGN is likely Compton-
thick, i.e. it is obscured by matter with column densities Ny > 1.5 x 10** cm™2 [9]. Both starbursts
and AGN are candidate environments for hadronic acceleration and neutrino production [10, 11].
In addition, ULIRGs are relatively abundant, with a local source density of 10~7—107% Mpc~ which
increases rapidly up to a redshift z ~ 1 [12]. As such, ULIRGs form a source class that could be
responsible for a significant fraction of the diffuse astrophysical neutrino flux [13-15].

In this work we present the results of an IceCube stacking analysis searching for high-energy
neutrinos from ULIRGs. These results will be extrapolated to the full ULIRG population, and they
will also be compared to model predictions. For this we will use the Planck 2015 results [16] for a
ACDM cosmology, Hy = 67.8 km s~ Mpc™!, Q,,, = 0.31, and Q4 = 0.69. More information on
the study presented in this work can be found in a recently submitted publication [17].

2. ULIRG Stacking Analysis

2.1 Object Selection

We select our ULIRGs from three catalogs that are primarily based on data from the Infrared
Astronomical Satellite (/RAS) [18-20]. The catalogs were already extensively described in previous
proceedings [21], as well the usage of the NASA/IPAC Extragalactic Database! (NED) [22] to cross-
identify these catalogs and obtain an initial selection of 189 ULIRGs. However, this initial selection
is not fully representative for the local ULIRG population. In order to obtain such a representative
sample, we make a completeness cut on our initial ULIRG selection, by only selecting those objects
with a redshift z < 0.13. This redshift represents a conservative estimate of the distance up to
which the least luminous ULIRG (Ljg = 10'?L ) can be observed given an IRAS sensitivity fgo = 1
Jy, with fg the IR flux density at 60 yum. This implies that the redshift cut z < 0.13 essentially

corresponds to a flux constraint fgo = 1 Jy. The result is a sample of 75 ULIRGs.

1The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California Institute of
Technology, under contract with the National Aeronautics and Space Administration.
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Due to a limited sky coverage of the original ULIRG catalogs, which results from correlations
with other surveys (see [19, 20]), this redshift limited sample of 75 ULIRGs is not complete. It
misses ~40 sources with a flux in the range 1 Jy < fgo < 5.24 Jy. Nevertheless, we estimate that the
total stacking weight (see Section 2.3) of these ~40 missing sources in our analysis is approximately
10%. Therefore, our selection of 75 ULIRGs can still be regarded as a representative sample of the
local ULIRG population.

2.2 Detector and Data Set

The 1 km?® IceCube Neutrino Observatory, located at the geographic South Pole, contains 5160
optical modules which detect the optical Cherenkov radiation emitted by secondary charged particles
produced in the interactions of neutrinos? in the surrounding ice or the nearby bedrock. Using the
detected Cherenkov light, the direction, energy and flavor of the neutrino can be reconstructed [23].
In particular, muon neutrinos interacting via the charged-current interaction will produce secondary
muons which leave track-like signatures in the detector, which yield an angular resolution < 1° for
muon energies above 1 TeV [24].

The main backgrounds for astrophysical neutrino searches are atmospheric muons (at the kHz
level) and atmospheric neutrinos (at the mHz level) produced in cosmic-ray air showers. In this
work, we make use of the IceCube gamma-ray follow-up (GFU) data sample [24], which contains
well-reconstructed muon tracks with a 47 sky coverage. The event selection of the GFU sample
is performed separately for the Southern and Northern hemispheres. This is due to the fact that
atmospheric muons cannot penetrate the Earth and only form a background in the Southern sky.
Consequently, IceCube has a better sensitivity for astrophysical neutrinos originating from sources
in the Northern sky. The GFU sample contains over 1.5 million events, spanning a livetime of 7.5
years of the full 86-string IceCube configuration.

2.3 Analysis Method

In order to search for astrophysical neutrinos that are spatially correlated with our representative
sample of M = 75 ULIRGs, we perform a time-integrated unbinned maximum-likelihood analysis
[25]. We also stack the contributions of the selected ULIRGs to enhance the sensitivity of the
analysis [26]. The likelihood is given by

L(ns,7) = 1‘[[ Zwks’%m(l——)ﬂ-

where we fit for the number of astrophysical neutrinos, ng, and the spectral index of such a signal

; ey

component, y, which is assumed to follow the same unbroken power-law spectrum for all ULIRGs.
The factors Sl.k and B; are the probability distribution functions (PDFs) corresponding with the
signal of source k and the background, respectively, evaluated for data eventi € {1,2, ..., N}. Both
the energy and spatial components of the background PDF are constructed from experimental data.
The signal PDF is determined from simulations, with a spatial component that is assumed to follow
a two-dimensional Gaussian PDF centered around source k.

2Since IceCube can in general not distinguish between neutrinos and antineutrinos, we use the term neutrino for both
in these proceedings.
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The contributions of all ULIRGs are stacked through the weighed sum over the signal PDFs
of each source k. The stacking weight wy = rrtx/ Zj”il rjt; depends on the detector response
ri and a theoretical weight 7. For the theoretical weight we use the total IR flux (8—1000 pm),
Fir = Lir/ (47rd%), where dp, is the luminosity distance determined from the redshift measurements
found in NED.

We then construct a test statistic as

L(ns = ﬁs"y = ’}7)

TS =2log L0n, = 0) ,
s =

(@)

where 7i; and ¥ are those values that maximize the likelihood. By construction, the TS provides a
measure of how compatible the data is with a background-only scenario (ng = 0), which is our null
hypothesis. We construct the background-only PDF of the TS by scrambling data in right ascension
10° times and computing the TS in each scramble. This PDF is well-described by a y? distribution,
which is in accordance with Wilks’ theorem [27].

The performance of the analysis can be tested by simulating pseudo-signal events according to
an unbroken power-law spectrum, ®,, .y, (Ey) = @+, (Eo) (Ey/Eo)~. We define the sensitivity
at 90% confidence level (CL) as the number of pseudo-signal events required to obtain a p-value
< 0.5 in 90% of the pseudo-experiments. Analogously, we define the 30~ and 5o discovery
potentials as the number of pseudo-signal events required to obtain a p-value < 2.70 x 10~ and
< 5.73 x 1077 in 50% of the trials, respectively. Figure 1 shows these quantities as a function of
the spectral index vy, both in terms of flux at the normalization energy Ey = 10 TeV as well as in
number of neutrinos. We note that our analysis is sensitive for neutrinos at £y = 10 TeV for all
spectra considered in this work.

3. Results and Interpretation

3.1 Analysis Results

The stacking analysis yields a best-fit for the number of signal neutrinos 7i; = 0, which leaves
the best-fit spectral index ¥ undetermined. This also corresponds with a TS = 0 and a p-value = 1.
Hence, our results are compatible with the background-only hypothesis. Consequently, we compute
upper limits at 90% confidence level (CL) on the stacked muon-neutrino flux originating from our
selection of 75 ULIRGs. These upper limits coincide with the sensitivities of the analysis, shown
in Figure 1 at Eg = 10 TeV.

3.2 Limits on the ULIRG Source Population

The stacked flux upper limits can be converted to limits on the diffuse neutrino flux from the
population of ULIRGs with z < 0.13 as @ﬁffbf = eCCD?,S‘Z?V# /(4r sr). The factor €, = 1.1 takes
into account the contribution from sources with z < 0.13 that are missed due to the limited sky
coverage of the ULIRG catalogs used for our object selection. These limits can then be extrapolated

to the diffuse flux of the ULIRG population with z < zpax,

Z<Zmax — é‘:Z:ZmﬂX ®2S0.13
Vutvy fz:0.13 Vutvy © (3)
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Figure 1: Left: Sensitivity, 307, and 50 discovery potentials as a function of the spectral index vy, for an
unbroken E~7 power-law spectrum, in terms of the stacked flux at the normalization energy Eog = 10 TeV.
Right: Same as left plot but in terms of the total number of ULIRG neutrinos.

Here we assume that over cosmic history, all ULIRGs have identical properties of hadronic acceler-
ation and neutrino production. The factor £,, which becomes energy-independent for the power-law
spectra considered in this work, takes into account the redshift evolution of the sources [28]. We
parameterize the ULIRG redshift evolution according to [15], H(z) = (1 + z)™, with m = 4 for
O0<z<landm=0forz > 1.

In Figure 2 we report the upper limits at 90% CL on the population of ULIRGs up to a redshift
Zmax = 4.0 following [14]. The left panel of Figure 2 shows these in terms of the integral limits
for unbroken E~20, E723 and E730 power-law spectra. These are shown within the respective
90% central energy ranges that contribute to the upper limits. We find that the £~ and E~>°
constrain the ULIRG contribution to the diffuse neutrino observations of [29, 30] up to ~3 PeV and
~600 TeV, respectively. The right panel of Figure 2 shows the quasi-differential limits, computed by
determining the £~2- limit per bin of energy decade. Also here we find that our stacking analysis
constrains the contribution of ULIRGs to the diffuse observations for the energy bins 10-100 TeV
and 0.1-1 PeV. Note that this interpretation does not take into account a possible contribution from
the less luminous but more numerous Luminous Infrared Galaxies (LIRGs, Lig > 10''L).

3.3 Comparison with Model Predictions

We first compare our results with the starburst reservoir model of He et al. [13], who consider
hypernovae as hadronic accelerators. They predict a diffuse neutrino flux from ULIRGs up to
Zmax = 2.3, which we compare to our E~2 upper limit in the left panel of Figure 3. We find that
the He et al. prediction is at the level of our upper limit; more years of data are required in order to
validate or constrain this model.

The second reservoir model we consider is that of Palladino et al. [14]. They construct a generic
framework to compute diffuse neutrino and gamma-ray fluxes from a population of hadronically-
powered gamma-ray galaxies (HAGS), such as ULIRGs or starburst galaxies with Lig < 10'%L.
They find that for power-law spectra with an index ¥ < 2.12 and an exponential cutoft at ~10 PeV,
HAGS can fit the bulk of the diffuse neutrino observations whilst remaining consistent with the
non-blazar EGB bound above 50 GeV [5]. We compare their most optimistic scenario of y = 2.12
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Figure 2: Left: Integral limits at 90% confidence level on the contribution of the ULIRG population up to
a redshift zmax = 4.0 to the observed diffuse neutrino flux of [29, 30]. These are shown for unbroken E~2-
(dashed blue line), E~2-5 (dash-dotted dark magenta line), and E =30 (dotted light magenta line) power-law
spectra. The integral limits are plotted within their respective 90% central energy ranges. Right: Quasi-
differential limits at 90% confidence level (dashed blue line), found by determining the limit for an E~20
spectrum in each decade of energy.

with our E~212 upper limit in the right panel of Figure 3. Here we follow Palladino et al. and take

Zmax = 4.0 and the redshift evolution, according to the star-formation rate [31], H(z) = (1 + z)™
withm =3.4for0 < z < land m = —-0.3 for 1 < z < 4. We find that ULIRGs cannot be the sole
population of HAGS that contributes to the diffuse neutrino observations. Note that this does not
have any implications for other candidate HAGS populations.

Lastly, we make a comparison with the AGN beam-dump model of Vereecken & de Vries [15].
They consider a possible Compton-thick AGN in ULIRGs as the hadronic accelerator, where the
neutrino production occurs in the interactions of accelerated hadrons with the obscuring dust and gas.
They find that ULIRGS can fit the diffuse IceCube observations without exceeding the non-blazar
EGB bound above 50 GeV [5] if the obscuring matter has a column density Ny = 5 X 10% cm™2,
since then the gamma rays are attenuated before escaping the source. However, this model strongly
depends on the electron-to-proton luminosity ratio f, [32], which remains a highly uncertain
parameter. By fitting the prediction of Vereecken & de Vries to our £~ upper limit on the ULIRG
neutrino flux up to zmax = 4.0, we can roughly estimate the lower limit £, > 107>. However, due
to other uncertainties in the model, this lower limit should be regarded as an order-of-magnitude
estimation. Nevertheless, we remark that this value is consistent with previous limits on f, provided
in [15] in the context of an obscured-AGN analysis performed with IceCube [33, 34].

4. Conclusions

We presented the results of an IceCube stacking analysis searching for neutrinos from a
representative sample of 75 ULIRGs within a redshift z < 0.13. No astrophysical component
was found in the data, which was consistent with background. We therefore set upper limits on
the stacked muon-neutrino flux originating from our representative ULIRG sample. These limits
were extrapolated to a diffuse neutrino limit on the full ULIRG population. We found that the
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Figure 3: Left: Prediction by [13] of a diffuse neutrino flux from hypernovae in ULIRGs (full magenta line)
and the E~2 upper limit at 90% confidence level of this search (dashed blue line). For comparison, an
ULIRG source evolution is assumed and integrated up to a redshift zpy,x = 2.3. Right: Prediction by [14]
of a diffuse neutrino flux, normalized to the IceCube observations, from hadronically powered gamma-ray
galaxies (HAGS; full magenta line) and the E~2!? upper limit at 90% confidence level of this search (dashed
blue line). For comparison, a source evolution according to the star-formation rate is assumed and integrated
up to a redshift zmax = 4.0.

contribution of ULIRGs to the observed diffuse neutrino flux is constrained up to ~3 PeV and ~600
TeV for unbroken E =29 and E~2- power-law spectra, respectively. Also the quasi-differential limits
provide stronger constraints than the diffuse flux in the energy ranges 10-100 TeV and 0.1-1 PeV.
We conclude that the population of ULIRGs cannot be the sole contributors to the diffuse neutrino
observations.

In addition, we compared our results with three model predictions. First, we found that the
prediction by He et al. [13] is at the level of our E~> upper limit. Second, we excluded ULIRGs
as the sole HAGS that could be responsible for the diffuse neutrino observations in the context of
the model by Palladino et al. [14]. Last, we considered the AGN beam-dump model by Vereecken
& de Vries [15], which mainly suffers from uncertainties through the electron-to-proton luminosity
ratio f.. As such, we made an order-of-magnitude estimation on the lower limit of this parameter,
fe 21073
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