Eta Carinae: A multi-messenger source
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Colliding-wind binaries have long been thought to accelerate particles in the shocked wind. Recent detection of a hard γ-ray spectrum by the Fermi-LAT from η Carinae hints to the presence
of a hadronic component dominating in the ≈ 10-300 GeV range, presumably from protons accelerated in the shocks and interacting (pp) with particles in the wind. Neutrinos are naturally
produced in pp interactions and emitted together with γ rays. Detection of this multi-messenger
signal can be very powerful to probe characteristics of the hadronic γ-ray component as well as
particle acceleration. We show that detection of high-energy neutrinos from η Carinae by neutrino
telescopes can probe the maximum shock-accelerated proton energy in the & 0.1 PeV range.

5th Annual Conference on High Energy Astrophysics in Southern Africa
4-6 October, 2017
University of the Witwatersrand (Wits), South Africa
∗ Speaker.

c Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0).

https://pos.sissa.it/

PoS(HEASA2017)039

Soebur Razzaque∗

Soebur Razzaque

Eta Carinae

1. Introduction

2. Model details
The winds from the binary stars η Car-A and Car-B collide to produce shocks where particles
are accelerated and emit non-thermal radiation. The electrons produce synchrotron radiation peaking at ultraviolet (∼ 100 eV) and Compton-scattered stellar photons peaking at γ rays (∼ 1 GeV).
The protons interact (pp) with wind particles and produce π 0 -decay γ rays with energies & 100
MeV. The details of the radiation processes and SED modeling have been presented in [10] and
the SEDs during the periastron and apastron passages are shown in Fig. 1 here. We focus on the
maximum proton energy and corresponding neutrino flux modeling below.
The time scale for particle acceleration depends on the shock characteristics. In case of a per⊥ = 8Ec/3ζ eB v2 ,
pendicular shock with magnetic field Bs the acceleration time to an energy E is tacc
s w
where ζ ∼ O(10) is a multiplicative factor to the Bohm diffusion coefficient [19, 20]. These protons interact with particles in the stellar wind with density nH = ρw /m p = Ṁw /4πR2 vw m p , where
Ṁw is the mass-loss rate in wind and vw is the wind speed. For η Car-A, the more massive star
in the binary, Ṁw,A = 10−3 M yr−1 and vw,A = 500 km s−1 . The pp interaction time scale for a
proton over which it looses significant energy, is t pp = 1/nH σ pp c, where the average pp interaction
⊥ =t
cross-section is σ pp ≈ 30 mb. We calculate the maximum proton energy from tacc
pp as [10]
E p,max ≈ 1

 ζ  B 
−1
nH,A
p
s,A
PeV .
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2.7 × 109 cm−3
1

(2.1)
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Gamma-ray space telescopes AGILE and Fermi-LAT have detected η Carinae stellar binary
system in the 200 MeV – 300 GeV energy range [1, 2]. Subsequent analyses of Fermi-LAT data
collected over the full orbital period show mild orbital modulation in the γ-ray light curve and
spectral hardening during the periastron passage [3, 4]. The air-Cherenkov telescope HESS has
also observed η Carinae at & 100 GeV energies during the 2004-2012 period [5]. Acceleration
of particles in the shocks of colliding winds of stellar binary systems and high-energy emission
from therein have been discussed in literature [6, 7, 8, 9]. Protons, if accelerated in the shocks, can
explain the hardness of the spectrum during the periastron passage producing π 0 decay γ-ray flux
that is dominating over the inverse-Compton flux at energies & 10 GeV [7, 4, 10]. For the hadronic
component, π 0 is produced by pp interactions of shock-accelerated protons with particles in the
wind of the star, while for the leptonic component the shock-accelerated electrons Compton scatter
stellar photons. The hadronic γ-ray component is accompanied by a high-energy neutrino flux originating from π ± decays, which are coproduced with π 0 in the pp interactions. Detection of these
neutrinos can confirm hadronic origin of the & 10 GeV γ-ray component and proton acceleration
in the shocks of the colliding winds of stellar binaries.
Following our lepto-hadronic model for the spectral energy distributions (SEDs) of η Carinae
[10], here we explore further characteristics of the neutrino flux models. In particular, we model
neutrino fluxes based on the maximum energy that protons can be accelerated to in shocks; calculate
neutrino event rates for different maximum proton energies in IceCube [16] and in the upcoming
KM3NeT [17] neutrino telescopes; and compute significance of detection over the atmospheric and
diffuse astrophysical neutrino backgrounds.
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Fitting the γ-ray data from Fermi-LAT during the 500-day periastron passage requires E p,max &
10 TeV, however the maximum cutoff energy cannot be constrained with this data. Observations
with HESS or CTA in future can detect a possible cutoff in the γ-ray spectrum in the 0.1-100 TeV
energy range (see Fig. 1), but absorption of γ rays through γγ → e± pair production process with
stellar photons [6, 9, 10] may hinder detection of a true cutoff energy due to particle acceleration
in this energy range. Neutrinos, on the hand, carry ≈ 5% of the proton energy per flavor from the
pp interactions and resulting π ± decays. These neutrinos can directly probe the maximum cutoff
energy in the proton spectrum while providing incontrovertible evidence of hadronic emission.
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Figure 2: (νµ + ν̄µ ) fluxes from the direction of η Carinae. The source fluxes, labeled η Carinae, are for
different cutoff energies E p,max but the same spectral index in the primary proton spectrum.

In Fig. 2 we show the neutrino flux (νµ + ν̄µ ) calculations based on different values of the cutoff energy E p,max in the proton spectrum dNp /dE p ∝ E −2.0 exp(−E p /E p,max ), where the spectral index is derived from fitting γ-ray data [10, 18]. The neutrino flux is 2/3 of the γ-ray flux [19] per flavor, with ratio (νe + ν̄e ) : (νµ + ν̄µ ) : (ντ + ν̄τ ) ≈ 1 : 1 : 1. Also shown in Fig. 2 are the conventional
(νµ + ν̄µ ) atmospheric flux model from [21] but extrapolated to energies & 63 TeV and the diffuse
astrophysical neutrino flux E 2 (dN/dE) = (2.46±0.8)×10−8 (E/100 TeV)−0.92 GeV cm−2 s−1 sr−1
2
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Figure 1: Spectral energy distributions (SEDs) of η Carinae during the 500-day periastron (left panel) and
500-day apastron (right panel) passages. The radio upper limit at 3 cm (green downward triangle) [11] and
X-ray data (red solid circles) [12, 13, 14] are plotted in addition to the gamma ray data (blue solid circles)
[3, 4]. The flux sensitivity curves for 50 hours observations with the CTA South and HESS are also shown
[15]. Figure adapted from [10].
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per flavor, based on the 6-year astrophysical neutrino event data collected by IceCube [22]. The
atmospheric and astrophysical fluxes in Fig. 2 have been multiplied by a solid angle ∆Ω = 2π(1 −
cos δ ) ≈ 10−3 sr, due to δ = 1◦ angular resolution for the track-like neutrino event signature in the
detector from νµ or ν̄µ interactions.

3. Neutrino detection

where (dN/dE) corresponds to the fluxes plotted in Fig. 2. Due to large angular uncertainty
(δ ∼ 15◦ ) in reconstructing the arrival directions for the cascade-type of events, created dominantly by electron or tau neutrinos and antineutrinos, we focus only on the track-like events in our
calculations which are created by muon neutrinos and antineutrinos.
The declination of η Carinae is −59◦ 410 04.2600 . Therefore IceCube, being located at the South
pole, needs to use the high-energy starting event (HESE) selection criteria to reduce background of
down-going atmospheric muons for detecting neutrinos from η Carinae. The number of expected
track-events for the 500-day periastron passage is 0.02 in the 0.1-1 PeV neutrino energy range for
the E p,max = 1 PeV flux model. It will require integration over many periastron passages for a
positive detection by IceCube.
For the upcoming Mediterranean telescope KM3NeT, the direction of η Carinae is below the
horizon. Therefore no atmospheric muon background is expected. Using parametrization of the
effective areas from [17], we calculate the track-like events for KM3NeT for the 500-day periastron
passage in Fig. 3. The expected angular resolution of track-like events in KM3NeT is . 0.2◦ -0.3◦
at E & 10 TeV [17]. We therefore use δ = 0.3◦ , corresponding to ∆Ω ≈ 10−4 sr to calculate the
conventional atmospheric and diffuse astrophysical neutrino backgrounds in Fig. 3.
We calculate significanceq
for the detection of η Carinae in neutrinos by KM3NeT from event

distributions in Fig. 3 as σ = T ∑i Si2 /(Si + Bi ), assuming Gaussian statistics. Here Si and Bi are
the background events (both atmospheric and astrophysical) in the i-th energy bin. The detection
significances during the 500-day periastron passage are 4.3σ , 3.2σ and 1.8σ ; respectively for the
E p,max = 1 PeV, 0.3 PeV and 0.1 PeV. Since KM3NeT is expected to have full visibility throughout
the year to η Carinae [17], a lower significance detection can also be possible within a shorter time
scale during the periastron passage. Furthermore, detection of tau neutrinos at these energies [23]
can enhance significance further since the backgrounds are very low.

4. Summary and outlook
A combined leptonic and hadronic emission model can fit the SED, including 0.2-300 GeV γray data from Fermi-LAT, of η Carinae stellar binary system during its 500-day periastron passage.
3
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We calculate expected neutrino event rates from the direction of η Carinae by including the
source flux averaged over T = 500-day periastron passage and background atmospheric and diffuse
astrophysical fluxes over the same period. We use publicly available effective areas Aeff (E) of the
neutrino telescopes IceCube and KM3NeT to calculate events in different energy bins i as

Z Ei,max 
dN
Ni = T
Aeff (E)dE,
(3.1)
dE
Ei,min
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Figure 3: Expected number of track-like neutrino events in KM3NeT due to the (νµ + ν̄µ ) fluxes from the
direction of η Carinae plotted in Fig. 2. The atmospheric and astrophysical neutrino background events are
calculated assuming a 0.3◦ angular resolutions for the track-like events.

We have calculated expected neutrino fluxes based on a hadronic emission model, which dominate
the SED at & 10 GeV. Detection of these high-energy neutrinos from η Carinae would provide
conclusive evidence of particle acceleration in colliding wind binaries and could constrain the
maximum particle energy. Neutrino flux inferred from the detection can be used to calibrate the flux
level of hadronic γ-ray component at & 100 GeV energies, which could be attenuated in the binary
environment due to γγ → e± pair production. We found that the upcoming neutrino telescope
KM3NeT would be able to detect neutrinos from η Carinae if the maximum shock-accelerated
proton energy is & 0.1 PeV. Our lepto-hadronic modeling can be extended to other stellar binary
systems such as WR 140, WR 147, etc. and can be used for neutrino flux prediction. Predictable
neutrino emission from these systems can be stacked for enhanced detection of colliding-wind
binaries by the neutrino telescopes.
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