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Since their discovery, cosmic rays (CRs) remain among themost mysterious phenomena ofmodern
physics. The dominant sources, as well as the exact acceleration mechanisms, remain unknown.
The CRs up to the “knee”, are considered to originate in the shock waves of Galactic supernova
remnants, however, due to the lack of a “smoking-gun” TeV counterpart in many cases, this
scenario has been recently questioned. In this work, we motivate how the small-scale analogues of
active galactic nuclei, namely black-hole X-ray binaries (BHXBs), can potentially contribute to the
Galactic CR spectrum. To investigate this idea, we developed a new, multi-zone, lepto-hadronic
jet model to take advantage of the entire broadband multiwavelength spectra observed by BHXBs.
We statistically apply this model to the first-ever simultaneous radio-to-X-ray spectrum of Galactic
BHXB Cygnus X–1 obtained in 2016 (via the CHOCBOX program), and to a quasi-simultaneous
dataset of another Galactic BHXB, GX 339–4, during a bright outburst in 2010. In this work,
we discuss how the different assumptions on proton acceleration affect both the jet properties and
the observed spectrum. In particular, we focus on the GeV-to-TeV regime and discuss its strong
dependence on the rest of the multiwavelength spectrum. Finally, we discuss the implication of
the results for the next-generation gamma-ray facilities, such as the Cherenkov Telescope Array
(CTA), as well as next-generation neutrino detectors, such as KM3NeT, concluding how they can
help to constrain the potential BHXB contribution to the Galactic CR spectrum.
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1. Introduction

Cosmic Rays (CRs) are elementary particles of astrophysical origin that, despite the decades
of research, their exact sources remain unclear. CRs that reach only the “knee” of the observed
spectrum, requiring particles of ∼ 1 PeV, are most likely of Galactic origin, whereas ultra-high-
energy CRs of the order of EeV are of extragalactic origin [1].

Themost popular candidate sources ofGalactic CRs are supernovae (SNe) and young supernova
remnants (SNRs). Based mainly on power arguments, SNRs are considered capable of accelerating
particles up to PeV to dominate the Galactic part of the CR spectrum [2, 3]. Such PeV particles can
shine up to the TeV-to-PeV regime of the electromagnetic spectrum due to inelastic collisions with
the ambient medium or inverse Compton scattering. However, TeV observations of SNRs show
a very soft spectrum, or even a cutoff, questioning the SNR paradigm [4]. Moreover, recent PeV
observations by the LHAASO collaboration suggest the existence of Galactic PeVatrons of as-yet
unidentified nature [5].

Sources that accelerate protons up to high energies of the order of PeV should inevitably be
candidate sources of astrophysical neutrinos as well. The same hadronic processes responsible for
the W-ray counterpart lead to the formation of electron and muon neutrinos in the TeV-to-PeV energy
band [6]. Consequently, studying the W-ray profile of a source, assuming that it accelerates protons,
is identical to seeking the sources of CRs and neutrinos. Finally, detecting astrophysical neutrinos
from a particular source, is strong evidence for efficient proton acceleration in that source.

In the last 15 years, the Galaxy has revealed many new sources of W-rays than expected. For
instance, we have detected W-rays from mildly relativistic jets launched by accreting stellar black
holes in X-ray binaries (BHXBs henceforth). First, the high-mass BHXBs Cygnus X–3 [7] and
Cygnus X–1 (Cyg X–1) [8, 9] were detected in the GeV band, and recently, SS 433 was detected
up to the TeV W-ray regime [10]. These sources are observed to launch energetic jets capable of
accelerating particles and affecting their ambient medium [11]. It is yet not clear whether these
particles can reach some energy of the order of PeV, and what is the nature of these particles
(electrons or ions).

The future ground-basedTeV facility of theCherenkovTelescopeArray (CTA)will be searching
for new W-ray sources in the Milky Way with the Galactic Plane Survey thanks to its increased
sensitivity compared to previous facilities like HESS [12]. With this work, we can provide updated
estimates on the W-ray emission of BHXBs that can be incorporated into CTA’s plans searching
for the missing PeVatrons. To get a robust W-ray prediction, we consider the entire radio-to-X-
ray spectrum emitted by the Galactic jets, and finally, provide self-consistent calculations of the
expected neutrino fluxes that could further hint for hadronic acceleration inside the BHXB jets.

2. Lepto-hadronic jet model

To examine how likely is BHXBs to contribute to the low-energy part of the CR spectrum,
we study the spectral energy distribution (SED) up to the TeV W-rays, connecting it to the neutrino
counterpart emitted by such sources. Based on the semi-analytical, multi-zone, leptonic jet model
of [13], we developed a new lepto-hadronic jet model that takes into account the proton-proton
(pp) and proton-photon (pW) interactions to produce W-rays via the neutral pion decay [14]. We
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further included the neutrino fluxes as presented below (see 3.2) to discuss the potential neutrino
counterpart.

3. BHXBs as multi-messengers

We examine the first-ever simultaneous radio-to-X-ray spectrum of the prototypical high-mass
BHXB Cyg X–1obtained by the CHOXBOX campaign (Cyg X–1 Hard state Observations of a
Complete Binary Orbit in X-rays; [14]). By finding the statistically best fit of this spectrum we can
predict the W-ray emission and the neutrino flux.

Cyg X–1 shows two persistent jets that shine in the radio bands via synchrotron radiation
of accelerated electrons [15]. The contribution of these electrons in the X-ray spectrum is still
debatable, but the X-ray polarization measurements of the INTEGRAL satellite suggest that the
compact jets shine in theMeV spectrum as well [16–19]. The high fraction of the linear polarization
challenges the comptonization models in this energy range, favoring the synchrotron emission from
jets. To achieve such an MeV flux with synchrotron radiation we require the accelerated electrons
to follow a hard power-law in energy with an index of 1.7.

We furthermore examine the prototypical low mass BHXB GX 339–4 when it went into a
bright outburst in 2010. GX 339–4 is a well-studied source but its spectrum is not fully understood
yet and has not shown any W-ray emission so far. We search for the best fit of the quasi-simultaneous
spectrum obtained during this outburst in 2010 and predict the W-ray emission up to the TeV band
(Kantzas et al. submitted). In this particular work we show the predicted neutrino fluxes based on
the dynamical quantities of the jets that satisfy the entire radio-to-X-ray spectrum (see below).

3.1 The W-ray spectrum

Cyg X–1 has been detected in the GeV W-rays [8, 9, 20] but has not yet shown any persistent
TeV emission. Recently, the HAWC collaboration presented some upper limits after five years
of operation, assuming that the W-ray spectrum would follow a soft power-law in photon energy.
Cyg X–1 though was mostly in the soft state during the operation time of HAWC which means that
jets were quenched hence HAWC would not detect any TeV emission from the jets anyway. We plot
the best-fit of the spectrum of Cyg X–1 and compare them to the upper limits HAWC has set in the
soft state in Fig. 1.

3.2 The neutrino fluxes

There are no astrophysical neutrinos detected to originate in our Galaxy yet. Detecting such a
neutrino would strongly favor the hadronic acceleration in a Galactic source and mark this source as
a potential CR contributor. To study whether BHXBs and, in particular, if Cyg X–1 and/or GX 339–
4 can produce neutrinos, we calculate the intrinsic neutrino fluxes due to pp and pW collisions inside
the jets. We follow the semi-analytical approximation of [23, 24].

3.2.1 Neutrino spectra

In Fig. 2 we plot the intrinsic fluxes of electron (left) and muon (right) neutrinos and anti-
neutrinos based on the best fit parameters for the dynamical quantities of the jets of Cyg X–1
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Figure 1: The predicted spectral energy distribution of CygX–1 in theGeV-to-TeV energy band. The physical
jet parameters are those of [14]. We also include here the 5 yr upper limits set by the HAWC collaboration
while the jets of Cyg X–1 were quenched (the so-called soft state) just for comparison [21]. The rest of the
depicted data are the Fermi/LAT data from [20] and the 7 yr upper limits of the MAGIC collaboration [22].

[14]. We see that the two different physical processes contribute to different parts of the neutrino
spectrum. In particular, pp interactions produce a relatively softer distribution covering the lowest
part, whereas pW interactions lead to a more sharp distribution in the highest energies.

Each jet segment contributes to the intrinsic neutrino flux. In Fig. 3 we integrate the entire
intrinsic muon neutrino flux of Cyg X–1 and plot it against the most sensitive upper limits derived
so far by the IceCube collaboration [25].

We further plot the predicted intrinsic neutrino flux of GX 339–4 in Fig. 4. Both neutrino
fluxes of Cyg X–1 and GX 339–4 are significantly below the upper limits derived by IceCube and
thus more sensitive detectors such as KM3NeT/ARCA are required [26].

3.2.2 Total neutrino fluxes

We calculate the rate of muon and electron neutrinos and anti-neutrinos of both Cyg X–1 and
GX 339–4 utilizing the following expression:

' =

∫
4c

dΦa

d�a

�eff (�a) d�a , (1)

where dΦa/d�a is the neutrino differential flux, �eff is the effective area of the detector, and we
integrate between energies of 0.1TeV and 10 PeV. We use the effective areas of IceCube [25, 29],
ANTARES [30] and the simulated effective area of KM3NeT/ARCA [26].

As we show in Table 1, IceCube would be able to detect of the order of 0.7 neutrinos per year
coming from Cyg X–1 when it launches its jets. Facilities such as KM3NeT/ARCA that is currently
under construction in the Mediterranean sea, will detect about 0.9 neutrinos per year. Although
KM3NeT/ARCA is more sensitive than IceCube when observing the southern hemisphere, Cyg X–1
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Figure 2: The intrinsic neutrino spectra of Cyg X–1. We plot on the left the electron neutrino and anti-
neutrino distributions derived from both pp and pW processes. On the right plot, we show the muon neutrino
and anti-neutrino distributions.
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Figure 3: The total muon neutrino and anti-neutrino flux of the jets of Cyg X–1 multiplied by the square of
the energy. We compare to the IceCube upper limits based on three different model assumptions as shown in
the legend [25]. We also compare our results to the previous work of [27].

is observable from the northern hemisphere for which both these two detectors have almost the same
sensitivity. The neutrino rates of GX 339–4 are significantly lower making it hard for current and
future facilities to anticipate any persistent neutrino emission from this source.

4. Summary

CR sources remain one of the long-standing open questions. In this work, we discuss whether
BHXBs could potentially contribute to the CR spectrum, at least up to the “knee” where the Galactic
sources are likely to dominate.
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Figure 4: The total muon neutrino and anti-neutrino flux of the jets of GX 339–4 multiplied by the square
of the energy. We compare to the IceCube upper limits based on three different model assumptions as shown
in the legend [25]. We also compare our results to the previous work of [28].

source flavor IceCube ANTARES KM3NeT/ARCA

Cyg X–1
a`

a4

0.7

0.002

0.005

0.0008

0.9

0.3

GX 339–4
a`

a4

1.4 × 10−7

6.2 × 10−7

0.00008

0.00009

0.008

0.004

Table 1: The neutrino rate in yr−1 for Cyg X–1 and GX 339–4 for the various detectors.

To do this, we indirectly study whether BHXBs can accelerate particles up to PeV energies.
CRs that carry energy of the order of PeV interact with the ambient medium and give rise to
secondary particles (in case of protons). A W-ray observation, along with a neutrino counterpart
would strongly favor the assumption that BHXBs may be considered PeVatrons.

To further constrain our assumptions regarding the proton acceleration inside the jets launched
by stellar BHs, we study the canonical case of Cyg X–1 and the prototypical low mass BHXB
GX 339–4. For the case of Cyg X–1, we use the simultaneous radio-to-X-ray spectrum to find
the best fit of the SED and extract the physical jet parameters. We find that protons may gain
energy of the order of 1 PeV following a hard power-law distribution. Such energetic particles can
shine in the TeV regime of the electromagnetic spectrum, where CTA will be able to either confirm
or reject such a scenario. Finally, in case of efficient hadronic acceleration, we predict that the
jets of Cyg X–1 may be point-like neutrino sources that emit 0.7 (0.9) neutrinos per year that can
potentially be detected by IceCube (KM3NeT/ARCA).
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The aforementioned neutrino emission would be detected as a point-like source in the sky. We
plan to account for the escape of particles from the accelerating region and the CR diffusion along
the Galaxy in a following work to constrain the diffuse emission of Cyg X–1 and GX 339–4 and
eventually, the whole jetted BHXB population.
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