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Galactic High-Energy Neutrino Sources
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• Galactic cosmic rays reach at least knee of the spectrum (PeV), 
   Guaranteed neutrino flux is expected from the Milky Way.

• Identification of Galactic neutrino sources can unveil the origin of Galactic cosmic rays and provide 
smoking-gun for hadronic interactions.

• Point-like: PWNe, SNR, X-ray binaries, unidentified TeV sources…


• Extended Region: Sagittarius A*, Fermi Bubbles, Galactic Halo…


• Diffuse Emission: CR interaction with hydrogen in Galaxy 

Galactic Candidates
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X-ray Binaries
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Neutrinos predictions?

ar
X

iv
:h

ep
-p

h/
01

06
10

2v
2 

 1
9 

A
ug

 2
00

1

Probing Microquasars with TeV Neutrinos

Amir Levinson1 & Eli Waxman2

1School of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel
2Department of Condensed Matter Physics, Weizmann Institute, Rehovot 76100, Israel

The jets associated with Galactic micro-quasars are believed to be ejected by accreting stellar mass
black-holes or neutron stars. We show that if the energy content of the jets in the transient sources is
dominated by electron-proton plasma, then a several hour outburst of 1–100 TeV neutrinos produced
by photo-meson interactions should precede the radio flares associated with major ejection events.
Several neutrinos may be detected during a single outburst by a 1 km2 detector, thereby providing
a powerful probe of micro-quasars jet physics.

Pacs Numbers: 96.40.Tv, 95.85.Ry, 14.60.pq, 98.62.Nx

Microquasars are Galactic jet sources associated with
some classes of X-ray binaries involving both, neutron
stars and black hole candidates (albeit with some no-
table differences between these two classes) [1–3]. During
active states, the X-ray flux and spectrum can vary sub-
stantially between different sub-states, with a total lumi-
nosity that, during the so-called very high states, often
exceeds the Eddington limit (typically a few times 1038

ergs s−1 in those sources). Their activity involves ejec-
tion of jets with kinetic power that appears to constitute
a considerable fraction of the liberated accretion energy
(in some cases the minimum jet power inferred exceeds
the peak X-ray luminosity [4,5]), and that gives rise to
intense radio and IR flares. Radio monitoring of some X-
ray transients have revealed superluminal motions in cur-
rently three of the sources [6–8], indicating that at least
in these objects the jets are relativistic. The Lorentz fac-
tors of the radio emitting blobs have been estimated to be
(coincidently) Γ ∼ 2.5 in the two superluminal sources,
GRS 1915+105 [6] and GRO J1655-40 [7], and some-
what smaller (Γ ∼ 2) in the third one, XTE J1819 [8].
Whether these are representative values or merely the re-
sult of selection effects is unclear at present; the class of
microquasars may contain sources with much larger Γ,
rendered invisible by beaming away from us [4].

The temporal behavior of microquasars appears to
be rather complex. They exhibit large amplitude vari-
ations over a broad range of time scales and frequen-
cies, with apparent connections between the radio, IR,
and soft/hard X-ray fluxes [9–12]. The characteristics
of the multi-waveband behavior depend on the state of
the source, that is, whether the source is in a very high,
soft/high or low/hard state [3]. The ejection episodes
are classified into several classes according to the bright-
ness of synchrotron emission produced in the jet and the
characteristic time scale of the event [13]. The duration
of major ejection events (class A) is typically on the order
of days, while that of less powerful flares (classes B and
C) is correspondingly shorter (minutes to hours). The
correlations between the X-ray and synchrotron emission
clearly indicates a connection between the accretion pro-

cess and the jet activity. Whether radio and IR outbursts
represent actual ejection of blobs of plasma or, alterna-
tively, formation of internal shocks in a quasi-steady jet is
unclear (cf. ref. [14]). In any case, since the overall time
scale of outbursts (minutes to days) is much longer than
the dynamical time of the compact object (milliseconds),
it is likely that shocks will continuously form during the
ejection event over a range of time scales that encom-
pass the dynamical time, owing to fluctuations in the
parameters of the expelled wind, leading to dissipation
of a substantial fraction of the bulk energy at relatively
small radii. The extremely rapid variations of the X-ray
flux often seen in these sources supports this view (e.g.,
ref [15]). If a fraction of at least a few percent of the
jet power is tapped for acceleration of electrons to very
high energies, then emission of high-energy gamma-rays
is anticipated, in addition to the observed radio and IR
emission [4,5]. EGRET upper limits for some X-ray no-
vae have been considered in this context [16]. A recently
discovered microquasar which appears to have a persis-
tent radio jet [17], seems to coincide with an unidentified
EGRET source having a total luminosity in excess of its
X-ray luminosity.

The content of jets in microquasars is yet an open is-
sue. The synchrotron emission both in the radio and
in the IR is consistent with near equipartition magnetic
field, which is also implied by minimum energy consider-
ations [4]. However, the dominant energy carrier in the
jet is presently unknown (with the exception of the jet
in SS433). Scenarios whereby energy extraction is as-
sociated with spin down of a Kerr black hole favor e±

composition (although baryon entrainment is an issue).
However, the pair annihilation rate inferred from the es-
timated jet power implies electromagnetic domination on
scales smaller than roughly 109 cm in the superluminal
sources, and requires a transition from electromagnetic
to particle dominated flow above the annihilation radius
by some unspecified mechanism [4]. Alternatively, in sce-
narios in which an initial rise of the x-ray flux leads to
ejection of the inner part of the accretion disk, as widely
claimed to be suggested by the anti-correlation between
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Microquasar LS 5039: a TeV gamma-ray emitter and

a potential TeV neutrino source1

F Aharonian1, L Anchordoqui2, D Khangulyan1 and T Montaruli3,4

1Max-Planck-institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
2Department of Physics, Northeastern University, Boston, MA 02115
3Department of Physics, University of Wisconsin, Madison WI 53706
4Universitá di Bari, Via Amendola 173, 70126 Bari, Italy

E-mail: felix.aharonian@mpi-hd.mpg.de

Abstract. The recent detection of TeV γ-rays from the microquasar LS 5039 by HESS is one
of the most exciting discoveries of observational gamma-ray astronomy in the very high energy
regime. This result clearly demonstrates that X-ray binaries with relativistic jets (microquasars)
are sites of effective acceleration of particles (electrons and/or protons) to multi-TeV energies.
Whether the γ-rays are of hadronic or leptonic origin is a key issue related to the origin of
Galactic Cosmic Rays. We discuss different possible scenarios for the production of γ-rays,
and argue in favor of hadronic origin of TeV photons, especially if they are produced within
the binary system. If so, the detected γ-rays should be accompanied by a flux of high energy
neutrinos emerging from the decays of π± mesons produced at pp and/or pγ interactions. The
flux of TeV neutrinos, which can be estimated on the basis of the detected TeV γ-ray flux, taking
into account the internal γγ → e+e− absorption, depends significantly on the location of γ-ray
production region(s). The minimum neutrino flux above 1 TeV is expected to be at the level
of 10−12 cm−2s−1; however, it could be up to a factor of 100 larger. The detectability of the
signal of multi-TeV neutrinos significantly depends on the high energy cutoff in the spectrum
of parent protons; if the spectrum of accelerated protons continues to 1 PeV and beyond, the
predicted neutrino fluxes can be probed by the planned km3-scale neutrino detector.

1. Introduction
During the next decade, two km3 scale underwater/ice neutrino telescopes will start operation,
both in the Northern (NEMO/km3NeT [1]) and Southern (IceCube [2]) hemispheres. Theoretical
and phenomenological studies of recent years show that the sensitivities of these detectors should
allow meaningful probes of different nonthermal galactic and extragalactic source populations
in high energy neutrinos (see e.g. [3, 4]).

TeV neutrinos are unique carriers of unambiguous information about hadronic processes in
cosmic accelerators. They are produced in pp or pγ interactions through the decay of secondary
charged pions. Since generally these processes also result in TeV γ-rays of a comparable rate,

1 The material of this paper was one of the highlight topics of the Plenary talk of F.A. Aharonian on the theory
of TeV gamma-ray sources at the TAUP05 Conference. Instead of a brief overview of models of all classes of
detected gamma-ray sources, in this article we decided to focus on high energy processes in the microquasar
LS5039 which presents a great interest for the Astroparticle Physics community in general, and for gamma- and
neutrino astronomers, in particular.
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LS I +61 303 as a potential neutrino source on
the light of MAGIC results

Diego F. Torres1,2 & Francis Halzen3

January 24, 2014

1 Institució Catalana de Recerca i Estudis Avançats (ICREA)
2 Institut de Ciències de l’Espai (IEEC-CSIC), Facultat de Ciencies, Universitat Autònoma de
Barcelona, Torre C5 Parell, 2a planta, 08193 Barcelona, Spain. Email: dtorres@ieec.uab.es
3 Department of Physics, University of Wisconsin, Madison, WI 53706

Abstract

Very high energy γ-rays have recently been detected from the microquasar LS I
+61 303 using the MAGIC telescope. A phenomenological study on the concomi-
tant neutrinos that would be radiated if the γ-ray emission is hadronic in origin is
herein presented. Neutrino oscillations are considered, and the expected number
of events in a km-scale detector such as ICECUBE is computed under different
assumptions including orbital periodicity and modulation, as well as different pre-
cision in the modeling of the detector. We argue that the upper limits already
imposed on the neutrino emission of LS I +61 303 using AMANDA-II and the
forthcoming measurements by ICECUBE may significantly constrain -in an inde-
pendent and unbiased way- the γ-ray to neutrino flux ratio, and thus the possibility
of a hadronic origin of the γ-rays. The viability of hadronic models based on
wind-jet interactions in the LS + 61 303 system after MAGIC measurements is
discussed.

1 Introduction
The possibility of an hadronic origin of high energy radiation from microquasars
and gamma-ray binaries have been recently extensively discussed (e.g., see Romero
et al. 2001, 2003, Bosch-Ramon et al. 2005 and references therein). Earlier works
have already dealt with neutrino and high energy emission from galactic sources,
and especially those presenting jets. Among them, Levinson and Blanford (1996)
where among the first to suggest a possible correlation between microquasars and
gamma-ray sources. Later, Levinson and Waxman (2001) showed that if the en-
ergy content of the jets was dominated by an electron-proton plasma, a several hour
outburst of 1–100 TeV neutrinos produced by photomeson interactions should pre-
cede the radio flares that are associated with major ejections. Photopion production
in jets was also considered by Distefano et al. (2002), by assuming the parame-
ters of their model as inferred from radio observations. A recent review on the
high energy aspects of astrophysical jets, together with more complete references

1

…

• Microquasars: similar processes are expected as in quasars. 
Relativistic jets could be sites of particle acceleration. 


• Without collimated beam, cosmic ray acceleration can happen in 
magnetospheres of a spinning neutron stars.


• Hadronic interactions can happen in the jet with the internal/external 
radiation, or cloud/wind created by the companion star. 


• Detection of TeV gamma rays from some X-ray binaries 
demonstrated the energy capability.

ICRC 2021



Neutrinos ~ X-ray
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• XRBs are luminous in X-rays. 

• We can assume that possible neutrino 
flaring can be correlated to the X-ray 
flaring behavior. 

• Time-dependent analysis:
• Hard X-ray active sources.
• Look for correlation between neutrino 

emission and hard X-ray emission. 

• Time-integrated analysis:
• Assume persistent emission
• 4 notable sources 
• 2 stacked sources lists of microquasars 

and TeV XRB.

Tetarenko et. al. 2015



Method
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• Unbinned maximum likelihood method. 

• Time-dependent search using hard X-ray light curves which 
serve as template for construction of time PDFs.

• Light curves are from Swift-BAT 15 -50 keV and MAXI 10-20 keV.

• The Bayesian block algorithm is applied to optimize binning of 
data in order to identify flares in light curves. 

    (Algorithm: Scargle, J et al. (2012))

• Fitting for the signal events, spectral index, time lag, and the 
threshold

TS = − 2log
ℒ(ns = 0)

ℒ( ̂ns, ̂γs, ̂Tlag, ̂fth)

https://swift.gsfc.nasa.gov/results/transients/
http://maxi.riken.jp/top/slist.html
https://arxiv.org/pdf/1207.5578.pdf


Sensitivity
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Time-dependent Analysis Results
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IceCube Preliminary

• 7.5 yr (2011-2018) IceCube muon tracks 
are used.  Livetime ~ 2711 days, ~ 500k 
events.


• 102 sources selected from high-mass and 
low-mass X-ray catalogs as active in hard 
X-ray in the neutrino data taking time are 
studied.


• No significant signals found.


• The most significant is V404 Cyg, a low-
mass XRB and microquasar, with a pre-trial 
p=0.014  (post-trial 0.75).

https://heasarc.gsfc.nasa.gov/W3Browse/all/hmxbcat.html
https://heasarc.gsfc.nasa.gov/W3Browse/all/lmxbcat.html


V404 Cyg
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TS ns Threshold Lag p-value (post)
8.3 5.4 4.0 0.011 -0.5 0.014(0.75)

γ

• A giant X-ray flare in 2015. 

• 5 events within 1.5  in a 

11-day window at low 
energies < 1 TeV.

∘



V404 Cyg
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• 90% CL upper limit.  


• Estimate sensitivity & 5  discovery potential in 
IceCube-Gen2. 


• Compare with neutrino emission prediction in jet 
model described in Levinson & Waxman PRL 2001, Distefano, 
C., et al. ApJ (2002): 378. 

σ

• A giant X-ray flare in 2015. 

• 5 events within 1.5  in a 

11-day window at low 
energies < 1 TeV.

∘

TS ns Threshold Lag p-value (post)
8.3 5.4 4.0 0.011 -0.5 0.014(0.75)

γ

https://arxiv.org/pdf/hep-ph/0106102.pdf
https://arxiv.org/pdf/astro-ph/0202200.pdf
https://arxiv.org/pdf/astro-ph/0202200.pdf


Time-integrated Analysis Results
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• Persistent emission assumption.


• 4 notable single sources, no significant signals found.  


• The most significant source is Cyg X-3, a high-mass XRB and microquasar, 
with pre-trial p-value 0.009 (post-trial 0.036).


• Time-integrated stacking on TeVCat list and microquasars. No significant 
signal found.  



Cyg X-3
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TS ns p-value (post)
6.8 44.58 3.25 0.009 (0.036)

γ

• 44 events above 1 TeV within 1 degree, 
highest energy ~ 5 TeV.


• 90% CL upper limits  

• Energy differential 

• Power law + exp cutoff @ 5 TeV


• Estimated sensitivity & 5  discovery potential 
in IceCube-Gen2 with 10 yr exposure.  


• Upper limits and sensitivity projection are 
compared with neutrino flux predictions. 


(Sahakyan, Piano, Tavani. ApJ 2013) & (Baerwald & Guetta, ApJ 2013).

σ

https://arxiv.org/pdf/1310.7805.pdf
https://arxiv.org/pdf/1212.1457.pdf


Stay Tuned to Multimessenger 
Astronomy !  

Conclusion

Thank you!

•A study on high-energy neutrino emission from X-ray binaries is conducted by 
IceCube based on hypotheses of flaring emission and persistent emission.


•No significant signals found and upper limits are set on the neutrino flux from XRB 
sources studied. 

•Two interesting sources V404 Cyg and Cyg X-3 are discussed and the results are 
compared with neutrino flux predictions. 

• IceCube-Gen2 performance is studied for interesting sources, showing detection 
potential in the future.  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IceCube Neutrino Observatory
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Digital Optical 
Module (DOM)
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Event Morphologies
Charged Current νμ Neutral Current / Charged Current νe Charged Current ντ

νμ + N → μ + X νe + N → e + X
νx + N → νx + N

ντ + N → τ + X

Track (data)  Cascade (data)  “Double-Bang” (simulation)

Angular resolution 

Energy resolution ~ 2

< 1∘ Angular resolution 

Energy resolution 

∼ 10∘

∼ 15 %
first astrophysical  

candidates observation 
[2011.03561]  

ντ

https://arxiv.org/abs/2011.03561


Method
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ℒ =
N

∏
i [ ns

N
𝒮i + (1 −

ns

N ) ℬi]
Si = Ss(xi, σi |xs) × SE(Ei |γ) × ST(ti |Tlag, fth)

Spatial: 
2D Gaussian

Energy : 
Power law 

Time: 
Normalized blocked X-

ray light curve 

Background  is constructed from the data itself.ℬi

ST(ti | fth, tlag) =
max (0, f(ti − tlag) − fth)

∫ Tmax

Tmin
max (0, f(ti − tlag) − fth) dt



IceCube Preliminary

Cyg X-3
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Time distribution of events within 1 degree 
& Bayesian blocks above best-fit threshold. IceCube Preliminary

• Histogram of events within 1 degree around the source.

• 44 Events within 1 degree of the source with energies 1 

TeV - 5 TeV. 

TS ns Threshold Lag p-value (post)
8.36 21.4 4.0 0.461 0.34 0.09()

γ



Updated IceCube Periodic Analysis
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𝒯(ti |κ, Φ0, P) =
1

2πI0 (κ)
exp [κ cos (ϕi (ti |P) − Φ0)]

• An updated periodic search complementary to the flare analysis

• 55 sources in the Northern sky are studied. 30 overlaps with the 
flare analysis.

Name TS ns P p-value (post)

V635 Cas 4.75 50.5 4.0 0.83 2.58 24.3 0.0052(0.249)

γ κ Φ0

• No significant results found. The most significant is 
V635 Cas, a system of neutron star + Be star. 



Stacking Source List
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GFU

TeVCat Light curve Periodic 
LS I +61 303 X O

LMC P3 X X
HESS J1018-589 A X X
 HESS J0632+057 MAXI O

Eta Carinae X X
PSR B1259-63 X X

LS 5039 X X
HESS J1832-093 X X

SS 433 Swift O
PSR J2032+4127 X X

Vela X-1 Swift X
Cen X-3 Swift X
Cyg X-1 Swift O

Microquasars Light curve Periodic 
LS I +61 303 X O

CI Cam X O
XTEJ1118+480 X O
XTEJ1550-564 MAXI X

4U1630-47 Swift X
GX 339-4 Swift X

KS 1731-260 X X
1E 1740.7-2942 Swift X
XTE J1748-2829 X X
GRS 1758-258 Swift X

V4641 Sgr MAXI X
V691 CrA X X
LS 5039 X X

XTE J1859+226 X O
SS 433 Swift O

GRS 1915+105 Swift O
Cyg X-1 Swift O
Cyg X-3 Swift O

XTE J1720-318 X X
Sco X-1 Swift X

• TeVCat: Binary+XRB  
    13 sources, 8/13 do not have strong     

    hard X-ray emission.

• Microquasars:  
    21 sources, 9/21 do not have strong     

    hard X-ray emission.

• There are 5 overlaps in these two catalogs.  



Upper Limits - Time-dependent
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IceCube Preliminary



Upper Limits - Time-Integrated
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IceCube Preliminary


