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Considering a system composed of a compact object and a star subrounded by wind,
and using models for high-energy proton emission from micro-quasars, we calculate the
neutrino flux resulting from proton–proton collisions, with and without including neu-
trino oscillations. It is found that the flux of neutrinos from a windy micro-quasar is
affected by neutrino oscillations, and that it reflects upon the increase in the time of
observation, by a factor of the order 2–3.
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1. Introduction

Micro-quasars are capable of accelerating particles to very high energy,1 and they

are a source of high-energy neutrinos. The matter content of the micro-quasar’s jets

is still unknown; however, since the jets are a source of high-energy neutrinos, they

should have relativistic hadrons and radiation or matter fields that provide target

protons.2 In Ref. 3 the target protons were provided by the spherically symmetric

stellar wind of the companion.

Neutrino oscillations are crucial in neutrino physics.4–16 The impact of neutrino

oscillations on highly energetic neutrinos, like those expected from the supernova
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remnant RX J1713.7-3946 (1–200 TeV neutrinos), has been studied in Ref. 17.

Therein, the effect of neutrino-oscillations upon the spectrum and on the cumu-

lative probability distribution of muons and anti-muons was found to be very im-

portant. In Ref. 15 the effect of neutrino oscillations upon neutrinos generated by

pp interactions has been calculated as a function of the ratio between the distance

to the source and the energy of the neutrinos. The authors of Ref. 15 have shown

that the initial neutrino-flavor ratios are indeed very much affected by neutrino

oscillations, and they have suggested a criterion, based on the distance to energy

ratio, to estimate the expected flavor composition of the detected neutrinos.

In the present work, we include in the formalism the effects of the stellar wind

of the companion star, and we calculate neutrino-signals from the system, to be

expected to occur in a km-scale detector, such as IceCube.18 The neutrinos are

produced in a micro-quasar jet, from the interaction of relativistic protons of the

jet with the proton targets of the stellar wind of the companion star. We perform

this calculation considering neutrino oscillations. We compare the neutrino flux,

with and without neutrino oscillations, with the sensitivity of a km-scale neutrino

detector.19,20

This work is organized as follows. In Sec. 2, we discuss the high-energy model

and the formalism needed to calculate the neutrino flux. We present and discuss

the results in Sec. 3. The conclusions are drawn in Sec. 4.

2. Formalism

We consider a binary system formed by one high-mass primary star of type B0, with

massM⋆ = 30M⊙, subrounded by a disk and a compact object of massMco = 5M⊙,

which describes a Kepler-orbit with a period of 30 days. The compact object ejects

a relativistic jet, with electrons and protons, perpendicular to the accretion-disk

plane, which is coincident with the orbital plane. This jet extends over 400 AU.

The distance to the system is approximately equal to 2 kpc (distance from the

Sun). Their relative position is written as

r(ψ) =
a(1 − e2)

1− e cos(ψ)
, (1)

where e is the eccentricity (for this system: e = 0.7), a is the semi-mayor axis of the

ellipse, calculated from Kepler Law, and ψ is the orbital phase. For the description

of the wind velocity of the stellar disk, of the primary star, we use the model

proposed in Ref. 3, that is

v(rw) = v∞

(

1− R⋆
rw

)β

, (2)

where rw is the radial coordinate from the center of the star (it is a function of

ψ and z), R⋆ = 10 R⊙ is the star radius, β ≈ 1 and v∞ = 2500 km s−1 is the

terminal velocity of the wind. The mass density of the wind is obtained from the
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continuity equation

ρw(rw) =
Ṁ⋆

4πv∞r2w

(

1− R⋆
rw

)−β

, (3)

where Ṁ⋆ is the mass losing rate (5 × 10−5M⊙ yr−1).

We consider that the jet axis is perpendicular to the orbital plane, and that

it can be represented by a cone with radius R(z) = R0
z
z0
, with z0 = 105 m and

R0 = 104 m.

The proton spectrum, in the jet frame, can be written as3

N ′
p(E

′
p) = KpE

′
p
−2.2

, (4)

where Kp is a normalization constant. The accretion rate is

Qj(ψ, z) = faccṀc(ψ, z)c
2, (5)

where facc = 0.01 and Ṁc is the mass accretion rate of the compact object due to

the wind,2

Ṁc(ψ, z) =
4π(GMco)

2ρw(ψ, z)

v3rel(ψ, z)
. (6)

In the above expression, vrel is the velocity relative to the circumstellar wind.21

The proton flux, in the observer frame, is

Jp(ψ,Ep, z, θ) =
c

4π
Kp(ψ)

(z0
z

)2

Γ1−α

× (Ep − βpǫ cos θ)
−α

[

sin2 θ + Γ2

(

cos θ − Epβp
ǫ

)2
]1/2

, (7)

where ǫ =
√

E2
p −M2

p c
4, α = 2.2, Γ = 1.25 is the Lorentz factor, βb = Γ−1

√
Γ2 − 1

and θ is the viewing angle (see Ref. 3 for details). These protons interact with target

protons of the wind via the reaction

p+ p → p+ p+ ξπ0(EP )π
0 + ξπ(EP )(π

+ + π−) , (8)

where ξπ0(EP ) and ξπ(EP ) are the multiplicities for neutral and charged pions,

respectively (as defined below). The charged pions decay into muons and produce

gamma-rays and neutrinos that can travel almost freely. This gamma-ray emissivity

can be written as22

qγ(ψ,Eγ , z, θ) = 4πηAσpp(Ep)
2Z

(α)
p→π0

α
Jp(ψ,Eγ , z, θ) ,

where ηA = 1.4 and Z
(α)
p→π0 = 0.092 is the spectrum-weighted moment of the inclu-

sive cross-section.23 The cross-section for pp reactions is, in units of m2,

σpp(E) = 30

(

0.95 + 0.06 log

(

E

103 MeV

))

× 10−31.
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According to Ref. 2, the proton (Ep) and photon (Eγ) energies are related by

Ep = 6k−1ξπ0(Ep)Eγ , where k = 0.5 is the inelasticity coefficient and ξπ0(Ep) =

1.1(
Ep

103 MeV )
1/4.

The neutrino intensity, produced by pion- and muon-decay, and the spectral

flux are related by energy conservation24,25:
∫ Emax

γ

Emin
γ

dEγ
dNγ
dEγ

Eγ = ∆

∫ Emax

ν

Emin
ν

dEν
dNν
dEν

Eν , (9)

where Emin
γ and Emax

γ are the minimum and maximum energies of photons resulting

from hadrons, and Emin
ν and Emax

ν are the corresponding minimum and maximum

energy of the neutrinos. The factor ∆ depends on the channel (pp channel or pγ

channel), in this case ∆ = 1.25 The neutrino energy is related to the photon energy

by Eν = 1
2Eγ , and the photon energy is related to the energy of accelerated protons

Ep = 6Eγ . However, if we consider the multiplicities ξπ, for inelastic proton–proton

interactions, the gamma-ray energy can be written as26

Ep =
6

k
ξπ(Ep)Eγ , (10)

where

ξπ(Ep) =

(

Ep
103 MeV

− 1.22

)1/5

. (11)

Finally, the neutrino energy can be obtained from the proton energy as

Eν =
k

12ξπ(Ep)
Ep . (12)

The maximum neutrino energy is determined by the maximum energy acquired

by the accelerated protons, which is related to the magnetic field B. The magnetic

field is calculated by assuming equipartition between the magnetic field energy and

the kinetic energy of the jet,2 leading to the following expression:

B(ψ, z) =

√

8femṀc(ψ, z)

R2(z)vjmp
Ek , (13)

where Ek is the mean cold proton kinetic energy, vj = βbc and fem = 0.1 is the

fraction of ejected matter of the accreted matter Ṁc. The maximum energy of the

protons is

Ep(ψ) = eR(z0)B(ψ, z0) . (14)

Thus, the muon-neutrino intensity can be obtained by performing the integrals2

Iν(Eν , ψ, θ) = 4

∫

dV
fp
mp

ρw(rw)qγ(ψ, 2Eν , z, θ) , (15)

where fp = 0.1 takes into account particle-rejection from the boundary.27 The

electron–neutrino intensity can be determined by repeating the same arguments.
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2.1. Vacuum neutrino oscillations

The light neutrino mass eigenstates |ν1〉, |ν2〉, |ν3〉, and neutrino flavor states |νe〉,
|νµ〉, |ντ 〉, are related by the mixing matrix U . If we considered the approximation

θ13 ≃ 0,a the matrix takes the form29

U =







c12 s12 0

−s12c23 c23c12 s23

s23s12 −s23c12 c23






. (16)

In this notation, cij(sij) represents cos θij (sin θij), where θij is the mixing angle

between the mass eigenstates i and j.

If the difference between the neutrino mass eigenstates does not vanish, the

probability Pαβ = |〈να(t)|νβ〉|2, which is the probability of detecting a να-type

neutrino when a νβ-type neutrino was emitted, is not null. The survival and con-

version probabilities can be written as

P
νµνµ
vac (Eν) = 1− sin2 2θ12 cos

4 θ23 sin
2

(

∆m2
12c

4d

4Eν~c

)

− sin2 θ12 sin
2 2θ23 sin

2

(

∆m2
13c

4d

4Eν~c

)

− cos2 θ12 sin
2 2θ23 sin

2

(

∆m2
23c

4d

4Eν~c

)

,

P
νµνe
vac (Eν) = cos2 θ23 sin

2 2θ12 sin
2

(

∆m2
12c

4d

4Eν~c

)

,

P
νµντ
vac (Eν) = −1

4
sin2 2θ12 sin

2 2θ23 sin
2

(

∆m2
12c

4d

4Eν~c

)

+sin2 θ12 sin
2 2θ23 sin

2

(

∆m2
13c

4d

4Eν~c

)

+cos2 θ12 sin
2 2θ23 sin

2

(

∆m2
23c

4d

4Eν~c

)

,

P ντνevac (Eν) = sin2 θ23 sin
2 2θ12 sin

2

(

∆m2
12c

4d

4Eν~c

)

,

P νeνevac (Eν) = 1− sin2 2θ12 sin
2

(

∆m2
12c

4d

4Eν~c

)

,

(17)

where ∆m2
ij = m2

i − m2
j are the square-mass differences between the masses of

neutrino-mass eigenstatesmi andmj ,Eν is the neutrino energy and d is the distance

between the source and the detectors.

aFor simplicity, we have taken θ13 ≃ 0, although more recent estimations of θ13 could be consistent
with θ13 6= 0.28
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Experiments with solar, atmospheric and reactor neutrinos have provided strong

evidences on the neutrino oscillations, and the analysis of the data has determined

the neutrino oscillation parameters.4,6–8,10,30,31 For three flavors we adopt the best

fit parameters obtained by32–34

∆m2
12 = 7.65× 10−5 eV2 ,

sin2 θ12 = 0.304 ,

∆m2
31 ≃ ∆m2

32 = 2.40× 10−3 eV2 ,

sin2 θ23 = 0.5 .

(18)

2.2. Neutrino oscillations in matter

When a neutrino travels across the Earth, the electrons might interact with it

(MSW effect35,36). In order to obtain the survival probability (or the conversion

probability) of any neutrino, in the evolution equation of the neutrino states, one

must incorporate a matter-induced neutrino potential V ,37

ı
dνf
dt

=

(

UM2U †

2E
+ V

)

νf , (19)

where M2 = diag(0,∆m2
12,∆m

2
13), V = diag(Ve, 0, 0), Ve =

√
2GFNe(r), GF is the

Fermi constant and Ne(r) is the Earth electron density.

Following Peres and Smirnov,37 one can perform a rotation in θ23 in order to

work in the base ν̃ = (νe, ν̃2, ν̃3). In this case, the ν̃3-state decouples from the rest of

the system and evolves independently, and thus the evolution matrix S = U23S̃U
†
23

decouples. The survival and conversion probabilities can be calculated as37

P νeνe⊕ = 1− P2 ,

P
νeνµ
⊕ = cos2 θ23P2 ,

P νeντ⊕ = sin2 θ23P2 ,

P
ντνµ
⊕ =

1

2
sin2 2θ23

(

1− 1

2
P2 −

√

1− P2 cosφ

)

,

P
νµνµ
⊕ = 1− cos4 θ23P2

− 1

2
sin2 2θ23

(

1−
√

1− P2 cosφ
)

,

(20)

where φ = φ3 − φ2, φ3 =
∆m2

13

2E L, L is the total lenght of the neutrino tra-

jectory inside the Earth and P2 = |Ae2|2. In order to obtain P2, one can now

work in the basis ν̃ = (νe, ν̃2). Following Ref. 38 we obtain the eigenvalues of

the new Hamiltonian (in the new two-state basis) and perform the decomposition
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H = H0 +H1, where

H0 = ω

(

1 0

0 −1

)

, (21)

H1 = sin 2θ12
∆m2

12

4E

(

−ǫ 1

1 ǫ

)

(22)

and

ω =

√

(

Ve
2

− ∆m2
12

4E
cos 2θ12

)2

+

(

∆m2
12

4E

)2

sin2 2θ12 ,

ǫ =
cos 2θ12

∆m2
12

4E
+ ω − Ve

2

sin 2θ12
∆m2

12

4E

. (23)

Performing the same approximations of Ref. 38, we take H1 as a small pertur-

bation and decompose the amplitude matrix as S = S0S1, where ı
dS0

dx = H0S0 and

ıdS1

dx ≈ S−1
0 H0S0. Finally,

P2 = sin2 2θ12

(

∆m2
12

4E

)2
∣

∣

∣

∣

∣

∫ L

0

dy e−ı2ψ(y)

∣

∣

∣

∣

∣

2

,

with ψ(x) =
∫ x

0
dy ω(y).

The matter distribution on the Earth is symmetric with respect to the middle

point of the neutrino trajectory, and so the last integral can be written as38

P2 = 4
sin2 2θ12
ω(L)2

(

∆m2
12

4E

)2

×
(

sinψL + ω(L)

∫ L/2

0

dy
sin 2ψ(y)

ω(y)2
dω(y)

dy

)2

,

where ψL = ψ(L).

In order to obtain the neutrino oscillation probability, we use the parametriza-

tion of the Earth matter density presented in Ref. 39, that is

Nj(x) = α′
j + β′

jx
2 + γ′jx

4 , (24)

for nonradial trajectories, where x is the trajectory coordinate and the sub-index j

represent the shell (there are five of these shells in the model of Ref. 39).

The total longitude of the neutrino trajectory, L, depends on the nadir angle,

η, of the observatory as L = 2R⊕ cos η. The neutrino can go through different

shells, depending of the nadir angle, and the trajectory coordinate in each shell

also depends on the nadir angle since xj = R⊕

√

r2j − sin2 η (obviously, if η > π
2 the

neutrino does not enter the Earth).
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Because the potential changes slowly with the distance, the second term in

Eq. (24) can be neglected, except when the neutrino crosses between two shells.38

In this case

P2 = 4
sin2 2θ12
ω(L)2

(

∆m2
12

4E

)2
(

sinψL − ω(L)

4
∑

i=1

ω(x+i )− ω(x−i )

ω(x−i )ω(x
+
i )

sin 2ψi

)2

, (25)

where xi represents the value of the radii of the spherical shell i, ω(x+i ) and ω(x
−
i )

are the right and left limit of ω(x), respectively, and ψi = ψ(xi).

2.3. Vacuum neutrino oscillation and matter effects

The muon-neutrino survival probability can be obtained as40

P νµνµosc =
∑

γ

P
νµνγ
⊕ P νγνµvac . (26)

Meanwhile, the conversion between electron-neutrinos and muon-neutrinos is

P νeνµosc =
∑

γ

P
νeνγ
⊕ P νγνµvac . (27)

2.4. Neutrino detection

In a micro-quasar jet, muon- and electron-neutrinos are produced, but only the

muon-neutrinos can be detected by an IceCube18 type detector. In the pre-

vious sections we have calculated the neutrino intensity, which is needed to

estimate signals of muon-neutrinos at energies of about 1–103 TeV. This function Iν
[of Eq. (15)] should be integrated with the probability that a neutrino of energy

Eν ∼ 1–103 TeV on a trajectory to the detector produces a muon-neutrino41:

P (E) = 1.3× 10−6

(

E

106 MeV

)0.8

. (28)

Therefore, the signal can be written as

Sν(θ) =
TobsAeff

4πd2

∫ 2π

0

dψ

∫ Emax

ν

106 MeV

Iν(E,ψ, θ)P (E)dE , (29)

where Tobs is the observational period of time and Aeff = 106 m2 is the effective

area of the detector. If we consider neutrino oscillations, the function Iν(E,ψ, θ)

can be written as Iν(E,ψ, θ) = Iνµ (E,ψ, θ)P
νµνµ
osc (E) + Iνe(E,ψ, θ)P

νeνµ
osc (E).

The noise above 1 TeV can be written as2

N =

√

TobsAeff∆Ω

∫ Emax
ν

106 MeV

FB(E)P (E)dE , (30)

where

FB(E) = 2

(

E

103 MeV

)−3.21

MeV−1m−2s−1sr−1

is the flux of atmospheric neutrinos.42 We take the value ∆Ω = 3× 10−4 sr for the

solid angle of the search bin.
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3. Results

We have performed the calculation of the neutrino signal on a km-scale detector,

for a parametrization of the wind mass density and velocity (see Sec. 2) and for

different values of the viewing angle θ. We have computed the signal-to-noise ratio

Ω (Ω = Sν/N) considering neutrino oscillations (Ωosc) and without considering

neutrino oscillations (Ω). We have assumed one year of observational time. The

noise values are of the order of 2. We present our results in Fig. 1. As one can

expect, the greatest the viewing angle, the lower is the neutrino signal.

The observational time, from Eqs. (29) and (30), is given by

Ω(T ) = T 1/2Ω (T = 1 year) . (31)

As shown by the curves of Fig. 1, the signal-to-noise ratio depends strongly on

the neutrino oscillations. Without ν-oscillations, and for θobs < 50◦, the signal-to-

noise ratio Ω varies between 3 and 12, and the corresponding observational time

is of the order of 1 year. However, if neutrino oscillations are considered in the

calculations, Ωosc varies between 3 and 6 for an observational angle smaller than

30◦. If this is the case, the time of observation would be approximately 2 years for

θobs ≈ 30◦ and 5 years for θobs ≈ 45◦. The effects due to the Earth matter upon the

neutrino oscillations depend on the nadir angle but they are small effects, indeed,

as we have seen from our results.

 0

 2

 4

 6

 8

 10

 12

 14

 0  10  20  30  40  50  60

Ω

θ [0]

Fig. 1. Neutrino signal-to-noise ratio as a function of the viewing angle θ. The ratio Ω, calculated
without including neutrino oscillations is shown by the long-dashed line. The results for Ωosc,
obtained by considering only vacuum neutrino oscillation are represented by the solid line. The
dotted line corresponds to the results obtained by including neutrino oscillations, in the presence
of both vacuum and matter effects. The nadir angle is η = 30◦.
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For completeness we have studied the dependence of the ratio Ω as function of

the following parameters: the terminal velocity of the wind, the mass losing rate

of the wind and the Lorentz factor while the viewing angle remains constant at

θobs = 30◦. If we increase the terminal velocity of the wind or if we decrease the

mass losing rate of the wind, the mass density of the wind decreases, resulting in the

decrease of the accretion rate of the compact object [see Eq. (6)]. Thus, a reduction

of the neutrino intensity is observed (see Figs. 2 and 3).

If the terminal velocity of the wind is lower than 3 × 103 km s−1, the resulting

value of Ω is greater than 3 if neutrino oscillations are not accounted for. However,

if neutrino oscillations are included in the calculations, v∞ has to be lower (v∞ <

2.5× 103 km s−1) in order to get Ωosc > 3. For instance, if v∞ = 3.5× 103 km s−1,

the observational time is approximately 5 years if neutrino oscillation are not been

taken into account, and 23 years otherwise.

Other effect occurs when the mass losing rate of the wind is modified. If Ṁ⋆ >

3.2× 10−5M⊙ yr−1, then Ω > 3; however, if neutrino oscillations are included, the

value of the mass losing rate increases (Ṁ⋆ > 4.7×10−5M⊙ yr−1) in order to obtain

Ωosc > 3. For example, if Ṁ⋆ = 2× 10−5M⊙ yr−1, the observational time increases

from 7 to 30 years when neutrino oscillation effects are considered.

The Lorentz factor enters in the neutrino intensity through the proton flux.

There exists a maximum value for the signal-to-noise ratio in Γ ≈ 2.6. In this case,

if Γ < 7 the signal-to-noise ratio is always greater than 3.

 0

 2

 4

 6

 8

 10

 2000  2500  3000  3500  4000  4500  5000

Ω
 

v [km s-1]

Fig. 2. Neutrino signal-to-noise ratio as a function of v∞. The ratio Ω, calculated without in-
cluding neutrino oscillations is shown by the long-dashed line. The results for Ωosc, obtained by
considering only vacuum neutrino oscillation are represented by the solid line. The dotted line cor-
responds to the results obtained by including neutrino oscillation, in the presence of both vacuum
and matter effects. The nadir angle is η = 30◦.
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 0
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 12

 14

 1  2  3  4  5  6  7

Ω

Mass losing rate [105 Msun yr -1]

Fig. 3. Neutrino signal-to-noise ratio as a function of Ṁ⋆. The ratio Ω, calculated without in-
cluding neutrino oscillations is shown by the long-dashed line. The results for Ωosc, obtained by
considering only vacuum neutrino oscillation are represented by the solid line. The dotted line
corresponds to the results obtained by including neutrino oscillation, in presence of both vacuum
and matter effects. The nadir angle is η = 30◦.

For completeness we also performed the same analysis assuming sin2 2θ13 =

0.155.28 The results are similar to the previous ones (obtained considering θ13 = 0),

and their difference is less than 3%.

In all the cases studied, the signal-to-noise ratio is suppressed by neutrino oscil-

lations. However, if the neutrinos of this kind of sources are detected in a km-scale

detector, more stringent constraints on the astrophysical parameters, like the ones

used in this work, can be obtained.

4. Conclusions

In the present work, we have discussed the emission of neutrinos from a system

composed of a massive star, with stellar wind and a micro-quasar. In this context,

the stellar wind provides target protons to the relativistic protons ejected from

the micro-quasar. These interactions produce high-energy neutrinos that can be

detected in a km-scale neutrino detector. We have computed the neutrino flux

produced inside the jets with and without considering neutrino oscillations and as

a function of the viewing angle. We found that the signal-to-noise ratio is reduced

considerably by neutrino oscillations. However, in spite of this huge effect, the

calculations show that it would still be possible to detect neutrinos from micro-

quasar jets, over a few years-long observational time. If these neutrinos are detected,
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new bounds on the astrophysical parameters that characterize micro-quasars can

be established.
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