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It	
  is	
  believed	
  that	
  	
  choked	
  gamma-­‐ray	
  bursts	
  (CGRBs)	
  are	
  the	
  potential	
  candidates	
  for	
  the	
  

production	
  of	
  high	
  energy	
  neutrinos	
  in	
  GeV-­‐TeV	
  energy	
  range.	
  These	
  CGRBs	
  out	
  number	
  

the	
  successful	
  GRBs	
  by	
  many	
  orders.	
  So	
  it	
   is	
  important	
  to	
  observe	
  neutrinos	
  from	
  these	
  

cosmological	
  objects	
  with	
  the	
  presently	
  operating	
  neutrino	
  telescope	
  IceCube.	
  	
  We	
  study	
  

the	
  three	
  flavor	
  neutrino	
  oscillation	
  of	
  these	
  high	
  energy	
  neutrinos	
  in	
  	
  the	
  presupernova	
  

star	
   environment	
   which	
   is	
   responsible	
   for	
   the	
   	
   CGRB.	
   For	
   the	
   presupernova	
   star	
   we	
  

consider	
   three	
  different	
   	
  models	
  and	
  calculate	
   	
   the	
  neutrino	
  oscillation	
  probabilities,	
  as	
  

well	
  as	
  neutrino	
  flux	
  on	
  the	
  surface	
  of	
  these	
  star.	
  The	
  matter	
  effect	
  modifies	
  the	
  neutrino	
  

flux	
   of	
   different	
   flavors	
   on	
   the	
   surface	
   of	
   the	
   star.	
   	
  We	
  have	
   also	
   calculated	
   the	
   flux	
   of	
  

these	
   high	
   energy	
   neutrinos	
   on	
   the	
   surface	
   of	
   the	
   Earth.	
   We	
   found	
   that	
   for	
   neutrino	
  

energies	
   below	
   ≤	
   10	
   TeV	
   the	
   flux	
   ratio	
   does	
   not	
   amount	
   to	
   1:1:1,	
   whereas	
   for	
   higher	
  	
  

energy	
  neutrinos	
  it	
  does.	
  

	
  



	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  What	
   happens	
   when	
   the	
   Jet	
   has	
   no	
   sufficient	
   energy	
   to	
   punch	
  	
  	
  	
  	
  	
  	
  
through	
  the	
  stellar	
  envelope	
  ?	
  

	
  
	
  	
  	
  	
  	
  Observed	
  rate	
  of	
  GRBs-­‐-­‐-­‐	
  ≤	
  10-­‐3	
  
	
  	
  	
  	
  	
  A	
  large	
  fraction	
  of	
  them	
  fail	
  to	
  emerge	
  out	
  of	
  the	
  envelope	
  
	
  	
  	
  	
  ⇒	
  may	
  give	
  Orphan	
  radio	
  afterglow.	
  
	
  	
  	
  	
  Irrespective	
  of	
  successful	
  or	
  choked	
  scenario,	
  Fermi	
  accelerated	
  protons	
  of	
  
energy	
  ≥	
   105	
   GeV	
  will	
   be	
   produced	
   in	
   internal	
   shock	
   of	
   the	
   jet.	
   Also	
   the	
  
buried	
  jet	
  produces	
  thermal	
  X-­‐ray	
  at	
  ≈	
  1	
  keV.	
  (also	
  through	
  pp,	
  pn)	
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Core	
   collapse	
   of	
   massive	
  
stars	
  resulting	
  in	
   	
  relativistic	
  
jets	
   breaking	
   through	
   the	
  
stellar	
   envelope	
   for	
   GRB	
  
production.	
   γ-­‐rays	
   are	
  
produced	
   by	
   Synchrotron,	
  
Inverse-­‐Compton	
   scattering	
  
of	
   Fermi	
   accelerated	
  
electrons.	
   Same	
   shocks	
   are	
  
also	
   responsible	
   for	
   HE	
  
protons	
   and	
   finally	
   	
   HE	
  
neutrinos.	
  



	
  	
  	
  	
  	
  	
  	
  	
  Neutrino	
  Oscillation	
  in	
  Matter:	
  

|!!     >= !!"∗ |!!     >
!

!!!

	
  

	
  

!!"∗ → 	
  3X3	
  mixing	
  matrix	
  
	
  

	
  
	
  

	
  
	
  
Standard	
  Oscillation	
  Parameters	
  are	
  used:	
  
	
  
Δm221	
  =8.0×10-­‐5	
  eV2,	
  	
  	
  	
  	
  	
  θ12=33.8o,	
  θ23=45o	
  
Δm232	
  =3.2×10-­‐3eV2,	
  	
  	
  	
  	
  	
  θ13=8.8o,	
  δCP=0.	
  
	
  
	
  
In	
  the	
  mass	
  basis,	
  the	
  total	
  Hamiltonian	
  is	
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tribute more to the TeV neutrino background[12] than the
high luminosity ones and could be detectable by present day
neutrino telescopes (e.g. in IceCube) which can shed more
light on the nature of the central engine, as well as the accel-
eration mechanism of high energy cosmic rays in the presu-
pernova star[13, 14]. From an individual collapse/GRB burst
at a distance z ∼ 1, about 0.1-10 upward going muon events
can be detected in a km3 detector[9].

These high energy neutrinos propagating through the pre-
supernova star with a heavy envelop can oscillate to other
flavors due to the matter effect. In fact the mater effect is
well known for neutrinos propagating in the sun, supernova
as well as in the early Universe. In optically thick hidden
sources where gamma-rays are not observed directly and
∼ TeV neutrinos are produced due to pγ , pp and pn col-
lision, the flux ratio at the production site and on the surface
of the star may be different due to matter effect on their os-
cillation. Recently for two neutrino flavors it is shown that
for the choked GRBs, the multi-TeV neutrino signals pro-
posed by Mészáros and Waxman [9] can undergo substan-
tial resonance oscillation before escaping from the He enve-
lope if the neutrino oscillation parameters are in the atmo-
spheric neutrino oscillation range (1.9×10−3

eV
2 < ∆m

2 <
3.0× 10−3

eV
2 and 0.9 ≤ sin2 2θ ≤ 1.0 with a 90% confi-

dence level[15]). This would alter the neutrino flavor ratio
escaping from the stellar envelope, and subsequently the de-
tected flavor ratio on Earth[16]. So in this context it is im-
portant to study the matter effect of the presupernova star on
the oscillation of high energy neutrinos emerging out of it.

The neutrino oscillation in vacuum and matter has been
discussed extensively for solar, atmospheric as well as accel-
erator and reactor experiments. Models of three flavor neu-
trino oscillations in constant matter density[17–19], linearly
varying density[20, 21] and exponentially varying density[22]
have been studied. In Ref.[23] T. Ohlsson and H. Snellman
have developed an analytic formalism for the oscillation of
three flavor neutrinos in the matter background with varying
density, where they use the plane wave approximation for
the neutrinos (henceforth we refer to this as OS formalism).
Here the evolution operator and the transition probabilities
are expressed as functions of the vacuum mass square differ-
ences, vacuum mixing angles and the matter density param-
eter. As application of the above formalism, the authors have
studied the neutrino oscillations traversing the Earth and the
Sun for constant, step-function and varying matter density
profiles[24, 25]. To handel the varying density, the distance
is divided into equidistance slices and in each slice the mat-
ter density is assumed to be constant. In these calculations
they have considered the CP phase to be real by taking the
phase factor δCP = 0 so that the neutrino mixing matrix is
real.

Although the OS formalism is simple and used for low
energy neutrino oscillation, so far it has not been used to

study the propagation of high energy neutrinos neither in the
stellar envelope where the density is high nor in the Earth.
In the present work we are using this formalism to study
the three flavor high energy (energy in the range 100 GeV to
100 TeV ) neutrino oscillation when traversing the presuper-
nova star medium and reaching to the Earth by undergoing
vacuum oscillation in the intergalactic medium.

The paper is organized as follow: In Sec.2 we review
the OS formalism used for the calculation of neutrino os-
cillation probabilities in a medium.In Sec. 3 we discuss the
presupernova star models to explain the choked GRBs. The
discussion of our results are given in Sec. 4. followed by a
summary in Sec. 5.

2 Neutrino oscillation Formalism

In this section we shall summarize the formalism used by
OS[23] for the calculation of the oscillation probability of
the three active flavors. A flavor neutrino state is a linear
superposition of mass eigenstate and is given as

|να�=
3

∑
a=1

U
∗
αa
|νa�, (1)

where α = e,µ,τ (flavor eigenstates) and a = 1,2,3 (mass
eigenstates). The Uαa is the three neutrino mixing matrix
given by,

U =




Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3





=




c13c12 c13s12 s13e

−iδcp

−s12c23 − c12s23s13e
iδcp c12c23 − s12s23s13e

iδcp s23c13
s23s12 − c23s13c12e

iδcp −s23c12 − s13s12c23e
iδcp c23c13



 ,(2)

where ci j ≡ cosθi j and si j ≡ sinθi j for i, j = 1,2,3. The neu-
trino mixing angles are θ12,θ13 and θ23. The δCP is the CP
violating phase. As the CP violation is not observed in the
neutrino sector, we put this phase δCP = 0 in our calculation.

While the neutrinos travel from the production point to
the detection point, the flavor ratios will evolve as a result of
their oscillations. These neutrinos will go through vacuum
and matter during their propagation. In vacuum, the Hamil-
tonian that described the propagation of the neutrinos in the
mass eigenstate basis is described by

Hm =




E1 0 0
0 E2 0
0 0 E3



 , (3)

where Ei, for i = 1,2,3 refer to the energy of each neutrino
mass eigenstate. This Hamiltonian can be written in the fla-
vor basis through the unitary transformation described by
the matrix U from equation (2), as

Hf =UHmU
−1. (4)
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  total	
  evolution	
  operator	
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  given	
  by	
  
	
  

	
  
	
  
	
  



Presupernova	
  Star	
  Models:	
  

	
  
This	
  model	
  represents	
  a	
  star	
  with	
  a	
  radiative	
  envelope.	
  
ρ*=4.0×10-­‐6	
   g/cm.This	
  model	
   is	
   valid	
   only	
   in	
   the	
   region	
  where	
  
the	
  Jet	
  is	
  produced	
  and	
  the	
  star	
  envelope	
  i.e.	
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Fig. 5: This is same as FIG.2 but for the parameter set-II.
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Fig. 6: The energy difference is plotted as a function of po-
tential energy A to look for the existence of resonance.

characteristics of these progenitor models are that they have
an an iron core of radius rFe ∼ 109 cm surrounded by a He
core extending up to rHe ∼ 1011 cm where the density is
ρHe ∼ 10−3

g/cm
3. In some cases a hydrogen envelope sur-

rounds the He core extending to rH ≥ 1013 cm with a den-
sity of ρH ∼ 10−7

g/cm
3 . The presupernova stars which are

believed to be the strong contender for the Long GRBs are
Type Ic SNe which have lost their hydrogen envelopes as
well as most of the He envelope before the explosion due
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Fig. 7: Neutrino and anti-neutrino fluxes on the surface of
the star. In (a), (b) and (c) black solid line is for Φνe

, blue
dashed lines is for Φνµ , and red dotted line is for Φντ . In (d)
black solid curve, blue dashed curve and red dotted curve
are for Φν̄e

, Φν̄µ and Φν̄τ respectively.

to stellar winds. These objects are not interesting from the
point of view of neutrino oscillation because their radii are
too small to have any appreciable effect. On the other hand,
the presupernova stars with the He envelope (Type Ib SNe)
and even the H envelope (Type II SNe) intact will be favor-
able for TeV neutrino production as well as their oscillation
in the stellar environment. We consider three different pre-
supernova models as shown in FIG. 1. In all these models
the radius of the BSG is taken to be R∗ � 3×1012 cm. The
jet evolves at a radius r j � 1010.8 cm < rHe and also the ≥
5 TeV neutrinos are produced at a point between r j and rHe

so that the jet can acquire relativistic velocity on the surface
of the He envelope. The models are:

– Model A

ρ(r) = ρ∗ ×
�

R∗
r
−1

�3 g
cm3 . (33)

This model represents a star with a radiative envelope. It
has a polytropic structure with a polytropic index n = 3
and the characteristic density ρ∗ = 4.0 × 10−6 g/cm3.
This model is valid only in the region of the star that
lies between the point were the jet is produced and the
star envelope i.e. r j ≤ r ≤ R∗.
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Fig. 9: The Matter and the vacuum fluxes (only neutrino) as
functions of neutrino energy Eν on the surface of the pre-
supernova star for model A. The black solid curves and the
red dashed curves are respectively for vacuum and matter
fluxes.

– Model B

ρ(r) = ρ∗ ×
��R∗

r
�n ;1010.8 cm < r < rb�R∗

r
�n (r−R∗)

5

(rb−R∗)
5 ;r > rb

g
cm3 .

(34)
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Fig. 10: The total flux (neutrino+anti-neutrino) on the sur-
face of the star, where the black solid, blue dashed and red
dotted curves are for Φνe , Φνµ and Φντ respectively.
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Fig. 11: The total flux (neutrino+anti-neutrino) on the sur-
face of the Earth, where the black solid, blue dashed and red
dotted curves are for Φνe , Φνµ and Φντ respectively.

This model is for a BSG with polytropic index n=17/7
and with rb = 1012 cm. The density has a power-law be-
havior with a characteristic density ρ∗= 3.4×10−5 g/cm3.
This profile was obtained from the fit to SN1987A data.

– Model C

ρ(r) = ρ∗A

�
R∗
r
−1

�ne f f g
cm3 , (35)

where the parameters of model C are given as
�
ne f f ,A

�
=

�
(2.1, 20) ;1010.8 cm < r < 1011

(2.5, 1.0) ;r > 1011 cm.

(36)
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Fig. 10: The total flux (neutrino+anti-neutrino) on the sur-
face of the star, where the black solid, blue dashed and red
dotted curves are for Φνe , Φνµ and Φντ respectively.

E (eV)
1110 1210 1310 1410

) !
 ( 

E
"

0.6

0.7

0.8
e!
µ!
#!

Fig. 11: The total flux (neutrino+anti-neutrino) on the sur-
face of the Earth, where the black solid, blue dashed and red
dotted curves are for Φνe , Φνµ and Φντ respectively.

This model is for a BSG with polytropic index n=17/7
and with rb = 1012 cm. The density has a power-law be-
havior with a characteristic density ρ∗= 3.4×10−5 g/cm3.
This profile was obtained from the fit to SN1987A data.

– Model C

ρ(r) = ρ∗A

�
R∗
r
−1

�ne f f g
cm3 , (35)

where the parameters of model C are given as
�
ne f f ,A

�
=

�
(2.1, 20) ;1010.8 cm < r < 1011

(2.5, 1.0) ;r > 1011 cm.

(36)



	
  

	
  
	
  
Fig. Density profiles of the presupernova star ( a blue supergiant) of models 
A, B and C with a radius R* =  3x1012  cm. In these models, the high energy 
neutrinos are produced at a radius r j =  1010.8  cm. The Helium envelope 
extends up to rHe  1011  cm. 
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Results:	
  
The	
  flux	
  observed	
  at	
  a	
  distance	
  L	
  is	
  

	
  
	
  

	
  
	
  
Model-­‐A	
   oscillation	
   probabilities	
   (neutrino	
   –black,	
   anti-­‐
neutrino—red)	
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This model has two free parameters ne f f and A that can

be fitted to produce a drop in the density after the helium

core. While the parameter A can be used to set a den-

sity drop at the edge of the helium core, ne f f gives the

effective polytropic index [27]. The characteristic den-

sity here is ρ∗ = 6.3×10
−6

g/cm
3
. The density profiles

of all these three models are shown in FIG. 1.

4 Results

We use the neutrino oscillation formalism of OS given in

Sec. II and calculate the neutrino oscillation probabilities

and fluxes in presupernova star models A, B and C and also

on the surface of the Earth after the neutrinos have under-

gone vacuum oscillation in the intergalactic medium. For all

these calculations we take the neutrino energy in the range

100 GeV to 100 TeV , although it may be difficult to produce

neutrinos with energy more than 10-20 TeV in the presuper-

nova star environment.

We use the standard neutrino oscillation parameters ob-

tained from different experiments for analysis of our results.

The neutrino parameters used are as follows[15, 32, 33]:

∆m2

21 = 8.0×10
−5 eV 2, θ12 = 33.8◦ and θ23 = 45

◦

∆m2

32 = 3.2×10
−3 eV 2, θ13 = 8.8◦ and δCP = 0. (37)

We also we take θ13 = 12
◦

to observe the variation in oscil-

lation probability due to change in this angle.

For the numerical calculation, we divide the distance

(R∗ − r j) into small slices, each with a constant density and

calculate Uf (L) for each individual slice as discussed in Eq.(32).

Afterward we use Eq.(23) to calculate the probabilities. We

let the high energy neutrinos propagate from the production

point at r j = 10
10.8

cm towards the surface of the star R∗,

where we calculate their survival and transition probabilities

Pαβ and Pᾱβ̄ , as well as fluxes. We consider two different

sets of parameters: R∗ = 3×10
12

cm and θ13 = 8.8◦ (Set-I);

R∗ = 2.7× 10
12

cm and θ13 = 12
◦

(Set-II); to observe the

variation in the probabilities at different depth from the star

surface and different θ13.

The survival and transition probabilities of ν and ν̄ for

the parameter Set-I, for models A, B and C are shown in

FIGs. 2, 3 and 4 respectively. We have also plotted the vari-

ation in oscillation probabilities for Set-II in FIG. 5. We

observe that for given neutrino energies Eν , Pēē is always

above Pee and the probabilities are highly oscillatory for

Eν ≤ 2× 10
12

eV. For Eν ≥ 2× 10
12

eV, both Pee and Pēē
increase towards unity. While the increase in Pēē is smooth,

the increase in Pee is accompanied by a rapid oscillation, as

shown in these figures. By reducing R∗ to 2.7×10
12

cm and

θ13 = 12
◦

i.e. Set-II (FIG. 5 ), we observe that, although

there is variation of probability on the surface, the overall

behavior is exactly the same as the parameter Set-I shown

in FIG.2. So for our further discussion we only consider the

parameter Set-I for the analysis of our results. All the tran-

sition probabilities Peµ , Peτ , Pµτ Pēµ̄ , Pēτ̄ and Pµ̄ τ̄ are highly

oscillatory in all the energy ranges (mostly ≤ 10
13

eV). For

neutrino energy Eν > 3× 10
12

eV the transition probabili-

ties Peµ , Peτ , Pēµ̄ and Pēτ̄ go to zero, which shows that the

medium has almost no effect on high energy neutrinos. On

the other hand Pµτ and Pµ̄ τ̄ are highly oscillatory in this en-

ergy range. The Peµ and Peτ are different from each other

due to the matter effect. Comparison of Pēµ̄ and Pēτ̄ shows

that they oscillate with the same amplitude but are out of

phase by 180
◦
. The transition probabilities Pµτ and Pµ̄ τ̄ are

different for energies below ∼ 3× 10
12

eV, but are almost

the same above this energy for all the models A, B, and C

(last of FIGs. 2, 3, 4 and 5 ) which is due to the negligible

medium effect on the high energy neutrinos.

The energy eigenvalues of the neutrinos in the matter

are λa and the energy difference |λa − λb| is related to the

effective mass square difference ˜∆m2

ab

|λa −λb|=
| ˜∆m2

ab|
2Eν

. (38)

In FIG.6, for the illustrative purpose, we have taken Eν = 1

TeV with parameter Set-I and model-A to show the reso-

nance position as a function of matter potential A. It shows

that there is only one resonance position around A � 2 ×
10

−15
eV (between |λ1 −λ2| and |λ1 −λ3|). By taking Eν =

10 TeV we found that the resonance position is almost the

same. The anti-neutrinos will not satisfy the resonance con-

dition because of the change in the sign of the potential A in

λa.

In the mildly relativistic jet internal shocks can develop

and accelerate protons to very high energies. These protons

would interact with the ∼ keV thermal X-ray photons to pro-

duce TeV neutrinos via the process p+γ →∆+ → n+π+ →
n+µ++νµ → n+ e++νµ +νe + ν̄µ . In the above process

the standard neutrino flux ratio at the production point is

Φ0
νe : Φ0

νµ : Φ0
ντ = 1 : 2 : 0 (Φ0

να corresponds to the sum of

neutrino and anti-neutrino flux at the source). The flux ob-

served at a distance L is given by

Φνα = ∑
β

Φ0

νβ
Pαβ , α,β = e, µ, τ. (39)

Using models A, B and C, we have calculated the nor-

malized fluxes of neutrinos and anti-neutrinos on the sur-

face of the presupernova star as well as on the surface of the

Earth, which are shown in FIGs. 7 and 8. In these figures, (a)

is the flux calculation in vacuum (where the matter potential

A = 0 inside the star) and the (b), (c) are for models A, B

and (d) is for anti-neutrino fluxes for model A respectively.

The comparison of the vacuum oscillation i.e. (a) with the

rest i.e. (b), (c) and (d), shows that for Eν ≥ 10
13

eV both
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Conclusions:	
  
	
  
We	
  observed	
  that	
  neutrino	
  oscillation	
  within	
  the	
  presupernova	
  
star	
  depends	
  on	
  the	
  neutrino	
  energy	
  and	
  alter	
  their	
  flux	
  on	
  the	
  
surface	
  of	
  the	
  star.	
  We	
  also	
  calculated	
  the	
  flux	
  on	
  the	
  earth	
  after	
  
they	
   travelled	
   the	
   intergalactic	
   medium	
   (vacuum	
   oscillation)	
  
and	
   observed	
   that	
   for	
   Eν	
   ≤	
   10	
   TeV	
   fluxes	
   are	
   different	
   but	
  
above	
  this	
  energy	
  the	
  flux	
  ratio	
  is	
  close	
  to	
  1:1:1.	
  
	
  
Possible	
  detection	
  of	
  neutrinos	
   	
   by	
   IceCube	
  with	
  Eν	
  ≤	
   10	
  TeV	
  
can	
  be	
  important	
  as	
  the	
  flux	
  changes.	
  It	
  might	
  shed	
  more	
  light	
  
on	
  the	
  type	
  of	
  progenitors	
  and	
  	
  production	
  mechanism	
  of	
  high	
  
energy	
  neutrinos.	
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