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Enhancement of the v, flux from astrophysical sources by two-photon annihilation interactions
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The ratio of antielectron to total neutrino flux, ®; :®,, expected from p7y interactions in astrophysical
sources is =< 1:15. We point out that this ratio is enhanced by the decay of u*u~ pairs, created by the
annihilation of secondary high energy photons from the decay of the neutral pions produced in p7y
interactions. We show that, under certain conditions, the ®; :®, ratio may be significantly enhanced in
gamma-ray burst (GRB) fireballs, and that detection at the Glashow resonance of 7, in kilometer scale
neutrino detectors may constrain GRB fireball model parameters, such as the magnetic field and energy

dissipation radius.
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I. INTRODUCTION

High energy neutrinos are expected to be produced in
astrophysical sources mainly by pvy interactions, leading
to the production and subsequent decay of charged pions:
Tt — e*vel‘/ﬂ v, (see, e.g., [1] for recent reviews).
Neutrino oscillations lead in this case to an observed ratio
of 7, flux to the total v flux of = 1:15 [2] (or lower, in case
muons suffer significant electromagnetic energy loss prior
to decay [3]). For neutrinos produced in inelastic pp (pn)
nuclear collisions, where both 77%’s and 7~ ’s are pro-
duced, the ratio is = 1:6, and it was suggested that mea-
surements of the v, to ¥, flux ratio at the W-resonance may
allow one to probe the physics of the sources by discrimi-
nating between the two primary modes of pion production,
py and pp collisions [4]. This test for discriminating
between the two mechanisms is complicated by the fact
that the ratio of ®; to ®, produced in p7y interactions can
be enhanced to a value similar to that due to inelastic
nuclear collisions in sources where the optical depth to
py interactions is large (e.g. [3]). In this case, neutrons
produced in py — nart interactions are likely to interact
with photons and produce 7~ before escaping the source,
leading to production of roughly equal numbers of 7" ’s
and 7 ’s.

In this paper, we point out that the ®; :®,, ratio from py
interactions may be enhanced above 1:15 also in sources
with small p7y optical depth. Neutral pions, which are
created at roughly the same rate as charged pions in py
interactions, decay to produce high energy y-rays. These
y-rays typically carry ~10% of the initial proton energy,
and may therefore interact with the low energy photons
(with which the protons interact to produce pions) to
produce w*u~ pairs. The decay of muons yields (after
vacuum oscillations) ®;, :®, = 1:5, thus enhancing the 7,
fraction.

We discuss below a specific example, the widely con-
sidered fireball model of gamma-ray bursts (GRBs). In this
model, the observed y-rays are produced by synchrotron
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radiation of shock-accelerated electrons in the magnetic
field which is assumed to be a fraction of the total energy
(see [5] e.g. for reviews). The protons are expected to
coaccelerate with electrons to ultrahigh energy [6], and
produce high energy neutrinos by p-y interactions [7]. We
calculate below the additional neutrino flux, due to the
decay of muons produced by secondary photon annihila-
tion, for a typical long duration GRB, and show that the
enhanced 7, flux may be detectable at the Glashow reso-
nance (7,e — W~ — anything [8]) in kilometer scale neu-
trino detectors such as IceCube [9].

The enhancement of ®; :®, due to y7y interactions in
p7 sources makes the discrimination between py and pp
neutrino sources more difficult. On the other hand, it may
provide a new handle on the physics of the source. We
show below that for GRBs the enhancement of 7, flux
depends on model parameters which are poorly con-
strained by observations, namely, the magnetic field
strength and the energy dissipation radius. Detection of
p,’s at the Glashow resonance, in conjunction with y-ray
detection, may therefore constrain these parameters.

II. FIREBALL MODEL AND PHOTON SPECTRUM

The minimum observed GRB fireball radius r may be
estimated by requiring that it is optically thin to Thomson
scatterings: 7, = omn'r’ = 1 (denoting the comoving
and local lab. frame variables with and without a prime,
respectively). Here n’ is the density of scatterers in the
fireball, r' = r/I is the size of the interaction region and I"
is the bulk Lorentz factor. The radius at which 7/, = 1 is
the photospheric radius ry,. For a kinetic luminosity Ly of
the fireball, mostly carried by the baryons, the number
density of the baryons, and of the leptons which are
coupled to the baryons, is nj = Ly/(47r’I?m,c?). The
observed isotropic equivalent y-ray luminosity of a long
duration GRB is Ls, = L,/10°% erg/s ~ 1. Assuming
L, = gLy withe, ~0.05¢, _; 3 (a parametrization which
is motivated below), the photospheric radius is
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o= U'ThLy/Se
p = vl e
P 4mlm

L
~74X102—2cm, (1)

8e,—1.3F2,5

for ', s = I"/316 ~ 1. The radius at which the bulk kinetic

energy dissipation occurs, e.g. by internal shocks, is in

general r = ryp.
The y-ray spectrum of a GRB fireball at a dissipation

radius » = 10'*r,, cm peaks at a typical energy

€ypx = hel?(3y2 1 qB)/(2m,c?)
~500(e3 _, &5 1LsI35/r3)* keV,  (2)

due to synchrotron radiation by electrons with a Lorentz
/ ~ / :
factor vy, i, = &.(m,/m,). Here, vy, . is at the lower

end of a « 1/ distribution of electron Lorentz factor,
with p =2, created by Fermi acceleration in the
shock. The magnetic field is assumed to be B"?/87 =~
egLy/(4mr’T2c), where g5 ~ 0.1 _; is the equipartion
value, currently unconstrained in the GRB prompt phase.
|

dN),/de!, = L,//(47Trzce%y,Pk) (e’y/e’%pk)_l;

(e,/€, )%

Electron synchrotron radiation produces a power law
y-ray spectrum at energies above €, i [see Eq. (2)] which
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Note that €,, ; o 1/r will be larger than the above value for
r = rpy, with other parameters fixed.

For a GRB at a luminosity distance d; the observed
y-ray spectrum is generally approximated with a broken
power-law Band fit [10],

6y<e

7.pk
€y > € 3)

7.pk

dN?’ LV { (Ey/ey,pk)il N
dEy 47TdL€ypk (Ey/e'y,pk)_z,

The spectrum deviates from this at low energy, becoming
dN,/de, 6%/ ? for €, = €, the energy below which
synchrotron  self-absorption =~ becomes  dominant.
Theoretical modeling indicates a value [11]

w = 2402y, . nlrlghc]*B”/[m3c®])1/3
~ 8(83,71L§2/[8e,71.3@,5@4])1/3 keV, (4)

for p = 2. The differential number density of photons is

(Ely,sa/ely,pk)71(E/y/e/y,sa)3/2; E < Ey sa
ypk > €, > €, q (5)
6 > ey k-
0.31?
+y~—————— GeV. 7
€va" =g JGeV) @

depends on the maximum Lorentz factor. Other mecha-
nisms can contribute to an extension of the y-ray spectrum
in Eq. (3) to high energies. High energy electrons can
inverse Compton scatter synchrotron photons up to an
energy similar to the maximum shock-accelerated electron
energy (which we derive shortly) in the Klein-Nishina limit
in one mechanism. Here we consider ultrahigh energy
y-rays from 7% decays which are produced by pvy inter-
actions of shock-accelerated protons with synchrotron pho-
tons as py — AT — pa’ — pyy.

The maximum proton energy is calculated by equating
its acceleration time 7). = €},/(gcB’) to the shorter of the
dynamic time #;,,, = r/(2I'c) and the synchrotron cooling

time ty, = 67myc’ /(ommie,B?) as
€pmax — (67Tmpc qrz/[a.ThmgB/])uz
~ 33X 10 (e, 1319513, /[e5 1 Ls;])"/* GeV
€pmax = BT _ 55 10“(’33‘71%2)1/2 eV, (6)
&e,-1135

respectively ~ for  fi.. = #, and fi, = t,. For
electrons, fy,, > K, typically and the maximum electron
energy, using Eq. (6) for electrons, is
1068!,/111.381;,1—/?]45721/4F;./52r}z/tz GeV.

At a given incident proton energy €,, the threshold
photon energy leading to a A* resonance interaction is

€emax

The optical depth for this interaction may be calculated
using a delta-function approximation with a cross-section

~ 10-28 ~m2
Ty 10 cm- as

dN

) = (g JHa®)
using Eq. (5). Note that the target photon spectrum, within
parenthesis, is now evaluated at the A" resonance energy
[see Eq. (7)] for an incident proton energy €/,. In particular,
Eq. (7) may be used to replace 6/%A+ by €}, in Eq. (5). Asa
result, the optical depth in Eq. (8) is expressed as a function
of €,. The spectral shape of the optical depth is then
« (€),)47!, where ¢ is the spectral index, dN/,/de!, >
(€!,)79, in Eq. (5). Also the order is reversed, i.e. ¢ = 2,
1, =3/2 in 7/, = (&},)7"" instead of ¢ = —3/2, 1, 2 in
dN',/dé€', = (€,)7%, according to the condition in Eq. (7).

Protons lose = 20% of their energy by p7 interactions
to 7¥ and €, =~ 0.1€, for each secondary photon. With an
equal probability to produce 7° and 7" in each p7y inter-
action, the resulting 77° decay photon flux is

0.2 (£,/5.)L,

de, ~ MLl e O

Here £, is the proton fraction undergoing shock accelera-
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tion. For £, = 1 and &, = 0.05 we have T =~ 1 which
leads to the observed flux level in Eq. (3). Secondary pions
from A" decay, and subsequent decay photons and neu-
trinos follow the dN,/de, = €,” spectral shape of the
protons for a constant optical depth. For an optical depth
of spectral shape o« 6%_1, the resulting pion, photon and
neutrino spectra would be dN/de « €77 '77. The 7 decay
photon spectrum in Eq. (9) is then dN, /de, > 6;2 be-
tween €, = 0.03?/e,  GeV? and 0.03I%/€,;, GeV?,
x €, below €, = 0.031?/e,, , GeV? and = €, above
e, = 0.03I"?/€,, GeV? due to self-absorption following
Egs. (5) and (8).

Note that, the luminosity of shock-accelerated protons is
1/, = 20 times the shock-accelerated electron luminos-
ity. In the fast cooling scenario, valid in the GRB internal
shocks, the electrons synchrotron radiate all their energy
into observed y-rays. Thus L, = L,// g.. In a single py
interaction the secondary pion (charged or neutral) lumi-
nosity is L, =~ 0.2L, = 4L, /g, _; ;. The neutrino lumi-
nosity of all flavors from charged pion decay, assuming
equal energy for all 4 final leptons, is L, = (1/2) X
(3/4)L, =~ 1.5L, /e, 1 3. The 1/2 factor arises from the
equal probability of 77° and 77+ production. The neutrinos
carry away energy from the fireball, and the rest of the pion
decay (e from 7" and yy from 7°) energy is electro-
magnetic (e.m.), with a luminosity L., =L, — L, =
2.5L,/€, _13. A significant fraction of the m°-decay L,
|

Tyyorr1-(€,) = romic’L /(8reypke )

Here we defined the threshold energy for lepton pair pro-
duction as €4, = mjc*I'*/2e¢,,. Note that the high energy
photons produce e* e~ pairs dominantly at lower energy.
The ratio of the two opacities kK = T, ¢~/ Tyymet o~
becomes unity for higher energy photons, since the cross-
section is the same for u* u~ and e*e™ pair productions
above the muon pair production threshold energy.

A. Muon decay neutrino flux

Muon pairs decay to neutrinos as u~ — e~ 7,v, and
ut — e*v,p, shortly after they are created in the c.m.
frame of the yy collision. In the observer’s frame €, =~
€,/2, and the particle pairs move radially along the inci-
dent photon’s direction. For simplicity we assume that the
v, and v, created from p-decay carry 1/3 of the muon
energy each. The observed neutrino energies are then €,,/6

for each flavor. The neutrino source flux, which is the same
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[Eq. (9)] would be converted to muon pairs and subse-
quently to neutrinos, as we discuss next. A substantial
(small) fraction of the rest of L. ,, would be emitted at r >
rpn (r = rpp) as low energy photons with a luminosity not
significantly above the observed y-ray luminosity. These,
however, do not affect substantially the neutrino flux cal-
culated from very high energy y-rays interacting with soft
photons.

III. TWO-PHOTON PAIR PRODUCTION

High energy y-rays can produce lepton pairs, [T~ (I =
e, u), with other photons which are above a threshold
energy wy, = m;c’ in the center of mass (c.m.) frame
of interaction. For an incident (target) photon of energy
(e’y ) in the comoving GRB fireball frame, w =
(26 .€,,0"/2, and the cross-section for /"1~ pair produc-
t10n may be written, ignoring the logarithmic rise factor at
high energy, as o,,,_;+;- = 7ri(m;c*/w)?, where r, is the
classical electron radius. The corresponding optical depth
is

T77(6'y1) F f 'y'y 1’ yt) ytdf (10)

Given the power-law dependence of the photon distribution
in Eq. (5), we may calculate the /"]~ pair production
opacities by integrating Eq. (10) piecewise as

(127 — (2P)e, <5
(G = 1) 40 - )
i (1)
3@ — 22 4 (2 — 1)
[+ - @2 e, > 20
{
for v,, v,, ¥, and v, previous to any flavor oscillation in
vacuum, is
6,5, = "I:: min[1, T”_’”W]KEVCCZ{—]Z:' (12)

The high energy muons produced from <7y interactions
may lose a significant fraction of their energy by synchro-
tron radiation before they decay into neutrinos (with a
decay time f4.), if their energy is above a break energy

(67Tm cS 1—‘2/|:l‘dec UThszl]) 12

~ 5% 107(e, 1303 573 /[e5-1L52)"/? GeV. (13)

€usb

The corresponding neutrino break energy from muon de-
cay is €, = €,4/6. For €, = €, ,, the neutrino flux
index would steepen by a factor 2 [12].
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FIG. 1 (color online). Source flux of v, (same for v, ¥, and
v,) from yy — ptu” interaction and subsequent u-decays,
compared to the canonical v, flux (same for »,) from single
py — nar' interactions and subsequent 7", u* decays. This is
for a long duration GRB of L, = 10°% erg/s at redshift z ~ 0.1.
The solid, dashed, dot-dashed and dotted lines are for magnetic
field parameters gp = 1071, 1072, 1073 and 107* respectively,
for different I" and » combinations.

We have plotted in Fig. 1 the v, flux at the source, €2®5,
(same for v,, v,, ¥, and 7,), previous to any vacuum
oscillation, arising from yy — u "~ interactions and the
associated muon decays, for a GRB of isotropic equivalent
luminosity L., = 10°? erg/s, which is average for a long
GRB [5]. We assume a redshift of z ~ 0.1, which is near
the low end of observed redshifts; there have been a few
spectroscopic redshifts observed in the 0.1-0.2 in the past
8 years, and indirect redshift measures, such as time lags,
indicate many more bursts in this range among the BATSE
sample (see, e.g., Ref. [5] and references therein). Also
plotted are the v, source flux: e2®5 = min[1, 7},,] X
(0.2/8)L,/(4md; ¢,), from py — A" — nz" interactions
and subsequent 77" and u* decays. Different panels are for
different bulk Lorentz factor I" and dissipation radii r.

B. Neutrino flavor oscillation and flux on earth

While neutrinos are created via weak interactions as
flavor eigenstates, their propagation is determined by the
mass eigenstates. The flavor eigenstates v, and the mass
eigenstates v; are mixed through a unitary matrix defined
as v, = ZjUj;jVj, where @« = ¢, u, Tand j = 1, 2, 3 for
three known flavors. The probability for flavor change by
vacuum oscillation is given by P, ., = SilUg;I*-
|U, j|2, for the neutrino propagation from their sources to
Earth over astrophysical distances.

We use the standard expression for U, ; with solar
mixing angle 6, = 6}, = 32.5° and atmospheric mixing
angle 6,,, = 0,3 = 45° [13]. The unknown mixing angle
6,3 and the CP violating phase may be assumed to be zero
given the current upper bounds from reactor experiments.

PHYSICAL REVIEW D 73, 103005 (2006)

Using these values for U, ; and P, _,, 5 results in a rela-

tionship between the source neutrino fluxes @5 and the
expected neutrino fluxes on Earth @, which is given by

D, 0.6 02 027 @,
®, [~|02 04 04 v (14)
D, 02 04 04 || @

For antineutrinos P is the same as above.

V=g

Different production mechanisms produce » and »
fluxes at the source with different flavor proportions.
Their production ratios may be expressed as normalized
vectors, shown in the left-hand side of Eqgs. (15) and (16).
The corresponding flux ratios at Earth, using Eq. (14), are

shown in the right-hand side of Eqgs. (15) and (16) below

L e, @,
1 0 0.8 0.2 (15)
py—nmt| 1 1 |=1061|| 04 ]
0 0 0.6 0.4
o5, D5 e, @,
1 1 0.8 0.8 (16)
yy—utu |1 1 [=]061]]| 06
0 0 0.6 0.6

The source v-fluxes plotted in Fig. 1 will be modified
accordingly. Note that ®; (yy)/®; (py) =4 for the
same initial yy and p7y flux levels. The ¥,-flux component
is 1/5 (1/15) of the total w-flux from yy (py). The

0.11
0.09
. r= Vph r=10 rph
& r=316 =36
2 0.07 -
o
2
3 010
o
=
= 0.08 = Ton r=10mn,
: I'=100 I'=100
0.06
3 4 5 6 7 8 5 6 7 8 9 10

Neutrino energy log E,, (GeV)

FIG. 2. Observed ratio of electron antineutrino flux to the total
neutrino flux @, /®, for the pry and yy source fluxes plotted in
Fig. 1. This is for a long duration GRB of L, = 1072 erg/s at
redshift z ~ 0.1, the solid, dashed, dot-dashed and dotted lines
indicate magnetic field parameters 5 = 107!, 1072, 1073 and
10~* respectively, for different I and r combinations. Note that
the 1/15 ratio from single py — n7™ interactions is enhanced
by yy — ' u” interactions in certain energy ranges which
depend upon the GRB model parameters.
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observed ratio of 7, to total v fluxes from both the single
p7y interactions and 7y7y interactions can be calculated
using Egs. (15) and (16) from the source fluxes as

D5, _ 0203,y + 0805, 07
o, 305, T 405

We have plotted this ratio in Fig. 2 for different GRB
model parameters. The ratio is enhanced from the canoni-
cal (py) 1/15 value in the energy range where yvy inter-
actions contribute significantly (see Fig. 1). Interestingly,
the enhancement takes place over a small energy range
which may be explored to learn about the GRB model
parameters as we discuss next.

IV. NEUTRINO DETECTION

We consider here the antielectron neutrino detection
channel at the Glashow resonance energy €, .=
m¥,c?/2m, = 6.4 PeV [8]. The number of electrons in
the 2 km? effective IceCube volume is N, =~ 6 X 10
and the corresponding number of downgoing 7, events
from a point source of flux ®; is [4]

2 2
wg*(he)
Nf’e =~ AtNé,Cff—z(I)f/g(ev,res)‘ (18)
4m,c
|
1.5X1075¢;277 |
(I)atm — 1+3><10785y ’
Vet 7, 4.9x1074€302
vob .
1+3X107%¢, °

The corresponding background 7,-events at the Glashow
resonance energy is < 1077 for a GRB within a ~100 s
time window, allowing the full directional uncertainty
(27r sr), given the poor current knowledge of the », or 7,
signal reconstruction in neutrino Cherenkov detectors,
from Eq. (18).

V. DISCUSSION

The results of Fig. 3 and Egs. (15) and (16) show that yy
interactions in astrophysical sources can enhance the ob-
served ®; : P, flux ratio. A different source of enhance-
ment of the ¥, flux may be pp interactions [3,4]. In GRBs,
however, the optical depth to pp is low [7], except in
buried jets leading to v precursors [15], where pp inter-
actions are expected to lead to v’s at energies ~TeV. The
number of resonant 7, events arising from p7 interactions
is essentially independent of &5 (for 5 < 1072) forany I'.
On the other hand, the number of resonant v, events arising
from vy+y interactions varies significantly with I" and r. It
may become as large as the py contribution for 1072 =<
g = 1073,100 = T = 300 and Iph = 1= 3ry,. For long
bursts of average isotropic equivalent luminosity at a red-
shift ~0.1, which from past experience are electromagneti-
cally detected every few years, IceCube could probe the 7,
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Here g2 =~ 0.43 from the standard model of electroweak
theory, and At is the duration of the emission.

We have plotted in Fig. 3 the expected number of 7,
events at €, ., from a GRB fireball for various value of r,
ep and I". We have assumed here that shock-accelerated
protons interact once with synchrotron photons (two top
panels), losing ~20% of their energy. For very high py
opacity the protons can lose most of their energy through
the py and nvy interaction chains. This could lead to the
v, -fluxes from both py and y7y plotted in Fig. 1 to roughly
increase by a factor five. The p7y source v-fluxes may
reach ratios ®%, = @3, = [1, 2, 0], from 7" and 77~ decays,
which at Earth would be ®, = &, =[1,1,1] for €, <
€.5b /2. The resonant ¥,-events in such case, from both yy
and pvy fluxes, are plotted in Fig. 3 (two bottom panels).
For simplicity, we assumed @, « &, « min[1, 0.27),,] for
the py v-flux and y-flux in Eq. (12). Also ®; =[1, 1, 1]
from p/n7y interactions for 7';,), =2,

The background for astrophysical 7, detection is mostly
due to atmospheric prompt neutrinos from cosmic-ray
generated charm meson decays. A parametrization for
the v, and ¥, atmospheric flux is given by [14]

€, < 1.2 X10° GeV

GeV lecm2s tsr ! (19)

€, > 1.2 X 10° GeV

—_

r= 10"ph..““.

___________ NI

e
o

|
-

|
N

pY

Resonant Events log Ny

Parameter log € ,

FIG. 3 (color online). Resonant 7, events in IceCube from yvy
and py interactions in a GRB, as a function of the magnetization
ep for Lorentz factor I' of 100 (solid lines), 178 (dashed lines),
316 (dot-dashed lines), 500 (dotted lines) and fireball radii equal
to the photospheric radius (two left panels) and 10 times the
photospheric radii (two right panels). We used single p7y inter-
actions (two top panels) and multiple py and subsequent ny
interactions proportional to 7,, (two bottom panels) for com-
parison. Other GRB parameters are z = 0.1, At =30s, L, =
10°% erg/s and &, = 0.05.
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of v, events compared to »,, and v, events may also be an
indication for the presence of a yy component.
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