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Abstract: We calculate the yield of high energy neutrinos producedsimophysical sources for arbi-
trary interaction depths, and magnetic field strength3. We take into account energy loss processes
like synchrotron radiation and diffusion of charged pdeticin turbulent magnetic fields as well as the
scattering of secondaries on background photons and taet giroduction of charm neutrinos. Diffusion
leads to an increased path-length before protons leaveotirees of sizeR; and therefore magnetized
sources lose their transparceny below the endigy 10'%eV (R, /pc) (B/mG)1; *, wherea = 1/3

and 1 for Kolmogorov and Bohm diffusion, respectively. Belthis energy, the neutrino spectra from
meson and muon decays are strongly modified with respecetmjiction spectrum of protons even for
sources withrg < 1.

Introduction sources and hidding the acceleration region by ¢
ficient material absorbing ultra-high energy cosn
Experimental high energy neutrino physics has be- rays allows one to avoid the cosmic ray limits. O
come one of the most active areas of astroparti- might therefore speculate that large neutrino flu;
cle physics, offering among others the prospect of at high and ultra-high energies might be produc
identifying the sources of ultra-high energy cosmic in opaque sources.
rays [1, 2]. Since high energy neutrinos from as- An essential aspect that has to be taken caref
trophysical sources are the decay products of sec-into account is the self-consistent treatment of m
ondary mesons produced by scattered high energytiple scattering of the hadrons with the particles
protons on background protons or photons, the re- the medium. This, however, turns out to be ci
sulting neutrino flux is closely connected to the cial not only in thick sources, but also in tran
cosmic ray and photon fluxes. parent sources with turbulent magnetic fields.
Two different kind of bounds on high energy neu- this work, we discuss how the increase of the nu
trino fluxes exist: The cascade or EGRET limit ber of collisions of the diffusing particles leads
uses bounds on the diffuse MeV-GeV photon back- a non-trivial distortion of the neutrino flux in th
ground to limit the energy transferred to elec- “low-energy”range. Since moreover energy loss
tromagnetically interacting particles that are pro- lead to a steepening of the “high-energy” range
duced unavoidably together with neutrinos [3]. proton and thus neutrino fluxes, the resulting ¢
The cosmic ray upper bounds of, e.g., Refs. [4, 5] ergy spectrum may deviate in a broad range fr
use the observed ultra-high energy cosmic ray flux the canonical / E* spectrum.
to limit possible neutrino fluxes. The latter limit
assumes that all neutrino sources are transparen
to hadronic interactions and thus at least neutrons
can escape from the source region without inter-

actions. Dropping the assumption of transparent Ve idealize a neutrino source as an accelera
region surrounded by a sphere of radilds con-

%imulation
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taining photons and turbulent magnetic fields. The Results

probability A/ that a particle diffuses outwards the
distanceAr without scattering or decay is given by

N r+Ar dl 1
- _/r (liy2 4+ lint) ) @

wherel, , andl;,; are its decay and interaction
length, respectively. The path lengiM of the tra-
jectory and the distancAr diffused outwards are

For the discussion of the results it is useful to i
troduce the “interaction depth” defined as the ra
70 = Rs/lint Of the sizeR, of the source to the in-
teraction length;,;. This ratio determines, if mos
of the protons leave the source without interactic
(to < 1 or “transparent source”), or if multiple
scattering of nucleons is important and mesons
efficiently produced+4, > 1 or “opaque source”).

connected by For the illustration of our numerical results, we d
termine in the followingry via liny = 1/(n,0)
with o = 0.2 mb as reference cross section.
However, since the time spent in the source reg
by a charged particle or equivalently the effecti
size of the sourc&.g increases for a magnetize
source, it is convenient to introduce aditionally

effective optical depth.g = Res/lint for charged

_Al_R
T Ar 6D

v(E)

Following Ref. [6], we use as phenomenological
diffusion coefficient

2

RL ¢ RL 2
D(FE) =D = ] (
(&) ’ < le > * ( le ) - G particles as
— ] 7 for £ > FEy,
wherea = 1/3 and1 correspond to the case of Toff = { o (E_EL)Q for B < Ey . (6)

Kolmogorov and Bohm diffusion, respectively, and
Ry, is the Larmor radius, Therefore a source that is transparent at high el

G gies, when patrticles move in the ballistic regirr

Rr, =1.08x10%pc —— =.  (4) becomes thick in the diffusion regime below tl
10'%eV B energyE., 7,  in the case of charged particles.

The normalization factor is defined as Fig. 1 we illustrate the effective size of a sour
with thermal photons af” = 10° K and B =
, = Cle (l_c) 1 5 10" G andR, = 2.5 x 10" em (- ~ 0.1) to-

3 \2Rs) 1+ (I./Rs)*~>’ gether with the interaction length for protons a

for a source. By comparing both lines it is pos:
ble to estimate the increaseqf; at low energies.
Given ary the effect ofr.g depends on two fac
tors: the diffusion regime, which determines tl
slope of R.g, and the width of the energy windoy
delimited byE;, andEy..

In the same figure it is also shown the typic
length scale of synchrotron lossks, for proton,

so that the typical effective size of the source for
a diffusing particle without energy losseB.g =
cR?/(6D) , becomes equal t®; at the energy
Er = 10'%eV (R,/pc) (B/mG) where the Lar-
mor radius equals to the sourcBy (Fr) = Rs.

In the following we shall assume Bohm diffusion,
a = 1, and in order to reduce the number of pa-

rameters we set the coherence lenftlequal to . . : ;
R tieq pions, and kaons. At high energigsg, is smaller
> thanRs. Therefore charged particles will strong

Diffusion increases interactions and energy losses lose energy until they reach an enerfy,,, such
by the factorv(E) o« E~® for E < Er. The v

; ) thatl,,(E’ ) = R,. Thus, th |
energy of the particle along the pathis ob- Atlsyn Syn) R us, the scale
tained by integrating the energy losse&F) due . 34r (BL 2
to synchrotron radiation, inverse Compton scatter- Ey, = 32 < B > R, (7)

ing, etc. In our Monte Carlo simulation, we track
explicitly all secondaries(, 7+, K+, K? o) for
which the interaction rate is non-negligible com-
pared to their decay rate; for details see [7].

defines the energy above which the flux will |
suppressed. This limit is proportional to the p:
ticle mass viag B:,)? = (m?/e)?, as can be see
in the Fig. 1.
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_ _ Figure 2: Unnormalized fluxes of initial (dashe
Figure 1: Typical length scale of synchrotron and final (dotted) protons, as well as neutrc

losses (dotted) for proton (black), charged pions (solid) for a source with (red) and without (blue
(red) and kaons (blue), together with the decay magnetic field, see text for details.

length (dashed) of the pions and kaons for a source
at a temperatur@ = 10° K and B = 10* G. The
interaction length and the effective size of a source

with R, = 2.5x 10'° cm for protonsis also shown. produce a neutron in each collision. The small ¢

ergy dependence of leads to a plateau structui
at energies abovEyy,.
We illustrate the main features of the previous Tney are neutral particles and consequently tl
discussion by calculating the proton and neutrino gre not directly affected by the synchrotron rad
fluxes for the source parameters used for Fig. 1. tion. Nevertheless the original protons, from whi
For illustration, we will also compare the results they are produced, do feel the energy losses. 1

with those for a source without magnetic field. translates, in the case of strod) into an effec-
tive suppression of the neutron flux &t > E;'yn..
A) Proton Flux At intermediate energies the neutron flux prese

a plateau which stems from the weak depende
In the case with negligible magnetic fields the ini- of /i, on the energy. At lower energies, more pi
tial and final proton fluxes basically coincide for cisely betweerk;, andE;, a bump shows up in the
transparent sources, see Fig. 2. However, the pres-neutron flux in the case with magnetic field. TF
ence of synchrotron radiation induced by the mag- is a direct consequence of an increase in the in
netic fields in the source strongly suppresses the fi- action depth of protons due to the diffusion regir
nal proton flux for energies IargerthEEiyn (= X at energies belowr,, see Fig. 2. The enhanct
in our case). ment of the collisions will eventually reduce tr

For completeness we also show the flux of neu- final proton flux at those energies.

trons leaving the source before decaying. These

are created by scattering of the initial protons with  B) Neutrino Flux

the photons present in the medium. In the case of

transparent sources its flux is not only suppressed In Fig. 3 we show the different contributions to t
by the smallness af but additionally by otherfac-  neutrino flux. In a transparent source withait
tors like the energy transfer or the probability to most neutrinos are producedindecays. In pres:
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10%eV (Rs/pc) (B/mG)ry “, wherea = 1/3

NLIJ1 05 EHHHH‘ HHHH‘ HHHH‘ HHHH‘ HHHH‘ HHHH‘ HHHH‘ HHHH‘ HHHH‘ HHHH‘ HHHH‘ HHHH‘ HH@ and l for KOImOgorOV and BOhm dlﬁusujn’ rE
= f total v eeeeeen K decay | spectively. Below this energy, the neutrino spec
© - ---m decay 1 from meson and muon decays are strongly mc
104; _——— E fied with respect to the injection spectrum of pr
E T B tons even for sources witly < 1.
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B. We have stressed the importance of consid-
ering not only energy loss processes like syn-
chrotron radiation but also diffusion of charged
particles in turbulent magnetic fields as well as
the scattering of secondaries on background pho-
tons. We have shown how diffusion leads to an in-
creased path-length before protons leave the source
of size R, and as consequence magnetized sources
lose their transparency below the energy =
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