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We investigate the spectrum of photohadronically produced neutrinos at very high en@rgiEs
=10" eV) in astrophysical sources whose physical properties are constrained by their variability, in particular
jets in active galactic nucldblazarg and gamma-ray burst&RBS. We discuss in detail the various com-
peting cooling processes for energetic protons, as well as the cooling of pions and muons in the hadronic
cascade, which impose limits on both the efficiency of neutrino production and the maximum neutrino energy.
If the proton acceleration process is of the Fermi type, we can derive a model independent upper limit on the
neutrino energy from the observed properties of any cosmic transient, which depends only on the assumed total
energy of the transient. For standard energetic constraints, we can rule out major contributions &beve 10
from current models of both blazars and GRBs; and in most models much stronger limits apply in order to
produce measurable neutrino fluxes. For GRBs, we show that the cooling of pions and muons in the hadronic
cascade imposes the strongest limit on the neutrino energy, leading to cutoff energies of the electron and muon
neutrino spectrum at the source differing by about one order of magnitude. We also discuss the relation of
maximum cosmic ray energies to maximum neutrino energies and fluxes in GRBs, and find that the production
of both the highest energy cosmic rays and observable neutrino fluxes at the same site can only be realized
under extreme conditions; a test implication of this joint scenario would be the existence of strong fluxes of
GRB correlated muon neutrinos up to ultrahigh energie$0!” eV. Secondary particle cooling also leads to
slightly revised estimates for the neutrino fluxes frénontransientactive galactic nuclei cores, which are
commonly used in estimates for VHE detector event rates. Since our approach is quite general we conclude
that the detection or nondetection of neutrinos abevkd*® eV correlated with blazar flares or GRBs.g.,
with the Pierre Auger Observatgryvould provide strong evidence against or in favor of current models for
cosmic ray acceleration and neutrino production in these soli$@556-282(98)04020-X]

PACS numbe(s): 95.85.Ry, 98.54.Cm, 98.70.Rz, 98.70.Sa

I. INTRODUCTION large volumes of water or ice, using the mass of the earth to
capture neutrinos and looking for traces of upward going
Neutrino astronomy may provide valuable clues for themuons fromv,— u conversions; above 10eV air scintil-
understanding of the properties of neutrinos and their interlation techniques and large air shower arrays become the
actions at energies in the range!4010° eV, as well as most efficient to detect neutrino induced, deeply penetrating
providing qualitatively new information about some of the horizontal air showers, where electron neutrinos have the
most interesting cosmic objects. This energy range is also aidvantage to generate showers which are easier to distin-
great interest because it can probe the universe at signifguish from the cosmic ray backgrourskee Appendix C for
cantly greater distances than is possible with known stelladetails and referencesThe major change of detection tech-
sources(e.g., the Sun, or Supernovae such as SN 1987Aniques at about 6 eV motivates the distinction between
produce neutrinos in the MeV range through nuclear inter- very high energy(VHE) neutrinos at 1%-10"" eV and ul-
actions, which would be difficult to detect from more distanttrahigh energfUHE) neutrinos at=10' eV. The most ob-
sources due to the overwhelming background of atmospherigious source of UHE neutrinos are interactions of ultrahigh
neutrinos from cosmic ray air showel]). For these rea- energy cosmic rays with the universal microwave photon
sons, many of the future neutrino telescopes are designed foackground 3], which predict a diffuse neutrino flux strong
energieszTeV, where the atmospheric background becomegnough to be detected in air shower experiméats More
negligible. Among the most promising and ubiquitous astro-hypothetical is the prediction of UHE neutrinos from pro-
physical sources of neutrinos at these very high energies amesses associated with grand unification scale physics, e.g.,
active galactic nuclefAGN) and gamma-ray burst&RB)  the annihilation topological defec{$]. In the VHE range,
[2], which have in common that most of their energetic emis-the major contribution is expected from AGR-11], which
sion appears in short, distinct flares. The study of the physiare known to emit very high energy gamma rays. A possible
cal processes determining the energy spectrum of such neventribution of AGN to the UHE neutrino regime is also
trino emitting transients is the subject of this paper. discussed in connection with the expected event rates of
Above TeV energies and up to about'i@V neutrinos  horizontal air shower$12]. Also GRB sources have been
are detected predominantly through the Cherenkov effect iproposed as neutrino sources in the MeV-GeV rdrig,
and at very high energid44].
Neutrino production in hadronic models of AGN and
*Email address: jrachen@astro.psu.edu GRB is generally attributed to the acceleration of protons in
TEmail address: pmeszaros@astro.psu.edu shocks or plasma turbulence, known as Fermi acceleration.
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These energetic protons then interact with soft backgroundonstraints on their possible contribution to the UHE neu-
photons to produce pion@hotohadronic pion production  trino spectrum. Notational conventions used throughout the
VHE-UHE neutrinos originate in the decay of charged pionspaper and frequently used symbols are explained in Appen-
boosted in energy by the original proton Lorentz factor, anddix A.

maybe by an additional Doppler factor due to the bulk mo-

tion of the rest frame of the relativistic outflows or jets which

characterize these sources. The associated decay of neutral !l PHOTOHADRONIC NEUTRINO PRODUCTION

pions leads to the production of gamma rays, and it has been A proton cooling and neutrino production efficiency

claimed that the observed emission up2@0 TeV in Dop- i ) o

pler boosted AGN jet§15] is due to this process rather than  Photohadronic neutrino production is a result of the decay
inverse Compton scattering of photons by energetic electrorf charged pions originating from interactions of high energy
[16]. A relevant issue is that there are alternative models oprotons with ambient low energy photons. It is accompanied
AGN and GRB where the momentum and energy flux of the?y the production of gamma rays from neutral pion decay;
relativistic jets or outflows are provided & or magnetic  the details of the process are described in Appendix B, for a
fields (e.g.,[17,18 and references thergirrather than pro- t@rget photon spectrum following a power law with index
tons, and these would be expected to have negligible ne@POve & break energy, . For the proton gas, pion production
trino fluxes. The positive identification of VHE-UHE neutri- &CtS @s a cooling process, and is in competition with other
nos from AGN and GRB would be an indication for baryon €00ling processes like Bethe-Heitler pair production, syn-
loaded outflows. The energetic protons may also contribut§hrotron radiation, cosmic ray emission, and adiabatic losses
to the highest energy cosmic ray spectrum, which is opdue to the expansion of the emission region. _
served up to X10%° eV [19], where AGN and GRBs are While neutrinos are exclusively produced_by charged pion
considered among the most plausible sources. Here also, t4€€8Y, gamma rays are produced by a variety of processes:

observation or nonobservation of energetic neutrinos woul@€Sides neutral pion decay;— vy, the major hadronically
be a crucial test for these models. induced channels are synchrotron radiation fi@ithe UHE

The details of the photohadronic production of neutrinosProtons themselvegp) the electrons, muons, and charged
via pion decay depend strongly on the properties of thé?ions in the photohadronic decay chdsee Appendix B
source, i.e., its size, lifetime, magnetic field, etc. The magni&nd () the Bethe-Heitler pairs produced jny—pe“e™ in-
tude of these quantities are estimated from the observed varferactiong20]. If synchrotron cooling of secondary particles
ability, flux, and the measured or inferred distance of theséS negligible, about 25% of the energy in charged pions is
sources. GRB usually last 0.1-100 s, but show intrinsic variconverted into gamma radiation by synchrotron cooling of
ability down to milliseconds, while AGN emit most of their the electron produced in muon deddy,21]. Normally, the
energetic radiation in strong flares lasting several weekdirst generation gamma rays cannot leave the emission re-
with intrinsic variability on time scales of days down to less 9ion, but rather induce an electromagnetic cascade through
than one hour. The transience of energetic emission coulB@r production with low energy background photons, and
improve the association of detected neutrinos with their puSuPsequent synchrotron radiation of electrons and positrons.
tative sources, because one could use both arrival directiohh®Y cascade down in energy, until they eventually escape
and arrival time information, allowing statistically significant Pelow some critical energy where the emission region be-
statements even for total fluxes below the background levefomes optically thif21]. Hadronically induced gamma rays

On the other hand, transience and variability sets con@'® usually in competition with synchrotron and inverse
straints on the maximum energy of the neutrino spectrum. IfFOMpton photons radiated by primary energetic electrons.
the literature so far, this has been connected to the maximum COSMIc rays can be ejected in essentially two wagsif
proton energy using simple kinematical relations. As weth€ emission region has a sharp boundary beyond which the
show in this paper, however, in these astrophysical scenaridg@gnetic field drops rapidly, protons scattered across the
the secondary particles in the photohadronic cascade, i.20undary would be ejected, afio) secondary neutrons pro-
pions and muons, have to be considered separately, sinéiced inpy interactions can escape(lil) their decay length.
cooling processes can have a significant impact on their find the comoving frame is larger than the size of the emission
distribution. Moreover, one needs to evaluate carefully thé€gion,c7,>R with 7,=y,7", and(b2) their probability of
competing proton energy loss processes that do not lead f§conversion to a proton by, e.g., a reactiop—pm~ is
neutrinos, which can cause breaks in the neutrino spectrugimall, expressible bgt, .,>R. Procesga) depends on the
that are not present in the proton spectrum, and thus strongRetailed structure of the emission region and is usually in
limit the predicted fluxes at very high energies. competition with adiabatic cooling, which affects charged

Starting with a general treatment of photohadronic neufparticles due to the adiabatic invariance of the quarBity
trino production in variable sources, we derive a general upduring the Larmor motion of the particle, =E/eB is the
per limit for the maximum energy of neutrinos produced byLarmor radiuin a magnetic field decreasing with expansion
photohadronic interactions of Fermi accelerated protons ih22]. In an isotropically expanding emitter with conserved
cosmic transients, which only depends on the total energy dbtal magnetic energy this mearBxR™2, and thusE
the transient and observational parameters, like duration orR™%, but other dependences may appége Sec. Il BL
(photon luminosity. We then apply our results to hadronic Procesgb) is tightly connected to neutrino production, be-
AGN and GRB models, and find that they impose severeause the dominant channel producing charged pions,
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py—>n7r*, is also the dominant channel for neutr_on produc— tp,x~to-(Npnp/Npr)  for y,=>yp, (5b)
tion. The time scale for proton-neutron conversiort js,
~t,_p,~2t, ., which is larger than the time scale for whereNy,is the total photon densit\N,, is the density of
charged pion productionwtwgtpm (Appendix B, because photons withe> €. ty, ;. is the pion production cooling time
there the procesgy—pn* @~ contributes considerably. for protons with y,=1v,, and can be expressed &s,
The efficiency of neutrino production depends G =[chh,bHa]‘1, where H is the inelasticity weighted effec-
which fraction of their energy protons convert into chargedtive cross section for pion production, as defined in Appen-
pions, andii) the fraction of energy pions and muons retaindix B.
until they decay. Conditioriii) can be quantified by intro- The time scales for other photohadronic cooling pro-
ducing the efficiency of energy conversion from the origi- cesses, including neutron ejection, can all be expressed in
nally produced pion into neutrinoggfﬂ=%(yﬂ°/y§’7r) and tp .. The cooling time for the Bethe-Heitler process can be
é‘g?_ﬁ: 711(’}/?76/’}/5):), for muon and pion decay, respectively, evaluated similarly to Eqg5a), (5b) and(B2); the inelastic-
wherey”~ y, is the Lorentz factor of the pion at production, ity weighted cross section for the Bethe-Heitler process is
and y%< y%< %" are the Lorentz factors of the muon and Haern~Ha/125, for a break Lorentz factog, g~ y,/140,
the pion, respectively, at their decégee Appendix B and €ading tof g, =t, /t, g~exp(—10) for yp= ypen, and
Sec. Il O. Similarly we can quantifyi) by introducing the ~ fen<1 for >y, gy. TO quantify the time scale for energy

charged pion production efficiency,- =t,/t,-, wheret, 0SS due tofree neutron escapg,,, we introduce the prob-
is the total cooling time of the proton. This leads to the tota/@Pilities for neutron-to-proton reconversion within the length
neutrino production efficiency scale of the emission regioR, due to beta decayP,z
o =exp(-cn,/R), and due to pion productionP, .,
o 199 195 1, ~exp(—2ct, ,/R), usingt, .,~2t, .. Since the typical en-
) =La=(bnt 6~ 3 Yo T8 vyl .0 (1) ergy ratio of the neutron to the pion inpay—n=" reaction
T

is ~4, we finally gettesen~3Pesntp.»» Where Pegen=(1

The total proton cooling time is determined by the inverse—P,_,)(1—P,p) is the probability of the neutron to es-
sum, t,'=3;t,*, extending over all participating cooling cape. Witht,}=t, > +t.,+t, ., and using the fact that
processes. To classify the cooling processes by their depebeta decay and photohadronic interactions for neutrons are
dence ony,, we introduce total cooling times for photohad- likely in different Lorentz factor regimes, vizPzP
ronic interactionst,,, synchrotron radiatiort,, 5,,, and ex- <1, we can write

ternal cooling processest,.. Under external cooling

processes we subsume adiabatic cooling, which has a time tor CTEF'}’p
scalet,q independent of the proton energy, and direct ejec- fpy= E~3+exp(5a—10)—2 e B
tion of protons from the emission region. The latter may be

ny—p

dependent on the proton energy if diffusive losses are rel- Coexd — 2Cty ©®)
evant; in the simplest case, however, we can assume that
protons are confined over the time scale set by adiabatic
expansion, i.e.tescp>1taq, Which means that for y,=0.01y,. For y,= v, the term expressing the Bethe-
Heitler efficiency, exp(&—10), is absent. Assuminge
tec~tag=CONStyp). (2 ~t,qwe can write
The synchrotron loss time can be written as ¢
p,m™ -1 -1 -1
7 -1 9C t—_:(tpy+tp,syn+tec )tp‘ﬂ.
tp,syn:tb,syr(_p) with thsyi= 72 (€)) P
Yo Arpwg 5 Yb _
%ma)(fad’fpyafsyn):fmaw (7)

wherer ,=e?m,c?~1.5x10 '® cm is the classical proton _
radius, andug ,=eB/myc is the cyclotron frequency of the Where fsy =ty +/t, sn and fa=t,, . /t5 are defined analo-

proton. The characteristic proton Lorentz factor used here fogously tofy, ., i.e., expressing the energy dissipated in the
normalization, various cooling channels in units of the energy lost in pion

production. The approximation by the maximum-function is
Vo= e{?f/Zeb (4) best if one cooling process clearly dominates, and is useful
for the following, qualitative discussion of the spectral dis-
expresses the limit above which all photons in the power lawribution of emitted neutrinos.
part of the spectrum are boosted above the reaction threshold
for pion production, assuming that the photon number spec-

. . B. Shape of the time integrated neutrino spectrum
trum can be described as a power l@M< e *de, with an P 9 P

indexa>l above some break energy(see Appendix B for Because Of the IOW detection effiCiency Of I’leutril’IOS at

detaily. The cooling time for pion production can then be €arth, it is impossible with present techniques to observe

written in a similar way as short scale time variability of cosmic neutrino spectra.
Therefore, for an outburst active over a limited time, it is

tF,JT:tb',T(yp/y,o)l‘a for yp<vp, (589  more meaningful to calculate the time integrated neutrino
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count spectrum, rather than the spectral count rate at a fixade expect an increase of events with energy dor0, a
time. This also simplifies the theoretical treatment, becausdecrease fog<0, andg~0 would indicate an event rate
we do not need to perform a self consistent calculation of thalmost independent of energy. The dominant proton cooling
accumulated proton spectrum at a specific time—the energgrocess in the source, and thus the valuegyohay change
input at any specific energy is simply given by the timewith energy. Obviously, such a transition of cooling pro-
integrated proton injection spectrum. cesses at some energy, leading to a spectral break, can only
Clearly, the proton spectrum injected by the acceleratioroccur if the process taking over has a cooling time decreas-
process is not directly observable. We will follow here theing faster with energy. Therefore, the spectrum steepens at
scenario assumed in most models, that the average injecti@ach break, and fo”in< ¥p the only possible sequence of
rate for energetic protons follows a power law in energy,preak energies is Ep,<Egnp=<E, for a<2, and
(dNp) =157, *dy,, extending from some minimum Lorentz E_, . <E_ <E, for a>2, while only one break can exist
factor y, to a maximum Lorentz factoy,>vy,. We assume for a=2 or abovey, [cf. Eq.(9a)]. However, depending on
that the injection is active over a timg;, and that the the source properties it may be that some cooling processes
injection spectrum does not change in time. Then the totalare never dominant, so not all possible break energies may
time integrated energy density of injected protons is given byappear in the spectruficf. Sec. IV A and Fig. 1 for an ex-
. ampld. If the proton spectral index is close to the canonical
Up:Tinj ﬁ/pmpczypm Np>y _ bpmpCZTinj lp&ffs, (8) value fo_r shock_ acceleratios~2, we woul_d g_enerally ex-
p P pect an increasing event rate at low energies in the regime of
. ) ) adiabatic cooling dominance, and a flat behavige=Q) if
whereb,, is the bolometric correction factor of the proton photohadronic cooling becomes dominant, which can be
spectrum relative to its energy content at the highest particlg,ost easily understood as a saturation of the efficiency, Eq.
energies, given as,=|(7,/7,)° ?~1|/|s—2| fors#2 and (1), The efficiency can decrease again if proton synchrotron

bp=In(¥%/%) for s=2. . cooling becomes dominar(for a<2), unless the proton
Protons injected at a specific Lor(_arlltz factgy produce  spectrum cuts off first. The possible cooling of secondary
charged pions withy}'~y, at a ratet_x, over a timet,.  particles in the hadronic cascade may lead to additional

Thus, the total number density of charged pions produced ibreaks, as discussed in Sec. Il C 2, and illustrated in an
the emission process isIN,=5T;;(d Np>t_;£,;},. Each example in Sec. IV B and Fig. 2.

charged pion produces two muon neutrineg%,) and one

electron neutrino(ve or ve), each with an energyE, |1 NEUTRINO EMISSION FROM COSMIC TRANSIENTS:

~ im,c?y, if we assume thay’’~ y>~ y,. Then, the total GENERAL THEORY

time integrated neutrino power at the enekgy emitted by

the source in its rest frame is Although neutrino bursts themselves may only be observ-

able in their time integrated appearance, the accompanying

_ burst of photons is observable in much greater detail, and

L.(E,)=E, ==t ® 7|, (9)  allows to constrain the physical parameters determining neu-
dinE, m, b,y m,c . X AN

P7p trino production. We have to distinguish between low energy

whereV is the volume of the emission region. The spectralPh0tons, which are in general explained by synchrotron ra-
shape is expressed by the functidn(y,)=v2"¢,(v.) diation of electrons coaccelerated with the protons, and high
£ TR

which can be written a@(yp)=7§73f5a>e(7p)°<7§ in the ©nergy gamma radiation which may be dominated by had-

. / \ - ronically induced cascades, as discussed above, but could
case of one dominating cooling process; the power law index - ) .

. ) ) ; ; also originate dominantly from inverse Compton photons
g is, depending on the dominant cooling process, given by

produced by the electrons. The terms “low energy” and
“high energy” are here used only in a relative meaning—the

dN,  m, Vu, (4E,,

q)(»yp)oc»yg : Yo="b Yo> Yo absolute energy range for electron synchrptr_on radiation on

the one hand, and electron Compton radiation or hadroni-
fax=Tfad : g=a—s+1 g=2-s cally induced photons on the other, depends strongly on the
fmax=Tpy : g=2-s g=2-s (99  physical conditions at the source. The following discussion is
foac=feyn g=a-s q=1-s, more focussed on the low energy photon component, which

is relevant as the target population for photohadronic neu-
where a is the target photon spectral index. Far-2, an  trino production. However, if the high energy photons are of
additional spectral modification will occur due to the drop of hadronic origin, their variability can also give valuable clues
the Bethe-Heitler efficiency between0.01y, and ~y,, if ~ on proton cooling times.

photohadronic cooling is dominant in this regior,§y Hereafter we distinguish between physical quantities de-
=f,,); in this case, one would expect a rapid rise in thefined in the comoving frame of the source and observed
neutrino flux in the regimé& ,< (30 MeV)y,. quantities (see Appendix A for notational conventions

The energy dependence of neutrino event rate as observacere we account for a possible boosting of the radiation
in a given detector follows closely the neutrino power specemitted from the source with a Doppler factdP=
trum, as shown in Appendix C, if we properly account for [I'(1— Brcos®,.,)] ! for a relativistic flow with Lorentz
energy shifts due to Doppler boosting or source redshift, i.efactor I' and a velocityBrc under an angléd e, to the
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direction of the observer. We do not take into account cos- The radiation time scale is obviously equivalent to the
mological redshift effects, and just note that they might becooling time scale of the radiating particles; for radiation
considered by replacinf=D"/(1+2), if D’ is the Doppler  processes involving electrons, it is usually very shdty
factor of the emission region in the cosmologically comov-<T,, justifying its neglect. If we consider radiation pro-
ing frame at the source. The task of this section is to congyced in photohadronic interactions, we can ngd%t_p,
stralnbtlhe phy?_lt(_:al p_rope(;tles{ o;lthe emtII‘S]SIon region by obsjnce the time scale over which the electromagnetic cascade
servable quantities, in order to discuss the various process i ed T i
limiting the neutrino energy. %%olves can bg considered as.short compa'reg.tii'm, is the
time over which an acceleration process is active, e.g., the
o _ o _ lifetime of a shock. Obviously, this sets a limit on the accel-
A. Variability time scales and the size of the emission region  gration time of the particles < Ti <7 D. Also here, this
1. The causality limit is barely relevant for electrons, but sets an important limit for

. R . rotons.
If a flare occurring in a relativistic outflow, boosted with a P

Doppler factorD, is observed to have a durati@nthe time

scale of the burst in the comoving frame of the fluidTis 2. The internal shock scenario

=7D. This flare time scale covefs) the time scale for the As an example how observed time scales in transient
injection of energetic particled,, (b) the time scale over emjssion phenomena may be connected to the size of the
which the particles convert their energy in radiatidRag,  emission region, we discuss the scenario of energy conver-
and(c) the crossing time the photons need to leave the emissjo, in relativistic flows by internal shocks. This scenario
sion region in the direction of the observ@,. The partial | -« suggested originally by Ref2s] for AGN jets, and was
times normally do not simply add up, but by order of Mag- ster also applied to gamma-ray burfsi]. ’

nitude the estimate We consider two plasma blobs of similar mass and den-
sity emitted within an unsteady flow at timeésandt,, At
=t,—t,>0, with respective Lorentz factork; and I',,
I',/T'1=1, i.e., the second blob has a larger velocity and thus

applies. The crossing time is naturally connected to(tue i . .
moving linear size of the emission region; if the emission _catches up with the first after some timd’,I';At. Assum-

region is not spherically symmetric, we can only limit the ing that their relative velocities are supersonic, two strong

comoving size along the line of sigh®,, by the observed shock Waves- moving in opposite directions form when the
duration as blobs merge; they are callefbrward shockand reverse

shock respective to their direction of motion relative to the
R,=cTey=CprTD, (11) flow. In their center of_mass fram€MF), which has a Lor-
entz factorl'~\I'1I', in the observers frame, the shocked
where the factorpr<1 considers the effect of a delayed material in region betvyegn the two shocks is at rest, ar_1d is
emission due to finite injection or radiation time scalgs; the source of the radiation. The shocks move each with a
=1 means that the emission is homogeneous and instant4elocity BsiC, Bsi~v1—T'1/T'y, corresponding to an inter-
neous within the siz&—the observed duration is then sim- nal shock Lorentz factdr s~ I',/I';. The linear size of the
ply the time between the first and the last photon reaching ugmitter in the direction of the flow, after the merging is com-
Since the conditior =T, is equivalent to the requirement plete, isR,=2R|/x,, if R} is the length of the blobs in this
that the emission throughout the emission region is due tdirection in their respective rest frames, agpg=4AT"+3 is
one, causally connected process, Ei) may be called the the compression factof25]. Therefore, Tij~R|/Cx,Bsn
causality limitfor the size of the transient source. The pro- =T /28¢,, Which is the time each shock needs to cross half
jected(or latera) comoving sizeR, , is not constrained by this distance. For transrelativistic internal shoggs~ 3, the
the variability time scale, but plays a role for the determina-crossing time is therefore a good measure for the injection
tion of the internal radiation density of the emission regiontime scale. The total efficiency for the dissipation of energy
from its observed, isotropized luminosity at a specific photorby the shocks is given byg=1—2Tg/(1+T3), and is
energy, L(e)=4mdie?(dNpy/de)ops=D'L(€) with &  about 20% forl g~ 2.
=De, whered, is the luminosity distance of the source  We now assume that the radiation time scale is much
(note that the redshift is absorbed in the Doppler factor, ashorter than the dynamic time scales involved in the shock
explained above To account for this, we introduce a geo- merging. Then, the emission follows closely the motion of
metrical eccentricity parametex, , by writing the luminos-  the shocks; if the observer is placed at an artdlg,,<1 to
ity as the flow direction, the emission of the forward shock appears
as a peak of duratioﬁ}=TinjD‘1(1—ﬂsh) in the observer
L(e)=4wRﬁch52(d Npn/de), (12 frame, while the emission of the reverse shock causes a peak
with a durationZ;=T;;D~*(1+ B¢) and comparable total
wheree?(d Npn/de) is the specific energy density of photons energy. ForBg~1/2, the two peaks can thus have different
with energye in the rest frame of the flow. For a spherically lengths(but of the same order of magnitudeand the total,
symmetric emission regior, =1, while a disklike emission superposed peak might appear asymmetric, with a rise time
region (R;<R,) would be described by, ~(R, /R))?>1. 7,~7;12D, and a decay tim&, ~(7,— 37;)/D. The crossing

Twma)(Tinj s Trads Ter) (10
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time is then correctly estimated bly,=7D (or pr=1), if ~ cores and jets, and in gamma-ray bursts. Since Fermi accel-
we define eration works independent of particle mass and charge, any

protons or ions present at the shock should be accelerated as
T=7-7 ~T,-T. (13 well as electrons. It has been claimed for various classes of
objects that this could be the generating process of the ob-
We stress that this result is independentAf,. Equation Served cosmic ray spectrum, up to the highest energies of
(13) makes use of two assumptior(g) that the two plasma order 13° eV [19]. Here we discuss the maximum energies
blobs have comparable densities, afll that T,,<T.. ©f protons Fermi-accelerated in emission regions constrained
Condition (b) is mostly satisfied, if we consider synchrotron by variability. The time scale for Fermi acceleration is ex-
of inverse radiation from energetic electrons. Conditien ~ Pressed as a multiple of the Larmor time of the particle,
can be assumed to nearly satisfied in internal shocks—whiche= 0rtL=2m6er /c, where we assumé as constant for
is the most important difference texternal shocks, where simplicity; as discussed in Appendix D, this is only true for
the densities are usually very different.(# is not satisfied, ~Special assumptions on the diffusion coefficieag., Bohm
forward and reverse shock have different velocities in thediffusion). Concerning its magnitude)>1 applies in most
CMF, and also different efficiencies in energy conversioncases, but~1 is probably possible for acceleration at rela-
[25,26: hence, the forward and backward peak have venjivistic shocks(Appendix D.
different strengths, and the correlation ffand 7, with 7;
and7| is less straightforward. Ifb) is not satisfied, i.e., if

Tra™> Tor, We expectTiog~7; D, and Te~7;D. A similar To be accelerated up to an eneily by a Fermi mecha-
situation arises for fast cooling, but the presence of a secongyism, we have to require that the protons can be magnetically

ary acceleration process which i_s not asso.ciated to the Sho_%nfined in the emission region, VizE,<€BRyn, Rmin
waves(e.g., second order Fermi ag:celeranon; see App‘?nd'x—-min(R‘,Ri). Using the relations R,<c7D, E,
D), which can keep up a p(_)pulatlon of energetic particles_ Im_c?y,, and€,=E,D, we obtain the limit
homogeneously over the region of the shocked gas, and thus® ™ P v
extend the emission as in the case of slow cooling. Despite

these ambiguities, we may assume that for flares with con- éﬁémzemwc BTD?prp,. . (14)
siderable asymmetry], —7,>7;, Eq. (13) gives a reliable 4mp

upper limit on the crossing time. We also note that the geo-

metrical eccentricity parametexk, , as introduced in Eq. The factorp, <1 considers that usually only a limited frac-
(12), satisfies the relationL=)(§x,’_, if x| is the eccentricity tion of the effective sizeR;, of the emission region can
of the blobs before they merge. Singéz 10 for transrela-  practically be used for particle gyration; we assyses 3 in
tivistic shocks, this may give rise to assume rather disklikethe following.

geometries in the internal shock scenario; this conclusion, Similar limits can be derived from acceleration time con-
however, may not be overinterpreted because we can obvstraints arising from the dynamic time scales involved in the
ously not rule out that the blobs have been originally elon-acceleration process. The first condition of this kind jg
gated in the flow direction, i.ex; <1. The internal shock <Ti,;, which can be specified in the internal shock scenario
mechanism can readily be applied to spheri@al quasi- ast <T./26rB,, and is obviously equivalent to Eql4)
spherical outbursts, where the up-catching “blobs” have to with p_ = (26¢8s) . The second condition is the limitation
be replaced by shells emitted with different velocities at dif-of the acceleration time by adiabatic cooling in a decreasing
ferent timeg[24]. We discuss this scenario, and its implica- magnetic fieldt,..<t.=2|B/B|. In an expanding emission
tion for the geometrical factors; andx, , in more detail in  region, we usually find«R™ %, wherea>0 andR is some

1. Larmor radius and adiabatic limits

Sec. IV B1. characteristic size of the emission region. In the general case,
in particular for nonisotropic expansion, may depend on
B. Maximum energy of accelerated protons the choice ofR; in an isotropically expanding emitter with

conserved magnetic energy we hawve 2, which we may

Tr][e predomipatnhcet ;’g povggrtl_aws intn?ntherma;Lemissioqjse as a canonical assumption hereafter. Defining the veloc-
spectra suggests that the radiating particles gain their ener - —r ; L
by a stochastic process. Based on an original idea of Fer % of expansion age,=R/c, this results again in Ed14),

: . - With p_ = (mabeBe) . Adiabatic cooling is most relevant

27) e s commonly GSCusse SGEFASLc SCceleat o ey expanding s T 1o o raily

; e : ! decaying magnetic fieldsg>1 (however, we have to as-
accelerationby diffusive scattering of particles across strong ) i . e
shock waves, also calleshock-acceleratiof28] and(b) sec-  SUME that the fleld_decay IS qd|abat|c, "|‘BIB|%tL)' For
ond order Fermi-acceleratignwhere the particles gain en- S€cond order Fermi acceleration, both constrains=Tiy
ergy from the scattering at plasma wavi9,30. Since @Ndlacc<taq, are equivalent, because the injection time is
plasma waves are responsible for the scattering, and thus fifnited by the adiabatic drop of the Almespeed, which leads
the diffusive motion of particles in shock acceleration asto Tin~taa-
well, it is most likely that both processes combine if strong In conclusion, Eq(14) with p < min(,6- 1) applies for
shock waves are presdr®l]. Fermi acceleration is assumed our canonical assumption that the involved hydrodynamic
to be the dominant energy dissipation mechanism in AGNprocess is at least transrelativistic. Acceleration time con-
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straints then dominate fof=>1, which is particularly the of the ambientcomponent is increased by a fac®rdue to
case for second order Fermi acceleration, or acceleration &prentz contraction and may thus dominate the photon den-
nonrelativistic, quasiparallel shocksf. Appendix D, while  sity. This scenario might be relevant in AGN, if the emission
for any faster acceleration mechanism the geometrical exteriegion in the jet is close to the AGN core, and if the core
sion of the emission region, constrained by variability, setgadiation is isotropized by a plasma hésee, e.9.32]), and

the limit on &, . photohadronic interactions may limit the neutrino energy to
values significantly below the upper limit expressed by Eg.
2. Limits due to radiative cooling (7).
Synchrotron cooling of the protons during acceleration . . . ,
limits their maximum energy through the conditidp,, C. Cooling of secondary particles in the hadronic cascade
<tpsyn- Writing the acceleration time at=270ry,/ 1. Cooling processes and time scales
and using Eq(3), we find y,<3/\8m O r , lead- . . . .
f?@"’to 98 i TUF Tp@B.p Pions and muons are weakly decaying particles, with

comparatively long lifetimes,7y =2.6x10"% s and 7"
R 3 m_c?D [ e =2.2x10 ® s, respectively. For secondary particle Lorentz
2770|: B

ESEsyp =g Ty (15 factors yY'~y,=10°"%, which are quite reasonable and
P readily considered in most models, their lifetime in the co-

In the same way, proton acceleration must be faster than th@oving frame of the emission region, = 7%y, , can be of

cooling due to photohadronic interactions,.<t,, the order the dynamical time scale of the flaeeg., in

wf;yltpm_ To expresg,, . by observable quantities, we use gamma-ray bursjs Moreover, their synchrotron losses are

Eq. (12) to write by a factor n,/m, )3~ 10® stronger than for protons. Adia-
batic cooling of muons has been considered for neutrino

477D5T2p$ . LyH, emission of gamma-ray burdi$4], and synchrotron cooling
tb,w=-|-—£ with Tﬁ:‘m' (16) of pions and muons has been discussed for extremely mag-

netized environments, e.g., neutron star magnetospheres
where L= L(e;,) is the isotropic luminosity of the source at [33]. Most of the literature about neutrino emission of AGN,
the observed spectral break, related to the break energy in tii@wever, neglects this effect. We will show here that this is
comoving frame by ,= e,D, and H,~22 ub (cf. Appendix  not justified, and derive the critical Lorentz factorg, ,
B). Using Eqgs.(5a), (5b) we obtain fromt,.<tp, above which the energy loss of muons and pions plays a role.
Obviously, we have to distinguish between neutrinos from
the decay of pions and muons, because of their very different
lifetimes. Energy losses of the muons are generally more
relevant, which affects in particular the electron neutrinos,
2w3,p729$734 _~ arising exclusively from muon decay. This is important for
or O fo, T =%, 17 neutrino detection in UHE air shower experiments, where
electron neutrino showers are easier to distinguish from the
where we inserted the Doppler scaled characteristic Lorentatmospheric background and are therefore proposed as pro-
factor, yp= € /2¢,,, which does not depend o and is  viding most of the expected signl2,34.

1/a

2%
_ MaC"% Dp2+4la

4

wB,prT
OFY LY

E,<Eypy

related to the comoving characteristic Lorentz factor gy Secondary particles cool adiabatically prior to their decay
=D, and if 7,>2|B/B|, which gives a critical Lorentz factoty,
. =2R/aBer " for B«R™ ¢, leading to
_ T[: fp.y /ZTPT fOI‘ ‘yps Yo (18)
£ Tz fpNpn I2NphpZpr - for p> yp. Z £RF 2p1TD? 19
» vad*) " Eo,x —RF»

The case of Eq(17) obviously corresponds t§,=<1y;; the APex
case S/p> v, is described by setting=1 and using the RE : : .
proper value forY , [note: in Eq.(16), the actual power law where E]’, is the neutrino energy in the rest frame of the

decaying particle, which is roughfym_c?~35 MeV for the
pion decay, but slightly smallei30 MeV) for muon decay
and may therefore be distinguishedee Appendix B
Analogously, pions and muons can undergo efficient syn-
chrotron cooling ifr,<t, ¢. The critical Lorentz factor is

0)3=7 27%F, yielding

index a has to be used in any cdsét should be noted that
Eq. (17) only considers the photon density in the burst con-
nected to its intrinsic luminosity. If, however, the relativisti-
cally moving “blob” is embedded in an ambient photon
field, which is isotropic with respect to the observer, the
photon density seen in the comoving frame of the blob caflus found fromyyty o {m, /m

be considerably higher than inferred from the observed lumi- 3
nosity by Eq.(12). The reason is, that this additional com- z _ 9 ERFD  with _2 20
ponent would appear unboosted for the observer, and there- vSyn*) wg, @73 ) 20

fore probably only as a small fraction of the apparent
luminosity of the emitting blob which is boosted by a factor wherer, =e?/m,c? is the classical radius of the particle, and
D*, while in the comoving frame the photon number densitywg ,=eB/m,c its cyclotron frequency. The characteristic
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frequency,w,, for synchrotron losses of pions and muon is production with a probabilityP.=1—exp(—At/7,). Far
found asw,=5.0x10"* st andw, =4.7x10"° s™%, respec-  ahove the critical Lorentz facton®>7, , the decay prob-
tively. Secondary particles may also suffer inverse Comptomypijlity within a cooling time scale in the fluid frame\t
(IC) losses from interactions with background photons. The:tcool( v.)<7,, can be approximated asPqteoo)
corresponding cooling time is related to the synchrotron¢_ (v )/, . The critical Lorentz factor is defined by the
cooling time by the well known relation condition thatt.,,(7.)=7.7< , which allows us to write
teoo ¥s) = Tu(v. [7.)~W. For adiabatic cooling, tee
Uph 2L pbpn (21) =constfy,) then meansv= 1, while for synchrotron cooling
ug  “¥"B?Rcx’ we havew=2; cooling by secondary photon scattering—if
relevant—would correspond to=a. For pions or muons
where by, is the bolometric correction factor relating the produced withy'<",, neutrinos are produced with an en-
total photon luminosity over the spectral ranggto e toL,  ergy £,~ER, y,D in the observers frame, and their power
given by byy=|(¢/ey)® *—1|/|2—a| for a#2, and by,  spectrum isC,=£ 9, as discussed in Sec. Il B. Fop®'

v

~In(e/ey) for a=2. For high pion and muon energies EQ. %5 " the power spectrum is modified by the probability to
(21) might be modified by Klein-Nishina corrections, leading decay within a cooling time,y.(¥?), Viz.

to a suppression of IC cooling.
Unlike the proton case, IC cooling is the most relevant L.x9p (1 .
process for photointeractions of pions and muons. Their IC v € WPaclteoa |, =, 1D,
cooling time is related to the proton IC cooling time as %9 for £>ERFY,D. (22)
t,ic=(m,/mp)3t, c, while the Bethe-Heitler cooling time g v

only scales witht, gy= (M. /my)ty g. FOra=2, one can Therefore, the critical Lorentz factor marks a spectral break
show thatt, gy~ 5t, ¢, if Klein-Nishina corrections are dis- ¢ magnitudeAq= —w, rather than an exponential cutoff.

regarded. For the pion, there are additional channels due ©)eqrly, this simplified analytical estimate does not treat ex-
meson resonance excitation; the lowest energy process gy the energy evolution of the pions and muons, thus ne-
m-y—p-—m m, which has a theoretical peak Cross sec-gjects particle number conservation. Considering this would
tion of ~50 ub (determined from thep™— =~y decay |ead to a pile-up of decaying pions and muons around their
branching ratio by use of the Breit-Wigner formib]), at  yegpective critical Lorentz factor, before the spectrum turns
a photon energy ok,_,~2 GeV in the pion rest frame. qyer into ag 97W behavior. The strength of the pile-up is
Compared to the pion production off the proton via the  rejated to the magnitude of the spectral break, and is
resonance, where the characteristic photon energy, i  therefore expected to be stronger for synchrotron cooling
~300 MeV, th'sa interaction is suppressed by a factoryreays than for adiabatic cooling breaks. The break due to
~5(€pale, )% for a~2, and neglecting the finite life-  agiapatic cooling of secondary particles is comparable to the
time of the pion, secondary photon scattering has a probabilsyeciral breaks occurring at the transition between different
ity of <0.3%, and can thus be neglected. However, the progqminant proton cooling processes, Egg). The Aq=—2

cess may be relevant in inverted photon spectra, €.g., fQ§reay caused by pion or muon synchrotron cooling, however,

pion production in the Rayleigh-Jeans part of the thermalg gronger and can be easily confused with an exponential

background. steepening: it causes a drop of events of one order of mag-

nitude over half a decade in energy, similar to the exponen-

tial function around its critical energy. In practice, we may
The “maximum” neutrino energies derived in Sec. lll B therefore conside€, ¢nu), as a cutoff energy of the neu-

arise from the balance of energy gain and loss processes. Théno spectrum and compare it with with the cutoff energies

stochastic nature of these processes allows the particles tlue to proton cooling as derived in Sec. Il B.

exceed such “limits” with some, usually exponentially de-

creasing probability. This has been shown for Fermi accelerp Model-independent discussion of spectral shapes, maximum

ated particles subject to synchrotron losg#8], which show energies and fluxes

a largely unmodified extension of the power law spectrum up

to the cutoff energydefined by balance of gains and logses 1. The parameter space

followed by an exponential-like cutoff; depending on the de-  The free parameters describing a transient fall into two

tailed parameters, a pile-up may occur at the cutoff energyejasses: (i) observable parameters, i.e., the characteristic

Although the stochastic behavior of photohadronic losses i§me scale;7; and the isotropized luminosity;, and(ii) the-

quite different from synchrotron losses, we may expect &yetical parameters, lik®, D, 0, etc. We consider the

similar result in this case, and also for adiabatic losses. Iformer as given for any specific transieiisregarding pos-

general, we can assume that if the neutrino energy is limitedjp|e problems in their determination, cf. Sec. Il A vhile

by the maximum proton energy, the spectrum will continuéhe |atter can only be constrained through general physical

as an approximate power law up &9, and drop off rapidly  considerations or additional observations within a certain

for £,>¢&,. range. Equation€l4), (15), and(17) show that the maximum
The situation is different for the decay of unstable par-energies depend strongly on some of these parameters, in

ticles, where the particle can decay within a tidheafter its  particular on the magnetic fiel and the Doppler factop.

t*,IC:t*,syn

2. Spectral modification at the critical energies
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In contrast, the hydrodynamic parameters of the flow, ég., 3,3 =Y Y& 3patag-(at2)yy (230

Bex @and By, are of order unity, and can generally be recast

into some reasonable assumption fgr. A special role is  with y=(2a+10)"!, where we introduced the magnetic
played byég, which describes the speed of the acceleratiorfield scaIeBb:9m§c4/8we33/§=[7.3>< 107t G]?’Ezi and the
process: as shown in Appendix D, first and second ordegiimensionless quantity

Fermi acceleration is limited t@x>1, but we could easily

consider any faster acceleration process in our analysis by 9 c7pr

inserting the appropriaté-. We therefore shall usé: as a T= g, r_?f’, (24)
fixed parameter, with the canonical assumption #hat 1, P

while B and D span the two-dimensional parameter spacerhe relations for the casg,> v, are obtained from Eq$23)
describing a transient. From Edd4), (15), and(17) we can  py settinga=1 and use the proper value &f, from Eq.
immediately derive a qualitative division of the parameter(18)_ The Corre§ponding maximum neutrino energy is obvi-
Space. ously given ast} =im,c?D* ¥5 . Equations(23) define a
unigue reference point in the parameter space of magnetic
dominate over both photohadronic or adiabétiarmon lim- field _and Doppl_er factor, which allows the dis_cussion of the
) .. ~ relation of cooling processes of the proton independent of
its for magnetic f|eIQS larger thah spr@e valBgy;)(D). any other physical properties of the transient; for notational
Analogously, there is a magnetic fieBsyn.)(D) above  simplicity, we refer to it as thetar-pointhereafter.

which muon or pion synchrotron losses dominate over all o some applications it is useful to normalize the mag-
other proton loss processes; the relationBefy, (D) and  netic field energy density by the comoving photon energy

(1) For any givenD, synchrotron losses of protons

Bsynw)(D) depends on the other parameters. density. We introduce the equipartition parameter
(2) For any giverB, photohadronic interactions of protons ug Cc3p27%x B?DS
dominate over both synchrotron and adiabétiarmon lim- &g,= Uy 2oyl (29
~ p p

its for Doppler factors §maller than some vallig, (B).
Similarly, there is a limitD,,, , below which photohadronic whereb,, is the bolometric correction factor of the photon
interactions also dominate over pion or muon synchrotrorspectrum as defined in Eg21). Without protons,ég,~1
cooling. would correspond to approximate energy equipartition of
) ) o o magnetic field and relativistic particlesig~ue~Uu,, be-
. (3) For any givenD, there is a limiting magnetic field cayse of the high radiative efficiency of electrons. In baryon
Badp(D) below which adiabatic or Larmor limits dominate loaded flows this is not generally the case because of the
over synchrotron or photohadronic cooling of protons, anctcontribution of relativistic protons with low radiative effi-
another valueB,q,) below which it dominates over either ciency, andu,+u.~ug may imply £g,>1 if the accelera-
muon or pion synchrotron cooling. tion process works more efficiently for protons. The corre-
sponding star-point value is

It is much more difficult to determine under which condi- v
tions adiabatic cooling of secondary particles dominates; we M,C=ypXL e
will see in Sec. IV B that, if at all, this can happen only in a §§y:ﬁ [YZYS pi 2627312, (26)
very limited region of the parameter space. For a more illus- Pt p
trative discussion of the parameter space constraints specific
to AGN jets and gamma-ray bursts see Sec. IV A 2 and Sec.
IV B 2, and the figures shown there. For any given Doppler factor, the highest neutrino energy

To get a quantitative idea about the above parametecan be achieved foB =B, (D), because with increasing
space division, we derive the condition under which the deg, &, increases and, ,, remains constant, whilé, s,

limiting energiest, synp) , £v,py, ande,, are all equal. This  decreases. The equations determiniBgy,, are &,

2. General upper limits on the neutrino energy

is equivalent to the condition ty.=t,sn=t,, =&, o) TOr D<D* and&, y,=&, one for D=D*, lead-
=2mp O R/c, representing three equations which can bqng to P ’
solved for the three variableB, D and y,; note that the
latter term reduces to RIcaB=t,y in the casep_ és wp=B*(DID*)™%  for D<D* (273
=(maBe,fp) 1, i.e., that adiabatic cooling rather than space v
limitations determines the Larmor limit. The corresponding = _p* %\ —2/3 - Ty
solutions for the magnetic field, Doppler factor, and maxi- Boyrip =B (DID”) for D=D%, 270
mum p_roul)n Lorentz ffactﬁr are C<a”®*.’ D*, and ¥y, with k=2+4/(a+2) in the casey,=y,, andk=7% for %,
respectively, and are for the casg= 1y, given as >y,. If we useég, as a coordinate of the parameter space
. dna-1 a+2gd-aqy instead ofB, and the maximum neutrino energy is reached
DE=[YLY7 o0k ] (233 for Eg, qup=E5,(DID*)™3 for D>D*, and &gy epip)
. i3 mid 3 = &5 (DID*)® % otherwise. This provides an upper limit
B*=By[Y Y7 “p{ "6f] ¥ (23D for the maximum neutrino energy as a functionZof
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évgév p(D):é—:(D/D*)uk/z for D<D* (289  No role, then the neutrino efficiency can be written gs
' =1t,/t, », which can be rewritten as,= 3f,,.%. if one cool-
gvsgv p(D):gch(p/D*)Ma for D=D*. (28 ing process clearly dominates. In the star-point, where all
’ - cooling times are equal at the maximum proton energy, the
Stronger constraints of}, may exist from secondary particle neutrino efficiency at this energy is most easily derived as
cooling. We will only consider synchrotron cooling, becausegt :(6f;y)*1, with f5 ~3+exp(&—10) since both terms
the impact of adiabatic cooling of secondary particles on thgor neutron reconversion in Ed6) are small in the star-

neutrino spectral shape is relatively weak, as argued in Segoint. Using the scaling properties of the cooling times, we

processes, as we will see in_Sec. IV. From the conditions |t photohadronic cooling dominates,
&, synw) = Ev,py TOr D=D*, andé, gynuy=E,,. Otherwise, we
find the solutions for the magnetic field 1 ]
gﬁzf with f,, nin=1+exp5a—10), (329

py,min

Boyns)(D) =B (DID*) % for D<D* (293 )
which leads tof, .~ 3 if a<2, i.e., if Bethe-Heitler losses
can be neglected. In general, the total hadronic radiative ef-
ficiency in this region is~1, which approximately equal
Where k=14 3 ), A By~ BB Tp D win P (o 82 radited n newting and sectomagnetc
Br=myc/eps7 and B.,=m,w.c/le. Using &g, as a :

] : N o2k neutron reabsorption, and direct proton ejection can usually
variable, we obtainég,~ &g, syne)(D/D*)" ™+ and €8,  pe assumed to be marginal, except for special geometries

Beyriw)(D) =B, (DID*) Y2 for D=D*, (29b

= & synw) (DID*)°, respectively, with and, maybe, at the highest energies.
3 2.2 o5 If adiabatic cooling dominates,
i _ c®pTT % BB, D 0
By,syn(x) ™ 201b . —(3+a) a-1
pLBpRLy gﬁBgt(D_* Y—f , (32b)
The transition from photohadronic to adiabatic dominance at e

B=Bgyn)(D) is exactly atD=D" in the casey,> yy. For where(* is the efficiency at the star-point. Here, most of the
Yp="7p the exact transition value could be easily found byenergy is not radiated, but reconverted into kinetic energy of
setting Eq.(_29a) and _E.q.(29b)*eq_ual and solving foD, but expansion. Thus, the total hadronic radiative energy de-
the approximate division ab™ will usually be adequate in  creases in total, while the distribution of the radiated energy
practice. Secondary particle cooling determines the maXipetween cosmic rays, neutrinos and photons remains con-
mum energy in the caglyynq (D) <Bgyn(p(D), and the cor-  stant, and approximately 2:1:1 far<2.

responding upper limits to the neutrino energy are If synchrotron cooling dominates,
E,<E, (D)=E, (D*)(DID*)**t for D<D* 0\ B\ 2 p|-Gra a2
' | (319 { ~3g*(ﬂ)(— (— (ﬁ) . (320
A ) ) v 14 fp'y B* D* 7;
£,<E&,.(D)=E, . (D*)(DID*)¥?  for D=D*, o , _
’ ' (31p  Like in the case of photohadronic dominance, the total had-
ronic radiative efficiency is close to 1, but the predominant
with part of the energy is emitted in electromagnetic radiation.
2 RE The correction factor $f§y/fp7<3 considers that in the
£, (D) =E NpLprT M, 0,D*¥Im,,. (310  region of synchrotron dominance neutron reabsorption may

. . or may not play a role, depending on the ratio of the photo-
Obviously, D* can be replaced by any reference Doppleryaqronic interaction time scale to the crossing time.

factor in Eq. (Slp). A more illustrative discussion of the Note that, instead of the star-point, any point in or at the
relation betweerBgyn.)(D) and Bsynp(D) in the different  porder of the respective dominance region could be used as a

regions of the parameter space is given in Sec. IV. reference point in Eqs(32). If secondary particle cooling
o _ _ _ o plays a role, the situation is similar: For synchrotron cooling,
3. Efficiency considerations and neutrino flux limits the total hadronic radiative efficiency remains constant, but

Relevant for the observability of ultra-high energy neutri- more energy is channeled into energetic photons; for adia-
nos is not only the maximum neutrino energy a specific claskatic Cooling, additional energy is reconverted in bulk kinetic
of sources can provide, but also which total neutrino lumi-energy. We do not discuss the scaling properties for these
nosity is associated to this energy. This requires a discussicrases; rather, we will us€, synw) as limiting energy and
of the neutrino efficiency as a function of the parameterdiscuss the efficiencies only {8, <&, syn@)» and neglect the
space. . effect of adiabatic cooling of secondary particles altogether.

If we assume thaB<Bs.), i.e., we are in the part of The neutrino efficiency alone does not allow to derive
the parameter space where secondary particle cooling playkix rates; we also have to make assumptions about the en-
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ergy density of relativistic protons in the source. Here we canimit on the Doppler factor for which bothgvzgv and
use the standard equipartition argument discussed above, agfﬂ(éy)=2’ybph£b7 can be attained, which we caﬁ); for

introduce a parametefps=Uup/ug~1, which allows us to simplicity, we confine the discussion to the ca&, max
express the time integrated proton injection energy densnyﬁv . A '
&ysyn)» Which meansD>D*, and assumég,, ma1.

u, by the parameter space varialdlg, defined in Eq(25). . .
The neutrino luminosity at the maximum energy can then bdrom Eg.(31b) we then tha|n a general, model-independent
dipper limit on the neutrino energy as

expressed relative to the bolometric photon luminosity a
/=L, 10,LpT, and we define

L, _Ep BgB ygv
b

4’77@1’ ‘|Kp
. (33 O*bonleT (1+€pp) éx,

Yp=7p(D) . A~ A
P for Beyrx)(D)=Beynp(D) (37a

C E,<E,,(D)=E

bonloT

A
/=

£,=£,(D) P

Wheregﬂfp denotes the maximum proton Lorentz factor attain-

able for a givernD for which secondary particle cooling can Ko
- ~ A 2 2 2 2 47T€T
yet be neglected. IBgyn)(D)>Bgynp (D), &g, and {,(yp) £,<&,.(D)=¢, .(D*) —
—B i ’ ' “bpnluT (1+ &pp) &5
have to be evaluated &= B, (D) and we obtain Q% bplp PB/SBy,syn+)
s &ty [ D\EUED for Beynu)(D)<Bgyp(D),  (37H)
/y,p: W (,D—*> for D<D* (343
- PPy mn Whereé,,,,(f)) is given by Eq.(31c. The power law indices
. Eoptl. | D\ 42203 in Egs. (37) are x,=3 and k,=1 for Q*=0Q=const
y ==PBSBY | for D>D* A-2 ; 1 i -2
P 4 f* | D* ' >D~ <, while k,=k,=3 with Q*=D* "< in the case of a
PPy (3ap  free jet,~D™° Equations37) are indeed true upper lim-
R _ its for £,: increasingD beyond D while keeping &g,
while for D=D* we have/, ,=/7 =¢ys, /6b,f7, . If = £ay,mac !mpliesBocD*?for constantQ, andBocD.’zfora
Bsyne) (D) <Bayrip)(D). £85= &y,syne)(D) has to be used to freg jet; since the maximum energy is detefrlnlned by the
determiney,(D), leading to adiabatic limit, Eq.(14), this leads to&,«D -~ and &,
— . «const, respectively. It is obvious that any other choice of
s éppts D |(a2i@ry D leads to lower lim-
oL y.syn*) | = for D<D* parameters, €.gR<D or §g,< &g, max l€ads to lower [im
"t Aby Ty min | D* iting energies. From Eq.35b) we obtain
(353
¢ ¢ — A A A f Bg’é 47TQ3-|- )‘p
2 gPBgiB(%Syr(*) D (Smap /VS/V (D): P z .
(" b, 1, D7 for D=D". T Abf, [ QM b (14 )65,
(35b

for Beys)(D)=Beyrp(D) (383
We note that, if secondary particle cooling plays no role,

/, is independent oD for a=2, and has a maximum for . £ B [ 4 i
ok . % 2 AL SpBPBy,synx) T
D=D* for a>2. In case of the dominance of secondary /,</,.(D)= " " ——
particle cooling, a maximum is only obtained fa¥ 3, while 4bpfy, [ Q7bpnlpT (1+£pe) s,
otherwise/, continues to rise wittD. Therefore, for given ~ AL A
v 9 for Beys)(D)<Beynp(D), (38D

Ly, both the maximum neutrino energy and the power flux at
this energy increases witl® in most cases, and a general
upper limit cannot be stated. However, we have to consideWith Ap=(2—2a)/7 and\,=(3—a)/10 for Q=Qj‘2=_c0nst,
that increasingD, while maintainingy,=7,, implies that ~and Ap=(2-2)/4, A\,=(3-a)/6, and Q*=D*"* in the
also &g, and therefore the total energy dissipated into rela£3s€ of a free jet. Equatid83) is not an upper limit, because
tivistic particles and magnetic fields by the transiest,  higher values are generally allowed for lower Doppler
increases. Sinc€; is usually given, or at least limited by factors; thus, one can increase the emitted neutrino power
fundamental principles for any specific kind of source modelcompared to the value in Eqé38) on the expense of the
we can impose an upper limit maximum neutrino energy. We also emphasize the role of

tpe Abaryonic energy content: increasingyg increases
1 (477 ¢Er / (D), but decrease® and therefore the upper limit on
(1+EPB)\E bornlsT éy. We note that the dependence on the valud & low, so

that in many caseg’ and /% will give good order-of-

where(} is the total angle over which the energy is emitted;magnitude estimates on the possible ultra-high energy neu-
the case of emission in a thin, freely expanding jet corretrino of a transient. We illustrate this discussion in some
sponds taQ)~D~2. This can be transformed into an upper more specific applications in the next section.

-1/, (36

gBy< gB y,maxE
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IV. NEUTRINO EMISSION FROM UNSTEADY tions alone, the issue of the dominant radiation process in
ASTROPHYSICAL SOURCES AGN jets is not settled yd# 3]; the observation of correlated

In this section, we apply the general theory developed inneutrinos could resolve this issue.
' bply 9 y b The typical bulk Lorentz factor§; of AGN jets can be

Sec. lll to specm_c models_of astrpphysmal tran3|_ent_s, WhIChestimated from the apparent superluminal motion of blobs in
are commonly discussed in the literature. Our aim is to ex;

plore the parameter space of these models more extensive}lg]/e Jet; @ recent investigation of 43 AGN indicates that
than usually done in the literature, and to check the results jer=30 [44], and the typical inclination angle of the blazar

for consistency with the limits set by secondary particle cool-{fts.to thhe line of S'ghtl'f mfirredbtq k(@dV]LeW%"VAZ,\'I cor.1fj
ing, which is disregarded in most papers. To simplify the Irming the est|ma.t@~ jet™ 0o t<a|ne rom ulr.“ -
discussion, we ignore in the following the geometric param-Cat!On models[45],. we will use D=30 as an upper limit
etersx, and py introduced in the last section, and assumeesumate' A lower limit on the Doppler_fac;tor of Tev blazar_s
x_=pr=1. However, since all times are normalized by thecan be found from the observed emission of photons with

size of the emission region, and all luminosities by the pho-8~1 Tev, where the emission region must be optically thin

. ks ) ) g
ton energy density in the comoving frame, they can easily b/t fespect toyy—e“e" reactions of gamma-rays on in

i : 1/5 ~—1/5
reintroduced by replacinG— 7pt and£L— L/x_ in all equa- trinsic soft photons, which leads W=2£, 7,7, of
tions of this section.

roughly D= 3. A similar limit is obtained for the high lumi-
nosity blazar 3C279, using EGRET observations and assum-
ing the emission to be optically thin at 1 G¢82].

In contrast to the bulk Lorentz factor, the magnetic field

There are two classes of AGN models which predict neustrength in blazars is more difficult to estimate, although
trino emission, both inVOIVing normaﬂ-p flows. One class hadronic models typ|ca||y invokB=10 G based on equipar-
assumes particle acceleration at shocks in the accretion flowion arguments[46]. A test of this claim is possible by
very close to the black hole, and produce neutrinos by botigpserving the synchrotron-self absorption frequency of the
py andppinteractiong6,8,10,37. The other applies to radio variable emission of blazars; an analysis of the spectral
loud AGN, which show extended radio jets, and locates th&hape and the multifrequency variability of blazars suggests
emission region at internal shocks in the relativistic jets athat this turnover is at an observed frequene$00 GHz
larger distances from from the black h¢®10]. The highest [47)]. Boosting into the comoving frame of the blob wifh
energy neutrinos would then be expected frdMazars <10, this would be consistent with synchrotron-self absorp-
which are AGN jets pointing in the direction of the observer,tjon for B~10 G and a relativistic electron energy density
because the energy is boosted by the Doppler factolrje< B2/8, which is expected in hadronic modélks].
D~T'je>1 [38]. We discuss this class of models, i.e., the ~The emission from blazars is strongly variable, with ac-
AGN jet modelsin the following; some interesting implica- tjyity periods taking turns with quiescent periods on a typical
tions of our results on the other class, &N core models  time scale of month§48]; this kind of long-term variability
are described in Appendix E. is observed at all frequencies, and appears to be largely cor-
related. Also within an activity period, the TeV emission
from Mkn 421 and Mkn 501 shows clearly separated flares

Blazars are known to emit electromagnetic radiation fromwith doubling time scales from days down to less than one
radio wavelengths up to the TeV-gamma ray regime. Theihour[41,49, viz., 7~10°-1C s, with correlated variability
spectrum shows a typical “two-hump” structure, where of the synchrotron emission at x-ray enerdigg]. This sug-
characteristic photon energies depend on the source luminogests an identification of these short-term flares with tran-
ity: In high luminosity blazars, such as 3C 279, the lowersient, causally disconnected acceleration regions of energetic
hump cuts off at optical wavelengths, while the high energyparticles, e.g., as expected in the scenario of internal shocks
emission extends up to at least 10 GeV; in low luminosityin the jets.
sources, such as in the nearby objects Mkn 421 and Mkn o )
501, the lower hump extends in flares up to 10—100 keV 2. The parameter space for time-integrated neutrino spectra
[39,40, and the high energy emission is observed ugi® from blazar flares
TeV [15,41]. While there is agreement that the low energy We assume that the relevant target photons for photohad-
hump is due to synchrotron emission of energetic electrongpnic pion production are the synchrotron photons in the low
the origin of the high energy emission is unclear: It can beenergy spectral hump produced by accelerated electrons,
explained(a) by inverse-Compton emission of the same elec-since the number density of photons in the high energy hump
tron population producing the low energy synchrotron radiadis too low and can be neglected. We confine the discussion to
tion (e.g.,[17,42, and references therginwhich could arise  low luminosity TeV blazars, where the low energy photon
also if the jets are leptonitconsisting ofe” and magnetic  spectrum extends te=1 keV; for high luminosity blazars,
fields, with few or no protons or (b) by electromagnetic like 3C279, in which the synchrotron component cuts off at
cascades induced from the decay of photohadronic pionsptical frequencies, our power law approximation is not ap-
[21]. The latter mechanism is referred to as the “protonplicable and a more detailed calculation would be required.
blazar” or simply “hadronic” scenario, and gives rise to The target photon spectrum in the comoving frame of the
considerable neutrino flux¢9,16], while the leptonic mod- relativistic flow can then be approximated by a power law
els obviously do not. On the basis of gamma ray observawith a typical index(a)~1.7, if we use a power law inter-

A. Neutrinos from AGN jets

1. The “proton blazar” scenario
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polation between the sub-mm and x-ray wave bai#d,  means thal'j~10 corresponds t@.<1. Hence, existing
ignoring the observed break at optical frequencies; this isbservations cannot decide whether magnetic confinement
also justified by the observation that in flares the importantpplies or not, bujB,, can be expected to be close to 1. On
optical-to-x-ray spectrum of low luminosity blazars seems tothe other hand standard jet theory assumesBbeR ™1 [54],

be flatter than the typicdl,,)~2 seen in the quiescent state i.e., «=1, but a=2 may apply if reconnection isotropizes
[40,50,5]. In the following, we adopt=32 and introduce the magnetic field as assumed in gamma-ray bUiSt.

the Doppler factor and magnetic field in canonical units,SinceB., anda always appear as a product in the equation,
D,=DI10, andB;=B/10 G. For the break energy we use @Be~1 is a reasonable assumption, and will be used in the
ep~10"* eV [47], and£~1—-10 keV from x-ray observa- following. The energy limit set by adiabatic cooling then
tions of flares in Mkn 421 and Mkn 50[40,52, leading to ~ corresponds te ~ 36 *, so that our canonical assumption
bpr~10°. The luminosity at the spectral break is not takenfr~=1 is equivalent to the assumption that particles are ac-
from observed fluxes ak,, because the emission at low Celérated up to their Larmor limit. _

energy is likely to be superposed by the emission from other USing these standard parameters, we find for the star-
jet regions not associated with the flare; rather, we use thB0int of the parameter space

observed, isotropized x-ray luminosity aj~1 keV of the " 9140, —7140,)— 1/10
~(0.6X
flare, £,=[ 10" erg/d L, 45, and determineC, from scaling D1~0.6xLxasT 40k (399
with the assumed power law photon spectrumiy * —3/20 — 11/20,2/5
B¥ ~6X °r
=Ly as(en/ex) "3 note thatb,,Ly~3L,. Opacity require- 10X Lxas T4 (399
ments suggest that for low luminosity TeV blazars the exter- §’.§y~ 50X 5&{1%723/2091/5- (399

nal radiation does not dominate over the synchrotron com-
ponent in the comoving frame of the fldw3]; if this would  ¢orresponding to a maximum neutrino energy

be the case, the thermal-like properties of the disk radiation

would yield a neutrino spectra substantially different from Er~2x10"% evx 5)3(/’}1%’]"11/100';4/5_ (390

our results.

For the characteristic Lorentz factor in the comovingFigure 1 shows the different regions of dominant cooling at
frame we findy,~[3x10"]D, which is of the order the the maximum energies, and their associated spectral shapes,
maximum proton Lorentz factors observed in cosmic rayswhere we have scale®, and B, relative to the star-point
We will show below that acceleration of protons in blazarsvalues. Also shown are the positions of three observed AGN
cannot reach higher Lorentz factors, and confine ourselves ffares in the parameter space, for which we assumed the
the casey,<y,. In order to ignore the upper limit in the magnetic field to be in equipartitiot with the radiation
photon spectrum, we have to requiyg=10°~"D;. density, or (b) with the energy density of protonsy,

To estimate the relevant time scale for the transient emis=10Qu,, corresponding to standard assumptions in hadronic
sion, 7, we use the x-ray variability, where we have to con-plazar models, and a range of possible Doppler factors 0.3
siderelectroncooling times of orde[30 g Bl‘g’ZDI1 inthe  <D;=<3. Comparison with the regions of dominance of
observer frame, which for standard parameters are muchuon and pion cooling corresponding to these flares shows
shorter than the observed rise or decay times of the flarehat muon particle cooling plays a role for short flares in
This suggests that one can use EB), which explains the scenario(b), if D;=<1; pion cooling is mostly unimportant
generally longer decay times by Lorentz boosting effects irfor usual hadronic AGN models. In most cases, the neutrino
transrelativistic internal shocks, rather than by slow coolingenergy is limited by Larmor radius constraints of the accel-
We note that this is in contrast to the usual interpretation okrated protons, consistent with earlier assumptfdis16|.

T as the doubling time of the flare, which assumes much
longer cooling times expected in the weak magnetic fields 3. Blazar neutrino maximum energies and fluxes

required by purely leptonic emission models to expldin Keeping the magnetic field, the Doppler factor and the

>7:Tj' lTh.? latter dexp(;anatlon may ?ISO .appI); to hadrlomc roton-to-electron energy ratio in blazars as free parameters,
mho els, it se_clonT_O} erTFerm| acclze Eratmn pdays(? rOI€, SPather than adopting common assumptions, we can apply our
that in principle7=7, —7; can only be considered as an gis.ssion in Sec. Il D to obtain general upper limits on

upper limit. The typical time scales of blazar flares are ther,g y1ing energies and fluxes from this class of objects. We
7=[10" 5]7, with 0.1=7,=<10, corresponding to a comov- see from Fig. 1 that, for parameters typically observed in

ing linear size of the emission region R, blazar flares, thaBayn)(D)<Beyp(D), but Byynen(D)

~[3%x10Y cm]7,D;. The fact that we probably have to ) ;
deal with transrelativistic shocks also suggeits: 1, which = Bsynp(D) forﬂa" Doppler factors in the discussed range.

we assume in numerical estimates; in general, however, weherefore£,<&, ,(D) applies to muon neutrinos from pion

keep 6 as a free parameter. decay, and,< éw(D) to muon and electron neutrinos from
In a free relativistic jet we have,~T,,, i.e., the emis- muon decay.
sion region expands with the velocity of light, b8g,<1 is To find out the relevant range for the Doppler factors, we

also possible if the jets are confined. Heuristically, we carstart with energetical considerations. The usual limit applied
express the value oB., by the opening angle of the jet, to the power of AGN jets is the Eddington luminosity of the
Bex~Min(1Ojelied), and assum®;e=(Oyie,)y~0.1, which  putative black hole in the AGNLe<[10% erg/gMpgy g,
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FIG. 1. Dominant cooling processes and neutrino spectral shapes for AGNgétsParameter space, with the “star-point,” denoting
equal cooling time scales at the maximum energy, indicated. The shaded regions correspond to the dominant cooling process at the
maximum proton energy:A) Larmor limit or adiabatic cooling{B) photohadronic cooling{C) and (D) synchrotron cooling, wheréD)
marks the region where photohadronic cooling dominates for a part of the energy spectrum. Also shown are the positions of three observed
AGN flares:(1) Mkn 421, April 26, 1995(7,= 10, Ly 45=0.5) [50]; (2) Mkn 421, May 7, 19967;=0.1, Lx 45=0.9) [56]; (3) Mkn 501,
April 16, 1997 (7,=3, Lx 45=2.0) [40]. Central positions assume;=upy,, black triangles correspond te;=100Qu,,, diagonal errors
indicate the range of possible Doppler fact@se text Numbers in diamonds associate data points to the corresponding delimiting lines of
muon cooling(black and pion coolingwhite); secondary particle cooling is relevant in the parameter space region above thedRigjhes.
Schematic representation of the shapes of neutrino spgicira integrated power per logarithmic interval of enerdp £,(€,) vs In&,,,
corresponding to region@\)—(D). Break energies due to changes of the dominant proton cooling process are in¢iateec. Il A),
possible additional breaks due to secondary particle cooling are omitted for simgdici§ec. 1l C 2.

where Mgy o is the mass of the black hole in units trinos, can reach their highest energies and fluxes. We deter-
of 10°M,. Since we consider a beamed emitter, we havemine &, ¢y, ~3Lx5:T 5°6%?, leading to

to setQ="D"2. Inserting in Eq.(36), assuming an energy A

dissipation efficiency of¢~0.2 in the jet as expected for D, ,~5xXMg5 o7s Y3017, (42)
transrelativistic internal shocks, and equipartition of proton .

and magnetic field energy densit§,z=1, we obtain Again we can confine the discussion to the casg>D*,

By max™ [4><103]MBH olx 45D2, thus for the limiting Dop- ~ Which gives

pler factor aIIowngv ” EM, éy,M(Dl)*1>< 10 evx D327, 29 12

A 318 4 —1/4p—1/4 -
Dy ~2XM3E 57, V40 14 (40) <1X10Y° eVXMp340: " (433
For the canonical range of assumed AGN black hole masses, A
_ — 2 ) 2/37 1/43/5
0.1=Mg, =10, we can therefore assume tﬁb,;>D* for 7yu(D1)=2X1072X DT, 0
which case we find <5x10 2XM33 408> (43b)

& ~ 8 413 1/35—2/3
5V,W(D1)~4><101 eV><D13”Z; Or The result that the upper energy limits for neutrinos from

<1x10'° eVx Mé’,ﬁ 96;1 (413 pion and muon decay are equal in their respective optimiza-
' tion is a consequence of the result that the maximum energy
/AA'/V,W(Dl)%O.SX Di/9ﬂ71/90'2:/9 of pion neutrinos for Doppler facto®>D remains un-
changed at the valuévyw, as discussed in Sec. Il D 2. For
<0.3xX M%7 Yoor®, (41b  the assumed range of AGN black hole masses@#l, we

therefore obtain atrict upper limit of about X 10'° eV for
where we assumeldl,= 20. Adopting these parameters, neu- neutrinos from AGN flares which is independent of the flare
trinos from muon decay are limited by muon synchrotrontime scale and any model assumptions. The inverse linear
cooling to an energy, ,<[8x 10" eVIM38 ;770->*.  dependence omg, however, shows that this energy limit
On the other hand, we can also find the conditions undewould strongly increase if we assume acceleration on time
which neutrinos from muon decay, in particular electron neuscales much shorter than the particles Larmor motion.
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If the TeV emission from blazars, which has generally aPossible scenarios which could release that much energy
luminosity comparable to the x-ray emission, ought to beover the time scales observed are, e.g., the coalescence of a
explained by hadronic emission, the corresponding neutrinaeutron star binary, or the collapse of a supermassive star.
luminosities would have to be of the same orderjgp%_ The radiation observed from GRBs is expected to be due
Equations(43) show that this is incompatible with the con- mainly to synchrotron or inverse Compton radiation from
ditions neutrinos from muon decaglectron neutringsneed  relativistic electrons accelerated at shock fronts occurring
to reach their theoretical energy limit of 10'° eV. For  near the interface of the expanding relativistic skeXternal
muon neutrinos from pion decay, however, this seems to bghocks, or at shocks forming within the unsteady outflow
possible for very large baryonic and magnetic energy densitself (internal shocks [60]. The same mechanisms would
ties, &g~ 10°%; this scenario would expect a difference be-also accelerate protons, which could reach energies of the
tween the electron and muon neutrino cutoff energies oPrder of the highest energy cosmic rays10?° eV [61,62.
more than one order of magnitude. It should be noted, howBecause of the interaction with the dense photon field in the
ever, that proton blazars can produég(€,)=Lx also for ~ burst, these protons can produce efficiently VHE, and maybe
relatively moderate values @, if D~D*; then the had- also UHE neutrinog14]. Neutrinos of lower energy may

ronic radiative efficiency (neutrinesyamma raysincreases /S0 be produced byp interactions between cold protons in
to =50%, so that a comparable emission in neutrinos, higﬁhe colliding ejectd13]. Obviously, both scenarios fall into

energy and low energy photons can be achevedgyy 1" 0252 of tansen emision and e can sppl ur et
~&g,~1. This more realistic scenario leads to maximum ' b

. . . : g”naximum energy of the neutrinos fropry interactions in

(419 and (434, so that flares from AGN jets would not be gamma-ray bursts. W(_a note, however_, that our Qiscussior_l
expected to emit considerable neutrino fluxes above a fegSSumes that the physical parameters in the transient remain

times 188 eV. approximately constant over the emission time scale; it does

To get an estimate on event rates in current or pIanneIJPerefore not apply to GRB afterglows, in which the param-

VHE-UHE neutrino observatories, we consider the exampléaters change drastically over very long time scales.

of the May 7, 1997 flare of Mkn 501, which lasted
3x10* s. The total isotropized energy emitted in optical to o o _
x-ray photons of this flare i€y~ 2x 10 erg;_taking the Many GRBs show intrinsic variability on time scal@s

L : ~1ms-1s, while the total burst durations are typically
luminosity distance of160 Mpc, and assuming,~ L., as o . .
suggested by TeV observations, this corresponds to a tot%pRBNO.'l_ 100 §[57]. This |mpI|es that th?'r energy 1s re-
energy in neutrinos off ~108 eV at earth of about eased in a volume of the typical dimension of compact or
6 10° erg km 2, which would produce-3x 10" 7 neutrino stellar objects,Ro~10'~10 cm. For a total energy of

. . , ; =10°%erg, this leads to a local photon density of
induced showers per Khair volume. The biggest air fluo- 1t erg cn® with photon energie§>m2c2. These “ﬁﬁé_

rescence detectors currently planned would cover abouyt | ~,, .
3% 10° km® air, and the ground array of the Pierre AugerLballs (and even much weaker ones as welbuld be opti-

Observatory would correspond to abouk 50° km®, which (Ii/lally>thllgl_<6t|§)/lw pﬁur creation, aTd fgr small baryon_lc Ioa:cdsl,
would clearly be not sufficient to detect the neutrino emis-__ 3™ Il th Qd.t € eXpansion e?) Tktﬁ' a conversion ? ar
sion, of a single AGN flare. Following af, % power spec- most all the raclation energy Into bulk kinetic energy of mo-

. X tion, accelerating to a limiting Lorentz factor df~»
trum, the total energy in neutrinos &~ 10 eV would be "’ 25
about 6x10° erg km 2, which would cause~3x10 3 = Cora/Mpac"> 1, before photons can escaji8]. Hence,

events h a 1 kn? underwaterfice Cherenkov detector. Also & dissipation mechanism reconverting the bulk kinetic mo-

here, even the biggest neutrino telescope currently consiéi-on into radiation is required after the flow becomes opti-
ered would not be able to “see” single AGN flares. The bestcaIIy thin: this can be achieved by electron acceleration at

we can expect is therefore to collect diffuse fluxes corre-ShOCk waves occurr_ing when the ejecta run int_o extern_al mat-
sponding to many AGN flares and determine the ::1veragE[ae.r [6.3]' Moreover, .mternal ShOCk.S can fqrm n th? ejected
. ) . . .2 Iind if the outflow is non-steady, i.en varies significantly
properties of their neutrino spectra. Details of the time inte- . les<T which can lead to faster shells
grated emission spectra of AGN correlated transients, how2 e time scales<7crs, o
ever, would still be important to determine reliable estimatescf?ltchlng up with slo_wer shellk24], S|m|Iz_irIy to what was
for s,uch diffuse fluxes d!scyssed for AGN in Sec. II! A. Such |_nternal shocks can
' dissipate the kinetic energy with an efficiency comparable to
external shocks. While external shocks are expected to pro-
duce a relatively featureless outburst over time scales com-
parable to the total burst duratiofiggrg, internal shocks
Gamma-ray burstéGRBs are thought to be produced in could be associated with the rapid variability within the burst
highly relativistic outflows originating from a compact, ex- on time scale§<7ggg. In both external and internal shocks
plosive event over time scales of less than a second up g substantial fraction of the gamma radiation is produced by
several minute$57,58. Recent observations of GRB after- synchrotron cooling of the shock-accelerated electrons. At
glows[59] indicate that they are located at cosmological dis-the dissipation radius where internal shocks od@di,
tances, which requires a characteristic luminosity of about

=10 erg st under the assumption of isotropic emission. rq~c7T7?, (44)

1. Cosmological fireball models and internal shocks

B. Gamma-ray bursts
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ie., .where the rad_iated gamma rays are produced, thg Cean also app\R~c7 D, or pr~1; since we can apply our
moving magnetic field energy density can be parametrizediscussion to both internal spikes in strongly variable bursts

throughug= &g, Uy, SO that and to featureless bursts in total, we allow the value of the
0 12 -1, -3 normalized time scale in the broad range™ 1€ 7,< 100.
B~10' GCX(€sybpnls)™To "7~ (45 According to our definition of the radiuR as the “Hubble

radius” of the expanding emission region, we obviously also
have B.,=1, and the effective space fraction available for
the gyration of protons is essentially constrained by adiabatic
g ; ! . ), lossesp, ~ (mabg) 1, where botha=1 anda=2 have to

the bolometric correction factor correlating this specific Iu-be considered possible values, depending on whether the

minosity to the total gamma-ray Iuminosi.ty of the burst, Th.emagnetic field is largely transversal or isotropized by recon-
value ofb,, depends essentially on the high energy cutoff iNhection[55].

the photon emission, which cannot be inferred from current
data; for internal shocks one expe@s100 MeV in the

comoving frame, corresponding to a canonical v ]
~10. In the internal shock model, constraints on the bulk The observed electromagnetic spectrum of a GRB can be

Lorentz factor can be inferred from the requirement that thétPProximately described as a broken power law, with a break
dissipation radius is larger than the radius of the photo®n€rgys,cre™~300 keV in the observer frame. The photon
spherey ,~[10' cm] L5572, below which the wind is op- number spectrum is then given BY(€) x e 2 for €>ep gra
tically thick, and the radius of the external termination shock,(thus a=2), and for e<epggg it is N(e)ze 23, with
s~ [ 108 cm] L2237 §&ren 2% which requires the bulk e, cre=epcreD ' This yields a proton break Lorentz fac-
Lorentz factor of the ejectd~ 7, to be in the range 30 tor in the range 1bB<y,<5x10°, corresponding to the
=<I's10°, leading to magnetic fields in the range’1® range of possible Doppler factors given above. When we
=B=1 G, assuming equipartition between magnetic fieldconsider neutrinos of energy,=100 TeV, we require pro-
and photons, standard values 6p and by,, and typical ton Lorentz factors ofy,=3 X 10°/D. ForD~ 100, we there-
time scales of 0.1 s for short-term variability, and 30 s for thefore havey,= yy; for simplicity, we restrict our consider-
total duration of a featureless burst. The latter valdés, ations to the case/,> vy, noting that this might be only
~10% andB~1 G, would imply that the internal shocks oc- marginally correct for the lower energy bound of the VHE
cur on similar time scales and physical conditions as theeutrino regime. In @& 22 low energy spectrum, we simply
external shock, making both scenarios virtually identicalhaveNph/Nphybz4—3(;/b/yp)1’3 for yp> vy, for simplicity,
with respect to the discussion of transients. Typical paramwe use Ng,/Np,~3 for all y,. Introducing normalized
eters for assumed internal shocks Wik 7grg arelI’'~300  quantities also for the Doppler factdb=100D,, the mag-
andB=10° G, which are also required by models predicting netic field, B=[10° G]B;, and the bolometric correction
the acceleration of UHECR protons in this scen&fit,64.  factor, b,,=10b,, the coordinates of the star-point of the

We still need to relate the paramet&s, andD, defined parameter space, where all proton cooling processes have
in Sec. Il B for a causally connected emission region mov-equal time scales at the maximum proton energy, are then
ing at some angl® ., to the line of sight, to the parameters

whereTy=T/1 s andls,= £/10°* erg s * are the normalized
GRB variability time scale and isotropic luminosity at the
break energy in the observer frame, respectively, lapds

2. GRB neutrino spectrum and maximum energy

describing the expanding flow in a GRB. In the comoving D} ~0.9X LI Ty Vo~ 14 (463
frame of the wind(at an arbitrary point the apparent thick-

ness of the wind zone extending to a radius r/T". Simi- B% ~4.5x 55—11/6%—1/29}:/%5/6 (46b)
larly, the transversal extent of causally connected regions in

the comoving frame of the flow i/I", because regions far- §§y~2>< 10—2><Eé/le%—l/zaélsal/ebl—l_ (460)

ther apart move away from each other with velocities larger

thanc (r/T" may thus be interpreted as the “Hubble radius” |n the following we express the magnetic field by its equi-
of the expanding emission region, ¢63]). If the energy  partition parameter. Figure 2 shows the GRB parameter
dissipation takes place at a radiyswhere the bulk Lorentz  space and the separate regions of dominance of the various
factor is saturated, ~ 7, the comoving “linear size” of the  cooling processes limiting the neutrino energy, and the cor-
emission region can thus be written Bs-ry/7. On the responding neutrino spectral shapes for a set of possible pa-
other hand, the isotropic luminosity of the burst in the ob-rameters, including both millisecond flares in internal shocks
server frame is related to the photon energy density in thend featureless GRBs; unlike in the AGN case, we do not use
comoving frame of the wind b)C=4wr§cl“2uph, which is  parameters scaled relative to the star-point, and put more
identical to Eqg.(12) in conjunction with the linear boosting emphasis on secondary particle cooling, which we consider
formula, L=LD* if we use the paramete®®=r4/T’, x,  separately for pions and muons. We see that in all cases, the
=1 andD=T". ForI'~n=const, all parameters are there- energy of neutrinos from both pion and muon decay is lim-
fore correctly derived if we treat the GRB as emission fromited by secondary particle cooling, where synchrotron cool-
a spherical region of radiuR~r 4/ 7 boosted with a Doppler ing of pions and muons plays the most important role. Only
factor D~ . Moreover, if the gamma ray emission origi- in a limited part of the parameter space does an additional
nates from synchrotron radiation of electrons whose coolindreak due to adiabatic cooling of muons appear in the spec-
time scale is much shorter than the crossing ti24], we  trum, while adiabatic cooling is generally unimportant for
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FIG. 2. Dominant cooling processes and spectral shapes for neutrino production in gamma-rayUppestdeft and lower panel:
Parameter space for three different parameter sets, all ass#minty, =1, anda=2: (A) canonical casefs,;=75=1; (B) short intrinsic
flares,7=10 ms, andCs;=1; (C) extreme case for bright afterglow burgt=3x10°2 erg s'* and 7=30 s (which implies an isotropic
bolometric photon energlg,,L,7= 10°° erg, requiringQ,,<1). The central line divides regions where photohadronic cooling dominates
adiabatic coolindleft from the ling, and vice vers#&ight from the ling, the star-point of equal proton cooling times at the maximum energy
is indicated. Shaded regions correspond to spectral shapes produced by the subsequent change of dominant proton and secondary particl
cooling processeg1) adiabatic/photohadronic cooling dominant Ut (2) £, aqx) <&, (3) €, ads) <& sy )<S,,, 4 &, Syr(,)<5y, (5
&y syix) <Esynpy<E, - In each figure, the upper part corresponds to neutrinos from pion decay and the lower part for neutrinos from muon
decay. Also indicated are the regions allowing UHE cosmic ray production ﬁpztp(black chain lines and the region corresponding to
the neutrino fluxes predicted in R¢fL4], for £,5=1 (white hatched line and arroywsJpper right: Schematic representation of correspond-
ing spectral shapes, 10g,(€,) vs log€,, corresponding to regiorid)—(5). The lower break indicates the spectral change at about 100 TeV
due to the change of the photon target spectrumyat v, (see Ref[14]), which is not discussed in this paper.
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pions. At the star-point, the maximum neutrino energy from )V (Dy)~2X10"5X D, 6F
gamma-ray bursts is therefore considerably beldfy, so ' e Vs 15 a5
that we omit its value here to avoid confusion. <1X10°XQ377, ~ 0F (509

Because of the dominance of secondary particle cooling,
Egs.(31) must be used to determine the neutrino energy limit

at a given Doppler facto€ (D), which is reached along a
line &g, = &k, oyne)(DID*)® in the parameter space, with <1x10 5x Q17,155 (50b)

7 u(D2)~2X 107 "X D05

& =2.3x 104X LY T, Voa Vit (47 5
$ysyrim = F (479 which shows that even in the limiting cage=D only very

small fractions of the photon energy can be emitted in neu-
trinos at the limiting energy. Since we assumigd~1 and
égy,ma=l in our calculations, the low values of, are

Recent observations of GRB afterglows at large redshifts reclearly due to a very low efficiency along the lings,
quire a total isotropic energy emitted in photons of = &g, syne) (D). Assuming a neutrino conversion efficiency

bprloTore= 10 erg[59]. Since this value comes very close of {,~0.2, £&z,~1 andu,~ 5e2(d Npn/d€)p, which is con-
to the gravitational energy released in the collapse of a comsistent with our equipartition assumptiofyg~ £, ~ 1, for
pact object(e.g., a neutron starit is most likely that the p ot~bp=~5, viz., /,~0.04, Waxman and Bahcei]ll4] de-
energy of a GRB is not emitted isotropically. Moreover, ef-rived a GRB-related neutrino event rate =10 eV of
ficient hadronic emission of GRB has to assume that compaabout 10—100 per year in a Rndetector. This event rate
rable amounts of energy are present also in other channelyould be below the expected background, but still statisti-
like magnetic fields or protons. While collimation into jets is cally significant because of the time and directional correla-
a distinct possibility, the evidence for it is not as obvious astion to the bursts. It is clear from the above that if we try to
in AGN; in the following we assume that the GRB energy iSmaximize the neutrino energy in the UHE range, following
emitted into a “firecone” of solid angle #>Q0>D"? and  Eq. (49), this estimate would have to be reduced by more
we introduce the normalized solid ang!é4w—9/47-r< <1. than 4 orders of magnitude, leading to insignificant event
For GRB with a strongly variable light curve, the transientsrates at these highest energies even if the usually larger de-
considered here are single, isolated radiation spikes rathésctor volume of UHE experiments is taken into account.
than the whole burst; if we assume, however, that the total We can also turn the question around and ask which is the
energy is equally distributed over the individual flares andregion of parameter space where neutrino fluxes of the mag-
that there are no extended gaps in the light curve, we havsitude predicted by Waxman and Bahddl] are expected,
€1 /bpnLly?~ €ara/bpnlyZsre, Which again allows a com- je.,/,=0.04, and then derive the maximum neutrino energy
mon description of both subflares within GRB and feature-for these parameters. The assumptions of Waxman and Bah-
less bursts. For simplicity, we assume in the following pa-call for a single burstor subflar¢ can be essentially put in
rameters which allow relativistic protons and magnetlc fieldshe formc,~0. 20, T, which can be rewritten in the form of
to dominate the energyéps~1 and &gy maLarLsr > 1, Eq. (33) asbyl,&s,£,8=0.20,. To optimize the efficiency,

p ¥Sp

and neglect the dependency on the weakly varying faetors we have to evaluatg, at an energy where it is not yet

587 syt = L7X10 X L30T, Yo~ Yot (47D

andb,, leading to diminished by synchrotron cooling of either protons or sec-
A S 1515 ondary particles; sinc®>D*, this means that we have to
Dpa~5XQ0y; *To OF (483 use Eq(32b) for a=1. Forb,~by, andé,g~1 this leads to
A the conditionég,=(DID*)* for D=D*; for D<D*, the
~ 15 — / = ; U . ! . .
Dz,,L”SXszﬂlsTo 1/50F151 (48b) efficiency is constant since photohadronic cooling domi-

R nates. Figure 2 shows that this region of the parameter space
which means that we only need to discuss the dage is entirely enclosed by the regions of pion, muon and proton

>D*. We then obtain for the neutrino energy limit synchrotron cooling dominance, which means thatyn
R o » has to be used as the maximum neutrino energy, according to
&, #(D1)~1x 10" eVx D*751%0; our assumption of adiabatic cooling dominance. Inserting

into Eqg. (20) we obtain
<1x10Y°eVvx Q310 Y59 45 (499 9.(20

£, (Dy)~4ax 107 eVx DI?T Y2912 £, ~<TX10' eVxDET >
v
<1x10YeVx Q7 %0 %5, (49p) <6X 101 evx ;L2 (519
It therefore seems that photohadronic neutrinos from GRBs
can reach energies up to¥@V and above. However, the g, L <5X10" eVxD5T ¢
corresponding normalized neutrino luminosities at the neu- 5 2
trino energy limit are <4X10% eVxQ,,", (51b
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where the second limit was derived usifig,<Q4Ls;" and  mic rays, i.e.D=Dype(Ep20 andég,=Ea, une(Ep20), We
0,,<1. This means that gamma-ray bursts can still producgan derive the corresponding maximum neutrino energy as a
UHE neutrinos with considerable fluxes, but probably nots,nction of & 20 @S
above 168 ev. P

While this paper was in preparation, it has been proposed E;V i & p)~5X% 1017 eVX & 5/‘2109'1-:/2701/4a—1/4
by Vietri [65] that neutrinos of more than eV can be PP P (543
produced in external shocks of GRB and in GRB afterglows,
with fluxes observable in very large scale air shower experi- PP 6 o514 pl241/4_—1/4
ments. Concerning the external shock of the main burst, this Eulty=iym 3% 10 eVXE ool To e
prediction is clearly in conflict with our upper limit stated in
Egs.(509—(51b). In the afterglow, the larger time scales and where we again assumé, =&, yne). We see that, al-

![ovxg?r pho_t(zn enzrgEies Taé(e th? situIaFion ;ﬁthzr C_Om?‘?r:ablﬁ]ough secondary particle cooling limits the neutrino ener-
o blazar jets, and EqéS1) do not apply; on the basis of the ies to values much below the canoni€a 0.055, assump-

considerations presented here, we cannot rule out the pos%On the maximum neutrino enerav still has a tendency to
bility of producing neutrinos of such extreme energies in, - gy y

afterglows. It has been recently shown that such large UHECrease withs, . However, Eqs(54) assume just minimal
neutrino fluxes would also be in conflict with the assumptionconditions for the production of UHE cosmic rays, while the
that (a) the cosmic ray production spectrum dsy,?, as  egion of the parameter space corresponding &g
assumed also here, afi) that the locally observed cosmic =[10°° eV]&, 50, as shown in Fig. 2, allows neutrino break
ray energy density above ¥0eV is homogeneous through- €nergies principally somewhat above or below the value
out the universe and does not evolve with cosmological redstated in Eqs(54) for given &; ».

(54b)

shift [66]. We note, however, that according to the standard assump-
tions of shock acceleration, neutrino production and cosmic

3. The relation between cosmic ray and neutrino ray ejection from magnetically confined sources are physi-
maximum energies cally connected processes. Although it is a distinct possibil-

Q/ that cosmic ray acceleration ﬁi)p> 10?° eV on the one

highest energy cosmic ray81,62, which are observed up to and, and efficient VHE neutrino production requiring only
- cosmic rays of lower energy on the other, may happen at

EF’N?'XlOZO ev ng]' ThezfnaX|mum proton energy in the different radii in the expanding shelb6], the ejection of
observer frame i€, =m,c®y,D; at the star-point of the pa- yHE cosmic rays is nontrivial in this scenario, since the
rameter space, we find §~[1x10%° eV]Lior *°a 25 particles are advected downstream, and thus accumulate in-
The highest proton energy for a given Doppler factor is ob=ide the expanding shell and remain magnetically confined.
viously achieved at the line of equal time scales for protonas the shell continues to expand and the comoving magnetic
synchrotron cooling and adiabatic loss#ee same condition  field decreases, the cosmic rays would lose most of their
which determines the maximum neutrino energy if SeCOI’ldarbnergy by adiabatic Coo”ng, before they eventua”y escape
particle cooling plays no roje This is the border line of when the shock slows down. The easiest way to circumvent
region(5) in the parameter space shown in Fig. 2, so we findhis problem, and to eject cosmic rays with the high energies
E=¢& ;,‘ (DID*)*?R for D=D*, leading to they receive at the shock, is to convert them into neutrons in,
e.g., py—nz* reactions, which decouples them instanta-
ép(D2)~ 1X 1070 eVx D£21/3761/30I;2/3a—1/3. (52) _ne(_)usly from the shel_l as long as their reconversion probabil-
ity is low [64], which is the case foD>D* (cf. Sec. Il A.
. 14/3 o , ... This means that a low neutrino production efficiency corre-
Since g, D" along this line, the required magnetic field g,n4q 6 a low cosmic ray ejection efficiency for the stan-
equipartition parameter rises fast; as a function of the Protoli,rd scenario of shock acceleration, assuming magnetic con-
energy in the observers fram, o, in units of 16° eV, we  finement of all accelerated charged particles. This physical

GRBs have been proposed as possible sources for t

can formulate the minimum requirementsihandég, a8 connection of both processes makes the hypothesis that
5 . ) gamma-ray bursts are the sources of the highest energy cos-
Dune(Ep .20~ 90X E g/go%—lf“g"lﬁalm (5339  mic rays testable by neutrino VHE and UHE observations,

both with respect to the flux and the maximum energy of the
putative GRB correlated neutrino spectrum. It is also obvious
from Fig. 2 that this joint scenario, i.e§, >3 and/,
=0.04, requires extreme values of the GRB paramefers
andég, .

Eg,une(Ep 20 ~0.01X € [50 T, 202a>2 5 o Y. (53D

In correspondence with the result of Waxm{&1], we find
that bulk Lorentz factor@=300 and magnetic fields close
to equipartition with the radiationég,~1) are sufficient to
produce the highest energy cosmic ra§s,=3, provided We have presented a detailed investigation of the produc-
that protons are accelerated on their Larmor time scale. Adion processes of very energetie (0 eV) photohadronic
suming minimal conditions for the production of UHE cos- neutrinos in relativistically boosted astrophysical sources.

V. CONCLUSIONS
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Using the constraints set by the source variability, and asneutrino production, and expect a flat neutrino power spec-
suming that the acceleration process for protons is of thérum extending up to a break energy in the range of
Fermi type, we derived limits on the maximum energy and10'®-10'® eV. If neutrino production and cosmic ray ejec-
the position of possible breaks in the neutrino spectrumtion from GRB are connected processes, as implied by the
Comparing the effects of various cooling processes for botistandard assumption of magnetic confinement of shock ac-
protons and secondary particles in the hadronic cascade leagelerated particles in an expanding shell, this would make
ing to neutrino productiofii.e., pions and muonswe find a  the hypothesis that gamma ray bursts are the sources of the
general upper limit on the neutrino maximum energy, whichobserved ultrahigh energy cosmic ray spectrum testable with
does only depend on the Doppler factor of the emission refeutrino observatories.

gion relative to the observer. Energetic constraints allow one As a corollary of our investigation of the relevance of
to turn this into a general upper limit, which is only depen-Secondary particle cooling to hadronic cascades in common
dent on observational parameters of the transient, but not oftodels of astrophysical transients, we have also checked the
any model dependent parameters. This is the major result &ffect of this process on other proposed, nontransient sources
this paper. In some cases, and assuming that the energy fmr cosmic neutrinos. In particular the prediCtEd diffuse neu-
protons, magnetic field and photons are near equipartitiorffino background from AGN cores, frequently used for event
stricter limits can be imposed when considering both neu€stimates in high energy neutrino detectors, was previously
trino energy and expected flux. We apply this general resul@ierived disregarding secondary particle cooling. Here we ob-
to two classes of proposed cosmic neutrino sources: hadronfgin for energies above 10eV a strongly reduced contribu-
models of Doppler beamed jets from active galactic nucletion and a lower cutoff in the electron neutrino component,
(AGN), also called blazars, which are known to emit most ofand a reduction of about a factor 3 for the expected diffuse
their energetic radiation in short, distinct flares, and gammatmuon neutrino fluxsee Appendix

ray bursts(GRBS. In cosmic sources where the neutrino energy is limited by

For blazar flares, we confirm that under the most commorsecondary particle cooling, which is clearly predicted for
assumptions the neutrino energy is ||m|ted§£d_018 eV by gamma-ray bursts and is pOSSible in some blazar ﬂareS, the
Larmor radius(or adiabati¢ constraints of the accelerated expected difference in the cutoff energy of electron and
protons. For short=<1 h) flares, however, the maximum en- muon neutrinos could also serve as a laboratory to test the
ergy of neutrinos from muon decay may be additionally sup-existence of neutrino vacuum oscillations in nature at very
pressed by muon synchrotron cooling. Assuming that thdligh energies—a detected change in the neutrino composi-
AGN is fueled by Eddington limited accretion on a Super_tion near the cutoff energy could rule out this possibility.
massive black hole witil g;<10"°M,, we show that neu- Such a measurement would require a large detector sensitive
trinos from AGN flares cannot exceed energies-df0'® ey,  in the range 18¥-10"° eV, capable of detecting both elec-
independently of the time scale of the flare. For electrorfon and muon neutrinos and able to distinguish between
neutrinos, which result only from muon decay, we can showflavors.
that fluxes of the magnitude usually assumed in the literature
(i.e., sir_nilar to the x-ray luminosity of the soujcean only ACKNOWLEDGMENTS
be attained if the energy extends only up to abouf &¥.

Unless vacuum neutrino oscillations occur in nature, this has We wish to thank K. Mannheim and E. Zas for discus-
important implications for the neutrino event rates expectegions. We also thank P. L. Biermann, T. Ensslin, and T. K.
in the Pierre Auger Observatory, where electron neutrino$saisser for the careful reading of the manuscript, and helpful
are proposed to be most easily detected because of the digemments and suggestions. This work was supported in part
tinct properties of their induced air showers. by NASA grant NAG5-2857.

For GRBs we find that the synchrotron cooling of pions
and muons limits the maximum neutrino energy over most of
the allowed region of parameter space. We show that, al-
though neutrinos from GRBs are in principle able to exceed Below we explain some general conventions we use
10%° eV, in particular for acceleration over long time scalesthroughout the paper. Table | lists some generally used sym-
in or near external shocks, this possibility would imply ex- bols; it does not contain symbols which are used only in the
tremely low efficiencies and thus insignificant neutrino section where they are defined.
fluxes. If we require that neutrinos are also produced with (a) Units and normalized quantitie$¥e use cgs units,
fluxes similar to they-ray flux, and applying the usual ener- except for particle energies which are given in standard mul-
getic constraints for near-isotropic GRB sources, we find atiples of electronvoltgeV, MeV, GeV, TeV, and particle
upper limit on the neutrino energy c£10' eV for muon  interaction cross sections measured in microb@rh). In
neutrinos(from pion decay, and=< 10 eV for electron neu- numerical calculations we use quantities normalized to com-
trinos. This limit can only be increased to UHE mon powers of their standard urgtu), X,,=X/10" stu (e.g.,
(>10' eV) neutrino energies if strongly collimated out- Ls;=L/10°! erg s'!). Dimensionless quantities may be nor-
flows are assumed. We also show that the conditions fomalized in common powers as well. This convention is used
GRBs to accelerate protons up to the highest energies olwonsequently in Sec. IV, which means that numerical sub-
served in cosmic ray air shower experimentsscripts always denote normalization powers.

(~3x10?°eV) coincide with the conditions for efficient (b) Reference framedhree reference frames are used in

APPENDIX A: NOTATIONAL CONVENTIONS
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TABLE I. Index of frequently used symbols.

symbol meaning definition/relations introduced in
e, Tes Yo particle mass, classical radius, and Lorentz factor [e=p,,u] Te =€ /e P general
Te, TOF unstable particle lifetime [e=n,7 ] Te = YoT&¥ Sect. TA
yPT, yde Lorentz factor of secondary particles at production, decay® 7;°§~yﬁ’z7;‘r°_<_7g'z7p Sect. ITA
Nph, Nphb, €, @ total photon density, density and power law index above ¢, dNph =€ %de, € > &, Sect. LA
eny threshold photon energy in proton RF for -production Eq.(B2) Sect. .IA
Ybs Fb characteristic Lorentz factor for power law approximation T = €5 /2€b, b = /D Sect TA
t,x Ha pion production cooling time for v, = <, effective inelasticity ¢y, . = [cHaNph,b]_l, Sect. A
weighted cross section for power law photon spectrum Egs. (5), (16) (B2)
B,wg,. magnetic field, particle cyclotron frequency wp,e = eB/mec Sect. TA
te,syn, tad particle synchrotron [e=mr,u,p] and adiabatic cooling time® Eq.(3), taa = 2|B/B| Sect. TA
toys tpms teso,n, tp,r  total and specific photohadronic cooling times® t;,yl =t +totn+ t;,}m Sect. TA
iy total proton cooling time scale bl =t +tpint o Sect. A
Jovs fsyns fads fmax  rate of proton cooling relative to pion production Eq.(7) Sect. TA
Cos Coe efficiency for neutrino production, from specific decayb Eq.(1) Sect. TA
Up, bp, total injected proton energy density, bolometric correction factor  Eq. (8) Sect. IIB
Yps 8 maximum proton Lorentz factor, power law index dN, Yo L AV Yo S Ao Sect. B
L, (E.), E‘,,, q neutrino emission spectrum, cutoff energy, local spectral index Egs.(9) Sect.IIB
I, Br, Oview, D bulk Lorentz factor, velocity in units of ¢, viewing angle and Gr = /1 —T'"2, Sect. III
Doppler factor of the emission region in observers frame D = [I'(1 — Br cos Oview)]
T, Ly, bon observed duration of transient, luminosity at € = ¢ T=TD, Ly, = LyD* Eq.(21) Sect.I
Ters Ting, Trad transient crossing, proton injection and radiative time scale Eq. (10) Sect. IMA1 -
R, R,R. linear size of transient emitter, | = in line of sight, 1+ = projected Ry = cTer Sect. ITT
pr, XL geometric correction factors Eq.(11), (12) Sect. IIIA 1
L, tL proton Larmor radius and time r. = Ep/eB, ty, = 27ry/c Sect. IIIB
tace, Op acceleration time scale, normalized to Larmor time tace = OrtL Sect. IIIB
a, Lex, magnetic field decay parameter, expansion velocity of transient B o< R™%, Box = R/ c Sect. IIB 1
c‘f,,,L, oL Larmor limit for neutrino energy, correction factor Eq.(14), pL.5 min(%, r:rﬂex) Sect. M B 1
c‘f,,,syn(p), é,,’m neutrino cutoff energy limited by proton cooling®™ Egs. (15), (17) Sect. IIB
We characteristic frequency for secondary particle decay® wye = 2/c/TF Sect. MIC
g%ad(*), éy,syn(*) critical neutrino energies for secondary particle c;;oolingab Egs. (19), (20) Sect. HIC
E}S neutrino energy in decay frame® E,.=vwE}% Sect. M C
Yo, Tr dimensionless characteristic parameters of transient Eqgs. (18), (24) Sect. Il
Up, Ue, Uph magnetic, electron and photon energy density in emission region up = B?/87, ue ~ Upn Sect HID1
€8y, EpB energy equipartition parameters Eq.(25), £pB = Tp/us Sect HID 1
D*, B*, 4, “star-point” parameters®, all specific proton cooling times =t.cc  Eqgs. (23) Sect. MID 1
E..(D), Bsyn(.) neutrino energy limit and corresponding B for given D [e=px]®  Egs. (27)-(31) Sect. IID2
2,,,. relative neutrino luminosity for & = & v,e Eqgs. (34), (35) Sect. IID 3
€T, £By,max total energy budget of transient, corresponding maximum £g-, Eq.(36) Sect. MID3

*Cooling processes are: adiabatic losses (ad), synchrotron radiation (syn), photohadronic interactions (p~), (charged) pion production (x,x*),
Bethe-Heitler e* pair production (BH), neutron escape (esc,n).

“

>The subscript “x

denotes secondary particles in hadronic cascade here and throughout the paper [x=r*,.]

“The superscript “*”" generally denotes quantities taken at the star-point of the parameter space, ie., D = D*, B = B*, and v, = 4;.

the paper: the observers frame, the comoving frame of thesctor, e.g.L o= byl p (see Table)l The energy output of a

emission regior(relativistic flow), and the rest frame of an transient over its time scalkis denoted thé¢ime integrated
interacting massive particle. Quantities are by default givenyminosity L.

in the comoving frame; quantities in the observers frame are

denoted by calligraphic lettefg.g.,&, 7, L, &) of the same

kind as corresponding quantities in the comoving fraifie

APPENDIX B: PHOTOHADRONIC INTERACTIONS

T, L, e). Quantities in the particle rest frame are denoted with  The major photohadronic interaction channels of protons

a superscript RF. are single pion production with and without isospin flip,
(c) Luminosity conventio.uminosities quoted in the pa- py—n=" andpy— p=°, followed by several two-pion pro-

per always mean the isotropic radiated power at specifidluction channels, and multipion production which dominates

energy (frequency, e.g., L=62(deh/d6) or L, at very high interaction energies. Secondary neutrons can

=E%(dN,/dE,). If we refer to bolometric luminosities, we contribute negative pions fromy—p=~ reactions, which

do this by explicitly multiplying with a bolometric correction are otherwise only produced in two-pion and multi-pion
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channels. The subsequent decay of the pions leads to necross section, and;=(AE,/E,); is the proton inelasticity

trino production by of the reaction channel, evaluated at a photon enefgy
. =xej’ in the proton RF(see[68] for detail9. Introducing
T (V) (B1&  the characteristic Lorentz factor,= ey /2¢, of the protons,
_ _ which is necessary to boost background photons at the break
pue—e” vuVe(V,ve). (Blb energy above the reaction threshold for pion production, we

can then write the cooling time of protons with,= v, as

The charge of the initial pion is only relevant for they tp,»=[CNph Hal~L, where Npns is the number density of
ratio; it plays a role for the electron neutrino component atpﬁotons withe> €. As a function ofy, the cooling time

energiesE,~6x 10'° eV, where the detectability ob, is t,.- is then expressed by Eg&), and we note that all the
enhanced due to th&/~ resonance in interaction with atmo- jnteraction physics, including the relative contributions of
spheric electrons. Otherwise, neither underwater or ice, NQfjifferent resonances or other reaction channels, are absorbed
air shower experiments can distinguish between neutrinog, H, and thus independent of the proton energy—this would
aﬂd antineutrinos, so that we can disregard th.e sig.n of thgot pe the case in, e.g., thermal photon spectra, where our
pion charge. The average energy of the neutrinos is detefegyits are not applicable. As a numerical simplification, we
mmgg by decayRIélnematlcs: it can be written &8,)  giso disregard the upper cutoff in the photon spectrum,
=E, 7., whereE_ is the energy of the neutrino in the rest \yhjch is justified if the spectrum foe<e, is sufficiently
frame of the decaying particle moving with Lorentz factor steep—for spectra wita<2, this approach is valid only in a
¥.. For pion decayE}’, =30 MeV [35], while in the three  |imited range of Lorentz factors belowy,—and use
particle decay of the muo(E}",)~3m,c?>=35 MeV; as an  H,~H,/(a—1) for 1.5<a=<3, with Hy~22 ub [68]. If y,
approximation, we may USE?E%’*%mWCZ- > Yo, photohadrqnic interactions majorly happen at proton

At low interaction energieéeRF~ 340 MeV, the photo- 'est _frame energies fa_r above t.he threshold, wherg t.he cross
hadronic cross section for both charged and neutral pion pri€ction and efficiency is approximately constant, this justifies
duction is dominated by thA(1232 resonance, leading to the approximatiort, ,~[cNyH,]", used throughout the
single pion production with ar™: 7 ratio of 1:2 following ~ Paper.

isospin symmetry, an& ,~0.2E, from two-particle decay If_no other cooling processes apply, the average number
kinematics. These relations are often used as characteris® Pions produced per proton can be found (&&;/Ny)
for pion production, and we call it the-approximation —=Ha/Ha~7, for 1.5<a<3, wherell, is defined as in Eq.

[2,3]; it is quite accurate forr® production, in particular in  (B2) by replacing the proton inelasticitys;, by the pion
steep photon spectra, and in thermal spectra with temperzEPU“'P“C'ty of thg reaction che}nnel. The average energy car-
tures KT for proton Lorentz factorsy,~[340 MeV|/kT, ~ fied by each pion is then, independent f, given by
where higher resonances and other photohadronic interactid =)/ Ep~7~m,/my, i.e., the Lorentz factor can be treated
channels have little or no influence on the cross section. F@S conserved in the interactiony~y,. Here, ¥ is the
charged pion production, however, other processes contripion Lorentz factorat production which has to be distin-
ute significantly both above e{"=400 MeV) and below guished fromy®, the pion Lorentz factoat decay for both
(e§1F<6RF5250 MeV) the dominance region of th¥1232) pions and muons we consider the possibility that they lose
resonance, and thus enhance the contribution of chargeznergy during their lifetime, viz.y%°<»%". Because of the
pions relative to the\-approximation. These are in particular small mass difference between pion and muon, we can also
N* resonances at energies above Mi&232, but cross sec- approximateyf[~ yff. Distinguishing between the charged
tion data also require a contribution from non-resonant piorpion and neutral pion multiplicity in the definition dfl
production, which give an almost constant background ofjields the charged pion fraction;™: 7°~2:1, almost inde-
about 100ub, extending from the immediate threshfben  pendent of the power law index[68]. This result includes
before theA(1232 resonance becomes relevanp to the all reaction channels, and is in contrast to the often used ratio
highest energief67,68. In the neutrino sources considered 7=:7%=1:2, which is derived from the\-approximation.

in this paper, a proton spectrum extending up to a maximunThe discrepancy of a factor of 4 emphasizes the importance
energyEp=mp02§/p, interacts with an isotropic power law of charged pion production away fro_m thbresonance in
photon distribution,dNy e ?de, a>1, extending from a  power law target photon spectra, which is also relevant for
break energy, to some cutoff a&> ¢,,, with a total number the kinematics: it explains the difference of the usual as-
density N, , of photons withe>e,. Below the break en- sumption,(E)~3E,, (which is strictly valid for = pro-
ergy, we assume that the photon number spectrum is flatt€tuction, see aboyeand our result for charged pion produc-
than €1 everywhere. We can then define the inelasticitytion, (E)~7E,.

weighted effective cross section for pion production,

a—1 [« APPENDIX C: SENSITIVITY RANGE AND ENERGY

— RF
Ho=2 77 |, dxx ay [<ioilc—xe=  (B2)  DEPENDENCE OF NEUTRINO DETECTOR TECHNIQUES
1

The low detection probability for neutrinos above the TeV
for a>1, whereey ~145 MeV is the threshold photon en- range requires large detector volumes, which can be
ergy for pion production in the proton rest frame, is the  achieved, e.g., by the extension of classical water Cherenkov
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detectors to larger dimensions, such as the NESTOR or LaKé 2]. This makes electron neutrinos most interesting for UHE
Baikal (and the recently cancelled, pioneering DUMAND neutrino astronomy.
experiments, and similar projects in the planning stggje The detection probability for deeply penetrating horizon-
The same technique is also efficient in the deep antarctic icéal air showers can be expressed as the product of the had-
as shown impressively by the recent detection of the firstonic neutrino cross sectiony,,,, and the detector accep-
neutrino events by the AMANDA experimef9], and there tance for an horizontal air shower. Models predict
is hope to extend this detector to an effective volume of icorrespondingly thalrypacé‘?,"r’for £,=10% eV[76]. The de-
km?® in the future[70]. A cost-efficient way to further in- tector acceptance for the Pierre Auger Observatory has been
crease the detector volumes could be the detection of radicalculated asz£°2 for £,=10' eV, where horizontal air
pulsed 71] or acoustic wavef72] from neutrinos in water or  shower detection is expected to be more efficient than other
ice, which however are limited to very high energies to ob-techniqueg12]. This gives rise tP, 4.£ 8, which is the
tain a reasonable signal-to-noise rdtaj. same dependence as in the case in water or ice Cherenkov
The neutrino event rate per logarithmic energy interval inexperiments. For other air shower experiments, the depen-
a given detectorg, 4o, Can be written as the product of the dence of the shower acceptance on energy might be different,

neutrinonumberflux, £,/€,, times the detection probabil- but a slow rise in the UHE regime seems to be a common

ity, P, e FOr deep underwater/ice Cherenkov detectorsfeature.

which are most efficient to detect muons from— u con- The expressions for the energy dependence of the detec-

versions because of the large mean free path of muons tion probability are highly approximate; exact results require

matter, the detection probability is essentially proportional toCXPENSIVE Monte Carlo simulations, considering the detailed

the ratio of the muon mean free path to the neutrino mea’qroperties of the experiment. However, we note that the neu-
free path, yieldingP, 4.z£%8 for £,=1012 eV. At energies trino event rate per logarithmic energy interval, evaluated for
’ v,det~¢ p v :

. 4 the most common detector techniques, follows closely the
above ~10' eV the effective solid angle covered by the =nniq y

experiment is reduced by earth shadowing eff¢@@], so Neutrino power SPectrumy,, /L, ~ CONSt. An exception is

7 ; _
that this technique becomes ineffective for ultra high ener—OnIy the range between 10eV and 167 eV, where horizon

gies; it is also less sensitive to electron neutrinos, because tﬁ%l ar shower observations are still dommate_d by the atmo-
short range of the electron in matter reduces the effectiv pheric background and underground experiments affected

volume. Radio Cherenkov detectors are proposed to wor y earth shadowing.

best in deep ice. The detection probability is usually ex-

pressed as the effective volume of the detector, increasing as APPENDIX D: TIME SCALES
P, g2 for £,<10' eV, and is roughly constant above FOR FERMI ACCELERATION
10 eV [71]. The energy threshold for this technique is set
by signal-to-noise constraints at5x 10 eV [2], thus in
the relevant sensitivity range the detection probability can b
treated as approximately constant. No clear predictions exi
about the efficiency of the acoustic method yet, which is
probably most interesting at ultrahigh energies.

The time scale for first order Fermi acceleration at parallel
éhock fronts(defined as having the flow direction parallel to

gq]e magnetic field lines, with perpendicular and oblique
shocks defined accordinglys given by[28]

Cosmic neutrinos may also cause air showers similar to .
cosmic rays, but deeper penetrating and thus distinguishable Lace™ xp—1 Cﬁszh (Y-+XpY+), (D1)

due to their large zenith anglg84]. At ~10% eV, such
“horizontal” air showers are dominantly caused by atmo- ) _ i )
spheric muons rather than cosmic neutrinos. Above &, wheregByq, is the velocn_y of the shock in the comoving frame
however, the atmospheric background becomes low, and tH the unshocked fluid, angt_ andy, are the ratios of

air scintillation technique used, e.g., in the HiRes Fly's Eyediffusion coefficients parallel to the magnetic fiel;, to
detector or the Telescope Arrdy4], largely improves the the Bohm diffusion coefficient, vizy=3K,/r c<1, taken
detectability of horizontal air showers, providing much in the regions upstream and downstream from the shock,
larger detection volumes than underground detectors. AbovkeSPectively. The velocity jump at the shock in its comoving
~10% eV, the planned Pierre Auger Observatprg] is ex-  1ame, xz=p_/B,, satisfies yz<4 in nonrelativistic
pected to achieve considerable event rates, using the sara@ocks(for an ideal gas with specific heat index 33[28,])'
technigue in conjunction with ground arrays for particle de-2nd 1S xz=3 in the “'tra[‘glat'Y'St'C limit[77]. Assuming
tection[12]. The main caveat of the technique is the largeY+~Y-=Y, We find 6~ B4’y sinceg= - by definition.
atmospheric background—horizontal air showers produce&or parallel shocks, there is no upper limit on the valug,of

by muon neutrinos can be easily confused with air shower¥hich can be interpreted as a measure for the strength of the
from atmospheric muons generated by the prompt decay dirbulence in the magnetic field;~(B/SB)®. In perpen-
charmed particlef2,34]. Horizontal air showers produced by dicular shocks, one can show tht~ 85.7y/(1+y?), andy
electron neutrinos have the unique property to be mixed hads limited from kinetic theory and isotropy requirements by
ronic and electromagnetic showé8st], which allows to de-  y<pg;" [78]. In ultrarelativistic shocksgs~1, Eq.(D1) is
termine distinctive triggering criteria for hybrid detectors not strictly valid, but numerical simulations for both parallel
like the Pierre Auger Observatory, reducing the backgroundnd oblique relativistic shocks suggegt~1 [79], in corre-
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spondence with the result of E¢D1) for Bs,=y=1. The whereL,sis the UV luminosity of the AGN(Note that the
time scale for second order Fermi acceleration is given bynverse dependence of the equipartition field on the luminos-

[30] ity arises from the fact that the luminosity scales with the
distance of the shock from the black hole, and thus with the

%ﬂ (§>z D2) linear size of the acceleration region, AR, leading to

e pa \ B upr£L~2) Applying Eq. (20) this leads to &, sy,

_ . _ _ ~[10% eV]Li2, and &, gynm~[10"7 eV]LiZ. Disregard-
wherevAzls the Alven sp(_aed in the plasrpgl. Intro_duClr}g ing pion and muon cooling, the models of Steclstral.
=(B/6B)" as above, this yieldd,cc~yBa“tL, With Ba  [6,10] predict a flat single-AGN neutrino power spectrum up
=va/c. The condition for efficient scattering of the particles g [2x 107 eV]L3Z followed by an exponential cutoff; Pro-

. 2 . . -2 X i !
is Ba<y [29], which directly translates tée~yB,“>1 for  theroe and Szahi®7,8] find essentially the same result. The
second order Fermi acceleration. . model of Sikora and Begelmdi] predicts a sharp cutoff at
Hence, ty -t =27 /c, or 6~1 gives a reasonable aphout 16° eV due to their more conservative assumption for
lower limit for the acceleration time scale of any kind of the acceleration time scalege~ 100852, rather than 6
Fernji.agceleration. It may be reached for acceleration imB;hz as assumed in the other models. The latter is the only
relativistic shock waves; in most cases, however, facirs qde| which is not modified by considering pion and muon
=10 would be more realistic. Throughout the pap@f,is  csoling, while for the other models we see that the electron

treated as constant, i.e., which assumes that the diffusiofeiring spectrum and 50% of the muon neutrino spectrum,
coefficient is proportional to the Bohm diffusion coefficient. arising from muon decay, steepen more than one order of

This is not true in other turbulence spectra, e.g., Ko!mogorc’\fnagnitude lower in energy that previously assumed.

turbulence, wherefe~1 at the maximum energy implies — £or the prediction of detector event rates, the integrated
f¢>1 at lower energies. While this can be important for theiffyse neutrino background contributed by all AGN needs
comparison of electron and proton acceleration time scaleg, he determined. Taking simple step functions as approxi-
[80], it does not affect too much our results near the maxiqnations for both the steepening induced by muon cooling

mum proton energy. and the exponential cutoff induced by the maximum proton
energy, and noting that the dependence of the maximum en-

APPENDIX E: VHE/UHE NEUTRINO EMISSION ergy on the AGN x-ray luminosity remains the same, we can

FROM AGN CORES derive a relation which allows to transform the result ob-

tained disregarding muon cooling into the result expected

neutrino fluxes from AGN assumed particle acceleration a hen this effect is considered. The ratio of the integrated
. . p - eutrino number fluxF(€), to the unmodified single source
shocks in the accretion flow onto the putative central black

hole [6,7,37. By assuming in these models that the power-SpeCtrum’fO(g)’ for_ € between the cutoff energies of the
I ; least and most luminous AGN, can thus be written as

law 2-10 keV x-ray emission observed from AGN is pro-

duced bym°-decay frompy andpp interactions, and assum-

The first models which predicted considerable VHE-UHE

ing that the observed diffuse x-ray background is entirely _FE) [ Fmax e
due to AGN, one can estimate the corresponding neutrino QAB)= fo(& iy, PAN(L)On(ELsg—E)AL,
flux arising frompp and py interactions. While the assump- (ED)

tion of shocks in the accretion flow near the black hole is

more speculative than in jetsnlike the shocks in extended : o :

jets,. the inner portions of. AGN _have never been imaged witfﬁhggp ﬁ%’ﬁﬁ gi (ljsethsete,?)Gfll\IJr:zgz;:g)f:n;t;gr;, )?Qg)'*gr(])d

sufficient angular resolution to infer shogkeore shocks are _ . 7 o7 -

still the most cited class of models used to estimate expecte@H(X) =0 otherwise. R%pIaC|ng?~2>.< 10" eV, as origi-

event rates in neutrino experiments. Thus, it useful to inveshally assumed, by’ =10'° eV as obtained from muon cool-

tigate such models for self-consistency in the face of the piofing, obviously leads to the relatiorQ’ (€)= Q(EEC/E")

and muon cooling effects discussed in this paper, which were-0.059(&), since Qx& ! [6,37]. SinceQ'/Q=F'|F, the

not considered in the published resultee also more recent diffuse flux of electron neutrino&@s well as muon neutrinos

papers, e.g/,8,10]). from muon decayis reduced to about 5% of the value pre-
In principle, we could incorporate these models into ourviously obtained, independent of the luminosity function

general discussion, because the relevant sizes and time scalesed. Additionally, the exponential cutoff of the diffuse

in AGN cores are also limited by variability. However, we background, corresponding to the cutoff of the most lumi-

will not write down here all the observational quantities, butnous quasars, sets in already below 18V rather than at

use rather the physical parameters applied in the original0'® eV. Similarly, the diffuse muon neutrino flux from pion

papers. The only relevant quantity in the expression of thelecay is reduced to about 50% of the original value, so that

critical energy for pion and muon cooliriggs.(20)] is the  the total VHE muon neutrino flux drops by about a factor of

value of the magnetic field, since AGN core models are ob3 and cuts off at 11 eV.

viously not Doppler boostedZ¥=1). Assuming equiparti- Clearly, a more detailed calculation is required to obtain
tion of the magnetic field and radiation energy densities, theeliable flux rates under consideration of detailed spectral
magnetic field is generally taken aB~[10° G]E;E,l’z, modification induced by pion and muon cooling, but our ap-
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proximate results already show that the effect is importantmediate range, in particular relevant for the event prediction
In particular, we expect no considerable contribution fromfor proposed radio Cherenkov detectors, we obtain a moder-
AGN cores to the electron neutrino spectrum in the energyately lower flux of muon neutrinos, and a severely reduced
range interesting for horizontal air shower measurements. Noontribution of electron neutrinos. Since the model predic-
change of the predicted fluxes is expected in the energtion are upper limitgconstrained by the diffuse x-ray back-
range relevant for deep underwater or ice Cherenkov deteground, the drop in the rates cannot be balanced by adjust-
tors, like Lake Baikal or AMANDA. In the interesting inter- ing astrophysical parameters.
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