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Resonant conversions of extremely high energy neutrinos in dark matter halos

R. Horvat
‘‘Rudjer Bošković’’ Institute, P.O. Box 1016, 10001 Zagreb, Croatia

~Received 2 December 1998; published 18 May 1999!

We study the effect of adiabatically resonant conversion in galactic halos of neutrinos at the highest energies
(;1020–1022 eV), when then source is in the center of a galaxy. Using the standard neutrino properties and
the standard cosmological scenario for hot dark matter, we find that interesting conversions may take place just
for neutrino parameters relevant to the solar and atmospheric neutrino problem. The effect is due to the large
enhancement in then density in galactic halos and to the form of the effective matter potential both below and
above the pole of theZ resonance.@S0556-2821~99!03210-5#

PACS number~s!: 14.60.Pq, 95.35.1d, 95.85.Ry, 98.70.Sa
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It has recently been suggested@1–3# that annihilation of
extremely high energy~EHE! (*1021 eV) primary cosmic
neutrinos on a background of clustered relic neutrinos m
be able to account for the detected flux of cosmic rays of
highest energy (*1020 eV) @4,5#. The Fly’s Eye @4# and
Akemo Giant Air Shower Array~AGASA! @5# experiments
confirmed the existence of protonlike cosmic rays with en
gies *1020 eV which, being well above the Greisen
Zatsepin-Kuzmin@6# cutoff, may create a rather seriou
problem in terms of a possible astrophysical explanation
the above scenario@1–3# this problem is elegantly circum
vented by the fact that the highest energy cosmic rays m
actually be generated very close to Earth, possibly in
hot-dark-matter galactic halo@1,2#. In order that this new
mechanism for generating the highest energy cosmic
have a chance to work, a relic electronvolt mass neutr
would be needed as the gravitational clustering of relic c
mic neutrinos is more efficient for heavier and slower s
cies. If the Hubble and age parameter allow for a critic
density universe@7# as suggested by inflation, then the mix
cold 1 hot dark matter model withmnm

.mnt
.2.5 eV ~giv-

ing Vn.0.2) was found to be consistent with all availab
observations. Indeed this model was shown to agree
with observations of cosmic background temperature ani
ropy on large scales performed by the Cosmic Backgro
Explorer ~COBE! satellite @8# as well as with those on th
number density of clusters@9#. Although in accordance with
the theory of the formation of cosmic structure, the scena
is beset by the problem@3# that one requires a very larg
energy generation rate of high energy neutrinos~which poses
a difficult astrophysical problem! and the fact thatZ,W6

decay produces a large population ofp0 secondaries and
hence we have more photons~from p0 decay! than protons.

The interaction of the EHE neutrino with the relic one h
been studied first in@10# and reconsidered afterwards in@11#.
It was shown@11# that neutrinos with the standard ele
troweak interaction can travel through cosmic distances w
a little hindrance, and only those neutrinos with energ
close to theZ resonance value may be absorbed while cro
ing galactic halos, leading to a dip in the spectrum arou
Eres.1021 eV. This idea was then taken over in@1,2# to
show that secondaries~such as protons and photons! of the
EHE-relic-neutrino annihilation in our galactic halo may
responsible for the observed high energy cosmic ray ene
spectrum.
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Here we examine whether the condition for adiabatica
resonant conversion of these EHE neutrinos while travers
the halo around the source is met, if the oscillation para
eters are taken to be just those responsible for the solutio
the solar and atmospheric neutrino anomaly. In the follow
we will be consideringne-nt(m) andne-ns (ns being a sterile
neutrino! as well asnm-ns oscillations.

Assuming that the halo is nearly round we take for t
halo density a density profile such as

r~r !5
r~r 50!

11~r /a!2
, ~1!

wherea is the core radius of the halo. By considering t
values for our local galactic halo it was found@1# that, not-
withstanding the fact that light neutrinos constitute a sma
fraction of the density of the galactic halo@12# than they do
of the cosmological density in a typical mixed-dark-mat
scenario@13#, the neutrino number density inside the co
might be a factor;105–107 larger than the average cosm
n density. Hence,Nn.107–109 cm23 was assumed in@1#,
together with a relic neutrino massmn510 eV. In the
present work, however, we treatNn as a free parameter, pre
senting first the conditions under which conversion may
cur, and then adding a discussion of whether or not th
conditions may be met in the ‘‘realistic neutrino halo’’ a
lowed by the Tremaine-Gunn phase-space constraint@14#. In
addition, we assume that the halo consists predominantl
heavier (nm andnt) neutrinos withmnm

.mnt
.2.5 eV. It is

just the fact that the background isnot flavor symmetric that
allows us to study not only active-sterile but active-acti
neutrino oscillations as well.

Effects of a medium on neutrino propagation are det
mined by the difference of potentials, whose standard-mo
contribution in the context of thermal field theory ma
readily be obtained from the relevant thermal self-energie
a neutrino: charged current, neutral current, and tadpole
these, only the neutral-current and tadpole contributions
of relevance here as the halo background consists of p
neutrinos ~up to some of whatever dark-matter particl
©1999 The American Physical Society03-1
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which appear as a major constituent of the halo and wh
are irrelevant for the present discussion!. The contribution
from the tadpole diagram, in addition to being a const
independent of the external neutrino momentum and he
irrelevant~see below!, is always proportional to the asymme
try for certain neutrino species. Since the cosmic neutr
background is likely to beCP symmetric, its contribution is
completely negligible, leaving us with the neutral-curre
contribution only.

Since the ‘‘target’’ neutrinos are massive (mn.2.5 eV),
the Z boson may be considered ‘‘massless’’ always whes
.2Enmn@MZ

2 . This corresponds to energies in the labo
tory frameEn*1021 eV. In the opposite limit,s!MZ

2 , theZ
boson should be considered ‘‘massive’’ and the usual con
approximation for theZ propagator is adequate. Using th
real-time version of thermal field theory, we find by explic
calculation a contribution to the effective matter potentials
the ‘‘massless’’ limit as

Ve.0.02~Tn
2 /En!S (

i 52,3
uUeiu2D , ~2!

Vm.Vt.0.02~Tn
2 /En!. ~3!

Although the heaviest neutrinos are so massive that they
firmly nonrelativistic today, they still should be described
the relativistic distribution function as their total numb
density is fixed at about 100 cm23 in the uniform, nonclus-
tered background and at about a factor of few larger in
galactic halo. Hence the temperatureTn from Eqs.~2! and
~3! is always related to the neutrino number density via
relation Tn.(Nn/0.18)1/3. Notice, in addition, that the ap
pearance of a unitary mixing matrix in the vacuumU in the
expression forVe in Eq. ~2! is due to the fact that interna
lines of the thermal self-energy graph should necessarily
written in the~vacuum! mass eigenstate basis. If in a wor
with just three neutrinos all of them have nearly the sa
mass, of about;1.5 eV, then the suppression due
(( i uUeiu2) will be absent.

Let us first consider the values of the parameters of
small mixing anglene-ns solution to the solar neutrino prob
lem which lie in the region@15#

2.931026&Dmes
2 /eV2&7.731026,

3.531023&sin2 2u&1.431022, ~4!

whereDmes
2 5ms

22me
2 andu is the vacuum mixing angle o

the ne-ns mixing system. The Mikheyev-Smirnov
Wolfenstein~MSW! resonant condition for all neutrinos wit
En.1021 eV now reads

0.04Tn
2S (

i
uUeiu2D .Dmes

2 . ~5!

Note that Eq.~5! is independent of neutrino energy. For th
central value (531026) in Eq. ~4! we find that the MSW
resonance forne-ns oscillations occurs within the core radiu
of the halo if the neutrino number density inside the core
12300
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a galaxy is 33107(( i uUeiu2)23/2 cm23. The same occurs
also for n̄e→ n̄s oscillations asVē.0.

The condition for unsuppressed oscillations is that the
cillation frequency must be real; otherwise, the system
critically overdamped, the oscillations would be fully inco
herent, and hence in fact there will be no oscillations. T
translates into the requirement that the oscillation freque
should be much greater than the total neutrino interac
rateG:

2pvosc.
1

2
G. ~6!

At the resonance this gives

Dm2 sin 2u

2En
.

1

2
G. ~7!

For En51022 eV we have (Dm2 sin 2u)/2En.2310229 eV,
whereas (1/2)G5(1/2)Nns.53(10232–10230) eV for Nn

.107–109 cm23. The latter estimate follows from@11#,
where the total neutrino absorption cross section was ca
lated to bes(En51022 eV).5310234 cm2. Thusne-ns os-
cillations in the halo of a galaxy can be considered as uns
pressed forEn;1022 eV. However, level crossing alone i
not sufficient for a complete conversion. The extent of co
version is determined by a degree of adiabacity; if there
only level crossing but no sufficient adiabacity at the re
nance, then there will be no complete conversion of elect
neutrinos into sterile neutrinos. The condition for adiaba
transition at the resonance may be written in our case as

3Dm2 sin2 2u

4En cos 2uudNn /Nndru0
@1, ~8!

where the subscript 0 denotes that this quantity should
evaluated at the resonance. Using the distribution~1! one can
easily show that forEn;1022 eV adiabatically resonant con
version may only take place in the regions very close to
center of a galaxy, namely, for

r 0&231023a.O ~10 pc!. ~9!

For the last estimate in Eq.~9! we have takena.10 kpc
@16#. Equation~9! is due to the fact that the adiabacity p
rameter, as defined in Eq.~8!, can be larger than unity fo
such EHEs only where the flatness of the distribution~1! is
appreciable. There is also another solution forr 0 from Eq.
~8! but it is located well outside the core where the numb
density is smaller; besides, Eq.~1! is not a good fit tor(r ) at
r @a @17#. However, even the restriction~9! is consistent
with the models@18,19# in which neutrino production take
place in active galactic nuclei~AGN! jets. In these models
protons are accelerated in the jets that stream highly c
mated out of their cores to distances of several parsec. In
jets the neutrinos are Lorentz boosted to energies m
higher than in AGN cores, which has important implicatio
for their detection. Notice, for comparison, thatVe obtained
here is always larger@for (( i uUeiu2)3/2*1022 and Nn
3-2
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.107 cm23] than the effective matter potential in AGN
cores whose magnitude was estimated to be 10229–10232 eV
@20#. One should stress, however, here that asr(r ) has a flat
region for r ,r 0, the neutrinos are always produced at de
sities very close to the resonant one. Thus, the mixing an
at the production pointump.p/4 rather thanump→p/2, and
consequently the oscillation probabilityP(ne→ne) is cen-
tered around 1/2 rather than around sin2 u. One can therefore
speak of partial (*50%) conversion.

Let us now turn to active-activene→nt(m) oscillations.
Notice that there is no resonant transition in the ‘‘massle
limit as Dmet(m)

2 .0, but Ve2Vt(m),0 @see Eqs.~2! and

~3!#. The same holds forn̄e→ n̄t(m) oscillations asVē
2Vt̄(m̄),0. The situation turns out to be completely diffe
ent if we concentrate on the ‘‘massive’’ limit for theZ-boson
propagator. In this case the effective matter potential is gi
as a sum of the finite-density and finite-temperature con
bution

V~En!5Vr1VT~En!, ~10!

where@for nt(nm)]

Vr.A2GFNgLn ~11!

and

VT~En!.224GF
2Tn

4En . ~12!

In Eq. ~11!, Ng represents the number density of photons a
Ln the tau-~muon-! like asymmetry. We are now in positio
to examine a possibility for resonant conversion as we h
Ve2Vt(m).2Vt.0. It is to be noted that forLn510210

andEn;1020 eV, uVTu, which represents a contribution com
ing from the low energy tail of theZ resonance, is abou
seven orders of magnitude larger thanVr for Nn

.107 cm23, and therefore from Eq.~10! V.VT,0.
Let us now concentrate to the hypothesis of two-neutr

vacuum oscillations which was found to provide a go
quality description of the solar neutrino data for values of
two oscillation parameters belonging approximately to
region @21#

5.0310211&Dmet(m)
2 /eV2&10210, 0.65&sin2 2u<1.0.

~13!

The resonant energy for the central values in Eq.~13!
(7.5310211, sin2 2u.0.8) turns out to lie in the range
1019–1021 eV for the input neutrino number densit
109–107 cm23. The same occurs also forn̄e→ n̄t(m) oscilla-
tions asVē2Vt̄(m̄).0. Here we would like to stress the im
portance ofne-nt oscillations as the initial fluxes of the u
trahigh energy neutrinos originating from AGNs a
estimated to have a ratio@22# nt /nm&1023 ~also ne /nm
.1/2 is expected from AGNs!. Hence if an enhancednt /ne
ratio as compared to the nonoscillation case is observed
related to the direction of the source for ultrahigh ene
neutrinos, then this may represent a piece of evidence
neutrino oscillations taking place in the halo around
source. The model of Ref.@18# with maximum energy of
12300
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1018–1019 eV can therefore be very relevant to our scena
where level crossing occurs at a bit higher energies. We
that resonant conversion with sufficient adiabacity does
cur in the part of a dark halo with

r 0&O ~ few pc!. ~14!

This is very similar to the estimate~9! for ne-ns oscillations
in the ‘‘massless’’ limit and hence still compatible to th
proposed sites for neutrino production in the vicinity
AGNs.

Let us finally consider thenm-ns @23# oscillation hypoth-
esis that provides an appealing explanation for the large
down asymmetry observed by SuperKamiokande for atm
spheric neutrino inducedm events @24#. The oscillations
nm-ns can solve the atmospheric problem if oscillation p
rameters lie in the approximate range

331024&Dmms
2 /eV2&731023, 0.82&sin2 2u<1.0.

~15!

We note that it has been claimed@25# recently that at presen
there is no constraint from cosmology to thenm-ns solution
with the aforementioned parameters.

Sinceu2EnVmu!uDmms
2 u, level crossing never occurs in

halo except when sin2 2u is extremely close to unity. Rathe
than considering such a coincidence we note out the a
batic condition

~sin2 2u!21
~Dmms

2 !2

2En
2uVmu

@a21. ~16!

While in the ‘‘massless’’ limit withEn;1022 eV the condi-
tion ~16! is well satisfied for the whole range 0&r &a, it is
always extremely well satisfied in the ‘‘massive’’ limit. It i
well known @26# that actually it does not matter whether
resonance has been crossed or not while a neutrino pr
gates adiabatically from one region to another as a sim
formula for the propagation probability applies:

P~nm→nm!5
1

2
~11cosu im cosu f m!. ~17!

Equation ~17! describes a situation wherenm produced at
some density near the galactic center, with mixing an
u im , propagates adiabatically through the halo to the reg
of diffuse neutrino background, with mixing angleu f m .
Since the mass-squared differenceDmms

2 is always larger
than the induced mass squared of the muon neutrino,
neutrino does not go through the resonance but is produ
below it, and therefore we have

u im.u f m.u. ~18!

In this case the propagation probability~17! reduces just to
the classical probability in the vacuum. With the paramet
from Eqs.~15! we get a constraint

0.5&P~nm→nm!&0.59. ~19!
3-3
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We have seen that all of the above effects except
based on thenm-ns oscillation hypothesis require at lea
Nn.107 cm23. There is, however, a strong bound based
Pauli’s exclusion principle on the number densityNn

max of
neutrinos clustered in the halo around a galaxy. The neut
density in the halo is approximately constrained becaus
this requirement~Tremaine-Gunn constraint@14#! by Nn

max

<(4p/3)(pmax/h)3, where pmax5mnvesc is the maximum
momentum for a neutrino of massmn andvesc is the escape
velocity of bound neutrinos. If, in addition, we assume th
massive neutrinos that fill up dark matter halos today re
from gravitational instability of three cosmic seas of re
neutrinos, then the bound is improved by a factor of 2, giv

Nn
max,13105S mn

2.5 eVD
3S vesc

500 km/sD
3

cm23. ~20!

It is clear from Eq.~20! that to have sufficiently largeNn in
halos where the neutrinos have typical escape veloci
larger values ofmn would be preferable. Conversely, if w
stick to the cold1 hot dark matter scenario of structu
formation (mnm

.mnt
.2.5 eV), the increased neutrino de

sity can be achievable only in halos where the neutrinos h
large escape velocities. Notice, however, that larger value
mn are still tolerable by the cosmological mass bound
light neutrinos@27# (mne

1mnm
1mnt

&37 eV), and thus for

example mnm
.mnt

.10 eV may result inNn.107 cm23.
The effect of the higher neutrino masses would be to low
the resonant energyEn

res ~the energy which discriminates be
tween the ‘‘massive’’ and ‘‘massless’’ limits! by a factor of
.

12300
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few, thereby increasing thene-ns conversion and depressin
ne-nt(m) conversion.

In conclusion, we have considered a possibility for ad
batically resonant conversion of EHE neutrinos originati
from the center of a galaxy, while traversing its dark mat
halo. Owing to the large enhancement of the effective n
trino potentials at energies immediately above the pole of
Z resonance, we have found thatne’s can resonantly be con
verted into unobservablens’s, if their parameters are consis
tent with the MSW interpretation of the solar neutrino da
On the other hand, because the hot dark matter around
axies is expected not to be flavor symmetric,ne’s can reso-
nantly be converted intont’s, if their parameters are consis
tent with the vacuum mixing solution of the solar neutrin
anomaly. This kind of transition is especially important b
cause there is a negligible number ofnt’s in the initial fluxes
of high energy neutrinos of astrophysical origin. Since t
resonance density approaches the central neutrino produ
region, the above conversions turn out to be only partial. I
striking that in some proton blazar models a maximum n
trino energy is very close to the resonant energy. With reg
to the Tremaine-Gunn constraint, these effects require ei
neutrino masses close to the cosmological mass boun
such halos where the neutrinos have large escape veloc
or both. Finally, if the parameters of active-sterile mixin
system are consistent with thenm-ns solution to the atmo-
spheric neutrino anomaly, then neutrino propagation insid
dark matter halo is always adiabatic forEn&1024 eV and the
propagation probability simply reduces to the classical pr
ability in the vacuum.
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