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Resonant conversions of extremely high energy neutrinos in dark matter halos
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We study the effect of adiabatically resonant conversion in galactic halos of neutrinos at the highest energies
(~107°-1¢?2 eV), when thev 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 the density in galactic halos and to the form of the effective matter potential both below and
above the pole of th& resonance[S0556-282(99)03210-3

PACS numbsgs): 14.60.Pq, 95.35:d, 95.85.Ry, 98.70.Sa

It has recently been suggestgld-3| that annihilation of Here we examine whether the condition for adiabatically
extremely high energyEHE) (=10°! eV) primary cosmic resonant conversion of these EHE neutrinos while traversing
neutrinos on a background of clustered relic neutrinos mayhe halo around the source is met, if the oscillation param-
be able to account for the detected flux of cosmic rays of theters are taken to be just those responsible for the solution to
highest energy £10° eV) [4,5]. The Fly's Eye[4] and  he solar and atmospheric neutrino anomaly. In the following

Akemo Giant Air Shower ArrafAGASA) [5] experiments ; . ) ] ; -
confirmed the existence of protonlike cosmic rays with ener'© will be consideringe-v -, andwe-vs (v5 being a sterile

gies =10 eV which, being well above the Greisen- N€ulrind as well asv,-v oscillations.

Zatsepin-Kuzmin[6] cutoff, may create a rather serious Assuml_ng that th_e halo_ls nearly round we take for the
problem in terms of a possible astrophysical explanation. Ifalo density a density profile such as

the above scenarifil—3] this problem is elegantly circum-

vented by the fact that the highest energy cosmic rays may

actually be generated very close to Earth, possibly in our p(r=0)
hot-dark-matter galactic halfl,2]. In order that this new p(r)=—7""2, 1
mechanism for generating the highest energy cosmic rays 1+(r/a)

have a chance to work, a relic electronvolt mass neutrino
would be needed as the gravitational clustering of relic cos-
mic neutrinos is more efficient for heavier and slower spewherea is the core radius of the halo. By considering the
cies. If the Hubble and age parameter allow for a critical-values for our local galactic halo it was fouptl] that, not-
density univers¢7] as suggested by inflation, then the mixed withstanding the fact that light neutrinos constitute a smaller
cold + hot dark matter model witm, =m, =2.5 eV(giv-  fraction of the density of the galactic hdla2] than they do
ing 2,=0.2) was found to be consistent with all available of the cosmological density in a typical mixed-dark-matter
observations. Indeed this model was shown to agree wellcenario[13], the neutrino number density inside the core
with observations of cosmic background temperature anisoinight be a factor- 10°P—10 larger than the average cosmic
ropy on large scales performed by the Cosmic Backgroung, density. HenceN,=107—1¢° cm 3 was assumed ifil]
Explorer(COBE) satellite[8] as well as with those on t_he together with a relic neutrino mass,=10 eV. In the
number density of clustef®]. Although in accordance with

; . . present work, however, we treldlt, as a free parameter, pre-
the theory of the formation of cosmic structure, the scenarlé;entm first the conditions under which conversion may oc-
is beset by the problerf3] that one requires a very large gd th ddi d . ¢ wheth t)t/h
energy generation rate of high energy neutrifwich poses cur, an en adding a |scus§|on Of whether or no” ese

conditions may be met in the “realistic neutrino halo” al-

a difficult astrophysical probleimand the fact thaZ, W= , )
decay produces a large population 8P secondaries and '0Wed by the Tremaine-Gunn phase-space constia#jt In

hence we have more phototfsom 7° decay than protons. addit?on, we assume tha_t the halo consists predomina_ntly of
The interaction of the EHE neutrino with the relic one hadheavier ¢, andr) neutrinos withm, =m, =2.5 eV. Itis
been studied first ih10] and reconsidered afterwards[inl].  just the fact that the backgroundnst flavor symmetric that
It was shown[11] that neutrinos with the standard elec- allows us to study not only active-sterile but active-active
troweak interaction can travel through cosmic distances witmeutrino oscillations as well.
a little hindrance, and only those neutrinos with energies Effects of a medium on neutrino propagation are deter-
close to theZ resonance value may be absorbed while crossmined by the difference of potentials, whose standard-model
ing galactic halos, leading to a dip in the spectrum aroundontribution in the context of thermal field theory may
E,es=10?t eV. This idea was then taken over ji,2] to  readily be obtained from the relevant thermal self-energies of
show that secondarigsuch as protons and photoref the  a neutrino: charged current, neutral current, and tadpole. Of
EHE-relic-neutrino annihilation in our galactic halo may be these, only the neutral-current and tadpole contributions are
responsible for the observed high energy cosmic ray energyf relevance here as the halo background consists of pure
spectrum. neutrinos (up to some of whatever dark-matter particles
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which appear as a major constituent of the halo and whicly galaxy is 3<107(Z;|U¢|?) ~¥? cm 3. The same occurs
are irrelevant for the present discussiofhe contribution - Mati

from the tadpole dia ?am in addition to being a constantals0 forve— v oscillations as/e>0.

) P gram, . g The condition for unsuppressed oscillations is that the os-
!ndependent of the e_xternal neutrino momentum and hencgjation frequency must be real; otherwise, the system is
irrelevant(see below, is always proportional to the asymme- ¢jtically overdamped, the oscillations would be fully inco-

try for certain neutrino species. Since the cosmic NeutrinGyerent”and hence in fact there will be no oscillations. This
background is likely to b&€P symmetric, its contribution is  angjates into the requirement that the oscillation frequency

completely negligible, leaving us with the neutral-currentgpoyd be much greater than the total neutrino interaction
contribution only. rateT":

Since the “target” neutrinos are massive(=2.5 eV),
the Z boson may be considered “massless” always wken
=2E,m,>M?3. This corresponds to energies in the labora- 2mwosc>5 1 (6)
tory frameE, =10 eV. In the opposite limits<M3, theZ
boson should be considered “massive” and the usual contagit the resonance this gives
approximation for theZ propagator is adequate. Using the
real-time version of thermal field theory, we find by explicit Am?sin26 1
calculation a contribution to the effective matter potentials in T>§F' @
the “massless” limit as '
For E,=10?? eV we have Am?sin Z%ZEVZS%)X 1072 eV,
- 2 12 whereas (1/2A) =(1/2)N,oc=5X (10 °“=10 *") eV for N,,
Ve O'OZT”/E”)< iga el ) @ ~10-10° cm 3. The latter estimate follows froni11],
where the total neutrino absorption cross section was calcu-
V,=V,=0.02T%/E,). (3) lated to bes(E, =10 eV)=5x 10 3* cm?. Thusve-v 0S-
cillations in the halo of a galaxy can be considered as unsup-
Although the heaviest neutrinos are so massive that they ajsressed forE,~ 10?2 eV. However, level crossing alone is
firmly nonrelativistic today, they still should be described by not sufficient for a complete conversion. The extent of con-
the relativistic distribution function as their total number version is determined by a degree of adiabacity; if there is
density is fixed at about 100 M in the uniform, nonclus- only level crossing but no sufficient adiabacity at the reso-
tered background and at about a factor of few larger in thezxance, then there will be no complete conversion of electron
galactic halo. Hence the temperatufrg from Egs.(2) and  neutrinos into sterile neutrinos. The condition for adiabatic
(3) is always related to the neutrino number density via theransition at the resonance may be written in our case as
relation T,=(N,/0.18)"3. Notice, in addition, that the ap-
pearance of a unitary mixing matrix in the vaculurin the 3Am? sir? 26
expression folV, in Eq. (2) is due to the fact that internal 4E, cos 29|dNV/NVdf|o>l' ®
lines of the thermal self-energy graph should necessarily be
written in the(vacuum) mass eigenstate basis. If in a world where the subscript 0 denotes that this quantity should be
with just three neutrinos all of them have nearly the samesvaluated at the resonance. Using the distributigrone can
mass, of about~1.5eV, then the suppression due to easily show that foE,~ 10?7 eV adiabatically resonant con-
(Zi|U¢il» will be absent. version may only take place in the regions very close to the
Let us first consider the values of the parameters of thgenter of a galaxy, namely, for
small mixing angleve- v4 solution to the solar neutrino prob-

lem which lie in the regio15] ro=2x10 %a=0 (10 po. 9)
2.9x10 *=AmZJeV2=<7.7x10° 5, For the last estimate in Eq9) we have takera=10 kpc
[16]. Equation(9) is due to the fact that the adiabacity pa-
3.5x10 3<sinf 20=<1.4x 102, (4)  rameter, as defined in E@8), can be larger than unity for

such EHEs only where the flatness of the distributibnis
whereAm2,=mZ—m2 and ¢ is the vacuum mixing angle of appreciable. There is also another solution rfgrfrom Eq.
the wve-vg mixing system. The Mikheyev-Smirnov- (8) but it is located well outside the core where the number
Wolfenstein(MSW) resonant condition for all neutrinos with density is smaller; besides, Ed) is not a good fit tq(r) at

E,>10"! eV now reads r>a [17]. However, even the restrictiof®) is consistent
with the modeld18,19 in which neutrino production takes
2 12) — A 2 place in active galactic nucldAGN) jets. In these models

0'04rV< Z |Ueil ) AMes- ®) protons are accelerated in the jets that stream highly colli-

mated out of their cores to distances of several parsec. In the
Note that Eq.5) is independent of neutrino energy. For the jets the neutrinos are Lorentz boosted to energies much
central value (% 10°%) in Eq. (4) we find that the MSW higher than in AGN cores, which has important implications
resonance for.-v, oscillations occurs within the core radius for their detection. Notice, for comparison, that obtained
of the halo if the neutrino number density inside the core ofhere is always largeffor (2;|U4|?)%?*=10"2 and N,
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=10’ cm™®] than the effective matter potential in AGN 10!8-10'° eV can therefore be very relevant to our scenario

cores whose magnitude was estimated to be’3010 % eV where level crossing occurs at a bit higher energies. We find

[20]. One should stress, however, here thap@9 has a flat  that resonant conversion with sufficient adiabacity does oc-

region forr<r,, the neutrinos are always produced at den-cur in the part of a dark halo with

sities very close to the resonant one. Thus, the mixing angle

at the production poing,,= /4 rather tharg,,,— /2, and ro=0 (few po. (19

consequently the oscillation probabili®(v.— v,) is cen-

tered around 1/2 rather than around’ginOne can therefore This is very similar to the estimai®) for v-v; oscillations

speak of partial £50%) conversion. in the “massless” limit and hence still compatible to the
Let us now turn to active-active,— v, oscillations. proposed sites for neutrino production in the vicinity of

Notice that there is no resonant transition in the “massless”AGNSs.

limit as Amgf(ﬂ)>o, but Ve—V,(,,<0 [see Eqs.(2) and Let us finally consider the,,-vs [23] oscillation hypoth-
— esis that provides an appealing explanation for the large up-

(3)]. The same holds forve— v, oscillations asVg :
—V7»<0. The situation turns out to be completely differ- down_asymmgtry _observed by SuperKammkandg fqr atmo-
spheric neutrino inducegh events[24]. The oscillations

T(u
ent if we concentrate on the “massive” limit for theboson . . o

KuVs can solve the atmospheric problem if oscillation pa-
rameters lie in the approximate range

propagator. In this case the effective matter potential is give
as a sum of the finite-density and finite-temperature contri-

bution 3X 10 *=AmM2JeV2=7x 1073, 0.82<sir?26<1.0.
V(E,)=V,+Vr(E,), (10 (15
where[for v,(v,)] We note that it has been claimg2b] recently that at present
a there is no constraint from cosmology to thg-v solution
V,=\2GgN,L, (11)  with the aforementioned parameters.
Since|2EVVM|<|Amis|, level crossing never occurs in a
and halo except when sf26 is extremely close to unity. Rather
P than considering such a coincidence we note out the adia-
Vr(E,)=—24CT,E, . (12 patic condition
In Eqg.(11), N, represents the number density of photons and (Am2 )2
L, the tau-(muonj like asymmetry. We are now in position (sir? 20)*12—“S>a*1. (16)
to examine a possibility for resonant conversion as we have ZEV|VM|

Ve—V,(,y=—V,>0. It is to be noted that fot.,=10"* o S , _
andEV~ 1020 ev, |VT|1 which represents a contribution com- While in the “massless” limit WlthEV"‘ 102 eV the condi-
ing from the low energy tail of th& resonance, is about tion (16) is well satisfied for the whole rangesr<a, it is
seven orders of magnitude larger thavi, for N, always extremely well satisfied in the “massive” limit. It is
~10’ cm™3, and therefore from Eq10) V=V;<0. well known [26] that actually it does not matter whether a
Let us now concentrate to the hypothesis of two-neutrindesonance has been crossed or not while a neutrino propa-
vacuum oscillations which was found to provide a gooddates adiabatically from one region to another as a similar
quality description of the solar neutrino data for values of theformula for the propagation probability applies:
two oscillation parameters belonging approximately to the
region[21] = _ 1
(vy—v,)= 2(1+cosaimcos0fm). (17)
5.0<10 M<AmZ, /eV?<107'0 0.65ssir? 20<1.0.
(13)  Equation(17) describes a situation where, produced at
. some density near the galactic center, with mixing angle
The resE)Plant_rEnergy for the central v_alu_es in K8 6im, propagates adiabatically through the halo to the region
(E-IEX 1821 S| 2620'8). trns OUt.tO lie in the range of diffuse neutrino background, with mixing angl,.
1071 eV3 for the input heutrino_ nt@ber dgnsny Since the mass-squared diﬁerenAeniS is always larger
10°~10' cm 2. The same occurs also fog— v, oscilla-  than the induced mass squared of the muon neutrino, the

tions asVe—V7(,)>0. Here we would like to stress the im- neytrino does not go through the resonance but is produced
portance ofve-v, oscillations as the initial fluxes of the ul- pejow it, and therefore we have

trahigh energy neutrinos originating from AGNs are

estimated to have a ratif22] vT/vMs10*3 (also velv, Oim= Ot m=0. (18)
=1/2 is expected from AGNsHence if an enhanced, /v,

ratio as compared to the nonoscillation case is observed com this case the propagation probability7) reduces just to
related to the direction of the source for ultrahigh energythe classical probability in the vacuum. With the parameters
neutrinos, then this may represent a piece of evidence fdrom Egs.(15) we get a constraint

neutrino oscillations taking place in the halo around the

source. The model of Ref18] with maximum energy of 0.5<=P(v,—,)=0.59. (19
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We have seen that all of the above effects except thaew, thereby increasing the,-v4 conversion and depressing
based on thev,-vs oscillation hypothesis require at least v-v,,) conversion.
N,=10" cm™3. There is, however, a strong bound based on In conclusion, we have considered a possibility for adia-
Pauli's exclusion principle on the number densM§'®* of  batically resonant conversion of EHE neutrinos originating
neutrinos clustered in the halo around a galaxy. The neutrinfrom the center of a galaxy, while traversing its dark matter
density in the halo is approximately constrained because dfalo. Owing to the large enhancement of the effective neu-
this requirementTremaine-Gunn constraifil4]) by N'®*  trino potentials at energies immediately above the pole of the
<(4m/3)(Pmax/h)3, Where p.,=m,vesc is the maximum  Z resonance, we have found thafs can resonantly be con-
momentum for a neutrino of mass, andv .. is the escape verted into unobservable,'s, if their parameters are consis-
velocity of bound neutrinos. If, in addition, we assume thattent with the MSW interpretation of the solar neutrino data.
massive neutrinos that fill up dark matter halos today resulDn the other hand, because the hot dark matter around gal-
from gravitational instability of three cosmic seas of relic axies is expected not to be flavor symmetuig’s can reso-
neutrinos, then the bound is improved by a factor of 2, givingnantly be converted inte.’s, if their parameters are consis-
tent with the vacuum mixing solution of the solar neutrino
3 3 anomaly. This kind of transition is especially important be-
m, ) ( Uesc J cm 3. (20 cause there is a negligible numbengfs in the initial fluxes
2.5eV |500 km/ of high energy neutrinos of astrophysical origin. Since the
resonance density approaches the central neutrino production
region, the above conversions turn out to be only partial. It is
Itis clear from Eq.(20) that to have sufficiently larghl, i striking that in some proton blazar models a maximum neu-
halos where the neutrinos have typical escape velocitiegrino energy is very close to the resonant energy. With regard
larger values ofm, would be preferable. Conversely, if we to the Tremaine-Gunn constraint, these effects require either
stick to the cold+ hot dark matter scenario of structure neutrino masses close to the cosmological mass bound or
formation (m, =m, =2.5 eV), the increased neutrino den- such halos where the neutrinos have large escape velocities,
sity can be achievable only in halos where the neutrinos haver both. Finally, if the parameters of active-sterile mixing
large escape velocities. Notice, however, that larger values afystem are consistent with the,-v solution to the atmo-
m, are still tolerable by the cosmological mass bound orspheric neutrino anomaly, then neutrino propagation inside a
light neutrinos[27] (m, + m, +m, < 37 eV), and thus for dark matter halo is always adiabatic ;=< 10°* eV and the
examplem, =m, =10 eV may result inN,= 10’ cm™3.  Propagation probability simply reduces to the classical prob-

The effect of the higher neutrino masses would be to IowefnjlbIIIty in the vacuum.
the resonant energy'°® (the energy which discriminates be- The author acknowledges support of the Croatian Minis-
tween the “massive” and “massless” limitdy a factor of  try of Science and Technology under contract 1-03-068.

NT*<1x 10°

[1] D. Fargion, B. Mele, and A. Salis, astro-ph/9710029. 1292(1984; M. Davis, F. Summers, and D. Schlegel, Nature

[2] T. J. Weiler, hep-ph/9710431. (London 359 393(1992.

[3] E. Waxman, astro-ph/9804023. [14] S. Tremaine and J. E. Gunn, Phys. Rev. Lé#.407 (1979.

[4] D. J. Bird et al, Phys. Rev. Lett71, 3401(1993; D. J. Bird [15] See, for instance, S. T. Petcov, hep-ph/9806466 and references
et al, Astrophys. J424, 491(1994. therein.

[5] S. Yoshidaet al,, Astropart. Phys3, 151 (1995. [16] J. Caldwell and J. P. Ostriker, Astrophys.25.1, 61 (1981).

[6] K. Greisen, Phys. Rev. Letil6, 748 (1966; G. T. Zatsepin  [17] J. Binney and S. Treiman&alactic DynamicgPrinceton Uni-

and V. A. Kuzmin, Zh. Eksp. Teor. Fiz., Pis'ma Retl.114 versity Press, Princeton, 198p. 226.

(1966 [JETP Lett.4, 78 (1966]. [18] K. Mannheim, Astropart. Phys, 295 (1995.

[7] E. Gawiser and J. Silk, Scien@®, 1405(1998 and references [19] R. J. Protheroe, in Proceedings of the IAU Colloquium 163,
therein. Accretion Phenomena Related Outflows, edited by D. Wickra-
[8] G. F. Smoottet al, Astrophys. J396, L1 (1992; E. L. Wright masingheet al,, 1996 (unpublishegl
et al, ibid. 396, L13 (1992. [20] M. Roy, J. Phys. @2, L113(1996; S. Sahu and V. M. Ban-
[9] J. R. Primacket al,, Phys. Rev. Lett74, 2160(1995. nur, hep-ph/9803487; H. Minakata and A. Yu. Smirnov, Phys.
[10] T. J. Weiler, Phys. Rev. Let#9, 234 (1982: Astrophys. J. Rev. D54, 3698(1996.

285 495 (1984. [21] P. I. Krastev and S. T. Petcov, eutrino 96 Proceedings of
[11] E. Roulet, Phys. Rev. @7, 5247(1993. the International Conference on Neutrino Physics and Astro-
[12] J. Ellis and P. Sikivie, Phys. Lett. B21, 390(1994. physics, Helsinki, Finland, 1996, edited by K. Engvist, K.
[13] See, for instance, Q. Shafi and F. Stecker, Phys. Rev.3%tt. Huitu, and J. MaalampiWorld Scientific, Singapore, 1996

123003-4



RESONANT CONVERSIONS OF EXTREMELY HIE . .. PHYSICAL REVIEW D 59 123003

[22] See, for instance, A. Husain, hep-ph/9811221. [24] Y. Fukudaet al, Phys. Rev. Lett81, 1562(1998.

[23] M. C. Gonzalez-Garciaet al, Phys. Rev. D58, 033004 [25] R. Foot and R. R. Volkas, astro-ph/9811067.
(1998; M. C. Gonzalez-Garcieet al. hep-ph/9807305; R. [26] T. K. Kuo and J. Pantaleone, Rev. Mod. Ph§%, 937 (1989.
Foot, R. R. Volkas, and O. Yasuda, Phys. Re\o® 013006 [27] G. Raffelt, Stars as Laboratories for Fundamental Physics
(1998; O. Yasuda, hep-ph/9809206. (University of Chicago Press, Chicago, 1996. 258.

123003-5



