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We study the matter effects on oscillations of high-energy neutrinos in the Universe. A substantial effect can
be produced by scattering of the neutrinos from cosmological sourees)(on the relic neutrino background,
provided that the latter has larggP asymmetry:n=(n,—n,)/n, =1, wheren,, n, andn, are the concen-
trations of neutrinos, antineutrinos, and photons. We consider in detail the dynamics of conversion in the
expanding neutrino background. Applications are given to the diffuse fluxes of neutrinos from gamma ray
bursters, active galactic nuclei, and the decay of superheavy relics. We find that the vacuum oscillation
probability can be modified by-10—20 %, and in extreme cases allowed by present bounds the effect
can reach~100%. The signatures of matter effects would con@jstor both active-active and active-sterile
conversion, in a deviation of the numbers of events produced in a detector by neutrinos of differentifgvors,
(a=e,u,7), and of their ratios from the values given by vacuum oscillations; such deviations can reach
~5-15%, and (ii) for active-sterile conversion, in a characteristic energy dependence of the ratios
Ne/N, ,Ng/N,,N,/N,. Searches for these matter effects will probe la&g@ and lepton asymmetries in the
Universe.
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I. INTRODUCTION vacuum oscillations have been considered. In this connec-
tion, we address here two questiorig: Are matter effects
The detection of high-energy cosmic neutrinos and deimportant for high-energy neutrinos propagating in the Uni-
tailed studies of their properties are among the main chalverse?(ii) Which information on the properties of the inter-
lenges in astrophysics and cosmology. They will give uniquestellar and intergalactic medium can be obtained from the
information about the structure of the Universe, mechanismstudy of these effects?
of particle acceleration, sources of cosmic rays, and proper- During their travel from the production point to the detec-
ties of the galactic and intergalactic media. They will alsotor, the neutrinos cross large amounts of matter, which could
have important implications for neutrino properti@sasses, induce significant refraction and conversion. In Ré&f, we
mixings, etc) and for particle physics in general. considered the interaction of neutrinos with the matter of the
Intense fluxes of neutrinos, with energies upta0** eV,  source for neutrinos produced in GRBs and AGN. The ef-
are supposed to be produced by cosmological objects such g:ts of matter on vacuum oscillations appeared to be small.
gamma ray bursterdGRBS and active galactic nuclei ¢ \yas also found7] that the neutrino-neutrino interaction in
(AGN) [1]-2 It was suggested that neutrinos of energies aghe gark matter halos of galaxies does not affect the vacuum
high as 16°—10** eV could be produced by topological de- ,ijjations significantly. Conversely, strong matter effects

fects such as cosmic strings, necklaces, and domain Wa”asre not excluded for neutrinos crossing media of larger size,

[2]. Furthermore, neutrinos produped by.the decay_of SUPEIS ich as the halos of clusters of galaxies. Furthermore, neu-
heavy particles have been considered in connection to the.

. . . tfinos from cosmological sources travel for such large dis-
problem of ultrahigh-energy cosmic rays exceeding thet . X . . ) )
Greisen-Zatsepin-Kuz'mifGZK) cutoff [3] ances in the intergalactic space that the Universe itself, with

The detection of high-energy neutrinos from cosmological!tS particle content, can be considered as a medium produc-

sources is challenging for neutrino telescopes. The existin|!d "efraction effects. Iri7], we found that significant con-
large water, ice, or air shower experimef#$ open up some Version can be realized for neutrinos crossing cosmological
possibility of detection; however, a detailed study requirelistances in the Universe with strongBP-asymmetric neu-
larger detectors to be realized in the future. trino background.

The properties of high-energy neutrino fluxes can be In this paper, we analyze this possibility in detail. We
modified by oscillations on the way from the source to thediscuss the refraction and conversion effects of the back-

Earth. In particular, it was remark¢8] that oscillations lead ground on high-energy neutrinos from cosmological sources
to the appearance of tau neutrinos in the high-energy nei@nd on neutrinos of the background itself.

trino flux. Moreover, the study of oscillation effects opens up L€t us describe the relic neutrino gas by the number den-
the possibility to probe neutrino mixings and distinguish be-sities of the various flavorsy, (e=e,e,u, etc), and by the
tween different mass spectf&]. In all these studies, only CP asymmetryz, defined as
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7,=(N,—ngin,, (1) A. Minimum width condition

. . The necessary condition for significant matter effect is the
wheren, is the concentration of photons. minimum width condition[7]. We define the width of the
The big bang nucleosynthesBBN) and structure forma-  nedium as the integrated concentration of the particle back-

tion [8,9] admit largeCP asymmetries for muon and tau ground of the Universe along the path traveled by the neu-
neutrinos, while the asymmetry for the electron neutrino isying beam:

strongly constrained:
to
|7,../=10, —0.01<7,<0.3. @) dzft n(t)dt. ®

Large asymmetries have also important implications on th?—|eret is the epoch of production of the neutrinos and
properties of the spectrum of the cosmic microwave back-_ 108 s is th t h. Using th i f th i
ground radiatiofCMBR) [9]. The recent results on the sec- s Is the pr_ezsen epoch. Using the scaling of the con
ond acoustic peak of the CMBR from BOOMERANG and centrationn(t)><t™*, one finds

MAXIMA-1 experiments[10] seem to favor a large lepton to
asymmetry,7,~1 [11-13. In particular, a satisfactory in- d(t)=dy| ¢~ 1 =dy[(1+2)%%-1], (6)
terpretation of the data requir€$2]

| Do s =22, 3) dy=tono, (7)

wheren, is the present concentration of the background and
we have introduced the redshife (t,/t)%°—1.
The minimum width condition can be written f8]

thus providing a stronger restriction of the alloweg and
7, values with respect td@2). In our discussion, we will
consider asymmetries, and 7, as large agz, ,/~1-2,

according to the upper limit3); however, results will be d
given also for larger values, allowed by the less stringent r=—=1, (8
bound(2). 0

we Wa’?t to.underlme _h(_are that the reahzatlor_l of Ia@j_é whered, is the refraction width of the medium:
asymmetries in the individual lepton flavors is consistent

with zero lepton asymmetry. This corresponds to

N
dOEEV’ 9

779+ 77,u+ 777':01 (4)

that is, to zero total lepton number. Large lepton asymmetryVith V being the effective matter potential in a given neu-
in contrast, implies larg€ P asymmetry. trino conversion channel. The widt, corresponds to the

The paper is organized as follows. In Sec. I, the proper_distance in matter at which the oscillation phase induced by
ties of the relic neutrino background are discussed. We shofatter equalsr/2. Notice that, sincé&/=n, d, does not de-
that significant matter effects on high-energy neutrinos rePend on the density of the medium and is determined by the
quire largeCP asymmetry of the background, and we Studyp.ropertles of the interaction. The u;ual weak interaction
the refraction and conversion effects in the background itself91V€Sdo~1/Gg, whereGe is the Fermi constant.

In Secs. Il and IV, we study matter effects on high-energy €t us consider the fulfilment of the conditiof8) for
neutrinos produced at cosmological distances. Applicationdifférent components of the intergalactic medium.

are given in Sec. V to the diffuse fluxes of neutrinos from (i) Because of the very small concentration of nucleons
AGN, GRBs, and from the decay of heavy relics. In Sec. VI and electrons, the width of these components is extremely

we discuss the experimental signatures of matter effect$Mall,dg/do<<1, even for neutrinos produced at cosmologi-
Conclusions follow in Sec. VII. cal distances. Indeed, the baryon concentration can be esti-

mated asig=n,,7g, wherepg=10"1°-10"? is the baryon

asymmetry of the Universe and, is the photon concentra-

tion. At presentn,,= n3~—~412 cm 3. Taking, e.g., production
Let us consider the interactions of high-energy neutrinogpochz=1, we find from Eqgs.(6)—(9) that for baryonsr

propagating from cosmological sources to the Earth. Thesesrg~10 1%,

neutrinos cross layers of matter in the source itself, then (ii) The scattering on the electromagnetic background has

interact with particles in the interstellar and intergalactic me-a negligible effect due to the smallness of the interaction.

dia, and finally interact in the matter of our cluster of galax-The neutrino-photon potential is of the second order in the

ies and of our galaxy. Fermi constant and depends on the energy of the neutrino
In what follows, we will discuss interactions in the inter- beam and on the temperature and concentration of the photon

galactic medium. The effects of the matter of the sources cagas[14,15. Using the results of Ref15] (see also the dis-

be neglected7]. As we will show later, for neutrino oscilla- cussion in[16]), we find from Egs.(6)—(9) r,= 108 for

tion parameters and energies relevant for this discussion, theeutrino energyfe<10?! eV and production epock~=1.

effects of the galactic halo and of the halo of the cluster of (iii) The effect of the scattering on the neutrino back-

galaxies are also very smalf]. ground can produce significant effect if the background has

Il. ACROSS THE UNIVERSE

073006-2



HIGH-ENERGY NEUTRINO CONVERSION AND THE . .. PHYSICAL REVIEW D 64 073006

large CP asymmetry Indeed, for asymmetry;,~1 we get to be different from those at the epoch of BBN; the latter are

d,~d,. Clearly, if the lepton asymmetry is of the order of constrained by the boundg).

the baryon oney,= g, the width is negligibly smalid,, In this section, we assume that larGé& asymmetries are

~dg<<dp. produced at some epoch before the BBN, i.e., at temperature
Let us consider the minimum width condition for the neu- T=Tggy=1 MeV, and study how they evolve with time.

trino background in more detail. The effective potential dueThe evolution of the flavor densities,, n,, andn, is a

to the scattering of neutrinos on the relic neutrino back-nonlinear many-body problem, which, in general, requires a

ground can be written as numerical treatmenf18,19. In some specific cases, how-
ever, an analytical description is possi)0] and conclu-
V= an\/EGFny, (10 sions can be obtained on general grounds.
whereF is a constant of order 1 which depends on the spe- 1. Three-neutrino system evolution

cific conversion channdkee Secs. Il A and IV A With the

potential(10), Eqs.(6), (8), and(9) give the condition Let us first consider the case of mixing between three

active neutrinosse, v, , andv,. In Refs.[18,20, it has been
shown that the evolution of the flavor densities has peculiar
aspects for the ideal case of a monoenergetic gas of neutrinos
(with no antineutrinosn,=0) initially produced in flavor
states. For this specific ensemble of neutrinos, the potential
due to neutrino-neutrino interaction cancels in the evolution
equation, so that the collective behavior of the system is
described by vacuum oscillations. This result holds with a
213 good approximatiorj18] also for realistic neutrino energy

, (12) spectra and in the presence of a small component of

antineutrinos. For this reason, it can be applied to our
case of interest, in which the background is strongly

so that for neutrinos produced 2tz the minimum width CP_asymmetrich> n,, and neutrinos have a thermal spec-
condition is fuffilled. Taking, for instancep,=1 andF=2,  trum. In what follows, we approximate the neutrino energies
we getzy=9; by requiringr=0.3 (which corresponds to with the average thermal energy of the gd&=(E,)
10% matter effect7]), we find z4=3.7. =aT,, whereT, denotes the temperature of the neutrino

The following remark is in order. The conditiof8) is  gas. The numerical factar depends on th€P asymmetry
necessary but not sufficient to have significant matter effectsf the background: we hawe=3.15 in the absence of asym-
In particular, for the case of oscillations in uniform medium metry, »~0, anda=3.78 for p=1.
and small mixing angles (sini2=0.3), we have found in  The length scale of flavor conversion is given by the
Ref.[7] that the widthd,,;, needed to have conversion prob- yacuum oscillation length:
ability larger than 1/2 equals

r(z)=1.6x10?|F|5,[(z+1)%2—1]=1. (12)

For neutrinos produced in the present epazh0, and val-
ues of 5, allowed by the bound§2) and (3), the condition
(11) is not satisfiedr (z~0)<1. From Eq.(11), we can de-
fine the epoclzy which corresponds to=1:

ltzg=|1+———
‘ { 1.6X10 2F|7,

47E
B0 (13) o= A2
min~ tan26” 0"

A7aBT

This quantity represents an absolute minimum. For media =AM

with varying density, the required width is larger thdpg;,

[7]. T \[103%eV?

We conclude, then, that the only component of the inter- =2.48<10° cm af , (19
1 MeV Am?

galactic medium which can produce a significant matter ef-
fect is a stronglyC P-asymmetric neutrino background, with

7,=1. Moreover, cosmological epochs of neutrino produc-whereg is the ratio between the temperature of the neutrino
tion are requiredz=3. background and the temperatufeof the electromagnetic

radiation: B=T,/T. We have =1 before the electron-
positron recombination epochT=0.5 MeV, and B
_ o = (4/11)"3 after this epoch.

Neutrino mixing and oscillations modify the flavor com-  Besides oscillations, for temperaturs1 MeV, other
position of the neutrino background, so that one expects thghenomena, and therefore other length scales, are relevant.
present values of th€ P asymmetries in the various flavors (i) Inelastic collisions. Let us consider a system of two

mixed neutrinosy,,vy(a,b=e,v, 7). After its production as
a flavor state, e.gy=wv,, a neutrino oscillates in vacuum
IFor CP-symmetric background, significant effects can appear atintil a collision occurs with a particlX of the background.
large temperatureT=1 MeV, due to thermal effectfl7], or at At the time of the collision, the quantum state of the neutrino
extremely high neutrino energies, due to neutrino-antineutrino scais a coherent mixture of the two flavorg=Av,+Bwy. The
tering in the resonari® channel[7]. effects of the collision depend on the specific reactions that

B. Properties of the relic neutrino background
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take placg21-23 (see also the discussion [id6]). If the  From Egs.(16)—(17), using the rates given in Rgf24], we
reaction is a scatteringgyX— vX, and the interaction is find

flavor-blind, i.e., it is the same for the two flavoasandb,

after the collision the neutrino continues to propagate as a l(a,b)=[k(a,b)GEa?B°T?] 1, (18
coherent superposition af, and v,, and the collision does

not affect oscillations. For scatterir;?g‘]awith flavor-sensitive in-Where forT=0.5 MeV,

teraction or for absorption processesX—any, the effect _ _3

of the collision is to break the coherence betwegmnd v, k(€,1)=6.5<10"H{16+0.9r (&) +r(£,)]

so that after the collision the two flavors evolve indepen- +5.3(—£)+3.5(—¢&,)}, (19
dently, developing vacuum oscillations until the next colli-
sion happens. K(u,7)=6.5x<103{0.5r(£,)+r(£,)]
As a result, one easily obtains that for a beam of neutrinos
propagating in a medium, oscillations are damped according +3Fr(=€)+r(=&)]) (20)

to the expression Here r(£)=1(£)/1(0) and I(&)=/5x’dx/[1+expk—d)].

We defineé= u/T with u the chemical potential of the neu-
, (15 trino gas® At T=0.5 MeV, electrons and positrons annihi-
late, so that folf <0.5 MeV their contribution to the scatter-
ing and absorption rates becomes negligibly small and we

1 0 1 L 1
na(L)=§+ na—z ex —Eln 1_—2Pc

whereng1 andn,(L) are the fractions o, in the neutrino

beam at the production time and at distahciom the pro- get

duction point. Herd is the coherence length, which repre- k(e,m)=6.5x 1073{0-5[r(§e)+f(§,4)]

sents the distance between two collisions, dhdis the

vacuum oscillation probability between two collisior8; +3[r(=&e)+r(=¢&)1h (21
= sirf2¢sir(ml./l,). From Eq.(15) we see that, ifP,#0, .

with the increase of (i.e., of the number of collisionghe K(u,7)=6.5<10"%0.9r(&,) +1(£,)]

interplay of oscillations and collisions leads to the equilibra +3[r(—&,)+r(— €)1} (22)

tion of the flavor densitiesn,(L—)=ny(L—%)=1/2.
The convergence to this limit is determined by the equilibra-  Numerically, Eq.(18) gives
tion length l=I./In(1/]1—2P¢|). For small conversion

probability, P.<1, the lengthl,, is much larger thar: 1 1 1 MeV\®
leq=1c/(2P)>1.. This is the case if the vacuum mixing is lo(a,b)=1.45¢ 10" ka(a,b)a2ﬂ5 T (23
small and/or the collisions are much more efficient than os-

cillations, I <l,, so that the vacuum oscillation phade (i) The expansion of the Universe. Oscillations and col-

=2ml/1, is small. Thus, equilibration of the flavor densities |isions are ineffective if their scale lengthls, and |, are
can be obtained only after a large number of collisionsiarger than the inverse expansion rate of the Univése)n
Neon=L/1:=1/(2P;). Conversely, ifP.~1, equilibration is  the radiation-dominating regimé, is expressed as
achieved rapidly after few collisionsi.o;=L/l.. This cir-

cumstance is realized if;=I, and the mixing is large, M, 1 (1 MeV\?2
Sirf26~1. H= TGJ—TZZ 1.45< 10" cm\/—_ T . (29
Let us consider the coherence lendth, in more detail. -0bvg 9

According to Refs[21,2, |; can be written as whereM , is the Planck mass argirepresents the number of

1 relativistic degrees of freedom. We hage=10.75 for 1
l(a,b)"1==[T2ja)+I{b)+I%a,b)], (16) MeV=T=100 MeV andg=3.36 forT<1 MeV.
2 Figure 1 shows the lengthts, |., andly as functions of

by on - ) the temperatur@ for 7,=1, n,=7,=0, and various values
wherel#*{x) is the rate of absorption processes for the neuyf Am2.

trino of flavor x and I'"*(a,b) is the contribution of the According to Fig. 1, forAm?=10"" eV? we havel,~I,
flavor-sensitive scatteringgX— vX. This quantity is deter- | 4t T~2 MeV. Before this epoch.<|=<I,, so that

mined by the square of the difference of the X andv,-X  ¢ollisions are much more efficient than oscillations. The in-

scattering amplitudel21,23. In terms of the total scattering equalityl . <I, implies that the vacuum oscillation probabil-
ratesI'(a) andI'(b), one get§21]

I'S(a,b)=T(a)+T(b)—2\T(a)[(b). (17)

SLet us recall the relation between the quantityand theCP
asymmetryn: 7= (&3+ w2£)B%I[12£(3)]. In Egs.(18)—(22), we
considered the factar to have the same value for all the particle

2In the situation we are considering, the neutrinos are in thermospecies(neutrinos, electrons, positrondVe checked that this is a
dynamical equilibrium, so that their disappearance through a givegood approximation even for the large asymmetries we are consid-
reaction is balanced by their production through the inverse processring.
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ity, P, is suppressed by collisions, as we discussed in this
section. As a consequence, for small mixings?2ik<1, the

flavor composition of the background remains unchanged 10%
until T~2 MeV; a partial equilibration of the flavors can be

1022 LR | T T T TTTTT T T T TTTIT UL

1

realized for large mixings: sf26=0.5. ForT<2 MeV, col- 10'®
lisions are ineffective, since=1, and vacuum oscillations 1016
develop. ]

With the decrease cim?, Am?<10 7 eV?, the oscilla- 1014 ",
tion lengthl, increases and, as a consequence, Ttar2 LE S
MeV the suppression of oscillations due to collisions is 10
stronger. Even for large mixings, the flavor densities are pre- 1010 N -

served until the neutrino decoupling~2 MeV. After this

epoch, oscillations are still suppressed by the expansion rate 108

of the Universe and become effective, thus changing the fla-

vor composition of the background only when the oscillation 10

length is smaller than the horizoh,<I. N
For Am?=10"7 eV?, the inequalityl ,<I.<l, is realized 10 ] 10

before the decoupling. In this circumstance, the conversion T/M

probability, P, is not suppressed, in contrast with the case

Am?=10" " eVZ. Collisions are effective, thus leading to the

equilibration of the flavor denszities eglen 2for small mixing

ang!?s. I.aklng, f%r ms:]qncadrrfl _§2%>f8{é vxe f!nd tfr:at correspond, from the upper to the lowerAm?=10"*, 107, and

equilibration can be achieved for - -Agan, after:—15-3 eV?, respectively. The narrow solid line and the dashed line

neutrino de_coqpling, the conversion is determined byrepresent the coherence length, for the ve— v, and thew, — v,

vacuum O§C|Ilat|ons. . ) . channels, respectively. We have takgp~=1, .= »,=0. The dot-
For a different choice of the asymmetries at productionyeq jine represents the inverse expansion rate of the Univigrse,

e.g., 7,=~n,~1 and7.=0, the results are similar to those

in Fig. 1 and we come to analogous conclusu%ns. . small, e.g.,7,=27 and ne=7,=0, with 7~1. As the Uni-
Let us now find the present flavor asymmetfles), 7,,  verse evolves down t6~2 MeV, the muon and tau asym-

75, for specific neutrino mixings and mass spectra motivatednetries will be equilibrated by the combined effect of oscil-

by the oscillation interpretation of the solar and atmospherigations and collisions. In the same epochspscillations are

LRI L L LRI R L R R L L L I R R L R

N

02

= B ol voal vobd cond ool oo vl voo ool o voobd oo v voed sl v v

c:‘I
@
<

FIG. 1. The length scalek,, I., andly as functions of the
temperaturd of the electromagnetic radiation in the Universe. The
three thick solid lines represent the vacuum oscillation lehgtnd

neutrino anomalies. _ still suppressed by collisions. Therefore, the electron neu-
We consider the mixing matrix trino asymmetry,;., remains unchanged and, Bt Tggy,
we haver,=n,=n and ,=0. After this epoch, neutrinos
cp —Sy O decouple from the thermal bath; collisions become ineffec-
U=| sico cico —Se |, 25) tive and the system evolves according to vacuum oscilla-

tions. During the evolution, decoherence occurs due to the

SpSe CSe  Co spread of the wave packets. Therefore, at the present epoch
the background neutrinos are in mass eigenstates. With the

where c,=cosé and s,=sin# and analogous definitions mixing (25), we find the present asymmetrieg for these

hold forsg andcg . The mass eigenstates, v,, andvs are  states:

related to the flavor ones by the rotation,==;U, ;v;. The

mass-squared differencesmf; =m?—m? are taken to be M=7sin’0, 75=7C0S0, =17 (26)

Am3,=Am3,~10 % eV andAm3,=Am3=<10 % eV? ac- . _

cording to the currently favored solutions of the solar neu-The corresponding flavor asymmetries equal

trino problem. Let us first considérm3,< 107 eV?, as pre-

dicted by the lowAm? (LOW) and vacuum oscillatioVO) 7= nlsin220

solutions. This range oAm2, is the most relevant to the ¢ 72 '

conversion of ultraenergetic neutrin@see Sec. V)l L

According to the results of this section, we identify the :

following sc%nario. Suppose that before the neutrinof?j/ecou— = ’7( 1= Es'nzzgcc’sz@)’

pling epoch, alf >2 MeV, a large asymmetry has been pro- (27

duced in one flavor while the other asymmetries are initially

n2=7n

1—%sin2205in2®).

“4In the following sections, we will consider relatively recent ep-
ochs ¢=50) for which the flavor composition of the background is One can see that a large asymmetry is produced in the elec-
well approximated by the present ofsee Secs. lll and I/ tron flavor provided that the mixing of the electron neutrino
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is large: sif26~1. Thus, the electron neutrino asymmetry atasymmetryz: the equilibration effect of collisions does not
the present epoch can be much larger than the upper bouit@ke place if the neutrino asymmetries are generated at ep-

(2). Notice also thawgz 7° for @ =r/4. ochs close to the neutrino decoupling epochT atl MeV.
If equally large asymmetries are initially produced in the
muon and tau flavorsy, = 7,= 7~1 and».=0, the equal- 2. Evolution in the presence of a sterile state

ity 7,=7, is preserved until the decoupling epochs-2
MeV, due to the combined effect of oscillations and colli-
sions. The evolution ofyp, is blocked by collisions forT
=2 MeV. After the neutrino decoupling, vacuum oscillations
take place; with the mixing matrix25), we get the same
results as in Eq26) and(27).

For Am3,~=10"% eV? and small mixing, sif2¢=10"*
—10"3, according to the small mixing ang(§MA) solution
of the solar neutrino problem, the equilibration lengthis larly, we take vy~ cosev,+singr. and vy~ singw

’ M T M

very_large. Therefore, the electron asymmetyy s not +cosev,. This would correspond to a,— v solution of the
equilibrated with the muon and tau asymmetries. Again, theSolar heutrino problem and & — v solution of the atmo-
present asymmetries are determined by vacuum oscillationsspheriC neutring anomaly, B~ Vs

which occur after the neutrino decoupling and lead to the Let us consider the evolution of the,— v, system. The

result(27). effective mixing angle in matte,,, can be written as
Conversely, for a large mixing angle, &#~1 and g ang m?

Am3,=10"7—10"° eV?, as given by part of the LOW solu-
tion and by the LMA solution regions, equilibration is rap-
idly realized and one gets tan 26,,=

If a sterile stateps, is mixed with the three active ones, a
general description of the evolution of the neutrino gas is
complicated and would deserve a detailed study.

We consider here the specific case in which the sterile
neutrino is mixed mainly with one active state only, eig.,
and the admixture ofs with v, andv . is negligible. In other
words, we consider the mass statgs= cosév.+sin v and
the orthogonal combinatiorn,=—sin fv.+cosévs. Simi-

sin 20
cos 20— 2EV/IAm?’

(29
2
o= 1= 1= 37 (28
whereV is given in Eq.(10) and E is the average thermal

Notice, however, that the result®6)—(28) depend on the energy of the neutrinosEE=aBT. Numerically, from Egs.
epoch we considered for the production of the la@E  (10) and(29) we get

sin 26
cos 20— 0.8X 10*aBF 5,(T/1 MeV)*(1073 eV¥Am?) "’

tan 26,,= (30

where we used the expressinl;)(T)z2{(3)T3/7-r2 for the  of v, and g in terms of the initial density,:°
concentration of photons at the temperafUravith the value
£(3)=1.202 for the Riemann zeta function. n’=n,co$d, nd=n.sirte if Fy,>0, (31
From Eq.(30), it follows that, for»,=1, T=Tggy, and
Am?<1 e\?, the mixing is strongly suppressed, taf}2
<1, corresponding t@= /2 (#=0) if F»,>0 (F ,<0).
Thus, no level crossing is realized before the BBN epoch. At
T=2 MeV, collisions are effectivésee Fig. 1, however, If n,>ng, the concentrations of, can be neglected and
they do not modifyz, significantly due to the very small relations analogous to Eq&31) and (32) hold for the CP
value of the mixing and consequently of the conversionasymmetries;? and 7.
probability P, [see Sec. [IB 1, Eq15)]. Thus, we conclude The present, and v, asymmetries can be found accord-
that no significant flavor conversion occurs and the originaing to the discussion in Sec. 11B 1. The effect of collisions
value of 7, is preserved at least until the BBN epoch, even inleads to equilibration ofp, and », at T=Tggy: 7,=7,
the case of large vacuum mixing angles. = 7. At later epochs, vacuum oscillations develop, leaving
As the temperature decreases; Tggy, the mixing angle  this equality unchanged. Thus, we can summarize the present
O approaches rap|d|y its vacuum value. Takingzl, F CP symmetries for the four flavors as follows:
=2, andAm?=10"2 eV?, we get tan @,,—tan 20<10 2
for T=<10 keV.
Considering that the propagation of the neutrino states isSwe assume that only active states are initially produced before
adiabatic(see Sec. IV B we find the present concentrations the BBN epoch, thus =0.

nl=ngsirtd, n=n,cogd if Fy,<0. (32
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70=7.c080, 70=r7sirfo if Fy,>0, (33  relic neutrino backgroun@'background neutrinos). As dis-
cussed in Sec. I B, the flavor composition of the neutrino
,72: 7o SIN 6, ng 7.c0%0 if F7n,<0, (34 background changes with time due to the neutrino mixing.
However, we will focus on neutrinos produced in relatively
,722 ,72: 7. (35) recent epochsz=50, when the flavor content of the relic
neutrino gas has already settled down and does not change
Having neglected any mixing betweeq and the othefac-  with time.
tive) flavors, we find that the present value of the electron
neutrino asymmetry is smaller than the one at the BBN ep-

0 - . . A. The refraction potential
och, 7.=< 7., thus remaining within the bound given {8).

According to Sec. II B, decoherence due to the spread of

lIl. HIGH-ENERGY NEUTRINO CONVERSION: wave p?‘CkettSt'mp"':’S that the baCkgr?ﬁ”d ”te.“t”?os tarei. 'T
THE ACTIVE-ACTIVE CASE mass eigenstates. As a consequence, the matrix of potentials,
V,, for the beam neutrinos propagating in this background is
Let us consider three mixed active neutrinogs-wv,, not diagonal in the flavor basis’{,v,,v). It is possible to

and »,—and find the potential for a beam of high energy check[25] thatV, becomes diagonal in the basis of the mass
neutrinos(“beam neutrinos’) due to the interaction with the eigenstatesi;,v,,v3), where it can be written as

V,=2Ge[(ny—np) +(n,—n3) + (n3—n3)]

nyf(—sS) —npf(s$) 0 0
+2G¢ 0 ny f(—s@)—nzf(s¥) 0 , (36)
0 0 ngf(—s) —n5f (s

where n;(n;) denotes the concentration of the mass statémportant. However, in this range of energies the absorption
vi(v;) in the background ané(s{) is theZ-boson propaga- effects of the r)eutrino background are strdigR6]. There-

tor function: fore, the neutrino fluxes at Earth are largely suppressed. In

what follows, we will concentrate on the low-energy limit,
1-s) s)<1, which is mainly relevant for applications.

L2 (37 For a beam of antineutrinos propagating in a neutrino
(1-s7)"+ 7z background, the potentiaf, is given by Eq.(36) with the
replacemenh;—n; and vice versa for all the; states.

The fact that the neutrino-neutrino potential matrix, Eq.
(36), is diagonal in the basis of mass eigenstates has a
straightforward consequence: the effect of refraction consists
in a modification of the neutrino effective masses only. In
(i) Y= E terms of the preser@ P asymmetriesm0 for the mass states

1ev, Mz v; of the background, we findfor si’<1) the following
(38) corrections:

f(s))=

Herey; andsy are the normalized width of th2boson and
total energy squared in the-v; center of mass for nonrela-
tivistic background neutrinos:

. 2Em|

=2.4x10 2
( 1070 eV

with m; being the mass of the neutrinp andE the energy of
the beam neutrino.
The terms in the first line of Eq.36) are due to neutral

2 2
Amy, Am3,

f—lez >E + \/EGFny( 73— 1),

current v-v scattering in thet channel. The terms in the (39
second line of Eq(36) represent the contributions @f- v; Am3, Am3, o o
scattering withZ-boson exchange in the channel, and of fﬂgszz T*‘ \/EG,:n,/( 73~ 72)-
Vi';i annihilation processes.
For Es10% eV andm;<1 eV, the energy in the;- As we discussed in Sec. II B, the present composition of

center of mass is much below tfboson resonances;  the neutrino background is determined by the initial flavor

=0.03. In this case, the propagator functi@?) reduces to asymmetriesy,, 7,, and»,, and by the mixing matrixJ

unity: f(s{))=f(—s{’)=1, and the neutrino-neutrino poten- of the neutrino system. The expressions&sf and &, in

tial (36) becomes energy-independent. terms of these quantities can be found from the results of
For extremely high energieE=10?'—10?? eV, and neu-  Sec. Il B 2. In particular, with the asymmetrié26), Eq. (39)

trino mass of order 1 eV, the propagator corrections becomgives
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Am; 11
gi=5g Vi (40) D mard X, Xi) = Vot %X/ (48)
V=F; n\/EGFny, (a1 We definedx=t/ty andx=t; /to.
The matter-induced phas@ ., depends only on the
Fy=C0S20, Fgp=sind. (42) characteristics of the background and on the initial and final

moments of time. In particular, for early production epochs,

Here we denote ag the maximal flavor asymmetryy xi<1, one gets

=max 7,,7,, 7, Which is realized in the background at 1
the epoch of nucleosynthesi3,=Tggy; thus # is con- D o= Voto—, (49)
strained by the bound®). Xi

In Egs.(40) and(41), the information on the specific mix-
ing matrix and initial composition of the background is en- > M
coded in theF factors. The dependence Bf; on the mixing the production time. 5
angle in Eq(42) is a consequence of expressing the potential B€iNg independent oo /Am?, the phaseb ,,;; becomes
(41) is terms of the flavor asymmetry, while the back- comparable to or even larger than the vacuum oscillation

ground neutrinos are in mass eigenstates. For simplicity, iRN25€,®Pvac, at very high energiesEo/Am?=10° eV
what follows we will drop the indexei from the quantities  12king x;=0.125, corresponding to production at2 redshz|ft
£, V, andF in the expression&40)—(42). 23;1 andx=1, we have®d,,~0.237 for Eo/Am?=10°
eV™-. This is comparable to the matter phas®,ai
=0.297 given by Egs.(48) and (41) with F5=10. As
Eo/Am? increases, the vacuum phabg,. decreases and the
From the fact that the potentisd modifies the effective- total oscillation phase is dominated by the matter contribu-
mass eigenvalues, Eqg.0)—(42), it follows that the interac- tion ®,,;. From Egs.(43) and(48), we find the asymptotic
tion with the neutrino background does not change the mixvalue of the conversion probabilify:
ing matrix of the neutrino system, which remains the same as
in vacuum. Conversely, the phase of oscillations is affected 1 1 1
by the medium, so that the dynamics of the neutrino propa- §V0t0 X_i_ %/
gation consists in oscillations with constant depth, given by

the vacuum mixing angle, and varying oscillation length. TheNotice that the expressid80) is insensitive to the change of
probability P of conversion between two active neutrines  sign of the potentiaV/,, (i.e., of the producE 7): this implies

which shows that the phask,,4 is accumulated mainly at

B. The conversion probability

P(Eo/Am?— o) =sirf24 sir (50)

and vz with mixing angleé equals that in the limit of very high energies, a beam of neutrinos
and one of antineutrinos will experience the same matter
. L P ffect
P(t,t;)=sirf26sir’| =/, (43  efect. _ o
2 In Fig. 2, we show the survival probability,-1P, as a
o o function of Eq/Am? for neutrinos produced at=3 and ar-
and the oscillation phasé is given by riving at Earth at the present epoch, with %8i6=0.5 and
t various values of the produé&ts. The figure was produced
N by averaging the conversion probability, E4.3), over the
L) ftig( mdr. (44 interval AEy=E,, keeping in mind the finite accuracy in the

reconstruction of the neutrino energy in the detector:
We denote as ,t the initial and final time of the evolution of
the system¢ is given in Eq.(40). Using the scaling relations 1 f350’2

P(Eop)= 1=

iE; dE'P(E"). (51)

Eqo/2
E=Eo(to/)2P=Eo(1+2), V=Vo(te/t)2=Vy(1+2)3, °
Let us comment on Fig. 2. In the absence of asymmetry,

(49 F»=0, the conversion is given by vacuum oscillations

where E; and V, are the energy and the potential at the
present epoclz=0, we get
Even though Eq(50) gives a nonzero value for the conversion
O=D ,t Doty (46) probability in the limitAm?—0, the matter effect we are describing
requires massive nondegenerate neutrinas?+ 0. This condition
with the following expressions for the vacuum oscillation IS necessary for our starting poifec. Il A, see Eq(36)] that the
phase®,,., and the matter contributio ,: neutrinos in the background are in mass eigenstaliéerent from
the flavor onek produced from flavor states by the spread of the

3 Am?t wave packets during the evolution of the Universe. Thus, the ex-
Do d X, X)) = — O(X5/3_ Xi5/3)' (47 pression(50) should be intended as the high-energy limit of the
10 Eo conversion probability for a givetmonzerg value of Am?.

073006-8



HIGH-ENERGY NEUTRINO CONVERSION AND THE . .. PHYSICAL REVIEW D 64 073006

with the same definition of; as the maximal flavor asym-
metry in the background at the epoch of nucleosynthesis,
=max7,.7,,7.- The factorF depends on the specific
conversion channel and the flavor content of the background:

09 F

08 F

1
F=={7°+ > 79
7|7 g K

=eu.T

for the wv,—wvg channel.

(59

vacuum
06 |

05 f Let us consider for instance the conversiongto v. If the

ve- Vg CcOnversion in the background occurred in the resonant
04 % e ppe ppez o channel, the present electron neutrino asymmetry is given by
Evam? V") Eq.(33). Using this result and E435) for 7;, and 7] we get

FIG. 2. The survival probability + P(v,— v;) as a function of
the ratioE,/Am? for various values of 7. We have taken sf2é F=2
=0.5 and production epoch= 3.

1+ Esinze), (56)
n

(P ma=0). For Eg/Am?=10°2 eV %, the vacuum oscilla- where we considered, ,7,= 7. If the v,— v5 conversion
tion phaseb, . is very small, thus the conversion probability in the background proceeded in the nonresonant chanfel,
approaches unity. is given in Eq.(34). With this expression one finds a form for

For strongly CP-asymmetric neutrino background, the the factor F analogous to Eq(56) with the replacement
matter-induced phas® ., is sizeable. As a consequence, Sir6—cosé.

the deviation of the survival probablllty—lP from the value For conversion of antineutrinos, tfg— v potentia] has

given by vacuum oscillations can be as large -a80%. opposite sign:V,=—V,. Thus the expressiof54) holds
Clearly, as follows from Eq(43), a strong effect requires a \ith the replacemenft — —F.

large mixing angle: if sife¢<1, the effect of matter on the

oscillation phase will be unobservable due to the very small
amplitude of oscillations. At extremely high energies,
Eo/Am?=10° eV, the deviation is constant and indepen- Due to the expansion of the Universe, the cosmological

B. The dynamics of neutrino conversion

dent of the sign of 7, according to Eq(50). neutrinos experience a potential which changes with time. In
contrast with the active-active case, the effect of medium
IV. HIGH-ENERGY NEUTRINO CONVERSION: changes both the oscillation length and the mixing, 29).
THE ACTIVE-STERILE CASE The dynamics of t.he flg\(or tran:_y_tlon is determined by the
resonance and adiabaticity conditions.
Let us consider the case in which a sterile neutnigQads Consider the resonance condition
mixed with the active flavorsy,. We discuss here two-
neutrino mixing; a generalization to a four-neutrino frame- 2EV 1 1 5
work will be given in Sec. VI. Am?cos29 57
A. The refraction potential Using Eq.(54) and the scaling relation@5s), from Eq.(57)

e get the following relations.
The present energy of neutrinos which cross the reso-
nance at the epochequals

In contrast to the active-active conversion studied in Sec”
[ll, for an active-sterile neutrino system the matrix of the
refraction potentials is diagonal in the flavor basis, (vy):

10% cos 29
Fop(l+2)*

Am?
10 0e\2

(58)

vV, 0 -
Vo=l o ol (52) Eo=10PeV

In the low-energy limit,s,<1, the potentiaV, depends on

. For a givenE, and Am?, the redshiftzg at which the
the flavor asymmetriegg, 7}, and 7] as follows: g 0 R

resonance condition was realized is given by

Vo=V2Gen 5+ > 75| (53 cos 20 v
B=ep1 1+zg=1
F (10 1° eV Am?)(Eo /107 eV)
The potential53) can be written in the same general form as (59
Eq. (41):
Neutrinos produced at a distanzeindergo resonance if
V= Fn\/fGFny, (54)  their present energy is in the interval
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E 100 ey Am? \10%cos2[ 1 L N14 i TN
T o vee) Fy [@F2®) i
(60) 12 B
TakingF =10, cos #=1, Am?=10 %V? andz=3 from 0 L
Eq. (60), we find Eg=4x 107°— 10 eV. With the same val- L
ues of the parameters afigg=10?° eV, we get that the reso- : ;
nance condition(58) is satisfied azg=4.6. 8 H
The adiabaticity condition involves the time variation of i
both the neutrino energy and the concentration of the neu- 6 it
trino background. It can be expressed in terms of the adiaba- [
ticity parameter at resonancgg, as 4 -
XR>11 2 E“
(61) - 1 | | | | | | | | ]
_(Amz)z d -1 0 1112|||4|||6|1|8|||1o|||12|1114|||16|||181|¢20
XR= T3|n220 Gi(EV) , Fr

res

e . . FIG. 3. The minimum width, resonance, and adiabaticity condi-
where the subscript “res” indicates that the various quanti-. . .

. . tions in thez-F » plane forv,— v4 conversion. The solid lines are
ties are evaluated at resonance, i.e., when the cond&iHn

. . . . i : iso-contours of adiabaticity, i.e., of the quantjpy/tarf26 (num-
is fulfilled. With the poteln_tlal(54), uglng the scalings45) bers on the curvesThe dashed lines are iso-contours of resonance,
and the resonance conditids7), we find

i.e., of the ratioEy/(Am?cos %); the values are given on the
curves in units of 1¥ eV~1 The minimum width condition is

—10-2 32
xr=10 Fntar?20(1+zR) : (62 satisfied in the shadowed region.

For F»=<10, tarf26=1, and zz=<5, one findsyg=<1.4.

Thus, for neutrinos produced at epochs 5, we expect the fulfillment of the minimum width condition, the matter
breaking of the adiabaticity. Notice thgk does not depend effect can be small for neutrinos produced in the largest part
explicitly on the neutrino energy and mass-squared differof the interval[z4,z,].

ence; it increases witly andzg . (iii) Later epoch:z<zy. For neutrinos produced in this
From Eq.(62), we get the redshifi, corresponding to epoch, the matter effects are expected to be small.
xr=2m>1: Figure 3 shows the minimum width, resonance, and adia-
baticity conditions in thez-F » plane. The minimum width
| 27X 102 123 condition(11) is satisfied in the shadowed region. The lower
1+z,= Fptarf26 ®3  border of this area corresponds to the curvezy(F %) [Eq.

(12)]. For values ofF » and of z in this region, one may
If the resonance condition is fulfilled a=z,, the level expect significant matter effect.
crossing(resonanceproceeds adiabatically. Takirfgn= 10 The dashed lines show the valueszadndF » for which
and tan =1, we findz,=15. the resonance conditiof®7) is satisfied for neutrinos with a

For =1 and tan #<1, we havez,>z4. Thus, we can given Eq/(Am?cos %) (isocontours of resonance
define three epochs of neutrino production, corresponding to The solid lines are isocontours of the adiabaticity param-
different characters of the evolution of the neutrino beam. eter: they are contours of constant ratig/tar’2¢ [see Eq.

(i) Earlier epochz>z,, when both adiabaticity and the (62)]. The upper curve corresponds }a/tarf26= 2, that
minimum width conditions are satisfied. If also the resonancés, toz=z, for tarf2= 1. For values of neutrino production
condition is satisfied atg>z,, the neutrinos will undergo epochz andF » above this contour, one would expect reso-
strong resonance conversion. Otherwise, if the resonandggant adiabatic conversion to be the dominating mechanism
condition is not realized(e.g., due to a large value of of neutrino transformation. For a givéfn andz, the adia-
Am?/E), the matter effect can be small. baticity isocontour gives the value gf/tar26 for neutri-

(i) Intermediate epochz,>z>z,. The adiabaticity at nos produced at the epoef*z and having the resonance at
resonance is not satisfiéit z,>zg>z,). At the same time, z In turn, the resonance atand F# can be satisfied for
the matter width can be large enough to induce significancertain values oE,/(Am? cos ). It is clear from the figure
matter effect. that strong adiabatic conversion occurs for large production

Two remarks are in ordefi) The propagation can still be epochs ¢=10), large asymmetryH»=10), and large mix-
adiabatic in the part of the intervpty,z,] outside the reso- ing [tarf26~0O(1)]. For F»~2, the minimal width condi-
nance, and in the whole of it if the resonance condition istion is fulfilled for large production epochg=8, and some
never satisfied in this time intervalii) In monotonously effects of adiabatic conversion may be seemzafl5.
varying density, the condition for strong matter effect re- From the above considerations, it appears that for realistic
duces to the adiabaticity conditi¢id]. Therefore, in spite of parameters a flavor transition of neutrinos occurs either due
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"Ey/AmP=0,1, z=14, F=20 ——
1F E¢/A my=1, 2=5, F =10 ------ ]
Eo/A M?=10, 2=3, F =6 w+rrrre

08 F

06 F

P(t)
P(t)

0.4 F

02}

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.02 0.03 0.04 0.05 0.06 0.07
o o
FIG. 4. Thev,— v, conversion probability?(t) as a function of FIG. 5. Thev,— v conversion probability(t) as a function of
time. We have taken si86=0.5 and three different choices of time in the regime of good adiabaticitgee Fig. 3. We have taken
Eo/Am? (in units of 16° eV™Y), production epoclz, andF». The  production epochg earlier, simultaneous and later than the reso-
time t is given in units of the age of the Univerdsg, nance epocteg. Here sif26=0.5, F»=14, andE,/Am?=1.8
X 10?8 eV 1. The timet is given in units of the age of the Universe,

to vacuum oscillations modified by matter effect or by anto-
interplay of oscillations and nonadiabatic conversion.

sion probability with respect to si6,/2. The decrease of
C. The conversion probability density is fast: the typical scale of density change is smaller
than the oscillation length, so that maximal depth oscillations
do not have time to develop.
The dotted line shows the same type of regime with stron-
ger adiabaticity violation in resonance. The deptbf oscil-
lations is smaller, and the average conversion probability is

Let us consider neutrinos produced at a given epnch
with a certain flavory, and propagating in the expanding
Universe with a given constant asymmetyy

We find thev,— v¢ conversion probability by numerical
solution of the evolution equation for two neutrino species

: oo _ close toD/2.
with the Hamiltonian in the flavor basis/{,vs): For further illustration, in Fig. 5 we show the evolution in
2 Am? the case of good adiabaticity. Different curves correspond to
— cos 20+ V(z) sin 20 different production epochsi) before resonance>zg; (ii)
H= 2E(2) 4E(2) (64) at resonancez=zg; (iii) after resonanceg<zg.
2 ' Figures 6 and 7 show similar sets of curves in the cases of
4E(z) " 20 0 moderate and strong violation of adiabaticity.

Let us consider the properties of the conversion probabil-
ity P(v,— vg) for neutrinos produced at epoehand arriv-
ing at Earth at the present epocw 0. The probabilityP
depends orz, on the producf », on the energy and mass-
squared difference in the rati,/Am?, and on the mixing

whereE(z) andV(z) scale according to Ed45).

As discussed in Sec. IV Bsee Fig. 3, the dynamics of
flavor transformation depends on the production eppcthe
resonance epochg, which depends o,/Am?, and on the
value of the adiabaticity parameter at resonange, Figure
4 illustrates the real time evolution of the neutrino states for
sirf26=0.5 and differentz, zg, g, Which represent different
regimes of conversion.

The solid curve corresponds to production much before
the resonance epoclz>zz=6.8 and weak adiabaticity
breaking in the resonancgr=4.3. The dominating process
is the adiabatic conversion which occurs in the resonance
epoch,tr/ty=0.05. The averaged transition probability is
close to what one would expect for the pure adiabatic case:
P.=1—sinf#=0.85. Weak adiabaticity violation leads to
the appearance of oscillationstatty.

The dashed curve corresponds to production close to reso- YA S T . .
nance,zzzg=4.2, and strong adiabaticity violation in the 002 004 008 008 01 012 014 016 018 02
resonanceyr=1.2. The dominating process is oscillations "o
in matter with resonance density. At production the mixing is  FIG. 6. The same as Fig. 5 for the regime of moderate breaking
almost maximally enhanced, é#9,,~1. The change of mat- of adiabaticity. Here s#26=0.5, F»=10, and Eo/Am?=1.73
ter density leads to a slight increase of the average conver10?° ev—2.

P(t)
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P(t)

FIG. 7. The same as Fig. 5 for the regime of strong breaking of FIG. 8. Thev,-v5 conversion probability> as a function of the
adiabaticity. Here sf26=0.5, F5=6, and Eq/Am?=4.6x 10° production epoclz for various values oF . From the upper to the
ev 1 lower curve: F»%=20,10,6,2,0; 2,—6,—10,— 20; the dotted line

represents the vacuum oscillations probabilify=0). We have

P — 2__ 1 —1
angle 6: P=P(z,F7,Eo/Am?,6). As follows from Figs. t@ken sif26=0.5 andE,/Am*=10" eV

4-7, the probability is a rapidly oscillating function pfand
also of Eo/Am?. We averaged® over the energy resolution (P=P,)/P,=1. (69
interval AEy=E, according to Eq(51). The interpretation

of the numer!cal results can be easily given usingztes equals—20% for F p~2.
diagram of Fig. 3.

. . In Fig. 9, we show the dependence of the survival prob-
In Fig. 8, we show the dependence of the conversion,, .. 2 : i
< . ; ability, 1-P, on Eq/Am* for production epochz=3,
probability on the production epochfor different values of Sir26=0.5. and various values &». Oscillations are aver-
F and fixedEq/Am? and sif26. The curves withF >0 e -

2 0 —1. P P
represent the resonance channel. £o1l, both vacuum os- aged forEg/Am*<3x 10 eV %, the averaging disappears

2 1032 -1 ati ~
cillations and matter conversion probabilities have oscillat-at Eo/Am?~10 eV ", when the oscillation length ap

ing behavior. Foz=2, oscillations are averaged out, so thatg)roaches the size of the horizésee also Sec. IIl B and Fig.
the vacuum oscillation probability converges to?gifi2.” A '

. o - The matter effect increases wity/Am?. For Eq/Am?
substantial £10%) deviation from the vacuum oscillation 0 1 .
probability due to matter effect starts z2&=1 for F =10 =510 eV, the resonance epod, [see Eq.(59)] is

and atz=3 for F y~2 earlie_r than the production epoch of the neutrinos. Thus the_
' . neutrinos do not cross the resonance and the matter effect is
For F#=6—10 andz=4-5, neutrinos are produced at realized mainly in the epoch of neutrino production, when
e potential(54) was larger(see Fig. 4 The value of the
effect is determined by the mixing in matter at the production
Yre. With the increase dE,/Am?, the resonance epoh

Forz=2 andF =10, the deviation can reach40% and it

cross the resonance &t 2—2.5. The adiabaticity is broken
in the resonance, however above the resonance the propa
tion can be adiabatic. For higher asymmeffyy=10, the
adiabaticity starts to be broken near the resonance, so that the 1
original flavor statev,=wv,, will evolve to ngz(va
+vg)/\2. Thus, we havé=13. With the decrease df the oSt
initial state will deviate fromw,,, and the conversion prob-
ability becomes smaller. With the decreaseroj, the adia-  |\semm———s >
baticity starts to be violated earli€before resonange so 07}
that the transition probability decreases.
For negative values df » (or for antineutrinos the mat-
ter effect suppresses the mixing and, as a consequence, the
conversion effect. However, the suppression effect is weaker
than the enhancement in the resonant channel. o4t
Notice that forF =10 andz=5 the matter effect can

change the vacuum oscillation probabil®y, by a factor of 0® 709 o 10 10%
2: EyAm? (V')

1P

06 F

05 F

0.3
1

FIG. 9. The survival probability + P(v,— v¢) as a function of
the ratioE,/Am? for various values of . From the upper to the
"Notice that partial averaging exists already at smalle to our  lower curve: F»=-20,—10,-6,—2,0,2,6,10,20; the dotted line
integration overAE,. For this reasor® does not reach its maximal represents the effect of vacuum oscillatior’s7=0). We have
possible valueP .= sirf26. taken sif26=0.5 and production epoch=3.
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09 F

0“: 029

10%! 10%

Eg/am? (eV')

10%°

FIG. 10. The survival probability + P(v,— vs) as a function of
the ratioE,/Am? for various values of the production epozhVe
have taken s#26=0.5 andF 7=6.

approaches the production epo@ee Fig. 3 As a conse-

guence, the mixing at production, and therefore the matter
effect, increase. The maximal matter effect is achieved at

PHYSICAL REVIEW D 64 073006

0.1

0.09 [Ey/A m*510 ——
&O/A m2=3 .........

0.08 b Ey/amP=1 o

0.07 F
0.06 F

0.05 |

P-P,

0.04 F
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FIG. 12. The deviation with respect to the vacuum oscillation
probability, P(v,— vs)— P, , as a function of sif26, for various
values ofEy/Am? (in units of 16° eV™1). We have taken produc-
tion epochz=3 andF =6.

n
P—PU:EXRMFntanZZH, (67)

energies for which the resonance condition is fulfilled at the

production epoch or slightly laténotice that the adiabaticity
is strongly broken at resonancé&or z=3, this occurs in the
interval Eq/Am?=10'-10* eV . For z=5, maximal
matter effect is realized aEy/Am?=(5—7)x10%° ev 1
(Fig. 10.

In Fig. 11, we show the dependence of the matter effec
i.e., the difference®—P,, on the quantityF » for various

values of the mixing angle. For the parameters used in th

plot the neutrinos are produced close to the resonance

a
the adiabaticity is strongly violated in the resonance. Thg)
matter effect can be estimated as the deviation of the jum&

probability from 1:
1_PL221_eXF(_7TXR/2). (66)

In our caseyr<<1, so that the matter effect is proportional to
Fx:

0.18

0.16 fsin® 20-=0.95 —— A

014} S

0.12 f

FIG. 11. The deviation with respect to the vacuum oscillation
probability, P(v,—vs) — P, as a function of the produdt » for
various values of sf26. We have taken production epozk 3 and
Eo/Am?=10* eV 1,

according to Eq(62). This explains the linear increase of the
matter effect withn andF.

In Fig. 12 we show the dependence Bf- P, on the
mixing parameter sfi2¢ for different values of the ratio
Eo/Am? and fixed production epock=3 andF »=6. The

eutrinos are produced in the resonance epoch or after it
depending on their energy. For small mixing, the matter ef-
%ct is proportional to the mixing parameter 4#,, at the

oduction time. This explains the linear increase of the ef-
ect with sirf20 (sirf26,sirf26) and with Eq/Am? (for
o/Am?~10*! eV™?, the production epoch coincides with
the resonance oheFor maximal mixing, sif26=1, the av-
erage probability takes the value=3 independently of
adiabaticity violation[27]. Therefore, in this cas®—P,
=0. The maximum deviation from the vacuum oscillation
effect is realized at sfi26~=0.65.

V. CONVERSION EFFECTS ON DIFFUSE NEUTRINO
FLUXES

The results we have discussed in Secs. IlIB and IVC
describe the conversion effect for a beam of neutrinos pro-
duced by a single source at a certain epacRresently, the
possibilities of detection of neutrinos from single sources are
limited to objects with redshifz<1. For these neutrinos, no
substantial effect is expectédhere is a hope, however, to
detect the diffusg(integrated neutrino flux which is pro-
duced by all the cosmological sources. For this flux, matter
effects can be observable.

In what follows, we will calculate the ratio
F*(Eo)/FG(Eo), whereF*(Ey) andFg(Ey) are the present
diffuse fluxes of neutrinos of given flavor,,, and a given

8Some effect can appear due to conversion in halos of galaxies
and of clusters of galaxig28].
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energy,Eq, with and without conversion. The ratio can be
written as

F“(Eo)

FrEy ~ 1 PalEo)

(68)

whereEa is the averaged transition probability:

fzmaxd Fg( Eo ,Z)
0

P o

1
Eo)E Fg(EO) Pa(Eo,Z)dZ. (69)

HereP (Ey,2) is the transition probability for neutrinos pro-
duced in the epochy which has been discussed in Secs. IlI B
and IV C. The quantitydFg(Eg,z) is the contribution of the
neutrinos v, produced in the intervalz,z+dz] to the
present flux in the absence of oscillations.
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FIG. 13. The averaged survival probability fof-vs channel,
1-P,, as a function of the rati&,/Am? for the diffuse flux of

We first derive the general expression for the differentialneutrinos from GRBs. The curves correspond to various values of
flux dFS(Eo,2). Let f(E) be the flux of neutrinos generated F7- From the upper to the lower curve:z=-20-10-6,
by a single source. Then the total number of neutrinos pro-. 2,0,2,6,10,20; the dotted line represents the effect of vacuum os-
duced in the unit volume in the time intentlt+dt] with  ciations (F»=0). We have taken sf26=0.5.

energy in the intervdlE,E+dE] can be written as . . .
9y d ] In what follows, we will calculate the survival probability

1—5a for various possible sources of high-energy neutrinos,
assuming certain forms for the produced flLpE) and the
concentration of sourceas, .

f(E)n(t)dEdt, (70)
wheren(t) is the concentration of sources in the eptchhe

contribution of these neutrinos to the present flux equals
dE A. Conversion of neutrinos from AGN and GRBs

dF5(Eo,2)= %f(E)n(t)(lJrz)*d_dt,

gt (7D

There is evidence that cosmological sources such as
GRBs and AGN were more numerous in the past. In particu-
wherec is the speed of light and the factor €k) 2 ac-  lar, the density of GRBs evolved #29]
counts for the expanding volume of the Universe. Transfer-

3
ring fromt to z variable, we get (1+2)°, zsz,
no(z)cd (1+2p)3,  2,<z<Zqay (75)
N 3cty ... dE B
dF5(Ep,2)= 5 —f(E)n(2)(1+2) 11’2d—Eodz. (72 0, Z>Zpqy,

) . wherez, is estimated to be,=1—2 [29]. The energy spec-
The relation between the ener@yand the present neutrino um of neutrinos from GRBs scales as a power [38]:
energyE, includes, in general, effects of energy losses and

of redshift. Neglecting absorption, we hawE/dEy= (1
+2). The density of sources(z), can be expressed in terms
of the comoving density, asn(z)=(1+z)°n.(z). Notice
that n.=const if the number of sources in the Universe is - , :
constant in time. Thus, the evolution of sources is describeg\?é?:ggggprigzgﬁ)y and (76) with Eq. (74), we find the
by the dependence of; on the redshiftz. '

In terms ofn; andE,, we get finally

1 1

f(E)or —=—— .
( E? E3(1+2)?

(76)

et Pu(Eo)= Ni[ SR XS
dF5(Eq,2)= 5 F(Eo(1+2)n(2)(1+2) ¥z P
(73

Z

.

where the normalization factd¥, is given by the expression
in square brackets witl?,=1. According to Eq.(77), the
contribution of the recent epochs to the present flux is en-
hanced in spite of the larger number of sources in the past.
This leads to suppression of the matter effects, which are
more important at large.

Figure 13 shows the averaged survival probability, 1

max(1+z)*7’2Pa(E0,z)dz ,
P

(77)
InsertingdFg(Eoy,2z) in Eq. (69), we find

Ea( EO) =

Fo(Eo)
XPo(Eg,2)dz,

3Ct0 B
ﬁff(Eo(Hz))nc(z)(lJrz) 32
(74)
andF{(Ey) is given by the same expression with,=1.
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tion of very fast decay of the heavy particl¢,(so that the
production epochs oK and of the neutrinos coincigiewe
can write the total number of neutrinos produced in the unit
volume in the time intervallt,t +dt] with energy in the in-
terval[E,E+dE] as

dny(t) dN,
dt dE

dtdE, (78

06} e
wheredny(t) is the number ofX particles produced in the
interval[t,t+dt] in the unit volume, and N, is the number
04 . . . . of neutrinos in the energy intervgle, E+dE] produced by a
10%° 10% 0" 10 10% 10% single particleX. The contribution of the neutrinos produced
FalAm{s¥) in the epocht, Eq. (78), to the present neutrino flux is

05 F

FIG. 14. The averaged survival probability fey-v, oscilla-
tions, 1- P, as a function of the rati&,/Am? for the diffuse flux dF2(Ey,2)= < dnx(t) dN,
of neutrinos from GRBs. The curves correspond to various values or=o 47 dt dE
of F7. We have taken sf26=0.5.

dE
(1+z)‘3d—Eodt, (79

where we have taken into account the expansion of the Uni-

— i ) verse. In terms of the redshift we get
-P,, for the v,-v4 conversion channel, as a function of

Eo/Am? for different values ofF . We have takerg,=2 3cty dny  dN
andz,,,,="5. The averaged probability is rather close to the dF§(Eg,z)= B W(z)d—EV(EO(lJrz))(lJrz)*g’zdz,
nonaveraged onésee Fig. 8 for neutrinos produced at m (80)
=z,=2. Indeed, the contribution to the flux from the earlier
epochsz=z,, is strongly suppressed, according to E4j).
The integration over leads to some smoothing of the oscil-
latory behavior of the probability. The deviation of the ratio
F*(Ep)/F5(Eq) from its vacuum oscillation value can reach dny(t)
t

where we used also the relati@+ Ey(1+2).
The production rate of th¥ particles can be written as

~25%. Maximal effect is realized fof =20 in the reso- d—oct*4+poc(1+z)6*(3’2)p, (81)
nance intervalEq/Am?~(1—5)x10°! eV 1. For Fyp=2,
the effect is about 3—4 %.

For conversion between active flavors, the results ar
shown in Fig. 14: the deviation of the survival probability
from the value given by vacuum oscillations can be as larg

as~10% for large asymmetrys =10, and high energies,

gvhere p=1 for monopole-antimonopole annihilation and
cosmic stringg33] andp=2 for a constant comoving pro-
éiuction rate.

For the fragmentation function of neutrinos, we take a

Eo/Am?=10°2 eV~ %, for which the matter-induced oscilla- P°"€' law:

tion phase®,,; dominates over the vacuum oscillation dN

phased . S EY=EJ(1+2) (82)
The astrophysical data about AGN indicate that the distri- dE

bution of these objects has a maximuneat2 [31], with a ) ) )
rapid decrease of the concentration withThe power law If the neutrinos are produced mainly by hadronic decays, the

f(E)<E~2 is a good approximation for the most energeticfragr.nentation function has a 'polynomial forp34]. The
part of the spectrumi32]. For these reasons, in the case ofle""‘d'”zg term of the polynome gives the expressi®) with

AGN the results are similar to those discussed here for nel®~ = 2+ )
trinos from GRBs. Inserting the expressions from Eq80), (81), and (82)

into Eqg. (69), we get

B. Conversion of neutrinos from heavy particle decay — 1 3
_ _ Pu(Eo)= J (1+2)° G2Ptep (E;,2)dz, (83

Very heavy particles, with mass of the order of the grand Np
unification scale, are supposed to be produced in the Uni-
verse by topological defects, e.g., in monopole-antimonopol@nd forp=1 anda= — 3
annihilation, cosmic strings evaporation, dt2]. These par-
ticles would then decay very quickly, with lifetime<t,,
into leptons and hadrons. Neutrinos may be produced di-
rectly, as primary decay products, and/or as secondary prod-
ucts from decays of hadrons. HereN, is a normalization factor.

Let us calculate the contribution of the neutrinos produced We perform the integratio(84) starting from the absorp-
in the epoctle to the present fluxdFy(Eq,z)/dz. In assump- tion epochz,,s. The contribution of the neutrino flux pro-

EQ(E0)=Nif (1+2)7%?%P (Ey,2)dz. (84)
p
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FIG. 15. The averaged survival probability fog,— v channel, FIG. 16. The averaged survival probability fof,—»4 oscilla-

1-P,, as a function of the rati&,/Am? for neutrinos from the tions, 1- P, , as a function of the rati&,/Am? for the diffuse flux
decay of heavy relics. The curves correspond to various values aif neutrinos from the decay of heavy relics. The curves correspond
F». From the upper to the lower curvdsn=—20,—10,—6, to various values oF 7. We have taken sf26=0.5.

—2,0,2,6,10,20; the dotted line represents the effect of vacuum os-

cillations (F 7=0). We have taken sf@6=0.5. Sec. IV C, these neutrinos undergo almost total conversion

. ] ) (see Fig. 4, however their contribution t®,, is suppressed
duced az=z,sis very small due to absorptichiThe domi- according to Eq(84).
nant absorption processes arev and v-v interaction with For Eo/Am?=10?° eV ™%, the resonance is realized &t
the neutrino background. The absorption epoch is given by=10, when the adiabaticity is brokelfFig. 3), so that the
matter effect is mostly due to nonadiabatic conversion and
oscillations in the production epoch.

The maximal effect is realized in the intervBl/Am?
=10"°-5%x10°ev Y, the relative deviation of
wheredy is given in Eq.(7) anddsis the absorption width, F“(Eg)/Fg(Eg) with respect to the vacuum oscillations
which depends on the— v energy squared in the center of value equals~10% forF»=2 and can be as large as 50%
masss; [see Eq(38)]. Taking, for instanceE<1072eV and  for F 5= 20.
m,=<0.05 eV, we haves,<0.1, and the corresponding ab-  Figure 16 shows the average survival probability, 1
sorption width isdape=1.5% 10* cm ™2 [26]. With this value P, for active-active conversion. We see that, similarly to
and »=10, Eq.(85) giveszp¢=50. what was discussed for neutrinos from GRBs, a substantial

_In Fig. 15, we show the averaged survival probability 1 (—1504) matter effect requires large asymmeffyy= 10,
—P, for v,—vs conversion channel, as a function of and very high energie€,/Am?=10°? eV ™1, for which the
Eo/Am? for different values ofF . One can see that, in matter contribution to the oscillation phase is dominant.
contrast with the case of neutrinos from GRBs, the deviation
of the ratioF “(Eg)/Fg(Eg) from the value given by vacuum
oscillation is significanflarger than~10%) in a wide range
of energiesEq/Am?=1075—10°2 eV 1. Let us consider the experimental signatures of matter ef-

For a given value oE,/Am?, the matter effects are de- fects on neutrino propagation. The observable effects depend
termined by the corresponding resonance epagh, and  on the specific scheme of neutrino masses and mixings and
adiabaticity in resonance. FB/Am?<10?°eV 1, the reso-  on the initial flavor composition of the neutrino flux.
nance was realized a;=10, when the adiabaticity condi-
tion Was_fUIf'IIEd (see Fig. 3 Theref(_)re, the matter eﬁ_eCtS A. Conversion of cosmic neutrinos and neutrino mass schemes
are dominated by resonant adiabatic conversion, which oc-

curs for neutrinos produced at>zz~10. As discussed in _ AS follows from the analysis of Secs. VA and VB, a
significant matter effect on active-active oscillations of high-

energy neutrinos requires

213
: (85)

d abs

1+ 2z~ E‘Fl

VI. OBSERVABLE EFFECTS

%Clearly, the energy of the neutrinos at production cannot exceed
the mass of the parent partiché, This gives a further constraint on
the upper integration limit: + z,,,,,=my/E,. Stronger bounds can
be found in some specific production mechanisms: taking, for in-
stanceX—a" 7~ and subsequent production of neutrinos by pion This is the condition for which the matter-induced oscillation
decay, one gets£z,,,=0.2134ny /E, [35]. ForE,<1022eV and  phase® .4, dominates over the vacuum or,,. (see Sec.
my~ 10" GeV, this gives the constraiaf, .= 200, which is weaker 11l B). For conversion into a sterile neutrino, the matter effect
than the one given by absorption. is substantial in the ranges

Eo
——=10*2 ev'L 86
A (86)
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Eo 10°° ev-1 for AGN, GRBs Such a flavor composition is expected for neutrinos produced
—= (87) by the decays ofr* andw~ mesons, which in turn appear in
Am the procesX—m* 7~ (see Sec. VR

(i) CP-asymmetric:N® # N%. We consider

107 ev! for heavy relics decay.
For Eo=<10?* eV, the conditiong86) and (87) imply

10_11 eV2 fOI‘ 14 _VB (NgiNgaNg—):(l!llo)y

Am?= “

m [107 eV? for v,—vs. ®9)
(Ng.N>N?)=(0,1,0). (9D)
For both the active-active and active-sterile channels, the
mixing angle should be large enough and, fg~vg, not

too close to maximalsee Fig. 12 This flavor composition is realized for neutrinos produced by

the scattering of highly energetic protons on a photon back-
ground, where ther* decay gives the dominant contribu-
tion. Thep-y interaction is supposed to be the main mecha-
, i i nism of neutrino production in GRBS0].

In the three neutrino schemes which explain the solar and Neaytrinos of different flavors produced in the same decay
atmospheri(; .neutrino data, the effegt can be reali_zed fofeaction & or 7 decay share the energy of the parent par-
ve-v./v, mixing and the vacuum oscillatiofVO) solution ije equally with good approximation. Therefore, the pro-
of the solar neutrino problem. If the LMA, the SMA, or the ,ceq fluxes of neutrinos and antineutrinos of different fla-

LOW solutiqn are cor;firmeq, the effect of thbe medium 3”vors have the same energy dependence, and, in the absence
vacuum oscillations of cosmic neutrinos can be neglected. ot conversion. the ratio%/NC ,NO/NC  NO/NC are expected

In the presence o_f a sterile neutrino, t_he condit?(ﬂfé— fto be energy-independent.
(89) can be realized in a number of situations. O§C|Ilat|02ns %" In the presence of vacuum oscillations the ratios of num-
elect_r?? ”‘3“”'”05.“.“0 a sterile Stale,—vs, with Am bers of events are approximately independent of energy in
5_10 eV_ and mixing close to.maX|maI represent a POS-410 intervals:(i) Eq/Am2<5x 16?9 eV ! (see Figs. 13—15
sible solution of the solar neutrino problef86]. Another — \po o ocillations are averaged o(it) Eo/Am?=5x 10
pQSSIblllty is to consider, e.g., the hlerarcmcal mass spectrurgv_ly where the vacuum oscillation phase is very small or,
with mz~ VAm%tm Mo~ VAmG, m;=10"" eV, andmy  gquivalently, the vacuum oscillation length exceeds the size
<m, so thatAmf,=mi=10 " eV2. In the simplest case, the of the horizon. In this case, the conversion probability is
sterile state is mixed Only in the |IghteSt mass Eigenstﬁies neg||g|b|y small and the ratios of numbers of events ap-
and vo. The mixing angle is only weakly restricted by the proach their values in the absence of oscillations.
solar neutrino dat’ The effects of vacuum oscillations are modified by the
interaction with the neutrino background. According to the
results of Secs. VA and VB we find th&h) the energy
dependence of the ratios of numbers of events in the interval
Let us consider the numbers of evehtsandN;, induced (i) would be a signal of active-sterile conversion with matter
in a detector by neutrinos of different flavors with and  effects!! and (b) the deviation of the ratios of numbers of
without conversion, respectively. These quantities are deteevents in the intervalii) from the values expected in the
mined by the present fluxds® andFy (see Sec. ¥ if the  absence of conversion would indicate matter-affected active-
detector provides total energy reconstruction and optimaactive oscillations. Two elements, however, will make the
event selection, the flavor composition of the numbers ofdentification of the effect difficult: its appearance at very
detected events coincides with that of the fluxes. high energies, close to the end of the predicted spectra of
In what follows, we consider two possible types of flavor ultrahigh-energy neutrinos, and the uncertainties on the fla-
composition for the numbers of events in absence of convervor composition of the neutrino fluxes at production.
sion. We notice an interesting aspect: the interaction with the
(i) CP-symmetric:Ngz N%(aze,,u,r). As far as flavor neutrino background produces strongly different effects on
content is concerned, we take the normalized numbers @ictive-active and active-sterile oscillations. Thus the obser-
events: vation of such effects would neatly distinguish between the
two channels. In particular, the observation of the character-
(NZ.N% N%)=(1,2,0), istics described ifa) would give an indication of the exis-
(90)  tence of a sterile neutrino.

0.1< sirf26=<0.95. (89

B. Flavor composition of detected fluxes

(Ng.NZ N2 =(1,2,0).

if some difference exists in the energy dependences of the origi-
nal fluxes of neutrinos of different flavors, this would appear in the
No restriction exists foAm? ;<10 ! eVZ bounds follow from  total number of eventsl2, == N, in contrast with the effect of

the solar neutrino data fakmioz 10" eV? (in this case the solar neutrino conversion. Thus, the energy dependence of ratios of num-
neutrino data should be treated in a three-neutrino context bers of events due to matter effects can be distinguished.
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C. Ratios of numbers of events: Active neutrino mixing Two comments are in order. First, equal humbers of events
induced by the muon and tau neutrinos are expected, with no
dependence of ratios on matter effectsy, (-N,)/(N,
+N7)=1. Conversely, matter effects are present in ratios
NV: pN*g' (92) involving the electron neutrino. SecondFf= P, the conver-

sion probability cancels in Eq96) and one getN,+N;
where =(1,1,1). This circumstance is realized in the absence of
matter effects F»=0) or in the extremely high-energy
NO=(N2,N% N9, limit, Eq/Am?=10% eV 1, in which the asymptotic value
(93) (50 for the conversion probability is realizedee also Fig.
sz (Ng,N,,N.), 2_). Therefore, the matter effect could be revealed by a devia-
” tion from the equality of the numbers of events for the three
and P is the matrix of conversion probabilitie®, ;=P (v, flavors in the narrow interveto/Am?=10*—10* eV~ in
—vg), (a,B=6,u,7). which P and P are unequal and have significant deviation
As an example, we consider the scenario introduced ifrom the vacuum oscillation probability.
Sec. IIB 1, in which the solar neutrino problem is solved by ~ Considering, for instance, the ratio eflike over non-
ve—v, /v, vacuum oscillations witAmZ =Am3,~10"*  e-like events, we find
eV? and the atmospheric neutrino anomaly is explained by

For three neutrino flavorsye,v, ,v,, the relation be-
tween the numbers of everits, and N‘; can be expressed as

v,— v, oscillations with AmZ,=Am3,~10"3 eV2 The R NetNe  1-P/2+P/2 @7
mixing matrix is given by Eq(25). N,+N;+N.+N; 2+P/2-P/2’

Since the values oAm3, and Am3, (Am3,=Am3,) are e
out of the range of sensitivity to matter effedtsee Sec. The deviation ofR from its valueR,= 3 without oscilla-
VIA), the oscillations due tdm3; and Am3, are described tions is entirely due to matter effects and equals
by the average vacuum oscillation probability. The neutrino
background influences thg — v, system only. In these spe- R—Ry - EA, (99)

cific circumstances, matter effects show up in the conversion Ry 2
of ve.=codv,+sindr, into the orthogonal stater’'= _
—sindv;+cos9r,. We denote byP the corresponding two- whereA=(P—P)/2. The relative deviatioi98) amounts to
neutrino conversion probability. Taking the maximal mixing ~15% for A=0.1. Similar conclusions are obtained for
O = 7/4 in the matrix(25), we find the conversion matrix:  other ratios of numbers of events.
Results are different if the mixing angf@ in the matrix
1-P P/2 P/2 (25) is not maximal. In the extreme caée=0, the problem
p=| PI2 12-Pl4 1/2-Pl4 (94) reduces to two-neutrino conversion. In the linit/Am?

: =10%3 eV 1, for both the compositiong0) and(91) we get
P/2 1/2—-P/4 1/2—P/4

R-R, 3
and an analogous expression for the matrix of probabilities R P~ EP’ (99
for antineutrinos with the replacemeRt— P, whereP rep- P
resents ther.— v’ conversion probability. where we considere®=P. Taking P=0.1, the deviation

Taking theCP-symmetric flavor compositio90), from  (99) equals~15%.
Egs.(94) and(92) we find that the conversion probabiligy
cancels in the expression of the numbers of eveNts, D. Extension to four neutrinos
Equal numbers of events for the three flavors are predicted
independently of matter effectst,=N,=(1,1,1).
For theCP-asymmetric compositiof@1) we obtain

An example of a four-neutrino scheme with sterile neu-
trino, vg, was introduced in Sec. VIA: the sterile state is
present in the two light mass eigenstategand v4, so that

N,=(1—P/2,1/2+ P/4,1/2+ P/4) in the baseS;a:(VS,Ve,V,u,VT), ;i=(vo,vl,v2,v3) the
mixing matrix takes the form
v i ' ! (95) iXi i k he f
N;=(P/2,1/2— P/4,1/2— P/4). Cy S¢ 0 0
. . . —Cy4S C4C -S 0
Since the present detectors do not distinguish neutrinos from  jo_ >4 o~ ¢ o '
antineutrinos, we consider the sums of the events induced by _SHS¢/\/§ 30C¢/\/§ col\2 —1N2
v andv. From Egs.(95), we find _503¢/\/§ 30%/\/5 coN2  1N2
(100

>

N,+N,=(1—P/2+P/2,1+P/4—P/4,1+ P/4—P/4).

14

wherec,=cos¢, s,=sin¢, c,=cos6, s,=sin6. The angle
(96) ¢ describes the mixing between, and the stater=c,v,
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+Spv,, 12+ sgv /\/2. Analogously to the previous case, we modifies the anglep only; the changes of are negligibly
considerAm3,=<10"7 eV? and all the other mass splittings Small. Again, the dynamics of the four-neutrino system is
to be much larger than this value, so that the interaction withieduced to the evolution of the two stahe;andy Introduc-

the neutrino background affects the propagation of théng the conversion probabilitP=P(v.—7), we find the
vo—v, System only. As a consequence, the matter effectatrix of probabilitiegsee Eq(92)]:

1-P coP S2P/2 s2P/2
c3P  sy+ch(1-P) s2c5(1—P/2) s2ci(1-P/2)
= : 101
& sgP/Z 5900(1 P/2) [1+ cg+ sa(l—P)]/4 [1+c‘;+s[,(1—P)]/4 (109

S2P12 s%c3(1—P/2) [1+ch+si1—P))/4 [1+ch+sy(1—P)]/4

Taking theC P-symmetric compositio90) and assuming For the ratioR, of thee-like over none-like events, one gets
that no sterile neutrinos are producd\dgzo, from Egs.

(101 and(92) one gets the numbers of events: R-R, S(1—s2/2) + 5s2/2 02—55/2
. ~ — +
R, Lod=syf2)+ osyl2)) = p 1 (1-c2p,) |
— A2 <2 <2
=(P,1-cyP,1-s,P/2,1—s;,P/2), (106
. . . . . (102 o
N,=(P,1-c3P,1-s2P/2,1-S5P/2). where§=P—P, and5=P—P,.
. _ With the valuesé=0.1, 6=-0.05, P,=0.4 and small
As in the three-neutrino case, we havel,(+N,)/(N; mixing, cj=1, ands;=0, the deV|at|or(106) equals~15%,

total numbers of eventN,+ N the conversion probabilities (104) The effect is smaller~2% for large m|x|ng s§

appear in the combinatioR+ P: since the matter effects =c2=1.

have opposite signs for neutrinos and antineutrinos, they par- Our estimation, 10—15 % effect, gives some hope that the

tially cancel in this quantity. discussed phenomenon will be observed in future large-scale
Introducing the deviation from the averaged vacuum osexperiments with event rates1000 events/year.

cillation probability, s)=P+P—2P, , we compute the ratio
VII. CONCLUSIONS

Ne+Ne 1-cy(P,+ 5pl2) (103 We have studied matter effects on oscillations of high-
N +N+ N+ N T2- S5(P,+ 8pl2) energy cosmic neutrinos. The only known component of the
intergalactic medium which can contribute to such an effect

The relative deviation of this ratio from the value given by is the relic neutrino background, provided that it has large

vacuum oscillations equals CP (lepton asymmetry.
The mixing modifies the flavor composition of the relic
R-R, Op cg—sglz neutrino background. Considering atmospheric and solar
R, 2_7(1—5‘29%/2)(1—0%'31;)' (104 neutrino-motivated mixings and mass-squared differences,

we find that, if large asymmetries in the muon and/or tau
Taking 8p=0.1, s2=c2~1/2, andP,~0.4, Eq.(104) gives a flavors are produced before the BBN epoch, they are equili-
deviation of~2%: the effect is larger~ 10%, for smallo: brated by the combined effect of oscillations and inelastic
sz 1, ngo_ collisions, so thatp,=7,. The asymmetry in the electron

flavor, e can be equnlbrated withy,, and », for Am?
=10 " eV2 ForAm?<10 " eV?, vev, /v oscillations are
_ 2 suppressed by collisions and/or by the expansion rate of the

(P(c +S"/2) 1= S ~cible +S"/2) Universe, thus leavingy, unchanged, at least until the BBN

epoch. At later epochs, oscillations develop and large asym-
metries in the muon and/or tau flavors can be efficiently

For theCP-asymmetric compositio@1), we get

(1+s2¢2)/2—s2P(c2+5%/2) 12 (1+s%c2) 12

—s2P(c2+5%/2)12), converted intov, asymmetry. Therefore, at present the val-
ues of the asymmetries for the three flavors can be compa-
N—— (SGP/Z sﬁca(l P/2) rable. This allows one to reconcile possible large lepton

asymmetry in thev, flavor at presenty.~1, with strong
4. 4 — 4. 4 — constraint ony, from nucleosynthesis. Active-sterile conver-
[1+Cy+se(1—P)]/A[1+Cy+s,(1—P)]/4). sion is ineffective until the BBN or later, due the matter-
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induced suppression of the,— v mixing. Possible signatures of matter effects consist in the devia-

The dynamics of high-energy neutrino conversion in thetion of ratios of numbers of observed events—
CP-asymmetric neutrino background has been consideredNo/N, ,No/N,,N,/N —from the values predicted by pure
For conversion between active neutrinos, the matter effectgéacuum oscillations. Presumably, neutrino mixings and
consist in a modification of the vacuum oscillation length.masses will be measured in laboratory experiments and
The effect is significant for large mixing angle, ©@A=0.3,  vacuum oscillation effects will be reliably predicted.
and high energiesE,/Am?=5x10°? eV 1, for which the For conversion into a sterile state, one expects also a char-
matter contribution to the oscillation phase dominates oveacteristic energy dependence of the ratios which in principle
the vacuum oscillation one. In these circumstances, the corwill allow us to distinguish matter effects from the uncertain-
version probability can differ by~30% from the vacuum ties in the flavor content of original neutrino fluxes.
oscillations value. For illustration purposes, we estimated observable effects

For active-sterile conversion, the matter effects can bdor two possible schemes of neutrino masses and two differ-
important in the intervalE,/Am?=10°%—10°2 eV ™%, for  ent flavor compositions of the detected fluxes in the absence
which the resonance condition is satisfied. For the majorityof conversion. In a scheme with three flavor states only and
of realistic situationgwith z=10, »=<10), the adiabaticity parameters in the region of VO solution of the solar neutrino
condition is broken. This implies that the matter effect isproblem, we found that the deviation of ratios of numbers of
reduced to nonadiabatic level crossing or enhancefiseip:  events from their vacuum oscillation values can-b0%. A
pression of mixing and therefore of the depth of oscillations similar conclusion is obtained for schemes with an additional
in the production epoch. The relative change of the conversterile neutrino.
sion probability can be as large as 20-50%. For extreme Clearly, more work is needed to clarify the possibilities of
values of the asymmetry and large redshift of production, thebserving the effect under consideration. In any case, new
adiabatic conversion can take place with almost maximalarge-scale detectors with relatively high statisties1000
conversion probability. events/yearare required.

We calculated the effect of conversion on the diffuse The detection of matter effects on fluxes of high-energy
fluxes of neutrinos produced by GRBs, AGN, and the decayeutrinos would be evidence of lar@P (lepton asymme-
of superheavy relics. For neutrinos from GRBs and AGN, thery in the Universe. As follows from our analysis, asymme-
relative deviation of the flux due to matter effects with re-tries of orderp~1 can be probed in these studies. Clearly,
spect to vacuum oscillations can reach 20%. For neutrinothe observation of such a large asymmetry will have far-
from heavy particle decay, the effect can be larger, up taeaching consequences for our understanding of the evolu-
~40%. tion of the Universe.
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