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magnetic field. There is no consensus in the literature about a possible ruagnitude
this interaction and its effect on the oscillations. For details and references sec aboy
gquoted papers and sec. 6.5. Some complications of the process of osciliations ma
take place at the Planck scale; in particular, quantum gravity effects ruight lead t
oscillation freczing [662].

Further down in this section we will discuss these subjects in more detail. ‘The
field is so vast that it possibly deserves a separate review, and an interesting onc has

appeared recently [663].
12.3.2 Refraction index

In this section we derive the Schroedinger cquation for neutrino wave function m the
primeval plasrna. We will start with the neutrine quantum operator v,{x) of flavor «

that satisfics the usual Heisenberg equation of motion:

'@ — : 9 (+) A P ORVC LS _ o
Ez—@ M)va(x)+2\/§5ae Wal{z)O} e($)+4cosgw/a(£)0a vz} =0 (267)

where A is the neutrino mass matrix, W(z), Z(z) and ez} are respectively the

guantum operators of intermediate bosons and electrons, and OF = v, (1 445}, We
assume that the temperature of the plasina is in the MeV range and thus only elec-
irons, photons, and neutrinos are present there.

Equations of motion for the field operators of W and Z bosons have the form

G ugWalz) = %Ef‘;(m)()y}va(xj . (265}

<

B

1, g _
GFapZple) = 7= . |7 (2)0L" va(z)+

.

(2 sin® 0 — 1) &(x)0Me(x) + 25in? Oy E(x)()gf}e(_:cj] (269}

where the differential operators G}, are inverse Green’s functions of W and Z. in
momentum representation they can be written as

Gop = 222 Gols/™m (270)



The cquation of i i 7 neutrine wave funictior: W.(xz) ca
from expression (27} sy by applving the opcrator (i@ —
ing eq. (272) with fies weutie aperators 1/(2”) in the r.ki.s. After
which mostly consisis i 51 untions of motion for the free ferm
and (anti)commutation ©eis ltween the creation/annihilation o
would obtain the equatio ¢ theorm:

= (Hp + Vo) W

where H,,, is the frec mimisin the ass eigenstate hasis it has t
diag [\!IPE =+ m_f ] Thematirnzertial V,p; describes interactions of n
media and is diagonalintle fii basis (see however the discussion aft
Up to the factor E {ie wuwinemergy) it is essentially the refrac
neutrino in the medim Temetial contains two terms. The firs
the averaging of the etarduret J ~ 0., Due to homogeneity at
the plasma only its tizecmnt is non-vanishing and proportional

asymmetry (Le. to tusesdurticles over antiparticles) in the g
term has different sigs iz widies and antineutrinos. "The second

to effective potential wmefw im-locality of neutrino interactions.

interactions of noutring wii

soedinm are not always of the (currers
form due to non-localy it 1t the exchange of W or Z bosons.

and ontgoing neutrims med i different space-tirme points, the inte
the medium cannot bemprsids an interaction with the external ¢
terms are inverscly protim umy , but formally they are of the first
With these two typesd amiins the diagonal rpatrix elements of
potential for the neutrmdlmrihas the form:

G2AE
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take place at the Planck scale, in particular, quantum gravity effects might lead to

oscillation {reezing [662].
Further down in this section we will discuss these subjects in more detail. The

field is so vast that it possibly deserves a separate review, and an inieresting one has

appeared recently [663].
12.3.2 Refraction index

In this section we derive the Schroedinger equation for nentrine wave function in the
primeval plasma. We will start with the neutrino quantum operator v,{z} of flavor «

that satisfies the usual Heisenberg equation of motion:

7 9. (+) 9 7 (+), (4] = 087
(18 M)z/a(:z)+9 25,,‘8 We(z)O), e($)+4cosf9w7a(‘$)0a vo(z) =0 (267)

)

p—

where M is the neutrino mass matrix, W(z), Z(z) and e(z) are respectively the
quantum operators of intermediate bosons and electrons, and OF = 4, (1 4= v5). We
assutne thaf the temperature of the plasma is in the MeV range and thus only elec-
trons, photons, and neutrinos are present there.

FEquations of motion for the field operators of W and Z bosons have the form

GiapWo(2) = 5 =0a(2)0L (@), (268)
- 9 T . ;
Gaa7p(2) = 1= [pa() O v (0)+
(‘2 sin? fy ~— 1) &z)OH e(2) + 2 sin? O é(:a)OE,—)c(x)J (269)

where the differential operators G}, are inverse Green’s functions of W and Z. In

ettt i1 reamrecatation Fhetr com e b ter oo
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to the cohercnce breaking terms by clastic scattering of oscillating neutrinosme
tons in plasma (1.e. on electrons, positrons and other active neutrinos whichurcg

mixed with the peutrinos in question) 1s given by 54%

) L@ : o
p= (:C— - Hp-d—) p = 1[Hu+ Vs pl -+ f dr(v, 1.1 (jjl‘{)lh - = {p, A
p - 2 ol

/dT(z, V1) (ﬁ,Bp_‘m - %f; {e. BB*}) s

e

where p is the density matrix of the oscillating neutrinocs, f; 1s the distributio fze

tion of other leptons in the plasma, d7 is the phase space element of all wriic
participating in the reactions except for the neuntrinos in question - It is oy
eqs. (43,44). The first commutator term in the r.h.s, s first order in the intawn
It 15 the usual contribution from refraction index that does not break coherem: T
last two terms are second order in the interaction and are related respecieyu
annihilation, vo « (I, and elastic scattering, vl & . The quantnm statisic e
tors, (1 — f}, and (J — p) are neglected here. They can be casily reconstruded, o
ref. [5991. In the interaction basis and in the case of active-sterile mixing the zude
A and 7 have only one non-zero entry in the upper left corner equal to theas)
tude of annihilation or elastic scattering respectively; the upper ‘4" means Hea
conjugate.

The contribution of the similar coherence breaking terms but related w sl
interaction of the oscillating neutrinos is presented in ref, [599!. It has morenm
cated and lengthy matrix strucfure.

The equation for the evolution of the diagonal components of the densitymwrx
with the coherence breaking taken into account, has the same form as the equanai
the distribution function of non-oscillating particles (42), while the role of catm
breaking terms in the evolution of non-diagonal terms is ecssenfially given b, =
~L'pas 134, 597, 114, 599] as follows {rom eq. (282).

The complete form of the coherence breaking terms in kinetic equationsiitit
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Vi mixing

Non-resonance case ;

.-|-|.-|°
Vo4V 4 ¥, 4, ]

-Simple analytic estimates are possible.

-Sterile neutrinos production rate roughly
given by:

Ts™(Tact/ 4) 1an%(20 rasrer)

.-\M |_,|.u -2 — — ruu:m -2 -1 e 0
- — R
- -V, MiXi
Vv, - V¢ miXing r.m\ o b el
2 o L 1 “
msw sin*(20)=1.7-10" In*(1- AN, @ B g bk |
eV k. 7
. -2 :
Ve - Vs MIXING :
dm” ) . 4 -5 1.2 - :
_ [sin*(26)=3.2-10"In*(1-AN,)
eV a
o . . i ./_,,_ ”‘HLH
* In previous estimates, v, humber density ~ N | m
reduction and v, spectrum distortionare L. .. 3L L
- 2 - - -1 0
neglected. Relevant effect for small mass . fep
log(sin®26) Loy

differences.
Dolgov, FLV, hep-ph/0308083

Nnig



Resonance Case
* Resonance case -
mg < m, in the small mixing angle limit
* More complicated picture. Calculations
usually performed (e.g. by Enqvist et al.

1992) in single momentum approximation.

+ Complete calculation shows larger
effects.

* Small mixing angle behaviour can be
undefstood analytically (Landau-Zener
approach).

Vv, - Vs mixing
2
mwN sin*(20)=1.9-10° In*(1- AN,)
5 _
Ve - Vg MiXing
2
mww sin*(20)=5.2-10"n?(1-AN,)
e

V, Vs mixing

BBN

Ya

a2

BBN

log(sin®20)
Dolgov, FLV, hep-ph/0308083
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Active + Sterile oscillations

Active neutrinos are now known to be strongly mixed. Their mutual transformation should
be taken into account together with v, — v, oscillations. One expects:

- Stronger limits for “v,-v, mixing" (v, depletion as a result of v,-v, mixing)
\I/\/\/\/\\ulul\/t\./mll\/-\.( \ k

- Depending on masses and mixings, "new” resonances among active and steriles neutrinos.

Complicated problem in the general case. If we assume small active-sterile mixing:
t
Usa =Uy Uy3Us,

V ct Vv
eut 3 N | 123 n= mqu £ ®S =0 ®B =0
% e 1)\v,

solar atrmo

gwf = %Nmamanu. msu 32 ”gungo

In the assumption 6;3=0, one can take advantage of the symmetry between v, andv,
reducing to:

—-—

/ \\l- - el =
\<m. ( Gy Sz 0 ju \<_/ . b . o
i | » 2 active + 1 sterile mixing
Vi _| T G2 0 ,/b.uh_. V)
Vv, 0 0 1y M ] Vs . o
NI { 1 active + 1 sterile mixing

W4/ _q

- -

N



Active + Sterile oscillations

Dolgov, FLV, hep-ph/0308083
BBN bounds on 7',
Mixing matrix U = Uy#l,, — Positive

3??& .swﬁ,..x U- Qﬁ. Q..s i -
-2k
- ?m..._..én Mth IHL ..uw
W = variable L”.
| s -

i

L] L] L] - Ll L] L] Ll

v,

n L] Ll T

0.8

o'y

|

log(6m*a/eV®)

.mﬂ_esmm_. liwits qm.‘ ‘.Fa-cu Wixing.
Qn an_ﬂ.ﬁ.ox as a \.g:- oH en..c.a—

-1

o -3

log(sin20,,) ~ _-__w A 2 A.U

NN I8



Active + Sterile oscillations

Mix _.su, malrix

= womm tive viw»

My > My
?...N\&:V.
_3+ { My

| Mzl
eV?

Us Uy Un

4

Aﬂ

bmyy = vaciable

2. &
_ < e,
5
4 -9
NN-?. nu.,e;a .?nT.\D.ZeJ

M 2h, sin ?em.... ..w.es._.f?..pz.v

-3

hY

LIR30 BLELE |

&

Dolgov, FLV, hep-ph/0308083

BBN bounds on 7',

Mixing matrix U = U,#U,, —

Positive 6m’,,

L BB

— Li Ll

Ve

L u L] T Ll

Ve
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--lm..
0o -3

log(sin®20,,) A~
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Summary

Theory: -robust, well defined, very precise
-theoretical uncertainties, at present,

sub-dominant with respect to observational errors

- Observations: two problems:
- systematics
- evolutionary effects

*Theory.vs.data: (£25h?)gey = 0.0214 + 0.0020
AN, <1
€|<0.05  for any neutrino flavour

(5m2 / eV2) sin%(26) < 3.2 * 105 In2 (1-ANv) v, - v, No Res.
(6m2 / eV?) sin%(20) < 5.2 * 10710 |nZ (1-ANv) Res.

(6m? / eV?) sin%(20) < 1.7 * 10-° In?(1-ANv) v, - v5 No Res.

(5m2 / eV?2) sin%(20) < 1.9 * 102 In? (1-ANVv) Res.

Important effects
related to mixing
between active
neutrinos

Nno
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Figure 21: Effect of a 1 eV neutrino on the bright red galaxy (BRG) power spectrum
compared with expected precision of the SDSS BRG survey (1o error boxes). Upper
curves: an {1, = 1.0, A = 0.5, Q3h? = 0.0125, n = 1 model with and without a 1 eV
nevtrino mass. Lower curves: the same but for an Q,, = 0.2, 2 = 0.65 model.
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