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XII Lomonosov Conference on Elementary Particle Physics
Moscow State University, August 25-31, 2005

Memorandum

of the Round Table discussion on
“Neutrino and Astroparticle Physics”

The progress in particle physics comes from both
the high energy frontier and precision experiments.
This applies to accelerator and non-accelerator physics.
In the last years, field like neutrino physics,
astroparticle physics and cosmology have had an
spectacular development.

One may anticipate that these clues to the
knowledge of nature will develop more along the XXI
century, particular when taking into account the longer
time periods involved in the construction of higher
energy facilities.



There has been important progress in neutrino and
astroparticle physics achieved during the last several
years:

e The non-vanishing neutrino mass and flavour
violation has been observed in neutrino
oscillation experiments.

e The validity of the Standard Solar Model has
also been proven.

e The non-zero neutrino mass can have an
important impact on cosmology, in particular,
for our understanding of the baryon
asymmetry of the universe. On the other hand,
the upper boundary of the sum of three
neutrino masses can now be constrained on
the level of the order of 1 eV from
cosmology.

e Observations of tritium beta-decay have
lowered the neutrino upper mass limit to the
level of 2.1 eV.

e Double beta decay experiments have reached
a sensitivity ~ (0.5 — 1) eV for effective
Majorana mass of the neutrino.



World-wide recognition of the obtained results has
been evidenced by two Nobel Prizes which have been
recently awarded for research in neutrino and
astroparticle physics.

Further progress in the study of the fundamental
properties of neutrinos will open the window to a new
physics. Application of these studies could also play a
very important role in our understanding of the inner
structure of stellar cores as well as of the early stages
of evolution of the universe. Studies of geo neutrinos
also open promising possibilities for the future.

More accurate measurements of neutrino
characteristics will make further progress in the field
possible. Our conference also focused on the need to
train specialized manpower in this field for the future.
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Crucial role of neutrino
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R.N.Mohapatra, A.Y.Smirnov,
“Neutrino mass and New Physics”, hep-ph/0603118 :

“Recent discovery of

flavour conversion of

solar, atmospheric, reactor and accelerator
neutrinos

have conclusively established that neutrinos have
nonzero mass

and they

mix among themselves

much like quarks, providing the first evidence of
new physics

beyond the standard model”
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» | MA-oscillation solution confirmed — Am%m, Osol .

#» Combined analysis solar + KamLAND data:

20

III|I TTT1TT TTITTT TT T
[ I.I I I ]
N i i)
C L b
y f
L | i ]
L 1 ]
- i -
- II -
3 \
L 1 /A

———— Solar only
Solar + KamLaAMD

P s

50

Maltoni et al., NJP, 2004.

— maximal mixing excluded
at 5.30.

— Best fit point:
sin? Bso. = 0.30

Ami, =7.9 x 1075 eV?

— Allowed 3¢ region:
0.24 < sin?Bso. < 0.40
7.1 < Am2,, <8.9x 1075 eV?



Table 1. Best-lit and 30 range for the three-neutrino oscillation parameters ob-

tained in the global fit of Ref. [19]. G.Fogli et al, 2004

P A Best-Fit
daralnetLer 30_ Range
A2 8.3 x 107 eV~
21 7.4x107° — 9.3 x 107°eV?
. 0.28
2
sin” 2 0.22 — 0.37
2.4 x 1072 eV?
2
|[Amgy| 1.8 x 1072 — 3.2 x 1072 eV?
. 0.01
2
sin® 13 0 — 0.05
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kIrnpov"f‘a ht hew phenomenon

depenJence on ma'”cr‘ 'fO'b? Sfieéo,
polarization 1Y 4 . Mu'lr-no SP“?J /_15,
and corvelations (’U;js) (’lf}) (ﬁi

G.Likhachev, A.Studenikin, 1995 (unpublished)

A.Grigoriev, A.Lobanov, A.Studenikin,
Phys.Lett.B 535 (2002) 187
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Phys.Lett.B 535 (2002) 187
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Bounds on V maaneﬁc momenTs

La‘)orafora bounds ya:i%:
j‘))e /< ‘{.5-‘10-(3"5(;6'6) VG
Mo, Z 6'8'10‘4/0‘45 (3, Vu-€)

Mo & 3910715 (v,-e)

1, < 0.9 x 107 | Mmunu con.
2005
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)‘\) ./< 3 "’zjq (Qed G«an?L ]umm)
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J.Silk, 1989 ,
Theory ( Sndard Model with v )
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v o In the Standavd Model : My=0

large . theve ¢SmO \?2 —
magnetic V m.‘lshe"';c moment M 9.-.-.0,
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o In the L-R symmetric models . :""':‘ig?‘
JMarciano,
T ()
@ M.Voloshin (ITEP), “On compatibility of small M 9

with large A, of neutrino”,
Sov.J.Nucl.Phys. 48 (1988) 512

... there may be SU (2) y symmetry that forbids m 9 but not X,
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v magnetic moment

(heavy massive neutrino)

@ LEP data j>

o
only 3 light )/ s coupled to Z

for any additional neutrino
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Phys.Rev.D 69 (2004)
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V “effective electric charge”
in magnetized plasma

O v‘s do not couple with ’U‘S in vacuum,

however, when

O v in thermal medium ( € and €1)

v V.Oraevsky, V.Semikoz, Ya.Smorodinsky,
JETP Lett. 43 (1986) 709;

J.Nieves, P.Pal, Phys.Rev.D 49 (1994) 1398;

T.Altherr, P.Salati, Nucl.Phys.B421 (1994) 662;

K.Bhattacharya, A.Ganguly, 2002

% ...different VU interactions in

astrophysical and cosmological media
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SPIN FLAVOUR

© PRECESSION AND LMA

Joao M. Pulido

CFTP - Instituto Superior Técnico, Lisbon

12th Lomonosov Conference, Moscow
26" August, 2005

Long term periodicity may have been observed by the

Gallium experiments. In fact

Period 1991-97  1998-03
SAGE+Ga/GNO 77.8 £ 5.0 63.3 £ 3.6
Ga/GNO only 77.5 7.7 62.9 6.0
no. of suspots 52 100

Notice a 2.40 discrepancy in the combined results over
the two periods. This is suggestive of an anticorrela-
tion of Ga event rate with the 11-year solar sunspot

cycle.



Periodicity of the active solar neutrino flux 1s probably
the most important issue to be investigated after LMA
has been ascertained as the dominant solution to the
® v problem. If confirmed it will imply the existence
of a sizable neutrino magnetic moment x4, and hence a

wealth of new physics.

Idea was introduced in 1986 by Russian physicists

!

Voloshin, Vysotsky and Okun

Strong Bo — large uy,Bo — large conversion

...from J.Pulido
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arbitrary electromagnetic field F,, and
moving and polarized matfer

[START]
| Bargmamn-Nichel-Telegd: eguation

for spin vector ‘S;“ of neu;?\fitc?e:

[)Veu‘fn‘no Spin evoluTcon ¢

e v
4GP D)
magnefe 3'6[ Frs -u’“(uvﬁmfﬂ)]

dipole mome i 4

eleciric g
T-Mfa hce

. /{ired' Cn'ferac'h'on o'f X SP!’H Wt"H’l 6...;
. P iwvaviant Hmarg arBi'lvarg{,@




Ne ufrcno spc‘n evo?u‘ft‘on é‘y«a‘/t.‘on
for ¥V general inferachons

(‘-’-3', Mrcan‘f weak inferat-\‘t‘ous)
heu'tﬂho \ - .
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o= (0 0, WA, ot S2-1, 8% 0
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@Evﬂua‘f‘con O'F G‘le :

.V evolution eg. has to he lineay over
,S/’u 5 5.,; ahd charac‘fen;{'fc‘:s 0‘/(H&#c?

: i ;
J:‘ = (n} ’ ni"zf} )) ff:g)"’)P)ua “es

P
fevrmions curvents in the
M i oW, gem— ’
/J\; =(”f 3.;1};, ny k; i“ 7£i N 73[’3;31:9
polavizations ng U (3 'UE) ) of
K 4 +V4- 1['*,7- r‘e{erence

h}apnumber density of background f

%;."’ SP“J °‘f v'e-ference ‘Frerne cn whueh
mean momentum 9{‘ 'fermu_‘ons + (s 2erc

g}ﬂb mean Value Of P°7QY‘C-H"II'OH Vec‘fors of f

in above mentioned ef. frame



Fov each 07C fermc'ons / Sﬁ'ﬂ?eu; Tarieation
there ave only wd (f j’c
% dps Su
{o constract Gﬂ‘),
I‘F Jj)_ﬁﬁ-b.?iow]: Vdrgt'hg fc‘(nc‘h'o#r.r
cn Space and time
( Similar to /F‘") cn 3 HTQ?.)

= on'l; fouyv tensors(foreach of £)

linear in Yespec‘f'w‘o matter charact::



C’N M0 i
VITRN = faf
; j J}/‘u‘-’ ’ ’J.ﬂ

JdJ
G. = Ur_}\/-.j’u .

g (ovG*\- eaf:L o{ bac’?Youhl {emions
, Ug)= 6, (30e); G, (%)=, (33)



Thus | in geneval case of V nleraction
with different background fermions f
matter effects are described by

antisy mmelric tensor

f‘o )“"fﬁ (c) @u v
C (j &S ua““’))
L Qspced
matler Curr'enf ahJ po?&rc?af LOh

She m cz)
J =Z: € dy *S 47

J(I)Jq‘:;Z S_;”Jr (t)'ﬁ* )

» Summation is performed over fermions

where

are c{ etermine

-Coofﬂcten‘h SJ
|>3 \Y, lﬂ+€fd(+lon mode?

(), (2) S(-f)(z)
f
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Substidution FJuv — 54 y *G)w
Cmth‘eS :

oifects of V
chtevacteon
wit+h mowng.
dhol P07QYI.'%--€J
matter



F!naﬂ,

{-h-tec-a(:menf onal V) Sprn vector

>/
6 E) ..d_é' 21”[5':(9; +H )]
in the rest frame of 'V dt dy é“g;t—‘#"
re expressed in 'f-ermr of i B o T
:uan'h'fies defermined cn ‘]F;‘!.gova‘l'ova _zaTe'[‘S' * (EO _P ° )] 3
| 1 me
labovatory fvame \

(/ (E +‘5. \far_.[

in  vest frame o{ V

M, (R (gl BIY ).
35 do oL

ﬁ @ 5’(1)) j*m .3‘36;&)

-4+ r'

weak interaction of

neutrino with matter




Fov SM+SUGR)-sulet J; anel malter §=e

interaction of 2 N
o

neutrino with
Y = matter @ @
v oMy, deusi{';

matter
NSNS

> v spin procession in matter !!!

with out any electromagnetic field




Hou/ml dre determined ?

To fix V cnferackons: S M +SV@)-singlet v =
_;gv V Propaaa-l-{ua Lh MoVing and polavized gas ofe

Lie =-f’(§@.ﬁzﬁﬁ. arhere

J" G'F ((“4&.“29 )J;'f _J‘e}‘)
In this case: €=0 )l; }

C\) electric po7e momen

and ( fu=apgit) =




(2) q%?

s

B.Lee, R. Shrock o
Fuil R. k
K. Fujikava, S,;;g.

e~ 3emy
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velativiste ¢
matte r
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MOVING AWND POLARIRE)
MATTER



A/eu'frcna SPm Pl/oru'fwh Ch
Ye?a‘hw S'l“t(. 'f?ux of e7ec1‘ranr (‘er)

Effects of movi'ng and polarcged
maﬂey

=nehjs,{[ o o™ §9f |(4-AY) +
| if_ng ]+0(A")}




+ slowly movcng matfer, U «4.

mean value of Po-’aﬁ}a‘liou
Vector of electrons
@ G

= -Z-Fl/i

227 SM4 SUB)-glet Vo

a3 _d_".r (4+4 wn 6, ) , S
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to V spin evolution equation
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ITn case of

i 7
W
4—’U‘L—maﬂer
Y and relativistic matter (W, ~4 )

motion in opposite divections
matley term aefs its maximum

2 .:ﬁ;w
>4 if Y~d

=> Substantia] tncrease

of matler effects ¢n
Y  oscillatcons
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A/OKI we ‘cnou/:

how to treat v SPch oscillations cn

arBifravy e.m fields within

Liorenta invaviant approach =>

hew Yesohances (h \ie—)l}e Ch
Various e.m. 'Fie?JS (e.m. vave elc... )



/VOIU we l(hau\/:
-H-.a‘l‘ Y SPin precession cahn ge

stimulated g& weak interact:ons
Wi"‘h maﬁer ahd alwags occuys

§ initial ¥V state is not
]Ohai-luofihan; P?ariieo(.



A/OKI we kho wW:

Tl"a'f'ma,e 'f'i‘,on can ng{;ca‘na

change probabilites of V spih and

flavouy oscillatcons.

D e i

These eﬁeds are of par'h‘cuhr'
imPor-hnce ch cdses when

V propa ates (n relativietee )P"S
o} maTtev(quasars, sawma-vay bursts... )



How can
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wspin and  VEn3EEd
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Direct influence of external F.y on
//1 oscillations vV,

direct infevaction:

Mag  magneti

¢
(transition, d¢B) momen
6“6 e7ec'|‘n‘c } | )

o b =epT (Vi families)

— hon-‘frivn] (')eyonol SH)

eTec‘fromaghe‘f-‘c prope rices of
(M #0, £40)



Indireet influence 0§ external F/uv on Y. D'0livo T Meeves DPal

osa??ah ons V) «sy), inmatter <o (sooric Tl
E Imfors lGrasso & Ratfe ™ 1946

\/Sem.koi JVaT?e 1954:1997,
J DO?WO J WVieves ‘7‘396
9‘@—& H.Munokawa V. Sermkoi A S'mma/fl%ne

/993
one- ?aop ﬁmk-Jens:-l; contvi butipn fo
enexrygy O‘f' Y in magne'hieal maﬂer //
& mafter polarization effects in B

Extra term in V effectiye potentia]

1,
« V " rG B _v__g 3ﬁ/ ) (dcaenerafe electron gag)
o BH [Ve = he— hé-



Pulsay kick anod ¥ oscillateons in B

k Sehko' Akhmedov
RE fLness s
QV, Y Ve

SI' ) SC ) ‘S:cs

qQre w) gkdmn
heulring- spheves

ahd 1) &V

resohdhce Surface
( enl'psofd)

< v

¢
gIh divections where RS s close (fay)
fo center —> lavger(smaller) Y momentum

since T, > T, _



...more about

Indirect influence o{-ex‘l'emﬂ';uv

® v’b’ interactions DeRaad, Milton, Hari Dass

vV — UV -+

Y — UV +V
YY — VU ..

® V@ interactions

e — eV
rve — rve ...

Galtsov, Nikitina, Skobelev

Chistakov, Gvozdev Mikheev, Vasilevskaya
Ionnisian, Raffelt

Dicus, Repko, Shaisultanov

Borisov, Zhukovsky, A.Ternov, Eminov
Radomski, Grimus, Sakuda

Mohanty, Samal

Nieves, Pal. ..

Landstreet, Baier, Katkov, Strakhovenko
Loskutov, Zakhartsov

Ritus, Nikishov

I.Ternov, Rodionov, Studenikin

Borisov, Kurilin

Narynskaya ...



ﬂ-o'ecaa of heulfron in maéheﬁ‘c field

O et e e ™ It T N

Birth of ¥ astrophysics inBf 1 By pres

* L. Kov‘ow‘na, %-Jocaa 0 Pokrc‘ied newTron in

! L4
* maane‘h‘c e 7d , Izv.Vuz.Phys., # 6, 1964, 86
.[.TC Yynov, BLQSO', L KOV'OV:'HQ\ Mosc.Univ.Bull.,Phys.,Astron., #5, 1965, 58

"On the theovy of newtron p-decay
n exteynal magndcc c"e?e[?

* ). Matese R0 '('orme-lz Weutron bety a(eea; Phys.Rev.180, 1969, 1289
thd un.‘{orm maane‘h'c {;‘-e 7d:

* L Fassio-Canulo, “Weufron beta olecay in a PhysRev.1871969, 2141
Strong magnetie felol”

*‘ ¢ G‘-f«m{'etn, Nature, 223, 1969, 938
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\&/eak reac‘hoh N‘l’es cn 5

Tutey- conversion befween N and P through

i*l"l-l-\)(%)]b-o-g:’
¥h +eteS ptyV

¥ pre=+ v,
h_/ vatio in vavious astrophysical

pmesses Such al G‘r«ndem 1969

1930,
Matete, 0ConneTl 13¢9"

@Bcg-Bahg A/uc?eosah/ﬁesis Chena Sc'wamm Truvan 1993

teFields in the
r?r{fi.&rsfius : ; < G'vasgo, Rubinstein, 1996199
m.,s Rep. 348, 200,163,




NMeulron Star ('oo7¢‘n€9
and kick velocities

NMM
—A B

@Jorﬂe_«. RaJConw, Tevnov, (9849,

Losku'fov, Zakhavtsoy, | 93¢;
Studenikin, (938 .




Vilenkin, 1995

€loy, 1992,

Roulet, (997,

L einson, Pevez, (993;
L ai, Qiam, 1993
Avras, Lac, 199;

Bhattachavya, Pal, 2003,
duahn, Qu\h 2004

Kauls, S.\vocl-k. h S'ludem kin 2004,

Gvoaday, Oahev, 1999,

Bisnovatyi- Kogan, 1993,

Recent studies of
ﬁ.-pmcesses ch B

Cneutron Siav

coolin and
keck V!alm’f\CS)

therea st hg
interest



@ H. Duan, ¥-2, Qian

Phys.Rev.D69 (2004) 123004 dﬂv&p‘n / 040/6 3‘?,
20 Jan 2004

NMeutrino processes
Vet P+@™, R+pP& hee”
th masndec Jield B< loig

(_{r;on;r;lﬁhg:s 'ht. A PPVOJC'\ )

=) {V asymmetvy and veduction
o{ Super‘noda Coo7¢‘h6 Yd‘/e )
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S. Shinkevich, A.S.  Pramana, 65 (2005) 215-244

Qe?élilﬂ‘s"n‘c #0073 o§ chvervse

-decay of polavcieol hewfrom
W+ h—>p+e” l
th S mg

=) effects of profon momentum
guantiation _and profen zecorl
mohioh - ave chelue e ot for V) if

@?% neutvon matter i tvansp

—> » S &on in Sirongand super-strong B.



Motivation of the sfudy of Ven s pee

®In “some—many -hearly a71" of
published papers on fR-decay the

WYong statement (s made :

The influence of B& on profon ch
Js-elecaa ( inverse fR-decay ahel other
velative processes) can be heg?ec'v'-eo/

(5

2 [ 4 20
B <<-rgf’—=50;,—",3 x2:10 @,



I¥ cs OK of

. ﬁn . But kot Jor

n-—>p+ed7 oyv Whgp-&e ete ...
(S‘hcden.‘.ltih : 1983)

@ ordina\rg mi‘shkes th C&?cu?&*iOhS cos



6. )

Cross sectioh &' in strong B=B,.=l.I0

se=A0MeV

S.Shinkevich,
A.Studenikin,
Pramana, 65 (2005)
215-244

heutron maller ¢s 'lrahspamn{- foy ,* P



B ~w
@ K.Kouzakov, A.S. n— Pe +v¢

Phys.Rev.C 72 (2005) 015502  “Bound-state beta-decay
of neutron in strong

magnetic field”

Usual (continuum -state) fdecay n— p+e +v,
"Rare" (bound -state) fdecay n—(pe”)+v,

R. Daudel, M. Jean, and M. Lecoin, J. Phys. Radium 8, 238 (1947)
m B 7, ~15min
— ~4.2x10
w ~
: T, ~ [ years

J.N. Bahcall, Phys. Rev. 124, 495 (1961) [Dirac equation]
L.L. Nemenov, Sov. J. Nucl. Phys. 15, 582 (1972) [Schrodinger equation]
X. Song, J. Phys. G: Nucl. Phys. 13, 1023 (1987) [Bethe-Salpeter equation]



K.A. Kouzakov and A.l. Studenikin, Phys. Rev. C 72, 015502 (2005)
http://arxiv.org/hep-ph/0412134

Summary
First analysis of bound-state S decay in a
strong magnetic field (B~10%3-1018 G)

v w,/w_.~0.1-0.4 in contrast to the field-free
case, where w,/w_~10"°

v" A logarithmic like behavior
wy/W,eclog,(BIB,)+b (b>0)


http://arxiv.org/hep-ph/0412134

K.A. Kouzakov and A.l. Studenikin, Phys. Rev. C 72, 015502 (2005)
http://arxiv.org/hep-ph/0412134

Summary
First analysis of bound-state 8 decay in a
strong magnetic field (B~10%3-10% G)

v w,/w_.~0.1-0.4 in contrast to the field-free
case, where w,/w_~10"°

v" A logarithmiclike behavior
w/Wcl0g,o(BIB,)+b (b>0)
Outlook: Astrophysical applications?


http://arxiv.org/hep-ph/0412134

”S[:Iin 763“ of neutrino
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Quasi-classical theory of spin light

of neutrino in matter

A.Lobanov, A.Studenikin, Phys.Lett.B 564 (2003) 27,
Phys.Lett.B 601 (2004) 171

A/eu'/rt'no :spin ProcesScon (h aclgrouno/
envt'\ronmen'f

E,

o A



A/OM we kmw:

hew moohanCSm 0)( e.m.vadiation

By ¥V in maffer (with or without
e.m.'fie'?o‘ geéha Sup-crc‘mposeol)

— spin light of heuTriho—

'H'la'f‘ must ge Cmpor‘fdh‘f‘ for

dense astrophysical ( gﬁgnﬂréél}ag Bursts )

cosmological (+he early Universe)

envivonments.

...however !!!



Quantum treatment
of neutrino
in matter

A.Studenikin, J.Phys.A: Math.Gen 39 (2006)
A.Studenikin, A.Ternov, Phys.Lett.B 608 (2005) 107

A.Grigoriev, A.Studenikin, A.Ternov, Phys.Lett.B 622 (2005) 199
Grav. & Cosm. 11 (2005) 132

|.Pivovarov, A.Studenikin, PoS(HEP2005)191



A.Studenikin, J.Phys.A:. Math.Gen 39 (2006) 6761
A.Studenikin, A.Ternov, Phys.Lett.B 608 (2005) 107
A.Studenikin, Nucl.Phys.B (Proc.Suppl.) 143 (2005) 570

A.Grigoriev, A.Studenikin, A.Ternov, Phys.Lett.B 622 (2005) 199
Grav. & Cosm. 11 (2005) 132
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Matter effect in neutrino flavour oscillations

L.Wolfenstein,
Neutrino oscillations in matter, Phys.Rev.D 17 (1978) 2369;

S.Mikheyev, A.Smirnov,
Resonance amplification of neutrino oscillations in matter and the
spectroscopy of the solar neutrino, Sov.J.Nucl.Phys.42 (1985) 913.

T
N ain? 2
P,y (z) =sin” 204, sin® —,

Legs

effective mixing angle, 6,77, and the effective oscillation length, L.y, are given by

A?sin® 20 2

sin’ 2efp = 5 , Lefp = = )
/ i = .
+ A?sin” 20 \/(L\{:Uh 20 — _4) + AZsin® 20

0 is tht vacuum mixing angle, |4 = \/§Gpne , MNe (= ghe p.?rticle number
ensity

A = sm2/2|p|

MSW effect



Matter effect in neutrino spin (spin-flavour)

oscillations
M.Voloshin, M.Vysotsky, L.Okun, neutrino spin procession in
Electrodynamics of the neutrino and possible magnetic field and solar matter
effects for solar neutrinos, JETP 64 (1986) 446; is considered

C.-S.Lim, W.Marciano,
Resonant spin-flavour precession of solar and supernova
neutrinos, Phys.Rev.D37 (1988) 1368;

E.Akhmedov,
Resonant amplification of neutrino spin rotation in matter and
the solar-neutrino problem, Phys.Lett.B213 (1988) 64.

neutrino
magnetic
moment

9 W

¥

o oy () = sin® 20, ¢ ¢ sin

Jr-’F.:}',i'f

(2uB,)? 27

¥ ] L'J ju—
CGuBL) + 2 1 fp B,y Sm
[ i Q= 2 V ( Ua() \/_Gpneff’
magnetic field ‘ ﬁl i A

- resonance in neutrino spin-flavour oscillations

sin? 26, =




Neutrino decay in matter

Z.Berezhiani, M.Vysotsky,
%{}% Neutrino decay in matter, Phys.Lett.B 199 (1987) 281,

Z.Berezhian, A.Smirnov,
Matter-induced neutrino decay and supernova 1987A,
;\/\é Phys.Lett.B 220 (1989) 279;

C.Giunti, CW.Kim, U.W.Lee, W.P.Lam,
% Majoron decay of neutrinos in matter,
Phys.Rev.D 45 (1992) 1557.

Matter can induce the neutrino decay into antineutrino and a light scalar particle (majoron):

vV — U+ X orviceversa [V — U _l_ X -

) Y

Z.Berezhiani, A.Rossi,
Majoron decay in matter, Phys.Lett.B 336 (1994) 439:

’\/A1I_I_'II '\/_\:;_I_;;
/"—fl/|l/, A—fV|V.

@ ... beyond the Standard Model ...



Outline

“Quantum approach” to description of neutrino motion in the background matter

;V\é @ Modified Dirac equation for neutrino in background matter

@ Modified Dirac-Pauli equation for neutrino in background matter
and magnetic field

% Exact solutions of modified Dirac (and Dirac-Pauli) equations in matter

(O Neutrino wave function and energy spectrum in matter

O Neutrino oscillations in matter and magnetic field

% Quantum theory of neutrino spin light in matter

O Transition rate, radiation power, photon energy

O Spatial angular distribution and polarization

Applications to different neutrino processes in astrophysical and
cosmological environments



Standard model electroweak interaction of a flavour
neutrino in matter (f =e)

Interaction Lagrangian (it is supposed that matter contains only electrons)

g _ _ .
Lint = T Toos o [1/6")/’“”(1 -+ 75)% — e*y”’(l — 48in? Oy + ")/5)6’] Zy,

\/_yefy (14 ’)/5)€W: Q%é’y“(l + ’}/g,)l/eWM_

2

===> Charged current interactions contribution to neutrino potential in matter

‘ ALeff = \/§ Gp<éf}/“(1 + ’}/5)€> (De,-)/,ul ‘;75 Ve)

===> Neutral current interactions contribution to neutrino potential in matter

G ) _ 147
{} ALPH—75<€')/‘ (1 —4sin6},) + ’y,]e>(ye’y” 5 5ye)




Matter current and polarization

When the electron field bilinear

<éfy“’(1 +’}/5)e>

IS averaged over the background

<é'yoe> ~ density

<é’y?;e> ~ fuelocity’ i=1,2,3
<é"}/u"}’5€> ~ S ,
it can be replaced by the matter (eIectronsXcurrent (invariant
number
density
[ speed
Lof matter




Modified Dirac equation for neutrino in matter

Addition to the vacuum neutrino Lagrangian
matter

current

&((1 + 481112 2 ) S )\,u)‘ < matter
V2 W Lpolarization

It is suppose that there is a macroscopic amount of A.Studenikin, A.Ternov, hep-ph/0410297;
Phys.Lett.B 608 (2005) 107

electrons in the scale of a neutrino de Broglie wave
length. Therefore, the interaction of a neutrino with || This is the most general equation of motion of a

the matter (electrons) is coherent. neutrino in which the effective potential
L.Chang, R.Zia,’88; J.Panteleone,’91; K.Kiers, N.Weiss, accour_lts for b.Oth the_ charged and neutral-
current interactions with the background matter

M.Tytgat,’97-"98; P.Manheim,’88; D.N6tzold, G.Raffelt,’88;
J.Nieves,’89; V.Oraevsky, V.Semikoz, Ya.Smorodinsky,89;
W.Naxton, W-M.Zhang’91; M.Kachelriess,’98;

A.Kusenko, M.Postma,’02.

and also for the possible effects of the matter
motion and polarization.




Neutrino wave function and energy spectrum in matter (I)

In the rest frame of unpolarized matter

f,u. . éF (,“_1 U U 0) : éF — GF(I +4 81112 9“)

1
2v/2
The Hamiltonian form

of the equation: where

Vmatt — 2\/—(]— + 75)G ‘ ( number )
density of
) 5 background
I 0 . I LY :

Ut (electrons)

The form of the Hamiltonian implies that the operators of the momentum, P,

and longitudinal polarization, i)p / p, are the integrals of motion:

3 & positive-helicity
plIJ( ) S\P(I',If), ﬁ: ( ) |S p— ::1

0 o

In the relativistic limit the negative-helicity neutrino negative-helicity

state is dominated by the left-handed chiral state: V- ~ VL , V+ =~ VR,



Stationary states

\

neutrino
wave function
in matter

E. = 5\/ (1 — sam)2 +m? + am
P neutrln
energy
s = +1 for two helicity states |, spectrum
1n matter

1 ~ n
— = GF — J.Panteleone, 1991
2\/§ m (if NC interaction
were left out)

density of matter
—Gn~1eV 1037 -3 .
2\/_ g for — |n=10"" em - in a neutron star

nergy in the background matter depends on the state of the neutrino
al polarization (helicity), i.e. in the relativistic case the left-handed

t-handed neutrinos with equal momenta have different energies.

ere the matter density parameter o =




Neutrino wave function in matter (ll)

2 :
Ee—o:m—s\/pQ( ) + m?
D A.Studenikin, A.Ternov,

hep-ph/0410297,
Phys.Lett.B 608 (2005) 107

The quantity ‘8 — ::1‘ splits the solutions into the two branches that

in the limit of vanishing matter density, |[(X — O ]

reproduce the positive and negative-frequency solutions, respectively.



Modified Dirac equation for matter composed of
<_electrons, protons and neutrons> ()

The generalizations of the modified Dirac equation for more complicated matter
compositions and the other flavour neutrinos are just straightforward.

For matter composed of electrons , protons and neutrons :

P Er 3 )+

J=e,p,n

where

1 forf = e,

- 2 —
Q}l) =(I§3) — 2Q) sin? by + 5ef)j QE‘ )= (I(f) + def) . Ocf = {O forf = n,p

t

{ current ] polarization

electric charge|of a fermion f




Modified Dirac equation for matter composed of
electrons, protons and neutrons (ll)

Neutrino energy spectrum in matter composed of electrons , protons and neutrons :

EEE\/ (1—50/ ) +m? + am
P S

Density parameter (Y
= +1. is determined by
particles number

* For electron neutrino 1/, densities Mepn ,

a, = 2\1/§if (ne(l + 4sin” Oy ) + ny(1 — 4sin® Oy ) — nn) :
4@ in electrically neutral and neutron reach matter @ ;
# for electron antineutrino .
* For muon and tau neutrino 1/, Vr .

)

1 Gp

- (4sin Oy — 1 1 — 4sin® ) — 1)
v 2\/_m(n( sin® Oy — 1) + ny( sin® fy) — n




An important note ()

The modified Dirac equation

for a neutrino in the background matter

(and the obtained exact solution and energy spectrum)

establish a basis for an effective method
In investigations of different phenomena

that can appear when neutrinos are moving in media.

similar to the Furry representation
of quantum electrodynamics




Neutrino and antineutrino energy spectra in matter

For the fixed value of the neutrino momentum P there are two values for the
“positive sign” & — +1  energies

s=+1 9 m 2 . Ul ( . ‘
L =D (1 = (.-l’-—) S/ L mICIIL: Vi = pz (1 ird (_}__,_) + m2 + am
D

y%
\_ >
positive-helicity < \) negative-
neutrino energy helicity
neutrino energy
particle (neutrino) energies in matter

The two other values of the energy for the “negative sign” ¢ = —1] correspond
to the antiparticle solutions. By changing the sign of the energy, we obtain

~ ‘ m\ 2 ‘
- m 2 E="1= .\/p2 (1 + (1-:'—) +m? —am
s=+1 __ 2 - , 2 1
E =.4/P (l — (.};—) +m? — am, 4

D
! negative-helicity
< > antineutrino
energy
positive-helicity
antineutrino energy

antiparticle (antineutrino) energies in matter




Neutrino processes in matter

% Neutrino reflection from interface between vacuum and matter

% Neutrino trapping in matter

% Neutrino-antineutrino pair annihilation at interface
between vacuum and matter

%% Spontaneous neutrino-antineutrino pair creation in matter

L.Chang, R.Zia,’88

A.Loeb,’90

J.Panteleone,’91

K.Kiers, N.Weiss, M.Tytgat,”97-"98

M.Kachelriess,”98

A.Kusenko, M.Postma,’02 H.Koers,’04

A.Studenikin, A.Ternov,’04

A.Grigoriev, S.Shinkevich, A.Studenikin, A.Ternov, 05
|.Pivovarov, A.Studenikin,’05

A.lvanov, A.Studenikin, ‘05



Neutrino reflection from interface between

vacuum and matter @

If the neutrino energy in vacuum B
1

is less than the neutrino minimal energy in medium o ym + m o — G' _’

2v/2 " m

‘m < EF < am+ m‘
matter
EFla=a >

v > ()
////7 / y \ \\\\\\\\\\\\
//4 / oc,m+m

£> Qs .
{ =

s e<0
£<0 \\\\\D=

N
/////////////// \\\\\

matter density
parameter

///

then the appropriate energy level inside the

medium is not accessible for neutrino > Cneutrino is reflected from the interface—>




Neutrino trapping in matter <o, <2

Antineutrino in medium with energy || aym—m| < E < ml 1 ~ n

can not escape from the medium because this particular range of energies
exactly falls on the forbidden energy zone in vacuur :

vacuum

a =0
j////7
7

matter density
parameter

é[ matter
o = v _
&\\ \\\\\l\\\\\\\
8>0

oc,m+m
- | o
—-m N\ 7/

<0

///////////////

Antineutrino has not enough energy
to survive in vacuum

£<0 \\
\\\\\\\k

> @trapped inside the m@)




Neutrino-antineutrino pair annihilation
at interface between vacuum and matter

Consider a neutrino with energy |m < B < agm — ml

propagating in vacuum towards the interfa\ce

If not all of “negative sign” energy levelsiare occ

in particular, the level with energy exactly

‘ an antineutrino exists in matter :
vacuum

a =10

X9 Z 2
ith matter.
ied and, (.= 1 C’”;Fﬁ
equal to & s available 222 T m

matter

,_ matter density
g > 2

parameter

S
N

///

e>0

////

d
/

I/MI

forbidden energy zone
-m

04 m+m

,/4\\\\\\\\“““\

(ST
E—

e<0

@rino-antineutrino annihilation I/ -+ 1/ :$ at the interface of vacuum and matter.




Spontaneous neutrino-antineutrino pair

creation in matter
|

”Negative sign” energy levels in matter have their counterparts in

matter
vy > 2

“positive sign” energy levels in vacuum

E>0\

1
X = —GFE

2V2 m

matter density
parameter

/\\

oc2m+
forbidden energy Zong

oL,m—m

\\\\\\

A.Loeb,’90;

/11 2. SIPIIIIIISILISSY
+m
{ -
-m
y 007, 0/ /// \\
/ /////////

yaN

ﬁ
Neutrino-antineutrino pair creation’ can be

interpreted as a Process of appearance of a
particle state of in the positive sign” energy
range accompanied by appearance of the hole
state in the ”negative sign” energy sea.

&

K.Kiers, M.Tytgat, N.Weiss,’97-’98
M.KachelrieR3,’98;
A.Kusenko, M.Postma,’02;
H.Koers,’04;
A.Studenikin, A.Ternov, ‘04

Spontaneous electron-positron
pair creation according to
Klein’s paradox of
electrodynamics.




An important note (ll)

The energy spectrum of active left-handed and sterile right-handed neutrino

m\ 2
FE = \/pQ(l—soz—) + m? 4+ am
p

@ intherelativistic case »>>m and
‘ for not extremely high densities
1 p
a=——Gp— << — ,
2v/2 F Ey = \/p* +m?
the energies of the neutrino helicity states
s=+1 p
E ~ Fy — am (3— — 1)
Ly

correct energies of the neutrino chiral states

~ L[Ss=11
|E. = B ~ B

= 1 -
Eu,c ~F I~ Eg + EGFTL

active left-handed neutrino sterile right-handed neutrino



Neutrino flavour oscillations in matter

Consider the two flavour neutrinos, 1/, and Vi propagating in electrically
neutral matter of electrons , protons and neutrons : Me = Np

The matter density parameters are

1 Gp
‘ 7 2\/§ - (ne(l + 4sin? Oy) + ny(1 — 4sin® Oy ) — ) and
L Gr ( (4sin” 0 1) + n,(1 — 4sin® Oyy) ) respectively
s W — Nne(4 sin — ny,(1 — 4sin — Ny : .
1T 2\/_ m W P W

The energies of the relativistic active neutrinos are

s=—1 ~
E Fo + 200, 4, M, v,

f/p ?U}u‘

and the energy difference




Modified Dirac-Pauli equation for neutrino in matter

Recently we have developed the quasi-classical approach to a massive neutrino spin
evolution in the presence of external electromagnetic fields £, = (E,B)

and background matter. The well known Bargmann-Michel-Telegdi equation of
QED has been generalized for the case of a neutrino moving in matter and external
electromagnetic fields by the following substitution of the electromagnetic field tensor :

A.Egorov, PLB 491 (2000) 137,

A.Lobanov,  py B 515(2001) 94
A.Studenikin

F,tw — EMV = I')yp T GMV 7 G;w — (_PaM)
I matter currelﬂ

where
v o_ Z wnh( (1) .f (2)\ £\ (for a neutrino with zero
G = e ([) P dn TPy /\n)”")\ dipole electric moment)
f

neutrino speed]
matter
polarization

f=en,p,pu,7 .. (matter con

in particular M =~ p(l) n/3| plays the role of a magnetic field




Dirac-Pauli equation of electrodynamics

The Dirac-Schwinger equation for a massive neutrino in
an external electromagnetic field F,, = (E,B)

(v 0, —m)¥(x) = /A{F (2, )V (2")da’

: a
neutrino mass
in the linear approximation over the electromagnetic field operator in
. . N | electromagnetic
> (@rac-Pauh eq@ : field

. v )
KA oy _ v _ ;
)

neutrino
magnetic
moment

The Hamiltonian form for the case of a magnetic field reads :

i W(r,t) = Hp(r,t) . . ; - .




Modified Dirac-Pauli equation for neutrino in matter

From

with the substitution

(i’_y_”a“ —m — gO.;WFHU)‘IJ(iE) =0

neutrino

For the electron neutrino_maving in unpolarized matter (electrons) at rest : speed

0O 0 0 0
0O 0 —03 (9 3 :
pv _ (1) 3 L e L 2\—1/2
G TP B33 0 =5, pg)_‘z\/iﬂ_j’}’— (1-87%) /; B = (/31»/823/33)_
0 B2 [ 0

In the Hamiltonian form:

0 N number density
Zglll(r,t) = Hqu(rat) of matter

R ) A ~ A Gr n -

Ho=ap+ 6m+ Vg : VG:—ﬁaﬁEP : n



Stationary states

where the matter density parameter o= ——=Gp

2 ::: ap
E:\/pz—l—mz(l—s%) mﬁm(l—sa)

( \/1+m gl 14 s \
Neutrino wave function \/ 14+ =—F— /1 =53 et
\/1—me\/1+sp—;
m— Sap p_g 20
| 1- 252\ f1-sB et




The two energy spectra

Dirac Dirac-Pauli

(i’y“"aﬂ —m — gJ‘L”GW)\IJ(m) =0

L ¢ J
#— —Gp(n,0,0,0 :
C\/§ b ) G*“’:'w(”?@

m 2
_ 2(1 _ 2 2
E\/p (1 sozp) +m* 4+ am E—\/p2+ 2(1_8043)

m

In the limit of low density :

B Ey — 045_ are not equ’al\ /i ~ by — as—
e Fig

However, the differences of energies L s=—1 s=+1
of the two neutrino helicity states AE =k -k ~ 2am

equals | oL p>m




Modified Dirac-Pauli equation
in matter and magnetic field

9;7“8“ —m — %U“V(GM, + FW)}\D(:r) =0 i.itudenilii&l‘;
.Ternov,

simultaneously accounts for interactions/ with external electromagnetic fields
and also for weak interaction with‘background matter .

A A
If a constant magnetic field is present in the background and a neutrino 1% B
is moving parallel (or anti-parallel) to the field vector B, then the
neutrino energy spectrum can be obtained by , ub)
a— o =Q+ ,
p
— B, = (Bp)/p
ap +

and E=\/p2+7?12(1—8 p{“ “) 1 - n

m o = m@p;

The energy gap between the two neutrino helicity states in magnetized matter

-~

_ Y. G B
Agpp=E="1—p=+t1="Lp 4 i

V2 )




Neutrino oscillation in magnetized matter

. . L. ) A.Studenikin, A.Ternov, 2004
The Dirac-Pauli energy spectrum of a neutrino in magnetized

matter can be used for derivation of the neutrino oscillation /5 <— [/ probability .

In the case of relativistic neutrino energies and

oscillation probability
constant magnetic field B = B|| +B

(adiabatic approx.)

Py, v, (x) = sin® 20, s 5 sin”

E? 27
S’inrz?geff = eff sLepp = EPff = Q[LB_J_
Efff‘FAsz \/E'Eff—{-Afff 9 , B||
A.Lobanov, B N
= = A.Studenikin, I/
Aoy = B="1 = B=+' = ZLp 4 o2
& 2 Ty Phys.Lett.B 515

(2001) 94




Neutrino propagation in matter

I.Pivovarov, A.Studenikin, ’05

Equation for neutrino Green function in matter

GF . .
w5 a2 ol A\l
)j —ﬂ((1+4bln Ow)j )\))
in the momentum representation matter current and polarization
A ; — 1+ s 1—
(p—m—fPL)G(P)——l | =02 Pp=—10

Neutrino Green function in matter

— @ —m2) (Bp+m)+ f(p—m)Pr(p+m)— f2pPr+2(fp) Pr(p+m)

Gmatt —
v =V~ 2(fp) P — ) +




Spin Light

of Neutrino In matter

Quantum theory of || S/, 1/

@ A.Studenikin, A.Ternov, Phys. Lett.B 608 (2005) 107,

O A.Grigoriev, A.Studenikin, A.Ternov, Phys. Lett.B 622 (2005) 199,
hep-ph/0502231, hep-ph/0507200;
O A.Grigoriev, A.Studenikin, A.Ternov, Grav. & Cosm. 11 (2005) 132;

A.Grigoriev, A.Studenikin, A.Ternov, hep-ph/0502210, hep-ph/0511311,
hep-ph/0511330

A.Studenikin, A.Ternov, hep-ph/0410296, hep-ph/0410297



Quantum theory of spin light of neutrino (l)

Quantum treatment of spin light of neutrino in matter
showns that this process originates from the two subdivided phenomena:

the shift of the neutrino energy levels in E@
the presence of the background matter, ,-)/
§C§ which is different for the two opposite >

neutrino helicity states, E

‘E = .\/p2 (1 - su!—f) ’ +m? + mn‘
L the radiation of the photon in the process of the
s = +1 % neutrino transition from the “exited” helicity
state to the low-lying helicity state in matter

A.Studenikin, A.Ternov, Phys.Lett.B 608 (2005) 107;

A.Grigoriev, A.Studenikin, A.Ternov,  Phys.Lett.B 622 (2005) 199;
Grav. & Cosm. 14 (2005) 132;

Geutrino—spin self-polarization effect in the matter hep-ph/0507200, hep-ph/0502210,
hep-ph/0502231

A.Lobanov, A.Studenikin, Phys.Lett.B 564 (2003) 27;
Phys.Lett.B 601 (2004) 171



Quantum theory ofCspin light of neutrino > SLv

Within the quantum approach, the corresponding
Feynman diagram is the one-photon emission

diagram with the and final neutrino
states described by the "broad lines* that

account for the neutrino interaCtiOrlvmerl/

Neutrino magnetic moment interaction with quantized photon

the amplitude of the transition wz — wf

‘f‘ = iw{|X x x| + i'y52}‘ o= (w, k),"‘ — k/w Momentum
?

e™ polarization

of photon



Spin light of neutrino photon’s energy

-~

S Ll/ ]transition amplitude after integration :

Sy = =iy | = 200(Ey — i+ ) [ 00T )i

o4
Energy-momentum conservation
T — Pi 0
For electron neutrino moving in matter composed of electrons | Opf
o= —Gp— >

2amp; [(F; — am) — (p; + am) cos 0] V2 T m

photon energy
{:}In the radiation process: $; = —1 :> Sf = +1 | neutrino self-polarization

(E; — am — p;cos ) — (am)”

{:} For not very high densities of matter , C:’pn/m <1, inthe linear approximation over «

/6 wn = & 4/{ t i d I ]
— 0= ’n,ﬁ neutrino speca in vacuum
YTz (3 cos 7t V2




Spin light transition rate (lll)

transition rate for different neutrino momentum @

1 - n
and matter density parameter o= m(}’p1 > ()
% “relativistic” case

m

=>>m . ‘
D &2 ap?m, for o < 22,
= 4ot m?p, for 7 < a < L,
2 30003 ya
4t a’m, for a > -=.
% “non-relativistic” case
<m
L Q—4u2a3p3, for o < 1,
\ I'= 212 12 alp?, for 1 < a <2,
[ neutrino 4o m?, for a > %
momentum
mass -
neutrino magnetic moment

J




Spin light radiation power e

SV i T
| 74 radiation power angular distribution : ” .
T

P
/
2 4 2 "", - "", Siﬂ@
I=ypu w* (66 +1)(1 —ycos®)—(6+ B')(cosb —y)] —df
Jo 1+ Gy
-~ ptam B ' —am _ w—pcosh _ E—am—pcosf_, _ 2amp [(E — am) — (p.+ mnjcgs(-)]
b= E—am’ b= E —am’’” P K= am 7 (E - am - pcosh)’ - (am)*
(13 - 0 7
% relativistic” case 1_%@ Mz a4p4, for o < %,
p>m I = 3 12a?m?p?, for T+ <a< L,
24,4 p
4i1°a*m?®, for a > =~
173 _ st
%Cé non-relativistic” case % u2&4p45 for o < 17
IS 1= 102420854 for 1 < o< 2,
2. 4,4
4 a*m®, foroa>>%.




Spin light photon average energy

o ] See also:
radiation power A.Lobanov,
<<,u> — — Phys.Lett.B 619
transition rate 1B (2005) 136
% “relativistic” case m
p 9
m m D
e for T+ < a <7,
p
fOI' o > puall
% “non-relativistic” case 2par for o < 1
? ?
ISSUL (wy >~ ¢ Fpad, for 1 < o< 2,
am, for a > %.
a2 energy range of

E 2
=237 x 1077 (—— % -
w =237 10 (1030(2771—3) (m) v </ span up to gamma r@




Spatial distribution of radiation power

From the angular distribution of S LV

m
p

m
8 e
< =

2 m maximum in

for p/m =95 and =001

€08 Oppaz = 1 — a— |adiati
! 35 =3 3 p raaiation powel’
Iﬁ""“‘ 107 cm distribution
neutrino i for p/m = 102 and o = 100
momentum matter density | _ .
mass n =~ 103¥em =3

increase of matter density
projector-like distribution | > cap-like distribution




Propagation of spin light photon in plasma

Only photons with energy that exceeds plasmon frequency |Wp =

_Ican propagate in electron plasma.

The case of relativistic neutrinop > m
and rather dense plasma 2 < o <« £

D m

;\{\é 3
Wmax = P <:> w(@mm) ~ Zp
maximal value of photon’s energy

photon’s energy in direction of

radiation power
maximum

2 m '@

1.0

0.1

102

10-3

4

%::é COS 9w'ma.fr: — 1 <:> COS e’ﬂbaiﬁ ~1- gag 10-5

—> iy A n 1/2
p = Pmin = 3.5 x 10 (1030 TTZ,_S) eV

min ~ 1 J\/@ for \ ~ 10%% em

106

-3

4e?

Me

n

o
€” = QQED
fine-structure

constant

Angular distributions
of photon energy
and radiation power

_~photon energy

——
————
——
———

“_ Xplasmon frequency

\ 2x10-6

9??1 axr

“radiation power

.,

4x10€  6x106

0

8x10-6 10-<



Polarization properties of SL1/ photons (l)

% Radiation power of linearly polarized photons:

(s 4
70.@) _ 2/' &
ol T By

( S F AS) sin 6d6

) €2
where
5 (86" 4+1)(1 —ycosO) — (B+ 3)(cosf — y)sinf and |AS =
1+ By
Y Inthe limit of low matter density o <1 :

64

[(]-)1(2)
Il

(1%

1
2

) 2ptal

_ X . P
€ = 5 J = —
1 — ()% o 6]
o x(xj) -
e 1 — ()2 J‘ €1

= {cos ¢ cosf,sin ¢ cosf, —sin b}

e; = {sin ¢, — cos ¢}

m?*psin® 6

2(E"—am) (E —am)p

<== SLV is linearly polarized.

Y In dense matter spin light of neutrino is not polarized :

M~ 1@ ~

1
2

- (](1) + ](2))‘




Polarization properties of S/.1/ photons (ll)
y 4

% Radiation power of circularly polarized photons: P 0
s w4 ' /
I(l) — 2 S Siﬂ Hdg - p—am G = P+ am p
H 1_|_/6/y l jﬁ_Eﬂ'—am7  E—am?
0 _w—pcosh _ E—am —pcosb
I P , K= am )
where - 2(E—am)(Kp—-1)
T “ T K21
S > (14+16")(1+18) (1 —lcost) (1 + ly)
Z = +1 correspond to the photon right and left circular polarizations .
Y Inthe limit of low matter density o < 1 : Eo = \/p* +m2
64 D
[ 4, 4
I ~ ?ﬂQO’- p (1 - ZE) , SN ](_17) however [(+1) ~ 7=

Y In dense matter (a0 > % for p > m’and a>1for p<<m) :

I~ 7
7(=1) . <= (n a dense matter SLV is right-circular pol@




Summary of SLv features

Dirac [/ with nonzero mass and magnetic moment emits spin light
when moving in dense matter.

% in matter is due to neutrino energy dependence on matter density

( neutrinos of the same momentum but opposite helicities
have different energies ) .

% In the particular case of 1/ moving in matter composed of electrons,
the matter density parameter (v, ispositive ———>

the negative-helicity 7/ (the left-handed relativistic 1/7) is converted
to the positive-helicity 17 (the right-handed relativistic /r ) , giving rise
to neutrino-spin polarization effect .

The matter density parameter (v can, in general, be negative; therefore the types on
initial and final neutrino states, conversion between which effectively produces ,
are determined by the matter composition and the type of neutrino.



(I) Summary of SLv features
% In a wide range of matter density radiation is beamed along the

neutrino momentum,
however the actual shape of the radiation spatial distribution may vary form

projector-like to cap-like, depending on the neutrino momentum-to-mass
ratio and the matter density parameter (v .

In a wide range of matter density parameters (v the SLuY radiation is
characterized by total circular polarization.

%{}é The emitted photon energy essentially depends on the neutrino energy and
matter density ;

the photon energy increases from () ~ 9 p oW~ am with
the density ;
In the most interesting for astrophysical and cosmological applications case

m 2
(when p>m and - <a< )

1
@ the average energy of the emitted photon is  w ~ —p ;

1 3 one half of
@ in the case of very high matter density w ~ §E . neutrino energy



Experimental identification of SLv
from astrophysical and cosmological sources

A.Grigoriev, A.Studenikin, A.Ternov, Phys.Lett.B 622 (2005) 199, hep-ph/0507200

. B.Zhang, P.Meszaros, Int.J.Mod.Phys. A19 (2004) 2385;
;\/\é Fireball model of GRBs T.Piran, Rev.Mod.Phys. 76 (2004) 1143.

Gamma-rays can be expected to be produced during
collapses or coalescence processes of neutron stars, owing to SLVN in dense matter.

% Another favorable situation for effective [0 L2/ production can be realized during

a neutron star being ”eaten up” by the black hole at the center of our Galaxy .

For estimation, consider a neutron star with mass Mg ~ 3M® , Mg = 2-10%g

| > n~8-10% ecm™ | matter density parameter v ~ 23 |
if m, ~0.1eV .

Then for relativistic neutrinos (p > m)

the photon energy (W) ~ %p <:| totally polarized > gamma-rays.



Conclusion
v exhibits unexpected properties

“... I have done a terrible thing —

V/, P‘“h" 930 : | haveintroduced a particle

that can’t be observed ...”

O Heu‘tm M now we know that it is neutrino E.Ferm l,

O neu+ra7 now we know that “ 1933

and proh 367; in matter and external fields

@ mats-'C S S now we know that
particle

® v contrary to our introductory claim is
VEry important player (astrophysics, cosmology etc. . .)
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