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Crucial role of neutrino
V IS a “tiny” particle :

o very light m,, K myg, f=euT
@ electrically neutral g, =0 ¢ <4x10e
O Iy ?

weak Interactions are  o.v~10"*em® »-N scattering
& in d eed Weak )" em?  inverse 3-decay

Opep 7™ 1(

43 2 .
Ope ~ 10777 cm”  p-e scattering

e final stages of development of particular
entary particle physics framework ‘




Y

manifests itself most vividly
under the influence of
external conditions:

bakground matter

and

external (electromagnetic etc) fields



A.Studenikin,J.Phys.A:Math.Gen.39(2006)6769; Ann.Fond. de Broglie 31 # 2-3 (2006)

A.Studenikin, Phys.Atom.Nucl. 70 (2007) 1275; ibid 67 (2004)1014
A.Grigoriev, S.Shinkevich, A.Studenikin, A.Ternov, I.Trofimov, Phys. J. 6 (2007) 66;

A.Grigoriev, A.Savochkin, A.Studenikin, Phys. J. 8 (2007) 66;
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 Phys.Atom.Nucl. 69 (2006)1940
K.Kouzakov, A.Studenikin,  Phys.Rev.C 72 (2005) 015502
M.Dvornikov, A.Grigoriev, A.Studenikin,  Int.J Mod.Phys.D 14 (2005) 309
S.Shinkevich, A.Studenikin,  Pramana 64 (2005) 124
A.Studenikin, Nucl.Phys.B (Proc.Suppl.) 143 (2005) 570

M.Dvornikov, A.Studenikin, Phys.Rev.D 69 (2004) 073001
Phys.Atom.Nucl. 64 (2001) 1624
Phys.Atom.Nucl. 67 (2004) 719
JETP 99 (2004) 254 JHEP 09 (2002) 016

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

Phys.Lett.B 515 (2001) 94
A.Grigoriev, A.Lobanov, A.Studenikin, Phys.Lett.B 535 (2002) 187

A.Egorov, A.Lobanov, A.Studenikin, Phys.Lett.B 491 (2000) 137



Main results of our previous studies
_ Spin _oscillafions f 2
1994-1997 @ V:. 2 i h B.L ’ ( B":Bcr(am,ﬁ’,?))

1998-2000
\/ VLH\)P. th arbdnrg e.m.f«‘e?dl‘,

20002002V Y e Vo in moving matter,

1995-2002 . ¢ \)e PN \f‘ in mov«‘ng ma ﬂ'e;-’
20032005y “Spthn 7!'3“ of neutriny” in matfer
and e.m.fields and qravidationa] {eelds

2004-2006... \/ quantum theory of neutrino motion in
background matter

These studies are performed within
the Standard Model of Interaction



hep-ph /0407010, 4
Mudenikin: Meutring in )
é'ed';oma'sn:{';f feeTds and tmoving }

P:‘!:."as:;a,”ud, 61( w5) 1024, 2009.

oscillations,

The four new effects in neutrino
Nucl.Phys.B (Proc.Suppl.) 143 (2005) 570




Loren'fe envar:an'f approach fo

V sSpin evolution ch
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predictions for hew vesonances ¢n
\)L<—>VR (n various con)cigura'ft‘alu
of emqfields (emwave efc..)
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V spin evolution in presence of general external fields

M.Dvornikov, A.Studenikin,
JHEP 09 (2002) 016

General types non-derivative interaction with external fields

—L = gss(x)ov + gpm(x)0y°r + g,UV“‘( )0y + g AR (x) Dy, v+
+LTWpo v + %HWVJW%V,

scalar, pseudoscalar, vector, axial-vector, s 7, V# = (V‘):I?),A“ = (Aongf),
tensor and pseudotensor fields: DN e A YA L)

Relativistic equation (quasiclassical) for spin vector:

= 2, { VG, x 7] - eI, x A - ﬁmu (Aﬁ)[ < A}
429, {[C, > Bl = E ()G x B+ [ x @< A} +
+2ig) {13, % & — 22— (FDC, x 5] - [ x [dx A}

@ Electromagnetic interaction ® SMweakinteraction E——
T.=F,=(E,B) Guw=(-P,M) p5_ —~[F x Al



\)‘-—)V and ))e—ﬂ) e’

(heu‘}h no Ea_h Qha’ 'ma(/ow ost?aLons)
th movm; and Eo'fardeo' ma'ﬂe"'

“maﬂer motion can significantly
ﬁahge the neulrino oscillateon paﬂern



5. X
v /’gv
Gz, 2

3 ) I? Phys.Lett.B 491 (2000) 137
=P V

Y

Vi W,

moving matler components

f=e, n,p, M, ete
with

polarizations

-

-2

$,5,5.F, e

G.Likhachev,
A.Studenikin,
1995

A.Egorov, A.Lobanov,
A.Studenikin,

A.Lobanov, A.Studenikin,
Phys.Lett.B 515 (2001) 94

A.Lobanov, A.Grigoriev,
A.Studenikin,
Phys.Lett.B 535 (2002) 187



Unpolarized hut moving maftler
(3,0, %#0)
Resonance condidion:




Mew mechanism of

e.m.v'aofia'kon @; \) ch mafler
and _e.m feelds,and gavitatond]

VetV + ¥,
“ "Spin Light of Weutring’ STV



Quasi-classical theory of spin light ST

of neutrino in matter and gravitational field

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

M.Dvornikov, A.Grigoriev, A.Studenikin, Int.J.Mod.Phys. D 14 (2005) 309

A/eu‘lrl'na :slbin Proces<con th eacltarounof
envt'vonmen'f
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A/ow we l(haw’:

hew meohanCSm 0)( e.m.vadiatcon

ga Y in matter (with or without
e.m.{ee'?ol é’eiha Sup-crc‘mposecl)

— sSpch Tight of heutrino—

'|'ha+ must ge Cmpor'f-ah‘f far-

dense astrophysical ( 3aSmArg’él}ag Bursts )

cosmological (+he early Universe)
STt however !!!



... Consistent approach to

A.S., “Neutrinos and electrons in background
matter: a new approach”,
Ann.Fond. de Broglie 31 (2006) no. 2-3

@ \We present a rather powerful method for
description of neutrinos (and electrons) motion
In background matter which implies the use of
modified Dirac equations with effective matter

potentials being included.



Vande

@

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

hep-ph/0410297,

“Neutrino quantum states in matter”;

hep-ph/0410296,

“Generalized Dirac-Pauli equation
and neutrino guantum states in
matter”

A.Grigoriev, A.Studenikin,
A.Ternov,
Phys.Lett.B 608 622 (2005) 199

In matter being treated within
the method of exact solutions
of quantum wave equations -

«method of exact solutions »

A.Studenikin,
J.Phys.A: Math.Gen.39 (2006) 6769;

Ann. Fond. de Broglie 31 (2006) no. 2-3,
“Neutrinos and electrons in background
matter: a new approach”




Interaction of particles in external electromagnetic fields
( Furry representation in quantum electrodynamics )

Potential of electromagnetic field e — e+

evolution operator

Ap(x) = z;lﬁ,(x) + A (@)

quantized part
of potential

Up(ts,ts) —Tea:p[—é / j“’(a:)Aﬁ(x)dx]

to

i1

. ) e
charged particles current  |; (z) = . (W, V] ’

Dirac equation in external classical (non-quantized) field A7 (x)

{w (10, — AL (2)) - me}\llp(:c) 0




Modified Dirac equations for @ and V
(containing the correspondent effective matter potentials)

+

exact solutions (particles wave functions)

¢

a basis for investigation of different phenomena which

can proceed when neutrinos and electrons move in
dense media

(astrophysical and cosmological environments).



2003-2004-2005
Spin light of neutrino in matter
2005-2006
Spin light of electron in matter

@ \We predict the existence of a new mechanism of the
electromagnetic process stimulated by the presence of
matter, in which a neutrino or electron change their

Initial states and light be can emitted.



New mechanism of

electromagnetic radiation



Neutrino — photon couplings (1)

v
1% j,w/
7 ‘\v
Y decay in plasma

V decay, Cherenkov radiation

Vv, Vi

y 1%
1] Iy y
€/N e/N

Scattering Spin procession

external
source



Neutrino — photon couplings (I1)
Vr

broad neutrino lines
account for interaction
with environment

“Spin light of neutrino in matter”

...within the quantum treatment...



Quantum treatment
of neutrino
IN Matter

A.Studenikin, J.Phys.A: Math.Gen 39 (2006) 6769
A.Grigoriev, A.Studenikin, A.Ternov, Phys.Atom.Nucl. 69 (2006) 1940
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



Standard model electroweak interaction of a flavour

neutrino in matter (f =e)
—_—

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

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

‘ ALeff = \/5 Gp<éfy“(1 + ’}/5)€> (De’)/“‘ 14+ Ve)

2

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

ALY = —%<€’Y“’ (1 —4sin65) +7s5)e >(Ve’}’ 11;751/6)




Modified Dirac equation for neutrino in matter

matter
current

Addition to the vacuum neutrino Lagrangian

ALeff — ALE}(; + AL?}? _—f‘u(l—/’)/u

__f
where o - 2 ST ,u)‘ . matter
/ ISl Lpolarization

vl

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.]ts for b.Oth th(? 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.




Stationary states

EEE\/p (1—304

m
P

) +m?2 +am

ere the matter density parameter

s = +1 for two helicity states

)

X =

1
2v/2

GF—

2\f

—Gpn~1eV for n — 1037 cm”

3

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.

J.Panteleone, 1991
(if NC interaction
were left out)

density of matter
In a neutron star



Neutrino wave function in matter (ll)

/ \/1 T E8 —am \/ + 8p3 \
—i(E-t—pr) s\/1+ +— A /1
qjg,p,s(rat) — - 3 \/ o amm
2L 8877\/1 ~ Ee—am \/ p

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

Phys.Lett. B 608 (2005) 107; 7 —qlgn(l — sozm) 6 = arctan (p2/p1)
A.Grigoriev, A.Studenikin, A.Ternov, TN 2
Phys.Lett.B 622 (2005) 199 E. —am = 5\/ 92(1 n Sa—) +m?

The quantity ‘E — ::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.



Spin  Light

of Neutrino In matter

Quantum theory of

@ 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, Phys.Atom.Nucl. 69 (2006) 1940,
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 (I)

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 EZ
;\/\é the presence of the background matter, P)/
which is different for the two opposite >

neutrino helicity states, E

‘E = \/ p? (1 - snf—f) ’ +m? + mn‘
! the radiation of the photon in the process of the
s = =+1 % neutrino transition from the “excited” 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 m@ 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 interaCtiOn‘VM&/

Neutrino magnetic moment interaction with quantized photon

the amplitude of the transition % — "/)f

‘f‘ = jw{[X x 2| + i'y52}‘ = (w, k)’% — k/w Mmomentum
,

e™® polarization

of photon



Spin light of neutrino photon’s energy
SLv

Sy = =iy | = 200(Ey — i) [ 500 T ) 0o

[T

transition amplitude after integration :

o4
Energy-momentum conservation
pPi A0
‘Ei:Ef+wa pi:pf‘l'%‘ '
For electron neutrino moving in matter composed of electrons 1 4 ns Opf
a=——Gp—
~ 2amp; [(E; — am) — (p; + am) cos 0] 2v2 " m

2

(E; — am — p; cos6)” — (am)

photon energy
4!}Inthe radiation process: s; = —1 :> Sf = +1 | neutrino self-polarization

0% For not very high densities of matter, Grn/m < 1, inthe linear approximation over «

p wo = Gr 4/{ neutri di
_ 0= —nfj eutrino speed in vacuum
YTIC [ cos 6l > V2




Spin light transition rate (l11)

S LV transition rate for different neutrino momentum
mn

. |
and matter density parameter o= mGF— > ()
* “relativistic” case

m

> m . ‘
b 8 ?adp*m, for v < 1,
_ D 2,2 m P
I' = 4pa’m‘p, for3<<a<<m,
4u’am?, for a > L.
% “non-relativistic” case
<M
N 84 1203p3, for « < 1,
5122 6,3
\ I' = )Tuf:kz?, for 1 €<,
[ neutrino 4uam?, for a > %
momentum
mass _
neutrino magnetic moment

J




Spin light radiation power 3¢

L P 0
| 74 radiation power angular distribution : . —,
P

/
- ~ - sin 0
T=12 [ WA BF + 1)1 - yeost)—(F + F)(cosd — y)] —r—dg
J0 L+ 05"y
- ptam B ' —am _ w—pcosh _ E—am—pcosf_,_ 2amp [(E — am) — (p+mn)cc‘)s€]
f= E—am’ g = E — om, Y= % , K= am Y (E = am —pcos)’ = (am)*
* “relativistic case %buzaélpél’ for a < m
e I = gpzazm p?, for & < oz << st
4 otm?, foroz>> ol
% non-relativistic” case @/fo/lp‘l, for o < 1.
p<m I = 10324u2ap : for 1 < a <,
4 atm?, for a > .




Spin light photon average energy

— ] See also:
radiation power A.Lobanov,
< > — — = Phys.Lett.B 619
transition rate (2005) 136

* “relativistic” case f %7
p>m (w) == 4 for &t <o < L

\ for a > L.

% “non-relativistic’ case Ina, for o« < 1,
p<m (W) ~< Fpa?, for | < o<,

am, for a > %.

a < ) —_ energy range of
o =0
w =231 10 (1030(3771—3) (my) . <:| sSpan up to gamma_r@




Spatial distribution of radiation power

From the angular distributionof 8 S [,/

2 m | maximum in

€08 Omar = 1 — 00— |radiation power
3 p P
Iﬂ" X distribution
neutrino _ for — | and — 100
[momentum matter density | p / m 0 N
mass n~10¥em =3

increase of matter density

projector-like distribution ‘ cap-like distribution



Propagation of spin light photon in plasma

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

4re? | € = aqep
Only photons with energy that exceeds plasmon frequency |wWp = —— f'“gt')srfsft“acrfgre
can propagate in electron plasma. €

The case of relativistic neutrinop > m

and rather dense plasma 2t < a < L2 Angular distributions
of photon energy

% D and radiation power

m

N Wmaz =P g O(Oma) =

0.1

energy
1072 N R
o3 . xplasmon frequency
2 m ] “yadiation power
* COos mea'r =1 <‘ COS oz 21 — -a— : h
- 3 D 105§
1/2 N E
> o 4 n 10 |
p > Pmin = 3.9 x 10 (1030(3???,_3) eV \ 2x106  4x106  6x106 8x106 105
é@n ~ 1 MeV. for@ 1033 em=3) Omax




Polarization properties of SL1 photons (lI)
y

% Radiation power of circularly polarized photons: P 0
T 4 > /
10 =2 [ = _Ssin6dg| y-_r-em s_rtom NP
1_|_6/y l s " E'—am? E—-am?
0 w — pcosf E —am —pcosf
Yy = . K =
' P am )
where _ 2(E—am)(KB—-1)
T “ K?—1
S — 5 (1+18)(1+18) (1 —lcosh) (1 + ly)
l — 1 correspond to the photon right and left circular polarizations .
Y Inthe limit of low matter density o < 1 : Ey = \/p? + m?

64 4,4 p
IV ~ ?ﬂQOf p (1 _ZE) ’ SRS ](_1’) however [(+1) ~ 7=

Y Indense matter (o > o for p > mjand a>1for p<m) :
D~

1
H(=1) ) <—(nadense matter SLV is right-circular polarized




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;
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 SLUVJ in dense matter.

% Another favorable situation for effective 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 Myg ~ 3Ma Mg = 2-10%g

> n~ 8-10° em™ matter density parameter o ~ 23 |

if m, ~0.1eV .
Then for relativistic neutrinos (p > m)

the 1.5 L1/} photon energy (w) ~ %p <: totally polarized> gamma-rays.



It Is possible to have| 7 = % << age of the Universe ?

For ultra-relativistic WV

with momentum p ~ 10%eV P > Myplasmon
and magnetic moment p ~ 107z
In very dense matter n ~ 10%em =2 recently also
from discussed by
_ A.Kuznetsov,
F_ 4“ o’ m,/p N.Mikheev, 2006
A.Lobanov, A.S., PLB 2003; PLB 2004
A.Grigoriev, A.S., PLB 2005 am, = LGFn(l + sin’*fw)
A.Grigoriev, A.S., A.Ternov, PLB 2005 2v2

It follows that
1
—— =15x10"°
T F S




Spin  Light

of Electron In matter

... a method of studying charged particles
Interaction in matter...

AS.,
J.Phys.A: Math. Gen. 39 (2006) 6769



Quantum theory of spin light of electron ()

Spin light of electron In matter S L e
originates from the two subdivided phenomena:

the shift of the electron energy levels in the EZ

different for the two opposite electron

presence of the background matter, which is @ ,-)/
>
helicity states,

Ly

the radiation of the photon in the process of the
electron transition from the “excited” helicity
state to the low-lying helicity state in matter

A.S., J.Phys.A: Math. Gen. 39
Qectron-spin self-polarization effect in the mattD (2006) 6769




Theory ofGpin light of electron> S [ ¢

The corresponding Feynman diagram is the one-
photon emission diagram with the and

final electron states described by the “broad

lines” that account for the electron interaction
with matter.

Electron interaction with quantized photon

thelamplitude of the transition % — "/)f
ezk.ﬁc

vV 2wl3

| (Wak),"‘ = k/w momentum

e®*  polarization of photon

= ze\/_/d s (z)y e,

——=1;(7)




Order-of-magnitude estimation :

R =

T

L Sle

T

L SLv

mY

62

then for L~ 10_1Ou0

under these conditions

IS more effective than

and

w~bH MeV

AS.,
J.Phys.A: Math. Gen.
39 (2006) 6769

SLv



From exact calculations of

n ~ 10 = 10% cm3 _ Lsre »
p ~ 1+10° MeV : - Teyr,
m, = 1 eV Isr
~10 — €
p=10""po
ISLU

Grigoriev, Shinkevich,
Studenikin, Ternov,
Trofimov, hep-ph/0611128,
lzv.Vuz.Fiz. # 6 (2007) 66.




New mechanism of electromagnetic radiation

of neutrino

? Why Spin Light In matter.

of electron [ SLe

Arta?ogfes with :
# classical e?n'lrolanamrcs
an object weth charge Q=0 and

maano'kt. momenf H"'ZZQZE‘.V;]¥O

c'l.l 'Y
o i
I " m magnefcc ofipﬂe

vadiation power



The developed approach to V and @ :

O Modified Dirac equations for neutrino and electron in matter
(background environment)

@ Exact solutions of modified Dirac equations in matter

® wave functions and energy spectra in matter

@ Spin light of neutrino in matter

@ transition rate, radiation power, photon energy
@® spatial angular distribution and polarization

@ Spin light of electron in matter

Applications to astrophysics and csmology ?



Conclusion
v exhibits unexpected properties

“... I have done a terrible thing —

w P a u? ‘ 1930 . [Ihaveintroduced a particle
¢ ’ :

that can’t be observed ...”

ﬂeufYOH now we know that itis NEULriNO E.Fermi,

neu+ra7 now we know that “ 1933

and P"Lal’ﬂ; in matter and external fields

ma:s-I'e sS now we know that

12
particle

v very important player (astrophysics, cosmology etc. . .)



