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Crucial role of neutrino

is a “tiny” particle
very light

electrically neutral
with very small 
magnetic moment

at the final stages of development of particular 
elementary particle physics framework

:

weak interactions are
indeed weak

?



manifests itself most vividly 
under the influence of 
external conditions:

bakground matter

and

external  (electromagnetic etc)  fields
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A.I.Leipunsky (1936),
J.Allen (1942) –
recoil of nucleus (indirect evidence)











Matter effect in

flavour oscillations
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Экспериментальный
статус смешивания
и осцилляций
нейтрино



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”















































G.Fogli et al, 2004
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A.Grigoriev, A.Lobanov, A.Studenikin, 
Phys.Lett.B 535 (2002) 187

G.Likhachev, A.Studenikin, 1995 (unpublished)



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









Electromagnetic 

properties  of
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“On compatibility of small                      
with large of neutrino”,
Sov.J.Nucl.Phys. 48 (1988) 512

M.Voloshin (ITEP),

… there may be (2)SU ν symmetry that forbids but not

large
magnetic 
moment











magnetic moment
(heavy massive neutrino)

LEP data

only  3 light  s coupled to 

for any additional neutrino 

80m Gev≥



light

heavy

intermediate

M.Dvornikov, 
A.Studenikin,  
Phys.Rev.D 69 (2004) 
073001







Masood,
Perez Rojas,
Gaitan,
Rodrigues-Romo,
1999

;



“effective electric charge”
in magnetized plasma 

‘s do not couple with ‘s  in vacuum, 

in thermal medium ( e and e )

however, when

π

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 interactions  in
astrophysical  and cosmological media





Matter effect in
spin (spin-flavour)

oscillations
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magnetic moment interaction
electromagnetic field
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…from J.Pulido



A.Lobanov,
A.Grigoriev,
A.Studenikin,
PLB 2002

A.Egorov,
A.Lobanov,
A.Studenikin,
PLB 2000

A.Lobanov,
A.Studenikin,
PLB 2001

G.Likhachev,
A.Studenikin,
1995























weak interaction of 
neutrino with matter



interaction of 
neutrino with 
matter

spin procession in matter !!!
with out  any electromagnetic field
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…more about 

interactions

interactions

…

…

DeRaad, Milton, Hari Dass
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 . . . 



Izv.Vuz.Phys., # 6, 1964, 86

Mosc.Univ.Bull.,Phys.,Astron., #5, 1965, 58

Phys.Rev.180, 1969, 1289

Phys.Rev.187 1969, 2141

Nature, 223, 1969, 938











Phys.Rev.D69 (2004) 123004



Pramana, 65 (2005) 215-244







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



eepn νβ ++→ −decay       state)-(continuum Usual
epen νβ +→ − )(decay       state)-(bound Rare""

6102.4 −×≅
c

b

w
w

J.N. Bahcall, Phys. Rev. 124, 495 (1961) [Dirac equation]

L.L. Nemenov, Sov. J. Nucl. Phys. 15, 582 (1972) [Schrödinger equation]

X. Song, J. Phys. G: Nucl. Phys. 13, 1023 (1987) [Bethe-Salpeter equation]

R. Daudel, M. Jean, and M. Lecoin, J. Phys. Radium 8, 238 (1947)

years 7~

min 15~

b

c

τ

τ

K.Kouzakov, A.S.
“Bound-state beta-decay

of neutron in strong
magnetic field”

Phys.Rev.C 72 (2005) 015502



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

Summary
First analysis of bound-state β decay in a 

strong magnetic field (B~1013-1018 G)

wb/wc~0.1-0.4 in contrast to the field-free 
case, where wb/wc~10-6

A logarithmic like behavior 
wb/wc∝log10(B/Be)+b (b>0) 

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


Summary
First analysis of bound-state β decay in a 

strong magnetic field (B~1013-1018 G)

wb/wc~0.1-0.4 in contrast to the field-free 
case, where wb/wc~10-6

A logarithmiclike behavior 
wb/wc∝log10(B/Be)+b (b>0) 

Outlook: Astrophysical applications?

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

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


Spin light of neutrino in matter 
and electromagnetic fields
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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



…however !!!



Quantum treatment 
of neutrino 

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. 11 (2005) 132

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

A.Studenikin, J.Phys.A: Math.Gen 39 (2006) 
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Matter effect in neutrino flavour oscillations

,

, the particle number 
density

MSW  effect

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

S.Mikheyev, A.Smirnov, 
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the solar-neutrino problem,  Phys.Lett.B213 (1988) 64. 

resonance in neutrino spin-flavour oscillations
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magnetic 
moment 

magnetic field

M.Voloshin, M.Vysotsky, L.Okun,
Electrodynamics of the neutrino and possible 
effects for solar neutrinos, JETP 64 (1986) 446;

neutrino spin procession in 
magnetic field and solar matter

is considered 



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, 
Phys.Lett.B 220 (1989) 279;

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

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

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



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

Modified Dirac equation for neutrino in background matter

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

Neutrino wave function and energy spectrum in matter

Quantum theory of neutrino spin light in matter

Transition rate, radiation power, photon energy

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

Neutrino oscillations in matter and magnetic field

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)

Charged current interactions contribution to neutrino potential in matter

Neutral current interactions contribution to neutrino potential in matter

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



When the electron field bilinear

it can be replaced by the matter (electrons) current

is averaged over the background

Matter current and polarization

i = 1, 2, 3

invariant
number 
density

speed
of matter

and   polarization



where     

matter 
current

matter 
polarization

It is suppose that there is a macroscopic amount of 
electrons in the scale of a neutrino de Broglie wave

length. Therefore, the interaction of a neutrino with 
the matter (electrons) is coherent.

This is the most general equation of motion of a 
neutrino in which the effective potential 

accounts for both the charged and neutral-
current interactions with the background matter 

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

Addition to the vacuum neutrino Lagrangian

Modified Dirac equation for neutrino in matter

L.Chang, R.Zia,’88; J.Panteleone,’91; K.Kiers, N.Weiss, 
M.Tytgat,’97-’98; P.Manheim,’88; D.Nötzold, 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.

A.Studenikin,  A.Ternov, hep-ph/0410297;  
Phys.Lett.B 608 (2005) 107



Neutrino wave function and energy spectrum in matter (I)

In the rest frame of unpolarized matter

The Hamiltonian form  
of the equation: where

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

and longitudinal polarization, are the integrals of motion:
positive-helicity

negative-helicity

number 
density of 

background 
matter 

(electrons)

In the relativistic limit the negative-helicity neutrino

state is dominated by the left-handed chiral state: .



and neutrino 
energy 

spectrum 
in matter

neutrino 
wave function

in matter

for two helicity states

where the matter density parameter

for
density of matter 
in a neutron star

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

and right-handed neutrinos with equal momenta have different energies.

Stationary states

J.Panteleone, 1991 
(if  NC interaction 

were left out) 



The quantity

in the limit of vanishing matter density,

reproduce the positive and negative-frequency solutions, respectively.

splits the solutions into the two branches that

Neutrino wave function in matter (II)

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

Phys.Lett.B 608 (2005) 107



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 :

where

electric chargeisospin third 
component

of a fermion f current polarization

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



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

For electron neutrino :

For muon and tau neutrino :

in electrically neutral and neutron reach matter

for electron antineutrino .

.

Density parameter 
is determined by 

particles  number 
densities .

.

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



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

An important note (I)



Neutrino and antineutrino energy spectra in matter

By changing the sign of the energy, we obtain 

For the fixed value of the neutrino momentum P there are two values for the 

“positive sign” energies

positive-helicity
neutrino energy

negative-
helicity

neutrino energy
particle (neutrino) energies in matter

The two other values of the energy for the “negative sign” correspond
to the antiparticle solutions.

positive-helicity
antineutrino energy

negative-helicity
antineutrino 

energy

antiparticle (antineutrino) energies in matter



Neutrino processes in matter

Neutrino trapping in matter

Neutrino reflection from  interface between vacuum and 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
I.Pivovarov, A.Studenikin,’05
A.Ivanov, A.Studenikin, ‘05



forbidden energy zone

forbidden energy zone

then the appropriate energy level inside the 
medium is not accessible for neutrino

Neutrino reflection from  interface between 
vacuum and matter

If the neutrino energy in vacuum

is less than the neutrino minimal energy in medium

matter density
parameter 

neutrino is reflected from the interface.

vacuum matter



forbidden energy zone

forbidden energy zone

matter density
parameter 

Neutrino trapping in matter
Antineutrino in medium with energy

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

Antineutrino has not enough energy 
to survive in vacuum it is trapped inside the medium.

vacuum matter



forbidden energy zone

forbidden energy zone

vacuum matter

Neutrino-antineutrino pair annihilation
at interface between vacuum and matter

Consider a neutrino with energy

matter density
parameter

propagating in vacuum towards the interface with matter. 

If not all of “negative sign” energy levels are occupied and,
in particular, the level with energy exactly equal to

an antineutrino exists in matter :

neutrino-antineutrino annihilation at the interface of vacuum and matter.

is available



matter density
parameter

forbidden energy zone

forbidden energy zone

vacuum matter

Spontaneous neutrino-antineutrino pair 
creation in matter

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

”positive sign” energy levels in vacuum:

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.

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

A.Loeb,’90; 
K.Kiers, M.Tytgat, N.Weiss,’97-’98;

M.Kachelrieß,’98;
A.Kusenko, M.Postma,’02; 

H.Koers,’04;
A.Studenikin, A.Ternov, ‘04



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

correct energies of the neutrino chiral states

for not extremely high densities

andin the relativistic case 

the energies of the neutrino helicity states

sterile right-handed neutrinoactive  left-handed neutrino

An important note (II)



Neutrino flavour oscillations in matter

Consider the two flavour neutrinos, and ,   propagating in electrically 
neutral matter of electrons , protons and neutrons : .

The matter density parameters are

,   respectively.

and

The energies of the relativistic active neutrinos are

and the energy difference

MSW  effect



Recently we have developed the quasi-classical approach to a massive neutrino spin 
evolution in the presence of external electromagnetic fields 
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 :

where
(for a neutrino with zero 

dipole electric moment)

matter current

matter 
polarization

(matter content)
neutrino speed

in particular plays the role of a magnetic field

Modified Dirac-Pauli equation for neutrino in matter

A.Egorov,
A.Lobanov,
A.Studenikin

PLB 491 (2000) 137,
PLB 515 (2001) 94



The Dirac-Schwinger equation for a massive neutrino in 
an external electromagnetic field 

neutrino mass 
operator in

electromagnetic 
field

in the linear approximation over the electromagnetic field

the Dirac-Pauli equation :

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

Dirac-Pauli equation of electrodynamics

.

.



From with the substitution 

For the electron neutrino moving in unpolarized matter (electrons) at rest :

neutrino 
speed

In the Hamiltonian form:
number density 

of matter

Modified Dirac-Pauli equation for neutrino in matter

.

.

.



and
neutrino 
energy 

spectrum 
in matter

neutrino 
wave function

in matter

for two helicity states

where the matter density  parameter

Neutrino wave function

Stationary states



are not equal

Dirac Dirac-Pauli

In the limit of low density :

However, the differences of energies 
of the two neutrino helicity states 
equals 

The two energy spectra



If a constant magnetic field is present in the background and a neutrino 
is moving parallel (or anti-parallel) to the field vector , then the 
neutrino energy spectrum can be obtained by

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

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

Modified Dirac-Pauli equation 
in matter and magnetic field

and  .

A.Studenikin,
A.Ternov, ‘04



The Dirac-Pauli energy spectrum of a neutrino in magnetized 

matter can be used for derivation of the neutrino oscillation

In the case of relativistic neutrino energies and 

constant magnetic field
oscillation probability 

(adiabatic approx.)

Neutrino oscillation in magnetized matter

probability .

A.Lobanov, 
A.Studenikin,

Phys.Lett.B 515
(2001) 94

A.Studenikin, A.Ternov, 2004



Neutrino propagation in matter
I.Pivovarov, A.Studenikin, ’05

Equation for neutrino Green function in matter

in the momentum representation

.

Neutrino Green function in matter

matter current and polarization



Spin   Light 

of   Neutrino   in   matter

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

Quantum theory of 

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

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

hep-ph/0502231, hep-ph/0507200;



Quantum theory of spin light of neutrino (I)
Quantum treatment of spin light of neutrino
showns that this process originates from the two subdivided phenomena:

in matter

the radiation of the photon in the process of the 
neutrino transition from the ”exited” helicity
state to the low-lying helicity state in matter

the shift of the neutrino energy levels in 
the presence of the background matter, 
which is different for the two opposite 
neutrino helicity states,

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

neutrino-spin self-polarization effect  in the matter

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

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

hep-ph/0507200, hep-ph/0502210, 

hep-ph/0502231



Quantum theory of spin light of neutrino 

Within the quantum approach, the corresponding
Feynman diagram is the one-photon emission 
diagram with the initial and final neutrino 
states described by the "broad lines“ that 
account for the neutrino interaction with matter.

Neutrino magnetic moment interaction with quantized photon

the amplitude of the transition

momentum

polarization

of  photon



transition amplitude after integration :

Energy-momentum conservation

For electron neutrino moving in matter composed of electrons

photon energy
In the radiation process: neutrino self-polarization 

For not very high densities of matter , , in the linear approximation over  

neutrino speed in vacuum

Spin light of neutrino photon’s energy



mass

neutrino
momentum

Spin light transition rate (III)

transition rate for different neutrino momentum
and matter density parameter

“relativistic” case

“non-relativistic” case

neutrino magnetic moment



radiation power angular distribution :

“relativistic” case

“non-relativistic” case

Spin light radiation power



Spin light photon average energy

radiation power
transition rate

“relativistic” case

“non-relativistic” case

span up to

energy range of
gamma-rays

See also: 
A.Lobanov, 
Phys.Lett.B 619 
(2005) 136



Spatial distribution of radiation power

From the angular distribution of 

for 

for and

and

mass
neutrino

momentum matter density

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

maximum in 
radiation power 

distribution



photon’s energy
in direction of 

radiation power
maximum

maximal value of
photon’s energy

Propagation of spin light photon in plasma

photon energy

radiation power

plasmon frequency

Angular distributions 
of photon energy

and radiation power

The case of relativistic neutrino
and rather dense plasma :

fine-structure
constant

Only photons with energy that exceeds plasmon frequency
can propagate in electron plasma.

for



Radiation  power of  linearly  polarized photons:

where

and

In the limit of  low matter density :

In dense matter spin light of neutrino is not polarized :

is linearly polarized.

.

.

Polarization  properties  of               photons (I)



Radiation  power of  circularly   polarized photons:

where

correspond to the photon right and left circular polarizations .

however

In the limit of  low matter density :

In dense matter :

.

In a dense matter is right-circular polarized.

Polarization  properties  of             photons (II)



Summary  of              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 ) .

The matter density parameter      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.

In the particular case of             moving in matter composed of electrons, 
the matter density parameter             is positive

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



(II)  Summary of               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        .   

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

The emitted photon energy essentially depends on the neutrino energy and 
matter density ;
the photon energy increases from                             to                  with
the density ;
in the most interesting for astrophysical and cosmological  applications case 

(when                       and                               ) 

the average energy of  the emitted photon  is                       ;

in the case of very high  matter  density .                    
one half of 
neutrino energy



Fireball model of GRBs B.Zhang, P.Meszaros, Int.J.Mod.Phys. A19 (2004) 2385;
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 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

Experimental identification of
from astrophysical and cosmological  sources

For estimation, consider a neutron star  with mass ,

,,

photon energy totally polarized

matter density parameter 
if .

Then for relativistic neutrinos

.

the gamma-rays.

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



Conclusion
exhibits unexpected properties

:

now we know that it is    neutrino
now we know that 

now we know that 

in  matter  and external fields

contrary to our introductory claim is 
very important player (astrophysics, cosmology etc. . .)

E.Fermi,
1933

“… I have done a terrible thing –
I have introduced a particle 
that can’t be observed …”
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