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Neutrino mass and magnetic moment

Neutrino mass bound: m < 0,45 eV [KATRIN Collab., Nature Physics 18 (2022) 160]
m # 0 = neutrino magnetic moment

In Minimally extended Standard Model [Phys. Rev. Lett. 45 (1980) 963] :

= 3eGgm
- 8272

up = e/2me

~32x 10795 (l)
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Dirac neutrinos in the flavor basis can have both diagonal and transition x,; Majorana neutrinos
can only have transition u,..

Current experimental limit (BOREXINO and GEMMA collab.):

W< (2.8-2.9) x 1075

Astrophysical data limit [Phys. Rev. Lett. 111 (2013) 231301]:
U< (1.1-2.6) x 1072 pp



Matter impact on neutrino motion

Wolfenstein showed that active neutrino v; wave function in matter acquires additional phase
that can be treated as appearance of an energy shift [L.Wolfenstein'78]:

E=\p?+m?+A4
A — effective matter potential

For instance, for v, and matter of electrons: A = %GF(l + 4sin? 6y,).

vy dispersion is not changed.

QFT description of neutrino in matter: the modified Dirac equation
- accounts for the neutrino net interaction with matter particles, provided that their
macroscopic amount occurs on the scale of the neutrino de Broglie wave length.

L.Chang, R.Zia,’88; J.Panteleone,’91; K.Kiers, N.Weiss,
M.Tytgat,’97-"98; P.Manheim,’88; D.Né6tzold, 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.

Correspondence between helicity and chiral states: v.__; =~ v, and v,_,; = vg



The spin light of neutrino (SLv) mechanism

[A.Studenikin, A.Ternov,PLB 608 (2005) 107]

From the point of view of quantum theory, the SLv in matter is due to two
different phenomena:

e the shift of neutrino energy levels in matter corresponding to different
helicity states;

e emission of a photon during the transition between helicity states due to
neutrino magnetic moment (the dipole electromagnetic transition).
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Quasiclassical treatment: rotation of the neutrino spin-vector in matter and radiation

. . 2 ..
according to classical formula I = 3 lit,|?> [A.Lobanov,A.Studenikin, PLB 564 (2003) 27]



The calculation tool: exact solutions method

This is an effective method for studying and calculating quantum processes in
various external conditions (matter and fields).

The method: representation of external conditions (fields, material environment) by
classical non-operator fields included in the effective interaction Lagrangian of quantized
fields for particles under study.

At the Feynman diagrams level — replacing free wave functions of particles in the
initial and final states with wave functions of particles in external conditions. For
fermions, the latter are the solutions of modified Dirac equation.

It was first used within the framework of QED (Furry's representation), where it
served as the basic tool for constructing the theory of synchrotron radiation.

The advantage of the method is that the effects of the interaction of a particle
with its environment are taken into account exactly in each order of perturbation theory.



The exact solution method in QED

Dirac equation in external e/m field: {i’)/uau — ey A, — m}y =0
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Interaction Lagrangian:

Solutions of the equation, ); Lot = —€ju A", = )
( Ynp, p. o for synchrotron radiation )
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The modified Dirac equation
for neutrino in matter



The modified Dirac equation for neutrino in matter 1

Interaction of v, with
electron matter:

Moderate matter temperatures, elastic scattering, | p/ -p| <<p

.

Fermi 4-fermion interaction. The amplitude (the charged current):

AGp _
A= —={er(p)r er(pe) } {7 ()nve(p)}
V2
Averaging over the Lo 4Gp | _ g _
matter particles : eff — V2 e e ) {ve(p)nve(p)}
In the ref f f
The applicability: ) n?att:r:re Erence frame o

» elastic scattering

* neutrino coherent interaction with matter Jiné/ > 1

.- W-boson production £, < mi,/2me ~ 6,3 - 1038 y

(e™y*"e) ~ {no, 0},

(eFy7te) ~ {0,m0C. }
¢,- polarization vector



The modified Dirac equation for neutrino in matter 2

In arbitrary reference frame (v, is the matter velocity):

2= Lo mg T i et Ll g =g (5() 775 (1447) vio)

—1/2 f‘u:% [(1+4 sin2 QW)'[;JJ—)\I;]

J¥ = {ne, nevel}, ne = ng(1 — v?2)

4 )

The equation for Dirac neutrino:

1
{i)/uf?“ —5vul+ ys) " — m}‘P(X) =0

\. J

In the general case of several matter components, f=e, p, n:
. 1 2
=Grve 3 (s X
f:e’pﬂn

qgfl) B (I?E? B QQU) sin’ Oy + OcsOu,): q;z) - _(I?E? + defOun, ), I?E{) - the third isospin
1, for f=e, 5 1, for V=", component of fermion f,

s = = () - j
f { 0, for f=n,p, e { 0, for v =y v, QY - its charge.



Solutions of the modified Dirac equation

+ a Dirac-type electron neutrino v,
« uniform non-moving and unpolarized electron matter

The Hamiltonian form of the Dirac equation: @'%\p(r, t) = ﬁmed\ll(r, t),

~ R Grn .
Hmed: (a,p)+”yom+i(1+75), GF = GF(1—|—481112(9]/V)

2v/2

by
Neutrino helicity: (|I’))\If(r,t) =sVU(r,t), s = +1
p
Neutrino dispersion:
~ ~ G (1 4 y 29 7
E.=c\/(p—si)2+m24+7 ¢ = +1 #a= p(l +dsin Ow)
2/2
The solution:

( VIt g/ + 3%3 \ In the general case
- th tt isti fe, d n):
il Ect—pn) m /1 _ 8%615 (the matter consisting of e, p and n)
2L% \/—m /1 4+ Sp3 ! Fiy, = 2\/—(?%(1 + 4sin? Q) + np(1 — 4sin® Gyy) —

Kg‘ ]_ — E _ 1 8p3 615) T ir = 2\/— (7%(48111 Ow — 1) + np(l — 4sin® Ow) —
e 1N \/ p

V. ps(r,t) =
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Quantum theory of neutrino
spin light in matter



Quantum theory of neutrino spin light
in matter

The process amplitude:

B R ik
Spi = =nVIx [ty () (e i),

[ = iw{[2 x %] +i°2}, k= (w, k), #=k/w;

where k is the momentum, e is the polarization vector of the photon.

Pi A0
The photon energy: > -

Conservation laws:

Li=LEf+w, pi=py+x
~ 2np[(Ey, —n) — (p+n)cosb]

(E, —f — pcosf)® — n?

E, =+/(p—sn)2+m2+n
s = 1

The spin is reversed: s; = —1 — sy = 1.



The total rate and power of the radiation

The angular distribution of the transition rate
(1— [ cos)? ((1 +32) (1= cos0)? +2 cosf (1 — 3)2)

E 3
((E — p cost)? — 0527}'1.2)

The angular distribution of the radiation power

dl’ 4
d g) T

— i atm?p? E?

JI 8 (1— 13 cosh)? ((1 + 32) (1= cos8) +2 cosb (1 — 3)2)
0 — 2 atmp? E* — T
‘ n ((E — p cosf)? — 052??'1.2)
1 - . -
Here o = m@p%, [ = Z’tzﬂﬂz and F = F — am.



Complete expressions for the probability and power

1
F f—
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—2a%m? (39E2 ) (Ez — p2)2 + 12amE (2E2 — pz) (E2 — p2)2
— (3B — ) (E* 7p2)3]} ,
I= ° x A (E+p)*E—-m)*E+p-—2am)?
= —m — 2am
2(E — p)* (E+p—2am)’ p? P P
3
x (E —p— 2am)? (2(1 m? — 2am(E + p) + E? — 2)
(2am —p— E)(E —p) 6,.6( 4 a9 9pn D3 8 4
1 — damp ( 320° )<E—E'—— B 4+ 2p'E+ —p')
X in ((2(“” T —E)E+p) amp - m p 3p + 3p + 15p
—96a°m® (E) 23 pE* — 53 P’ B3 + 3E2 3 pE— ip)
30 4\) 9 4-) 10
. A7 hll 12 157 39 7
19804 4(E67_E _ 2 e _3E3 A 5E7_6>
st R YT T L O 240t 7 T s
53 3. 89 . 47 19
—96(E? (E _ B IR g 2 )
(B = p)acm 20" T2l BT T Tr L
32 s 314 4 . 17 .
19(E2 ( E4_ B3 _ PE? 4+ 3py 20 .3)
HRAE - Py et [T E U T Tii 4

., oo f o 4 17 2 . ot [ o D
flOmn(Ezpr)'}(E3f =P pE? — ?sz+?p ) n (EprAZ)Jt(EZf 5}?3)) }



Limiting cases

1. The case p > m (relativistic neutrino).

. Matter density
128 2 4 . m
n ;¢2a3pzm T_ﬂ‘)ﬁj‘_p{ for a <75, parameter:
[' = 4120 m 2p, O I = %;szagmng for T; <a <-< g 1 - n
'3 1,2 = ——Gp—
4p7a’m 412 atm?, for a > £ 4= 5 /2
For m « p the radiation is confined L
within narrow cone with the angle: ~ D
2. The case p < m.
64'[12(1 p 128 ;12(14])4 for a K 1
r_ )12!i2f16pg; 7— 10334;;2(18})4? for 1 <<,
4p*a’m?, 4ratm?, for a > 2.



Angular distribution of radiation power

ayfp by {p
fj\ ' c) tp d) fp
: | ] ] . p/m.=5
a=10"? p
1 1 n~10%7 cy-3 \
0 0 =
Two-dimensional distributions of radiation power: FYmT ‘
(a): p/m, =5, a=0.01; (b): p/m, = 103, a =10 s

(c): p/m, =5, a=50; (d):p/m,=0.01, a=0.01

1
The average energy of emitted photons: (w) = T
Qag‘f—i, for a << m,/p, 2ap, for a1,
p/my, > 1 (w) =R ip, ) for m,/p < a < p/m,, p/m, < 1t (w) = ¢ Pa?p, for 1< a<m,/p,
am,, for a>p/m,, am,, for a>m,/p.

SL v can be an effective source of neutrino energy losses in dense matter.



SLv polarization properties

Linear polarization e -, =2
V1= (32))%° 3
62:—%(%j)_j jLle
0 3 1
0.2 ) T (.d4 1 A . V1= ())?
1 = H o 1+ 73y 58 FAS | sinfldy e, = {cos ¢ cosf, singpcosf, —sind}
) e; = {sin ¢, — cos ¢}
where
g (66" + 1)(1 —ycosf) — (6 + ") (cos @) — y) sin @ and AS — m*psin? 0 .
I+ 7y 2(E'—am)(E—am)p
~ + am ~ " — — —
ﬁ:p | 5!:1), O{TTL) y:w pcost?7 K:E am pcost’?7
E —am E' —am p’ am

E=F-w, p=Kw-—p

e In the limit of low matter density:

7t 1/3 2 4 4
72 ~ 32 | pra’p” |mmy ST s linearly polarized

e For high matter density (rest of the cases):

1
I ~ @ ~ 5(1(1) +1?) | mm ST is non-polarized
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Linear polarization components of the
radiation power depending on matter
density parameter a: I/ (solid line),

I®/I (dashed line); p=1 keV, m=1 eV

SLv [inear polarization behavior
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Linear polarization components of the
radiation power depending on matter
density parameter a: IV/I (solid line),
I®/I (dashed line); a=10-2, m=1 eV



SLv polarization properties

Circular polarization

e = %(el + iley).
10— 2 / "9 6 Gnods I = 1 defines right and left circular
o 1+ 8y polarizations, respectively
where:
5 = % (1415 (1418) (1 — Leosd) (1 + Iy)

e In the limit of low matter density and
relativistic v :

SLv is circular polarized:

64 P
(1) ~ 2 4.4 (1 ;P
{I AP (1 12 0)} i R N

— = 50%
E() = '\/pQ + m?

I 2
e For high and extremely high matter density:

(m/p<Ka for m&p and 1 K a for p K m)

Y~ 7
=Y ~ ¢

] " SLv is completely right-hand polarized




SLv circular polarization behavior

lT(:i:l)/lr
1,0 7
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In a dense (in the case of a relativistic neutrino) and in an extremely dense
matter, the SLv has almost complete right-handed circular polarization.

This property may be important from the point of view of the possibility to identify
the radiation experimentally from dense astrophysical objects.



Accounting for photon dispersion

w = /K% + *rn,.?}, , Where m, is the plasmon mass

. | - )
Conservation laws: The threshold condition:

Ei=Ef+w, pi=pfr+x
E, =+/(p—sn)? +m2 + i

. m2 + 2m,m,
P 47

. J

In the limit of vanishing m,:

2
{4 (p+n)n+ m-?r] pcosf £ (p+2n) \/[4 (p+n)n— m?}] —4p*m? sin* 0
2[(p + 27)? — p? cos? 0]

k12 =

The “threshold parameter”:

m2 p=3x10* TeV
a= T <1 m, = 8.87 MeV 10 | ‘
dnp M~ = 0. 1e 0, A
n=32eV S ! L

10® 510* 107 51078, 10°



Accounting for photon dispersion

1.The angular distribution of the radiation is modified —
the surrounding “funnel” appeared. The radiation is
confined within the angle 6:

4(p—|—ﬁ)ﬁ—m,2y} _2n

y

¥

e

0 < 0y = arcsin [ .
2pm., m-
2.For a relativistic neutrino with momentum p;, < p the
expressions for the total rate and power reduce to the
ones obtained without m,, .

2 4
The total rate and power a = m} /4np,
Far from the threshold (0 < a < 1): Close to the threshold (a — 0):
_ 2 ~2 . . ~
I'=4°7°p[(1 —a)(1+ 7a) + 4a(1 + a) Ina], I'=4"n"(1-a)|(1 - a)p +20],
A I =427 p(1—a)[(1—a)p+2n].
1 = gug n°p® [(1 — a)(1 — 5a — 8a*) — 12a* Ind]




Neutrino spin light in neutron star matter

The medium consists mainly of neutrons with 7,,~1038-103% cm=.

The electron fraction is a degenerate Fermi gas.

The effective potential of a neutrino in such a medium is negative => we consider
the SLv emitted by electron antineutrinos V,.

. 1 Ny
e = (37r27'z,€)1/3 ~ 130 x (

Ne

1/3
W) I\’IEV > Me = 051 I\IE‘V
=1 CIn -

¢ 1/2 1 /e
Za TI(’ I/-_)J ;
m~ = ( ) He = 8.87 X (W} MeV

2/3
v

]-_Y;:

108 ¢cm™3 /3
The threshold energy: E, > ptn = Eip == 28.5 X TeV

Nn

Ny, —-1/3
For Ye—O,lnn: E > 67 &2 (W} TeV

The density of the electron fraction is significantly lower, Ye=ne/nb ~ (0,05 -0,1)n,.



Neutrino spin light in neutron star matter

High neutrino momentum => propagator effects in interaction of neutrinos with particles of the
medium (contact approximation violation): scattering of electron antineutrinos on electrons of the
medium occurs in the s-channel and therefore the cross section is characterized by the Glashow
resonance. The presence of resonance is associated with the possibility of the birth of a W boson, the
threshold of this process is

2 1038 =3 1/3
ew =" 577 <7m> Tev
He Yeny,

E, (TeV) (@)  E,(TeV) (b)

X n —00971 -
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The allowed range of electron antineutrino energies for the SLv in the matter of a neutron
star depending on the neutron density. Solid line: the SLv process threshold without account for
the v.e-scattering; dash-dotted line: the SLv process threshold with account for the v.e-scattering;
dashed line: the threshold for the W boson production. (a) Y. = 0.09; (b) Y. = 0.05. The allowed

regions are marked in green. [Grigoriev et al.’2017]



Neutrino spin light in neutron star matter

For vy and V”: interaction with matter particles through the Z-boson in t-channel,
no propagator effects =>

no competing processes, SL  is possible if the neutrino energy is above the threshold

The radiation time for 17” and 17“:

—11 2 38 3\ 2
7oL, =~ 2.17 x 10° (10 MB) (10 cm ) (10 TeV) .
H N, E,

For the parameters 1~ 2.9 x 10~ Mup, Y. =0.1,n, =10% cn 3, E, ~ 10PeV:

Tsiw ~ 3208, ¢ = crsr =~ 9.6 X 10'? em Neutron star radius:
R~ (1.0-1.4)x10% cm

nn:10390m_3, E,~100%eV = 751, ~1s, [ ~R

Hypothetical objects — quark and hybrid stars: 7, = 10* cm ™3

sy ~2.6x107%s, £~ R

Potential source for observation: galactic clusters

Characteristic feature: 100% circular polarization



Neutrino spin light in supernova matter

The “hot bubble model” within the “delayed burst mechanism”.
[Nature 341 (1989) 489, Phys. Rept. 442 (2007) 38, Phys. Rev. D 74 (2006) 105014]

Effective neutrino density at distance » from the center of the star

11km 2 _ ff ff
n,e,fef(r):nue(r)—nge(r)27.8><1032 [1—\/1— ( > ] cm 33 ne :niT =0

r Vi

Electron oo (10km\°® . Temperature 100\ /10km
density: Ne(r) >~ 2.4 x 10 (—r ) cm profile: T ~ 1.96 <?) ( " ) MeV

1. Electron neutrino near the neutrinosphere: r ~ 13 km
ne >~ 10%em™, prp=0,28MeV, T ~0,6MeV, nﬁf ~ 3,9%x10%?cm ™

The electrongasis /27 . 1 T , N
relativisticand hot: "7~ \/ 3 I'~124x10 (1 MoV MeV =~ TdkeV — Fy, ~ 46 TeV

The competitive process : v.v. — Z. [,=1g, for E=7,8TeV => | SLvis suppressed

2. Electron neutrino motion far from the neutrinosphere, r ~ 100 km:
ne >~ 2,4x10%cm ™, pp = 0,037 MeV, T ~0,07MeV, no' ~ 4, 8x10*cm™?

The electron gas is dTan,

AT M~ =
non-relativistic: ) Me

Ne
1026 ¢ —3

I',= T, for E=6,9TeV = [a “window” in values of E for which SLv is allowed ]

‘ 1/2
~ 3.69 x 107 ( ) eV ~ 570eV => pu, ~ 270 5B

E,~1TeV = 751 >~ 2.9 X 10" s = 9.1 x 10'? years



Neutrino spin light and gamma-ray bursts

GRBs are considered the most likely sources of ultra-high-energy neutrinos E = 1 PeV
[Ann. Rev. Nucl. Part. Sci. 67 (2017) 45]

The model of short GRB Factors for the most efficient generation
of SLv:
4 * Neutrino high energy and intensity of
/ the flux
% » High background density of neutral
matter in the medium
/ « Low density of the charged
o component
v « Low temperature of the charged

MIM component

Significant extent of the medium

' Diffuse neutrino flux

Ambient interstellar

medium
SLv of ultra-high energy neutrinos in
» the diffuse neutrino wind emanating

l from a neutron star merger '



Neutrino spin light and gamma-ray bursts

Characteristics of the medium [Mon. Not. Roy. Astron. Soc. 443 (2014) 3134]

* neutrino density:
n, ~ 10%% ecm =3

» Electron density:

T = 0.1 MeV, Y, = 0.01, ne ~ 3% 10%° ecm >, pr =~ 0.01 MeV

< _>=

my~ 1073 MeV By, ~ 1 GeV

SLv radiation time:

—11 2 /1032 A—3\ 2
. 1 : 1 PeV
o1, ~ 5.4 x 10'° (M) (Oi) ( © ) S
0 Ny, E,

E, ~ 10121018 &V = 791, ~ 6.4 x (10" =10'") s = 2 x (10*—10') years

The problem of GRB radiation polarization
[Astron. Astrophys. Trans. 29 (2016) 205] Contribution of SLv to the circularly

. L _ polarized component of GRB emission?
~100% circular polarization of SLv in dense

matter



Neutrino spin light in moving matter

A.Studenikin, Phys.Atom.Nucl. 67 (2004) 993: generation of neutrino spin
oscillations by transversal matter
current.

V. Cirigliano, G. Fuller, and A. Vlasenko, Phys. Lett. B
747, 27 (2015);

C. Volpe, Int.J.Mod.Phys. E 24, 1541009 (2015);

A. Kartavtsey, G. Raffelt, and H. Vogel, Phys.Rev. D 91,
125020 (2015)

Account for transversal matter motion in SLv:

| | fr==£[(1+4sin’Ow) jt
{W/Lau - EVM(I +ys) 1 — m}gﬂ(x) =0.

2, =2 2

2, = 2 =272

+ +n ~ ~

F:4u2ﬁ2p p oY TR Y , A=rngy/ 1—v*
p-+nv

[ The SLv is amplified: I'" = I'/y? ]

[A.Grigoriev,A.Studenikin,A.Ternov, Russ Phys J 67,
1864-1877 (2024)]



Thank you for your attention!
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