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Experimental evidence of neutrino
oscillations

O We know how many electron neutrinos should be
emitted by the Sun

[0 One observes less particles than predicted

[0 Therefore some of solar neutrinos disappear or are
converted into particles invisible for us




Mechanisms of neutrino oscillations

O Neutrino flavor
oscillations. Electron
neutrinos are V
converted into muon e
or t-neutrinos

OO0 Neutrino spin and
spin-flavor oscillations. V
Left-handed electron
neutrinos are
converted into right-
handed electron (or v
other flavor) neutrinos

(U




Flavor and mass eigenstates

O

O

There are flavor
neutrinos which
participate in weak
interactions. These
particles do not have
definite masses.

There are mass
eigenstates which are
the superposition of
flavor neutrinos. These
particles have definite
masses.

(V.= V.u

W=

v, with mass m,

y, with mass m,

\




Evolution of mass eigenstates

Since mass eigenstates have definite
masses, the evolution of y is particularly
simple

y (H)=e "y (0),

V

E :\‘pz‘l'mj

A




Evolution of flavor neutrinos

Flavor neutrinos are the superposition of
massive neutrinos

v.()=D U, v ()

= Zexp(—iEat)U U 2/1"’ (0,
al’

| cos@ —sin6
Uﬂ.a_ .
( sin@ cos0O )




Transition and survival probabilities

Supposing that neutrinos are relativistic
particles r=x (and |p| = E), we get transition
and survival probabilities to find v, or v, in
the initial v, beam

2
‘ =sin’(26)sin’ (Am x],

P, (0)=|(v, "

})Veﬁve (x) o 1 R/ -V, ( )




Difficulties of the standard
approach

Do different neutrino eigenstates have equal
energies of equal momenta or equal
velocities?

Do oscillations happen in time or in space?

Is it necessary to treat neutrinos as spinor
particles?

Should one take into account the coordinate
dependence of the neutrino wave function?

How can one describe oscillations of non-
relativistic neutrinos?




Interaction of neutrinos with background
matter

Charged currents interaction | e % [\767/“ (1-7)v, ] . [Ey# (1-v° )e]

Neutral currents interaction

, G r_ B '
) Ly = —T;[VJ“(I -7, | [f v (1L a=-7)-20"sin’6,, ) f}
e,pn e, pn
After the averaging over the background fermions, we get: For Majorana neutrinos

we should replace

G,
by gy e 3 [ 4R

f=eps vyt(=yr)v, -
Jh=ngt, A =n, {(5 u).g + ?} ut = (u’,u) = =2V, Y7V,
u




Neutrino electromagnetic
properties

o

L
0

Despite neutrinos are electrically neutral particles
they can have magnetic moments

Non-relativistic limit (1/2) ¢, F**—0B

Both neutrino flavor, v; — v,, and helicity, v;— vy,
change in an external electromagnetic field




Neutrino magnetic moment

Minimally extended
standard model
supplied with
SU(2) singlet right
handed neutrino

Magnetic moment

is small
~10"%u, (m,/eV)




EVOLUTION OF FIRST
QUANTIZED FLAVOR
NEUTRINOS




Initial condition problem

O Flavor neutrinos Lagrangian

=== -

A=of A A =af
1
— = u — 4%
B Z Vﬁluv/mf S Z MyuVi0 Vit
A=of3 A A =of
O Initial conditions EEr O fﬂ (r)

O Fields distributions at
subsequent moments V,(r,g)=7at >0

of time




Pe3ynbTaThl

[0 HavyanbHasg 3agada Aas CUCTeMbl MAaCCUBHBbIX
dnenBopHbIX HEUTPUHO, KOTOPbIEe MOTYT ObITb KakK
ANPAKOBCKMMUM TaK U ManopaHOBCKUMU, Bbina
pelleHa ans crydas pacnpocTpaHeHuss HENTPUHO B
BakKyyMe, B BellecTBe U B MarHMTHOM MoJie.

[0 CraHaapTHOe KBaHTOBOMeXaHU4yeckoe onncaHue
ocuMNNAUNN HENTPUHO 6bIJ1I0 BOCNPOU3BEAEHO B
paMKax noaxona OCHOBAHHOIMO Ha Teopuu Nnons.

[l [lonpaBKM K KBAHTOBOMEXaHMYE€CKOMY OMMUCAHUIO
ocunnnauUnm 6bisIn NONTyYEHbI.

[0 Ha ocHoBe 06Wwmnx dpopMyn paccCMOTpEHbl HEKOTOpPbIE
acTpoduanyeckme rnpunoxXeHus.




CnunH-pienBopHbIe ocuUINaUUmM HEUNTPUHO
B pacwunpsatouiencs o6ono4Kke nocne
B3pblBa CBEPXHOBOW

0 lMapameTpbl HenuTpuHo: E, = 10 MeV, Am? =
8x10> eV?, B,,c = 0.6. Ocunnnaunn v, > v ..

[l lNMapameTpbl BewecTsa: n, = N, = N,
(n3ockansipHoe BeulectBo), p = (10 — 200) g/
cm3. MNoaobHoe BelWecTBO BMNOJIHE MOXET
cyLlecTBoBaTb B 061acTn yaapHOM BOJHbI.

[0 PaccmaTpuBaeTcs HEUTPUHO C 60JIbLLUNM
nepexoaHbiM MOMEHTOM.

[0 lMapaMeTpbl MAarHUTHOM 3Heprun: PuB ~ (1013 —
10-12) eV. Ecnm p = 10711 pg, To B ~ (10° - 107)
G.
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| - Ocumnnaunm
] | MaWopaHOBCKUX
HEUTPUHO

P(x)

= (a), (c), (e):
| MB =101%2eV;
<o t (@) n(b):
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ocuunInaunn
HEUTPUHO B BELLUECTBE
B PAMKAX KBAHTOBOM
TEOPUU NONA




ManopaHoBCKMe HEUTPUHO B
BellecTBe

L

=

Ecnn HeUTpMHO MaMopaHOBCKasa 4YacTtumua, To
v = anti-v.

Bo3MOXHbI nepexoabl v = anti-v.

JLaHHbIN TN OCUUNNALNA COOTBETCTBYET,
peaKOMY U MOoKa He ObHapyXXeHHOMY
be3HenTpMHHOMY J[ABOWMHOMY beTa-pacnany
(Ov2PB): (A,2)=>(A,Z+2)+2e".

[MockonbKy (Ov2B)-pacnan nponcxoauT B
NJOTHOM BeLLeCTBe BHYTPU A4pa, HeobxoanmMo
nccnenoBaTh BAUAHME BellLecTBa Ha
PacNpPoOCTPaHEHUE HEUTPUHO.




N

Ny

AMNONUTYOaQ NpoLlecca

Ny

B naHHOM noaxoae, OCHOBAHHOM Ha
KBAQHTOBOM TEOPUU MOs, BbIYUCASETCS
nokKasaHHas PenHMaHOBCKasa Amarpamma.
Toukn 1 n 2 9BNAKKTCA MaKpOCKOMUYeCcKun
pa3HEeCeHHbIMU B NPOCTPAHCTBE.
HenTpuHo aBnseTca BUpTyasbHOW
YacTULEMN.

Ecnn nornowaeTca u nsnydaercs
NenToHbl C pa3HbIM 3HAKOM 3apsaga, To
BUPTYasibHOE HENTPUHO ABSETCH
ManmopaHOBCKOWM YacCTULEN.

[lponaraTop HEUTPUHO NMOKA3aH LLUMPOKOW
JIMHNEN NOCKOJIbKY B HEM TOYHO
YUnNTbIBAETCSH BKJla4 S4EepPHOro BeLecTsa




Pe3ynbTaT BblUUCEHUS
npouecca

PaccMoTpeH cny4dyan Manoro yrna
cMmelwmBaHud. [lpu 3ToM nponaraTop
HEUTPUHO AMaroHaneH B MmaccosoM basuce.

[TonHOEe ceyeHKne npouecca NnogaBnaeTCs
ec/im UMNynbC HENTpUHO p, = (E,2 — m_2)1/?
MeHbLle 3P PEeKTUBHOIO NOTEHLIMANA
B3aumogencteuda: p, < V, ~ Ge N ,eter

Bknag runoTeTudyeckmnx MacCUBHbIX
ManopaHOBCKNX HENTpUHO B (Ov2p)-pacnas
He3HaYUTeIbHbIN.
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CUJ1IbHbIE MATHUTHDLIE W
FTMNEPMAITHUTHDIE NOJIA
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Cosmic magnetic fields:
Overview

(1950's - 1960's) — Alfven, Biermann, Chandrasekhar, Parker etc -
first studies on large-scale cosmic magnetic fields

Galactic and intergalactic  Stellar magnetic Magnetic fields in
magnetic fields ~ 1 pG fields ~ (1 - 100) G compact stars

- magnetars) > 101> G
Recent reviews: (mag )

 Durrer & Neronov 2013 Astron. Astrophys. Rev. 21 62-70
« Charbonneau 2010 Living Rev. Solar Phys. 7 3-91
« Mereghetti et al. 2015 Space Sci. Rev. 191 315-338




Cosmic magnetic field (CMF) of
cosmological origin

Our universe is permeated by CMF which are
dynamo amplified from a seed field.

The origin of the seed field is unknown.

Seed fields can be produced by MHD
mechanisms during epoch of galaxy formation,
or ejected by first supernovae or active
galactic nuclei.

Another scenario suggests that a seed field can
originate from much earlier epoch of the
Universe expansion: inflation era, phase
transitions in radiation era etc.

We choose the latter possibility.




Strength of CMF

Upper bound on CMF can be obtained
from Faraday rotation measure: By <
102 G

CMEF influence the propagation of
intergalactic cosmic rays, e.g. from
blazars (compact quasars) to Milky Way

Lower bound (Neronov et al., 2010) —
Bowr > 10718 G — from non-observation of
secondary photons with E = 1 GeV in
the initial flux with E = 1 TeV: yy ->
ere’; €Yeyg -> €Y(GeV)




HEYCTOUYUBOCTDb
MATHUTHOrO Nons B
HEUTPUHHOM FA3E




MoTuBauUUA

[0 HenTpuHO y4yacTBYIOT B 3/1€KTPOCNabbIix
B3aMMOAENCTBUSAX, B KOTOPbIX HapyLlaeTcs
NPOCTPaHCTBEHHAS YETHOCTb.

[0 ECTb BEpOATHOCTb NMOSABEHUS HEeYCTOUYNBOCTU
MarHMTHOIro nNongd, NPMBOASALLEro K poCTy 3aTPaBO4YHOro
nons.

O Ecnun He yynTbiBaTb MarHUTHbI MOMEHT HEUTPUHO, TO 3TU
YacTuLbl HANPSAMYIO HE B3aMMOAENCTBYIOT C
3N1EKTPOMArHUTHBIMU MOISAMMU.

0 OaHako, ecnu Hapsay C HEUTPUHO PacCMOTPETb
31EKTPOH-MO3UTPOHHYIO M/1a3My, TO MOXXHO OCYLLECTBUTb
B3aMMOAENCTBUE MeXAY HEUTPUHO U (DOTOHAMMU.




Photon dispersion in background
matter

« We consider electron-positron plasma electroweakly interacting with
neutrino-antineutrino gas
« The interaction between electrons and neutrinos is parity violating

_ -y 1+7y°
L:int:l//e’}/,u|:VLu( 2 j+VRM( 9 ]jll//e’ VL‘L,lRNGF<J\fLL,R>

Photon polarization tensor in background matter with parity violating
interaction between particles

I (k):[g —k“kV}H +eell +ic k“(Vﬂ—Vﬁ)H
uv uv k2 T u v "L uvof L R P

[l — vacuum polarization in QED
M- plasma frequency or plasmon mass in QED plasma (e k¥ = 0, e2=-1)
M, = (V9 - V%) N, — new form factor in parity violating isotropic medium




Generalized MHD

Chern-Simons term [1,: J, = M, A¥ or Js = I,B

In the presence of the CS term the Maxwell equations are modified

i(kxB)=—iwE+j+],, i(kxE)=ioB, (k-B)=0, j=0F, j,=T1B
Using the MHD approximation o>>w, One gets the Faraday equation

a—Bzoc(V><B)+77V2B, a:&, I1, =11, (k, =0), 77:l
ot o o

The Faraday equation has the unstable solution

= 7 If k < |al/n, this solution

_ 2 ’ describes the exponential
B(k,t) =B, exp j(\a\k—ﬂk )dt growth of a seed magnetic
t field B,




One loop contribution to

polarization tensor

Electron propagators are shown with broad

lines since they exactly account for the

interaction with neutrinos

a -0.2f
—— em O — O -0.22f
HZ o (VL VR )F
ﬂ L -0.24f
(a) Hot relativistic
plasma
(b) Degenerate R

relativistic plasma

=211

-2.21

-2.31

-2.4}

-2.5




Evolution of magnetic fields in the early
universe driven by neutrino asymmetry

The CS parameter [1, is nonzero only if there is a neutrino asymmetry
An = n(v) — n(anti-v) # 0 and F(k,<<T) # 0.

It is an open issue in cosmology if there is An # 0

We suppose that CMF are

generated in our scenario. n . I1, 5
The length scale should be less Ay ~M<1H =H 0‘:?» c=10°T
than the horizon to fulfill the

causality condition.

The lower bound on the

1.1x10°/g" /106.75 6An
neutrino asymmetries = =

gve - 5‘% — gve

5 — luv — 1%
(T / MeV) F——p 3

The obtained lower bound is consistent with the well known Big Bang
nucleosynthesis constraint (Dolgov et al. (2002); Mangano et al. (2012))




2BOJ1IOLUMNA MATHUTHOTIO
NMNOJiA 3A CHET
KUPAJIbHOI'O MATHUTHOTIO
DPDEKTA B TYPBYJIEHTHOM
BELLECTBE




CME in a nutshell

-
Helicity is strongly correlated with the momentum for massless particles

Left particle Right particle

pln Spln B
# pR

Momentum Momentum Spin

While interacting with a constant magnetic field B,
the spin of a charged particle (e.g. an electron) is
aligned opposite B and the spin of an antiparticle Spin P,
(a positron) along B, at zero Landau level
Left electrons move along B, whereas right ones
opposite B Electron Positron
Thus we can expect a flux of charged particles, i.e. electric current, along B

200, 1
The detailed calculation by Vilenkin (1980) shows that J = UB, ;= E(ﬂR —,LlL)
T

If fermions electroweakly interact with background matter, Dvornikov & Semikoz (2015)
found that the electric current has the form

= 200, (.U5 v )B, = l(V _y ) V| g ~ Gp are the effective potentials for the

T R electroweak interaction of left and right fermions




Magnetic helicity

OO OO

H=|d’x(A-B)

Magnetic helicity was first introduced by Gauss (1833)

Magnetic helicity is conserved in the perfectly
conducting fluid

Magnetic helicity is gauge invariant

In the system of two linked magnetic fluxes, magnetic
helicity takes the form (Berger, 1999)

H=2LO®,
E=0tEE




Relativistic MHD in presence of CME

We shall describe the evolution of magnetic field driven by CME in
turbulent matter which is a relativistic plasma

Evolution equations for relativistic plasma in one fluid approximation
(0,+v-V)e+(e+P)V-v=0, (e+P)(d,+v-V)v=-VP+ jxB+(e+P)VVW’v

Neglecting the displacement current dE/dt,

that is valid in MHD approximation ® << 0.,q, j=VXB, 0, B=-VXE
the Maxwell equations take the form

Accounting for the CME

contribution, the electric J=Jown Tdose =0 oo [E+ v ><B :|+JCME
current reads

We get the I 2a,,

modified 0,B=Vx(vxB)+n, VB+—(V><B) I1= (,u5+V5)
Faraday Ucond T

equation



Model to account for the turbulent
motion of matter

How to take into account the plasma motion in the generation of magnetic fields?

We shall study ultrarelativistic background matter (hot plasma in e+ P= ig
the early universe)
We assume that the Lorentz force in A — 1 (ij)

Navier-Stokes equation is dominant ot £+P

This approximation is valid since we study turbulent motion with high Reynolds
number Re = VL/v >> 1 and consider relatively large length scales, i.e. we omit

nonlinear terms

We use the drag time approximation. The Td .
phenomenological drag time parameter 1, is equalto V = ( X B)
the time of the Coulomb scattering in plasma E+ P

€ -

We shall assume that T4 >> Larmor radius. In this
case the plasma mean velocity is driven mainly by the
Lorentz force.




Pe3ynbTaThl

[0 Bbiin BbiBeAeHbl KUHETUYECKNE YpaBHEHUA AN
OMUCaHuUs 3BOJTIOLUN CNEKTPOB MarHUTHOM
CrUpPasibHOCTU U MArHUTHOW SHepPrum
yuutbiBarowme KM3 u MI'A-typbyneHTHOCTb.

[0 lMoka3aHo, yto MI'A-TypbyieHTHOCTb HE MOXET
yCUInBaTb MarHUTHoOeE roJsie, B
npotueononoxHoctb Campanelli (2007), Sigl et
al. (2017).

L1 lNpoaHanusnpoBaHa 3BOSOLUA MAarHUTHOIO
nons B TypobyneHTHOW rnaa3mMe B paHHeu
BceneHHon nocne DCOPI.




Results of humerical simulations

Dashed lines — only CME
is accounted for
(Boyarsky et al., 2012);
Solid lines — both CME

" o e W = and turbulence are
(2) (b) taken into account

(a), (c) and
(e) — for B, =10"

(b), (d) and
(f) — for B, =107
Note that B =10"

corresponds to B_.; =

MeV, which is a critical

strength for BBN
nucleosynthesis
(Cheng et al., 1994)




TMNEPMAITHUTHDLIE NOJIA
B PAHHEUW BCEJIEHHOWM




Bo30HbI B paHHEN BCceneHHOU

0 lpu temnepatype T > 100 GeV B nsiasme
pPaHHeW BCesIeHHOU Mpou3oLles 3/1eKTpocsiabbin
KPOCCOBEP N CUMMETPUA CTaHAAPTHOW MOoAenun
6bla BoccTaHoBNeHa Ao SU(2), x U(1)y.

1 BMmecTo anekTpoMarHuUTHOro nond A cnepyer
paccMaTpuBaTb rmnepsapaaoBsoe nose YH =
sinB,, Z} + cosO,, AV,

1 o aHanornm c HanNnpa>XeHHOCTAMMU
3NEeKTPOMAarHMTHOIro Noaa MOXHO pacCMOTpPETb
r’MNepasieKTpnyecKkoe n runepMarHMTHoOE Nong
I:|,|v 2> va = (EYIBY)'




Abenesa aHoManua Ans
rmnep3apaa0BbiX Nosien

JNeMeHTapHble YacTullbl CTAHOBATCH
3 PeKTUBHO Be3MaccoBbIMU.

[OKM 6e3MacCoBbIX YaCTuULl He
COXPaHSATCH U3-3a KBAHTOBOWU
abeneBon aHOMaNuuU:

gzzyz Yey>
R.,L Y Y,uv #O W ”
Eae >
e \\

auj;;,L =1




YcnoBue paBHoBecusa B njasme
paHHEW BCesieHHOU

O Giovannini & Shaposhnikov (1998) npeanonoXxwunu, 4Tto
paBHOBECHOE COCTOAHUE XapaKTepusyeTcs:
- TpemMsa XMMM4eCKuMu noTeHumasiaMmm COOTBETCTBYOLWNMM
3aKOHaM coxpaHeHusa ‘T XoodTta B/3 — L, = const, gnga i =
M, T
- HyneBbIM cpeaHUM runep3apsaaom (No aHanormm c
HY/IEBbIM 3/1EKTPUYECKNM 3apSaaoM =
3/IEKTPOHENUTPASIbHOCTb BCEIEHHOW);
- XMMUYECKMUM NOoTeHUMaNIoM NpaBbIX J1EMNTOHOB
(3NeKTPOHOB), NMOCKOJIbKY OHWN ABNAIOTCA CUHIIETOM B
CTaHOapTHOM MoAesNu.

O OpaHako, U3-3a TOro, YTo rmnep3apsaoBoe Nosie BAUSET Kak
Ha JIeBble TaK U Ha NMpaBble JIENTOHbI 3a c4eT abeneBon
aHoOManumn, HeobxoaAMMO yUYeCTb JIEBbIE YaCTULbl NMpwU
OMUCAHUN KUHETUKU XUMUYECKUX NMOTEHLIMAMOB.




HoBas MoAesnb 3BOMOLMN aCUMMETPUN
depMMNOHOB B NMPUCYTCTBUMN
rMnepMarHUTHOro noss

O PaccMOTpeHO caMoe nerkoe NenToHHOEe NoKoseHue (3N1eKTPOoHbI U
3/IEKTPOHHbIE HEUTPUHO), MOCKOJIbKY pacrnaabl XUrrCOBCKOro 6030Ha Ha
NeBbI€ U NpaBble NenToHbl [',~h, T NpUXoaaT B paBHOBECUE C
paclumMpeHmnem BceneHHom H~T2 npu camMoi HU3KOM TeMnepaType, T.e.
ANs HUX ocTaeTcs 6osblie BpeMEHN AN reHepaunn acCMMMETPUn fieBbix
yacTuu.

O T[MOMMMO KMHETUKWN NpaBbliX I1EKTPOHOB, YUYTEHa KUHETUKA JIEBbIX
yacTtuy, (31eKTPOHOB U HENTPUHO).

[ [MToCcKONbKY NeBblie U npaBble NenTOHbl MOTYT B3aMMOAEeNCTBOBATb C
XUTTCOBCKUM MOJIEM, €0 AMHAMUKA TaKXeE YYTEHA.

O JleBble NeNTOHbI NOABEPXKEHbI ChanepoHHbIM Nepexonam,
NENCTBYIOLWMM A0 KPOCCOBEPA, KOTOPbIE YMEHbLLAIOT NEBOE NENTOHHOE
4yucno.

0 HeobxoaMMoOCTb UccnenoBaHMsa aCMMMETPUN NENTOHOB HA 3TOMN CTaauU
3BOIIOLMN BCENEHHOWN MOTUBMPOBAHA TEM, YTO pa3/INYHbIE MOAENMN
nenTtoreHesnca UCnoab3yT BeANYUHbI aCUMMETPUM HA MOMEHT
aniekTpocnaboro kpoccosepa (Boyarsky et al., 2012).




Pe3ynbTaThl

Bbin n3yyeH nentoreHe3snc B CUMbHbIX
rmnepMarHmuTHbIX nongax go 2COrl.

cnonb3ys 3aKOH coxpaHeHunsa 'T XoodTa
(B — L = const) Ha aTon ocHOBe Obi

nccneposaH 6apuoreHesuc.

YyeT neBbiX NeNTOHOB HE OKa3blBaeT
CUTbHOI0 B/IMAHUS Ha FreHepUupyemMyto
6apuUOHHYIO aCUMMMETPUID K MOMeHTy DCOIT.

CdanepoHHble nepexoabl He ycrneBaroT
pa3pyLnTb 6APUOHHYIO aCUMMETPUIO.




JBoJsitoumns 6aprMoHHOM
aCUMMeTpun

x 10

B(t)

107° 1072 107" 10° 107* 1072 1072 107" 10°
tt vt

(a) (b)
B, ~ obpaTtHoMy MacwTaby nons 1/k,, 3aTpaBodHoe none B9 = 101° G,
teyy cooTBeTCcTBYET BpeMmeHu DCOPI1. (b) By = 2x10-3.

MOXHO yKa3aTb TakKon MacwTab 3aTpaBO4YHOro runepMarHUTHOro nons
By, ~ 1072, Nnpn KOTOPOM BblUYMC/IEHHas 6GapuOHHas acuMMMeTpus
OKa3biBaeTcs nopsaaka Habnogaemon ~ 10-10,
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MATHUTHDLIE NMOJ1A B
KOMIMAKTHbIX 3BE3AX




Compact stars and their magnetic
fields

There is a possibility for the formation of quark matter in compact stars.

Quark matter can exist in the core of a neutron star. In this case the object is called a hybrid
star (HS).

If the strange matter hypothesis by Witten (1984) is valid, the existence of a star entirely
composed of quark matter is possible. It is called a quark star (QS) or a strange star.

HS/QS has the following characteristics: Rerag = 10 km, Mgrag = (1.4 = 2)Mg, n = 1038 cm3. It
consists mainly of u and d quarks with some admixture of s quarks.

Compact star can possess rather strong magnetic fields, ranging from 108 G, for old pulsars, to
1012 G for young pulsars.

The origin of such a strong magnetic field B, = 1012 G can be explained by the magnetic flux

conservation: BO = BPROTO(RPROTO/RSTAR)2 = 1012 G, Where BPROTO = (1'102) G, RPROTO n R@ =7X
10109 cm, Rgrag = 10 km.
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Magnetars

Anomalous X-ray pulsars and soft gamma-ray repeaters, discovered by Mazets et al.
(1979) and Fahlman & Gregory (1981), are supposed to be highly magnetized compact
stars with B > 101> G.

There are several tens of confirmed known magnetars (Mereghetti et al., 2015).

Wolods (2008) showed that nhumber of magnetars should be comparable with that of
pulsars.

Boldin & Popov (2012) claim that there are hidden magnetars, i.e. strong magnetic field
exists inside compact stars.

There are numerous models, such as the turbulent a-Q dynamo (Duncan & Thompson,

19922, the strong fossil field (Vink & Kuiper, 2006) etc., how to amplify the magnetic
field from B, = 1012 G to B = 10> G.

Nevertheless the origin of strong magnetic fields in magnetars is still unknown.




Features of our model for the generation
of magnetic fields in magnetars

Quark matter in HS/QS is highly degenerate: py, = 239 MeV
and p, = 301 MeV

Buballa & Carignano (2016) predict that the chiral phase
transition can hapPen in HS/QS. It means that light v and d
quarks become eftectively massless.

Vilenkin (1980) & Dvornikov (2016) showed that CME can
take place only when the chiral symmetry is restored.

Quarks can interact between themselves by the electroweak
forces which violate the parity.

We find the correction to the CME owing to the electroweak
interaction of quarks.

This correction leads to the magnetic field instability, which, in
its turn, results in the field growth.

One can expect the growth of a seed field B, = 1012 G, typical
for young pulsars, to the strengths predictegl in magnetars.

L ECR RS |




Electroweak interaction of quarks

We shall describe the electroweak interaction between quarks in
the HS/QS matter using the the Fermi approximation.

The amplitude of the gg forward scattering involves the Fermi

constant Gc = 1.17 x 10> GeV2.

We suppose that HS/QS consists of u and d quarks. The
contribution of s quarks, which are massive, can be neglected.

The effective Lagrangian of the interaction between macroscopically nhonmoving
and unpolarized u and d quarks reads

_ Y -

L==3 (1Y, + 1 Ve)a: 1" =2 (1F7°). E=sin’6, =023

q=u.,d

G 8 16 2
rae=Genli-See-ant), na-%on(s-55)

G 10 16 2 G

Ee—t s =
dL \/Enu 3€ 9€ ud ) dR \/Enu[:sg 96]

Here V,, = 0.97 is the element of the Cabbibo- Kobayashi-Maskawa matrix.



Evolution of a large-scale magnetic field
driven by the CME and electroweak interaction
between quarks
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One can expect that small scale magnetic
fields become important to excite TPW
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Moaenb BChbllWeK MarHUTapoB

[0 TMoCKOMbKY BCMbIWKW MarHUTapoB MOryT
reHepupoBaTbCsa MenKoMacwTabHbIM MarHUTHbLIM
nonem, Hapsaay ¢ KM3 u anekTpocnabon nonpaBKou,
HeobXxoaANMO y4ecCTb 3PP eKTbl TYPOYySIEHTHOCTM NpU
reHepaumm nogobHoro noss.

[0 ®dnykTyauus MarHUTHOro nosas c tpebyemMbiMy
XapaKTePUCTUKaMU, BO3HMKAA BO BHELUHEM a4pe
3Be34bl, rae KnpaabHad CUMMETpUa HeHapylleHHaq,
BO36y>xaaetT TT1B.

[0 21a TIB pacnpocTpaHaeTca CKBO3b KOpY

MarHuTapa, 1 AOCTUrHYB MOBEPXHOCTU 3BE3bl
reHepupyeT BCMbILWKY.




Small scale magnetic field fluctuation and
magnetar flashes
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Magnetic fields in magnetars
driven by neutrino asymmetries

During ~ 1 ms after the onset of the SN explosion, the regions outside
the neutrinosphere deleptonize. The lepton number is carried away by v,
leading to the electron neutrino burst with L, = 10°2 erg/s. Thus An, #0.

Electrons in protoneutron (PNS) star are degenerate and ultrarelativistic.
There is a nonzero CS parameter [1,. We can expect that there is a
magnetic field instability driven by An, #0.

The magnetic diffusion time is

(0

wr =
2

t ~107s, o

28 3/2
. 2
~ 1.6x10 ( n } = HZ:\/_

= —o G.n, F(0
(T/10°K)\ 10°cm™ em B Ve ©)

~23x107%s> t,
urs 7r

t

The disadvantage of the model for magnetic field growth driven by the
neutrino asymmetry is that the magnetic field scale is small Ag ~ 103
cm. However, at the subsequent moments of the PNS evolution, when
An, = 5 x 1027 cm3, Az can be ~ 10 km
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Obuimne pesynbTaThbl

Pe3ynbTaTbl paboTbl onybnnkosaHbl B 30
CTaTbAX B peLeH3UPYyeMbIX Hay4YHbIX
n3gaHnax, pekomeHagosaHHbix BAK

[To pe3ynbTaTtaM paboTbl caefniaHbl
AoKnaabl Ha 24 MexayHapoAHbIX
KOHEepeHUMNAaX 1 MHOFOYMNCNEHHbIX
Hay4HblX CEMUHapaXx B Poccuun un 3a
pybexom.

Bcero nmeetcqa 63 nybnmkauum B
peLeH3upyeMbiX HayYUHbIX U3AaHUAX.




