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Introduction

Neutrino in astrophysics and cosmology

o Properties of stars and Universe — most strict constraints
on properties of v.

o Exceptional role in processes inside stars.
o Energy losses.

o Dynamics of SN explosions, searches of the explosion
mechanisms.
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The value of the neutrino magnetic moment

o In the Standard Model with massive neutrinos
(Lee, Shrock, 1977; Fujikawa, Shrock, 1980):

(sm) _ 3eGrm, _19 < )
= =3.20-10

where ug = e/2m, is the Bohr magneton;
c=h=kg =1, e >0 is the elementary charge.

o More significant values in several extensions of the
Standard Model (left-right symmetry).
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The value of the neutrino magnetic moment
Experimental bounds:

Q

Q

Reactor experiments

(Wong etall, TEXONO Collab., 2007):
Py < 0.74-10710 g,

GEMMA (Beda, Demidova,

Starostin et al., ITEP, JINR, 2009):

py < 3.2-1071 pg.

Solar neutrino physics (Cisneros, 1971;
Voloshin, Vysotsky, Okun, 1986, etc.):
py < 10710 pp

Early Universe (Fukugita, Yazaki, 1987):
fy < 6.2-1071 pp .

Neutrino energy-loss in low-mass red giants
(Raffelt, 1990):

py < 3-10712 g
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Bounds on the Dirac-neutrino magnetic moment
from the SN neutrino luminosity

SN1987A: a considerable interest to the neutrino magnetic
moment in connection with modelling of SN explosion.
VL, VR
o The v helicity flip processes in the
collapsing SN core due to the
interaction of the Dirac-neutrino N
magnetic moment:

v 5> v+, vi+79" > vR.
J

o The upper bound on the neutrino magnetic moment was
established from the (sterile) vz luminosity upper limit.

o Question was considered in various aspects by many
authors.
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o R. Barbieri and R. N. Mohapatra (1988):
scattering processes vy, e~ — vge  and v p — Vg D.
From the luminosity limit Z,, < 10 erg/sec:
py < (0.2-0.8)- 107 pp.
(The essential plasma polarization effects in the photon
propagator were not considered comprehensively.)

o A.Avala, J.C. D’Olivo and M. Torres (1999),
the formalism of the Thermal Field Theory:
py < (0.1-0.4) 107 pp.

o A.V. Kuznetsov, N. V. Mikheev (JCAP, 2007 V. 11,
P. 031): The rate of creation I', ,(E) was recalculated.
It was found strong domination of the neutrino scattering
on protons.
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The rate of creation of right-handed neutrinos:

2E'+qo
Ta(B') = 16W2E,2 /dqo / ¢®dg f.(B' + qo) (2B’ + g0)* x
2 90

@\ ¢’
X ( - qg) [1 + f'y(QO)] [(1 - W) Ot — Qe] ) (1)

where p, are spectral densities of plasmons, defined by

eigenvalues of the polarization tensor of photons IIy:
—21,

Q*-R\)2+ I3’

QA:( IIy = Ry +1il (2)
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o I'y.(E) determines the spectral density of the
right-handed neutrino luminosity (i. e. the right-handed
neutrino emissivity) of the supernova core:

dr, dn,
TR =V TRE=V E2 T,.(E),

where V is the volume of the region emitting neutrinos.

o From the limit on the right-handed neutrino luminosity by
the value of the left-handed neutrino luminosity in the
uniform static ball model:

po < (0.7-1.5) - 10712 pp.

o H.-Th.Janka etal. have gave in our disposal an array of
data on the model of the SN explosion
with O-Ne-Mg-core.
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The recent model of the O-Ne-Mg-core collapse SN
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The radial distribution for the temperature within the SN core at the
moment ¢t = 1.0 sec after the collapse (H.-Th. Janka etal., 2009).

A.V. Kuznetsov, N. V. Mikheev, A. A. Okrugin A Bound on the Dirac-Neutrino Magnetic Moment. . .



Several independent bounds on the magnetic moment v
Realistic models of the SN core. ..

Radial distributions for the chemical potentials of electrons (solid
line) and electron neutrinos (dashed line) within the SN core at the
moment ¢ = 1.0 sec after the collapse.
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We integrate over the volume of the neutrino-emitting
region V to obtain the spectral density of the energy
luminosity of a supernova core via right-handed neutrinos:

dL,/
e — [ dV 2, Ty, (B,t).

The time evolution of the right-handed neutrino luminosity:
o0 (o]
L(ty=2 [drr? [ dEE’T,,(E,t).
0 0

The observed SN1987A signal duration indicates that a novel
energy-loss via right-handed neutrinos is bounded by

Lup(t) < Lug(t) -
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The time evolution of the all active neutrino types total
luminosity L (solid line) and the right-handed neutrino
luminosity L, at u, = 3-107'2? ug (dotted line).
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Upper bounds on the neutrino magnetic moment at different
moments for the interval up to 2 sec after the collapse

(in assumption that the effective magnetic moment of electron,
muon and tau neutrinos are equal); 15 = i, /(10712 ug).
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In a general case the combined limit on the effective magnetic
moments of the electron, muon and tau neutrinos is

(43, +0.71 (2, + ;/,37)]1/2 <3.7-102pp.

The averaged upper bound tends to some value, providing the
limit

by < 2.4 10712 pup.

This result will be included
in the Review of Particle Physics 2010.
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Bounds on the neutrino magnetic moment
from the SN neutrino luminosity

The uniform ball model of the SN core:
By < (0.7-15) -10 12 up.

The recent model of the O-Ne-Mg-core collapse SN:
B, < 2.4 102 up (model: H.-Th. Janka etal., 2009).

Earlier models of the Fe-core SN explosion

B, < 2.7 1072 up (model: R. Buras etal., 2006);

fi, < 1.2 -107'% ug (model: J. A. Pons etal., 1999);

B, < 1.1 -107'2 up (model: W. Keil and H.-Th. Janka, 1995).
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Conclusions

o We have analysed quantitatively the conversion of the
neutrino helicity, v;, — vg, under real supernova
conditions.

o We make the estimation of the Dirac neutrino magnetic
moment from the limit on the supernova core luminosity
for v emission by a more consistent way, taking some
radial distributions and time evolution of physical
parameters from some realistic models of the supernova
core.

o The upper bounds on the flavor- and time-averaged
magnetic moment of the Dirac type neutrino are obtained
in those models, from the condition of not-affecting the
total cooling time scale significantly:

By < (1.1-2.7) - 1072 up,

depending on the explosion model.
A.V. Kuznetsov, N. V. Mikheev, A. A. Okrugin A Bound on the Dirac-Neutrino Magnetic Moment. . .
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ObocHOBaHVIe AOMVUHMPOBAHMS PACCESIHNS HA ITPOTOHAX

o Magnetic moment matrix in the general case Bvw; = Pij,
rae v;, v; are neutrino mass eigenstates;
vy = >, Uj; v;, Uy is the unitary lepton mixing matrix of
i
Pontecorvo — Maki — Nakagava — Sakata.

o For the process with the initial neutrino v,:
2

pe = ps, =212 pwiUe;
J

1
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3H€pl‘€TI/I’~l€CKI/I€ pacrpeaeseHrd CBETHMMOCTH IPaBblX HEMTPHUHO

[7151 3HAYeHW TeMriepaTypsl nz1asMel T = 35 MaB (crnizomHas
munus), T = 25 MsB (wtprxoBas nunus), T = 15 MaB
(Tpux-nyHKTUPHas nuHus), T = 5 MaB (MyHKTUpHasi AUHUS), 1

MarHUTHOTO MOMEHTa HeHTPUHO K, = 3 - 1073 ug.
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MareuTHBI MOMEHT . . . HEITPUHO 1 AUHAMVUKA B3PHIBA CBEPXHOBO ABYKpaTHBIV1 TIEPEBOPOT CIIVPAABHOCTH HEWUTPUHO V1, — VR
Ob6ocHOBaHME AOMMHUPOBAHMS PACCESHMUS HA TIPOTOHAX Pe3oHaHCHBIV TIEPEXOA VR — VI,

Mozym au vg cmumyauposams 83pvle c8eprHosoti?

[lonyyeHHass cBETUMOCTb Vi ZI0CTATOYHO Be/IMKa, YTOObI
CYIIECTBEHHO MOB/UATh Ha AUHAMMKY B3pPbIBa CBEPXHOBOM.

INpu MoaennpoBaHHM B3pbiBa CBEPXHOBOH BO3HHKAIOT
ABe OCHOBHbIE MPOO/IeMbl.

0 MexaHH3M CTHMY/IMPOBAHHSA OCTaHaB/IHBAIOIICHCS
YZapHOM BO/IHBI TIOTHOCTBIO elllé He Pa3BMT.

o [laxke B cyyae «yCrelrHOro» TeOPETUUECKOro B3phiBa
CBEPXHOBOM OCBOOOXKAEHHAas 3HEeprus OKa3blBaeTcs
CYIIIeCTBEHHO MeHbllle HabmoaaeMor KMHETUUECKOM
3Heprun obonouku ~ 10% erg (npo6rema FOE).
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MareuTHBI MOMEHT . . . HEITPUHO 1 AUHAMVUKA B3PHIBA CBEPXHOBO ABYKpaTHBIVI IEPEBOPOT CIMPAABHOCTH HETPUHO Vf, — VR — V],
Ob6ocHOBaHME AOMMHUPOBAHMS PACCESHMUS HA TIPOTOHAX Pe3oHaHCHBIV TIEpeXOA VR — VI,

[1nsi caMOCOrnacoBaHHOTO OMUCAHMS AMHAMMKU B3DPbiBa
Heob6X0AMMO, UTOBBl UCXOAAIIMM U3 fApa CBEPXHOBOM MOTOK
HEeHTPUHO MOT [1epPeHOCHThb IIOCPEACTBOM KaKoro-1ibo
MexaHM3Ma sHepruio ~ 105! erg o6onouke cBepXHOBOIA.

B neticTBUTE/IBHOCTH , U3BECTHBIE MeXaHHU3Mbl He AaloT
HenocTalomue ~ (HecKoabko epunuir) X 10°0 erg.
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ABYKPaTHBIV IIEPEBOPOT CIIMPAABHOCTI HEUTPUHO V, — VR — VI,

MarHuTHBII MOMEHT . . . HEIITPUHO Y AUHAMMKA B3PBIBA CBEPXHOBOM
Pe30HaHCHBIN IIEPEXOA VR — VI,

ObocHOBaHVIe AOMVUHMPOBAHMS PACCESIHIUS HA ITPOTOHAX

g 8
3 2
3 3
~ ~
108 I L1l I 1111 ] | | I L1111
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«HeycriemHriii» (czieBa) U «ycrielHbli» (CripaBa) B3pbiBbl CBEPXHOBbIX.
B o6oux cayuasx n3oOpazkeHbl [MO/I0KEHH HECKO/IBKHUX MACCOBBIX
MOBEPXHOCTe!N Kak (PYHKLMK BpeMeHH. [IBa cayuasi pasinyaroTcs
TO/IbKO Be/IMUMHOM HEeUTPUHHOW CBETUMOCTU: COOTBETCTBEHHO,

L, =2.1-10% erg/sec u L, = 2.2 10% erg/sec

(H.-Th. Janka, E. Miiller, 1993).
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ﬂey%pamnuﬁ nepesopom cnupasbHocmu Hezimpuno
Vi, — Vp — VJ,

Taroit MexaHu3M BriepBble Obia MpeanoxeH A. /lapom
B 1987 r. npu YCAOBUU HEe C/WIIKOM Masioro MarHUTHOIO
MOMeHTa HeHUTPHHO.

YacTh /1eBocrHpanbHbIX 3/1eKTPOHHBIX HEHTPHHO Ve,
06pa3oBaHHBIX B KO//IAIICUPYIOLIEM fpe CBePXHOBOM, MOTYT
repexoAuTb B ITpaBble HEHTPHUHO 3a CUET B3aHMO/IEHMCTBHS
MarHMTHOIO MOMEeHTa HeHTPHUHO C 3/eKTPOHaMU M MPOTOHaMU
T1/1a3MBl.

OTu MpaBble HEUTPHHO Ve g (CTEpU/bHBIE 10 OTHOLIEHHIO
K c1aboMy B3aMMO/ICHICTBUIO), CBOOOAHO BbIZIETAIOT M3
LIeHTpanbHOM YaCTh CBEPXHOBOM, ecu i, < 1071 pup.
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Ob6ocHOBaHME AOMMHUPOBAHMS PACCESHMUS HA TIPOTOHAX Pe3oHaHCHBIV TIEpeXOA VR — VI,

B o6or04ke cBepxXHOBOM YaCTh 3THUX HEHUTPUHO IIpeBpallaeTcs
06paTHO B Ve 1, S Barogaps B3aMMOACUCTBUIO MAarHUTHOTO
MOMEHTa HEeUTPUHO C MarHUTHBIM IT0/IEM, KOTOPOe MOXKeT
AOCTUTATh KPUTHYECKUX BenuunH B, = m2/e ~ 4.41- 103 ¢,

OTH vV, 1, NOI/IONIASACh B GeTa-rpolieccax Vel — € P, MOTYT
MIePeHOCUTb A0MO/THUTE/ILHYIO SHepriio 060omouke
CBEpPXHOBOM.
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MareuTHBI MOMEHT . . . HEITPUHO 1 AUHAMVUKA B3PHIBA CBEPXHOBO ABYKpaTHBIVI IEPEBOPOT CIMPAABHOCTH HETPUHO V1, — VR — V],
Ob6ocHOBaHME AOMMHUPOBAHMS PACCESHMUS HA TIPOTOHAX Pe3oHaHCHBIV TIEPEXOA VR — VI,

Ypaenenue JsonoYUU CnupasbHoCmMU Heﬁmpuno

YpaBHeHHe 3BOMOLINK CITUPATIBHOCTA HEUTPUHO C MAarHUTHBIM
MOMEHTOM, BO BHelIHEM OAHOPOAHOM MArHUTHOM [071e
(BonoumH, OxkyHe, 1986)

.0 [ vgr - 0 uy B VR
— — | B 3
5\ v ot\ LB, C1 | O

[ty — MarHUTHBIF MOMEHT HeWTpHHO, B| — rornepedyHast
KOMIIOHeHTa MarHUTHOro nosas, C; — AOMOAHWUTeNbHasd
3HEpPrus Vs, B BellecTBe:

0u =2 by (1)

p/Mmy = mp — IIOTHOCTb HYK/OHOB, Y, = n./np = n,y/nz,
Te,p — TIOTHOCTU (KOHLIGHTPALIMH) 3/IeKTPOHOB U MPOTOHOB.
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MareuTHBI MOMEHT . . . HEITPUHO 1 AUHAMVUKA B3PHIBA CBEPXHOBO ABYKpaTHBIV IEPEBOPOT CIMPAABHOCTH HEUTPUHO V', — VR — VT,
Ob6ocHOBaHME AOMMHUPOBAHMS PACCESHMUS HA TIPOTOHAX PesonaHcHBIVI IEpeXoA VR — V],

[ononuurenbHas SHEPrud /1eBbIX HQPITpI/IHO CL 3acCnyxKrBaeT
CIieliMa/IbHOIro aHa/Iu3a.

Cu= 5 o (1)

CyiiecTByeT BO3MOKHOCTD /151 3TOM Be/IMUMHBI oOpalaTbcs
B HO/Ib MMEHHO B 06/1aCTH ODOO/IOUKU CBEPXHOBOM Mekay
HeHTPHUHOChepoii Y 06/1acThbiO CTarHalliH YAapHOH BO/IHbI,
R, < R < R;. Y 310 ycnoBre pesoHaHCHOIro Tepexoaa

VR — V.

YenoBue pe3onaHca npuHyMMaer BUA Y. = 1/3.
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ABYKPaTHEIV! IIEPEBOPOT CIMPAABHOCTI HEITPUHO Vf, — VR — V[,

MarHuTHBII MOMEHT . . . HEIITPUHO Y AUHAMMKA B3PBIBA CBEPXHOBOM
PesonaHcHbIN Iepexop VR — V[,

ObocHOBaHVIe AOMVUHMPOBAHMS PACCESIHIUS HA ITPOTOHAX

3asucumocms Y (r)

0.5
0.4
0.3

0.2

0.1

10 100 1000
r [km]

3aBucumocTs Y, (r) npumepHo ot 0.1 go 0.2 sec nocsne o6pa3oBaHuUsA
YIApPHOM BO/IHBI, C XapaKTepHBIM MPOBasioM, 0BpasoBaHHbIM
«KOPOTKOWM» BCIIBIIKOM HEUTPUHO, CM., Harpumep, Buras etal.
(2005). lllTprxoBas nMHKSA COOTBETCTBYeT BenMunHe. Y, = 1/3.
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MareuTHBI MOMEHT . . . HEITPUHO 1 AUHAMVUKA B3PHIBA CBEPXHOBO ABYKpaTHBIV IEPEBOPOT CIMPAABHOCTH HETPUHO V', — VR

ObocHOBaHVIe AOMVUHMPOBAHMS PACCESIHIUS HA ITPOTOHAX PesonaHcHbIN Iepexop VR — V[,

229

3HaueHs Be/IMUHHBI Y, B 000/104Ke CBEPXHOBOM,
XapaKTepHble A7 KOAIAlCUPYIOIero BellecTBa, HaXoAAaTCd
B AWaria3oHe Y, ~ 0.4 —-0.5.

YnapHasi Bo/iHa BbI3bIBAET AMCCOLIMALIMIO fAep U aenaeT
BellleCTBO 6o71ee MPOo3pauHbIM /15 HEHTPHHO.

STO NPUBOAUT K TaK Ha3hIBAGMOM «KOPOTKOM» BCIIBIIIKE
HeWTPHHO U, Kak C/ledCTBUe, K 3HaUMTe/IbHOM
/le/IelITOHU3allMK BellleCTBa B 3TOM 0OAacTH.

XapaKTepHblii [poBas/l UMeeT MeCTO B paavuanbHOM
pacnpeaeneHuy Be/IMUnHbl Yy, rae Y, MoxeT razaathb
a0 BeauyuHel ~ 0.1, cM., Hanipumep, Bethe (1990);
Buras etal. (2005).
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MareuTHBI MOMEHT . . . HEITPUHO 1 AUHAMVUKA B3PHIBA CBEPXHOBO ABYKpaTHBIV IEPEBOPOT CIMPAABHOCTH HEUTPUHO V', — VR — VT,
Ob6ocHOBaHME AOMMHUPOBAHMS PACCESHMUS HA TIPOTOHAX PesonaHcHBIVI IEpeXoA VR — V],

CymecTtByer Touka Y, = 1/3.

Yenosre Y, = 1/3 Heo6XoaMMO, HO He /0CTaTOYHO Af
PE30HAHCHOM KOHBEPCUU VR — Vf,.

AnnabaTHyecKkoe Yc/I0BHe: AAarOHa/bHBINA 371eMeHT C, He
[IOMXKeH MPeBOCXOAUTh He/InaroHaslbHBIN 3/1IeMeHT L, B ,
KOrza MpOM3BOAUTCHA CABWUI OT Pe30HAHCHOW TOUKH Ha
PacCTosHWe ~ //TUHBI OCLI/I/IALIAHN .

OTO NMpPUBOAUT K YcaoBHio (BosowuH, 1988):

ot 2 (00)" = (257 b )"
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BennunHa MarHMTHOTO rnor7n4d, obecrieurBaoero Peann3annio
PE€30HaHCHOI'0O YC/IOBUA:

1/2

By 2 2.6-101Ic (X kB) (mlor‘_’CM_s)l/z (4 - 108 cm)

rae B3ATbl XapaKTepHble Be/IMYMHBl Aad p U dY, /dr
B paccMaTpuBaeMOr 06/1acTH.
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MareuTHBI MOMEHT . . . HEITPUHO 1 AUHAMVUKA B3PHIBA CBEPXHOBO ABYKpaTHBIVI IEPEBOPOT CIMPAABHOCTH HETPUHO Vf, — VR — V],
Ob6ocHOBaHME AOMMHUPOBAHMS PACCESHMUS HA TIPOTOHAX PesonaHcHBIVI IEpeXoA VR — V],

Crenapuri /lapa ABYKpaTHOM KOHBEPCHH CITUPA/IbHOCTH
HEWTPUHO, V], — VR — V[, MOXeT pea/li30BbIBaTbCH, eCly
Be/IMYMHa MarHUTHOIO MOMEHTa HeMTPUHO HaxXxOAUTCH

B MHTepBa/lie
py ~ (10712 = 1072) g,

Y P YCI0BUM, UTO B obnactu R, < R < R, cyliecTByeT
MarHuTHOE Morne Macmtaba (102 = 10%) Ic.

B TeueHure BpemeHM cTarHalUWM YAapHOW BO/IHbBI
At ~ 0.2-0.4 cek B 3Ty 06/1aCTb MOXKET BBOAUTHCS
OOTIO/IHUTe/IbHasA SHeprud ropsaka

AE ~ L, At ~ 10% spr,

KOTOpasd AOCTaTOYHA /18 PelleHHs Npob/1eMbl.
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MareuTHBIVI MOMEHT . . . HEUTPUHO U AMHAMMUKA B3PBIBA CBEPXHOBO
OBocHOBaHVIE AOMMHMPOBAHIAST PACCESHNS HA MPOTOHAX

B npenene T — 0 BKiaa YAbTpapensiTUBUCTCKUX 3/1eKTPOHOB:

2 2
Ky M 1y E
=——T—(1-y)ol-9), y=—.

ri(B) = =2 -

[lns NpoTOHHOrO BKAaaa:

2 2
(p) _ Hyma T
e (B) = =5 — ¢p(y),
1+vp/3
e pply) = Sy, np 0 <y < (1—um)/(1+ ve)
1—y (1 —vp)?
u pp(y) = - 6(1—y) 1—m(1—y)(1+2y)

npu (1 —wvp)/(1+vr)<y<1.
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MarauTHEBII MOMEHT . . . HeWITPUHO 1 AMHAMMKA B3PHIBA CBEPXHOBOWL
O6ocHOBaHME AOMMHMPOBAHMS PACCESIHMUSI HA IIPOTOHAX

CriekTpazbHasi M/I0THOCTh SHEPreTUUEeCcKOoM CBeTUMOCTH fapa
CBEepXHOBOM Yepe3 IMpaBble HEUTPUHO OlpeaenseTcs
BbIpazKeHHeM

ALy _ ”
dy

,’74
523 Doy’ [Pe(¥) + @p(¥)] -
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MareuTHBIVI MOMEHT . . . HEUTPUHO U AMHAMMUKA B3PBIBA CBEPXHOBO
O6ocHOBaHME AOMMHMPOBAHMS PACCESIHMUSI HA IIPOTOHAX
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I'pacbuiku cpyHKUMM @, (y) ans pa3nn%m>1x 3HaueHWH MapaMeTpa vg.
[1py vp = 1 (UTpUxXOBas MMHUS) BOCIIPOU3BOAUTCS 3aBUCHUMOCTD
@e(y) = (1 — y) Ans aneKTPOHHOro BKAada. 3HaueHue vy = 0.394
(criomHas MHKA) COOTBETCTBYET BendnHe 3(PEKTUBHOM MacChl
npoToHa my, ~ 700 MaB. Cayyait v = 0 (MyHKTUPHasA TUHUA)
COOTBETCTBYeT Ipeseny 6eCKOHeYHOM MacChl MPOTOHA,
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MarauTHEBII MOMEHT . . . HeWITPUHO 1 AMHAMMKA B3PHIBA CBEPXHOBOWL
O6ocHOBaHME AOMMHMPOBAHMS PACCESIHMUSI HA IIPOTOHAX
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o

OHepreTuueckoe pacrpeaeseHre BK/IaA0B B CBETHMOCTb [IPaBbIX
HeUTpuHO py T' = 0 OT 3/1eKTPOHOB (IUTPUXOBast /ANHUS) U

OT MPOTOHOB: NMpPU M, ~ 700 MsB (cnizoliHas 1vMHUA) U B Npeaerne
myp — 00 (MYHKTUPHAadA MUHUS).
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MarauTHEBII MOMEHT . . . HeWITPUHO 1 AMHAMMKA B3PHIBA CBEPXHOBOWL
O6ocHOBaHME AOMMHMPOBAHMS PACCESIHMUSI HA IIPOTOHAX
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