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Chern-Simons term in photon polarization operator

4,9y 4.9y : a
T (q) = (QW — ;2 )HT+ ;2 Hz+igmapq (ff—fﬁ)ﬂp,

g" = (w, k) is the photon momentum. In an isotropic
medium (v -gas at rest frame as a whole, f; p = 0),
and Ils(q) = (fY — f2)IIp is the parity violating form-
tactor entering the Chern-Simons term in the effective
Lagrangian for electromagnetic field A,

Les=TLA-B, B=V x A

fg — f% = —2\/§GF ZC((IA)ARVCL, Any,, = 1y, — N,

Here a = e, pu, 7, ¢4 = F0.5 is the axial SM coupling,

a
upper sign for electron neutrinos, v,.




CS term for|vr gas in vacuum of charged_leptons

CS term Il5(g) in the lowest order ~ G

8 (q) = —(f2— 1) (=) (gjz) Jy da L _arq(21 — 0

Lzl — x)

is zero, IIy” = 0, since ¢? = w? — k> = 0 for on-shell pho-
tons (Gell-Mann theorem for vy — v process, 1961).

However, at the two loop level (~ Gr/Mj,) Compton
yv — ~yv is possible for ¢° = 0 (Dicus & Repko, 1993,
Carl & Novikov, 2001).

vv -gas in plasma where ¢ = w? # (

Matsubara:

d
/ﬁ = TY, po=iln+tl)aT+y, n=0+1,%£2 ...




Low density classical plasma, ¢° = w> < m?
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where &, = /pZ+m2, pB=T""1

vy gas in nonrelativistic plasma, 7' < m, n, < m?>




CS term of photon polarization in relativistic
plasmas
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Figure 1: = The function F' versus ko. (a) Hot relativistic plasma. (b) Degenerate
relativistic plasma.
Relativistic plasmas, factor F'(ky/T):

early universe 17" > m,, a supernova p > 1,m,
(left panel) (right panel)




Faraday equation modified in SM

Maxwell equation:

ik X B(w, k) + iwE(w, k) = j(w, k) + js5(w, k),

where neglecting spatial dispersion, w > k(v), if k — 0:

j(wa k) — O-condE(w: k)

Js(w, k) = Ilx(w, 0)B(w, k)

MagnetoHydroDynamics=MHD

Ocond == W,

exr(w) = 1 + i0cong/w, then forlkB = 0:

appropriate dispersion equation

W2 + WO eong = k°C? = 1w cong = |Askin = (Im k)1

substituting

_ 2
Ocond — wp/ Veoll

wem(w) = kc® =

one gets skin layer

/\s kin

& Veoll
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Modified Faraday equation in SM

Substituting E(w, k) from the Maxwell equation mod-
ified due to pseudovector current js(w, k) = [I,B(w, k):

ik X B(w, k) + iwE(w, k) = 0.ppaE(w, k) + [I,B(w, k),

into Bianchi identity wB(w, k) = k x E(w, k), one gets
for low MHD frequencies, w < 0 pnd:

oB
e
Where(: Ily/ @ is the magnetic helicity parame-
ter, 5 = (Oeona)  is the magnetic diffusion coefficent.
Stress!!! « is scalar instead of pseudoscalar

aypp =~ (v-(V xv))/3 in standard MHD.

@V x B + VB,




Instability of magnetic fields
driven by neutrino asymmetry

Keeping in mind

_ O{BmQ\/ﬁGFF(O) (Za CELA)AnVa)

9
TTO cond

one gets in conformal variables, n = My /T for the max-
imum helical field, h(k,n) = 2pp(k,n)/k,

B(k,n) = Bo(k,mo) exp I‘Ik K*B(n dn)

In hot universe plasma, 0.y, = 0.1, o, >~ 100;

Anb’a — gb’aTs/67 Where g!’/a — MV@/T) a’nd

: 2enGr VIR O) e (1) — 6, (1) = 6,(T)




Lower bound on neutrino asymmetries

In causal scenario magnetic field scale

Ap = —— <1y = H ') that leads to the lower bound

1.1 x 1075,/g*/106.75

| ff/e - guﬁ - fr/T |> (T/MBV) 9

where for hot plasma T' > m, factor | F(w =0) |=
0.2 was substituted in o = Ils/0.png. This bound is in
agreement with thelupper BBN limit, | £, [< 0.07
(Dolgov et al, 2002), based on neutrino oscillations,

Eve ~ &~ &, at T < Tyee ~ 3 MeV, g* =10.75.




Generation of magnetic fields in magnetars

One neglects v, ; -emission since An,,, = An,, = 0,
while just after collapse An,, # 0)even n, > ny
because urca-process' p + e~ = n + v, prevails decay
n— p+e + v, during t < 0.01 sec. Then:

\/iaemGF(nve — nﬂe) F(Ld//.L)

Then magnetic field scale Ap = 8/ | o |= (] Iy )™t
reaches the core radius R, = 10 km, if

Hg(w, O) =

m

M, — [, — =5 x 10*" cm ™.

fzcoreQfemGYF\/§ | F(O) |




Generation of magnetic fields in magnetars

The magnetic field itself grows exponentially through
dynamo for a small wave number k£ <| o | /8 =| I |:

Bk, 1) =Bex ([ [| o | 1= 128 ).

driven here by a non-zero electron neutrino asymmetry
a ~ An,, # 0 during v, burst (first milliseconds).

Here a seed field By is given by the growth of a small
protostar field(B,,50 = 1 + 10? Ghduring collapse,

R TOoLO 2
By =(Byroto (Rf”) = 10"+10" G| if| Ryyoro = 10° km ~ R,

Thus, parity violation in SM due to rve-interactions in the

photon self-energy ~ Il can provide amplification of B,
up tolBmagnetar = 104 = 101° G.




Comparison with chiral mechanisms

e Boyarsky, Frolich & Ruchayskiy ( PRL 2012)

QemA 1L A 1
o = ) — el — MeR; Aem = 755
O cond 2 el T 137
via Adler anomaly, 9(j7 — jr)/0x" = (2aen/7)E - B
is not efficent to generate B since due to chi-

rality flip with increasing rate I'y ~ (m?/T?) in cooling
universe. In contrary to that for neutrinos there are no
anomalies; moreover, asymmetries £, remain constant
after neutrino decoupling, orca ~ &, is not zerorand
drives evolution of magnetic field:

%]?zoanB+6V2B.




Comparison with chiral mechanisms

e Akamatsu and Yamamoto ( " Chiral plasma instabil-
ities”, PRL 2013)

Chiral instability for electrons us = (ur — pr) # 0
and generation of B in magnetars (Ohnishi , Yamamoto,
2014) gives huge B ~ 10 G for us = 200 M eV owhere

ko~ Qompts, | A~ 22 Bek|A |~
aem

Here k is too big, Ap = k™t ~ (MeV)™! ~ 1071 em

is microscopic, this is far from MHD fields. Moreover,

authors assume that an initial imbalance p;, # g comes

from a non-equilibrium stage.




Conclusion

e Basing on FTFT methods we calculated the CS term II5 in
the photon self energy (PSE) for vv gas embedded in plasma
accounting for vl interaction in SM.

e The CS term Ily(w,0) for a long-range magnetic fields
should be also static w—0 that leads to penetration of B
deeply the medium obeying the MHD approximation, w < o 4.
Such a parameter is master for helicity coefficent o =115 /0 ong
and provides a growth of magnetic field.

e Since a ~ (&, &, — &) in causal scenario (Ap < [p)
generation of B is provided for|| €| > 10_7|at T >O(MeV)
(lower bound consistent with the BBN upper one||&,, |< 0.07)'




Conclusion

e The presence of a non-zero electron neutrino asym-
metry, An,, # 0, at first milliseconds of SN neutrino

burst_can provide Ilo # 0 and a fast amplification of a
seedlB ~ 10+ 10'2 G up to Bagnetar ~ 10° G.

e Our mechanism based on a neutrino asymmetry is
preferable versus chiral instability mechanisms in plasma
In cases:

e carly universe plasma with vanishing chiral asymme-
try parameter Ay = p;p — prp — 0 due to increasing
chirality flip; and

e in degenerate electron gas of a supernova with huge
magnetic fields (magnetars) which are small-scale ones.
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