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Formalism Lagrangian with SmaF

" Ficld

B & I — Mag.

Lepton




UyB << & (Chem. Pot) — B can be treated perturbatively
B~ 10 G Landau Level can be ignored




Eq. of State

MKC et.al, JCAP (2013)
In np and nph phase with stronger

Results by MTOV and Strong Magnetic fields

-
a=0 ——
uq=% N
noB-GiRk e
B,
!\ . EoS = 4b4 b-np l
| EoS = 4bd bnp )
. L
15 s o
g/fcm”)
Iuv='| T T
=0
ﬂg=% o,
=1 S
5 noB-GR S
N S
T, -
:E" 0 L5 Eo = 5bd b-nph
"‘ | | os b
i ' i
15| BoS = 5bd bnp Bos = b4 b-np [ 1]
| | 1 1 1 i 1 1 [1] L
Ll ) w1 1713 1 15 16 ol (N 10
|| &, (km) P (1077 gfem’)
i I 1 I il I I o L
) i 12 13 14 15 s 0.1 [N 1o 100
R, (km) Po (1077 g/fem’)

the Kaluza-Klein action expands into:

For stronger m. field
5 1,0,1,2 in the HA) o Fop ol arad

otz dg Lty (Blpha $0)
PRD 91, 104923 (2015)

R — f(R)=R—al|F]* .

,
g = ﬂffl[l[' cm”

Masse

B (p/po) = B! + By [1 — exp{~a (p/po)"}]

we obtain more stiffer EOS and
s !! May compensate modified



Formalism Lagrangian with SmaF + Neutrinos

" Ficld

L=Lppp+ Egep. e ﬁmag + Lint

B & I — Mag.

Lepton




~

K(p) = p— M" — uBo,
[

When uB << 1,

Str) = % {

u(p, s)u(p. s)

po— M* — uB
0
D=
Pz

u(p, s)i(p, )

0
po — M* + uB
Pz
—p,

—po— M* — ubB

o(—p, 5)5(—p, 3)

po — cl(p,s) + 6

[(po — e(p.

po + e(p, s) —id

$))S(p))]

(p+ M)(1

T A P))

LE?

negligibly small



Formalism X-section of Lepton-Baryon Scattering

d’o F 2 dgp , )
dk"dQL - gﬂzk q;/ ” O(|k| — |K'| + e:(p) —Ef(k+p—k ))

x [1 = fi(K")np(e;)[l —np(ey)]

- (¥ +my)(1 + ysdir) ]rff
W = Tyl Ny (1=

B+ MY+ (0) MO+ sdi(p) |
I { 4E;(p/) fﬂ(cv - CA’.}E} 4E:(p) J'IH{C‘V - CA,.}5)}

my =0 whenly =v mys =me whenly =e



. = - <
Magnetic QMSS-Sectlons

g

—0.04

o

0 50
EJ'. f {

Scattering and absorption X-sections
Ao =< B

O =0y +do

-

Integrating over the initial angle

Increasing v

e

t'l:l Al'fﬁf Dil'. A N SR NN TN NN N S NN SR SN B | -I
1 I 1 1 1 1 I 1 1 1 1 I 1
....... Absorp. \
: e RN . '
— pein - Integrating over the final angle

Magnetic Field increases neutrinos
emitted in the direction
parallel to the magnetic field
and decreases that in
opposite direction !!!

PRD 86 (2012) 123003 ; PRD83 (2011) 081303(R);
PRC89 (2014) 035801; PRD 90 (2014) 0637302...



Pulsar Kicks Boltzmann Equation

Neutrino Phase Space Distribution Function

f(p.r)~ fo(p.r) +4f (p.r). fo(p.r)=1/ L+ exp

Equib. Part Non-Equib. Part




Pulsar Kicks

Angular Dependence of emitted neutrinos

at T =20 MeV

l"'-- ————————————

Direction of
Emitted
Neufrino

at T =30 MeV

P=P,+ AP = P, + P,cosf




Spin Deceleration Toroidal Magnetic Field

PHYSICAL REVIEW C 89, 035801 (2014)
We adopt the following parametrization for the toroidal
) ) magnetic field configuration in cylindrical coordinates
Tomoyuki Maruyama,'-* Jun Hidaka,” Toshitaka Kajino.>* Nobutoshi Ya (rr.d.7)
Myung-Ki Cheoun,™ Chung-Yeol Ryu,” and T

Rapid spin deceleration of magnetized protoneutron star

B = B,G (2)G1(rr)é,. (7)

where 4, = (—sing, cos¢,0) in terms of the azimuthal an-
ole ¢, and

JF:I."JJ JFI:I."_rI:-:'.'II.-IE.
Grl(z) = 1 + eZ/a)?’ Grirr) = [+ etr—Tala]?” (8)
4 T [T | L — —T | .
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‘ . \—\ v J— __
1 I [ e | L |
0.0 — 1 | L 1 —— —
o . ) (€)
ui: : .I \ III| III :
E 0.5 L Mag- & .-I \ ."I | Mag-a ]
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Spin Deceleration Toroidal Magnetic Field

The ratio of the total rate of angular momentum loss to the
total power radiated by neutrinos at a given spherical surface
SH 15

(Ed.{.-:fdf) f.ﬁ' ﬂiﬂ f}—jgﬂf{r k}{r Kk} . 1 (E-fff..:,-‘r{ff

= —
dEr/dt Js, 49 [ A5 Af(r bk - n cIys \ dEr/d1

For a PNS with spin period P, the angular velocity is

@ = 2 /P, and the angular acceleration is defined by @ =

—27 P/ P, Thus, we obtain
P P

P - EJ'I'EI,!Jg

(3)

(6)




SMaF = Affect neutrino scattering and absorption in dense matter
TM etal., PRD83, 081303(R) (‘11), PRD86,123003 (“12), PRC89, 035801 (14)

Asymmetry of Neutrino Absorption
4.2 % atpg=p, 2.2% at pg=3p, when T =20 MeV and B =10'/G

Poloidal Magnetic Field Configuration — Kick \elocity
Uiick =500 —600 [km/s] when T =20 MeV and B =2X10YG

Toroidal Magnetic Field Cation — Spin-Down Rate of PNS

Spin-Down Ratio  P-dot/P = 10° ~ 107 (1/s) for Asym. v—Emit
=~ 10° (1/s) for MDR

Perturbation calculation— > Non-perturbation including Landau
guantization is in progress

26
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2. Particle Production by SMaF in Astrophysics 5
2-1. Semi Classical Approach '
2-2. Quantum Field Approach

3. Meson Production by SMaF via Landau Quantization

4. Summary and Conclusions
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What is
the Landau Quantization ?

|

Landau quantization in 2D. Without magnetic field, electrons are allowed to
occupy any of the quantum states in momentum space indicated by dots on

the left figure. In a magnetic field, they can only occupy the circles. Image
source: Page on ntnu.edu.tw &

As the magnetic field increases, the cylinders expand out (because their energy
is proportional to H). Every time a Landau level crosses the Fermi
energy there is an enhanced density of states at the Fermi energy
because the landau levels are highly degenerate. In the image above, the
Fermi energy is represented by the sphere drawn by the dashed line. The left-

hand image below shows the 2D case. Radio Charged particle
(orbits expand with waves (pmton or eleamn]
T INCTEAsing mag- .

netic field) Magnetic
/ field

Mumber of electrons

Radio waves

=

Image source: Lecture notes from Phso14 (5t. Andrews University), Prof.
Andrew Mackenzie.



SYNCHROTRON RADIATION

Magne
field
E? el;B E; Bi,

— _ — — = (
X _-"1- Jr;j_l.i?j, _111[}:'; ;1| er . Br'i" Jll

Radio waves


http://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://physics.ucsc.edu/~peter/231/magnetic_field/node2.html&ei=rRk6VZnvLIzp8AW094GYDw&bvm=bv.91665533,d.dGc&psig=AFQjCNEUzUtzbrmBceEIzzbsnuZEUecZZA&ust=1429956207346025
http://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://physics.ucsc.edu/~peter/231/magnetic_field/node2.html&ei=rRk6VZnvLIzp8AW094GYDw&bvm=bv.91665533,d.dGc&psig=AFQjCNEUzUtzbrmBceEIzzbsnuZEUecZZA&ust=1429956207346025

§ 2. Formulation
Magnetic Field :

Tensor type mean field
of ANM
Dirac £q. WERRUARI } 3(r) = =i(r) 4 = (0,5.0)
N

Scale Transformation : My = my/vVeB, P, =p/VeB, X; = VeBx;.
Def: Ur = kveB/2my = k/2My.

A fn1 (X = By)
WaVe _ 3/9 A2.fn (‘Y o PU)

Function

e'i-Py Y+iP.Z—i1EXg
)\3 fn—l—l (J( - })y)

)\4fn (X - Pu)

_ 0 —F. —iv2(n+1)
Spinor

—1 -\/ 2[!? + 1) E+ My + Up 0

P, 0 E+ My —Urp




Nucleon Green Functional
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Decay Width of p to p + ® Y by Proton Green function

° ° Iz: . 'y _
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§ 3 Results of
n® Production

E =1GeV, B=5x10"G

e
JeB =172 MeV. —~¢ B —28.3MeV

2m,,

+SiT+1:50 fors, =-1

=45 for s, =+1

W/O AMN

m
2

Decay Width

105 _ | I [ I | I [ I |_
) - ~ P
< 107 B Lt - =
s A - -
= 102 E/ Pl E
— - 3
1 [ - ]
oy E
- B=5x10"G :

10° ¢,
- ! | ! | ! | | E
1 2 3 4 5

e, (GeV)

FIG. 2: (Color online) Pionic decay width of proton versus
proton incident energy when B = 5 x 10®*G. The decay
width is averaged over the proton spin, and the landau
number is taken to be maximum. The solid and dot-dashed
lines represent the widths of the proton with AMM and
without AMM, respectively. The dashed and dotted lines
indicate the results in the semi-classical approaches in Refs.

[24] and 210 MeV oin [75] resnectively
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FIG. 1. Decay width of a 10 GeV proton for the synchrotron emission of 7's using the

vector (a) and pseudo-scalar couplings (b). The solid red and blue lines represent the deca

of protons with spin &; = —1 and &; = 1, respectively. The dashed brown and green lines
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Competition of Spin flip and AMN interaction
= UL ' ' E =300 MeV
0 < nmax —n ( 9
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FIG. 4. The differential proton pionic decay width versus the polar angle of pion emission. The
widths are averaged over all the initial Landau levels. The AMDM is included in the upper panels,
and not included in the lower panels. The emitted pion energies are taken to be 1 GeV (orage

lines), 1.5 GeV (brown lines), 2 GeV (red lines), 2.5 MeV (blue lines) and 3 GeV [green lines).




p — p+a® does not satisfy the energy and momentum
conservation in free space, so that it could not happen.
In Q. P, we need larger transition energy and smaller 3
momentum transfer for this event.

+ANM  Tensor type Mean field
s= +1 (Repulsive), s=-1 (Attractive)

s=—1 — s=+1 Level difference becomes small
= Transition energy becomes large
= Similar to free space kinematics
= Transition rate increases

s=+1 —- s=—1 Level difference becomes large
= Transition energy becomes small

= Different to free space kinematics
=> Transition rate decreases



FUTURE WORKS

e More Physical Quantities

e Decay of high energy proton in small B field ~ 10:°G

n :\ery large ( )

M(n1,nz) = / da f, (1 - QT) Fro (;H %—”)

—

L , 10 A2 .2 QT.
= (2MF2n, Ing!) Y 2e—Qr/4 /d:z:e ¥ H,, (r — —) H,, (af:—l—

s ¢~ i pnns (2T
V2 )

Laguerre function — Asymptotic form

2

e \/ector meson p, ®, and neutrino production

e Non-perturbative calculation with Landau quantization
which include Temperature, density effects ...



1.

Summary and Conclusion for SMaF Physics

We calculated neutrino transport inside PNS, which
shows an asymmetry with respect to the magnetic field
direction in a magnetar, by exploiting RMF, neutrino
scattering and Boltzman equation.

. The asymmetry turns out to be a source of pulsar kicks

of neutron stars.

. For the spin deceleration of neutron star, we also

considered toroidal magnetic field, in which we also
found the asymmetry leading to the spin deceleration.

. Additional source of neutrinos IS also

shown to enlarge the asymmetry.

. In the Universe, we need more deep understanding of

strong magnetic field (SMaF) physics, for example,
Landau quantization and polarization of particle
propagation inside neutron stars. It may lead to new
mechanism of cosmic particles (pion, neutrino ...
emission) .
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ledva:«;ymmelrically. Along with these assumptions, we
ignore the effects of other neutrino processes, such
as the direct and moderate URCA processes [35-37], and
also the momentum transfer to the medium at each local
position.

The time scale for PNS evolution is much larger than
that of the emitted neutrino propagating inside the PNS.
Therefore, to estimate the neutrino momentum transport,
we can conjecture that PNS 1s static, and that the neutrino
transfer makes a continuous current in the equilibrium
matter. Furthermore, we simplify the PN5S as having a fixed
temperature and magnetic field. These simplifying as-

fr-'(rsk} = fﬂ[rs k} + "if(rs k}
1
1+ expl (k| — &,(r))/T]

+ Afir, k), (61)

where the first and the second terms are the local equilib-
rium part and the deviation from the equilibrium, respec-
tively, with the neutrino chemical potential £,(r) at the
position r. The phase-space distribution functions of other

PHYSICAL REVIEW D 86, 123003 (2012)

emission from the f, function. This f, satisfies the follow-
ing Boltzmann equation

E+ b Db = L (59)

with

&'k, dp;
-:.uII ZI - ! i PJ’ w:_r{fn'(k!}f_f[p?}

Hﬂ}3 (.er]j [1 }3
X [l - fr(k}][l - f:(pl}] - fr(k}f:(ﬂl}
X [1 = filkp][1 — fi(p2)]} (60)



