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§ 1. Introduction

High Density Matter Study
= Exotic Phases : Strange Matter, Ferromagnetism
Meson Condensation, Quark matter

T hey may exist inside Neutron Stars

Observable Information - - * - Neutrino Emis%%ntsﬁno Scattering

S.Reddy, M.Prakash and J.M. Lattimer, P.R.D58 #01300(19%%)rption
Influence from Hyperons A, = in Surface Region

Magnetar 101°G in surface 1017-1°G inside (?)

Magnetic Field — Large Asymmetry ?
P. Arras and D. Lai, P.R.D60, #043001 (1999)
S. Ando, P.R.D68 #063002 (2003)







Pulsar Kick

A.G.Lyne, D.R.Lomier, Nature 369, 127 (94)

Asymmetry of Supernova Explosion
kick and translate Pulsar with

Kick Velocity: Average ... 400km/s, , g '
Highest ... 1500km/s B e -

- http://chandra.harvard.edu/photo/
EXpIOSIOn Energy - 1053 erg 2004/casa/casa_xray.jpg

(almost Neutrino Emissions)
1% Asymmetry are sufficient to explain the Pulsar Kick

Present Work - - Neutrino Scattering and Absorption
In Hot and Dense Neutron-Star-Matter

Estimating Kick Velocity



§ 2. Formulation

Lagrangian : £ = Lgarp+ Liep + Lmag + Lint

Lepton B & L — Mag.

1. Proto-Nuetron-Star (PNS) Matter without Mag. Field
2. Baryon Wave Function under Mag. Field in Perturbative Way

3. Cross-Sections for vreactions

Weak Interaction

v,+B — vy, +B :scattering

v,+B — e + B’ :absorption
S.Reddy, M.Prakash and J.M. Lattimer, P.R.D58 #013009 (1998)



§ 2-1 Proto Neutron-Star-Matter in RMF N, A, o, ®, p

RMF Lagrangian

Lavr = UN(EP — My)Ux + Ua(i 0§ — Mp)Up + goUnUNe + ghiatbpo

- 1
+ YNV Y NW" + g2 Y YAW’ LU (o] + - 5 ..,#u,*”

Yy (nucleon), ¥y (A), o and w

e

Ulo] : the self-energy potential of the scalar mean-field.




EOS of Proto Neutron-Star-Matter (PNS) in RMF N, 4, 0, ®, p

* A 2
BUSRt N 57 = 16MeV, M /M, =0.7,K =200MeV at p,=017fm*| £.=38.. SU(Q3)

T.M, etal. _
PTP. 102, Charge Neutral (p,=p,) & Lepton Fraction :Y, =04

p809 (1999)
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§ 2-2 Dirac Equation under Magnetic Fields ¢

uyB << € (Chem. Pot) — B can be treated perturbatively
~ 107 G Landau Level can be ignored

Mag netic Part Lima g = % Hn U_’n o ,!.,l..el/"lf'{"‘?‘l«F = ]Z’: pin B U_’NU 7¥n
of Lagrangian FHY = gl AY — 9" AV (1)

Dirac Eq. K(p)u(p) = [yp" — M* — uBo.]u(p) =

Single Particle Energy : det K (p) = (p) — Efz(:ﬁa +1))(p(); — 612(;19: —1))

Green Function (S(p)) : K(p)S(p) = 1




When uB << 1,

S(p) = Szﬂ{ u(p, s)u(p, s) N v(—p, s)o(—p, 3)} _ l

Po — 6(p, 8) +10  po+ e(p, 5) — 10

(P + M)(1+5¢(p)s)
AE?

negligibly small

.
Spin Vector




__ | 9 )
V2 + M*2 + s,u,B) + p;]

Fermi
Distribution

Momentum Distr. of Major Part
Is deformed as oblate

Relativistic Effects of Magnetic Contributions

1)Momentum Dependent of Spin Vector

2)Deformation of Fermi Distribution
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The Cross-Section of V -B

d*o g [ d3p o __ "

- —— k' i U Br(2m)0(|k| — |k'| Lei(p) —ep(k+p—K'))

dk' ], 872 ] (2n)3 — -
L ol [!I]_'. L _.. 5. 4‘ o \ i J

x [1 = fi(k')np(e;)[1 { np(eg)]

[ m)OtAede) wiy o K vig o]
‘-]:|lt. | ;" I

T { Ip + JI J(1 4 ~dar(p h (P + M*)(1+v5d:(p)) | _, }
pd M I IN

ITBL = It 1

Yuley — cavs) ————m =Ly, (cv — Cca7s)
—lE F(p') (RSl 4E% (p) I

my =0 whenly=v my =m. whenls =e

+ M*2
NIFIpI *-.I *"’Hﬁ_‘l,p..'-.ll—l nt‘lp HJIHT—‘HBH

'D

Deformed Distribution

Perturbative
=N o0=*0y,Hdo) do B

Treatment

Non-Magnetic Part Magnetic Part 11




§ 3 Results k, = ¢, (neutrino chem.pot.), B=2x10"G and 6 =0°

T=20 MeV

3% difference

UEE L

p.n without B
—.= p,n with B
— — p,n,A without B

e p,n,A with B T =40 MeV

T |l T | T

100 150 100 150
6; (degree) O; (degree)




Magnetic parts of Cross-Sections

— without A

—

da(ve — ve)

T=20Mev N 1| T=40Mmev = =
—0.01 : Integrating over the initial angle
Ve = Ve Increasing v e Ve
[ R T TR B N : H B N M T TN SO NN NS B
"7\ IAI’"Iﬂ In Dlr' parallel tO B I I I I | | I I I I | I I
[y S .
00% \ asvasns ppfpg =1 \<uj —
I [ 1 — — Pelpa=3 17 \\ -
00R F===-1_ e | S i
\ bt .
s %

Integrating over the final angle
Lol |

6 (deg.)

100
0,7 (deg.)

150

k. = ¢, (neutrino chem.pot.), B=2x10"G and 6 =0°




—0.005

-0.010

Magnetic Parts of Cross-Sections

T=20 MeV

(a)

T=40 MeV

(c)

-0.04 |-

Pa=Po
Pa=3pp
Pa="5m

(a)

e -

..
..................
.......

— — pn at T=20MeV
------- p.n at T=40MeV
p,n,A at T=20 MeV

== p.n,AatT=40 MeV




§ 4 Estimating Pulsar Kick Velocities
of Proto-Neutron Star

A.G.Lyne, D.R.Lomier, Nature 369, 127 (94)

Asymmetry of Supernova Explosion
kick and translate Pulsar with

Kick Velocity: Average ... 400km/s, N o
Highest ... 1500km/s I S IS

I ~ 1053 http://chandra.harvard.edu/photo/
Explosion Energy ~ 10> erg AU el s
(almost Neutrino Emissions)

1% Asymmetry is sufficient to explain the Pulsar Kick
D.Lai & Y.Z.Qian, Astrophys.J. 495 (1998) L103

Estimating Kick Velocity of PNS with T =20 MeV and B =2X 10Y'G
Poloidal Magnetic Field 2-3% Asymmetry in Absorption

15
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§ 4-1 Neutrino Transportation

Neutrino Phase Space Distribution Function

F(p.r) = fo(p.r) +4f (p.r), folp.r)=L/d+exp|(p|-¢,)/T]

Equib. Part Non-Equib. Part

Neutrino Propagation = Boltzmann Eq.

Neutrinos Propagate on | Strait Line | only absorption

: 0 = 0,()
Af(p’ rT’Z):jo dx I:_a—xfo(p’rr’x):lexpli_jx dy v :|,

Solution =

0 de. O
a—zfo(p’rT’Z) = d—ngﬁ)(p’rT’Z)

v



1) Neutrinos propagate on the straight
lines

2) Neutrino are produced and absorbed
at all positions on the lines

Mean-Free path : o, /V

Calculating Neutrino Propagation above p; = p,

Baryon density in PNS

M =1.68M Y =04 , T=20MeV

solar !

17



Mean-Free Paths A =V ia), Magnetic Parts

Scattering

108
= A5
5 10
& 10*

10°

102

o, =02(1+SA COS@M)
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Angular Dep. of Emitted Neutrinos in Uniform Poloidal Mag. Field

MNS — 1'68Msolar [g]’

E, =3x10> [erg] > T= 20 MeV

B=2x10" [G] T =20 MeV

v, = <§; ) + 600 [km/s] .

7'=20 MeV

=

Observable Average R NI R SR
... 400km/s, : : : 1.0




§ 5 Summary

EOS of Neutron-Star-Matter with p, n, A in RMF Approach
Exactly Solving Dirac Eqg. with Magnetic Field in Perturbative Way

Cross-Sections of Neutrino Scattering and Absorption
under Strong Magnetic Field, calculated in Perturbative \Way

Neutrinos are More Scattered and Less Absorbed
in Direction Parallel to Magnetic Field

= More Neutrinos are Emitted in Area

Scattering 1.7 %
Absorption 2.2% at og=3,0,and T =20 MeV

= Convection, Pulsar-Kick

20



Estimating Pulsar Kick in Proto-Neutron-Star
with Strong Magnetic Field

B=2xX 101’G = Perturbative Calculations

Vi = 300 km/s (p,n ), 290 km/s (p,n,A) at T=20MeV |

Antarctic| Direction

400 km/s (Average of Observed Values)

Future Plans  Fixed Temp. = Constant Entropy
Exact Solution of Dirac Eq. Non-Perturbative Cal.

] I
1 Low Density Contribution is large E, <50 MeV ,
' — |Landau Level at least for Electron I
I
I = Lower T & Smaller B I

Spin-Spin interaction

Poloidal Mag. Field = Toroidal Mag. Field

21



Results in Iso-Entropical Model (S/A =1)

EOS with §/4=1
Absorption Cross-Section

— pe/po=1

\|||||

—0.5 0.0 0.5 B0
— CoS 6

two times larger that
at T=20 MeV




Angular Deceleration in Toroidal Magnetic Field

Stability of Magnetic Field in Compact Objects
(Braithwaite & Spruit 2004)

Toroidal Magnetic
Field is stable !!

Mag. Field
Parallel
to Baryonic Flow

Assym. of v-Emit.
must decelerate
PNS Spin

23



No poloidal Magnetic Field at the beginning

time(ms)= 3 Hﬂ_“] E+"’

Single
Toroidal

by T. Kuroda
(NAO)

24




Distribution of Magnetic Field inside Neutron Star

Toroidal Distribution i1s Stable inside NS

Spin —Direction is Parallel to Magnetic Field

v Asymmetric Emission must affect PNS Spin
More Significantly than Magnetic Dipole j~Radiation

The Detalls are presented in Poster
by Jun Hidaka



Electron




Toroidal Magnetic

Field

B(r;,2) = B,G,(r;)G, (Z)é¢
16exp|-(r, — R,)/ Ar]

“ulli)= {1+expl-(r, — Ry)/ Ar] f

eXp[—Z/Ar]
{1+exp[-z/Ar]
e, = (—singp,cos¢,0)

G, (z)=

G
|

Ar = 0.5 (km)
R, =8 (km) Mag.-A
R, =5 (km) Mag.-B

-----------------------------

|

iox
L <
H

[ I




Angular Deceleration Neutrino Luminosity

(dE/dt), ~ 3x10° erg/s

Period P = 10s

“e —cJdr [ an[dp, a7 (r,p,.m)(r < p).

(dET ) cdL, | dt _
Magnetic
dt

[NS

_ 39 [pr
, dE, | dt Dipole Rad. B =3.2x10"~PP [G]

cdl , | dt . p/P
dE . [ dt

(cm) Y7 010, (Mg.Dpl-rad.)

66.9 494x102 | 7.82X102 | 1.03X102 | 532x107%
109 7.07Xx102 | 11.26X102 | 1.11X102 | 677X 10
9.64 7.09%x103 | 1.13X103 | 450X105 | 532X 1072
7.81 507X102 | 8.07X104 | 2.29%105 | 6.77x 10

In Early Stage (~ 10 s) v Asymmetric Emission must affect PNS Spin

More Significantly than Magnetic Dipole »~Radiation




Pulsar Kick in Poroidal Mag. Field B=2X 10 G = Perturbative Cal.

Viick = 580 km/s (p,n), 610 km/s (p,n,A) at T=20MeV A toctic Dir.
=230 km/s (p,n), 270 km/s (p,n,A) at T =30 MeV

400 km/s | (Average of Observed Values)

Spin Deceleration P/P[s']  (P=105)

in Toroidal Magnetic Field

4.8 X103 5.2X1073

Reestimating

when B = 101G
In the surface with p = p,

6.1X103 7.2X1073

90.8X1011

Asymmetric v-Emission plays an important role in PNS Spin in Early Time

N e e - === smss=== L

Future Plans : v-Scattering

I Fixed Temp. = Constant Entropy

I : _ : :
 Exact Solution of Dirac Eq. in Non-Perturbative Cal.
I — | andau Level at least for Electron



RMF Lagrangian, N, 4, o, o, p

Lryr = f_\ (: 10— My :) YN + f_\ (: i — My :) (T f_\ YNO + (1;‘ f_x (XY

TGN’ JuWN wh + GpWN VTN /-—_":f T g WN Ju WA w

e l ) 1 )
_TI7 Ly g T eA Al

Ulo] : the self-energy potential of the scalar mean-field.

Dirac Eq.

p— My — Ug(N)vo — Urvyomslun(p) =0

Scalar Field = Effective Mass

—U [c:r] = gops(N) + f_};'} ps(A)
do TR AT

2 A
% (p(p) — p(n)) - (gup(N) + ghp(A)

mg,

+ . ':-..-",._ 1 i .'
Up(N) = J (guwp(N) + flf p(N\))

)

Urv
n m

p



Spin-indep. part

d*o0 |a / J’*p
m 32 [1 — Jullkg] ] ”u X O(|ki| = |kg| +2i(p) — (P ))np(=i(p))[L — np(=¢(p"))]

Wy c%.- [(kf - p) (ki )+ (ks o) (ki - p) — MM;(ky - k)]
ck [(kg-p)(ki-p") + (kg -p') (ki p) + MeM(k; - kg)] — 2evea [(ke - p') (ki - p) — (kg - p)(Fi - p')]

g=ki—ky=p"—p

2 G
EAo f B|Af|
dk;dQy k|

0 / dE; [ dop {n'p(=:)[1 — np/ (i + w)]W; + npi(sp)ng (=) (W — 2W5)}, e
1 , . . , N N ) lq||p]
@ '/ dET / dr‘:}Pl:E'l; +"“"'1:|?1.B[€?:|[J- - ?1}3-’{-’:‘.,‘: + LUJ]E—JE |:-['I4~ e 1{f] .
= o {[ky- (Msp— M;p")] (ki - b;) — [ki - (Myp — M;p")] (ks - b;)}

2 {[=Ff - (Mgp + M;p")] (ks - ;) +[ki - (Mpp+ Mip')} (kg - by)]

[1 — fir(ks)](S1+ S2)

—2(?]_-‘(‘._44'111‘-5 {':.'ii'f ij)li.'i{’ﬁ . b;] + ”‘f . bl)l:.'i{’_, . p;::l} o
c%.- {[kf - (Msp— M;p")] (k; cby) — [ki - (Mysp— M;p")] (ks-bs)}
A {[ky - (Myp+ M) (ki - by) — [ki - (Mpp + Mip')] (k- b))

—201.-‘8_4;"1ff{[“1f b_f:l[gu p]-l—ikf p][;u’-.g‘bf)]}




Neutrino
Propagation
1) Neutrinos
propagate on
the straight
lines

2) Neutrino are
created and
absorbed at
all positions
on the lines

Mean-Free Path
D OV




Baryon Propagator RBEONOER

Py — 203 (p? + M2 + U2) + (p* + M?)? + 2U2(p? — p% — M?) + U}

T [y
(ns — Ej)(p+ M)
(p? + Ej Jo. + 2Mpyo,ve — 2p.(p - o)

A e L im0 o 02
+ Ei‘hff}gf}'ﬁ Ir'I[-] + 21}){]!)” Ir" i - sz}[}j}f Ir' I

—p07’ + Py’ — Py — pyY + M

-0, .




Baryon Propagator in B — 0 Limit

| u(p, s)u(p, s) v(—p, $)o(—p, s)
(?) «,Zil {}JU —e(p,s)+i0  po+e(p,s)—id




| XO NI 3 0\% VS 5 — 16 MeV, M, /M, =0.7, K =200MeV at p,=0.17fm*

Symmetric Nuclear Matter Neutron-Star-Matter

at T=0 at T=5 MeV

o




Absorption Mean-Free Path

o,=0%(1+S,cos6, )

-
Bl Sa: fitting function
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§ 3 Results k. = &, (neutrino chem.pot.), B=2x10"G and 6 =0°

< 6| .
= (@) ve—ve T =20 MeV
= E il
o 5 = N
= | 3% difference |
)
g2 — -
o I e
ER GO T (N NN AN AN S N TS ML NS N S S R GO T SN NN NN NN NN (NN AN [ NS SN SN NN L
T T T 1 T T T T [ T T T T [ T 1 — T T T T [ T T T T [ T T T T T T T 18
< 6 41 l
é | d) v,— e - _ 16
= e ™ 112
b&_)) / S ssseess p.n without B | y ; ‘ ]
2 L ——pn ol | S -+ 10
(;D — — p.nA w!thoutB B _/- T— 40 MeV |
‘_C) p,n,A with B | &= B 8
0 [ [ E_ L [ R N : ! [ [ [ I N J
0 50 100 150 0 50 100 150

6; (degree) 0; (degree)



Neutrino Mean-Free-Path at Energy equal to Chem. Potential

Ve = Ve Vo — € (c)

— — pnatT=20MeV

pnat T=40 MeV pnAatT=20 MeV

=—.== nnAatT=40 MeV

Lo

IRV NIRRT ARTTT| M AR TT
L bl vl

LA 1L




Magnetic Parts of Cross-Sections

IIII_‘|IIII|\III

T=40MeV (c)

1.5 0.0 0.5
— COS 6,

0.5 0.0 0.5
— cos6;




0010 [ °

Acs/ 68

-0.005 |

-0.010

0.04

0.02

0.00

Aoy /o)

-0.02

-0.04 |-

Magnetic Parts of Cross-Sections

0.005 |

0.000 [
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T=20MeV (a)

—massea PPy |
Pa=3pp
—-— pa=5py

O, = ag,A(1+ S, cosé’i,f)

—-10% S,

N

N

e -

..
..................
.......

— — pn at T=20MeV
------- p.n at T=40MeV
p,n,A at T=20 MeV

== p.n,AatT=40 MeV
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