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l. Introduction and Basic Picture

Orthogonal polarization modes (OPMs):

Phenomena shown in both integrated profiles and single pulses for pulsars.

{421 I ! 1 i l I ! I I L |
PSR 2020 +28 —~ 100 - .
{000 Pulses - = ‘L
800 MHz -t ] r
B @D { r
Q. N ™ : ;_
= — \: O— if- ""
"9 £ - } ."‘ .b-
| i § I r
il ] © 00k [
- 180+
° J . @ 1 [
4 j] c 90 5
— B o . i
= 1 i
0- - o ] 3
o -
. B 0O i
~ 100
- — - : i
i - o ] i [
> _
o i i -
- - - 504 =
- - R “ml:
T | T 1 T | 1T T 1 T § . &

180 R e o = | 6 ol oA ,f L R BT e R A e [
- O % o e raz b B _:‘_‘t;-‘_.* sty A | 8 ‘_:_‘___u_‘ B o i . . l
5 £ PSR 2020+ 28
© < 11816 Pulses P
s 0 = | 800 MHz L
2 > ] -
< i =]

6 - :
g €
0o T 1 T T T 1 I T T T .5 N , : _l __F
-i5 0 15 | ; [ l 1 I l l l
Longitude —=

Longitude (degrees)

Stinebring et al. 1984



Physically: OPM < -2 Ordinary & Extraordinary wave modes in plasma.
=>=>=>» How OPMs form? =»=» =2 Dig into magnetosphere?
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From F. F. Chen Introduction to Plasma Physics



Pulsar magnetosphere: inhomogeneous relativistic magnetized plasma.

Inhomogeneous: introduce geometrical optics approximation

A [
Y, \

F exp(ikjr — iwt) E=FE,r) exp(i/kjdr — 1wt)
What we need for approximation: no violate changes in plasma physical condition
de )\ From V. V. Zheleznyakov
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When geometrical optics approximation holds:

E xexp(ik;r — wt)

j=1,2 Different modes could have different n;

In order to make sure wave modes propagate independently
=» An additional need:

W
— | —n2|A>>l

C From V. V. Zheleznyakov
Radiation in Astrophysical Plasma

A is the characteristic scale for those parameters of a medium



Try to understand that: what if n1 (k1) is too close to n2 (k2)?

W
";' n1 —n2|A>>l

Can’t tell between mode 1 & mode 2 (O mode and X mode).

O mode O mode

-> => ? mode

X mode X mode

nl>n2 nl=n2



Try to understand that: what if n1 (k1) is too close to n2 (k2)?

O mode
O mode

- => ? mode > o 4

X mode X mode

nNl=n2
Mode coupling

Conversion between O mode
and X mode may happen.

-1 n; From V. V. Zheleznyakov
' Radiation in Astrophysical Plasma




When will O mode and X mode become indistinguishable?

One situation: quasi-longitudinal propagation (k // B).

By definition, when k//B, eigen wave modes are no longer purely linear.

=>»=>» Search for k//B in pulsar magnetosphere?
=>=>=> With wave refraction.



ll. Equations (1) Propagation equations

and RESUItS Maxwell’s equations:
Basic Eqgs: VXB———E+—ZJW
VX E = —B,}
C
Charge conservation: —iwqgana + divy, =0

Current density: 7., = (o |NaV0oa + NoaVal

dpt:}: ( 'UcuXB() ’UQO:XB)
u e (B ’

Equation of motion: p -



Coordinates:

—iwmyo (1 — Boab:) [Veabs + Vyaby + V2ab:]
Qo (Eyby + Eyb, + E.b,),

—twmYa(l = Poabz) [Vyabs — Vzaby] =
Ga(Eyby — E3by)(1 — Boab:)

+qa% Vza (b3 + b)) — Veababs — vyabyb.]
iwmYa (1l — Boabs) ['U,mf(b2 -+ 62) — VDD
do(Eubs + Eyby)(b: — Boa) — qaBx (b7 + b))
—I—QQ% Vyabe — Vzaby)

perturbation

velocities
> A o 4

— vyabybz] =

m(wd — w”)

1qabs | Erby + Eyby, + ELb,|
myaw(l — Boab:) ’

42 Bo [ B (Boa (02+b2)=b.)+Boa Eybzby+b. E. |

() —
Je m2c(w—w'?)

—E. (b2 +b2)] +

1qaw’ 5 5
E.b.b E o0, — (b b
‘|—m(w12:1_w,2) [ ’y_l_ y(ﬁ() ( :c—l_ z))

19aby|Exby + Eyb, + ELb,]
mysw(1 — Boab:) |
_iqabz|Erby + Eyby + ELb,]
mysw(l — Boab:)

1qaw’
e [(Eyby + Eyby)(b. — Boa)

m(wip —w")

+b,b. E.] + (8)

qoBo(Eyb: — Exby)(1 — foab-)
m2c(wd — w'2) ’
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WH = mc W= f)/afw(l o ﬁOabz)
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fre = m%(wﬁ w'?)
+ iGaw’ =~ [Eybsby + E.byb, + BoaEsb:



Maxwell’s equations:

o, 47
VxB=——F+ — )
- +C;JQ

VXE:EBj
C

1200 (10 (1=Boabs) —v=afoaba] = 0,(10)

Charge conservation: do 00
' L T b, Vve (1 abs) vz foaby] =0,
~iWalla T leJ& =0 471 daM0aV
EZ I @ a =z :0
‘ W o 1 — /BOlebz
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yze"
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dE, 27 JaM0a

I T 1_ abz - Uzao abﬂ:
dz ¢ &~ 1=[oab. Vza(1=Foabs) ~vzafoabs
dE, 27 o "0

| ls” 1— abz zZo ceb — 0;
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dE:E | 27T JaM 0o

[U:I:os (1_6Oabz)_vza60ab:c] — 0,(10)
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dFE, 2w aM0o
dZy | - 12600 b [Uya(l_ﬁ()abz)_l‘vzaﬁ{)aby] — 07 dE Zw
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— + o [Aby(Exbe + Byby) — BE, —iGE] =0, (12)
 qaBo |Eyb.—BoaErbiby—Poay(by+b2)—E.b,]

e m2c(wi—w') where

1w’
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 @aBo(Eyba — Erby) (1 — Foab:)

—E_(b% + b?
( x T y)} mzc(w% _wr2)

7

14



(2) Refraction (|n pu Isar magnetosphere) The effect of magnetospheric refraction on the morphology
of pulsar profiles
(Barnard & Arons 1986...)
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Introduce Xf 0f <f

Further than Xf  Of Zf, particle density too low, magnetic field too small:
=>»=» Refraction could be ignored. The ray propagates in a straight line. (Angles are small)

Zf K
X:‘?f—?(gf—)(f) r
o 3 o Qf 3Zf
by = 5X — Os > o, (0r — xt) 3,
3 2 X Polar coordinate:
|f O > — Xt , '
2 (r, chi)
Angle between k and p.:
Then At z > zs 5
/cC

There bx changes sign. &= Longitudinal propagation exists.
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(3) Linear conversion
(3.1) In the limit Bo =2 oo

dFE W

dF W

L Z[Ab, (B + E,b,)
where

(L)H9°°

— BE, +iGE,] =

— BE, — iGE,]

i(ga/€) (@it /) (Boo — b)

2 2
Wy W

=0, (12)

' d;’ - iRb, (E b, + Eyby) =0,

dE,

dz
dFE

- iRby(Epby + Eyby)

where

2

= Zmefa 1—,('30& 2)? |

— 0.



If adapting geometrical approximation: consider bx, by changing very slowly with z.

dE | (o) _ be - / 2 | 12\
. _ (0) — p|—i [ R(b2 +b2)dz
P | @RbI(EIb;g -+ Eyby) 0& \/b% + bg i -
dE, ' '
Y 4 iRby(Eyby + Eyby) =0, B = — 2 exp | =i [ R +82)dz
dz ’ \/bg + b2 i T
where B — by |
2 \/b?,; -+ b%
R .
Z chf}/a 1 — /6()& ) Egg.e) — b:r: |
\/bg + b2

Way to solve: change Ex, Ey to Eo, Ee.
Results show that the extraordinary mode remain unchanged.




EQJE—X + LELx(E\/A:T [gtj): O

M

J Ex= EID)' by E . éj
(o) i - J&fg ;_\z ‘ 0
oy o %? Y OllUlM ito E( and EKQ)
bx - 9 = 0>

A% e 0/ b ), dE® by ped

f dz bty ¥ E J b‘z_l’g.) T dz’{ Jl’b?jb‘uj g ; Cif (\”a-l-by)‘f- 124} E /‘ j =0
a[ElD)._"g__ T"(°) F e) é

~de Gwy " (/lad{y dz Jl@(fhj dz (\[J&wy)Tleﬁ 3 /~j - Y

Geomz{'ncal Approx = E\Aronment(g BD Slawd C/lan‘je,

é?TQ?) J‘(Ia%) 0
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22| by = 0(z — z¢)/2c

But when k nearly //B, < 1
. . : <c
d(bx)/dz is relatively violate: 0 = dj/bzc =2
d(fx -iRb, (Ezb, + Eub,) = 0, ‘ dE
- L+ w'E, = —ifuF,,

dE, du

- iRb, (Eyby + Eyb,) = 0,

4 < dE
e q duy + 3£2Ey — —ié’uEm
2
e
R=D
2wey3 (1 — /6(]& 2)? L ¥ U= (cht‘?z)l/?’(z — 2¢)/ Ze

¢ = (R2.6%)Y3b, /0

Conversion range: Au ~ 1  ie Az/ze~ (Rz6?)71/?
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Describing conversion: g _— HlE(G) + &,QE(E) E - E(e)*‘Q

2
— — C],/,

(conversion degree) E|2 Qg

dF | | Easycase: ¢ < 1

- + ‘?f’bﬂgf’jjrj — —zqu,yj

au By = Eoxy + {1,y

42y & ' Initial condition: pure O mode

du _'_ ?fé' Ey — —Zg’UJEm, . . )

For = Cexp(—iu®/3), Ey, = —ifC/ wexp(—iu’/3
U = (chm)l/?’(z— 2e)/ Ze ’ ( /3), Py — o0 ( /9

Q = E2 = 3/°1?(2/3)¢?

as long as £ < 1, () increases with & .



Numerical result:

conversion degree can’t exceed 0.5.
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(32) In the limit by 9 0 By is finite and G # 0

dcix - oAb (Eob, + Eyb,) — BE, +iGE,] =0, ]
Ay 7 O
dE, LW | 1 + Zbeam — Rgay — 0’
— + —[Aby(Exb: + Eyby) — BEy —iGE,] =0, (12) Z
da
where —= + Rgax — 0,,
2 dZ
W w2
A = b H .
; Yow'? Wi — w'?’
B = Z w?}ayﬁf(l o ﬁOabz)Q '
T g W Eyy = agyexp(iy [ Bdz)
_ Z(q@/e) (CJH/CU)WQQ(BOQ — bz) L
G=2 w%—c.i’? | g =G/A
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If adapting geometrical approximation: o i(02/2 + /P74 + ¢7)
V92 + 022+ BT g2
da&c : X ex -—2 2 4 2 z-
4 sziam—Rgay:()? b | /R(b$/2+\/bm/4+g)d_
dZ CL(O) _ g
da, + Rga, = 0. \/92 _[62/2 Vbi/4+ g% _
dz ‘ X exp —i/R(b§/2+\/b§/4+92)dz
J©) _ i(b7/2 — \/b3/4 + g%)
Vo? +182/2 = VBETA+ g7
E.cr:,y = Qg y eXp Z_ deZ X exp —i/R(bi/Q—\/bi/éH—gQ)dz
= G/A ) — _ g _

L /2 BT g

_ A* ' -
Now R=A*w /c X ex]p —i/R(bi/Q—\/bi/4+g2)dz .




J%\.(l

When quasi-longitudinal propagation:

da, |

- + iRb%a, — Rga, = 0,

d . 7

. dars .

% + Rga, = 0, du LU Qg = 1)y,

- ) o
—_— &ﬂf j
du d

where n = (Rz./6)%/3g.

Eyy = Qg €Xp z—dez
= G/A U = (RZCQ2)1/3(2 — 2¢)/ Ze

Now R =A*w /C
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Numerical result: conversion degree can exceed 0.5.
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(3.3) General Case, when quasi-longitudinal:

dE W
* + =[Ab,.(E b, + E,b,) — BE, +iGE,] = 0. da., | |
dz 20[ (  Eyby) TIGE,] 7 | Z’.{LQ(I;B + zfuay — NQy = 0,
U
dE, W .
| Ab,(E b, + E,b,) — BE, —iGE,] =0, (12 da | _
dz 20[ vl by) y " | (12) q i | Zgua,m —+ 252% + na, = 0.
U
where
2 2 »
A = Z wpcfrz sz /27
—~ Yow'? Wi — W where n = (Rz./6)%*/3g. g = G/A
2 2
B Wp@;')/cr(l _ﬁOsz) _ E — y W Bd
0= ; Wi — w'? ’ my = oy eXp(ZZ J Bdz)
O — Z i(ga/€)(wh/w)wpa(Boa — bz) u= (Rz.0%)Y3(2 — 2.)/ 2
- CUIQ{ — w2 5 — (RZC92)1/3by/9
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Numerical result: conversion degree can approach 1.
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(4) Polarization-limiting effect

AN
au ast |
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0
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Easy case: 0, = const., b, x z plasma number density decreases as 2z~
dF., W .
e | > Ab, (B b, + Eb,) — BE, +1GE,| =0,
4B, i I is(w)wh, —is(w)pB, =0
is(w)wkly — is(w = 0,
=L [ Aby(B,b, + Eyby) — BE, —iGE,] =0, (12)  du e
dE . ,
where dwy is(w)pE, —is(w)u®/wE, = 0. (28)
W?)a W Here w = z,/%, zp is the polarization-limiting radius de-
A = Z o B2 — W : termined by the following relation:
B wga’ya(l — Boabs)? R(Zp)[b:%: + bi(zp)]zp = 1,
B = Z w2 L w!2 ) 1+ /LQ
~ “h 1= by /b)smsye 5(0) = ot
G = i(qa/€) (wH/w)wga (Boa — b2)
— Z w2 — w2 '
- H
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Numerical result: O and X mode get circular polarization (of different signs).

i(E:E, — E,E)

V =
E.E* + EyE;

y, deg

| | | | | | | | |
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
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FAESIATS © FAST B0943+10 results
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If OPMs arise from propagation, and longer propagation leads to more X mode, then during
mode switch, maybe plasma number density is modified, thus OPMs and profiles all change.
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Refraction =» Quasi-longitudinal propagation
=» Modes linear coupling =» O/X modes conversion

Thank you for your attention ©



