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L A pair production factory

A pair production factory
Radiation processes , a QED zoo

» Synchrotron
» Curvature radiation

» Quantum transitions
(LMXBs, Maser?...)

» Compton and Inverse
Compton scatterings
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L Curvature radiation

Curvature radiation: classical picture
Proposed by Ruderman and Sutherland (1975).
» Classical curvature peak : Emax = v3hc/p ~ 2073 GeV
» Total power radiated : W = 6::0Cp2 74~ 210844 GeV/s
» Emission time scale Te ~ Emax/W = 107"s

» But unphysical trajectory : \7HI§:>\7/\I§: 0!

Parameters : v ~ 107, B~ 10% T, p ~ 10*m
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Synchro-curvature radiation

This regime has been studied by several authors (Cheng and Zhang
(1996), Harko and Cheng (2002),Kelner et al. (2015) , Vigano
et al. (2014)). The last gives :

The maximum Lorentz factor :

3 E p 1/4
Ymax = <2|> (1)
e

. _ E
The pitch angle :

m
sina =sinagexp | ——

(2)

a> Figure : A particle pushed by an

With - electric field E) , along a magnetic
' field line of curvature radius p.
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Synchro-curvature radiation

This regime has been studied by several authors (Cheng and Zhang
(1996), Harko and Cheng (2002),Kelner et al. (2015) , Vigand
et al. (2014)). The last gives :

The maximum Lorentz factor :

1/4
Ymax = 2- 10740/t (4)

The pitch angle : E

. . t \
sin o = sin ag exp <—> (5) \
With :

Figure : A particle pushed by an

electric field £ , along a magnetic
field line of curvature radius p.
Ta =210 P ymas Ej 5 s (6)
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L Synchro-curvature radiation

But... Energy levels become quantized

Energy states of an electron in a straight magnetic field :

E= |m2c*+ fiwemc?n + (cpy)?
—_——
Perpendicular momentum  poiajlel momentum
"Pitch angle" corresponding to the first Landau level :
sinag ~ 2 - 10*98377_1

The first Landau state is reached in 10 meters !
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State of an electron in a circular
magnetic field (Voisin et al., Paper |,

2016, in prep.)
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L State of the electron in a curved magnetic field
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Symmetries of an electron in a circular magnetic field

» Circular static magnetic field.

» Locally homogeneous on a length scale :
A= (3_3)1/2 ~ 10_1288_1/2m

» Invariance by rotation around the axis of the circle and the
magnetic field.
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Equation and Approximation

Find proper states of the following set of operators :
jx and jg

H/c = a"(=ihd,) + o’ (—ihdg) + a?(—ihdy + eAy(r)) + Smc

We seek solutions at zeroth order
ine:

(9)

€ =

S

—-16p—1/2 —1
~10716B,12);

(10)
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States of an electron in a circular magnetic field :

wn,lL,IH ,a (r? 9? ¢) &
,2 . . .
emmeieioh (oLl (5)300) + LS (5) x30)]

E= \/m2c4 + hweme?n + (hQ)2/”2 (12)
With the pulsation around the circle : Q = c¢/p

» n: main perpendicular quantum number.

I, +1/2 : angular momentum around the magnetic field (Jp).

v

A

Iy : angular momentum around the axis of the circle (Jy).

v

> a: spin orientation
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Radiation of an ultra-relativistic electron

in a circular magnetic field (Voisin et al.,
Paper 11, 2016, in prep.)
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LDe\‘ining curvature radiation from a quantum point of view

Defining curvature radiation from a quantum point of view

Proposition of definition

Curvature radiation results of transitions between the most
localized quantum states that allow all spin orientations.

States concerned

» Fundamental state : /j,n =0,/ =0,a =1, spin anti-aligned.
Vo = U} (13)
» First excited state : /,n=1,/;, =0,a= =1, mixed spins.

Cos(€)W1am1 +sin(E) V101 = W (€)+ Wy (€)  (14)
e

14
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LExample of desexcitation path and main rates

Allowed transitions and main rates

A Orthogonal quantum number n

\UQ \Ul a=+1 a=-1
= Raterx 3574 New !
_>,, c
%
E \UO \Ul
& r oc v* Classical
2 v,
i

r o BBC~,/4
Yy V; a=+1 a=-1

>
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- Spin loves flip-flops

Spin loves flip-flops if B > B, = 4.4 - 10°T

The transition rates read :

2dodw
dwg = |[Mg|?27hs (Er + hw — E) e (1
Wf H f” ™ ( f + I) C3(27T)3/V ( 5)
L 2
Mf,' 2 0.8 Wf’yue \U,-e_’k'xd?’x 16
o
Energy (mostly |
B sty ) i)+ vk
x< 57" Rate depend
c ate depends on
vt .ﬁthe initial spin mixture
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L Radiated intensities

Spectrum expressions
Classical curvature radiation is identical to its classical version up to
high energy corrections. Spin-flip expressions are very similar.

a2/l 1 2 2 1\2

= C (R4 K3/3(€)
dodw 27Q 1273¢gc A2
21k 1 2,2 1

i w? L[, )

= — | K
dodw 27Q2 127T360CKI <K’ + ,~>,2> 1/3(5)
2yl

d ITi _ 1 e2w2 2 . i 1 EKz (f)
dodw 27 12m3¢pc 52 ) 252 B, 1/3
A2k 1 2,2 1 1 B

il ed? [, ,
dodw 21Q 1273¢egc <’<° + :/2> 252 B, 1/3(5)

Polarizations and symbols above are within the conventions of
Jackson (1998)
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L Radiated intensities

Total radiated power

Spin-flip curvature radiation is mostly unpolarized :

2
b - = (5) 3 (17)
I = e()ic(fé—fr)zg—‘&“ (18)
2
b= ae) 357 1)
i = ;(ﬁ)zfsv“ (20)

Polarizations and symbols above are within the conventions of
Jackson (1998)
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L Radiated intensities

Corrections at high energies

— Uncorrected
- - First order correction|

Intensity (arb. unit)

5 260 265 270 275 280
Photon pulsation (10910 *(-1)

Figure : Effect of quantum corrections at high energies obtained by the
replacement hw — hw (1 + %2). Here Lorentz factor =2 107

10
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Conclusion

>

We prove that curvature radiation can be derived in a
fully consistent way using quantum electrodynamics in a
high-magnetic-field, ultra-relativistic regime.

We show that spin-flip transitions amount to 10% in
"normal" 10® Teslas pulsars and dominate for magnetic
fields > B. = 4.4 - 10° Teslas. : spin-flip curvature
radiation should not be neglected in young pulsars
(Crab-like), and becomes dominant in magnetars.

For both we worked out high energy quantum corrections .
The spectra are very similar in shape to the usual
curvature/ synchrotron but differ in intensity (for spin-flip).
Contrary to constant-spin (classical) radiation, spin-flip
curvature radiation is mostly unpolarized.

In the longer term,
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