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Charged particles
In strong B
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Cyclotron (Larmor) frequency, radius
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BEIE D=8, (complex) scalar
Klein-Gordon equation in a magnetic field B =(0,0,B)

(-D2-m?)g(x)=0, D, =0, +ieA,

__ A~ lot+ip,z
p(x)=¢e (X, Y) SRTAD |
(- D2-D?)p(x,y) = Ap(X,y), A=a’—p>-m’
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E2(p,,s,)=m’+ pZ+(2n+1)eB - gs,eB

Landau levels  spin-magnetic effect
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o WZPDIBHEE
EﬁzO(pz — O’ Sz) — m2 T (1_ gsz)eB = [meff (B)]2

e Spin0: m? +eB (mesons) E<K7RXD
e Spinl/2,g=2 : m? (electron)
e Spinl, g=2: 2 _eB (rho meson) 8£<73: %
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Decay of rho mesons
Chernodub, PRD82 (2010) 085011

o FEITAREE—R(>99%): p'~ > ntnd
o WEHRTHENEILTDHE CORREE—RNRAIEEICEYSD

M+ (Byt) = M= (B,+) 4+ myo

P
No change
CDFEAMNRYIL DHEIZDRS
1 1
= 2 2 2 2\ =
B+ = P m5 —my — Mg (my +2ms)? |
2J m?
~ (0.36— m, ~11—
e e

DRI EYRBWONEISE R TlE. BTE rho mesons (XEFH@IZHE S

Also, neutral rho meson cannot decay into pi+ pi- when masses of charged pions become
Large. This happens when B=(mp2—4mn2)/4e ~6.5m_ ?%/e



A EEM??
g2 s (D) = p? + (2n — 25, + 1)eBext + m°

e For vector mesons (s=1), the LLL with p,=0

g:,l( P, = O) — m,i _eBext

can be NEGATIVE when
2

m
B, >B =—2~30"
e e

- Charged rho mesons [EC D5 XY R MEISF TIIFAETE
> BN I REE ?
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Charged pion
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Bali, Bruckmann, Endroedi, Fodor, Katz, Krieg,
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Rhos and pions
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Double line: dressed electron
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Synchrotron J 5T
Magnetic field bg Color magnetic field bg

Only quark Quark or gluon

Quark has both electric and color charges No photon radiation
EM fields  YM fields from gluon

Also virtual photons are emitted = generate dilepton pairs
Gluons will fragment into pions...




Nonlinear Compton scattering
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Observation of Nonlinear Effects in Compton Scattering
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Gamma photon —

X Electron-
positron

s ol P

Electron

e-e+

e + nwy — e! + @+mo,  pnys rev L,

Electron energy 46.6 GeV
Laser Nd:glass 1054 and 527 nm

79,1626 (1997)

Peak intensity 1018 W/cm?2
Measured up to n=4

N islXQCDTIEE AN G . Initial state radiation
&EFinal state radiationEL THEIZEZ LN TULVS




Extreme limit of nonlinear Compton

Bl Z (X FRETDHITIE PHYSICAL REVIEW A 83, 032106 (2011)

Nonlinear Compton scattering in ultrashort laser pulses

F. Mackenroth” and A. Di Piazzal

Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany
(Received 29 October 2010: published 9 March 2011)

k!lu
18t L. ard 1.u ( _ 1\th e
1 \A* \.3 kt &n )™k
\ \ \
\ \ \ »
Z"X_’ N N A\ p
n=1 p* 77 7o 7
/o !/
/ / / th 1.u
/7 At ;s vE
me L {'?1- _ Q)Ih L

Laser D7 AT 7AIL DB EHMEELL

o

Dressed electron propagator
(Furry picture)

BN TLND



Neutral particles
In strong B
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Propagating photon in strong magnetic field O O O O
= probing magnetic vacuum “polarized” by external fields
~ photon couples to virtual excitation of vacuum (cf: exciton-polariton)

B dependent anisotropic response of a fermion (Landau levels)
- discretized transverse vs unchanged longitudinal motion
- Two different refractive indices : VACUUM BIREFRINGENCE
- energy conservation gets modified
—> Pol. Tensor can have imaginary part : PHOTON DECAY INTO e+e- PAIR
(lots of astrophysical applications)

4 (q) = xo(*n™ — ¢"a") + xalgin” — qi'q)) + xa(din” — did?)

present only in external fields

A — i 10.0 —1 qp, — (qO7QJ_707q3)
= dla VYV
Il parallel to B 'h 9 ) qllr = (qoa 0,0, q3)

1 transverse to B n'" =diag(0,-1,-1,0) q (0,9.,0,0)
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Dressed fermion in external B

(q2n‘“’ —q'q" + 11 ) Ay(g) =0

I8 (q) = xo(a*n™ — ¢"q") +xalgin” — qi'q)) +xa(ain’” — did)

Analytic expression of %, now available

2

2 _1al’
=" ;
), n2

n]_:

14+x0+Xx1

14+x0+x1 cos? 0
14+X0

1+x0-+x2 sin® 6

< N

(Hattori-KI 2013a)

birefringence



Proper-time method

J. S. Schwinger, Phys. Rev. 82 (1951) 664-679

Electron propagator in external EM field

G(p|Aa) = ———— R T L
p—edg —m E—
p—m = p —m vories

can be equivalently rewritten as z: proper time

G(p|lAa) = (J(w—r A —I—m X —/ dT € (P (m?—ie) }

This form can (relatively easily) incorporate all order contributions
w.r.t. the external field.




Hattori-KI 2013b

Reln] LLL results
1.5¢

Y €lim

Take the Lowest landau Level
approximation
Only n// deviates from 1

B
|~
-
/% B/B, = 500 (magnetar)
|
I
I
|
il
0.5" | | Refractive index n| deviates
from 1 and increases with
Im([n, ] increasing @
' i cf: air n = 1.0003, water n=1.333
|
0.4t | .
| Imaginary part appears when
L photon energy exceeds threshold.
) - Decay into a e+e- pair
|
0.2 L
I Self-consistent treatment of the
i equation necessary €backreaction
. Br=500 |
0=mx/d4 l
0. ;




Consequence?

Polarization of photons from compact stars

photon decay strongest when 6=1t/2 < only for // modes
- perp modes survive, generating effectively polarization

Parallel /\/\/\J< & See perp polarization
perpendicular ﬁ\/\f\f\f\/\/v
B

Magnetic lensing effect

distorted image of magnetars or stars behind magnetars
- present but too small in area

Vacuum resonance

need to include the effects of matter around NS/magnetar

Magnetic flux tubes in vortex as a slit

photons emitted at the surface of NS/magnetar could be

affected by the magnetic structure of crust (opacity of nuclear matter??)



SEF D EL (Photon splitting)

RZh, FRBEETIXARTEEE (Furry’s theorem)
5V igh, HREREZEE TIXTTEE

FE, EHEGETEASN TR

/ Recent progress (Hattori and KlI, work in progress) \

- Proof of vanishing LLL contribution
diagram with three LLL propagators is vanishing
at least one propagator must be the second LL

- Proof of vanishing LLL contribution for odd numbers of external photon lines

o J




Photon splittingD € 1=59 R

* Photon cascade

LOW FIELD CASCADES

B<0.1B,

HIGH FIELD CASCADES

3 Splitting Modes

B = 0.1 Bcr
N 111
No Splitting Splitting Only

1 L

1L — 111
1 — 11
n— Ll

¥W%§

e rising spectrum of photons in magnetars

©
—

0.01 E

keV (keV/cm? s keV)

100 Lowu

]
=1 I

10 100
Energy (keV)

Baring, Harding
ApJ 547 (2001)

Jet production
around magnetic
poles



Neutral pion decay

e Chiral anomaly induces n° decay through triangle diagram

™ =2y: 0 (62)
Dominant (98.798 % in vacuum)

99.996 %
™ s ~vy+efe: O (63)

Dalitz decay (1.198 % in vacuum)
NLO contribution

e Adler-Bardeen’s theorem

There is no radiative correction to the triangle diagram
Triangle diagram gives the exact result in all-order perturbation theory

- only two photons can couple to n°



Neutral pions in strong B

Hattori, KI, Ozaki, arXiv:1305.7224[hep-ph]

 Thereis only one diagram for a constant external field to be

attached
TCO
_eB n%+B - e*e
Ole m2 B “Bee” decay

e Alsoimplies

-- conversion into y with space-time varying B

cf: axion
(very light, but
small coupling)

-- Primakoff process* (y* + B =2>7° ): important in HIC

-- mixing of t®and vy

* observed in nuclear Coulomb field



Decay rates of three modes

10'- |
| 8 =mx/2

Iy (MeV)

Mean lifetime magnetar

103

|
S A R
|
i | N
_ 0
E |
T
g' |
1073 6= x/2
: w=m;
k —5 =\
10— : w=35GeV
0% 103 102 10" 10°

Heavy lon Collision

Solid : “Bee” decay
Dashed: 2y decay
Dotted : Dalitz decay

2 2 2 b
q-q elB 2m= 4m?
. B |
Poete = Tr (A q‘z) (H q° ) b=
B,=B/m ?
-1
Tiite = iotal

FZ)/ + rDaIitz +1

Bee
Picometer . . .
Energetic pions created in
cosmic ray reactions
10! 102 € femtometer will be affected



B P TORMENFODES
Radiative decay of hadrons and V-P mixing in magnetic field

Vector

anomalous interaction
V P

"( Pseudoscalar -

g

|2
&

V- P mixing
B B B B

Slide by S. Oszaki
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J/V/'”c B
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QCD sum ruleMSDFERE—HT S Hattori, Ozaki, Lee, Morita 2014

BIC%hE L V=photon, P=pi-zero THFEZ S
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