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* Conceptual introductiog #o strong field physics

and nonlinear QED
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A bit of technicalj

* Photons and hadrons in strong magnetic fields
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* Possible application to astrophysics
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When is a field “strong”
ﬁtrongness" depends on systems \

Consider an external field which couples to a system. Applying
an external field drives the system into “excited” states.

 Afield is called “strong” when its energy is much larger than
typical excitation energy of the system (or “vacuum”

e “Critical field” is defined by the typical excitation energy. Thus

Kwe could define multiple critical fields. J

ex) In QED vacuum: electron-positron excitation
In condensed matter (in the presence of a gap) : electron-hole excitation
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What is “strong field physics”?

* Characteristic phenomena that occur under strong

gauge fields (Em fields and Yang-Mills fields)

* Typically, weak-coupling but non-perturbative
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Schwinger’s critical field
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- “Nonlinear QED”

* A new interdisciplinary field: involving high-intensity LASER physics,
hadron physics (heavy-ion physics), condensed matter physics (exciton),
astrophysics (neutron stars, magnetars, early universe)



Nonlinear QED effects

Z. Phys. 98, 714 (1936N

arXiv:physics/0605038

KEuIer-Heisenberg action

effective potential of constant EM fields
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Nonlinear Compton scattering
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Why strong field phys

e Because there exist in Nature
Early Universe, Compact objects in universe
scattering, etc, etc.

* Because we can learn something abot

Vacuum has nontrivial structure in QFT
can be extracted by using strong fields.

al covers a broad range of phenome
a kind of new universal pi




1 Tesla = 10% Gauss

How strong?

1017—10*® Gauss
VeB~ 1—10.m;
Noncentral heavy-ion coll.
at RHIC and LHC
Also strong Yang-Mills
fields VgB ~ 1- a few GeV

old 10%Tesla=1012Gauss:
¥In Florida) Typical neutron star
surface

Super critical magnetic
field may have existed in
: very early Universe.
Superconducting Maybe after EW phase
magnets in LHC transition? (cf: vachaspati’91)



Development of high-intensity laser

GEKKO-EXA (Japan)
10" M9 XFEL, POLARIS, NIF, etc

Vacuum Polarization 4
Ultra Relativistic Optics IZEST C
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Relativistic Optics
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(Quantum ElectroDynamics, QED) =-*
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Volkov solution, Furry picture, ...

Furry Picture Loep=P((0—m)p—3 (Fun)? —ed (A7 +A) ¢ J

Lopp=0" (i#—eA™ —m)y P — 1 (Fuu)?—eg™ AyFF

Equations of Motion (_?-_@_&ﬁeﬂ_?”.),E,FP —0 J
: FP__ —ipx _ 1 ext . e . 2 sext2
Wavefunction Y =Epe """ up, Ep=exp [— 2k - p) (e A% k+i2e(Ap)—ie’ A )”
d*p p+m _ |
FP__ ! —iP-T o,
Propagator G _/{zﬂ)d EP{:E}PE — 5 Ep(@)e p}

Slides by A.Hartin @ PIF2013



Feynman rules in Furry picture

F_j'kf @ double fermion lines are Volkov-type solutions

~ @ \Volkov E, functions can be grouped around the vertex

@ Only need one new Feynman picture element - the
dressed vertex

F\-"Ep{jiffpiw kr) = /deIE‘pI [m”?]“.f';aEpf () ei{pf—Pi+kf}-rJ

Note: Furry’s theorem does not work in Furry picture

Fermion loops with odd number
of external lines survive



Proper-time method

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

Electron propagator in external EM field
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can be equivalently rewritten as
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tJo

7. proper time

This form can incorporate all order contributions w.r.t.
external field




Photons and hadrons in s .

magnetic fields




Photons in strong magnetic fields

B

< N

Dressed fermion in external B

* Properties of a photon propagating in a magnetic field
< vacuum polarization tensor I1*V(q,B)
e Old but new prOblem [Weisscopf 1936, Baier-Breitenlohner 1967, Narozhnyi 1968, Adler 1971]

- Polarization tensor I1*(,B) has been known in integral form
- Analytic representation obtained very recently [Hattori-Itakura 2013]



Magnetic vacuum as a media
D00y

Propagating photon in strong magnetic field O O OO0

= 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") + xalgim” — qi'q)) + xa(gin” — did?)

present only in external fields

v d 10 O 1 q'u — (QOJQJ_7O7q3)
=dla VY
Il parallel to B 'h 9( ) qrr — (qoa 0,0, q3)

1 transverse to B va = dlag (0,—1,—1,0) qﬁ‘_ — (()7 q.,0, 0)



Vacuum birefringence

 Maxwell eq. with the polarization tensor :
(q277”” —q¢'q" + 11 ) Ay(q) =0
15 (q) = xo(g*n™ — ¢"¢") +xalgini” — gai'q)) +xelaln’” — ¢ d?)

* Dispersion relation of two physical modes gets modified
- Two refractive indices : “Birefringence”

Az -
| 9 |2 n2 _ 14+x0+X1
n’ = 1 14+x0+x1 cos? 6 0
o° n2 — __ 1¥Xo U 0T
2 1-+xo0+x2 sin? 6 X

1. Compute x4, x4 . X, analytically at the one-loop level
Hattori-ltakura Ann. Phys. 330 (2013)

2. Solve them self-consistently w.r.t nin LLL approx.
Hattori-ltakura Ann. Phys. 334 (2013)



Analytic representation of IT*¥(q,B)

Representation in double integral w.r.t. proper times

fer T _—iO)T
Y (T” TJ_ /E?/ — mcr:rs[_ ]emcot | -.
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B, = B/B,, r” = and TJ_ =13 = 5

n = —2r? /B, and u = n/sinT.

o 1 D
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Lo(7,3) = cos(BT) — Bsin(BT) cot T,
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Analytic representation of I1*V(q,B)

Xi = ﬂﬁr Z (2

il S
= (1—du0) C7 ' (n) Fj'(& Be) —nny~

::201) = (1+dn0) 71 () F(&,B:) — nnp™!

QEO =0.
QR(U Cn Fn B HME B — Qn(O)
(MAF (& Br) — H (& By)} — ¢
o = Cp () {FP (€, By) — HP(€,B)} — Y
0 =0,
o = -,
QY = DY) F'(6.B) - .
QY = D} (n) F(€.B,).
f—1
D) = =83 (=X {(1— 6n0) Cy () — CR(m)}
A=0
-2
D () = 83" (=X —1) {(1+d0) C3 (n) — C2(m)} -

A=0

Infinite summation w.r.t. n and |

Fr(rt,

ZQFED} 4 ZQH(I] i ZOH{E

Lcr(n) GE By, _ e
Ciy(n) G¢ (&, Br),

(20 + n)B;

B:)* } Iia(r) ] :

B — /1 dp
v ) rif* —nB S+ (1 —rf) +
ZF(Be) +nB: Ia(rf) ]

nB, 1 )
2 =n - 2
2+ 3 = (B:) + 4rf{ (b? — dac) + (n

1+ 2¢B,
14 2(¢{+n)B,

N m? + 2¢eB
m2+ 2(¢/ 4+ n)eB

—vb?—4dac

1

3 a— ::'+:;b —4dac

arctan — arctan | =22 (s < r? < s%)
Vdac—b LT I +

a—c—v'b*—4dac
a—c+Vv b —4dac

In |2 (rf < s7)

b+a

2_ [n 2 {n.
\/‘(r (r —sY

+2"Ta} (st < rﬁ).

) {ln

summation over two Landau levels

Numerically confirmed by Ishikawa, et al. arXiv:1304.3655 [hep-ph]
couldn’t find the same results starting from propagators with Landau level decomposition



Re(n, ]

1.5F

V Elim

Refractlve index

0.5%

B/B = 500 (magnetar) t

lm[ )

0.4F

0.2¢

| Br =500

0= /4

|
é 1

Need to self-consistently solve the
equation (effects of back-reaction)

Use LLL solution for simplicity
> X% =%=0,n#0

@: 1+ x4, :

1+ y,C08° 0

X1 = zl(q”z,qf, B)

Refractive index n| deviates from 1
and increases with increasing @

cf: air n =1.0003, water n=1.333

New branch at high energy is
accompanied by an imaginary part
- decay into an e+e- pair



Decay length

Amplitude of an incident photon decays exponentially
characterized by the decay length

] 1 1 Surviving length ~ life time
2wk 20WNinag '
d (fm)
]06_
e Very short length

- relevant for magnetars

1000} / Even shorter in HIC
|
|
|

Br = 500 - relevant for very soft
100¢ 3fn;§ photons generating
10¢

|

| |

| | — =72 anisotropic distribution
| |

| |

| |

w? /4m?



Angle dependence at various photon energies

Real part

direction «

. Photon mom.

[ 39]
T

[ 39]
T

(3]
T

For magnetars - Br = 500

Real part of n

-2

w2 =1

Imaginary part

No imaginary part

[ SR

(ST

[ SR

2 2 __
W = w- = W =
0.10} 0.10}
0.05} 05}
~0.10 ] =0.05 ~0.10 —0.05 005 010  —0.10 —0.05 005  0.10
05} 05}
—o.10} —o.10}




Effects are stronger with stronger magnetic fields
or higher energy photons

Refractive index Photon decay
0.5 9=n/4
3 0.4} @ =5
- o' =10
— — 0.3 @t =30
o' = 100. = Uor &t =100
%’ 1.2¢ —CTy =] o' =500
ad —— (?'.ii: 5. = D ~ L ﬁiz: 1000
o' = 3. = o' = 5000
1.1+ f‘uizz. @t = 10000
— 011
]- |".—__“ 1 R 1 | 1 0 \ k 3 __A_L
10} 10° 10° 10* 10° 10© 10' 10* 10° 10* 10° 10% 107 108
Br Br
Br=B/Bc =

0(10?) at magnetars @*=10000 €2 w=200MeV

0(10°) at RHIC

Nim = 4/ €lim — |'C"[:)~°:';9|_1



Hadrons in strong B

o N5 Thdispersion relationDZ 1L
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Neutral pion decay

* Chiral anomaly induces n° decay through triangle diagram

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

99.996 %
™ s>y+ete: 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]

* There is only one diagram for a constant external field to be

attached
TCO
_eB n%+B - e'e
O e m2 B “Bee” decay

* Alsoimplies

-- conversion into y with space-time varying B

cf: axion
(very light, but
small coupling)

-- Primakoff process* (y* + B 27 ): important in HIC

-- mixing of t®and y

* observed in nuclear Coulomb field



Decay rates of three modes

10'- |
| @ =m/2

Iy (MeV)

Heavy lon Collision

Mean lifetime wmagneter

I |
3 |
10 SR HSSESSouE |
I | .
—_ 10]‘ : ____________ 101
E |
Gl : 107!
o |
° 1073 0= 2 :
' NN
:(U=HLI- ‘\\\ |
: —5 =\ \\ _5
10 | w=5GeV 10
10* 107 102 10t 100 100 102

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

2 2 2 9
q-q eB 2m= Am?
! _ |
Ppere = 127w, (A QQ) (1 + g2 ) - q?
B_=B/m ?
-1
Tiite = Liotal

1
FZ)/ + i +1

Bee

-3
10 < Picometer

Energetic pions created in
cosmic ray reactions

& femtometer will be affected



Response of hadrons to magnetic fields

Naive argument: spin s, magnetic moment g, charge e
EZ(p,,s,)=m’+ p’ +(2n+1)eB—gs,eB
Landau levels  spin-magnetic effect

“Effective” mass in B

E2 ,(p, =0,5,) =m? + (1 gs,)eB

Spin 0 mesons: M’ +€B  (pions) “heavier”
Spin1/2,9=2 : m? (electron)

Spin 1, g=2: m? _eB (rho meson) “lighter”



Decay of rho mesons
Chernodub, PRD82 (2010) 085011

* Dominant decay mode (>99%) : p*~ 2> n*~ n

* Due to mass variation in B, this decay mode becomes
impossible at high value of B

m,+(B,+) = Mg+ (B,+) + Mo

This is realized when No change
1 2 2 2 2\
B,x = 9 [mp —m; —mg(ms + 2mp)2]
2J 2
~ (.36 — My ~11—
e e

Beyond this magnetic field, charged rho mesons become long lived.

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



Instability??

?H (p.) = pg + (2n — 25, + 1)eBeaxt + m”

oy
-

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

g(?,l( P, = O) — mfy _eBext

can be NEGATIVE when
2 2

m m
>B, =—£~30—£%
e e

— Charged rho mesons are unstable in very high magnetic field

B

ext



m [GeV]

Summary of Chernodub

! mpi(B)
I:. Bp . D¢ condensed|
2 0.4 0.6 0.8



Lattice does not support instability scenario

0.6

m,. (GeV)

0.2

Charged pion

S e

0.2 0.4
eB (GeV?)

Bali, Bruckmann, Endroedi, Fodor, Katz, Krieg,
Schaefera and Szaboeb (2011)

m [GeV]

Rhos and pions

eB [GeV?]

Hidaka, Yamamoto (2012)

FRIRE—FDHNFIEHYZES




Lessons from electron

* Naive picture : spin 2, g=2

— electron mass does not change in magnetic field

ﬂUT THIS IS NOT TRUE IN TWO FOLDS.

[ \___\I
-

k a I

(1) g-factor deviates from 2 due to
radiative corrections

- “anomalous” magnetic moment

- TR
] )
\ b

with external field insertion. (resum all orders wrt eB)

Double line: dressed electron

~

(2) When B is strong enough, we have to resum all the diagram

/




Electron’s lowest energy in magnetic fields

IS

E,=m_[1—~(a/4m) B/B ]

J.Schwinger, PR73(1948)416

/

/

/

2
ke I P Ing—y—§ +3.9
azr| | B, 2

Jancovici, 1969
Constantinescu 1972

L=B/B.
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Strong fields in astrophysics

* Early universe
QCD phase transition?
QGP in laboratory is really QGP in early universe?

 Compact stars (neutron stars, magnetars)
inner region EOS?
outer region mechanism of radiation?

* Black Holes, Gamma-ray bursts
jet production?



Magnetic fields of neutron stars

180

160

140

Observed 120
# of NS’s ™

80

4x10'®Gauss: VeB.=m, = 0.5MeV
“Critical” magnetic field of electrons

G0

40

20

8]

1010 G 1012 G 104 G

There is no static electric field because it is
immediately screened by a plasma.

However,

Pulsar
- rapid rotation of magnetic field
- Electric field is induced and strong too

= 130 stellar radii

—Light cylinder A
ion axis

| NN~ field ines

.\ \d

&

——

/, —_—
I _'_‘1_’ o
| \\
Slot gap )

- fegion \

/
/Closed

Open
field lines




Strong field physics in NS/magnetar

—wee1 ¢ OQUTSIDE of the star

_mm— %l | Both electric and magnetic fields are
O ads OO @ strong enough around the polar regions.
o ™ - anomalous photon emission due
sp%?;" p ‘ el to photon splitting and Schwinger

mechanism?

—> origin of intense radiation ?

y . B INSIDE of the star

field If the magnetic field is present in the

Beam of — lines

radiation stars, there must be a big effect on the
equation of state of nuclear matter.




Unique X-ray spectrum in magnetars

B2 LI | BE B E R OME)
b | ﬂ—
- / “n ‘FH-"I:I'
0.01 8 3 Y : 1
e \. i 5 KT DERIE
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RS Energy (keV) FESRIUE
- DEEH
wa\\ /e

From the slide of
Enoto 2013
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SDEAHE > FEOHR
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Photon splitting

BEZRTIEAAIEE
LOW FIELD CASCADES HIGH FIELD CASCADES
B<0.1B, B> 0.1 By
3 Splitting Modes
- L =1l L =1l
No Splitting Splitting Only 1L —= 11
I — LI

4 4

I, L Il 1

BOEI(ZE-T
ART—RFDOHEEMN
L9 5

Baring, Harding
AplJ 547 (2001)

Magnetarf# 1B T {% T
DIybhEERK?
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Effects of magnetic fields on EoS

* Three possible effects to be considered
1. Landau quantization for electrons and protons
—> anisotropy of chemical potential (beta equilibrium)
2. Mass shift of protons (due to large anomalous magnetic moment)
- new balance of beta equilibrium (more protons?)
3. Mass shift of pions
—> anisotropic nuclear force? Charge asymmetry?

* Earlier attempt
Broderick, Prakash, and Lattimer, Astrophys. J 537 (2000) 351
- reduction of electron n = increase of proton fraction
- softening of EOS due to Landau guantization

- stiffening due to anomalous magnetic moment of nucleons



Lowest proton mass in strong B

Eim (pZ) — pg + (2?’1 — LS, + 1)€Bext + 77?;2

0,=2.98

BBEP TRERTEERD=HIC
BFOIAMEEIIREEDTEH(BFLIYEIRK)
hHEFIIEFEFLGVOTEIEEY

Mn>Mp EMNEMNRSE > B=0 DELYE BFEEYOTLY
(REFEELSCENENIZERTLELLESD)
> hEFHLEFADEEINEEZND
> HEFEDOPFTHEFOLENERS

BFHNSH TR S, HIFEEZAOTLEADTITLELIIM?
(BREEEALTREERDER ? BANEICH NS E RS ?)

o n e THREERITHITOIFRMEZNROWGEKRLLE (cf BF)




Chiral symmetry breaking at finite B

* Relatively understood at pu=0 thanks to lattice
application to QGP formation at
colliders and early universe

= T.(B)

* Not understood at large u relevant for compact stars
need to understand B-dependence of
critical chemical potential z(B)



Tc decreases in superconductors in B

* Magnetic field is expelled from the
superconductors (Meissner effect).
Stronger magnetic field creates
vortices (if possible), and let the
material back to a normal state.

] . T>TC T<TC
* Cooper pairs are formed as spin O
it

states (up and down). Magnetic field Magnetic 4
Hl:

lets the spin aligned to help to break field = —
the pairs. RN
SC

p¥: 4

| ;
| / " Temp.

mE
Fig.5 M= iR



What about in QCD?

 Chiral condensate:

spin 0 quark-antiquark pair o

Spin up quark and spin down antiquark feel the same Lorentz force

- decrease or increase Tc ?
cf) enhancement of symm. br.
(magnetic catalysis)
flavored meson will be broken
* Confinement (Polyakov loop) :
couples to B only through quark loops

Tc decrease?
Chiral and deconfinement transitions split?



Explicit breaking due to B

* Finite B introduces explicit breaking of chiral
symmetry even in the chiral limit.

| L..|=QueB Q,=+2/3, Q4=-1/3
explicit breaking is large for large B

However, flavored meson will be destroyed by B

 Different GOR relation should be realized

pions are not massless

pion mass will be related to B

such relation could be anisotropic wrt direction of B
[now under consideration with Hattori]



Lattice results

Strange quark susceptibility

G.S.Bali, F.Bruckmann, G.Endrodi,

165 Z.Fodor, S.D.Katz, S.Krieg, A.Schafer
and K.K.Szabo, JHEP 02 (2012) 044
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-- Tc significantly decreases with increasing B \ T

-- Chiral condensates enhanced
-- No splitting of chiral sym. br. and deconfinement
-- transition seems to be still crossover



New observation of SGR 0418+5729

Nature 500 (2013) 312 15 August 2013

 Magnetic dipole model suggests moderate value of magnetic
fields 6x10'°Gauss. But this object shows bursts, a property

typically seen in magnetars.

 “Phase dependent” X-ray measurement suggested “proton
synchrotron resonance” and spots with very high magnetic
fields > 2x10'*Gauss.




Summary of the Nature paper

Even if the global magnetic field is moderate, it could be much stronger
INSIDE the star, exceeding the critical magnetic field strength. Strong
magnetic loops sometimes appear on the surface and induce energetic
bursts.

Very similar to the sun where the global magnetic field is 10 Gauss, but
there are local spots having very strong magnetic fields 1000 Gauss. This
“sunspots” are related to bursts and flare events (jets and explosions).

This measurement opens up a new possibility to extract the information
inside NS’s and magnetars!! Physics inside and outside the stars could be
related to each other!!

Questions to be asked:

- Are there enough protons so that they can absorb X-rays?
- Is magnetic reconnection possible at such a strong B field?
- Is the flare event related to glitch?



QGP in Early Universe

o BRI RBENIZELS:
HEmRDRMETERDLET. HAVTHEMEBBIETIA—I®
JIVA &R
EW plasma+ QGP —=> QGP

« HBEXEZQGPDAERL:
QGPMISEMBI B HE A 2 (F TLIAVELY

QGP&QED plasma® H7F
incoherentZZ5& L\ FIH D IFE
quarklXERTZHFD

(EWPTDHIjIL. EW plasma + QGP + QED plasma)

o FEHLZFLHVLRWVEBHIENEELI-AIEEN
& E55RERTE THRERALISERL ? cf) Vachaspati (1991)

DigdEd, SFIHLmaGEa LI-QGPE RO EHY



Magnetic fields in Early Universe

Widrow, et al. “The First magnetic Fields” (arXiv:1109.4052)
Cosmological Time Table
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Summary

When an external field is much larger than typical excitation
energy of a system, one can find extraordinary non-perturbative
phenomena called “strong field physics”.

Strong field physics reveals novel properties of ordinary particles
such as photons and hadrons in strong external fields.

Such extreme situations are seen in Nature, in particular, in the
universe, and also realized in experiments with high-intensity
laser or heavy-ion collisions.

We need to incorporate strong field physics to understand the
properties of compact stars like neutron stars and magnetars.



