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Motivation and Qutlook

A Topresentarecentlydiscovereduniquenon-linear modification of free Maxwell theory that preserves all it
symmetry properties (dubbeiodMax)

A Lorentz invariance, U(1) gauge symmetry
A but in addition, also electrimagnetic duality and conformal invariance

(play an important role in various areastbéor. physics, from condensed matter to the theory of
fundamental interactions, in particular in String Theory)

A Models of nonlinear electrodynamics have been extensively studied as possible guides to catch new
physics: e.g. for tackling fundamental cosmological problems (such as inflation and dark matter), for al
effective description of properties of certain insulator materials and optical media.

A Notable examples:
A Bornrinfeld electrodynamics! (1934)invented to ensure finite electric field sethergy of charged particles.
An important ingredient of Modern String Theory.
A EulerHeisenberg:effective theory (2936) Quantum Electrodynamics
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a heuristic way aimed at addressing specific problems, and not using basic theoretical principles, like
fundamental symmetrieqConformalnodinear electrodynamics has<eeatudiedsince 2000for a review
seeDenisovaGarmaev& Sokolov, arXiv:1901.05318)

A A natural question is what is the form of the nbtinear electrodynamics, which has all the symmetries of
al EgStftQa G4KS2NEK
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Conformalndduality invarianceof Maxwellitheory

A Free Maxwell action S = % /d% F,, F* = %/d‘lx (E? — B?)
A
Fo(x)=0,A,(2) - 0,A,(x),  Ei=0pA; — 0;Ag,  B'= igkaj’“

pv=0,1,2,3; i,k =1,2,3

A Free Maxwell equations
8Fu1/_0 8—E_VX:B VEZO,
Bianchi 8MFMV58M( P ) =0 - 9B — _V x E, V-B=0

identities: ot

A Conformal invariance (e.g. rescalingy* — a x*, A, — a,_lAM, F,, — a‘2FW

A Invariance under SO(2) duality rotation: (F/;w) B ( COS O sina) (FW>
(only equations of motion) Fry —sina  cosa) \ FM



Nonlinearelectrodynamic$NED)

. . ~ ~ 1
A GenericNED action: Sygp = /d%ﬁ (FWFW, FWF“”) , FHY = 5g’“”””‘P’p)\

(a gaugenvariant nonlinear functional of two Lorentz invariants)
In generalNEDhthe electimagneticcdduality:and canfermalinvariance: aset lost

A Requirement of conformal invariance L(aFF, aFF) = a L(FF, Fﬁ) N L= _ipwpw Y (E)
(homogeneoudunctionof degree 1)
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A Requirement of duality invariand&aillard &uminoWy m>Qdpc T DAOGO62Y A 9 wl 8KS:!

oL\ _ OL(F") . oL
Oy (—81?”,,) =0 (QF&n ) _ ( COS (v sma) (3,!%/) N Fw,ﬁ“” Y, oL oL _ 0

5 P — g v —sina  cos Fhv OFHv QF>p
y —
A BornInfeld theory: Lgr =T - T\/— det(n,, + T~ 2F,,) =T — \/T2 +LF, Frv — L(F,, Fm)?
(duality-invariantbut not conforma) T ¢ couplingparameterof dimension at T —00 L1 — Laremmel
of energydensity

(week fieldlimit) 4



Modified Maxwell theoryMlodMax

Bandos, Lechner, D.S. and Townsend, 2020

A Uniquenon-linear electrodynamics which is simultaneously duahtyariant and conformal, and
NBRdzOS& G2 al Eédddplin@ianit 95 Ay GKS T SN2

__ coshy (E2 s1nhfy \/ —|—4(E B)
o 2
1 _ . 1 - | | |
coshy = 5(67 +e77), sinhy= 5(67 — e 7) - dimensionless coupling parameter

at v =10 LitodMaz = LMazwell

A ModMaxenergymomentum tensor is traceless due to confornralariance

1 FF
—n“”(Fp)\Fp)‘)> cosh v + sinh ~ -
) \/ (FF)?+ (FF)?
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Maxwell energynomentum 5
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ModMaxHamiltenian

e 00 _ L2 2 : E® — B
ModMaxenergy density: 7% = : (E* + B?) (cosh'y + Slnhfy\/(EQ 1B B >0
not well defined for E2? - B*=E-B =0 which are e.g. satisfied by electromagnetic plane waves

A This0/0 ;ambiguity gets: resolved:in-tHamiltonian:formulatiorof ModMaxobtained via Legendre transform

H(D,B)=E-D—-L(E,B), D= aE%E;B) - electric displacement vector, whilee = 8%(%]]3), B)
. _ _ 1 .
ModMaxHamilioniandcdensity: HarodMaz = 5 (Coshfy (D? 4+ B?) — sinhv+/(D2 4+ B2)2 — 4(D x B)g)

—sina  CoS B

Note that theHamiltionianis manifestly duality invariant (g) _ ( cosa  sin Oé) (D>



ModMaxHamiltenianequationsand planewaves

1
Hrodntas = ; (cosh'y (D? + B2) — sinh~y/(D?2 + B2)2 — 4(D x B)2)

E = -VxE, V:B=0 E=0H/0D, H=0H/OB
V-D=0 constituentrelations

APlanewaves E2-B2=E-B=0 — D?+B2=2coshy[DxB|, H,, =|DxB
p

has solutions only for~ > ()

D+iB = Re [Doei(k'x_|k|t)]—|—i Re [Bgei(k’x_|k|t)] : Do, Bo — constant amplitudes
K- pw momentum
A a linearly polarized pw solutionD - B =0, E=¢ "D = Eycos(|k|t —k - x) = .3 x B
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Birefringeneen ModMax

A in uniform electric/magnetic backgroundidodMaxexhibits ithe-effect-of birefringence
phenomenon of double refraction whereby a ray of light is split by polarization (with respect to
the external EM background) into two rays taking slightly different geodesic paths:

(1) w? = k|, (1) w?=|k|A_  Ai(k,Best) depend on properties of NED and background
A ForModMayx, dispersion relations of two refracted light rays in a magnetic backgr8uae:
(i) w?=|k[* — standar light — cone
(1) w? = |k[*(cos® ¢ + e 7 sin” ), ¢ — angle between k and Bext
A The effect is characterized by the birefringence index =\, — \_ :
Anprer =0 = Anpy, Angpp = 3.96x107** B2 Anaroddiar = 1—e™ 27 (for k L Beyy)

ext

PVLAS experiment bounds: Anegp < (12£17) X 107%° for Begy = 2.5 Tesla
(arXiv:2005.12913)



ModMaxeffects ontblack holes

(arxiv:2011.10836, 2011.13398, 2012.03416, 2012.07443, 2102.06213, 2102.13138)
VRPN A . Z v vl OA V - w
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Exampleelectrically chargetReissneiNordstrom black hole BH mass and charge

1 OM  Q2e
2 o 2 2 2 0 1 — e
dspy = —f(r)d t+—f(7n)dr+7" dS, f(r) = - + 2

RNBH Horizons: f(r) =0 — 74+ =M=++/M2—-Q% " — M?>Q?% " (screening effeqt




Generalizations idflodMax

AGeneralized Borinfeld (dualityinvariant but not conformal):

T - 1 .
Ly = T—\/ I*+ 5 ((Cosh V) Ep 1Y — (sinh 'y)\/ (F FH)? + (FWFWV) T A

at v=0 — LpBr; at T' — oo £7B1_>£ModMa:r:

A Selfdualnd conformal interacting chirak®rm theory in 6DXPST formulation):




