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A. Carleo, G. Lambiase, A. Ovgun; Non-Linear Electrodynamics in
Blandford-Znajek Energy Extraction, AdP, 2023 click here

o WHAT IS THE BLANDFORD-ZNAJEK (BZ) MECHANISM 7
@ WHY NON-LINEAR ELECTRODYNAMICS THEORIES 7
© MATHEMATICAL AND ASTROPHYSICAL RESULTS

o CONCLUSIONS AND FUTURE DIRECTIONS
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|
THE BZ MECHANISM

IN PRESENCE OF AN EXTERNAL MAGNETIC FIELD, A SIGNIFICANT QUANTITY
OF ENERGY COULD BE EXTRACTED FROM A SPINNING BLACK HOLE

o ONLY ONE POSSIBILITY AMONG ENERGY EXTRACTION WAYS (HAWKING
EFFECT, PENROSE PROCESS, MAGNETIC RECONNECTION, ...)

@ EXPLAINS HIGH ENERCY PHENOMENA AS HIGHLY RELATIVISTIC JETS

@ REQUIRES GENERAL RELATIVISTIC MAGNETOHYDRODYNAMIC MODELING
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-
WHY NON-LINEAR THEORIES 7 (I)

o GENERAL ELECTROMAGNETIC LAGRANGIAN GOVERNING THE
SURROUNDING PLASMA:

1 1
Lnep = f(X), X = ZFMUFW = 5(52 - E?)
WHEN Lyiep = —X — MAXWELL THEORY

o INVESTIGATED IN A WIDE RANGE OF CONTEXTS (OPTICS, PLASMA,
NUCLEAR PHYSICS, SUPERCONDUCTORS, astrophysics...)
[Delphenich(2006), Lundin et al.(2006)Lundin, Brodin, and Marklund,
Ohnishi and Yamamoto(2014), Panotopoulos(2021),

Garcia-Salcedo and Breton(2000)]

@ NON-LINEAR EFFECTS ARISE IN QED (BUT VERY TRICKY TO TEST AS
THEY REQUIRE EXTREMELY HIGH-ENERGETIC PARTICLES OR EXTREMELY
HIGH MAGNETIC FIELD)
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-
WHY NON-LINEAR THEORIES 7 (II)

@ Cosmology (l): WHEN COUPLED
TO A GRAVITATIONAL FIELD,
NLED THEORIES CAN GIVE THE
NECESSARY NEGATIVE PRESSURE
AND ENHANCE COSMIC
INFLATION, AS WELL AS AVOID
THE BIG BANG SINGULARITY

@ Cosmology (I1): A NON-LINEAR
LAGRANGIAN BRAKES THE
CONFORMAL INVARIANCE —
SURVIVAL OF PRIMORDIAL
MAGNETIC FIELDS
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A plethora of models...

Model Lagrangian & f(F) Maxwell’s limit
3 2 3
Born-Infeld model - (J1+ % -1) L(/1i+%-1) a > JAF|
De Lorenci et al. model —F + 16aF? 1—16aF a—0
Novello’s Toy model —F +1602F2 — IE 1—16aF + Iiz a—>0,—>0
Kruglov’s model A —F(l - z.ﬁiﬂ) 1+ ﬁ a—0
Kruglov’s model B . ﬂﬁ'—ﬂ ﬂ%ﬂ g—0
Kruglov’s model C — Fsech? (,A/\Fﬂl sech? (;‘/\Fﬂ\ BF —0
Ovgiin’s exponential correction model ’;;;;F % a—>0,p—>1
Benaoum and Ovgiin model Gt W B—0
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-
AN ASTROPHYSICAL APPLICATION (I)

SMBH, IN ORDER TO FIND OUT IF NON-LINEAR PHENOMENA COULD EXISTS

WE AppLY SOME NLED MODELS TO THE BZ MECHANISM, I.E. TO A
IN SUCH SCENARIOS J

Ingredients:
o EM STRESS-ENERGY TENSOR: T2V = —L(X)gu, + LxFu,F08°7
1
o GENERALIZED MAXWELL EQUATIONS: fa# [«/—gLXF’“’} =_J
—&

@ RADIAL ENERGY AND ANGULAR MOMENTUM FLUXES:
(r) ._ Tr (r) ._ r
Fel =T, F .——T¢
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AN ASTROPHYSICAL APPLICATION (II)

ON THE HORIZON, rp =1+
MAGNETIZED, IDEAL PLASMA:

1 — a%, IN PRESENCE OF A FORCE-FREE,
THE ENERGY FLUX BECOMES Fg(f) = —2L§£*)B,2wr+(QH — w)sin?6

o IT WILL DEPEND NOT ONLY ON THE RADIAL MAGNETIC FIELD B,, BUT
ALSO ON THE OTHER TWO COMPONENTS, NAMELY By AND By

o THE EXTRACTED POWER (RATE) IS:

/2
PNLED _ 4 /O d0v/~gFe(0)

— PERTURBATIVE EXPANSION IN POWERS OF "a"
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-
AN ASTROPHYSICAL APPLICATION (III)

Unknowns: {B,, By, By, w} — only {As}

WE SOLVE THE GENERALIZED MAXWELL EQS. IN THE LIMIT a << 0 USING
0 2
Ay =AY + 24P 1 O(a*)
1
B, = aB((i, ) 4+ 0(a%)

w=a W¢()1) +0(a%)

THE OTHER COMPONENTS OF B ARE

_ 1 ©) | 24 A _ ©) , 24 A2
B, — \/jg(89A¢ +20AY) By = —= (0,49 + 20,A7).

sinf or X

r

2022, 1oLl o,
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REsuLTs (I)

ASSUMING SEPARATED SOLUTIONS: Aff) = R(r)- U(f) aND Lg?) =f(r)-g(0)

@ FOR Lyjegp = —CX — fyX“: NO MONOPOLE SOLUTIONS AND ONLY § = 2
MAKES SENSE !

10ff

A

z[M]
2[M]

BH

0

0 2 4 6

x[M] x[M]
NON-LINEAR THEORY LINEAR THEORY
=] = - = = A
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REsuvrts (II)
o Ir By IS NEGLIGIBLE, A VERY SIMPLE ESTIMATE IS POSSIBLE:

PNLED
= —Lx(Xo)

P
WHERE Xp := Bg /2 AND By ~ /0 IS THE MAGNETIC STRENGTH.
Power-law
1000
o
[a] Maxwell
w 1
z
o O.B.
Kruglov
0.001 Born-Infeld
O.E
1 5 10 50 100 500 1000
By [C]
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-
PRIMORDIAL MAGNETIC FIELDS (I)

NGC 891

e Galactic
TYPICAL LENGTH ~ 10 KPC
TYPICAL STRENGTH ~ 107°% G

o Intergalactic
TYPICAL LENGTH ~ 1 MPC
TYPICAL STRENGTH
107156 < B < 107°G

RIGHT ASCENSION (J2008)
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-
PRIMORDIAL MAGNETIC FIELD (II)

@ ACCORDING TO GR, PRIMORDIAL MAGNETIC FIELDS (PMF) DECAYED
ADIABATICALLY AS
B 1

1
B ~ — [ St -
() a(r)? B 7r x a*

@ THIS SCALING IS THE SAME FOR EVERY COSMIC ENERGY DENSITY IN

THE UNIVERSE
1 . PB
Py~ — — r=-—=const
a Py

@ OBSERVATIONS TELL US THAT|r ~ 1, Why ?

e IN ORDER TO EXPLAIN THIS VALUE, ONE NEEDS A PREGALACTIC SEED
FIELD WITH
r ~ 10734 (DYNAMO)
r ~ 1078 (COMPRESSION)
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COSMOLOGICAL SETUP

@ SAME EQS AS BEFORE BUT SOURCE FREE (J” = 0)

CONFORMALLY FLAT FRW METRIC:

ds? = a?(n)(c/n2 - dx2) = dt? — a(t)dx? (1)

@ THE RESULTING FIELD EQUATION IS

LxF" + (aOLX) F' =0 (2)

e DEFINITION OF THE VARIABLE F := 2°B WITH B := |B|

o LONG-WAVE APPROXIMATION  al >> H™! — kn<<1
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-
TESTED MODELS (I)

(] (A) LNLED =—-CX — ’YX6
SAME RESULTS OF [Cuesta and Lambiase(2009)], i.e. § < 2
(PRECISELY 1.26-1.38)

X

o (B) Lnen(X) = T (BXe + 1)t

Meur Tre T @

1010 109 1012 284
1017 10T 10™ [ 15.1
1017 1017 10T 154

— TAKING « =~ 15, THE POWER-LAW SOLUTION FOR THE RADIATION ERA
GOES LIKE
F ~ a¥ wITH v ~ {2,63}
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-
Tested Models (1)

XefaX
o (C) Lnep = oX 17
FOR F' | IT REDUCES TO A POWER-LAW ONE WITH 0 =2 (C =1/ AND
v = —a/B) AS LONG As 3 <1and B < y/2/ac = NOT COMPATIBLE WITH
THE OBSERVATION r ~ 1

— DOES NOT ALLOW POWER-LAW SOLUTIONS

A Cosmological Confirmation ?

OUR (ANALYTICAL) RESULTS EMPHASIZE THAT THE EXISTENCE AND THE
BEHAVIOR OF NON-LINEAR ELECTROMAGNETIC PHENOMENA STRONGLY
DEPEND ON THE MODEL AND THE PHYSICAL CONTEXT, AND THAT
POWER-LAW MODELS Lyigp = —CX — WX‘S WITH 6 < 2 SHOULD BE FURTHER
STUDIED.
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N
CONLUSIONS

e WE FOUND THE EXTRACTED POWER UP TO SECOND ORDER IN a IN
PRESENCE OF NLED

@ ONLY Lyiep = —CX — 4X? 1S SIGNIFICANT — PARABOLOIDAL SOLUTION

o NOTICEABLY ABLE TO EXTRACT MORE ENERGY (~ 10% x MAXWELL)

@ MORE 'VERTICALITY’ OF FIELD LINES: Aff) ~ r¥(1 —cosf) WITH s > 1

e WE ALSO FOUND AN EASY FORMULA TO ESTIMATE THE POWER (W.R.T.
MAXWELL), USABLE FOR ALL MODELS !

@ MAYBE A COSMOLOGICAL CONFIRMATION FOR NON-LINEAR TERMS IN
THE EARLY UNIVERSE
FUTURE DIRECTIONS

@ WE ASSUMED SEPARABLE SOLUTIONS — NUMERICAL SIMULATIONS
@ INVESTIGATE HIGHER PERTURBATION ORDERS — FAST-SPINNING BHS
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