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© Introduction

© Primordial magnetogenesis from early universe ?

© Breaking of conformal invariance of EM action

@ Non Linear Electrodynamics : breaking of conformal invariance
© Pagels-Tomoboulis NLED

@ Born Infeld NLED

@ Discussion
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@ Magnetic fields are presesnt throughout the universe

o galaxies & clusters can host ~ uG fields up to ten kpc coherence length
e IGM in voids can host ~ 10716G field of Mpc order coherence scale

@ Magpnetic fields in the astronomical structures need Dynamos to
explain observed fields and maintain against decay
But dynamo can act only on “seed” fields !!

© Magnetc fields in the void regions would be difficult to explain purely
by astrophysical processes in the late universe. Cosmic magnetic fields
— may be relic from the early universe
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@ Magnetic fields are presesnt throughout the universe

o galaxies & clusters can host ~ uG fields up to ten kpc coherence length
e IGM in voids can host ~ 10716G field of Mpc order coherence scale

@ Magpnetic fields in the astronomical structures need Dynamos to
explain observed fields and maintain against decay
But dynamo can act only on “seed” fields !!

© Magnetc fields in the void regions would be difficult to explain purely
by astrophysical processes in the late universe. Cosmic magnetic fields
— may be relic from the early universe

Interesting to ask -

What is the origin of cosmic magnetic field ?
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o Existing data cannot provide direct constraints on the properties and
origin of the seed fields.

@ Generation of magnetic fields : primordial

— via charge separation and/or generation of vortical currents at
cosmological phase transitions
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o Existing data cannot provide direct constraints on the properties and
origin of the seed fields.

@ Generation of magnetic fields : primordial
— via charge separation and/or generation of vortical currents at
cosmological phase transitions
— via quantum generation of seed fields during inflation
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o Existing data cannot provide direct constraints on the properties and
origin of the seed fields.
@ Generation of magnetic fields : primordial
— via charge separation and/or generation of vortical currents at
cosmological phase transitions
— via quantum generation of seed fields during inflation
@ In most models — magnetogenesis pre-dates CMB & BBN
BBN constraint : B <10~ G at galaxy formation
CMB constraint : B<107° G
Gravity wave constraint similar to the above
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o Existing data cannot provide direct constraints on the properties and
origin of the seed fields.
@ Generation of magnetic fields : primordial
— via charge separation and/or generation of vortical currents at
cosmological phase transitions
— via quantum generation of seed fields during inflation
@ In most models — magnetogenesis pre-dates CMB & BBN

BBN constraint : B <10~ G at galaxy formation
CMB constraint : B<107° G
Gravity wave constraint similar to the above

@ Present day field B (z=0)~ 107° G interesting for galaxy formation
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Existing data cannot provide direct constraints on the properties and
origin of the seed fields.

Generation of magnetic fields : primordial
— via charge separation and/or generation of vortical currents at
cosmological phase transitions
— via quantum generation of seed fields during inflation

In most models — magnetogenesis pre-dates CMB & BBN
BBN constraint : B <10~ G at galaxy formation
CMB constraint : B<107° G
Gravity wave constraint similar to the above

Present day field B (z=0) ~ 1072 G interesting for galaxy formation

What are the mechanisms for magnetogenesis ?
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Inflationary magnetogenesis !

@ During inflation — tiny quantum fluctuations get stretched to long
wavelength classical fluctuations = matter structure formation

Turner & Widrow, 1988; Ratra, 1992
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Inflationary magnetogenesis !

@ During inflation — tiny quantum fluctuations get stretched to long
wavelength classical fluctuations = matter structure formation

@ Whether same mechanism applies to magnetogenesis ?
e Maxwell ED in FRW spacetime is not sufficient

v
S=—[v=g d*x (1)

conformal flatness of FRW spacetime — leads to conformal
invariance of Maxwell ED action

Turner & Widrow, 1988; Ratra, 1992
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Inflationary magnetogenesis !

@ During inflation — tiny quantum fluctuations get stretched to long
wavelength classical fluctuations = matter structure formation

@ Whether same mechanism applies to magnetogenesis ?
e Maxwell ED in FRW spacetime is not sufficient

v
S=—[v=g d*x (1)

conformal flatness of FRW spacetime — leads to conformal
invariance of Maxwell ED action

o B 1/a% (no amplification) due to conformal invariance of Maxwell
ED

e To achieve sufficient strength one needs to break conformal invariance
to fulfill the requirement

B ~ 1/af with typically € <1

Turner & Widrow, 1988; Ratra, 1992
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Breaking of conformal invariance .... multitude of ways

S= [ V=g d*x b(t) |7 Fuv F*Y — aRA2 + BOF FHY — D y(DHy)'

where f=1(¢,R).
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Breaking of conformal invariance .... multitude of ways

S= [ V=g d*x b(t) |7 Fuv F*Y — aRA2 + BOF FHY — D y(DHy)'

where f=1(¢,R).

o Coupling of e.m. field with scalar field (¢) such as inflaton, dilaton;
extra dimensional factor b(t); curvature scalar (R); axion (0);
complex scalar (y) and so on.

@ Breaking of conformal invariance can lead to amplification in e.m.
wave from vacuum fluctuations

@ At the end of inflation universe reheats leading to production of
charged particles = increase in plasma conductivity

o E field gets shorted out and magnetic field gets frozen in
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Breaking of conformal invariance .... multitude of ways

S= [ V=g d*x b(t) |7 Fuv F*Y — aRA2 + BOF FHY — D y(DHy)'

where f=1(¢,R).

o Coupling of e.m. field with scalar field (¢) such as inflaton, dilaton;
extra dimensional factor b(t); curvature scalar (R); axion (0);
complex scalar (y) and so on.

@ Breaking of conformal invariance can lead to amplification in e.m.
wave from vacuum fluctuations

@ At the end of inflation universe reheats leading to production of
charged particles = increase in plasma conductivity

o E field gets shorted out and magnetic field gets frozen in

= general mechanism for cosmic magnetogenesis during inflation

Two major issues
Back reaction & Strong coupling
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Test whether NLED can give interesting magnetogenesis ?

@ NLED provides yet another way of breaking conformal invariance
@ On large scales present observation = ED linear

@ At smaller scale deviation from linearity may be there

Lem = L(S,P) non linear function of S & P

where two Lorentz invariants are S = %FuVF”" and P = %Fuv*F”"
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Test whether NLED can give interesting magnetogenesis ?

@ NLED provides yet another way of breaking conformal invariance
@ On large scales present observation = ED linear

@ At smaller scale deviation from linearity may be there

Lem = L(S,P) non linear function of S & P

where two Lorentz invariants are S = %FuVF”" and P = %Fuv*F”"
@ During inflation quantum fluctuations are excited within the horizon.

Upon leaving the causal domain they become classical perturbations
@ Assume ED is nonlinear during inflation

@ Becomes linear at reheating and subsequently at radiation dominated
stage

Ratna Koley ( Presidency University) CosmoCruisel5:Sept 2-9, 2015 6 /15



Consider minimal coupling of NLED with gravity
Stotal = Sgrav + ﬁ fd4x\/ —gL(S, 'D)

@ Treat electromagnetic field as test field — in background FRwW
geometry

The equations of motion for electromagnetic field :
VuFH* =0 and V, *FHY =0

where %, = — (LSFHV+ Lp *F”v) and Ls p=0dL/dS,P
@ The electromagnetic wave equation — coupled & nonlinear
@ To a fundamental observer having 4-velocity u, =(1/a,0,0,0)

F,U,V = 2E[J,uV +2Evuu — 1/ —ggpvpo-up BG

Ratna Koley ( Presidency University) CosmoCruisel5:Sept 2-9, 2015



NLED wave equation 1

Wave equation for magnetic field becomes

1 02 5,2, 1dnls 1aLP = o
3_23_112(3 B)+?’l On(a°B) + — 1 8,,(32E)—V2B
=~ = (dpls\ Oylp [Opls = aLPﬁ oylLp
Exv(A 1 T _Z12PR)_Bx V([
i X(Ls>+Ls(/—s Ls YL
_ Oylp (Ws)xé+(§Lp)xE (VLs) x B
Ls Ls Ls Ls
+ Vx (VLP)XE]—O
Ls

Define Z=a?B and & = a°E

1Kunze, 2008
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Consider the model 4 for NLED

L
2

Lem = — (52/18)

A is constant, § is a parameter

e As L= L(S) only, wave equation for magnetic field reduces to:

22 +3L0,8-V2H+6xV () +Vx [(2] —0

4Arodz et.al. 2001
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Consider the model 4 for NLED
L
I—em— (52//\8) 2

A is constant, § is a parameter

e As L= L(S) only, wave equation for magnetic field reduces to:
22 +3L0,8-V2H+6xV () +Vx [(2] —0
o Considering

e Long wavelength limit leading to simplifications
e Mode expansion

G = [ Pre*iEm) A = [ dhe Fim)

@ Equation for magnetic mode functions reduces to

-

B4k % =0

4Arodz et.al. 2001
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R
Inflation as a general power law : a = ar n}

The magnetic field can be achieved from :

gk 248
ey 4p(5-1)41 | TP @ 25-1
- (26-1)aM,’n? nf

where f8 = ﬁ and « is dimensionless quantity

5Turner, Widrow, 1988
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R
Inflation as a general power law : a = ar ”}

The magnetic field can be achieved from :

gk 248
ey 4p(5-1)41 | TP @ 25-1
- (26-1)aM,’n? nf

where f8 = and « is dimensionless quantity

The ratio of magnetlc energy density between horizon exit and end of inflation : °

ac) y 2—4p
pelar)  Biar) " [Nﬁ(25—1)}

The ratio of magnetic to background radiation energy density at end of inflation

2
r—PB _ N2 M1
Py B(25-1) | | M3 | T3,

5Turner, Widrow, 1988
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@ In order to seed the galactic dynamo one needs : r > 10~37

2-4p 1 M3
= exp |:Nﬁ(251):| S, 10_37Tf2?H |:M_F2’:|
@ The quantities above depend on inflation model parameters & Tgry

@ For a choice of Try ~10° GeV and M ~ 10 GeV the following

constraint ® on § :
L 221

e —
52 1.58

i)

@ A seed field generation for galactic dynamo may be possible!

5RK and Kundu, 2015
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Born Infeld Lagrangian

LB,:ﬁ’;(l— 1+2 -2

b2 bt
In Minkowski spacetime the electromagnetic field equations are
VxA=22 $b-0 vxE=-28 $.B-0
at at
where
- 1
. E+=(E-B)B B— = (E-B)E
D=— b - and - =
B +E-5

Born-Infeld physical plane waves (for P =0) in Minkowski spacetime :

Bi_f\([(p/)ei

where f(¢) is arbitrary function.

Solutions may be plane waves with variable frequency \
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@ The energy-momentum conservation laws, T”v;v =0 in curved space :
(V=g T"'] ,+Tvp V=g TP" =0
@ For FRW geometry the energy balance becomes
a?[a* Ty ot aTg,—a0a T=0

@ T is null in Maxwell ED = {Ty}R*W = a(n)~*{Ty}™ will solve energy
conservation in the spatially flat FRW universe.

Ratna Koley ( Presidency University) CosmoCruisel5:Sept 2-9, 2015 13 /15



@ The energy-momentum conservation laws, T"”’;v =0 in curved space :
(V=g T+ V=g T?" =0
@ For FRW geometry the energy balance becomes
a’[a*Tg] ,+a° Tg y—a0a T=0
@ T is null in Maxwell ED = {Ty}R*W = a(n)~*{Ty}™ will solve energy

conservation in the spatially flat FRW universe.

@ But T is non null in Bl electromagnetism, for energy balance a different
scaling is required

@ Ansatz for scaling
(T} =(1—ea*b?)a *{Tg}V
where € is function of trace.
1 [ B2 B*

P _|_ [
a* |4n 8w  8mb?
= Born Infeld type of electrodynamics in the early universe may not responsible

for giving rise to seeds for primordial magnetic fields.
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@ Theoretical predictions are highly model parameter dependent
@ Look for implications of primordial NLED other than magnetogenesis

@ To explore what signals it could leave behind in the early universe
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THANK YOU for YOUR ATTENTION
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