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Outline of the talk

& Cosmic magnetic fields: Brief introduction and
generation from inflation

= Deﬂationary magnetogenesis

¢ Non-gaussian imprints: Cross-correlation with
primordial curvature perturbations

& A new magnetic consistency relation
& The squeezed limit and flattened shape

& Conclusions
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Our universe 1s magnetized!

-+ Large scale magnetic fields are present everywhere in the universe e.g.
in our solar system, in stars, in galaxies, in clusters, in galaxies at high
redshifts and also in the intergalactic medium.

“®  Galaxies: B~ 1 - 10 pG with coherence length as large as 10 kpc.

Clusters: B~ 0.1 - 1 pG, coherent on scales up to 100 kpc.

Filaments: B ~ 10-7 - 10-8 G, coherent on scales up to 1 Mpc
(Kronberg 2010).

Intergalactic medium: B > 10-16 G, coherent on Mpc scales, the lower
bound arises due to the absence of extended secondary GeV emission
around TeV blazars (Neronov & Vovk, 2010), or even more robust

limits of B > 10-19G Clalsahashitet-al=2 0105
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Primordial magnetic
fields from 1inflation



Primordial magnetic fields from
inflation

& Standard EM action 1s conformally invariant - the
EM fluctuations do not grow 1n any conformally

flat background like FRW - need to break it to
generate magnetic fields. (Turner & Widrow, 1988)

& Various possible couplings:
& Kinetic coupling: A\(¢, R)F,, F**
& Axial coupling: f(¢, R)FMVF“V

& Mass term: M?*(¢,R)A, A"
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Primordial magnetic fields from
inflation...

& Axial coupling: f(¢,R)F,, F*

& strong constraints from backreaction, final field

strength not enough (Durrer, Hollenstein, RKJ, 2011;
Byrnes, Hollenstein, RKJ, Urban, 2012)

& Mass term: M?*(¢,R)A, A"

& pegative mass-squared needed for generating
relevant magnetic hields, breaks gauge invariance
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Primordial magnetic fields from
inflation...

& Gauge-invariant coupling: A(n)F,, F*"

& For A(n) « a®* « n*?, the magnetic field spectrum

o L\ 4429
T <a—H>

1S

where § =vify<1/2andd=1—~vyify > 1/2.

The tilt of the spectrum is np = 4 4+ 20 and ng = 0 for = 2 or v = —2. However,
np = 0 also for v = 3 but then the electric field vary strongly and so not interesting.
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Various constraints

& Background
& Strong coupling
~& Backreaction
& Perturbations
¢ Power spectrum
& Induced bispectrum

& Energy scale of inflation (from B-modes)
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Constraint from strong coupling
~& Adding the EM coupling to the SM fermions

L=+\/g {—%)\((/))F,,VF‘”’ — Py (O, + ?'(EAJ,,)':/J]

T

& The physical EM coupling now is

Ephys = €/ V A(@)
¢ Since VX  a® then for a >0, the ph ysical coupling

decreases by a large factor during inflation, and must

have been very large at the beginning of inflation.
& QFT out of control imtially. (Demozzi et.al, 2009)

~& Solutions ?? Speculations...(Caldwell & Motta, 2012, Ferreira,
RKJ & Sloth, 2013)
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Constraint from backreaction

¢ The magnetic fields should not backreact on the
background dynamics of the universe 1.e. Pem < Pint

¢ [n the non-strongly coupled regime (a<0)

I%(1/2 — a)
22042 13(20 + 4)

Do da H4 6—(204—|—4)(N1;0t—Nb), da

Niot = Noi + AN - total amount of inflation

Nomin = In(R) + %m (Hﬂ) = iln(ﬂr), - minimum no. of e-folds
0

Ny - e-fold of conformal breaking
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Constraints from backreaction

& The backreaction constraint translates into the

inequality:
—Q a/2+1
e s 26(2a+4)(AN—Nb)
Hy do, Hy

which implies

n ()

ng A 1/2
1ln(HOQ )—I—AN Nb

& Backreaction + Strong coupling constraints at most
lead to B ~10-°2 G today. (Demozzi et.al, 2009)
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Deﬂationary magnetogenesis

& Flux conservation leads to adiabatic decay of magnetic
fields after inflation.

¢ Problem with modifying the inflationary part to generate
even larger field strength during inflation.

~& Rather, modity the post-inflationary evolution of
magnetic fields until today.

& Consider prolonged reheating rather than instantaneous
reheating.

& Deflation after inflation.
Ferreira, RKJ & Sloth, 2013
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Detlationary magnetogenesis

& For radiation dominated universe immediately
after inflation: pr/pr = (ao/ay )4

& [f the universe 1s instead dominated by a fluid with
equation of state w until the end of reheating:

:01/107“ = (aﬂreh/af)g(l—l_w) (CLO/CLreh)4

1
4
= a1 (&)
arf R Pr

& Define the reheating parameter R as

—1 4+ 3w e
log(R) = 1 log ( afh>
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Detlationary magnetogenesis

& The magnetic field spectrum today 1s

4
(a,f>
ay ag
& [n terms of R, we get

ol 14\ ~(+) ( Hy 2(6+e) /N 3+e
Byp(o, H) = 93/2+0a3/2 e (RQT ) (F) (a0H0>

.. Gonk

dpp
dlog k

& To get optimal values of the magnetic hields today,
maximize in & and R.

Ferreira, RKJ & Sloth, 2013
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Final magnetic field strength

14 — 4415 Mpc — Horizon Scale
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Ferreira, RKJ & Sloth, 2013
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Non-gaussiam
Imprints of primordial
magnetic fields



Magnetic non-Gaussianity

& [f magnetic hields are produced during inflation,
they are likely to be correlated with the primordial
curvature perturbations.

& Such cross-correlations are non-Gaussian 1n nature
and 1t 1s very interesting to compute them 1n
different models of inflationary magnetogenesis.

& We consider the following correlation here:

(C(k1)B(k2) - B(k3))
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(Ordinary) non-Gaussianity

& The primordial perturbations are encoded 1n the
two-point function or the power spectrum

(CrCrr) = (2m)20(k + k') P (k)

“® A non-vanishing three-point function (¢, ¢k, Ck,) 18 a

signal of NG.

& Introduce f NL as a measure of NG.

INL ~ (ChiChy Chs) /P (F1) Pe(k2) + perm.
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(semi)Classical estimate
(for squeezed limit)

~& Consider {(Ck; Ck,Cks) In the squeezed limit 1.e.

~® The long wavelength mode rescales the
background for short wavelength modes

e — e e

P Taylor expand 1n the rescaled background

J
(ChaChs) e, = (ChoChs) + C1 7 R (Choy Chey ) +
<CL1|QL73¢L:;;>C1 ~ <(.A'1 <CL'-_;(.L';;>CI> i <CL1|QA71> A(;_}\ <CA72QL:3>
(Maldacena,

(ChiChsChs) =0 = L GG, Rl i) 2002)
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Non-gaussian cross-correlation

& Define the cross-correlation bispectrum of the
curvature perturbation with magnetic hields as

(C(k1)B(ka) - B(ks)) = (2m)%6® (k; + ko + k3)Bepp(ki, ko, k3)
& Introduce the magnetic non-linearity parameter
Bepp(ki, ko, k3) = by Pr(k1)Pp(k2)
& [ocal resemblance between /vL and byr
C=¢9 1 e (cO)

1
B =B 4+ 55%%%(@)3(@)

RKJ & Sloth, 20125
i O“-Lﬁ;
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A new magnetic consistency relation

& Use the same semi-classical argument to derive the consistency
relation.

~&  Consider (((77,k1)A;(11,ks) A; (77, k3)) 1n the squeezed limat.

& The effect of the long wavelength mode is to shift the background
of the short wavelength mode.

lim <C(7‘1,k1)147;(7'[,k2>z4j(7'l,k3> = <<(7_17k1) <Ai(717k2>Aj(vak3>B>

]{21 —0

~& Since the gauge field only feels the background through the

coupling, all the effects of the long wavelength mode is indeed
captured by

d\o = d\o
dlnaélna—i_”. = dlna

N g e

RKJ & Sloth, 2012
s O-id
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A new magnetic consistency relation

~& Compute the two point function of the vector field
in the modified background

(i) Ay ) = (et ) )

1 =N
T S A A_%dlnaCB (vi (7, X2)v;(7,X3))

Ao
where v; = VA A, 1s the linear canonical vector field.

& One finally finds
lim <C(T[, kl)Ai(le kZ)Aj (7_17 k3)>

k1—0

s —ié <C(TI, kl)C(TIa —k1)>0 <Ai(TIa k2)Aj(TIv k3)>0

H
RKJ & Sloth, 20125
- O“zq
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A new magnetic consistency relation
& [n terms of magnetic hields, the correlation becomes

Cligs kl.)B(Tla ko) - B(71,k3))
e
- —ﬁx(%r) 63 (ky + ko + k) P (k1) Pg(ks)

& With the coupling A(¢(7)) = A;(r/7)~*, we obtain

deL — nNpg — 4

& For scale-invariant magnetic field spectrum, ng = 0
and theretore, by = —4

~& Not so small...... compared to byr ~ O(e,n)
RKJ & Sloth, 20125
R o d&_
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A new magnetic consistency relation

¢ |n the squeezed limit k1 < ko, ks = k, we obtain a
new magnelic condtstency relation

RC(A:I )B(k2) - B(ks)) = (np — 4)(21)*6" (ky + ko + k) Pe (k1) P (k)

Wlth blf\)f(fl = (nB = 4)

& Compare with Maldacena’s consistency relation

{CUn)C )G (hs)) = (s — 1)(2m)*8) (ko + ko + k) P (k) P ()

with f95 = —(n, — 1)

Rajeev Kumar Jain The Primordial Universe after Planck Dec.15-19, 2014



The tull in-1n calculation

¢ One has to cross-check the consistency relation by
doing the full in-1n calculation

(] O(r1) 1Q) = (O] T (& 7o 4rHine ) O(ry)T (&4 Io0 a7 ) o)

& The result 1s

By
(€, k) i, ko) Ay (1, Ka)) = 525026 (et + o + k) G () P14, ()14 (70)
ko ik ks ks . . =
: K‘%l_ 2}#%) <5lj— 3}123’]) (kaks Z + ks - ks I
9 3
ko ik Kataliats £
(o o
2 3 A generic
result
RKJ & Sloth, 2013
r .
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Cross-correlation with magnetic fields

~& Using this relation

(C(11,k1)B(17,k2) - B(77,k3)) = —% (0ijko - ks — ko ks ;) (C(71, k1) Ai (71, k2) A (71, k3))
0

& The cross-correlation with magnetic fields 1s

1).\[

(¢ k) B (77, o) - B(r, o)) = =5 2m)°0) (1 + o + kes)I Gy () P13, ()l |44 (7))
ks - k3)? ~ ~
X [(kQ - k3 + ( Z%k;) ) kg/{gIT(ll) 2 2(k2 2 k3)2I,,(12)] .

¢ The two integrals can be solved exactly for different

values of n.
RKJ & Sloth, 2013
Y
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The integrals...

& The two integrals are

)

3 2—2n—1

= = n+1/2(_ g, o ynt1/2
2 Q(n a5 1/2)( kQTI) ( 3TI)

T
x Tm [(1 + ikyr)e T g

n+1/2(_kQTI)Hy(Ll_z1/2(_k37-l)

£ . k1T (2) (2)
X dr7(1 —ikyT)e Hn_l/z(_kQT)Hn_l/Q(_kST)

P (—kQT[)n+1/2(—]€37'[)n+1/2

x Im|(1+ ile[)e_iklnHﬁzlﬂ(—szI)HSle/Q(—k?)TI)

TI

o e — R e /2(—1@37)}
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The flattened shape

& In this limit, k1 = 2k, = 2k3, the second integral
dominates
~2) 3K

== (kaks)5/? ==

& The cross-correlation thus becomes

(71, k1)B(71, ko) - B(71, k3)) =~ 96 In(—k;71) Pe (k1) Pp(k2)

& For the largest observable scale today, In(—k:7r) ~ —60,

flat
bfi5¢| ~ 5760

RKJ & Sloth, 2015
Ly e
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The squeezed limit

& [n this imit, the integrals are

= i
qul) = 7T/ dT7Jn—1/2(—kT)Yn_1/2(—kT)

"Z"r(?) = iog,1421 :
~& The cross-correlation now becomes

(C(11,k1)B(11, ko) - B(77,k3)) = —%1—5(2@35(3)&1 + ko + k3) B (k1) Pp(k2)

e T - -
with by; = —=3f =np -4 In agreement with the
1

magnetic consistency relation.

RKJ & Sloth, 2013
e 'Ot
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Conclusions

~& [nflationary + deflationary magnetogenesis can produce
strong enough fields on large scales without the
backreaction and strong coupling problem.

& Low scale inflationary magnetogenesis is still a viable

possibility (given the status of BICEP2).

& The consistency relation is an important theoretical tool to

cross-check the full in-in calculations, i1t’s violation will rule
out an interesting class of inﬂationary magnetogenesis
models.

¢ The magnetic non-Gaussianity parameter is large in the
flattened limit and can have non-trivial phenomenological
consequences.
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