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Outline of the talk
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& Non-gaussian imprints: Cross-correlation with
primordial curvature perturbations
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Cosmic magnetic helds

&  Qur observed universe 1s magnetized on
all scales.

~  All the bound structures -- stars, galaxies
and clusters carry magnetic fields, also
present in the intergalactic medium.

R T D] B § 1 P e e o

~  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.

“®  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,
Science 328, 73, 2010)
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Origin -- various mechanisms

® Primordial (early time)

~& Inflation

~& Phase transitions (QCD, EW)

& Second order perturbation theory
& Astrophysical (late time)

~& Structure formation

¢ Dynamo mechanism 1029-10° G as
seed field

¢ Biermann battery

Rajeev Kumar Jain CosmoCruise 2015 Sep. 2-9, 2015



Primordial magnetic fields from
inflation

& Standard EM action 1s conformaﬂy Invariant - the
EM fluctuations do not grow in any conformally

flat background like FRW - need to break 1t to
generate magnetic fields. (Turner & Widrow, 1988)

“® Various possible couplings:
& Kinetic coupling: A(¢, R)F,, F**
& Axial coupling: f(¢, R)ijﬁ’“”

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

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

& For A(n) « a®** « n*7, the magnetic field spectrum

s L\ 4420
iE R (a—H>

1S

whered =vify<1/2andd=1—~ifvy > 1/2.

The tilt of the spectrum is ng = 4 + 20 and np = 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

I | ; .
L=~y [_]A((fﬂ‘)FﬂuF;”} — YPyH (O + ff’/l;r)*r",]

& The physical- EM coupling now 1s

Cphys — ({/\/)\((/))

- Since VA« a®thenTor a > 0, the physical coupling
decreases by a large factor during inflation, and must
have been very large at the beginning of inflation.

& QFT out of control imitially. (Demozzi et.al, 2009)

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

& The produced magnetic fields should not backreact
on the background dynamics of the universe 1.e.

Pem < Pinf

& Backreaction + strong coupling constraints at most

lead to B ~10-%* G today. (Demozzi & Mukhanov,
2009)

& Very weak strength -- not even enough as seed field
for dynamo to work!

Is it possible to overcome this result?
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Deflationary magnetogenesis

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

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

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

& Consider prolonged reheating rather than instantaneous
reheating.

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

~® For radiation dominated universe immediately
after inflation: pr/pr = (ag/ays)?

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

:01/:07“ == (areh/af)3(1+w) (aO/areh)4

1

4
= ag = 1 (pr
af R Pr

& Define the reheating parameter R as

=i 3 re
log(R) = 1_ = log (a h)
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Detlationary magnetogenesis

& The magnetic hield spectrum today 1s

dpB _ dpB ay :
dlog k dlog k a; \00

ao

& In terms of R, we get

B o 14\~ () ( Hy ST e
By(a, H) = 93/2+0-3/2 H (RQT ) (ﬁ) (CLOHO)

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

Ferreira, RKJ & Sloth, 2013
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Final magnetic held strength

- — 4415 Mpc — Horizon Scale
10= 7 F
: — 1 Mpc
— 4415 Mpc (R=1)
10= 15k 1 Mpc (R=1)
@ 10720k
ol
10-23F
10720 ¢
i 0pa o =12 e fo72
H/Mp
Ferreira, RKJ & Sloth, 2013
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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
ditferent models of inflationary magnetogenesis.

& We consider the following correlation here:

<C(]i1 )B(]iz) . B(]i;))

T — E——
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(Ordinary) non-Gaussianity

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

(Crlrr) = (2m) 6 (k + k') P (k)

& A non-vanishing three-point function (Cx, x,Cx;) 1s a

signal of NG.

~& Introduce /NL as a measure of NG.

INL ~ (ClyChyChy) [ Pe (k1) Pe(k2) 4+ perm.
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(sem1)Classical estimate
(for squeezed limit)

& Consider (Ck; Ck,Cks) 1n the squeezed limit 1.e.

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

det = —di? | g2 (f

& Taylor expand in the rescaled background

0

()c] <Qﬁ‘_’cﬁ‘{> +

<CL'3C£';;>CI - <C£::CL:; > _|_ (.l

<CL1|CL~3CL13>Q1 ~ <Q,L.~1 <CL-.-_,QA-,-,,>C,> (Ck, Cm)l’wr— (Cho Chiy )

<C/€1 Ckz Ck:a > s (nS = 1) <C/€1 Ckl > <Ck2 Ck:% > (Maldacena, 2002)
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Non-gaussian cross-correlation

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

(C(k1)B(k2) - B(ks)) = (2m)%0%) (k1 + ko + k3) Bepp (ki ko, k)

& Introduce the magnetic non-linearity parameter
Bepp(ki, ko, k3) = by P (k1) Pa(k2)
& [ocal resemblance between /NL and by

= ¢© 4 flocal (C(G))2

= B(G) 0 blocalc(G (G)
RKJ & Sloth, 2012
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A new magnetic consistency relation

&

Use the same semi-classical argument to derive the consistency

relation.
Consider (¢ (77, k;) Ai(11, k2) A;(77, k3)) 1n the squeezed limat.

The eftect of the long wavelength mode 1s to shift the
background of the short wavelength mode.
lim <C(Tlak1)Az’(7—IakQ)Aj(TI>k3> = <C(Thk1) <Ai(7-fak2)14j(7-[7k3>3>

kl —0

Since the gauge field only feels the background through the
coupling, all the effects of the long wavelength mode 1s indeed

captured by

d\g d\g
1 s
dlna5 o )\O+dlna

s
RKJ & Sloth, 2012

N
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A new magnetic consistency relation

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

(i) Ay x0) p = (S0l ma)us ()

1 I dA

)\O (i (T, x2)v;(7,X3)) — )\lenaCB (i (T, X2)v;(7, X3))

where v; = V) A; 1s the linear canonical vector field.

& One hnally finds
lim <<(7’[, kl)Ai(le kQ)Aj (7_17 k3)>

kl —0

o —ié (71, k1)C(7r, —ka))g (Ai(71, k2) A (71, k3)),

H A
RKJ & Sloth, 2012
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A new magnetic consistency relation
& |n terms of magnetic ﬁelds, the correlation becomes

s, kl.)B(TI; ko) - B(77,ks3))
i
= —ﬁx(zw) 03 (ky + kg + ks) Py (k1) Pg (k)

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

‘ﬂbNL:nB—Zl

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

& Not so small......compared to byr ~ O(e,n)

RKJ & Sloth, 2012
. . . P .
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A new magnetic consistency relation

& In the squeezed limit k&1 < k2, k3 = k, we obtain a
new magnelic conststency relation

: (C(k1)B(k2) - B(k3)> = (np — 4)(27)°6" (k1 + ko + k3) P (k1) Pp (k)

_

with #8%! = (ng — 4)

& Compare with Maldacena’s consistency relation

(C(k1)C(k2)G (ks)) = —(ny — 1)(2m) %0 (ky + ko + ks) Pe (k) Pe (k)

with f}\?ial = —(ns — 1)
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The tull in-1n calculation

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

(@] O(r7) [Q) = (0] T (! ¥t ) O(r)T (&7 47t ) J0)

& The result 1s
=

(€ Ka) As(rr, ko) Aj (1, Ka)) = 2 50(2m)%6 (et + ko + kea)IG, ()1 A, () 1A ()
ko ik k3.1k3. ~ ~
(55 (o ) om0

A generic

result

RKJ & Sloth, 2013
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Cross-correlation with magnetic helds

~& Using this relation

(C(71,k1)B(11,k2) - B(71,k3)) = —i4 (0ijko - ks — ko ;ks ;) (C(71, k1) Ai(7r, k2) A (77, k3))

4o
& The cross-correlation with magnetic hields 1s
1 Ap

(€, k)B(rr, ko) - B(rr, ka)) = =3 12 2m)°0) (et + ko + k)16 () LA, (m)| 43 ()

(ko - k3)? 201) S oo
X ko - ks + 1212 kgkgzn i 2(k2 k3) In :
s 3|

& The two integrals can be solved exactly for different

RKJ & Sloth, 2013

Values Of n.
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The integrals...

& The two integrals are

:Z-(l) = 7T3 2—2n—1

el =R D)

(~hars ™2~y

« Tm [(1 +ikyr)e TTHY (—korr)HLY | o (—ksT)

KL . ile (2) (2)
X dr7(1 — iki7)e Hn_l/Q(—sz)Hn_l/Q(—k3T)

i(Z) = 7.‘.3 2—2n—1

Boos 20 P 1/2)

(—hara) /2 (k)2

x Im [(1 +ikyr)e  TTHY (—korr)HLY | o (—ksT)

L . k1T (2) (2)
X dr7(1 —iki7)e Hn+1/2(—7€27)Hn+1/2(—k37)
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The flattened shape

& In this limit, k& = 2k, = 2k;, the second integral
dominates
353

=(2)
ot I
2 (k2k3)5/2

In(—ky7r)

& The cross-correlation thus becomes

(C(7r, k1)B(77,k2) - B(77,k3)) ~ 96 In(—ky77) P (k1) P (k2)

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

RKJ & Sloth, 2013
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The squeezed limit

& In this limit, the integrals are

= 71
T 77/ dTTJp—1/2(—kT)Yn_1/2(—kT)

~7(z2) = fﬁl :

& The cross-correlation now becomes

(C(m1, k1)B(771, ko) - B(77,k3)) = —%%(27)35(3)(1{1 + ko + k3) P (k1) Pp(k2)

[ ] 1 A [ ) [ ]
w1th U= _EA_I =ng—4 1N agreement Wlth the
I

magnetic consistency relation.

RKJ & Sloth, 2013
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Conclusions

2 Inﬂationary s deﬂationary magnetogenesis can produce
strong enough fields on large scales without the
backreaction and strong coupling problem.

& [Low scale inﬂationary magnetogenesis 18 still a viable

possibility.

~® The consistency relation 1s an important theoretical tool to
cross-check the full in-1n calculations, it’s violation will rule
out an interesting class of inflationary magnetogenesis
models.

¢ The magnetic non-Gaussianity parameter 1s large in the
flattened limit and can have non-trivial phenomenological
consequences.
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