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SCIENTIFIC CASE

Magnetic fields generated in the early universe may represent initial
seeds which may contribute to the generation of the large scale

magnetic fields.
See Durrer & Neronov for a review

Magnetic fields generated in the early universe —therefore present
even without an associated structure -provide an interpretations of

the lack of photons measured by Fermi in a Blazar. Neronov & Vovk 1010,
Tavecchio et al. 2010, Taylor et al. 2011,Vovk et al. 2012

The early universe can naturally generate magnetic fields.
Either during inflation or afterwards during phase transitions

or recombination. Vachaspati 1991,Joyce & Shaposhnikov 1997, Giovannini &
Shaposhnikov 2000, Martin & Yokoama 2007, Demozzi et al. 2009, Turner & Widrow 1988,
Garretson, Field & Carroll 1992, Finelli & Gruppuso 1999, Calzetta & Kandus 2002, Garcia
Bellido et al. 2008, Byrnes et al. 2012,Ratra 1988, Gasperini, Giovannini & Veneziano 1995....

Different mechanism=Different characteristics

PRIMORDIAL MAGNETIC FIELDS (PMF)
LIKE A GOOD WINE ARE BECOMING
MORE AND MORE INTERESTING WITH
PASSING TIME

PRIMORDIAL
MAGNETIC
FIELDS







I PMF affect CMB anisotropies in different ways I

PMF modify the evolution of
cosmological perturbations and
have a direct effect on CMB
anisotropies

!

CMB anisotropies thanks to the
variety of probes in a single
300 K 300 observable, are one of the best
Planck 2015 foreground cleaned SMICA map labo ratory to investigate PMF

PMF induce a Faraday rotation
of the CMB anisotropies in
polarization




One of the main tools to constrain PMF with CMB anisotropies are the CMB angular

power spectra
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PMF MODELLED AS ASTOCHASTIC BACKGROUND.
WE NEGLECTALL THE CONTRIBUTIONS TO THE BACKGROUND.

PMF source all types of perturbations:

SCALAR
Standard perturbations in the energy density and pressure of the cosmological
fluid.
SOURCED BY ENERGY DENSITY AND ANISOTROPIC STRESS
Etrtepd:i/t/sb\a{\égrr]guﬁg.uchicago.edu/ VECTOR
“ Represent the vortical motions of matter in the plasma. The standard vector
& mode sourced by neutrinos is in fact a decaying mode.
w SOURCED BY ANISOTROPIC STRESS
TENSOR
‘% Tensor perturbations are If you see a B-mode..would you be sure to be
< & traceless and transverse seeing primordial gravitational waves?

“ metric perturbations and

are a key prediction of
many inflationary models.

SOURCED BY
ANISOTROPIC STRESS

SoRRY TARLING-|
AM A MAGNETVC
: FiELD!




Cosmological perturbations are described by the coupled system of Einstein equations for metric
perturbations and the Boltzmann equations for the fluid perturbations.
PMF are an additional component to the plasma but their contribution to the background is negligible.
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METRIC TENSOR MOMENTUM TENSOR

PMF are an additional
independent source
therefore they
generate independent
magnetically induced
modes

Lorentz force term in baryons equations

V. 0TH

Indirect effect of the Lorentz force also 4 SHINEN ML . /)0
on photons during the tight coupling THE PMF EMT IS THE KEY TO
MAGNETIC PERTURBATIONS
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Power-law power spectrum
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Magnetized perturbations survive silk damping but are suppressed on smaller scales. Subramanian and
Barrow 1997, Jedamzik et al 1997
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We modelled this damping with a sharp cut off in the PMF spectra

L)) = 33k — k(i — kikp) P28 for k< kp
10 tor k>kp

In the primordial universe we can assume
the MHD limit and neglect backreaction pB ()
of the fluid onto the fields a*(T)
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Magnetic energy density simple
evolution with the universe expansion




NOTATION

RMS OF THE FIELDS
An A kB ts
(B2(z)) = / BEPy (k) = ——_ D
k<kp

ng +3 kiFf
SMOOTRED FlELDS
(o)
(B3(z)) = [ ke ¥ Pg(k) = 2mA—twprst
HELICAL COMPONENT
(B) = /lfo dzklf: KX Pk = L/l’:lﬂ F(”H;‘ 4)
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The energy momentum tensor power spectrum in Fourier space is given by very complex
convolutions of the fields...
We need to compute the scalar, vector an tensor projections

dgdp

dgdp
327°

(oK) Tealk)) = a{Bi(@)Bi(k — @) Bp(p)Bn (k' — p))

(B.(q)Bo(k — q)B.(p)Bs(k' — p)).



PMF EMT FOURIER SPECTRA

For CMB anisotropies the dominant contribution comes from small wavenumber->
infrared part of the spectra
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INITIAL CONDITIONS

Magnetically induced perturbations does not only come with different modes -scalar, vector and
tensors- but also with different initial conditions.
Different initial conditions source different perturbations

Compensated: Magnetically induced modes which are sourced by PMF energy mometum
tensor after neutrino decoupling. The «compensated» definition comes from the compensation of

magnetic terms by the fluid perturbations (Giovannini 2004, Lewis 2004, Finelli et al. 2008, Paoletti et
al. 2009, Shaw & Lewis 2010).

Passive: This mode is generated prior to the neutrino decoupling when the anisotropic stress of
PMF has no counterpart in the fluid. This uncompensated source gives rise to an extra solution,
logarithmic in time. After neutrino decoupling with the rise of their anisotropic stress, which

compensates the PMF one, this solution no longer exists. But it leaves a footprint in the form of

an offset in the amplitude of the inflationary mode for scalar and tensor perturbations (Lewis 2004,
Shaw and Lewis 2010).

This mode is strictly related to inflationary generated fields and is strongly
dependent on the generation mechanism of the fields (Bonvin et al. 2011,2013).
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Behaviour driven by the PMF EMT spectrum:

Indices >-1.5 show uniform shape with only
variation in the amplitude , driven by the white
noise spectra of PMF EMT

Indices <-1.5 show a spectral shape which tilts
accordingly to the infrared dominated
behaviour of the PMF EMT spectra
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HELICAL MAGNETIZED CMB ANGULAR
POWER SPECTRA

MAXIMALLY np = Ny

HELICAL CASE
AB — AH

The presence of an extra term in the energy momentum tensor diminishes the PMF
contribution for the helical case

= 1l — Primary
§ ——  Scalar magnetic
e Vector magnetic
& —  Tensor magnetic
= | .
= 1| — - Scalar helical
:‘_ - Vector helical
= 1| == Tensor helical
< —

| PR | el PR | —

c 3 «

= 10! 10? 10°

l

The antisymmetric part of the helical component generates non-zero ODD CMB cross
correlator TB and EB
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fields

Amoja™, M. Ashdown™2, J, Aumont”
N, Bartola™, E. Battaner™'™, K. Benabed™*'"™, A Benoi
1959 A, Bomali™. L Bonaverd®, J, R. Bond, ), Boerill'*, F. R Bouche
4 alien™ ™, A, (Yumhullu' e
Combe

A Hormstrup'”, W. Horest®, K. M. Hullenkt!g.r' G. Hurier"
R Keskitalo", J. Kies. T.. Kisoer'! §. Kooche™. M. Kunz
JM. Lamsarne™, A, Lasenby®™, M, Lattanri””, C. R. Law
3. Lesgomrgues™ % F, Levrier™, M. Liguar 1, P B. Lifi®”, M. Liscn-Vome ™, M. Lipez- l:.nm;o”" P M. Lubin®, 1 r M;
Maggio®, D. Maioo™ ot
P Mazzoa”, P McGehed', PR Meinbold™, A Melchioeri
4, . Malisari®*), A Moseti™ 1 3 ", G. Margante™,
B. Netterfiehd™. I U. Noegaard Niclsen'

. M. Pis!, E. Prerpacki
Poget™, G. W. Pratt”, G. Prézean’™". S, Punef*'®, L, P
M. Relnecke™, M. Rcmucxllu WL C, Renwalt™, A Renad™* %%, 1, Rissorcell
ranados . B, Rusholme'®. M. Sadd . D.

. Svur-U 5
) Tu.mnn‘“ G. Umana ™ L. \':Jum:nw l \ flivita™ ., B. Van Tem™, P
1K Welhws™, D, Y«m"‘. A Zawched

ations can he fownd afier the references)

Prepeint anline versioa: February 5. 215

ABSTRACT

predict and investigate four types of imprint of a stochastic background of primordial magnetic Bekds (PMFs) o the cosic microwsve
l’migwnd (CMB) anisctropies: the impact of PMFs on the CMB scaperature and poliization spectra. related to their contribtio 10 coss-
il perturttions; the effect an CMB pol ed by alioe; cally-imdaced non-Gaussianitics and relised non-zen

el i e of PMFs derivad from different

n the ampliveds s

ng from the analysis

400G (wbc!c Bysup b5 the comaving flekd amplitude ar & scale

helicity, and By < 5.6 oG when we conssder a maximally belical fiekd. For nearly scale

levaniant PMEs we otesn 8,y 0.7 nd the impact of PMEs o0 the sanization history o the Universe bs lncluded in the

analysis. From the analysis of magnetically-indisced non-Gaussisnity we obeain three different values, cormespoading to theee pplicd methods.

all below 5 nG. The constrais from nugn:m.'ﬂly induced passive-tensoe bispectrum is 8y, < 250G, A search for prefemed directioes (n

the magaetically-induced passive hispectnum yields B, w. < 4.50G, whereas the the compensited scalar bispectrum gives B < 30G. The

i araday rotaticn of CMB p:unum-nb\ PMFs uses the Planct power spectra in £E and 88 3 TDGHz and gives By < 138056,

In our fisal analysis, we consider the harmooic-space comelatians prodoced by Alfvén waves, fisding no significant cvidence foe the peesenice of
these waves. Together. these resalts comprisc a comprebensive set of constraints 06 possible PMFs with Planck data.

Key words. mageetic fields - cosmalogy: casmic background radiatica — carly Universe

1. Introduction
1.1. Cosmic magnetism

Magnetic fiekds are one of the fundamental and ubiguitous com-
ponents of our Universe. They are 3 common feature of many

* Comespondisg author: . Pasletts 15







The predictions for the CMB angular power spectra are used to derive the constraints
on PMF amplitude.

We explore the cosmological parameter space with the Markov Chain MonteCarlo code

Cosmomc (Bridle & Lewis 2002), extendend in order to include PMF contributions (Paoletti &
Finelli 2010).

In addition to the standard six standard model parameters (baryon density, cold dark matter
density, angular diameter distance horizon at recombination, spectral index, amplitude of
primordial fluctuations, optical depth) we vary the PMF amplitude and spectral index (for

the case which include the passive mode also the additional parameter log(t, /75))
We used the Planck 2015 likelihood with different combinations:

« Planck TT / Planck TTTEEE indicates the high-ell Planck likelihood, with either
temperature only (TT) or temperature plus polarization (TTTEEE)

« LowP indicates the Planck low-ell likelihood based on the component separated
Commander map for temperature and the LFI 70GHz maps cleaned with 30 GHz and
353 GHz for the polarization.
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But we must be aware of degeneracies and of the number one enemy for
PMF in the CMB anisotropies....
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astrophysical contributions: SZ effect (dashed green line), the
Poissonian term (dotted blue line), the clustering term (triple
dot-dashed yellow line) and the solid red line represents the
sum of the three. In the last panel the magnetic contribu-
tions including the uncorrelated sum of the two (dashed line)
is compared with the total astropohysical contribution (solid
line).
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C ith
B resuts: Bivpe < 410G (95% CL, PLANCK TT-+lowP)
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CONSTRAINTS FOR HELICAL FIELDS

MAXIMALLY HELICAL

The constraint on PMF amplitude

with an helical component is 1.0

— Helical
===~ Non-helical
Bimpe
B Mpc < 5.6 nG ol
Which can be translated into a contraint on thi = o
amplitude of the helical component =

By \ipe < 4.6 NG

The constrains are derived with the Planck TT and

lowP likelihood and they include only the even- 045 s 30 15 60 75 50
power spectra B vpe [nG] or B, Mpc [nG]
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IMPACT OF THE IONIZATION HISTORY

The presence of PMF modifies the ionization history. This is due to the injection of energy into

the plasma caused by the dissipation of the PMF. In particular we have two main mechanisms
(Sethi & Subramanian 2005, Chluba et al. 2015, Kunze & Komatsu 2015):

AMBIPOLARDIFFUSION < ™ \HD DECAYING TURBULENCE
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Chluba, Paoletti, Finelli and Rubino-Martin 2015



AC,/C, in%

Chluba, Paoletti, Finelli & Rubino-Martin 2015

W—r—T——T T T — T oF——T—T—— T T 1 T 1 — T T
18- _ - MER- . o]
16f=: Ba=30G TT, ambipolar diffusion 7 I :‘ : Bafoly =000 e 1T, ambl.polar d{f\f\uslion ]
- T EE, ambipolar diffusion BleE 0 e EE, ambipolar diffusion _|
[ =30  acee- TT, decaying turbulence | T n,=-29  —eeea TT, decaying turbulence |
R L EE, decaying turbulence 10 EE, decaying turbulence —|
10 - = E ¢ _
gl 4 ] 8- —
4 § 7 . 6f -
41 : — IS <
2f : : : ] B g |
0F-—~o 5 2 : ] i 5B 2 & % -
2 ﬁ : . 7 PR 3 b : - O Ew ¢
T R / \ I N 2 x : B < BN .
4 Ko ol \ / \ N & ” g -1 0 o {000 e s i e e S e B e e e s i)
il ~ 2 X ’ \ D b F\ A oS
6 \ / “\ gL N I B - B : : r -
h \ i3 g e & = N3 k 2 g S
s N - L N :
\ \ /! ¥ -~ " TN. $
- [ . \ . - ~ .
[ i N it A / . 4 NG : =
-10 % A 1y N =] : 5 NG 0% )
B \ o g L Ty N S2TS o
R [ o T R s S T A S et st o s Ml o iyt o - Wi W
E ) \ RS 6~ NS 75 -~ o ]
-4 N \\ /7~ S \\_//.‘ o - .
ash 4 i 8| S Oty -
gel— vy by oy 1y 1y - TR . T . . . . X
200 40 o0 B0 1000 1200 1400 100 1800 2000 ; 200 400 600 800 1000 1200 1400 1600 1800 2000
[
l

Very large effect for blue spectral indices

For blue indices the ambipolar diffusion term dominates whereas red
indices are dominated by MHD decaying turbulence

Using this effect the Planck TT+lowP constraints the
smoothed amplitude (1 Mpc) of scale invariant PMF (ng =
— 2.9) are less than 1 nG






THE CMB IS NOT ONLY THE TWO POINT CORRELATION FUNCTION....

PMF modelled as a stochastic background have a fully non-Gaussian impact on CMB
anisotropies. PMF generates non-zero three point correlation function (bispectrum) and four point
correlation function (trispectrum)

The constraints derived with the non-Gaussianity measurements are
complementary to the ones derived with the Planck likelihood.

The angular power spectrum is the two point correlation function and it depends on the fourth
power of the fields.
Similarly the magnetically induced bispectrum, which is the three point correlation
function, depends on the sixth power of the fields!

As for the two point correlation function also for non-Gaussianity analysis we can consider

different initial conditions and different modes.

Brown & Crittenden 2005, Brown 2008, Seshadri & Subramanian 2009, Caprini, Finelli, Paoletti & Riotto 2009, Trivedi, Subramanian & Seshadri
2010, Shiraishi et Al. 2011, Shiraishi et Al. 2011/2, Trivedi, Subramanian & Seshadri 2011, Shiraishi et A.2012.........

In Planck 2015 results XIX we have considered three cases:
» Tensor passive bispectrum
» Anisotropic bispectrum for passive modes

» Compensated scalar bispectrum



TENSOR PASSIVE BISPECTRUM

The tensor passive mode is the dominant contribution to the large scale angular power spectrum for scale
invariant PMF (ng=-2.9).

We have considered the magnetized passive tensor bispectrum for <500 and the squeezed limit configuration
in which the passive bispectrum is amplified.

f] << 52 %fg

A = Bimpe \" [In(y/75) |
S =1 3nG ) | In(1017) |

Optimal estimator in separable modal methodology (Shiraishi et. SMICA FG cleaned maps T and E
Al 2014, Planck Coll. 2014, Fergusson 2014,Liguori et al. 2014) for PMF generated at the Grand
The limits on the bispectrum amplitude can be translated into limits Unification seale with ng=-2.9
for the fields

Bl Mpc < 2.8nG



ANISOTROPIC BISPECTRUM FOR SCALAR PASSIVE

Considering the curvature perturbations induced by passive modes

Ty 1 A.A._l - _d3k, (EDB:(k -k

PMF produce non-vanishing bispectrum of direction-dependence

Legendre Polynomial

- - - AH//
G KRG ”NE(ky)y = ¢, (P(ki-k2)Py (k)P (ky) + 2 perm)

The zeroth and the second expansion coefficients are related to the amplitude of magnetic fields:

Constraints on the amplitude for B,y,pc [AG] with

B, 6 ng=-2.9 generated at the GUT scale for the four component
C, ~-2X 104 [ Mpc] , separation maps available in Planck 2015

nG
6
- -3 B1I\/|pc
C2~ 28X10 [ nGj SMICA NILC SEVEM Commander

Bimpe/nG . .. <45 <49 <50 <30




COMPENSATED SCALAR MAGNETIZED s[SPECTRUM

We derived the analytical magnetized compensated scalar bispectrum on large angular scales. The temperature
anisotropy for PMF can be written as

9([0)(770, K o The magnetized bispectrum depends on the magnetic
1 - 22Kk — 1dec) energy density bispectrum

(o 0p(@pn(e) ~ ooz [ T L (B0 B R By @By (- BB B (o5

Clontr: ry t @ }):‘\.\]\ & case [or corr vensated rmoas there IS no : :,.y"m;'] clorninzamnl

cegretrical confliouratiol

By the comparison of the bispectrum and the eoff _ 3n0a® np(ng +3)°(B*)° _
spectrum it is possible to derive an effective f,inthe ‘N, — 2304 72 -
local configuration to be compared with the , 3
measured one (SMICA KSW) to constrain PMF 1.2 x 1072 (ng + 3)? ((l(iBT—z})’)

2ng + 3 p?()]

Bimpe < 3.00G (95%CL, ng = —2.9)






FARADAY ROTATION

The presence of PMF induces a rotation of the polarization plane of CMB anisotropies
rotating E-mode polarization into B-mode and vice versa. The Faraday depth is given by

O=K f ne(x, n) By(x, n) dx. B and E mode polarization rotated spectra

CBB — N2 26+ D26+ 1)
4 J 4n(2€ + 1)

2
Nz, K(£, 61, 6)* CEE CY (Cll0)
C1t

EE 2 26+ 1D)26H+ 1), 5 2 ~BB fa (00 2
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I

4n(2€ + 1)
o _ . —4,~OD
ott+1) B A\ o ¢ =V Gy
C([,D ~ 2 — f dx x" j%(x).
(4m)3e? T'(ng +3/2) \no 0

Strong frequency dependence! Lower frequencies are more affected by
Faraday rotation

The EE mode from Planck 70 GHz (2<1<29) spectrum has been used to derive the expected
BB rotated mode. Comparison with measured B-modes at 70 GHz computing the
minimum ¥*
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CONCLUSIONS

Ever increasing accuracy of cosmological data allows to strongly constraints PMF
amplitude and in particular CMB data have been proven to be one of the best laboratory
to investigate and constrain PMF

A stochastic background of PMF leaves different peculiar imprints on CMB anisotropies
through scalar, vector and tensor contributions both in temperature and polarization

« At the CMB angular power spectrum level the stronger contribution is given by
magnetically induced vector perturbations on small angular scales. For scale invariant
spectral index it is relevant also the contribution of the passive tensor mode on large
angular scales. The impact of PMF on the ionization history also leads to tight constraints
and looks very promising in the perspective of new data in polarization. Overall, the
Planck 2015 constraints based on the power spectrum are at level on nG.

« Astochastic background of PMF has a fully non-Gaussian impact on CMB anisotropies
generating non-zero higher statistical moments. In particular, PMF generates a non-zero
bispectrum with different modes and initial conditions. Using different bispectra and
different techniques Planck 2015 has show that non-Gaussianity constraints are very
competitive with likelihood ones.



PMF induce a Faraday rotation of the CMB anisotropy in polarization generating a B-mode
polarization from the primary E-mode. Using the BB-spectrum available from the 70GHz
Planck likelihood it is possible to give constraints on PMF. These constraints are based on a
very limited range of multipoles where the signal is subdominant and therefore are larger with

respect to the other methods.

Planck TT+lowP

Planck TT,TE,EE+lowP

ng>0

ng=2

ng=-2.9

Helical PMF

Planck+BICEP 2/KECK ARRAY
Impact on the ionization history
Passive tensor mode bispectrum ng=-2.9
Passive anisotropic bispectrum ng=-2.9
Scalar compensated bispectrum ng=-2.9

Faraday rotation
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