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Introduction: Cosmology is a search for relics

@ In observational cosmology we try to constrain the history of the Universe, and
through it the physics at high energies, by the observation of relics.
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Introduction: Cosmology is a search for relics

@ In observational cosmology we try to constrain the history of the Universe, and
through it the physics at high energies, by the observation of relics.

@ The best example of this is of course the CMB itself which represents not only a
relic of the time of recombination, t ~ 3 x 10° years after the big bang, but
probably also of a much earlier moment, t < 10~**sec, when inflation took place.

@ Another such relic is the abundance of light elements which where generated at
nucleosynthesis, t ~ 100 sec.

@ But there are other very interesting events which may have left observable traces,
relics, in the universe. Most notably confinement att ~ 10~ sec

@ or the electroweak transition at t ~ 10~° sec which may have led to the observed
baryon asymmetry in the Universe.

@ It has been proposed that confinement and, especially the electroweak phase
transition but also inflation might generate primordial magnetic fields which
represent seeds for the magnetic fields observed in galaxies and clusters.
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Magnetic fields are difficult to measure already in the lab but even more so in the
Universe.
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Magnetic fields are difficult to measure already in the lab but even more so in the
Universe.

There are three main methods to measure magnetic fields in astronomy:
@ Zeeman splitting: is only possible for sufficiently nearby fields (sun, stars, etc.)
@ Synchrotron radiation: is sensitive to (n.B?)

@ Faraday rotation measure: the rotation of the polarisation of a photon traversing a
plasma with a magnetic field is rotated o v 2 J neBds

@ Estimates by equi-partition (e.g. of magnetic field and thermal or turbulent energy).
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Magnetic fields are ubiquitous in the Universe. They are observed in the solar systems,
in stars, galaxies, clusters, in galaxies at high redshift...

@ Galaxies: Most galaxies host magnetic fields of the order of B ~ 1 — 10uGauss
with coherence scales as large as 10kpc. This is also the case for galaxies at
redshiftz ~ 1 — 2.
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Magnetic fields are ubiquitous in the Universe. They are observed in the solar systems,
in stars, galaxies, clusters, in galaxies at high redshift...

@ Galaxies: Most galaxies host magnetic fields of the order of B ~ 1 — 10uGauss
with coherence scales as large as 10kpc. This is also the case for galaxies at
redshiftz ~ 1 — 2.

@ Clusters: Also clusters contain magnetic fields B ~ pGauss amplitude with similar
or even larger hoherence scales

@ Filaments: ?

@ Intergalactic space, voids: The fact that certain blazars do emit TeV v-radiation but
not GeV, means that electrons which are produced by scattering of the TeV ~ rays
with extragalactic background light and which then generate a cascade of GeV
photons by inverse Compton scattering with the CMB must be deflected out of the
beam. This requires intergalactic fields of B > 3 x 10~ *®Gauss with coherence
scales of 1Mpc (Neronov & Vovk, 2010, Tavecchio et al. 2010, Dolag et al. 2010).
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Where do these fields come from? Can such large scale fields be generated in
(proto-)galaxies or quasars and then be ’spilled out’ into intergalactic space?
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Or are primordial fields needed which then are amplified by contraction and dynamo
action to the fields observed in galaxies and clusters?
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(proto-)galaxies or quasars and then be ’spilled out’ into intergalactic space?

Or are primordial fields needed which then are amplified by contraction and dynamo
action to the fields observed in galaxies and clusters?

In this latter case fields of at least 10~2°Gauss are needed all over the Universe, even
in voids. The Neronov & Vovk result indicates that fields of more than 3 x 10 *Gauss
are actually present.
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Where do these fields come from? Can such large scale fields be generated in
(proto-)galaxies or quasars and then be ’spilled out’ into intergalactic space?

Or are primordial fields needed which then are amplified by contraction and dynamo
action to the fields observed in galaxies and clusters?

In this latter case fields of at least 10~2°Gauss are needed all over the Universe, even
in voids. The Neronov & Vovk result indicates that fields of more than 3 x 10 *Gauss
are actually present.

To generate the galactic fields of Gauss amplitude simply by flux conservation during
the formation of the galaxy, primordial fields of about 10~°Gauss would be needed.
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A constant magnetic field

@ A constant magnetic field affects the geometry of the universe by introducing
shear. It generates an anisotropic stress I o< BiB; # 0. This leads to a well
studied homogeneous model (Bianchi I).
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correlations with the COBE data also leads to limits of the order of
B < 3 x 10~ ?Gauss (RD, Kahniashvili, Yates '98).

@ Since a constant magnetic field breaks parity, its Faraday rotation leads to parity
odd correlations between B-polarization and temperature anisotropies (and E- and
B-polarization) in the CMB (Scannapieco & Ferreira, '97). Also this leads to limits
of the order of B < 10 %Gauss. (see Tina’s talk)
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@ A constant magnetic field affects the geometry of the universe by introducing
shear. It generates an anisotropic stress I o< BiB; # 0. This leads to a well
studied homogeneous model (Bianchi ).

@ Due to its effect on the CMB quadrupole it is limited to
B < 6.8 x 10°(Qmh?)*/?Gauss (Barrow et al. '97)

@ It also induces correlations (a1 maz,1,m) 7 0. Limiting such off-diagonal
correlations with the COBE data also leads to limits of the order of
B < 3 x 10~ ?Gauss (RD, Kahniashvili, Yates '98).

@ Since a constant magnetic field breaks parity, its Faraday rotation leads to parity
odd correlations between B-polarization and temperature anisotropies (and E- and
B-polarization) in the CMB (Scannapieco & Ferreira, '97). Also this leads to limits
of the order of B < 10 %Gauss. (see Tina’s talk)

It is not surprising that all these limits are comparable, since

B 2
-5
s = 10770, (m)

Magnetic fields of the order 3 x 10~°Gauss (on CMB scales) will leave 10% effects on
the CMB anisotropies while 10~°Gauss will leave 1% effects. It is thus clear that we
can never detect magnetic fields of the order of 10~*° or even 10~2°Gauss (on galactic
scales) in the CMB.

Ruth Durrer (Université de Genéve) CMB constraints on Cosmic Magnetic fields Paris, APC 2010 7/19



A constant magnetic field in the presence of a relativistic free streaming

component

@ If a free streaming component of relativistic particles is present, its evolution in a
Bianchi | Universe will also develop an anisotropic stress which (to 1st order)
exactly cancels the one from the magnetic field and isotropizes the Universe
(Adamek, RD, Fenu, Vonlanthen, in prep.).
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@ For neutrinos which become non-relativistic at zy ~ m, /T, > 0.05eV /T, > 200
isotropization becomes inefficent at redshift z < zy. Therefore the CMB
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A constant magnetic field in the presence of a relativistic free streaming

component

@ If a free streaming component of relativistic particles is present, its evolution in a
Bianchi | Universe will also develop an anisotropic stress which (to 1st order)
exactly cancels the one from the magnetic field and isotropizes the Universe
(Adamek, RD, Fenu, Vonlanthen, in prep.).

@ For neutrinos which become non-relativistic at zy ~ m, /T, > 0.05eV /T, > 200
isotropization becomes inefficent at redshift z < zy. Therefore the CMB
quadrupole is only somewhat reduced.

@ However, if there would be a sufficiently energetic GW background, Qqw 2, 0.1,
this would isotropize the Universe entirely and remove the quadrupole anisotropy.

@ This does not modify Faraday rotation.
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Effects on the CMB from a stochastic magnetic field

A stochastic magnetic field is described by a spectrum of the form

(27f)

(Bi()B (n,a)) = ~Z2-0(k — a){ (8 — kik)Ps(k) ~ iesnkaPa(k) }
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(Bi()B (n,a)) = ~Z2-0(k — a){ (8 — kik)Ps(k) ~ iesnkaPa(k) }

Ns
Ps « { K K <kq(t) is the symmetric part of the spectrum,
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Effects on the CMB from a stochastic magnetic field

A stochastic magnetic field is described by a spectrum of the form

(B9800 = ZL50k — ) (6 — R&)Ps() — eyakePalk) )

k™ k <kg(t) . .
Ps « { 0 K > ka(t) is the symmetric part of the spectrum,

k"™ k <kq(t) . . . -
Pa o { 0 K > kq(t) is the antisymmetric part of the spectrum (helicity).

Magnetic fields effect the CMB via
@ their energy-momentum tensor which leads to metric perturbations = perturbed
photon geodesics
@ magnetosonic waves affect the acoustic peaks in the CMB spectrum

@ Alfven waves (vector perturbations)
@ Faraday rotation can turn E-mode polarization into B-modes
All these lead to magnetic field limits on the order of 10~°Gauss on CMB scales.
Depending on the spectral index this leads to different limits on galactic scales
A ~ 0.1Mpc.
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Effects from a stochastic magnetic field
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(from: RD, Ferreira & Kahniashvili '98)
Tensor type CMB anisotropies from a magnetic field with spectralindex n.

Ruth Durrer (Université de Genéve) CMB constraints on Cosmic Magnetic fields Paris, APC 2010 10/19



Effects from a stochastic magnetic field

@ In the presence of a stochastic magnetic field the 'Bardeen equation’ for scalar
perturbations is modified:

. . 2 2 A 2
® 4 3H(1 + c2)d + [3(c2 — w)H® + c2k?]d = 3w% [k?r + HIM - '%n

F2HM + 3K (1 - c§/w) n] .
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@ Assume Ag compensated. After v-decoupling the magnetic anisotropic stress is
compensated by the one from the neutrinos (passive mode),
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Effects from a stochastic magnetic field

@ In the presence of a stochastic magnetic field the 'Bardeen equation’ for scalar
perturbations is modified:

. . 2 2 A 2
® 4 3H(1 + c2)d + [3(c2 — w)H® + c2k?]d = 3w% [k?r + HIM - '%n

F2HM + 3K (1 - c§/w) n] .

@ Assume Ag compensated. After v-decoupling the magnetic anisotropic stress is
compensated by the one from the neutrinos (passive mode),

¢~ () = 3RaMe [log (/) + (g —1)]

@ Vector perturbations: k («'7(1) + 2Ha(1)) = 3H2wn® |

@ Tensor perturbations: H® + 2HH® 4 k?H® = 3H2wn® .
Passive mode, after neutrino decoupling.

H® ~R,NY [Iog (1 /78) + (8% —~ 1)}
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Effects from a stochastic magnetic field
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Effects from a stochastic magnetic field

On small scales, A < valsik, magnetic fields are damped via Alfvén wave damping.
This energy is transferred into the baryon-electron plasma.
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Effects from a stochastic magnetic field

Likelihoods for B and n from
CMB anisotropies and SZ

observations.

(from: Shaw & Lewis '10)

Ruth Durrer (Université de Genéve)
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Non-gaussianities

@ The imprint of magnetic fields in then CMB is (at least) second order in the
magnetic fields and therefore inherently non-Gaussian, even if the magnetic fields
is Gaussian.
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Non-gaussianities

@ The imprint of magnetic fields in then CMB is (at least) second order in the
magnetic fields and therefore inherently non-Gaussian, even if the magnetic fields
is Gaussian.

@ A full calculation of the induced non-Gaussanity is very involved, but several
partial attempts to compute the bi-spectrum on large scales (compensated mode,
Seshadri et al., 2009; Caprini et al. 2009; passive scalar mode, Trivedi et al. 2010;
vector mode, Kahniashvili et al. 2010) have been made.
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magnetic fields and therefore inherently non-Gaussian, even if the magnetic fields
is Gaussian.

@ A full calculation of the induced non-Gaussanity is very involved, but several
partial attempts to compute the bi-spectrum on large scales (compensated mode,
Seshadri et al., 2009; Caprini et al. 2009; passive scalar mode, Trivedi et al. 2010;
vector mode, Kahniashvili et al. 2010) have been made.

@ A magnetic field generates bi-spectra of different types (squeezed, equilateral,
isocele...).

@ From the WMAP 7-year data one derive a limit of B < 3 x 10~ °Gauss for a nearly
scale invariant spectrum (n ~ —3). This corresponds to fy. ~ 100.
(Trivedi et al. 2010)

@ If Planck reaches fy_ ~ 1 this will produce a limit of 100%/® ~ 2 times better on B

6
By, o< B).

Ruth Durrer (Université de Genéve) CMB constraints on Cosmic Magnetic fields Paris, APC 2010 15/19



What can we learn about magnetic fields from CMB observations?

@ We want to constrain magnetic fields which have been generated at some redshift
z, with some spectral index n and a total energy density pg = Qg pc.
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@ We want to constrain magnetic fields which have been generated at some redshift
z, with some spectral index n and a total energy density pg = Qg pc.

@ If the magnetic field is produced after inflation (causally) it has a spectral index
n = 2, so that pg(A) oc A~("3) o A75,

@ In this case the simple requirement that the magnetic energy density may not
overclose the Universe already gives stringent constraints on large scales:
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What can we learn about magnetic fields from CMB observations?

@ Causal spectra from the early Universe, T. > 1MeV, are too blue to leave an
imprint on the CMB and also too blue to provide the needed intergalactic magnetic
fields, B(\) > 10" **Gauss, A 2,0.1Mpc.
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@ Causal spectra from the early Universe, T. > 1MeV, are too blue to leave an
imprint on the CMB and also too blue to provide the needed intergalactic magnetic
fields, B(\) > 10" **Gauss, A 2,0.1Mpc.

@ The observed intergalactic fields probably have to be genera ted by
some (non-standard) inflationary process!

@ CMB anisotropies constrain only close to scale invariant spectra to
B < afew x 10~ °Gauss

@ SZ constraints, coming from smaller scales fare somewhat better.
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Conclusions

@ Magnetic fields are observed on all cosmological scales (galaxies, clusters,
filaments and probably even voids) with significant amplitudes. Intergalactic fields
with coherence length of about 1Mpc and amplitudes of 1072°Gauss (for dynamo
amplification) or even 3 x 10~Gauss (Neronov-Vovk-bound) are required.
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amplification) or even 3 x 10~Gauss (Neronov-Vovk-bound) are required.

@ ltis difficult to generate them by non-linear processes inside galaxies and eject
them into intergalactic space. Filling factors of more than 60% are required (Dolag
et al. 2010)

@ Also fields generated by clustering at second order and due to the imperfect
coupling of electrons and protons after recombination are far too small to explain
the observed fields (see talk by Elisa Fenu)

@ Fields from phase transition are too blue, they do not have enough power on large
scales.
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Conclusions

@ Magnetic fields from inflation can have many different spectra. They can actually
be scale invariant leading to sufficient fields on large scales. Only in this case do
they leave a detectable imprint in the CMB
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@ Magnetic fields from inflation can have many different spectra. They can actually
be scale invariant leading to sufficient fields on large scales. Only in this case do
they leave a detectable imprint in the CMB

@ Their interactions with the CMB are multiple: metric perturbations, magnetosonic
waves, Alfén waves, Faraday rotation, non-Gaussianity, mode-coupling, ...

@ But all these effects are probably undetectable if B < 10~°Gauss.

@ So the CMB might not be the best tool to constrain primordial magnetic fields?
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