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Magnetic fields play an important role in many astrophysical and cosmological situations.
The evolution of primordial seed fields crucially depends on the amount of helicity and the
properties of the velocity field. On the other hand, magnetic fields can serve as an agent for
possible signatures of dark matter in the form of annihilating weakly interacting massive
particles, through induced synchrotron radiation of charged annihilation products, and for
a possible mixing of axion-like particles and other light states with photons in scenarios
beyond the Standard Model. In the context of project C9 of the SFB 676 we investigated
both the seeding and evolution of magnetic fields and their effects on other processes.

1 Chiral magnetic effect

One possible effect that was increasingly considered in recent years as a possible contribution
to seed magnetic fields is the so-called chiral magnetic effect. This effect can transform an
initially present chiral asymmetry between left-chiral and right-chiral electrons and positrons
into a helical magnetic field the sign of whose helicity is opposite to the sign of the difference
of left-chiral and right-chiral lepton number. The helical fields initially grow exponentially on
length scales larger than a critical scale indirectly proportional to the absolute value of the
chiral asymmetry which is why it is also known as chiral magnetic instability. It is actually
very similar to the classical dynamo, where the role of the chiral asymmetry is played by the
helicity of the turbulent eddies. At the same time the chiral asymmetry is reduced until some
approximate equipartition between the magnetic field energy and the energy associated with the
chiral asymmetry is reached, at which point the magnetic field strength saturates and, at later
times is damped by resistivity. The chiral asymmetry necessary for chiral magnetic effect can
be produced, for example, by the electroweak interaction which breaks the chiral symmetry.
This can play a role both in the early Universe, in particular around the electroweak phase
transition, and in hot dense nuclear matter where left-chiral electrons and positrons through
charged current interactions can turn into neutrinos which leave the star due to their weak
interactions, whereas right-chiral electrons and positrons are only subject to neutral current
induced scattering. The chiral magnetic effect will be discussed more quantitatively in the
report to project C10 where we will also briefly cover its possible role in the electroweak phase
transition. Here we restrict ourselves to a brief summary of the possible role of the chiral
magnetic effect in hot neutron stars, based on our publication Ref. [1].

When discussing the chiral magnetic effect one usually assumes approximate equilibrium and
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characterises the left- and right-chiral leptons by a chemical potential uy and pg, respectively.
In strict thermal equilibrium and if the lepton mass is non-zero, one would have p; = mug.
However, in the presence of a non-vanishing production rate R,, of a chiral asymmetry one can
treat the left- and right-chiral as approximately decoupled and at temperature 7" one gets
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where pus = (ur, — pgr)/2 and Ry is the spin-flip rate which is of order (m./T)? times the
scattering rate. In hot nuclear matter R,, is governed by URCA interactions and scales roughly
as T*, whereas Ry is only logarithmically dependent on temperature. As a result, |us|/T is
strongly temperature dependent and reaches values of order 10~3 for T ~ 50 MeV, which are
temperatures typical for the formation stage of hot neutron stars following a core collapse
supernova. The magnetic fields that could be induced by the chiral magnetic instability reaches
about 10'® Gauss for such temperatures.

2 Cosmic-ray propagation

The public CRPropa simulation tool for propagation of high energy cosmic rays, y—rays and
neutrinos in a structured Universe including magnetic fields that was developed partly within
project C8 and is described in more detail in the corresponding section, was further extended
within project C9 [2]. In this context it was applied to simulate the impact of cosmic large scale
magnetic fields on high energy cosmic radiation. To extend the applicability to lower energies,
where cosmic rays tend to diffuse and a direct simulation of trajectories becomes inefficient,
CRPropa was extended to solve transport equations with stochastic differential equations [3].
The coupling to new models of the extragalactic magnetic field based on large scale structure
simulations including magnetic fields was the subject of Ref. [4,5]. The diffusive mode of
extragalactic cosmic ray propagation was investigated in Ref. [6]. It was found that below an
energy ' ~ Z EeV the fluxes from cosmological sources tend to be suppressed due to a “magnetic
horizon”. Finally, the recent dipolar anisotropy of ultra-high energy extragalactic cosmic rays
above 8 x 10'®eV [7] was interpreted in the context of one dominating nearby source [§]. It
was found that a discrete source with a flux corresponding to about 3% of the total flux and a
deflection angle ~ 50° at 8 x 10'® eV can reproduce the observed dipole as well as limits on the
dipole and higher multipoles at higher and lower energies. Interestingly, for a coherence length
of ~ 100kpc this would require an extragalactic magnetic field strength of several nanoGauss.
The CRPropa package was also used to clarify the role of the Liouville theorem in the influence
of propagation in magnetic fields on ultra-high energy cosmic rays [9].

Cosmic rays at much smaller energies, of the order of 10 MeV kinetic energy, could be
accelerated already shortly after the first objects, in particular the first supernovae, formed in
the early Universe, starting at redshift z ~ 20. It is not very well known how efficient this process
may have been, but in principle it can contribute to heating the neutral intergalactic medium,
in addition to contributions from X-rays and possible dark matter (DM) annihilation, before it
was significantly re-ionized. We showed in Ref. [10] that such cosmic rays contribute negligibly
to re-ionization, but may rise the temperature of the intergalactic medium by between 10 and
200 Kelvin by redshift z = 10. Whether this early heating is rather uniform or tends to cluster
around the first cosmic ray sources strongly depends on the structure of the magnetic fields
present between z ~ 20 and z ~ 10 in which these cosmic rays diffuse. They could, for example,
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efficiently confined around their sources if magnetic fields are significantly enhanced by plasma
streaming instabilities. These effects can considerably influence the properties of predicted HI
21 cm emission characteristics which is expected to be probed in much detail by future radio
surveys with instruments such as LOFAR and the SKA. Heating of the intergalactic medium
by energy deposition by early cosmic rays may also influence constraints on DM annihilation
and decay based on observations of 21 cm emission. It is also interesting to note in this context
that very recently, observations by the Experiment to Detect the Global Epoch of Reionization
Signature (EDGES) indicate an absorption profile around 78 MHz, corresponding to the 21 cm
line redshifted by z ~ 17, that is about a factor 2 stronger than expected [11]. This suggests
that either background radiation temperature was hotter than expected or the temperature of
the intergalactic gas around redshift z ~ 17 that is much lower than expected. Such and other
observations anticipated in the future may thus also constrain the effect of cosmic rays on the
intergalactic medium, in particular the cosmic ray production efficiency and the structure of
the magnetic fields in which they diffuse.

3 WIMP DM constraints from synchrotron annihilation

WIMP DM annihilation into charged leptons can be constrained through their synchrotron ra-
diation. This signal is also influenced by the diffusion of these charged leptons in the magnetic
fields present in the objects where DM annihilation is occurring. Interesting targets are objects
that are radio-quiet but at the same time are expected to be dominated by DM. One type
of objects are high velocity clouds in the Milky Way, in particular the so-called Smith cloud.
There are indications that the Smith cloud has crossed the Galactic plane several times and, in
order to not have been disintegrated by tidal forces, should be dominated by DM. In Ref. [12]
we analytically modelled the synchrotron emission by first computing the Syrovatskii solution
for electrons and positrons produced with a rate given by a radially symmetric DM annihila-
tion profile and an assumed annihilation cross section and branching ratio into electrons and
positrons and subsequently diffusing in magnetic fields characterised by an energy dependent
spatially constant diffusion coefficient and appropriate continuous energy losses. Based on the
resulting radial electron/positron distribution the synchrotron spectrum was computed in a
given magnetic field of a few microGauss assumed to be constant. Comparison with sensitiv-
ities of radio instruments such as LOFAR, expressed in terms of flux densities or brightness
temperature, the lead to constraints on the annihilation cross sections into electrons/positrons
as a function of DM mass. Interestingly, for radio frequencies at a few tens of MHz, these
constraints can reach below the standard relic thermal cross section (o) ~ 3 x 10726 cm? /s by
factors up to ~ 100 for DM masses > 100 GeV and down to ~ 1GeV. These studies were sub-
sequently extended to dwarf spheroidal galaxies and galaxy clusters in the context of a masters
thesis [13]. Figure 1 shows an example for the sensitivities that can be reached for the dwarf
spheroidal Triangulum II.

4 Signatures of ALP conversion into photons

In extensions of the Standard Model involving axion-like particles (ALPs) often a coupling

between two photons, represented by the field strength tensor F),, and its dual FW, and the
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Figure 1: Upper panels: Expected intensity in milliJansky per beam and brightness tempera-
ture in milliKelvin for DM self-annihilation into e*e~ as function of DM mass for the dwarf
spheroidal Triangulum II. The different lines indicate uncertainties related to the size of the dif-
fusive halo. Horizontal gray solid line indicates the LOFAR sensitivity for a beamsize of 20 x 20,
the gray dotted line indicates the sensitivity for SKA. Lower panel: Resulting constraints on
the annihilation cross section into electrons and positrons as function of DM mass. Horizontal
gray line marks the annihilation cross section required for thermal relic cold DM to reproduce
the observationally inferred DM abundance. Figure adopted from Ref. [13].

ALP field a of the form
Oem CCW

87 fa

occurs, where ae, = €2/(4meg) is the fine structure constant, f, is a Peccei-Quinn type en-
ergy scale, Coy is a model-dependent dimensionless number and goy = @emCary/(27fq) is the
effective ALP-photon coupling which is an inverse energy. In the presence of an external elec-
tromagnetic field, in particular a magnetic field, this can lead to photon-ALP conversion, also
known as Primakoff effect, and can be used to probe the existence of ALPs in contexts rang-
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ing from experimental setups, such as light shining through a wall experiments where photons
are converted to ALPs which travel through a wall opaque to photons, and are reconverted
to photons, or haloscopes where ALPs constitute (part of) DM and are converted to photons,
to distortions of the spectra of natural photon sources such as astrophysical y—ray sources
or the cosmic microwave background (CMB). The conversion efficiency generally depends on
the spatial structure, and possibly the time-dependence, of the magnetic field. We will here
focus on so-called astrophysical haloscopes where cold DM ALPs are converted to radio lines
in magnetised astrophysical objects [14] and distortions of the CMB spectrum through mixing
with ALPs in the magnetic fields within galaxy clusters [15].

One can show that in a static magnetic field with isotropic power spectrum per logarithmic
wavenumber interval p,,(k,r) ALPs convert non-resonantly to a photon line at frequency w, =
mq centered on the ALP mass m, with fractional width A = Aw,/w, < 1072 and the total
flux density of a source at distance d can be written as

T ggq, 1 3 T 937 1
S~ @migg d rpa(r)pm(mmr) = @migEMapm(ma)a (3)

where p,(r) is the local ALP mass density and in the last step we have assumed the ALP and
magnetic field densities to be roughly constant with M, the total ALP mass within the object.
Inserting characteristic numbers this gives [14]
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where f(k) is the fraction of the total magnetic field energy density in a logarithmic wavenumber
interval centered at k. However, the total flux density cannot exceed
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which would correspond to complete conversion of all ALPs impinging on the object of radius
rs with velocity v,. Resonant ALP DM to photon conversion, which is also limited by Eq. (5),
was recently considered for neutron stars in Refs. [16,17].

The conversion of CMB photons to ALPs and the resulting distortion of the CMB is strongly
constrained by the very precisely measured CMB spectrum. Viewing the CMB through galaxy
clusters is in particular interesting in this case, for one because the magnetic field strength in
galaxy clusters is known to be a few micro Gauss, and also because the distortion of the CMB by
the hot plasma in these clusters, known as the thermal Sunyaev—Zeldovich (tSZ) effect, is well
measured in terms of the distortion parameter y. The idea is then that photon-ALP conversion
and the tSZ effect lead to very different distortion spectra, as shown in Fig. 2. Since no
deviations from the expected tSZ distortions have been observed, this allows to put constraints
on the coupling g,. In particular, for the mass range 2 x 1071 eV < m, < 3 x 10712 eV we
found that a future PRISM-like experiment would allow limits up to g, < O(10713 GeV 1),
1.5 orders of magnitude stronger than the currently strongest limits in this mass range.

A thesis on the role of magnetic fields in various astrophysical and cosmological contexts
has been published in Ref. [18]. Furthermore, magnetic fields also constitute energy-momentum
and thus can source gravitational waves. The strength of the resulting gravitational fields was
investigated in the context of a master thesis [19].
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Figure 2: Comparison of the spectral profile of the tSZ effect (with y = 107°) and the photon-
axion conversion. The horizontal axis shows the photon energy, the vertical axis shows the
relative distortion of the effective CMB temperature, AT /Tcyp in units of 107°. For this plot,
the parameters g,, = 5 x 10713 GeV~! for the ALP-photon coupling, galaxy cluster magnetic
field strength B = 2 uG, galaxy cluster size R = 0.5 Mpc, ALP mass m, = 107 eV were
used. Different values for these parameters change the normalization of the effect but not its
dependence on the photon frequency. The filled circles refer to the centers of the frequency
bands of the Planck-mission. Figure taken from Ref. [15].

5 Magnetic field amplification by the small-scale dynamo
in the early Universe

In [20] we showed that the Universe is already strongly magnetized at very early epochs during
cosmic evolution. Our calculations are based on the efficient amplification of weak magnetic
seed fields, which are unavoidably present in the early Universe, by the turbulent small-scale
dynamo. We identify two mechanisms for the generation of turbulence in the radiation dom-
inated epoch where velocity fluctuations are produced by the primordial density perturbation
and by possible first-order phase transitions at the electroweak or QCD scales. We show that
all the necessities for the small-scale dynamo to work are fulfilled. Hence, this mechanism, op-
erating due to primordial density perturbations, guarantees fields with comoving field strength
By ~ 1075¢1/2 nG on scales up to A, ~ 0.1 pc, where ¢ is the saturation efficiency. The am-
plification of magnetic seed fields could be even larger if there are first-order phase transitions
in the early Universe. Where, on scales up to A, ~ 100 pc, the comoving field strength due
to this mechanism will be By ~ 1073¢/2 nG at the present time. Such fields, albeit on small
scales, can play an important role in structure formation and could provide an explanation to
the apparently observed magnetic fields in the voids of the large-scale structure

The discrepancy between theoretically generated and observed magnetic fields in the Uni-
verse needs explaining. The galactic dynamo can be a very effective mechanism at producing the
uG fields observed in spiral galaxies [21]. However, strong fields in young galaxies, clusters and
superclusters of galaxies and in the intergalactic medium require further explanation [22-26].
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Figure 3: This figure shows the evolution of relevant comoving scales from the EW scale
Tew ~ 100 GeV to the time of neutrino decoupling at Tye. ~ 2.6 MeV. In this early epoch
the neutrinos generate the plasma viscosity. The QCD phase transition occurs at around
Tep ~ 200 MeV. Here, Iy = 1/aH is the Hubble scale (solid, black), I, . is the neutrino
mean-free-path (dashed, green) and 1%, is the damping scale due to neutrino diffusion (dashed,
brown). For turbulence generated by the primordial density perturbation (PDP) and first-
order phase transitions (PT), the largest stirring scales L. = v{™* /aH. Although the turbulent
motions from PDP become completely damped below T ~ 0.2 GeV, the magnetic field gets
frozen-in with integral scale A\, (dashed, red). Reprinted figure with permission from Ref. [20].
Copyright (2014) by the American Physical Society.

As noted in a number of numerical and analytical works, the rapid amplification of magnetic
seed fields can occur due to the turbulent motions of the conducting plasma. This small-scale
dynamo (SSD) mechanism is believed to play a crucial role in the formation of large mag-
netic fields in a number of astronomical settings, from stars to galaxies and the intergalactic
medium [27-31]. For these settings, the turbulent motions arise from gravitational collapse,
accretion and supernovae explosions. Hence, the SSD mechanism can be highly effective at
magnetizing structures in the early Universe. However, the large field strengths apparently
observed in the voids of the large-scale structure [26] still require an explanation.

Magnetic seed fields will almost certainly be generated at some level in the early Universe
through a variety of mechanisms. Such mechanisms include inflation [32], phase transitions [33]
and the Harrison mechanism through the generation of vorticity [34]. The SSD mechanism for
the amplification of such seed fields could play an important role for the explanation of the
observed large magnetic fields throughout the Universe. In this paper we have demonstrated
that the conditions necessary for such turbulent amplification arise in the radiation dominated
Universe before the onset of structure formation. We have shown that significant turbulence is
generated in this early epoch by at least two mechanisms; velocity perturbations generated by
the primordial density perturbation and bubble collisions in first-order phase transitions.

Turbulent plasma motions arise inevitably from perturbations of the gravitational potential.
The continuous production of velocity perturbations upon horizon entry of primordial density
modes, act as a continuous forcing of the fluid on the largest scales. Therefore, in regimes of
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Figure 4: This figure shows the SSD growth rate I (solid) and number of e-foldings N = [ T'(t)d¢
(dashed) from the time of the EW scale Tgw ~ 100 GeV to the QCD scale Tep =~ 200 MeV.
Recall that the magnetic seed field is amplified as Bypg o exp(I't). The growth rate in units
of the eddy-turnover-time where Kolmogorov turbulence 9 = 1/3 is assumed. The growth rate
and the number of e-foldings for turbulence generated by the primordial density perturbation
and first-order phase transitions are shown in (black) and (blue) respectively. Reprinted figure
with permission from Ref. [20]. Copyright (2014) by the American Physical Society.

large Reynolds numbers, a state of stationary fully developed turbulence is expected. Turbulent
flow can be triggered, for example, by thermal fluctuations on very small scales [35]. Turbulence
can also be injected into the plasma by bubble collisions during first-order phase transitions.
Although the kinetic energy injection occurs only for the duration of the phase transition, we
argue, following Refs. [36,37], that a state of fully developed turbulence is also expected from
this mechanism.

Let us first consider the turbulence generated by the primordial density perturbations
(PDP). From Fig. 3 we can see that for T 2> 0.2 GeV the stirring scale L. ppp (the lower blue
dotted line in the figure) is larger than the damping scale I%,. Hence, the velocity perturbations
are not damped and one can use density fluctuation-induced rms velocities.

Once fully developed turbulence is established, the Kazantsev model of the SSD mechanism
can be used to estimate the magnetic field growth rate. We have demonstrated that the Prandtl
numbers are very large in the regime considered. Thus, the results from the Kazantsev theory
for P, > 1 are applicable. The analytical work shows that the magnetic field growth rate de-
pends on the kinetic Reynolds numbers [38,39], which are very large in our case. We have shown
that, for both models of turbulence, the amplification is strong enough for small magnetic seed
fields to reach a saturated state. The saturated state is given by the approximate equiparti-
tion between magnetic and kinetic energy Eni/Fyin ~ €, where the parameter ¢ characterizes
the efficiency of the mechanism. In Fig. 4 we show the magnetic field growth rate I', where
Byms o exp(T't), which is determined from the Kazantsev model of the SSD mechanism. The
growth rate depends on the type of turbulence, applicable on the inertial range lg;ss <1 < L,
for Kolmogorov and Burgers type turbulence respectively. Here, we assume that the turbulence
is of Kolmogorov type, which is relevant for the subsonic velocity fluctuations determined in
this paper. Now, since I varies in time, it will be useful to consider the number of e-foldings
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given by N = [T'(¢)dt.

We note that numerical studies at Prandtl numbers P,, ~ 2 indicate that the SSD mecha-
nism is more efficient for rotational modes, where the saturation efficiency ¢ is close to unity [40].
Whereas the saturation level is lower for compressive modes ¢ ~ 1073-10~% [40]. However, fur-
ther numerical work is required to establish the saturation level for larger Prandtl numbers and
smaller Mach numbers relevant to our settings. We also note that, although only longitudinal
velocity modes are generated by first-order primordial density perturbations, rotational modes
are generated at second order in cosmological perturbations [41-45]. Also, there is no reason
not to expect rotational modes generated by first-order phase transitions. In any case, since
the Reynolds numbers are so large, nonlinear interactions can play a role leading to a state
of fully developed turbulence with both rotational and longitudinal modes. In particular, we
expect that, below the integral scale, Kolmogorov type turbulence is established. But we stress
that the SSD mechanism works independently of the type of turbulence [38,39,46]. Indeed,
even purely irrotational turbulence can still drive a small-scale dynamo [38—40] . Hence, the
efficient amplification of magnetic fields seems unavoidable, leading to a strongly magnetized
early Universe prior to structure formation.

For the two mechanisms of turbulence investigated in this paper, we calculated the saturated
field strengths and their subsequent evolution up to the present day. We note that although
turbulence is completely erased in viscous and free-streaming regimes, magnetic fields are over-
damped and can survive to the present day. Therefore, the most important epochs of evolution
are due to free turbulent decay. This turbulent MHD effect decreases the field strength and
increases the coherence length in nonhelical fields [47,48]. From the turbulence generated by
the primordial density perturbation we found B§™ ~ 10~%¢1/2 nG on scales A\, ~ 10~! pc. Un-
fortunately, even for a high efficiency factor € ~ 1, these fields are too weak on too short scales
to explain the Fermi observations of TeV Blazars [26]. From the turbulence generated by first-
order phase transitions, we found B5™ ~ (107-1072)c'/2 nG on scales A, ~ (107'-102) pc.
Such fields are strong enough to explain the apparent observations of intergalactic magnetic
fields suggested by the Fermi results [26]. Thus, in this paper we have demonstrated that the
conditions are right for the efficient amplification of magnetic fields via the small-scale dynamo.
The mechanism generates large field strengths, albeit on very small scales, which could explain
observations of magnetic fields in the voids of the large-scale structure and have an impact on
early structure formation.

6 CMB spectral distortions from the decay of causally gen-
erated magnetic fields

In [49] we improved previous calculations of the CMB spectral distortions due to the decay of
primordial magnetic fields. Our studies are focused on causally generated magnetic fields at the
electroweak and QCD phase transitions. We also consider the decay of helical magnetic fields.
We show that the decay of non-helical magnetic fields generated at either the electroweak or
QCD scale produce p and y-type distortions below 10~8 which are probably not detectable by
a future PIXIE-like experiment. We show that magnetic fields generated at the electroweak
scale must have a helicity fraction f, > 10~ in order to produce detectable u-type distortions.
Hence a positive detection coming from the decay of magnetic fields would rule out non-helical
primordial magnetic fields and provide a lower bound on the magnetic helicity.

Magnetic fields generated in the very early Universe decay in the radiation dominated epoch
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Figure 5: Here we show the pu-type distortion generated due to the decay of magnetic energy ini-
tially generated at the EW scale. We plot the spectral distortion p vs €, where e = pp «/py0 = 1
corresponds to an initial field strength B,\,* ~ 3 x 107% G. The (solid, blue) lines from top to
bottom correspond to initial helicity fractions f, = {1073,107%,1075, < 107**}. The maxi-
mally helical case f. =1 (solid, red) is also shown. Reprinted figure with permission from
Ref. [49]. Copyright (2015) by the American Physical Society.

due to turbulent MHD effects. The decaying magnetic fields inject energy into the primordial
plasma which can lead to p-type and y-type distortions to the CMB black body spectrum. The
current COBE/FIRAS limits on these spectral distortions are very tight || <9 x 1075 and
y < 1.5 x 1075 [50]. However there is the exciting possibility of a new PIXIE-like experiment
which could place much stronger upper limits of || <5 x 1078 and y < 1078 if no detection
is made [51]. Any prediction for spectral distortions above the PIXIE limits is what we call
detectable.

In this work we consider the evolution of helical and non-helical magnetic fields generated
by some causal process in the early Universe. We calculate the spectral distortions using the
decays laws of Refs. [47,52,53]. We find that causally generated non-helical magnetic fields,
with an initial helicity fraction less than ~ 1074, generated at the EW phase transition will
not produce any detectable CMB p-type (see Fig. 5) or y-type (see Fig. 6) spectral distortions.
This remains true even if the inverse transfer effect for non-helical fields seen in Refs. [54,55] is
considered. Hence, to produce observable spectral distortions from the decay of magnetic fields
generated at the EW phase transition, a non-negligible helical component is required.

Here we note that, if the inverse transfer effect for non-helical fields is applicable [54, 55],
it looks possible to generate small amounts of detectable distortions from magnetic fields gen-
erated at the QCD phase transition. We also note that magnetogenesis at the QCD phase
transition is disfavoured compared to magnetogenesis at the EW phase transition. Under early
Universe conditions with very small chemical potentials the QCD phase transition is a smooth
transition [56] whereas the EW phase transition could be first-order in certain Standard Model
extensions [57].
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Figure 6: Here we show the y-type distortion produced due to the decay of magnetic energy ini-
tially generated at the EW scale. We plot the spectral distortion y vs €, where e = pp ./py0 = 1
corresponds to an initial field strength of By, ~3x 1076 G. The (solid, blue) lines from
top to bottom correspond to initial helicity fractions f. = {10_3, 1074,107%, < 10_14} and
fo={1071,107*,107%, < 10711} respectively. The maximally helical case f. =1 (solid, red)
is also shown. The final field strength By and coherence length A\p that would be observed
today, i.e. after MHD turbulent decay. We also show (dashed, gray lines) the results from
non-helical magnetic fields with an inverse transfer of energy. Reprinted figure with permission
from Ref. [49]. Copyright (2015) by the American Physical Society.

The conservation of magnetic helicity in the early Universe leads to an inverse cascade of
energy and the slowing down of magnetic decay for fully helical fields. This means that, at the
time when CMB spectral distortions can be generated, the magnetic field amplitude is relatively
large compared to the non-helical case. This can lead to the generation of larger spectral
distortions. If CMB spectral distortions are observed by some new PIXIE-like experiment,
then it is likely that magnetic helicity plays an important role. However, there is a degeneracy
in the parameter space, since different parameter sets can give the same spectral distortions
signal. For example, fields generated at the QCD phase transition with smaller € = pp +/p4.0
and/or helicity can produce the same p-type distortions as fields generated at the EW phase
transition but with larger e and/or helicity. However, if a u-type distortion is detected by a
PIXIE-like experiment, it would rule out non-helical magnetic fields produced at either the EW
or QCD phase transition. A positive detection would give us a lower bound on the primordial
magnetic helicity. The lower bound would be somewhere of the order f, > (1074-1072). This
is much greater than the primordial magnetic helicity generated in the simplest models of EW
baryogenesis [58] where f, ~ 1072* assuming By . = BY%* and Ap . = Agw [59)-

The effect of helical and non-helical magnetic fields in the voids on the propagation of
electromagnetic cascades from high energy TeV y—ray sources has been investigated in Ref. [60].
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In this context it is also interesting to mention the recent tentative observations of large scale
helical magnetic fields from ~-ray observations [61]. Such studies have seen some evidence,
albeit rather weak, of fully helical fields of strength 10~!* G on scales of 10 Mpec. If such fields
originated from a time before the p-era, then it is possible that such observations would be
accompanied by a detectable signal for a PIXIE-like experiment. The combination of such two
observations would be compelling evidence for large scale helical magnetic fields. We also note
that the CMB distortions anisotropies (see e.g. Refs. [62,63]), albeit potentially very hard to
detect, could give interesting signals due to the large helicity of the magnetic fields. Unique

signatures in the spatial correlations are expected due to the helical nature of the magnetic
fields.

7 Extragalactic magnetic fields unlikely generated at the
electroweak phase transition

In the letter [64] we show that magnetic fields generated at the electroweak phase transition
are most likely too weak to explain the void magnetic fields apparently observed today unless
they have considerable helicity. We show that, in the simplest estimates, the helicity naturally
produced in conjunction with the baryon asymmetry is too small to explain observations, which
require a helicity fraction at least of order 10~'4-1071° depending on the void fields constraint
used. Therefore new mechanisms to generate primordial helicity are required if magnetic fields
generated during the electroweak phase transition should explain the extragalactic fields.

First-order phase transitions can generate magnetic fields in the early Universe. Under early
Universe conditions with very small chemical potentials the QCDPT is a smooth transition [56]
whereas the EWPT could be first-order in certain Standard Model (SM) extensions [57].
Inflationary magnetogenesis [32], which is also beyond the SM, is another popular mechanism
to explain void magnetic fields. Hence, the apparent observations of void fields from ~-ray
observations seem to be a signature of physics beyond the SM or of new mechanisms which
excite magnetic helicity (see Sec. 1 and Refs. [65,66]). If the constraints on void fields prove
to be conclusive, then it is likely that magnetic helicity must play an important role. Here we
show that magnetic fields generated at the EWPT must have significantly more helicity than
that produced by electroweak baryogenesis in order to explain the extragalactic magnetic fields.
To reach this conclusion we have assumed the magnetic decay laws of [47,52,53] and considered
the simplest magnetic helicity estimates of [58] (see Fig. 7). Our assumptions on the decay
rates could be challenged due to new results of [54, 55].

8 Nonbhelical turbulence and the inverse transfer of energy:
A parameter study

In [67] we explore the phenomenon of an inverse transfer of energy from large to small scales
in decaying magnetohydrodynamical turbulence. For this investigation we mainly employ the
Pencil-Code performing a parameter study, where we vary the Prandtl number, the kinetic
viscosity and the initial spectrum. We find that in order to get a decay which exhibits this
inverse transfer, large Reynolds numbers (O ~ 10?) are needed and low Prandtl numbers of the
order unity Pr = 1 are preferred. Compared to helical MHD turbulence, though, the inverse
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Figure 7: In the greyed out regions, constraints on present day magnetic fields are shown from
Fermi observations of 7-ray sources and an upper bound set from energy considerations. Fields
generated in the radiation era evolve to the line labelled “recombination”. The evolutionary
tracks from magnetogenesis until recombination are marked by dashed lines and depend on
the helicity fraction f.. The minimum field configuration at recombination to explain the void
fields is marked by point (a). If there is zero helicity, the field configuration at megnetogenesis
is marked by point (b). With non-zero helicity the initial field configuration can be reduced
e.g point (c), where the field becomes maximally helical at point (d). Figure reprinted from
Ref. [64]. © 2016 IOP Publishing Ltd and Sissa Medialab srl.

transfer is much less efficient in transferring magnetic energy to larger scales than the well-
known effect of the inverse cascade. Hence, applying the inverse transfer to the magnetic field
evolution in the Early Universe, we question whether the nonhelical inverse transfer is effective
enough to explain the observed void magnetic fields if a magneto-genesis scenario during the
electroweak phase transition is assumed.

Our presented parameter study is based on high-resolution numerical simulations of decaying
MHD turbulence. We explored a wide range of numerical parameters and initial conditions in
order to find a pattern at which the inverse transfer of magnetic energy from small scales to
large scales takes place for nonhelical magnetic fields.

Our most prominent finding is the surprising dependency on the Prandtl number: Larger
Prandtl numbers lead to a less efficient inverse transfer of magnetic energy and might be
fully suppressed at Prandtl numbers larger than 103. This raises the question whether one
can apply the effect of the inverse transfer of energy to the evolution of magnetic fields in
the early Universe. There, one expects large Prandtl numbers of Pr ~ 10%(T /keV)~3/2 [68]
For instance, considering a causally generated field, it will decay according to E ~ t~10
in the case of suppressed inverse transfer. It will decay as E ~ t~1, however, if the inverse
transfer is efficient. This results in a many orders of magnitudes weaker field in the former case.
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Figure 8: Magnetic power spectra of runs with different spectral indices n. The inverse transfer
of energy can only be observed if there is a steep initial spectrum with n > 3. If an initial
spectrum steeper than k* is given it will flatten to a causal spectrum. Reprinted figure with
permission from Ref. [67]. Copyright (2017) by the American Physical Society.

Therefore, it is questionable whether EW phase transition generated fields could be significant
enough today to account for the assumed fields in the voids of galaxies (see [64] and [54]).

Furthermore, the efficiency of the inverse transfer depends on the Reynolds number. Here,
the Reynolds number has to be sufficiently large to observe the effect. With our Pencil-Code
simulations we find a critical Reynolds number of Re = 500 for a Prandtl number of Pr = 1.

Another very interesting result of our study is that for shallow and moderately steep slopes
of the magnetic power spectrum n < 2 the effect of the inverse transfer is not present. Again,
this dependence on n is qualitatively different than the inverse cascade of helical fields, which
is independent of the spectral index n (see Fig. 8). An n = 2 case could be expected from an
average over a stochastic distribution of magnetic dipoles [69], and a field with n = 3/2 will be
generated by the small scale dynamo [70].

Although we find numerical evidence for the effect of non-helical inverse transfer, the physics
behind this mechanism is yet to be determined. One option could be the enhancement of the
magnetic field on large scales by back reactions of velocity fluctuations where the kinetic power
spectrum can exceed the magnetic one on scales above the correlation length. Nevertheless,
our simulations do not indicate that this mechanism could persist throughout the entire decay
phase. See also [55]. Additionally, Brandenburg et al [55] suspect an effect of two-dimensional
structure of the turbulence. In two dimensions the square of the vector potential (AZ) is
conserved [71] and could serve as an explanation to the non-helical inverse transfer, similar to
the conserved helicity in three dimensions. But, (A?) varies by at least 80% throughout the
simulation time. This is not a lot compared to the magnetic energy which changes by three
orders of magnitude during its decay. On the other hand, the helicity in the maximally helical
run changes only by a few percent. Nevertheless, the conservation of (A?) is not expected in
three dimensions and it is not clear why a two-dimensional turbulent structure should develop
(depending on the Prandtl number and initial spectral index).
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Another way of explaining the inverse transfer is the assumption of a self-similar evolution of
the decaying MHD turbulence. Using rescaled MHD variables, Olesen [72] and [73] constructed
such a self-similar scenario of decaying MHD turbulence. Although the rescaling of the MHD
variables is generally not restricted to a specific choice of the rescaling function, an inverse
transfer can only be explained by a very specific one where the viscosity is not rescaled, i.e. v —
19 and [ is the scale function. First of all, there is no physical reasoning for this (unmotivated)
choice and furthermore the rescaling of variables should not impact the physical result. The
specific self-similar solution resulting in the inverse transfer does not give further insight to
this problem. We thus conclude that while there is numerical evidence from our simulations
that the non-helical inverse transfer of energy can be present, a satisfying physical explanation
is still missing.

9 Improved treatment of magnetic heating across the cos-
mological recombination era

The origin of magnetic fields in the Universe poses many open questions. In [74] we study
the evolution of primordial magnetic fields PMF, generated by some early-universe mechanism,
across the cosmological recombination epoch, one of the clearly anticipated stages in their
evolution. The main goal is to obtain an understanding of the relevant dissipation processes
with particular focus on the transition between photon drag-dominated evolution in the pre-
recombination era (z > 10%) to turbulent decay at later times (z < 10%). We carry out a suite
of numerical MHD simulations studying the dependence of the effective heating rates on the
magnetic field strength and spectral index. Our analysis shows that in the drag-dominated
phase no real heating of the matter is produced but that the dissipated energy sources small-
scale anisotropies and spectral distortions of the cosmic microwave background (CMB). This
stage is followed by a new intermediate phase during which magnetic field energy is mainly
converted into kinetic energy of the baryons, building up a turbulent velocity field and producing
increasing heating that declines later under turbulent decay. Depending on the PMF strength
and spectral index, the onset of turbulent decay can be delayed until z ~ 600, diminishing the
expected effects on the CMB anisotropies. We provide several analytic approximations and
present numerical results that can be used to study CMB constraints on PMF.

For our investigation, we performed 3D numerical simulations of PMFs along with baryon
velocity fluctuations across the cosmological recombination era. Photon drag was included us-
ing the standard recombination history obtained with CosmoRec and the MHD equations were
solved in an expanding medium. Our simulations allow us to trace the flow of energy from the
magnetic field, through the baryon velocity field to heating via turbulent decay and dissipa-
tion. We are able to describe the net heating rates smoothly across the epoch of recombination
enabling a clean separation of real heating, which will lead to an increase of the matter tem-
perature, from drag-dominated energy losses to the CMB photon field, which only leads to
secondary temperature perturbations and CMB spectral distortions.

We supported our computations with analytic estimates and provide several useful expres-
sions to represent our numerical results. We find that at redshifts below z < 500, in the
regime of well-developed turbulent decay, our new analytic approximation with an additional
delay-factor taking the spectral slope into account, gives a slightly better fit.

We observed three main evolutionary stages for magnetic heating: i) an initial phase that is
dominated by photon drag (z 2 1200), ii) an intermediate transition period around cosmological
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Figure 9: Magnetic Reynolds numbers as a function of redshift for simulation runs where By
is varied. The critical magnetic Reynolds number Re = 1 is indicated with a grey dashed line.
For different initial amplitudes the Re = 1 redshift varies from zyq ~ 650 (fiducial By = 0.51)
to zyq =~ 300. Figure taken from Ref. [74].

recombination, when the photon drag force drops rapidly, and iii) the final fully turbulent MHD
phase (z < 600). Only in the latter part of the transition and the turbulent phase do we find
significant heating of the medium, a result that is important when deriving and interpreting
constraints on PMFs from CMB measurements.

Our computations show that the baryon velocity fluctuations are initially strongly sup-
pressed because of photon drag, but build up during the intermediate transition phase. Af-
ter recombination, a state approaching equipartition between magnetic and kinetic energy is
reached, after which the plasma dissipates energy in a turbulent cascade. In previous treat-
ments, the build-up of the velocity field and its turbulent decay were assumed to proceed
instantaneously at recombination (z ~ 1100). Our simulations reveal a substantial delay for
the onset of turbulence until redshift z ~ 600-900 (this depends on the amplitude and shape of
the initial magnetic power spectrum). In the transition phase, the Lorentz force continuously
sources the baryon velocity field until a well developed turbulent state is reached, a process
that causes this delay of up to 0.5 Myr.

We also find that the shapes of the net heating rates obtained are broader than previously
estimated semi-analytically. Further, for the weaker magnetic fields, their peak broadens to
significantly lower redshifts (z < 400). For low magnetic field strengths, the flow reaches
turbulence more gradually with the magnetic Reynolds number exceeding unity only in the late
stages (see Fig. 9). Steep (blue) spectra produce an earlier peak in the net heating rates at
Zpeak = 900. The shape, peak width and epoch of the net heating rate furthermore depends
directly on the initial amplitude of the magnetic fields and the spectral index. Our simulations
furthermore indicate that the peak magnetic dissipation rate actually occurs once the drag
coefficient has already begun to drop sharply and the fluid begins to approach equipartition
between magnetic and kinetic dissipation. This again is in contrast to previous interpretations.

Also, while nearly the whole PMF power spectrum is reshaped to a turbulent power-law

for the near scale-invariant case, only the intermediate scale wavemodes k > 10* Mpc™! are
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Figure 10: Evolution of the magnetic power spectra of runs with different spectral index n, at
four redshifts z = 2800, 1200,900 & 400, decreasing from top to bottom in each panel. The
left panel is for B,_3000 = 0.51 while the right panel shows the curves for B,_3999 = 0.31. For
By = 0.31, the case of a causal initial spectrum, Ej; o k*, is also presented. Figures taken
from Ref. [74].

reprocessed for the runs with £ o k! and only the smallest scale modes k > 5.0 x 10* Mpc™!

for the steepest spectrum E o< k* (see Fig. 10). The direct observation of the spectral transfor-
mation from the initial power-law with cut-off shape to a spectrum in its transitional phase up
to the final stage with a turbulent slope is a novel feature of our computations and a benefit
of the full 3D treatment of the MHD equations. We can see that for our fiducial case with
a near scale-invariant initial power-law with a cutoff at small scales, a turbulent spectrum is
developed (with a slope E oc k=1 that is slightly shallower than Kolmogorov-type turbulence)
as turbulent cascade removes and redistributes power.

To be able to achieve a more complete treatment, more physics at late times need to be
included: below a redshift of z < 200 effects like ambipolar diffusion come into play and can
contribute substantially to the late time evolution of the magnetic heating history. Stronger
magnetic fields along with compressible phenomena would extend the scope of these simulations.
A simultaneous treatment of density perturbations induced by PMFs would complement the
evolution of heating and its cosmological effects.
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