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Abstract. We illustrate that a primordial magnetic field (PMF) suppresses the cosmic mi-
crowave background (CMB) B mode from the weak lensing (WL) effect. The WL effect is
dependent on the lensing potential (LP) from the matter perturbations. A distribution of the
matter perturbations on the cosmological scales is given by the matter power spectrum (MPS).
Therefore, the WL effect on the CMB B mode is affected by the MPS. The CMB B mode,
provides important information on the background gravitational waves, the inflation theory, the
matter density fluctuations and the structure formation in the cosmological scale through the
cosmological parameter search. If we precisely research these topics and correctly constrain the
cosmological parameters from the cosmological observations including the CMB B mode, we
should consider the background PMF correctly.

1. Introduction

Magnetic fields with strength in the order of 1 uG (= 1076 G) are observed in the
typical subgalaxy to cluster scale by Faraday rotation and synchrotron emission (Neronov
and Vovk 2010, Vovk et al. 2012, Feretti et al. 2012). The primary origin of these magnetic
fields is the primordial magnetic field (PMF). PMF is assumed to be homogeneous and
stochastic with comoving strength in the order of 1a=2 nG (1 nG= 10~? G), where a is
the scale factor. If this PMF is generated before the recombination and it evolves into
the observed magnetic fields by the isotropic collapse of the density fields in the early
Universe, then the observed magnetic fields in the cosmological scales can be explained
(Grasso and Rubinstein 2001, Yamazaki et al. 2010a, Kandus et al. 2011, Yamazaki et al.
2012) and PMF parameters have been constrained by using the cosmological observation
datasets (Yamazaki et al. 2005, Lewis 2004, Yamazaki et al. 2006a, Yamazaki et al. 2008a,
Kahniashvili et al. 2009, Yamazaki et al. 2010b, Kahniashvili et al. 2010, Paoletti and
Finelli 2011, Yamazaki and Kusakabe 2012, Shaw and Lewis 2012, Yamazaki et al. 2013,
Paoletti and Finelli 2013, Shiraishi 2013, Yamazaki et al. 2014, Planck Collaboration
et al. 2016a, Zucca et al. 2017).

There are two kinds of PMF effects on the fluctuations of the CMB and the matter
power spectrum (MPS). The first effect is due to the first perturbation source from the
PMF in the linear perturbative equations. Therefore, this PMF effect is called “the per-
turbative PMF effect” in this article. The perturbative PMF effect generates fluctuations
of CMB and MPS in smaller scales corresponding to k > 0.1 hMpc~! (Yamazaki et al.
2006b, Yamazaki et al. 2008b, Yamazaki et al. 2010b, Yamazaki et al. 2011),where h is
the Hubble parameter in units of 100 km/s/Mpc.

The second effect is due to the ensemble energy density of the PMF because it is
considered a nonperturbative source in linear perturbative theory. Therefore, we call it
“the background PMF effect”. The background PMF changes the features of the CMB
(Yamazaki 2014) and MPS (Yamazaki 2016). The peak positions of the CMB temperature
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fluctuations and the MPS shift to larger scale because of the background PMF (Yamazaki
2014, Yamazaki 2016).

We adopt the flat and A CDM model, and assume that the PMF is generated well before
the recombination epoch, e.g., the inflation epoch, and that it is stochastic homogeneous,
isotropic, and random. A PMF mode in this article is defined by Yamazaki(2018), and
the numerical formulation of the PMF spectra from Yamazaki et al. (2008b). We adopt
the cosmological parameters determined by the Planck 2016 (TT + lowP + lensing in
Table 4 of Planck Collaboration et al. 2016b). We modify CAMB code of Lewis et al.
(2000) for computing the lensing potential and the CMB B mode with PMF effects.

2. Lensing potential and weak lensing in the PMF

The WL effect depends on the lensing potential (LP) and the spectrum of the LP C’z’
depends on the MPS (Lewis and Challinor 2006, Yamazaki 2018). From the PMF effects
on the MPS, the LP spectra with the PMF are as shown in panels (a-1) and (a-2) of Fig.
1, where ng is the spectrum index of the PMF, By = | B, | is the comoving field strength
by smoothing over a Gaussian sphere of radius A = 1 Mpc (kx = 27/)). Background
PMF's shift the peak positions ¢p of the LP spectra to smaller multipoles (larger scales)
and suppress the amplitudes for ¢ 2 ¢p. The WL effect on the CMB B mode is due to the
LP; hence, the PMFs affect the CMB B mode owing to WL through the LP [Panels (b-1)
and (b-2) in Fig. 1]. To analyze the WL effect on the CMB B mode owing only to the LP
with the PMFs, the CMB B mode spectra of vector and tensor sources are not included
in panels (b-1) and (b-2) of Fig. 1. If the background PMF effect for estimating the MPS
is not considered, the LP spectra and CMB B mode from the WL effect with the PMF
in smaller multipoles remain nearly unchanged like the MPS without the background
PMF (Yamazaki 2018). In fact, the overall PMF effect suppresses the PL spectra and
the CMB B mode owing to WL for £ > 100 as shown in Fig. 1.

Unlike the MPS and the LP spectrum, the CMB B mode from the perturbative PMF
effect has two kind modes: vector and tensor mode. The vector and tensor CMB modes
from the perturbative PMF effect directly increase the amplitude of the CMB B mode
(Durrer et al. 2000, Mack et al. 2002, Yamazaki et al. 2010b, Yamazaki et al. 2012, Shaw
and Lewis 2012). The tensor CMB B mode from the perturbative PMF is much smaller
than the CMB B mode from the WL effect, whereas the CMB B mode of the vector
mode from the perturbative PMF effect corresponds to the CMB B mode from the WL
effect for hundreds of multipoles. In fact, as shown in panel (¢) of Fig. 1 for £ > 800, it
directly increases the amplitude of the CMB B mode spectra and dominates the spectra.
However, because the error bars of the datasets for £ > 800 are large, it is difficult to
constrain the parameters of the PMF based on the observation datasets. In addition, the
CMB B mode from the perturbative PMF effect for ¢ < 400, where the observational
data points have smaller errors from BK14 (BICEP2 Collaboration et al. 2016), is too
small to effectively constrain the PMF parameters. Nevertheless, the background PMF
effect suppresses the CMB B mode owing to WL in the effective range of BK14 as shown
in panel (c) of Fig. 1. Thus, if we use the observational CMB B mode datasets for ¢ < 400,
the PMF parameters are constrained.

3. Constraints on the PMF parameters

Finally, although preliminary results, we introduce a comparison of constraints on PMF
parameters with and without pyp. Using the Planck (Planck Collaboration et al. 2016b)
and BK14 data sets and the MCMC method (Lewis and Bridle 2002), the power law
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Figure 1. PMF effects on the LP spectra (panels (a-1), (a-2)) and CMB B modes owing to
WL (panels (b-1), (b-2)). Panel (c) shows that PMF effects on the CMB B mode for fixed PMF
parameters (Bx, ng) = (3 nG, — 1.0). All curves are indicated in the legend box in this
figure. The tensor-to-scalar ratio r is 0.05. The dots with error bars are the CMB B mode mea-
surements from BICEP2/Keck (BK14) (BICEP2 Collaboration et al. 2016), POLARBEAR(PB)
(The POLARBEAR Collaboration et al. 2017), and SPTpol (Keisler et al. 2015), as shown by
the legends. The uncertainties of the error bars correspond to 1o (68.3% confidence level).

index of the PMF with the background PMF is constrained np < —1.8, which is lower
than a result without the background PMF (np < —1.5) Since the energy density of
the background PMF is dependent on the power-law index ng and becomes much bigger
with higher np from Eq. (1) in Yamazaki(2018), the effects of the PMF of bigger ng on
the CMB B mode are not negligible for a wider range of multipoles (Fig. 1). Therefore
np can be constrained more strongly from the CMB B mode with pyr.

4. Summary

It has been known that the vector mode from the perturbative PMF effect increases the
CMB B mode for large multipoles, e.g., more than hundreds multipoles. In this article,
we show that, as in the background PMF effect on the MPS, the background PMF effect
suppresses the LP spectrum for wider range of multipole. Since the CMB B mode owing
to WL depends on the LP spectrum, the background PMF effect indirectly suppresses
it for wider range of multipole. We also show that we expect to strongly constrain the
PMF parameters from observational datasets at ¢ < 400, which have relatively smaller
errors, if we correctly consider the background PMF effect on the CMB B mode. The
magnetic field affects the physical process at wide scale ranges in the Universe. However,
studies of magnetic fields on the cosmological scales are less active because it is difficult
to directly observe the magnetic fields in cosmological scales and evaluate theoretical
models considering magnetic fields with less observation and results. If we adopt the
background PMF effects on the CMB B mode and constrain the PMF parameters in
the CMB B mode with observations having smaller errors, we can promote the study of
PMF in cosmology.
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Abstract. Evidence repeatedly suggests that cosmological sheets, filaments and voids may be
substantially magnetised today. The origin of magnetic fields in the intergalactic medium is
however currently uncertain. We discuss a magnetogenesis mechanism based on the exchange
of momentum between hard photons and electrons in an inhomogeneous intergalactic medium.
Operating near ionising sources during the epoch of reionisation, it is capable of generating
magnetic seeds of relevant strengths over scales comparable to the distance between ionising
sources. Furthermore, when the contributions of all ionising sources and the distribution of
gas inhomogeneities are taken into account, it leads, by the end of reionisation, to a level of
magnetisation that may account for the current magnetic fields strengths in the cosmic web.

Keywords. Magnetic fields, cosmology: theory, large-scale structure of universe

1. Introduction

The Universe seems to be magnetised virtually on all scales. The origin of the cosmo-
logical magnetic fields in particular remains unsettled, despite the many models that have
been proposed (see Kulsrud and Zweibel 2008; Ryu et al. 2012; Widrow et al. 2012; Dur-
rer and Neronov 2013; Subramanian 2016). Many of these rely on beyond-the-standard-
model physics possibly operating in the early Universe. In the post-recombination Uni-
verse, plasma instabilities (e.g. Gruzinov 2001; Schlickeiser 2012), the Biermann battery
(e.g. Pudritz and Silk 1989; Subramanian et al. 1994; Ryu et al. 1998) and momentum
transfer effects (e.g. Mishustin and Ruzmaikin 1972; Harrison 1973; Saga et al. 2015) can
also generate magnetic fields. Whether all these mechanisms are suitable for explaining
the origin of the fields permeating the cosmic web is debated, and will be answered thanks
to large radio telescopes (see Beck 2015 and pages 369-597 of Bourke et al. 2015).

We here summarise the basics of an astrophysical mechanism, based on the photoion-
ization of the IGM, that is bound to have contributed to the magnetisation of the cosmic
web during the epoch of reionisation. Its principles have been explored in Durrive and
Langer (2015), and the resulting, average strength of the field in the Universe by the end
of reionisation has been estimated in Durrive et al. (2017).

2. Outline of the mechanism

The “recipe” for the generation of magnetic fields is, in principle, simple. First, some
mechanism must spatially separate positive and negative electric charge carriers. Second,
this separation must be sustained so that a large scale electric field is created. Third, by
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Figure 1. Inhomogeneities at the origin of rotational electric fields.

virtue of Faraday’s law, this electric field must possess a curl. The question of astrophys-
ical magnetogenesis thus essentially boils down to identifying the propitious epochs and
environments for such rotational electric fields to emerge.

Cosmological reionisation is one such epoch. The immediate surroundings of luminous
sources are ionised forming HII regions. Higher energy photons penetrate beyond the
edge of such bubbles into the neutral IGM. There, occasionally, they hit atoms and
eject new electrons. As long as the sources shine, the resulting charge separation creates
an electric field. Now, in case of perfect local isotropy, the electric field is curl-free.
However, local isotropy is broken (see fig. 1). First, the IGM is inhomogeneous. Any
overdensity (underdensity) locally enhances (lessens) the process: behind it, the strength
of the electric field is smaller (larger) than along photon trajectories that miss density
contrasts. The electric field varies across photon trajectories, and thus possesses a curl.
Second, Hir bubbles are aspherical, and the flux of hard photons that escape into the
IGM is anisotropic.

In Durrive and Langer (2015), we analysed in detail this mechanism. We obtained
the expression for the generated magnetic field, and examined its spatial distribution
and strengths. We considered three source types: population III stars, primeval galaxies,
and quasars. We modelled a clump in the IGM by a compensated overdensity (see fig.
1 left), and assumed a source lifetime of 100 Myr. Population III star clusters generate
relatively stronger fields, on distances (1 — 2 kpc) shorter than half their physical mean
separation (~ 10 kpc). These sources thus leave a large fraction of the IGM unmagnetised.
Rare, luminous quasars magnetise less but over much larger distances (several Mpc),
comparable to half their separation. Primeval galaxies combine modestly high amplitudes,
and reasonably large scales (tens of kpc) that are similar to half their separation.

3. Average Magnetic Energy Density seeded in the IGM

We estimated in Durrive et al. (2017) the level of global magnetisation thus reached
in the Universe by the end of reionisation. The result depends on the distribution of the
ionising sources, their spectra, the epochs at which they shine, and on the density clumps
in the IGM. We used the Press and Schechter (1974) formalism to model the statistical
distribution of sources and overdensities. We focused on primeval galaxies, probably the
dominant contributors to reionisation.

The details, illustrated in fig. 2, consist in the following steps:

(a) First, we considered an isolated source and a gas inhomogeneity in its vicinity. We
obtained a convenient expression for the magnetic energy density E,,(D) associated to
any cloud of mass m at a given distance D of the ionising source.

(b) Second, we summed the effect of all the clouds arround the source contained in a


utente
Font monospazio
8

utente
Casella di testo


Magnetising the Cosmic Web during Reionisation

Generated @ Q

magnetic field U

O Source: 3

{  in DM host

‘\ / of mass M

Cloud:
- in DM halo
3 of mass m
eractio X /

Figure 2. Estimating the global magnetisation level of the IGM. See text for details.

DM halo of mass M. It contributes by injecting a magnetic energy

Mmin

sty Mmax
Ey = / / E,.(D)d*P(D, m|M) (3.1)
Ts 7

where d2P(D, m|M) is the probability for a DM cloud of mass m to be in a spherical shell
of volume 47 D?dD at distance D. We considered only the clouds within an ‘interaction
zone’ set by the photon mean free path ¢, beyond which the mechanism is not efficient.

(¢) Third, we integrated the energy density Ej; over the DM halos containing ionis-
ing sources. As HiI bubbles start to overlap, the efficiency of magnetic field generation
decreases as reionisation proceeds. Hence, we weighed the contribution of sources by a
factor 1 — Q;(z) accounting for the ionised volume filling factor at redshift z. The mean
comoving magnetic energy density finally reads

BZ(Z) 20 1— Q Mmax dnys
V) _ [y T AM Enp gy M 3.2
87 /Z “H1+ ) /M M I8 g (3:2)

where ffﬁg’ is the mass function of the DM halos hosting the sources. The parameter zg

is the redshift at which the first sources form, and g, is the rate at which sources switch
on.

Figure (3) shows the comoving strength of the generated magnetic field in three differ-
ent reionisation histories, all consistent with results of the Planck Collaboration (2016).
Above z = 20 there are no galaxies, and the magnetic field is nil. As galaxies form, their
radiation induces magnetic fields that accumulate in the IGM. Once the Universe is fully
ionised, the mechanism stops, and a plateau (in comoving units) is reached. Note that in
physical units, the strength of the magnetic field by the end of reionisation is a few 1072
Gauss, a suitable seed value for any subsequent amplification by nonlinear processes.

4. Discussion

The model we summarised here can be improved in several ways. In particular, we
neglected the contribution of underdense regions, which could multiply the result ob-
tained above by a factor of two. Similarly, we did not take into account the effect of
the asphericity of the HiI regions. Finally, we assumed that the HiI regions have reached
their steady state. Whether taking their growing regime into account would increase or
decrease the global magnetic field is not obvious. However, nonlinearities develop in the
cosmic velocity field as structure formation proceeds (e.g. Ryu et al. 2008; Greif et al.
2008; Sur et al. 2012). They enter into play when the seed magnetic field has reached its
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Figure 3. Evolution with redshift of the mean comoving magnetic field strength in the IGM
in different reionisation histories. The green curve is the fiducial model assumed in Durrive
et al. (2017) where feg is an effective reionisation efficiency. All three considered histories are
in agreement with the Planck Collaboration (2016) constraints.

final strength (Langer et al. 2005). Magnetic field amplification thus sets in early on, at
least whithin the nodes, filaments and sheets of the cosmic web. The strength shown in
fig. 3 thus likely underestimates the actual magnetisation of those structures. In cosmic
voids, plasma instabilities might have the potential to amplify rapidly the magnetic seed
fields, and bring them above the lower limits suggested by the observation of blazars.
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Abstract. Presence of magnetic fields in cosmological voids is a challenge for dynamo theory.
We argue that these fields can be considered as a result of small-scale dynamo action associated
with random motions connected with formation of various structures Universe.
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1. Introduction

Magnetic fields of spiral galaxies are believed to be excited by dynamo action based on
differential rotation and mirror-asymmetric turbulence in the interstellar medium (e.g.
Beck et al., 1996). Corresponding magnetic energy is closed to equipartition with kinetic
energy of the turbulence. In this context, estimate for magnetic fields in cosmological
voids suggested by Neronov & Semikoz (2009) looks as a challenge for dynamo theory.
The point is that both conventional drivers of galactic dynamo, i.e. differential rotation
and mirror-asymmetry of turbulence look irrelevant for media of voids.

In principle, origin of magnetic fields in the voids can be directly associated with par-
ticle processes in the Early Universe. The point is that differential rotation is a helpful
however not obligatory participant in dynamo action and mirror asymmetry alone is in
principle sufficient to enhance magnetic fields. Such dynamo is referred as a?-dynamo
while conventional galactic dynamo is known in this context as aw-dynamo. Indeed, vi-
olations of mirror symmetry (P-invariance) are known, say, for weak interactions and
the media of the Early Universe near electro-weak phase transition. It results in mag-
netic field excitation at the epoch of electro-weak phase transition. Contemporary, bulk
of knowledge concerning electro-weak phase transition gives enough free room to get
magnetic field strength comparable with that suggested by Neronov & Semikoz (2009)
for magnetic fields in voids (e.g. Vachaspati, 1991; Giovannini & Shaposhnikov, 2000;
Semikoz & Sokoloff, 2004). In the framework of this scenario, magnetic fields in voids
are immediate imprints of physical processes in the very Early Universe. This scenario
presumes that physical process during the epoch of formation of structure of the Universe
can be ignored for the magnetic field formation in the voids.

An alternative viewpoint concerning the origin of magnetic fields in voids departs from
the idea that magnetic fields of galactic clusters are considered to be excited by a small-
scale dynamo action (e.g. Ruzmaikin et al., 1989). In other words, this scenario suggests
that magnetic field in the voids is excited by motions of electrically conducting media
in the epoch of formation of the structure in the Universe and even at later states of its
evolution. This scenario supposes that magnetic structures in the voids do not contains
pronounced imprints of particle processes in the Early Universe. Magnetic fields which
were created during the electro-weak phase transition or even earlier can contribute in
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the seed for dynamo action, however another contribution associated with battery effects
may produce the seed even alone.

Of course, these two scenarios are two extremes in the variety of opinions and various
intermediate views can be found in the literature.

According to the sense of this focus meeting, we are now at the very early stage of
investigation of extragalactic magnetic fields in voids and it looks important to isolate
in an explicit form the above options and discuss which one looks more attractive. It is
the aim of this contribution.

2. Particle processes and magnetic field in voids

First scenario looked very attractive at the initial stage of research, it obviously de-
served investigation and it was addressed in various papers (e.g. Kahniashvili et al.,
2011). One can summarize from the above cited papers that it is in principle possible
to get sufficient magnetic energy from the particle processes to explain the supposed
magnetic field in the voids (we note that Neronov & Semikoz, 2009 give lower magnetic
field estimate only). For the first sight, it means that the scenario remains realistic at
least until we learn more concerning magnetic field scale in the voids. The point is that
Neronov & Semikoz (2009) do not give any estimate on the magnetic field scale.

In fact, however, the epoch of substantial mirror-asymmetry of the medium in the
Universe is very short. In order to get substantial magnetic field amplification during
this epoch we have to assume that magnetic field growth rate was very high. From the
other hand the a?-dynamo equations provides a link between the scale of the growing
magnetic field and its growth rate. Using this link, we can estimate the present-day
scale of magnetic field which was excited in particle processes in the Early Universe and
survives until present (see for technical details Tarbeeva et al., 2007). Of course, the
estimate is to some extent model dependent, however the figure obtained as the estimate
are very low indeed, of order of kilometres only. In spite of the fact that Neronov &
Semikoz (2009) avoid to give lower estimate for the magnetic field scale in voids, it is
very difficult to believe that magnetic field of this tiny scale could be important for
astronomy.

We stress that the magnetic field generated due to mirror-asymmetry of particle process
should be referred in the context of dynamo studies as a large-scale magnetic field. Its
scale however is bounded from above by the horizon size of the Universe in the epoch of
phase transitions which is small in the present-day scales. Because any kind of dynamo is
much slower than the light propagation, the actual spatial scale of magnetic field driven
by a dynamo acting in the epoch of phase transitions is even much smaller than the
horizon size.

The above consideration do not include the case of a strictly homogeneous magnetic
field created in an a-causal way just at the instant of Big Bang. Such a magnetic field could
be sufficiently weak to avoid observable violations of isotropy of the Universe however
sufficiently strong to satisfy lower bound of Neronov & Semikox (2009), (e.g. Beck et
al., 1996). This option was considered at first as early as 1965 by Zeldovich and is very
difficult for observational verification (e.g. Ruzmaikin & Sokoloff, 1977). It is however
difficult to consider the option at the most attractive one at least for the time being.

3. Small-scale dynamo in voids

Scenario with small-scale dynamo as magnetic field driver in the voids anticipates
that magnetic field origin in the voids is more or less the same as that one in galactic
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clusters. The difference is that kinetic energy in the voids is lower than that in clusters.
Correspondingly, magnetic field strength in voids should be several order of magnitudes
lower then that one in galactic clusters.

A weak point in this scenario is that we know almost nothing about possible turbulent
flows in voids. From the other hand, it is very difficult to believe that formation of
large-scale structure of the Universe was performed by purely laminar flows and did not
resulted in any random flows. Fortunately, small-scale dynamo action does not require
fully developed turbulent flows. In contrast, the simplest and useful model for small-scale
dynamo suggested by Kasantsev (1967) deals with so-called short-correlated flows which
contain just one spatial scale only.

Another important point is what does it mean ”small scale” in the wording for the
dynamo under discussion. The point is that the problem contains two scales, i.e. the scale
of random vortexes [ and the resistive scale A\. Both scales are referred as small ones in
the dynamo studies because they are usually much smaller than the size of the whole
magnetized body L. For the voids, the scale [ is expected to be more or less comparable
with the void scales while A may be many orders of magnitude lower because dissipation
in voids is expected to be very low. In principle, A might be as tiny as scales discussed in
the previous section. Fortunately, investigation of Kasantsev model (e.g. Novikov et al.
1983; Kleeorin et al., 2002) demonstrate that both scales determine the magnetic field
correlation function however the magnetic energy at scales | remains substantial.

We note that the small-scale dynamo in the framework of the problem under discussion
deserves further investigation. In particular, the random flow driving small-scale dynamo
can be purely mirror-symmetric. Then the magnetic field generated is mirror-symmetric
in average. However if the flow is still mirror-asymmetric the resulting magnetic field
becomes mirror-asymmetric as well (e.g. Boldyrev et al., 2005; Malyshkin & Boldyrev,
2007; Yushkov & Lukin, 2017). Of course, magnetic helicity generated by small-scale
dynamo in a mirror-asymmetric flow have to be taken into account in helicity balance
for dynamo saturation (Sokoloff et al., 2017).

4. Conclusion and discussion

Comparing the advantages and shortcomings of the above scenario we arrive to an
impression that at least on the present stage of research the option that it is small-scale
dynamo responsible for the excitation of magnetic fields in voids looks preferable. We
note that the general impression from the talks presented at the focus meeting seems to
support this opinion.

I am grateful to E.Yushkov and P.Frick for useful discussions. The research is supported
by RFBR under grant 18-02-00085.
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Abstract. Magnetic fields of the order of ji-Gauss are observationally detected in galaxies and
galaxy clusters, which can be (at least) in part originated by the amplification of much weaker
primordial seed fields. These fields should be carried out by strong galactic outflows, magnetically
enriching the InterGalactic Medium (IGM). However direct observation of magnetic fields in the
IGM is scarce. This talk will give a review of how Intergalactic Magnetic Field (IGMF) can
be constrained using gamma-ray observations. High-energy TeV photons emitted by distant
blazars can interact with the cosmic extragalactic optical/infrared /microwave background light,
producing electron-positron pairs, and initiating electromagnetic cascades in the IGM. The
charged component of these cascades is deflected by IGMF's, thereby reducing the observed point-
like TeV flux, and creating an extended image in the GeV energy range, which can potentially
be detected with ~-ray telescopes (Fermi-LAT, HESS, CTA). Studies (e.g., Neronov & Vovk
2010, Dolag et al. 2011) have put lower limits on the IGMF strength of the order of 10716 —
107G, and filling factors of 60%. This talk will describe the constraints which the Cherenkov
Telescope Array sensitivity is expected to give (CTA Consortium 2018).

Keywords. magnetic fields, instrumentation: high angular resolution, methods: data analysis,
(galaxies:) BL Lacertae objects: general, intergalactic medium, gamma rays: observations

1. Introduction

Magnetic Fields (MF) of the order of (1 — 10)uG are observed (e.g., Berkhuijsen et
al. 2003) in galaxies and galaxy clusters. These fields are understood to be created from
the amplification of much weaker primordial seed fields, by turbulent dynamo effects and
baryonic processes. The origin of these tiny seed fields is unknown (e.g., Widrow 2002).
There are 2 classes of concordance models for the generation of primordial seed fields.
One is Cosmological origin: where the seed fields are produced in the early primordial
Universe (e.g., Grasso & Rubinstein 2001). The other is Astrophysical origin: where the
seed fields are produced by plasma motions from baryonic processes (star-formation,
supernovae, black holes) in galaxies (e.g., Ryu et al. 2012).

A potentially relevant component of cosmic MF, of which very little is known yet, is the
Intergalactic Magnetic Field (IGMF) existing in the low-density InterGalactic Medium
(IGM), or the space between galaxies not related to gravitational collapse. The MF's inside
galaxies are dragged out by powerful galactic outflows generated by energy feedback from
baryonic processes with time, and dispersed into the IGM. Over cosmological epochs these
IGMFs permeate the turbulent IGM, and may be even amplified by turbulent dynamo
action (e.g., de Gouveia Dal Pino 2011), at the same time influencing large scale structure
formation (e.g., Dolag 2006, Barai 2008).
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Figure 1. Propagation of VHE primary TeV photons yvug,1 to Earth, and the interactions
happening on the way to produce secondary GeV ~yvug,2 photons. Figure from Sol et al. (2013a).

The knowledge of IGMF distribution is crucial in understanding the cosmological versus
astrophysical origin of cosmic MF. It is challenging to directly observe the IGMF, because
they are diffuse and weak in intensity. An upper limit: B;gy < (1078 —1079)G, is pro-
vided by standard constraints: Big Bang nucleosynthesis, Cosmic Microwave Background
(CMB) anisotropy (e.g., Durrer et al. 1998), Faraday rotation measures of polarized radio
emission from quasars (e.g., Pshirkov et al. 2016). Here we will overview how IGMF can
be constrained using ~y-ray observations, which provide lower limits for it.

2. IGMF Constraints using ~-ray Observations of Blazars

A novel technique to constrain the IGMF’s strength and filling factor uses Very-High-
Energy (VHE) ~-ray emission from distant blazar sources. Blazars are Active Galactic
Nuclei (AGN) with the central supermassive black hole jet pointed toward our line of
sight, and present rapid variability (e.g., Aharonian et al. 2007). The observed spectral
energy distributions of blazars (e.g., Bonnoli et al. 2015) are fitted to models, where the
TeV ~-ray emission comes from the jet base. There, relativistic electrons (e™) upscatter,
by Inverse Compton (IC), lower-energy ambient photons to the TeV. Relativistic protons
can also have a contruibution, by emitting direct synchrotron radiation, or by the creation
of secondary pions, which decay into TeV photons.

The VHE primary TeV photons (yyug,1) emitted by distant blazars undergo the fol-
lowing interactions, as they travel 100s-of-Mpc intergalactic space before reaching Earth:

YVHE,1 + YEBL — €f€f, €1 +YcMB — YVHE,2 + €5 . (2.1)

Firstly, the yyug,1 interact with optical/infrared/microwave Extragalactic Background
Light (EBL), and cause e~ e* pair production. These very-energetic electrons undergo IC
scattering off CMB photons and produce secondary vy-rays (yvug,2) in the GeV energy
range, as shown in Fig. 1 (Sol et al. 2013a). The e~e™ pair electromagnetic cascades are
deflected by IGMF present in the intervening space, and the secondary GeV 7yvug,2 are
strongly attenuated as they appear on Earth. These attenuated secondary GeV compo-
nents can be detected with our ~-ray telescopes (Fermi-LAT, HESS, CTA), as either:

e Pair Halo: Spatially-extended GeV emission around primary TeV ~vug,1 signal.
These are expected for Brgy >~ 107G, and involve imaging analysis searches for
extended pair halos around blazars. (Larger IGMFs produce larger deflections, resulting
in a weaker pair halo flux, that can make it undetectable with current instruments.)

e Pair Echo: GeV emission with a time delay relative to the primary. These are
expected for Brgar < 10716G, and involve time-resolved spectral analysis of pair echoes.

Studies usually model the e~e™ pair cascade development using Monte-Carlo simula-
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tions, compute the simulated pair halo and/or pair echo assuming some IGMF con-
figuration, compare with observations (e.g. Fermi data on blazars), and derive IGMF
constraints (e.g., Alves Batista 2017). However, several studies have inferred a non-
detection of secondary components, which nevertheless provide lower limits on Brgas,
assuming that the suppression of GeV flux is due to the deflection of e~e™ pairs by
IGMF. E.g. Neronov & Vovk (2010) found a lower limit of Brgas = 3 x 10716G. Dolag
et al. (2011) inferred that IGMF fills at least 60% of space with fields stronger than
Bray > 10716 — 107 15G. Considering a coherence length > 1 Mpc for the IGMF and
persistent TeV emission, Taylor et al. (2011) inferred a Bygy > (10717 — 10719)G.

A first hint for the existence of pair halos (extended emission around a point-source)
has been found by Chen et al. (2015), by the stacking analysis of 24 blazars at z < 0.5
using Fermi-LAT data. It implies a magnetic field strength of Brga ~ 10717 — 1071°G,
using a Bayesian statistics.

3. v-ray Pair Halo to be Observed by the Cherenkov Telescope Array

The Cherenkov Telescope Array (CTA) is a planned next-generation ground-based
~-ray observatory (CTA Consortium 2018). CTA will provide the deepest insight into
the non-thermal VHE Universe ever reached, probing the physical conditions of cosmic
accelerators like black holes and supernovae. It will consist of an array of around 100
imaging atmospheric Cherenkov telescopes of various sizes. CTA foresees a factor of
5— 10 improvement in sensitivity in the energy domain (~ 100 GeV —10 TeV) of current
Cherenkov telescopes: HESS, MAGIC, and VERITAS. It is also expected to extend the
observable VHE range to below 100 GeV and above 100 TeV, and have unprecedented
angular and energy resolution, as well as a wider field-of-view. A Northern site (Canarias
Islands) and a Sourthern site (Chile) are planned for a full sky coverage.

Elyiv et al. (2009) performed Monte Carlo simulations of 3D electromagnetic cascades
(described in §2). One of the cases they simulated is a blazar source at a distance 120
Mpec, and Brgar = 107G, The expected geometry of Pair Halo from this blazar is
presented in Fig. 2 - left panel. The sky Field-of-View (FoV) of 1.5° is indicated by the
blue-dashed circle, which is equal to the radius of the FoV of the MAGIC telescope. And
a 2.5° FoV is denoted by the red-solid circle, which corresponds to the size of the FoV
of the HESS telescope. These would perfectly fit into the much larger FoV of CTA.

Sol et al. (2013b) estimated the pair halo flux using a theoretical model of differential
angular distribution of a pair halo at z = 0.129 with E,, > 100 GeV (Eungwanichayapant
& Aharonian 2009), and assuming an observation time of 50 hours. The pair halo emission
is displayed in Fig. 2 - right panel, as the dashed curve. The CTA sensitivity curves are
overplotted as the solid lines: the CTA South (North) site is labeled as I (NB). Hence
CTA should well observe pair halos in the energy range (0.1 — 5) TeV.

4. Conclusions

The observational detection of IGMF (extremely tiny magnetic fields permeating the
cosmos on the largest scales) can shed light on the origin of seed fields in the Universe.
Current results of VHE ~-ray astronomy conclude to the existence of a non-zero IGMF:
107Y"G < Brgy < 107'*G, mostly based on the non-detection of expected secondary
GeV ~v-rays. Future theoretical studies need to take into account possible additional
effects in the IGM, e.g. energy losses by cosmic rays, plasma effects. Observationally the
positive detection of Pair Halos and Pair Echos are needed with detailed data on cascade
signatures, which the CTA with its improved sensitivity is expected to observe.
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Figure 2. Left panel: Open black circles indicate the arrival directions of primary and secondary
~-rays from a blazar (details in §3), with the circle sizes proportional to the photon energies
(as labeled in TeV at the bottom of the figure). Sky FoVs of 1.5° and 2.5° are shown by the
blue-dashed and red-solid circles. Figure from Elyiv et al. (2009). Right panel: Estimated flux for
the expected pair halo emission compared to the CTA sensitivity curves for the southern (I) and
northern (NB) sites. Figure from CTA Consortium (2018), originally from Sol et al. (2013b).
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Abstract.

Cosmic rays (CRs) may be used to infer properties of intervening cosmic magnetic fields.
Conversely, understanding the effects of magnetic fields on the propagation of high-energy CRs
is crucial to elucidate their origin. In the present work we investigate the role of intracluster
magnetic fields on the propagation of CRs with energies between 10'® and 10'®® eV. We look
for possible signatures of a transition in the CR propagation regime, from diffusive to ballistic.
Finally, we discuss the consequences of the confinement of high-energy CRs in clusters and
superclusters for the production of gamma rays and neutrinos.

Keywords. magnetic fields, large-scale structure of universe, MHD, galaxies: clusters: general

1. Introduction

Cosmic magnetic fields are ubiquitous in the universe and their intensities span from
10710 G in extended filaments, which are possibly the largest magnetised structures in
the universe, up to around 10'® G in magnetars. Tiny magnetic fields (~ 10717 G) can
also exist in the vast regions devoid of matter, the so-called cosmic voids (see Barai &
de Gouveia Dal Pino 2018, and references therein). Presently little is known about the
origin and evolution of these diffuse intergalactic magnetic fields (IGMF's).

CRs are produced via shock and turbulent acceleration processes in active galaxies
and even in the more diffuse regions of the intergalactic medium (IGM) like relics and
haloes (e.g. Briiggen & Vazza 2015). They are deflected by the pervasive magnetic fields
and thus can be used to constrain their strength and coherence lengths.

Strong evidence exists supporting an extragalactic origin of CRs with energies E 2
8 x 10'® eV (Pierre Auger Collaboration 2017), but it is not clear yet at which energies
there is a transition between galactic and extragalactic CRs. Moreover, there are indica-
tions of a possible third component comprised of nearby extragalactic sources potentially
responsible for the CR spectrum at energies between the second knee (E ~ 107 eV) and
the ankle (E ~ 1018 eV) (Deligny 2014). At energies below E ~ Z x 10'7 eV, wherein
Z is the atomic number of the cosmic-ray nucleus, it is widely believed that Galactic
sources dominate the spectrum as their Larmor radii are about the size of our Galaxy.

A number of authors have performed magnetohydrodynamical (MHD) simulations
of large-scale structure formation which were subsequently used for the propagation of
CRs, particularly the highest-energy ones (UHECRS). For instance, Dolag et al. (2004)
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and Sigl et al. (2003) have reached diverging conclusions regarding the effects of extra-
galactic magnetic fields on UHECR propagation. The former concluded that deflections
should be small in most of the sky (see also Medina Tanco et al. 1998), whereas the
latter concluded that they are large, thereby disfavouring the identification of individ-
ual sources of UHECRs. In more recent work, Hackstein et al. (2016) obtained results
that favour small deflections, which is consistent with their later work using constrained
MHD simulations (Hackstein et al. 2017). A more pessimistic scenario has been studied
by Alves Batista et al. (2017), who concluded that even if the magnetic fields in cosmic
voids, which fill most of the volume of the universe, are high, the deflection of UHE
protons with E > 5 x 10'° eV would be < 15° in about 10-50% of the sky, depending on
the magnetic power spectrum. This would enable the identification of UHECR sources
even in the most pessimistic scenarios.

The distribution of extragalactic magnetic fields is largely uncertain and many differ-
ences exist across models. A comprehensive review on the topic was presented by Vazza
et al. (2017), and a detailed discussion of these uncertainties on UHECR propagation was
given by Alves Batista et al. (2017). Other properties of the magnetised IGM may also
affect the propagation of CRs. This includes magnetic helicity, related to the topology of
the magnetic field lines, which can leave an imprint in the large-scale distribution of CR
arrival directions for some specific source distributions (Alves Batista & Saveliev 2018),
as well as plasma instabilities (Brunetti & Jones 2015).

It is not clear at which energy the transition between the ballistic and diffusive regimes
of CR propagation occur. Also, there is an energy below which the flux of extragalac-
tic CRs is strongly suppressed due to magnetic horizon effects, but this depends on
the strength and coherence length of the magnetic fields, as well as the distribution of
sources. Alves Batista & Sigl (2014) have shown that for sources distributed approxi-
mately uniformly, this energy is E < 10'® eV for common extragalactic magnetic field
models obtained via MHD simulations. Note, however, that this result depends on the
distribution of magnetic fields between the closest sources and Earth, so that magnetic
horizon effects may play a role for highly inhomogeneous distributions of sources.

2. Setup of the simulations

Using 3D cosmological MHD simulations done by Dolag et al. (2004), obtained with
GADGET (Springel 2005), we investigate the propagation of CRs with energies 1016 <
E/eV < 1085, whose origins are unknown and about which few studies have been done.

We perform a numerical study of the propagation of CRs in the aforementioned MHD
background. We employ the CRPropa code (Alves Batista et al. 2016). We consider adia-
batic energy losses due to the expansion of the universe. Photohadronic and photonuclear
interactions between high-energy CRs and photons from the CMB, EBL, and from the
clusters are neglected in this first study. Interactions between CMB/EBL photons with
CRs are virtually negligible at these energies.

The cosmological simulations we use here have been previously used by Dolag et al.
(2004) for UHECR. propagation studies. They correspond to a volume of ~ (140 Mpc)3.
The initial conditions of the simulation are such that the relative positions between the
main structures and Earth are roughly preserved. We select a sample of clusters from
the simulation for the analysis, and choose the Virgo cluster to discuss the results.
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3. Results

In Fig. 1 the trajectories of three cosmic-ray protons are shown for £ = 10'7 eV and
E =10'"8 eV. One can see in Fig. 1 that the propagation is approximately diffusive near
the source, where the intensity of the fields is higher, transitioning towards a rectilinear
propagation as energy increases.

1400 -5

139.5

139.0

log(B/G)
log(B/G)
log(B/G)

y [Mpd]
10g(B/G)
log(B/G)
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Figure 1. Slices zy (left), zz (middle) e yz (right column) of the simulated volume. The colour
scale corresponds to the intensity of the field in these regions. Trajectories of three CR protons
are represented through the green lines with different shades. The scenario in the upper row
corresponds to E = 10'7 eV, whereas the lower row is for E = 10'8 V.

The diffusion coefficient is energy-dependent and combines two regimes, quasi-linear
(D o E'Y/3), and non-resonant (D o< E?). The diffusion coefficient can be written as
D = (r?)/6t, wherein r is the displacement of the CR with respect to its initial position,
and t is the time it takes to move a distance . CRs can escape the cluster if ¢ is less than
the age of the cluster, assumed here to be of the order of a Hubble time; and r» ~ 1 Mpc,
the typical size of a cluster. This implies that for D < 1027 m?s~! the diffusion time is
comparable to one Hubble time. The behaviour of the diffusion coefficients for different
combinations of energy and distance to the centre of the cluster is shown in Fig. 2.
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Figure 2. Diffusion coefficient as a function of the cosmic-ray energy and distance to the
centre of the cluster for the case of protons with an E~! spectrum leaving the Virgo cluster.

Note that in the central regions of the cluster (r < 500kpc) the CRs tend to be
confined longer compared to those in the cluster outskirts. The energy at which CRs
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cease to be magnetically confined is E ~ 10'7 eV. While this result is somewhat trivial,
in the sense that it follows from considerations of the strength of magnetic fields and the
size of clusters, it enables us to reach important conclusions. First, all CRs with energies
E < 10'7 eV should originate within our local supercluster. Second, if our supercluster
contains sources of high-energy CRs, the low-energy suppression of the extragalactic CR
spectrum should not occur at energies much larger than ~ 107 eV.

4. Conclusions & Outlook

In the present work we have presented preliminary results of a first investigation of
the effects of intracluster magnetic fields on CR propagation, using cosmological MHD
simulations. We have estimated the diffusion coefficients of CRs in clusters. One of our
main results is that below E ~ 1017 eV CRs cannot escape the innermost regions of
clusters. As a consequence, CRs with E < 107 eV originate either within the Milky Way
or in our local cluster. We have also concluded that at these energies CRs are confined
for a time comparable to the age of the cluster.

Thermal UV and X-ray photons produced in the hot ICM may serve as target fields for
CR interactions depending on their density; in the central regions of clusters, in particu-
lar, this effect may be considerable. Employing the numerical tools here described, we are
currently performing a detailed analysis of high-energy CR propagation in galaxy clus-
ters taking into account the photohadronic, photonuclear, and hadronuclear interactions
between the CRs and the intracluster gas/photons, which may produce a substantial
number of secondary high-energy particles including gamma rays and neutrinos.
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Abstract. Interpretations of synchrotron observations often assume a tight correlation between
magnetic and cosmic ray energy densities. We examine this assumption using both test-particle
simulations of cosmic rays and MHD simulations which include cosmic rays as a diffusive fluid.
We find no spatial correlation between the cosmic rays and magnetic field energy densities at
turbulent scales. Moreover, the cosmic ray number density and magnetic field energy density
are statistically independent. Nevertheless, the cosmic ray spatial distribution is highly inhomo-
geneous, especially at low energies because the particles are trapped between random magnetic
mirrors. These results can significantly change the interpretation of synchrotron observations
and thus our understanding of the strength and structure of magnetic fields in the Milky Way
and nearby spiral galaxies.

Keywords. Cosmic rays, Magnetic fields, Diffusion, Radio continuum: ISM

1. Introduction

Synchrotron emission is one of the main observational probes of galactic magnetic
fields. The synchrotron intensity I depends on the number density of cosmic ray electrons

nﬁf) and magnetic field b, perpendicular to the line of sight £,

I= K/Lnf;;) P2 4 (1.1)

where K is a constant, L is the total path length and p is the power-law index of the
electron energy spectrum (p ~ 3 in spiral galaxies). The determination of magnetic
field strength from the synchrotron intensity requires an independent observation of the
number density of cosmic ray electrons. In the absence of such information, an energy
equipartition between the total cosmic ray (consisting of 90% protons, 1-2% electrons and
the rest are heavier particles) and magnetic field energy densities is assumed in order to
extract the magnetic field strength. Though there is no convincing theoretical justification
or observational evidence to assume point-to-point energy equipartition between cosmic
rays and magnetic fields in spiral galaxies, it is widely used to obtain magnetic field
strengths from synchrotron intensities (Beck & Krause 2005).

2. Energy equipartition argument: previous tests and our approach

The energy equipartition assumption was first used to study the energy content in
cosmic rays and magnetic fields in the jet of M87 using optical and radio emissions from
the system (Burbidge 1956). Since then, the energy equipartition assumption has been
used to obtain the magnetic field strength in various systems. Duric (1990) suggested
that the range of possible magnetic field strengths in spiral galaxies can differ by at
most an order of magnitude from the equipartition value. The conclusion is justified as
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follows. If the magnetic fields are considerably weaker than the equipartition value then
the particles would quickly escape the disk and almost no synchrotron emission would
be observed. On the other hand, if the fields are far stronger, then the particles would
be confined very close to the sources and strong emission would be observed but only
in small regions around the sources. Neither of the above situations is actually seen in
spiral galaxies. Also, a weakness of this type of argument is that cosmic ray diffusivity
depends not on the magnetic field strength but on the ratio of the random to large-
scale magnetic field strengths. Chi & Wolfendale (1993) used gamma-ray observations
to obtain the proton number density in the Large and Small Magellanic Clouds (LMC
and SMC). They showed that energy equipartition does not hold for these irregular
galaxies. However, Mao et al. (2012), also using gamma-ray data, concluded that the
equipartition seems to hold in the LMC. The radio-FIR correlation studies suggest that
the energy equipartition assumption is invalid on scales smaller than a few kpc and may
hold on larger scales (Basu & Roy 2013). Yoast-Hull et al. (2016) analyzed the gamma-
ray and radio spectra of starburst galaxies and concluded that equipartition does not
hold in these dynamic systems. The energy equipartition assumption, when applied on
large scales, seems to hold for a number of systems (Beck 2016). However, there are also
cases where this is not true. Here, using test—particle and magnetohydrodynamic (MHD)
simulations, we test the point-wise or local energy equipartition assumption.

3. Cosmic rays as test particles

Cosmic ray particles gyrate around the magnetic fields lines and are scattered by small-
scale magnetic fluctuations, which leads to their diffusion in galaxies (Cesarsky 1980).
Such fluctuations can be spatially Gaussian or intermittent. We generate an intermittent
magnetic field by numerically solving the induction equation using a chaotic velocity
field with the Kolmogorov energy spectrum. The induction equation is solved using a
finite difference numerical scheme in a periodic box of dimensionless size 27 (physically
equivalent to the driving scale of the turbulence Iy ~ 100 pc for spiral galaxies) with
5123 points. Exponentially growing magnetic fields are generated by such a flow via
the fluctuation dynamo action. The left-hand panel of Fig. 1 shows that the resulting
magnetic field is spatially intermittent being concentrated into filamentary structures.
A Gaussian random magnetic field with identical power spectrum is obtained from the
intermittent one by phase randomization (Shukurov et al. 2017). For an ensemble of
particles in each of these fields, we then solve the particle equation of motion,

2

dr_wdr b (3.1)

dt2  rp dt bems
where r is the particle’s position at time t, vg is the particle’s speed, 71, is the particle’s
Larmor radius (a parameter to control particle energy) and b is the magnetic field as-
sumed to be static at the time scales of interest. Initially, the particles are distributed
uniformly in space with randomly directed velocities but fixed speed vg. Once the diffu-
sion sets in, we calculate the coordinates of each particle modulo 27, divide the numerical
domain into 5122 cubes and count the number of cosmic ray particles in each cube to
obtain the cosmic ray number density as a function of time and position. Then we aver-
age over a long time to obtain the time-independent cosmic ray distribution ne,. Since
we neglect any energy losses, ne, represents a cosmic ray proton distribution.

The middle panel of Fig. 1 shows n., in an intermittent magnetic field. For both the
Gaussian and intermittent fields, the magnetic field and cosmic rays are not correlated
and the correlation remains close to zero even when both distributions are averaged over
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Figure 1. Left: The normalised strength of the intermittent magnetic field b%/(b?) = 12 (blue),
15 (yellow) from a fluctuation dynamo simulation ((- - -) denotes a volume average). Middle: The
normalised cosmic ray number density ncr/(ner) = 3.5 for low-energy particles (rr/lo = 0.0016).
The magnetic field and cosmic ray number density are uncorrelated and yet there are small-scale
structures in the cosmic ray distribution. This is due to magnetic traps which depends on the
topology of magnetic field lines rather than the field strength. Right: The trajectory of a trapped
particle in the simulation, with the magnetic field strength along the trajectory shown with
colour. The dark grey lines show magnetic field lines. The particle moves forward and backward
between two magnetic mirrors.

any scale less than the box size. The probability density of n. in both intermittent
and Gaussian magnetic fields is Gaussian at higher energies (particles with ri, > ly)
but develops a long, heavy tail at lower energies. The spatial distribution of low-energy
cosmic rays (rr, < lp) is intermittent with numerous small-scale cosmic ray structures
(middle panel of Fig. 1). These structures are due to randomly distributed magnetic
mirror traps. This is confirmed by the right-hand panel of Fig. 1 which shows a particle
trajectory close to one such cosmic ray structures in the domain. The particle follows
magnetic field lines (shown in dark grey) but is trapped between two magnetic mirrors.
The number of such cosmic rays structures increases when a uniform magnetic field
is included and decreases when pitch-angle scattering due to the unresolved magnetic
fluctuations is added (Sect. 3.2 in Seta et al. 2018). However, for all cases the cosmic rays
and magnetic fields are not correlated at scales smaller than the box size. Furthermore,
the magnetic field energy density (b%) and cosmic ray (n.,) distributions are statistically
independent of each other (Appendix C in Seta et al. 2018). Assuming that this also
applies to cosmic-ray electrons, this implies that Eq. (1.1) can be written as

K
I= K/ n{Op% dt = f/ n(®) cw/ b2 dl = KL{(n) (B2 ). (3.2)
L L L

Thus, one can use synchrotron intensity and the mean cosmic ray number density to
obtain the average magnetic field strength.

4. Cosmic rays as a fluid

Cosmic rays exert pressure on the thermal gas which affects the magnetic field, which
in turn controls the cosmic ray propagation. To include this nonlinear effect, we solve the
MHD equations together with an advection-diffusion equation for the cosmic ray fluid
(see Snodin et al. 2006 for equations, parameters and boundary conditions). A random
flow is driven at the box scale by an explicit force in the Navier—Stokes equation. Cosmic
rays are injected continuously at each time step but can be lost through the domain
boundary. The magnetic field is first amplified exponentially, but then saturates due to
the back-reaction of the Lorentz force on the flow. The mean cosmic ray energy also
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Figure 2. The scatter plot for the normalized energy densities of cosmic rays ecr/(ecr) and
magnetic fields % /(b?) for the case with (e,) ~ (b?) at the box scale. Even though both energy
densities are equal when averaged over the size of the domain, locally they are not correlated.

1076 10° 10~

increases initially but then settles down to a steady value. We vary the injection rate
of cosmic rays such that, in the saturated stage, there are three cases for the relation
between the average cosmic ray e, and magnetic field energy densities b?: (eq,) < (b?),
(eer) =~ (b?) and (ec,) > (b?). In all three cases, the cosmic ray energy density is not
correlated with the magnetic field energy density. Fig. 2 confirms that the two quantities
are uncorrelated even when (e..) ~ (b?).

5. Conclusions

Using both test-particle and fluid descriptions of cosmic rays, we have shown that the
cosmic ray and magnetic field energy densities are not correlated on scales less than the
driving scale of the turbulence (Ip ~ 100 pc in spiral galaxies). Furthermore, the two
quantities are statistically independent of each other, so the synchrotron intensity can be
expressed as the product of the average cosmic ray number density and average magnetic
field strength. The presence of small-scale cosmic ray structures due to random magnetic
traps can enhance the synchrotron intensity locally. Such effects must be considered while
analyzing high-resolution synchrotron observations of spiral galaxies. Our results do not
exclude that energy equipartition may hold at scales larger than .
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Abstract. It is expected that the Square Kilometre Array will have a huge impact on the study
of cosmic magnetism. However, it is not easy to quantify such an impact and to understand how
the information about the magnetic fields can be extracted from SKA data. This project aims
at answering these questions by realizing full-Stokes simulations of the radio sky at the depth
that SKA it is expected to reach.

Keywords. polarization, radio continuum: magnetic fields, galaxies, galaxies: clusters: general,
methods: numerical

1. Introduction

Numerical simulations are ideal instruments to forecast the scientific impact of future
instrument as well as best suited frameworks to test sophisticated techniques of data
analysis. With the advent of the Square Kilometre Array (SKA) we expect to improve our
knowledge about the presence and the evolution of magnetic fields in the Universe. In this
respect, an all-sky survey in polarization performed with SKA1-MID will be extremely
precious since it will yield a Rotation Measure (RM) Grid of about 230-450 RM sources
per square degree (Johnston-Hollitt et al. 2015). However, we have to get prepared to
manage the huge amount of data that the SKA will collect and also understand how
correctly interpret the information from this grid.

With this project we want to answer to these questions using a computational tool
which can generate a synthetic radio observation of one or more galaxy clusters in I, U,
and Q Stokes parameters, taking into account the contribution of all the radio discrete
sources present in the field-of-view of our mock observation. This tool is implemented
in the FARADAY software package (Murgia et al. 2004), which has been specifically
designed for intracluster magnetic fields studies.

In Sect. 2, we briefly describe the basic models which allow us to produce all the proper-
ties of a radio source population distributed in a given slice of the Universe. Moreover, we
illustrate the details of the Magneto-Hydro-Dynamical (MHD) simulations used to repro-
duce the intracluster medium (ICM) characteristics (i.e. magnetic field, thermal density
and temperature) of a pair of galaxy clusters; we also show the resulting X-ray surface
brightness and the total and polarized radio intensity emission of this system. In Sect.
3, we show the results of the RM Synthesis technique (e.g. Brentjens & de Bruyn 2005,
Burn 1966) applied on the simulated U, Q data while the conclusion are drawn in Sect.
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4. Throughout the paper, we adopt a ACDM cosmology with Hy = 71km - s~ 'Mpc~!,
Qn =0.27, and Q5 = 0.73.

2. Overview

The emission of a radio source depends on many properties, such as redshift, type, size,
luminosity, morphology, spectral properties, and intrinsic polarization. Thus, in order to
simulate the I, U, and Q data of a radio source population we have to specify all this
features.

We consider the following two families of radio sources depending on the mechanism
which feeds the radio emission: active galactic nuclei (AGNs) and star forming galaxies
(SFGs). We modeled our radio sources using the radio luminosity functions of Lin & Mohr
(2007), Novak et al. (2017), and Smol¢i¢ et al. (2017) for what concerns the cluster and
the external sources respectively. The size is assigned according to Wilman et al. 2008.
The spatial distribution of cluster-embedded radio sources is determined following the
profile of Lin & Mohr (2007). To reproduce the morphology and the spectral-polarimetry
properties of radio sources we use high-frequency and high-resolution observations of
real radio sources of different type or morphology (for example SFGs, type I and type II
Fanaroff & Riley 1974 radio galaxies and head-tail radio galaxies).

For the intracluster magnetic field, the thermal plasma density distribution, and the
temperature we use a cosmological MHD simulation of a pair of galaxy clusters, where
the intracluster magnetic fields are injected by AGNs at z~3 while the system is observed
at z=0.205. This simulation has been obtained with the ENZO code (Collins et al. 2010)
and consists in a set of 3-dimensional cubes of ~(6.4 Mpc)? with a resolution of ~10.7kpc
containing the ICM physical parameters.
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Figure 1. Left: X-ray surface brightness of a pair of galaxy clusters at redshift z=0.205, in a
field-of-view of ~6.4 Mpc with a spatial resolution of ~10.7 kpc. Center and right: total intensity
and polarized intensity radio emission between 1.4 GHz of the cluster-embedded, foreground and
background discrete radio sources plus the cluster radio halos; the beam FWHM=2.5"".

By using the FARADAY software package, we reproduce the X-ray surface brightness
of the system, shown on the left of Fig. 1. By illuminating the cluster magnetic fields
with a relativistic particle population, we can also simulate the emission of the radio
halos hosted by the clusters (as it has been done in Govoni et al. 2013). The central and
the right images of Fig. 1 show the total intensity and polarized intensity associated to
the clusters and simulated with FARADAY taking into account the foreground, cluster-
embedded, background discrete radio source as well as the hosted radio halos. The signal
has been reproduced for a 950-1760 MHz band, with a channel resolution of ~1.46 MHz,
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JD 11. Simulations of the SKA polarized sky

corresponding to Band 2 of SKA1-MID. The field of view is ~0.3deg? and the synthe-
sized beam full-width-at-half-maximum (FWHM) is equal to 2.5”. We can appreciate
the wealth of details of these simulated images: from the fine structure of the discrete
radio sources to the large scale filaments of the radio halos. The polarized sky appears
bright and rich of discrete radio sources but also the radio halos shine in polarization
reaching levels of fractional polarization higher than 10% from distances larger than a
few hundreds of kpc from the cluster centers.

We did not add the thermal noise to these mock observations. Indeed, this can be seen
as an ideal case since it would be necessary a very long observational time to reach the
confusion limit in U an Q. However, as we will see in the next Section, this case is useful
to understand how to interpret the results of the RM Synthesis data analysis.

3. The RM Synthesis applied on mock SKA observations

We decided to apply the RM Synthesis technique to three sets of data: the background
radio sources, the radio halos, and all the sources together. The interval in Faraday
depth explored in our analysis goes from -5000rad/m? to 5000rad/m? with a spacing of
10rad/m?. The resulting transfer function has a FWHM of 40rad/m?.

For the sake of simplicity in Fig. 2 we only show the results from a region centered on the
left galaxy cluster of Fig. 1: each row refer respectively to the background radio sources
(top), the radio halo (middle), and all the sources in the field-of-view (bottom). From
left to right, the first column shows the theoretical RM images as computed from the
magnetic field and the thermal density given by the MHD simulations, the central one
results from the application of the RM Synthesis to the data, the last column shows
the comparison between the theoretical ogys profile and the one measured in the RM
Synthesis images.

We notice that the density of background radio sources is enough to cover the entire
cluster area, moreover, the image and the ory profile inferred from the RM synthesis
reproduce well the theoretical ones. The RM synthesis images of radio halos present
micro-structures with respect to the theoretical images; this is due to the fact that the
RM synthesis provides us with the RM of the polarized peak of the radio halo filaments,
and their position along the line of sight could be different for close lines of sight which
share the same theoretical RM value. The ogy profile presents slightly higher values at
less than 500kpc from the cluster centers. When we consider all the sources together we
notice that the behavior of the radio halo dominates. Even if not all the clusters do host
a radio halo, we can still have similar effects: indeed multiple radio sources inside the
ICM and/or extended Faraday screens can behave like radio halos. Thus, it is important
to understand what we observe in order to properly interpret the results.

4. Conclusions

Band 2 observation with the SKA1-MID are potentially very well suited for intracluster
magnetic field studies through the measure of the RM. The population of background
radio sources composing the RM grid will permit a very precise reconstruction of the
”true” cluster RM. Moreover, we notice that radio halos are conceivably useful in the de-
termination of the RM of galaxy clusters through the RM Synthesis technique, although
in depth study of this technique is crucial to correctly interpret the results, highlighting
the importance of this kind of simulations.
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Figure 2. From left to right: Theoretical RM as computed from the MHD cubes, results of the
RM synthesis applied on U,Q Stokes simulated cubes, profile of the theoretical RM compared
to what measured in the RM Synthesis image for, respectively, the background discrete radio
sources (top), the radio halo (middle), and the foreground, background, cluster-embedded diffuse
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and discrete sources (bottom) of the galaxy cluster on the left in Fig. 1.
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Abstract.

With rotation measure (RM) towards 37,543 polarised sources, the Taylor et al. (2009) RM
catalogue has been widely exploited in studies of the foreground magneto-ionic media. However,
due to limitations imposed by observations in survey mode in the narrowband era, the listed
RM values are inevitably affected by various systematic effects. With new Karl G. Jansky Very
Large Array (VLA) broadband spectro-polarimetric observations at L-band, we set off to obser-
vationally examine the robustness of the Taylor catalogue. This would facilitate combinations
and comparisons of it with results from current and future polarisation surveys such as Polariza-
tion Sky Survey of the Universe’s Magnetism (POSSUM), VLA Sky Survey (VLASS), and the
eventual Square Kilometre Array (SKA). Our on-axis pointed observations, in conjunction with
simulations, allowed us to estimate the impact of off-axis polarisation leakage on the measured
RM values. This demonstrates the importance to properly calibrate for the off-axis leakage terms
in future all-sky polarisation surveys, in order to obtain high fidelity polarisation information
from sources down to low fractional polarisation.

Keywords. galaxies: active — galaxies: magnetic fields — ISM: magnetic fields — radio con-
tinuum: galaxies

1. Introduction

Magnetic fields are known to be essential for the astrophysics in, for example, star
formation, propagation of cosmic rays, and outflows and evolution of galaxies (see review
by Beck & Wielebinski 2013; Beck 2016). One way to probe astrophysical magnetic fields
is by quantifying the amount of Faraday rotation experienced by the linear-polarised

1 Member of the International Max Planck Research School (IMPRS) for Astronomy and
Astrophysics at the Universities of Bonn and Cologne
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synchrotron emission from background extragalactic sources (EGSs) in radio regime.
This process changes the polarisation position angle (PA; [rad]) by

APA = [0.81 /ZO ne(s)B”(s)ds} A2 =RM- A% (1.1)

where / [pc] is the (physical) distance to the background source, n. [cm~3] is the thermal
electron density, B) [uG] is the magnetic field strength along the line of sight (s [pc];
increases away from the observer), A [m] is the wavelength of the polarised emission
in question, and RM [radm™?] is the rotation measure of the background source. In
other words, the average magnetic field strength (and direction) along the line of sight,
weighted by n., is imprinted in the RM value of the polarised background source. This
can be exploited in so-called RM-grid experiments, where RM measurements of numerous
polarised background sources are performed to reveal the magnetic field strengths and
structures in foreground astrophysical sources (e.g. Mao et al. 2008; Mao et al. 2010;
Harvey-Smith et al. 2011; Van Eck et al. 2011; Giefiibel et al. 2013; Kaczmarek et al.
2017; Mao et al. 2017).

The largest RM catalogue to date is the Taylor et al. (2009) catalogue, in which the RM
values were determined using narrowband Very Large Array (VLA) data at 1364.9 and
1435.1 MHz (with bandwidths of 42 MHz each) in 1990s from the NRAO VLA Sky Survey
(NVSS; Condon et al. 1998). With reported values through 37,543 lines of sight north
of § = —40° (at a source density of about 1 deg72)7 the Taylor catalogue allows studies
of cosmic magnetism in astrophysical structures with angular sizes larger than several
degrees (e.g. Harvey-Smith et al. 2011; Stil et al. 2011; Purcell et al. 2015). While on-
going broadband polarisation surveys such as Polarization Sky Survey of the Universe’s
Magnetism (POSSUM; Gaensler et al. 2010) and VLA Sky Survey (VLASS; Myers et al.
2014), as well as the eventual Square Kilometre Array (SKA), will grant us much higher
RM densities over the entire sky (see S. A. Mao in this volume), the Taylor catalogue will
still remain a unique window to the magnetised Universe by complementing POSSUM
and SKA in sky domain and VLASS in frequency domain. Comparisons between the
Taylor catalogue and future survey results will also allow studies of polarisation time
variabilities over more than 20 years.

Given the significance of the Taylor catalogue, we have investigated its robustness using
new broadband data from the Karl G. Jansky VLA. The full results on nm-ambiguity
and off-axis polarisation leakage in the Taylor catalogue, as well as Faraday complexities
and potential RM time variabilities of our target sources, are reported in Ma et al.
(submitted). In this proceedings, we focus on the implications of the off-axis instrumental
polarisation leakage in the Taylor catalogue. The observation details are described in
Section 2. The effects of nr-ambiguity and off-axis leakage are discussed in Sections 3
and 4. We draw the conclusion and remark on future polarisation surveys in Section 5.

2. New Broadband Observations

From the Taylor catalogue, we selected a sample of 23 sources for our new spectro-
polarimetric observations. These sources have high RM magnitudes of 2 300 rad m™ 21,
have Galactic latitude of || > 10°, and have NVSS flux densities higher than 100 mJy.
The unusually high |[RM| values of these sources make them prime nm-ambiguity candi-
dates in the Taylor catalogue (see Ma et al. submitted).

New broadband data were obtained using Karl G. Jansky VLA in L-band (1-2 GHz)

T Except for NVSS J234033+4133300, which has RMrayior = +56.7 £ 6.3 rad m~2.
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in D-array configuration on 2014 July 03. The total integration time per source is about
3—4 minutes, with our targets placed on the pointing axis of the antennae to ensure no
off-axis instrumental effects are present in our data. Standard flagging and calibration
procedures were applied to the data, including one iteration of phase self calibration
on the target sources. From this, we formed two sets of Stokes I, @), and U images —
“full band images” utilising the entire usable band, binning 4 MHz of visibility data for
each step in frequency, and “NVSS band images” formed with nearly identical frequency
coverages as that of the NVSS survey data used by the Taylor catalogue, albeit some
flaggings were done to our data in those frequency ranges. On one hand, we use the full
band images, combined with the RM-Synthesis algorithm (Brentjens & de Bruyn 2005),
to obtain the Faraday depth (FD; the generalisation of RM, see e.g. Brentjens & de
Bruyn 2005, Ma et al. submitted) of our sources free of nr-ambiguity. On the other hand
we use the NVSS band images to make direct comparisons with the Taylor catalogue
results.

3. nm-ambiguity in the Taylor Catalogue

We compared the FD from RM-Synthesis on our full-band images with the RM from
the Taylor catalogue (RMTaylor), and found that the difference between these two sets
of values for nine of our targets are consistent with that expected from nm-ambiguity
in the Taylor catalogue. By comparing the statistical properties of these sources versus
that of sources with reliable RM values, we estimate that there may be more than 50
nm-ambiguity sources out of the 37,543 Taylor catalogue sources.
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Figure 1. Comparisons between our RMpew and RMrayior. (Left) Histogram of RM differences
in units of RM uncertainties of the observations(crm); (Right) The same histogram as the
left panel, except that we have accounted for the extra RM uncertainty due to off-axis leakage
(01eak ). The black line in both panels shows a folded normal distribution, which is the expected
profile of the histogram if the RM differences are purely due to the included uncertainties.

4. Polarisation Discrepancies due to Off-axis Polarisation Leakage

Through careful comparisons between our results and those from the Taylor catalogue,
we noted discrepancies in polarisation properties from the two studies. Firstly, from RM-
Synthesis analysis in Section 3, we found that two of our target sources are unpolarised
(£0.07% at 60), though they are listed as = 0.5 % polarised in the Taylor catalogue with
signal-to-noise of over 30 in polarisation. Secondly, the RM derived from our new NVSS
band images (RMpew) and RMmuyior do not match within measurement uncertainties
(Figure 1 Left), after correcting both for nm-ambiguity using the broadband FD obtained
in Section 3.

These discrepant polarisation properties are mainly due to off-axis polarisation leak-
age in the Taylor catalogue. A simulation was conducted to quantify its effect on RM
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measurements in the Taylor catalogue. Using the Taylor catalogue listed values (specifi-
cally, total intensity, polarised intensity, and RMrayior) as inputs, we injected an artificial
polarisation leakage signal with amplitudes fixed at 0.5% of the total intensity to the
source polarisation signal, and compared the derived RM with and without this leakage
effect (see Ma et al. submitted for details of the simulation). We found that on average,
the effect of the uncorrected off-axis polarisation leakage can be taken into account by
increasing the listed RM uncertainties in the Taylor catalogue by 10 %. By incorporating
this extra RM uncertainty to our sources, we find that the discrepancies between RMyew
and RMmay1or can be mostly explained (Figure 1 Right), except for three sources where
significant RM differences still remain. This could be due to true RM time variabilities
which will be investigated in a future study (Ma et al. in prep).

5. Conclusion and Outlook to Future Polarisation Surveys

In this proceedings, we reported our findings on the robustness of RM values reported in
the Taylor catalogue. Our results suggest that the nr-ambiguity may affect the RM values
of more than 50 out of the total of 37,543 sources in the Taylor catalogue. Furthermore,
the uncorrected off-axis polarisation leakage in the NVSS data results in an extra 10 %
in Taylor RM uncertainties. These effects must be taken into account in future studies
utilising this RM catalogue.

We demonstrated the effect of uncorrected off-axis instrumental polarisation on RM
measurements in the specific case of the Taylor catalogue. This same instrumental effect
can also impact future broadband polarisation surveys, manifested as an artificial signal
in Faraday spectrum near 0 rad m™2 (see J. Stil in this volume). To ensure high fidelity in
Faraday spectra, particularly from sources with low fractional polarisation, current and
future polarisation surveys must properly characterise and remove the off-axis polarisa-
tion leakage terms.
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Abstract. We argue that pitch angles of the azimuthally averaged large-scale or mean magnetic
fields in nearby spiral galaxies inferred from observations can tentatively be explained with
simple galactic dynamo models. Agreement is not perfect, but is reasonable considering the
uncertainty in dynamo parameters.

Keywords. Dynamo, galaxies: ISM, galaxies: magnetic fields, galaxies: spiral, magnetic fields

1. Introduction

Large-scale (or mean) galactic magnetic fields are observed to be in near-equipartition
with turbulent kinetic energy in nearby galaxies, which suggests that the dynamo has
likely reached saturation. The most basic properties of the mean magnetic field are its
strength B and direction; the latter is characterized by the pitch angle p = arctan(B, /By),
with —90° < p < 90°, where B, and By are the radial and azimuthal components in
cylindrical geometry (r, ¢, z). The quantity p is arguably more useful for testing galactic
dynamo theory than B, for three reasons. Firstly, unlike B, p is insensitive to the extent
to which the dynamo instability is supercritical. Secondly, p is insensitive to details of
the dynamo non-linearity while B is not. And thirdly, p is more directly and accurately
inferred from observation than B.

The analytical expression for the magnetic pitch angle in the saturated (steady) state
in the local axisymmetric dynamo model of Chamandy, Shukurov & Subramanian (2014)
can be compared with pitch angles inferred from observations (Van Eck 2015 and refer-
ences therein). Because estimates of the effects of a mean outflow (wind or fountain flow)
tend to be too small to significantly affect the dynamo for the galaxies for which data
exists to enable such estimates, the formula effectively reduces to

2 2
p ~ — arctan [f;q; (%) ] , (1.1)
where 7 is the turbulent correlation time, {2 is the angular rotation speed, ¢ = —dInQ/dInr

with 7 the galactocentric distance (¢ = 1 for a flat rotation curve), u is the turbulent
speed of the largest eddies and h is the scale height of diffuse gas. p < 0 for a trailing
spiral. Van Eck et al. (2015) found that (i) theoretical values of |p| are much too small
compared with observations, and (ii) observational and theoretical values are uncorre-
lated. In Chamandy, Shukurov & Taylor (2016) we refined their model in three ways:
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Figure 1. Observational data showing correlations between p, and ¢ (left, reproduced from
Seigar et al. 2006), and p and ¢ (right, adapted from Chamandy, Shukurov & Taylor 2016, with
Pearson correlation coefficient and corresponding null probability).

(i) we solved the o) local axisymmetric dynamo equations numerically in 1.5D in z,
evolving the mean magnetic field up to the steady state, (ii) rather than taking h as a
parameter, we modeled h(r) based on the flared HI Milky Way disc model of Kalberla &
Dedes (2008) scaled to h = 400 pc at r = 8 kpc (Ruzmaikin et al. 1988) and scaled radially
by the ratio of ra5 to that of the Milky Way, and (iii) rather than adopting 7 = 10 Myr,
we took 7 to be a free parameter: this leads to a ‘best fit’ value of 7 ~ 14 Myr. Like Van
Eck et al. (2015) we adopted v = 10kms™!, comparable to the sound speed of the warm
gas, and used the same compiled observational data for Q(r) and ¢(r).

2. Accuracy and applicability of local axisymmetric solutions

It has been shown that 1.5D axisymmetric saturated solutions and even simplified 0.5D
solutions (see Eq. 1.1) approximate accurately 2.5D solutions in (r, z) outside of the cen-
tral few hundred pc of the galaxy, especially when galactic outflows are weak (Chamandy
2016). A possible objection to our approach is the neglect of non-axisymmetry. While the
m = 0 azimuthal Fourier mode of the dynamo tends to dominate in axisymmetric discs,
non-axisymmetric discs can excite higher order modes (e.g. Chamandy, Shukurov & Sub-
ramanian 2015), but non-axisymmetric mean magnetic modes are generally found to be
weak (Fletcher 2010). Weak non-axisymmetric modes are expected to exert only a very
minor perturbation on the axisymmetric mode (Chamandy, Subramanian & Shukurov
2013). Nevertheless, it has been suggested that since the mean field tends to ‘follow’ the
spiral arms, there must be a causal effect. Firstly, the premise is not supported by wavelet
analysis which has shown that polarization angles in galaxies are consistently larger than
spiral arm pitch angles p, (Frick et al. 2016, Berkhuijsen et al. 2016, Mulcahy, Beck
& Heald 2017). Secondly, even if spiral arm and mean magnetic field pitch angles are
correlated (whether this is true is not yet clear), such a correlation does not imply the
existence of a causal relationship, and, moreover, a correlation would indeed be expected
from their common correlation with the shear rate. This is demonstrated in Fig. 1: the
left panel shows a plot of |pa| vs. ¢/2, from Seigar et al. 2006, while the right panel shows
tan |p| vs. 1/q (see Eq. 1.1) from Chamandy, Shukurov & Taylor (2016) (neglecting the
galaxy M81 and SB-type galaxies, whose mean magnetic fields are observed to be highly
non-axisymmetric; see Krause et al. 1989 and Beck et al. 2005).

3. Results

In Fig. 2, model results for p (middle row, with open (closed) symbols representing nu-
merical (analytical) solutions) are compared with values inferred from observations (top
row), along with residuals (bottom row). Galaxies are separated into columns according
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Figure 2. Pitch angle data inferred from observations (top), obtained from our fiducial dynamo
model (middle), and their difference (bottom) for three different types of galaxy, organized into
columns (adapted from Chamandy, Shukurov & Taylor 2016, see text for details).

to their type and magnetic field observations: the left-hand column contains SA galaxies
for which Fourier analysis had been performed on the data (these observational data
are the most reliable of those available), the middle column contains those SA or SAB
galaxies for which such an analysis had not been performed, and the right-hand column
contains SB galaxies. Agreement is not perfect, with x2 ~ 10 for SA and SAB galaxies,
but this is not surprising given that (i) the model is idealized, (ii) inferred values rely
on observational modeling and likely have systematic uncertainties, and (iii) we chose to
parameterize the model with only a single free parameter, T, even though other param-
eters are expected to vary between and within galaxies (Chamandy & Taylor 2015). For
SB galaxies, which the model is not meant to explain, the agreement is worse (especially
at small radius where the bar is strong and the magnetic field highly non-axisymmetric)
than for unbarred or weakly barred galaxies. Kendall’s rank test can be performed on
the pairs of pitch angles within each galaxy and shows that the model agrees with the
SA and SAB galaxy data significantly better than a randomly ordered sample.

It is also encouraging that the ‘best fit’ value of 7 is of the expected order of magnitude.
We also tried a model with h = constant, i.e. an unflared disc, and found that, regardless
of the value of h used, agreement between model and data was much worse than with
our fiducial flared disc model. We take this as evidence that galactic discs are flared, as
would be expected from physical arguments (Rodrigues et al. 2018). Galactic dynamo
theory has also been used to point out that the alignment of magnetic spiral arms (Beck
& Hoernes 1996) with their gaseous counterparts suggests that the latter are winding up
and transient, as opposed to rigidly rotating and steady (Chamandy, Shukurov & Subra-
manian 2015). Thus, magnetic fields can plausibly serve as probes of other phenomena,
such as interstellar turbulence, disc flaring and spiral structure and evolution, even in
cases where their dynamical influence may be weak or not fully apparent.

Finally, in Fig. 3, we compare our results (excluding M81 and SB galaxies, right panel)
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Figure 3. Plot of pitch angles derived from observation vs. values obtained from theory for the
models of Van Eck et al. (2015) (left, reproduced from that work) and Chamandy, Shukurov &
Taylor (2016) (right, with Pearson correlation coefficient and corresponding null probability).

with those of Van Eck et al. (2015) (left panel), showing that the current state of affairs
is not as dire if our more detailed model that includes disc flaring is invoked.

4. Conclusions

Our model can be made to be more realistic by including more physics: the gaseous
galactic halo, independent constraints on parameters such as u, and revisiting the roles of
outflows and non-axisymmetry. However, given the paucity and heterogeneity of the data,
we feel that comparing with results of minimalistic dynamo models is a fruitful approach.
There is a need to analyze presently available data as uniformly as possible with modern
methods in order to expand and improve the data set. At the same time, there is a need
to come up with alternative dynamo models (e.g. Chamandy & Singh 2018), as well as
to simulate magnetic properties for large populations of galaxies throughout cosmic time
(Rodrigues et al. 2018, see also L. F. S. Rodrigues, this volume).
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Abstract. Magnetic fields constitute an energetic component of the interstellar medium in
galaxies and, hence, can affect the formation of galactic structures. Sensitive resolved radio
continuum observations together with statistical studies in galaxy samples are performed to
investigate the origin and the impact of the magnetic fields. The JVLA cloud-scale survey of M33
unveils strong tangled magnetic field along the spiral arms and in the galaxy center indicating
amplification due to compression and local shear in molecular clouds. Studying a sample of
non-cluster, non-interacting galaxies, we find that the large-scale ordered magnetic field scales
with the rotation speed of galaxies. The total and disordered magnetic fields scales with the
star formation rate in normal star forming galaxies. On the other hand, a strong magnetic field
in the center of NGC 1097—a massive galaxy undergoing star formation quenching- is found to
be responsible for decelerating its massive star formation. Putting these results together, it is
deduced that 1) the Universe was highly magnetized short after the peak of the massive star birth
at about 1 Gyr after the Big Bang and 2) the strong magnetic field has possibly acted as back
reaction after this time, quenching the massive star formation and stimulating the formation of
low-mass stars in massive galaxies.

1. Introduction

Cosmic magnetic fields have been present since the very early Universe created through
mechanisms such as plasma instabilities and cosmic batteries (e.g., Subramanian 2016).
Theoretical studies show that, after the epoch of reionization, these weak seed fields
(< 10716 G) were amplified to stronger fields of = uG through various processes such as
compression and shear motions (Beck et al. 2013) or small-scale dynamos (e.g., Schober et
al. 2013) on time-scales of few to hundreds of Myr. The amplification due to compression
and shear occurs because the magnetic field lines are frozen into a fluid and due to
the magnetic flux conservation law. The dynamo action, that is based on the energy
conservation, converts kinetic energy from turbulence to magnetic energy. Theoretically,
both mechanisms can occur in galaxies, and particularly in star forming regions where
both supernova-driven turbulence and bulk motions of dense gas are present, however, a
general picture of the origin of the field amplification in the interstellar medium (ISM) is
missing and awaits sensitive and high-resolution observations in statistically meaningful
galaxy samples.

Full polarization radio continuum observations make it possible to measure and map
the magnetic field strength and structure in galaxies (see the review by Beck 2015).
However, the radio continuum emission needs to be corrected first for contamination by
the thermal free-free emission. This is particularly important in high-resolution studies
of galaxies even at low frequencies. The dust-unbiased Thermal Radio Template (TRT)
methods, developed by Tabatabaei et al. (2007), Tabatabaei et al. (2013), and Tabatabaei
et al. (2018), map the thermal and the nonthermal synchrotron emission in galaxies
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without any assumption about the synchrotron spectrum. These methods are sensitive
to the diffuse ISM structures and hence ideal to study the role of the magnetic fields in the
energy balance and structure formation in different locations in a galaxy. In addition to
the high-resolution studies, surveys in galaxy samples are vital to probe any dependence
on galactic properties such as mass, morphology, dynamics, and star formation rate
shedding light on the origin and amplification mechanisms of the magnetic fields. Our
recent observations in nearby galaxies and their implications for the evolution of galaxies
are described as follows.

2. Large-scale magnetic field and galactic dynamics

The observed polarized radio continuum emission from spiral galaxies exhibits a large-
scale ordered pattern which is often linked to the mean field « — © dynamo (e.g., Beck
2015) if the observed pitch angles agree with theoretical estimates (Shukurov 2004).
However, a global picture connecting the strength of the large-scale magnetic field to
dynamics of galaxies have been awaiting further observations to build a statistically
meaningful sample. Defining this sample, it is also necessary to take into account the
galactic environment as galaxy dynamics can be influenced by interactions and mergers.
Putting together the available data of non-interacting, non-cluster galaxies with known
large-scale magnetic fields, Tabatabaei et al. (2016) find a tight correlation between the
strength of the integrated polarized flux density and the rotation speed v,o of galaxies.
This translates to an almost linear correlation between the large-scale magnetic field B
and vyt assuming that the number of cosmic-ray electrons is proportional to the star
formation rate, and a super-linear relation, B oc v, assuming equipartition between
magnetic fields and cosmic rays (Fig. 1). It is important to note that this correlation is
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N
o
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Figure 1. The large-scale magnetic field strength B vs. the rotational speed of a sample of
nearby non-cluster /non-interacting galaxies with available full polarization radio continuum data
(Tabatabaei et al. 2016). Faster rotating and/or more massive galaxies have stronger ordered
magnetic fields (with scales of 21kpc). This figure shows the case of the equipartition between
the magnetic field and cosmic rays, B o vk?. A linear correlation holds assuming that the
cosmic ray number is proportional to the star formation rate (not shown).
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Figure 2. The massive star formation rate per free-fall, SEFRg, of the GMAs decreases with the
magnetic field strength B (a) while it is uncorrelated with the turbulent velocity o, (b). The
blue and red points show the narrow- and broad-line GMAs, respectively. Strong non-circular
motions/shocks in the broad-line GMAs can act as additional cause of the low SFRg in these
clouds (Tabatabaei et al. 2018).

not due to the mean field & — ©Q dynamo, as no correlation holds between B and the
differential rotation (or angular velocity Q for flat rotation curves). Instead, it shows
a coupling between the ordered field and the dynamical mass of galaxies and indicates
that gas compression and/or shear is an important mechanism ordering the large-scale
(Z1kpc) magnetic field in galaxies.

3. Origin of small-scale magnetic field

Only a minor fraction of the observed synchrotron emission from spiral galaxies is
polarized (usually < 20% at 4.8 GHz) meaning that a major part of the emission is due
to a field that is varying on scales smaller than observation beam size. This field can
be isotropic random and/or non-isotropic tangled field. The maps of the disordered field
strength in star forming galaxies shows higher values in massive star forming regions
(e.g., Bais Eg'ﬁg, Tabatabaei et al. 2013) indicating possible act of the small-scale
dynamo, although the supernovae-driven dynamo predicts a somehow higher power-law
index of 0.3 (Gressel et al. 2008). This theoretical index matches better with the global
studies of the KINGFISHER sample (B o $232;, Tabatabaei et al. 2017), the SINGS
sample (Heesen et al. 2014), and a number of dwarf galaxies (Chyzy et al. 2011).

The JVLA full-polarization observations of M33 at 6 GHz (5-7 GHz, Tabatabaei et al.
in prep.) unveils a totally different view of the magnetized ISM at 9” resolution (36 pc,
scale of giant molecular clouds). The linearly polarized emission vectors nicely point
towards the molecular clouds in star forming complexes and in the spiral arms exhibiting
the tangled magnetic field. This field was previously undetected due to depolarization at
the large beams of 2120” (Tabatabaei et al. 2008). This also shows the importance of the
compression/shear in ordering and amplification of the magnetic field on cloud scales.

4. Magnetic feedback controlling ISM structure and star formation

Investigating the ISM energy balance in the central kpc region of the quenching galaxy
NGC 1097, Tabatabaei et al. (2018) find a major role of the magnetic field and cosmic
rays in controlling the molecular clouds and star formation. Most of the giant molecular
cloud associations (GMA) are magnetically supported against gravitational collapse and
the star formation rate per free-fall drops with the magnetic field strength, while it is
uncorrelated with the turbulence (Fig. 2). This explains the deviations from the star
formation laws observed earlier by Hsieh et al. (2013).
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5. Implications: magnetic field & quenching of galaxies

The dependency of the magnetic field strength on the star formation rate has an
important consequence for the evolution of galaxies. As the cosmic star formation rate
peaks at about 1 Gyr after the Big Bang, the magnetic field should also reach its maximum
strength through compression and/or small-scale dynamo in a relatively short time scale.
Considering that galaxies start to evolve after this time (¢ 21 Gyr), it is then plausible
that the magnetic field plays a role in this evolution. Recent discovery by Tabatabaei et
al. (2018), shows that the strong magnetic field can decelerate massive star formation
and can help the formation of low-mass stars. Hence, magnetic field has possibly acted
as a back reaction after the peak of the star formation rate in the Universe, quenching
massive star formation and stimulating the formation of big bulges of low-mass stars
observed in quenched massive galaxies (e.g., Bell 2008).

References

Beck, A, M., Dolag, K., Lesch, H., & Kronberg, P. P. 2013, Monthly Notices of the Royal
Astronomical Society, 435, 3575

Beck, R. 2015, The Astronomy and Astrophysics Review, 24, 4

Bell,, E., F. 2008, The Astrophysical Journal, 682, 355

Chyzy, K. T., Wezgowiec, M., Beck, R., & Bomans, D. J. 2011, Astronomy & Astrophysics, 529
, 94

Gressel, O., Elstner, D., Ziegler, U., & Riidiger, G. 2008, Astronomy & Astrophysics, 486 , 35

Heesen, V., Brinks, E., Leroy, A. K., Heald, G., et al. 2014, The Astronomical Journal, 147 | 5

Hsieh, P., Y., Matsushita, S., Liu, G., Ho, P., T., P., et al. 2013, The Astrophysical Journal, 736,
129

Schober, J., Schleicher, D. R. G., & Klessen, R. S. 2013, Astronomy & Astrophysics, 560, 87

Shukurov, A. 2004, Mathematical Aspects of Natural Dynamos, astro-ph/0411739

Subramanian, K. 2016, Reports on Progress in Physics, 79, 6901

Tabatabaei, F. S., Beck, R., Kriigel, E., M. Krause, et al. 2007, Astronomy & Astrophysics, 475,

133

Tabatabaei, F. S., M. Krause, Fletcher, A., & Beck, R. 2008, Astronomy & Astrophysics, 490,
1005

Tabatabaei, F. S.; Schinnerer, E., Murphy, E. J., R. Beck, et al. 2013, Astronomy € Astrophysics,
552, 19

Tabatabaei, F. S., Martinsson, T. P. K., Knapen, J. H., Beckman, et al. 2016, The Astrophysical
Journal Letters, 818, 10

Tabatabaei, F. S., Schinnerer, E., Krause, M., Dumas, G., et al. 2017, The Astrophysical Journal,
836, 185

Tabatabaei, F. S., Minguez, P., Prieto, M. A., & Ferndndez-Ontiveros, J. A. 2018, Nature As-
tronomy, 2, 83

42


utente
Font monospazio
42

utente
Casella di testo


Astronomy in Focus
XXXth IAU General Assembly, August 2018 (© 2018 International Astronomical Union
Teresa Lago, ed. DOI: 00.0000/X000000000000000X

Magnetic Fields and Ram Pressure Stripping
of GGalaxies in Clusters

Craig L. Sarazin!, Rukmani Vijayaraghavan', & Paul M. Ricker?

!Department of Astronomy, University of Virginia, 530 McCormick Rd.,
Charlottesville, VA 22904, USA
email: sarazin@virginia.edu, rukmani@virginia.edu
2Department of Astronomy, University of Illinois, 1002 W. Green Street, Urbana, IL 61801,
USA

email: pmricker@illinois.edu

Abstract. Numerical magneto-hydrodynamical (MHD) simulations of individual elliptical and
disk galaxies undergoing ram pressure stripping in the intracluster medium (ICM) are described.
These simulations include isotropic and anisotropic thermal conduction; in the latter case, heat is
only conducted along magnetic fields lines. Four initial magnetic field geometries are considered,
with the field being either continuous or disjoint between the ICM and the galaxy interstellar
medium (ISM), and with the large scale field being either parallel or perpendicular to the
galaxy-ICM relative velocity. Elliptical galaxies are considered first. Unless thermal conduction
is unsuppressed, the elliptical ISM evaporates too quickly to be consistent with the observations
of small coronae and stripped gas tails in many large cluster ellipticals. Magnetic fields and
anisotropic conduction reduce the effects of evaporation so that gas is stripped at about the
same rate as in models with no conduction. The simulations of disk galaxies show that magnetic
fields are required to produce stripped galaxies with long, coherent tails, as are observed in
many cases. The magnetic fields help to confine the tails, and suppress Kelvin-Helmholtz (KH)
instabilities. The structure of the tail depends on the geometry of the magnetic field; fields which
are perpendicular to the relative velocity are more effective at confinement than parallel fields.

Keywords. Galaxies: clusters: general, magnetic fields, conduction, MHD, intergalactic medium,
galaxies: evolution, galaxies: elliptical and lenticular, cD, galaxies: spiral

1. Introduction

The population of galaxies in clusters differs significantly from that in the field. Clusters
primarily contain elliptical and SO galaxies, which have very little cool gas or current star
formation (e.g., Jaffé et al. 2016). One process which contributes to this difference is that
gas-rich spiral galaxies which fall into clusters can have their gas stripped as a result
of ram pressure as they move rapidly through the ICM. Indeed, tails of hot gas, cooler
gas, and recently formed stars are seen behind galaxies falling into clusters (e.g., Sun
et al. 2010). These spiral galaxies undergoing stripping are often referred to as “jellyfish
galaxies.”

Here, we present the results of numerical hydrodynamical and MHD simulations of
individual galaxies undergoing stripping. The ICM is assumed to be uniform at large
distances from the galaxy, and the relative velocity is taken to be constant. We use
the FLASH 4.3 N-body (dark matter and stars) and MHD adaptive-mesh grid code
(Fryxell et al. 2000). In some of the simulations, we include isotropic or anisotropic
(only along the magnetic field B) thermal conduction. We consider four initial magnetic
field geometries; at large distances, B is either parallel or perpendicular to the relative
velocity, and the ICM and ISM magnetic fields are either continuous or disjoint. We have
also done simulations of stripping of many galaxies in clusters with realistic orbits and
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Figure 1. Slices of density in a simulation of ram pressure stripping of a spherical galaxy
including full isotropic thermal conduction. The panels are the density initially, after 95 Myr,
and after 159 Myr. The ISM evaporates rapidly, before ram pressure can act.

ICM density profiles (Vijayaraghavan & Ricker 2015, 2017), but these are not discussed
here.

2. Elliptical Galaxies: Evaporation vs. Stripping

Many large elliptical galaxies in clusters are observed to retain small (~3 kpc) coronae
of hot gas, which is cooler and denser than the ISM and in near pressure equilibrium
(e.g., Sun et al. 2007). The statistics suggest that these galaxies retain this gas for ~Gyr.

Thermal conduction is expected to be very effective in the ICM due to the high tem-
peratures; unless inhibited, thermal conduction should cause the elliptical coronae to
evaporate quickly, typically in < 100 Myr. Figure 1 shows the density distribution in a
simulation of a spherical galaxy with ram pressure and full isotropic conduction. Heat
is rapidly conducted from the ICM into the ISM, and the ISM expands and evaporates
quickly, before ram pressure has time to act. As a result, no ram pressure tail is formed.

The gyroradii of electrons in the ICM magnetic field are very small. As a result, one
expects that heat can only be conducted parallel to the field. This can reduce the effects
of thermal conduction. If the galaxy is moving through the ICM, the ICM magnetic
field lines will be wrapped (“draped”) around the galaxy. This causes the direction of
the field to be roughly parallel to the surface of the galaxy and perpendicular to the
temperature gradient in many locations along the surface of the ISM, a geometry that
greatly suppresses thermal conduction. The same magnetic draping can help to suppress
Kelvin-Helmholtz (KH) instabilities due to the shear in the flow at the ICM/ISM inter-
face. Figure 2 shows an MHD simulation with an ICM magnetic field and anisotropic
thermal conduction. The galaxy retains a corona for ~Gyr. Stripped ISM forms a ram

t = 396.4 Myr

1= 1189 Myr
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Figure 2. Density for the same galaxy as in Fig. 1 in an MHD simulation including magnetic

fields and anisotropic thermal conduction at times of 396 Myr (left) and 1.19 Gyr (right). The
spherical galaxy retains a corona for ~Gyr, and the stripped ISM forms a ram pressure tail.
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Figure 3. left: Density for a spiral galaxy being stripped by subsonic (610 km/s) motion.
There is no magnetic field. right: The same model, but with supersonic motion (2000 km/s).

pressure tail, and the overall stripping rate is similar to that for ram pressure alone.
This model is much more consistent with observations of large ellipticals in clusters of
galaxies. For more details, see Vijayaraghavan & Sarazin (2017a,b).

3. Stripping of Spiral Galaxies and Jellyfish Galaxies

Figure 3 shows the density in simulations of the stripping of gas from a disk (e.g.,
spiral) galaxy for either subsonic (610 km/s) or supersonic (2000 km/s) speeds. These
simulations have no magnetic fields or thermal conduction. Of course, higher velocities
result in higher ram pressures (proportional to v?), and more rapid stripping. At low
speeds, the outer gas in the disk is stripped relatively quickly, but further stripping is a
slow process in which gas is gradually peeled from the disk at its outer edge. This results
in only a small amount of filamentary gas in the tail. At higher speeds, there is much
more material in the tail. However, KH instabilities cause the tail to be filamentary, and
it mixes into the ICM fairly quickly.

Magnetic fields of sufficient strength can suppress KH instabilities. Figure 4 shows
magnetized simulations of stripping with the same galaxy and velocity as Figure 3 (right).
In the left panel, the initial ICM B is perpendicular to v. This geometry results in the
field being amplified around and draping the tail, and is very effective as suppressing KH
instabilities. The result is a long, single, coherent tail.

Figure 4(right) shows the case where the initial field is parallel to v. The field is not
significantly amplified, and is less effective at stabilizing the wake. Although the tail is
narrower and more coherent than for the non-magnetic case [Fig. 3 (right)], it is clear
that ICM fields which are nearly perpendicular to the galaxy motion are more ideal.

We have derived the mass of gas at various densities and temperatures for the tails
in the simulations. In general, the simulations with ICM magnetic fields have more cool,
dense gas, with the B | v case again being best. This suggests that magnetic fields,
particularly perpendicular to the motion, are important for generating tails with optical
emission line gas, molecular gas, and in situ star formation. However, the “cool” gas in
our simulations is generally hotter than 2 x 10° K, and our simulations do not include
radiative cooling or star formation. Thus, additional calculations are needed to verify the
role of magnetic fields in the formation of cold gas and stars in jellyfish galaxy tails.

For more details on the simulations of stripping from disk galaxies, see Vijayaraghavan
& Sarazin (2018).
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Figure 4. Left: The density for the same spiral galaxy as in Figure 3(right), but with an ICM
magnetic field initially perpendicular to the motion. Arrows show the direction and strength of
B. The field drapes the tail and inhibits KH instabilities. Right: The same model, but with the
initial magnetic field parallel to the motion. This geometry is less effective at suppressing KH
instabilities, and the tail is shorter and less coherent.

4. Conclusions

The results of MHD simulations of the stripping of elliptical and spiral galaxies in
clusters were presented. In elliptical galaxies, thermal conduction, if uninhibited, would
evaporate their ISM very quickly, in disagreement with the observations of small coronae,
and sometimes, stripped tails in large ellipticals in clusters. Magnetic fields drape these
galaxies in simulations, and reduce thermal conduction to the level where the stripping
rates are similar to those for ram pressure alone.

Low speed (subsonic) stripping of disk galaxies occurs by a relatively gentle peeling of
gas from the disk, and does not result in long tails. Combined with the v? dependence
of ram pressure, this may help to explain why jellyfish galaxies are common in merging
clusters, where galaxies from one subcluster fall through gas from another at unusually
high speeds.

ICM magnetic fields are required to produce long, coherent tails behind stripped disks,
as magnetic forces can suppress KH instabilities. Fields with B L v are ideal for this, as
the magnetic field is amplified and wraps the tail. The stabilizing effect also depends on
the energy density of the field. Thus, the structure and length of tails provide an indirect
probe of the strength and geometry of magnetic fields in clusters.

The same magnetic field strengths and geometries lead to larger amounts of relatively
cool, dense gas in tails. This may supply material for the formation of cold gas and in
situ star formation in tails, as is observed in jellyfish galaxies.
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Abstract. The removal of the interstellar medium (ISM) of disc galaxies through ram pressure
stripping (RPS) has been extensively studied in numerous simulations. Nevertheless, the role of
magnetic fields (MF) on the gas dynamics in this process has been hardly studied, although the
MF influence on the large-scale disc structure is well established. With this in mind, we present
3D magnetohydrodynamic (MHD) simulations of disc galaxies subject to RPS, with different
disc inclinations to study the evolution of the galactic MF and its impact on the gas stripping.
When the intracluster medium (ICM) wind hits a galaxy, the gas in the disc is compressed,
leading to an enhancement of the MF intensity in the upstream side in our simulations. Since
the gas is bound by the MF, we observe that in nearly face-on discs, the gas is swept by the
wind in ring-like structures, dragging the field lines with it. In the case of nearly edge-on discs,
the field lines are compressed in the upstream side and more extended towards the downstream
side. The ICM is magnetized in the downstream side from 0.2 to 0.7uG, where nearly face-on
discs contribute the most, given that the developed tail is more extended than in nearly edge-on
models.

Keywords. MHD, galaxies: ISM, galaxies: magnetic fields, galaxies: evolution, methods: nu-
merical.

1. Introduction

The ram pressure stripping (RPS) is a process in which a galaxy loses its interstellar
medium (ISM) through the pressure exerted by the hot intracluster medium (ICM) when
the galaxy travels within the cluster. RPS was first proposed by Gunn & Gott (1972) and
since then it has been studied in a wide variety of simulations with different methods and
techniques (Abadi et al. 1999; Roediger & Briiggen 2006; Vollmer et al. 2006; Tonnesen &
Bryan 2009; to name a few). Additionally, several galaxies in clusters have been studied in
multiwavelength observations showing that they are good candidates to be experiencing
RPS since the galaxies present an asymmetric distribution of gas, that is a truncated
gaseous disc and in some cases with tails, while the stellar disc remains unperturbed
(e.g. Cayatte et al. 1990; Kenney et al. 2014; Jachym et al. 2014; Poggianti et al. 2016
and many more).

However, despite the huge variety of RPS models and simulations, the role of the mag-
netic fields (MF) in the gas dynamics has been hardly explored in this process, although
the large-scale disc structure of the MF is well established (Beck 2005; Beck & Wielebinski
2013 and references therein). Some examples of magnetohydrodynamics (MHD) models
were carried out by Ruszkowski et al. (2014), where they presented simulations of RPS
with a magnetized ICM and found that the MF can affect the morphology of the stripped
gas tail, since they observed narrower tails than in purely hydrodynamic (HD) simula-
tions. Pfrommer & Dursi (2010) also showed MHD simulations in which the galaxies
are moving in a magnetized ICM. The galaxies in their simulations swept the field lines
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where polarized radiation is generated. This is used to map the orientation of the MF in
clusters, e.g. Virgo cluster. In these cases, the MF has been implemented only in the ICM
and not in the discs. Another case with galactic MF only was performed by Tonnesen &
Stone (2014), and they found that MFs do not dramatically change the stripping rate of
the gas disc compared to pure HD simulations. Nevertheless, the MF inhibits the mixing
of the gas tail with the ICM. Here we present MHD simulations of disc galaxies subject
to RPS under the wind-tunnel approximation for different disc inclinations.

2. Model

We performed 3D MHD simulations using the adaptive mesh refinement (AMR) code
RAMSES (Teyssier 2002). The gas in the galaxy is set up in rotational equilibrium in
a fixed gravitational potential and its density distribution is obtained assuming magne-
tohydrostatic equilibrium (Gémez & Cox 2002; Ramos-Martinez et al. 2018). The MF
has two regimes, in the central region (the bulge) of the galaxy the MF has a random
orientation, while in the disc it is azimuthal.

60

40

I
&
&
log I [g em™]
B [1G]

0.1

-30 -30 -20 -10 Q 10 20 30

60

40

B [uG]

=20 Lo v b i i e,
-3 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
x [kpe] x [kpe]

Figure 1. Surface density of the gas (left) and magnetic field strength (right) for Mod1 (top)
and Mod2 (bottom), projected along the y-axis, both in log-scale at ¢ = 900 Myr. The dashed
line indicates the original radius of the disc (20kpc).

The ICM is modeled as a wind and the disc is at rest, simulating the falling of the
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galaxy towards a cluster center, that is, the wind-tunnel approximation. The ICM-wind
has a constant density with nicm = 10 °em™2 and a velocity profile that increases
linearly in time from 300km s™* at ¢t = 0 to 1000km s~! in 700 Myr. Additionally, we
present four models with different galaxy inclinations with respect to the wind direction.
In Mod1 the disc plane is parallel to the z = 0 plane, while in Mod2 it is inclined 20°
with respect to z = 0. In both cases the wind flows up from the bottom of the box (in
the +z-direction), that is the interaction with the discs is (nearly) face-on. In Mod3 and
4, the wind flows from left to right (+z-direction), which represents (nearly) edge-on
interactions, but Mod3 is a disc inclined 20° with respect to z = 0 plane and in Mod4
the disc plane lies in z = 0.

3. Evolution of the magnetic field
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Figure 2. Surface density of the gas (left) and magnetic field strength (right) for Mod3 (top at
t = 570 Myr) and Mod4 (bottom at t = 900 Myr), projected along the y-axis, both in log-scale.
The dashed line indicates the original radius of the disc (20 kpc).

When the ICM-wind is switched on and hits the galaxy, the compression exerted by
the wind enhances the MF strength in all the models a factor of ~ 3 in the shock front.
Depending on the geometry of the model, the shocked layer of gas can be present at all
radii, as in Mod1 or partially in the disc (Mod2, 3 and 4).

The wind keeps flowing and accelerating, so that it surpasses the gravitational potential
of the galaxy and starts to remove the material from the outskirts (10kpe < r < 20kpc)
where a tail of gas appears in the downstream side. In the cases Modl and 2, since
the interaction with the wind is (nearly) face-on, the gas is swept from the galaxy in
ring-like structures. At t > 500 Myr, since the magnetic field is dragged with the gas,
it helps to magnetize the downstream side of the tail up to z ~ 20kpc with a strength
of B~ 0.4—0.7uG. At t > 900 Myr, in Mod1l and 2, the wind moves the rings of gas
above and farther away of the galaxy, showing tails of at least 60 kpc in length (fig. 1).
Due to the interaction with the accelerated wind, the rings are distorted in the vertical
(z) direction giving a filamentary structure to the tail, where the MF is aligned with
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these filaments (fig. 1), similar to the results obtained by Ruszkowski et al. (2014). The
filaments are the densest structures of the tail (~ 1073: gcm=2), with MF values ranging
from B = 0.3 — 0.4uG to 0.7uG. At intermediate heights of the tails (z = 15 — 30kpc)
the field strength drops to < 0.2uG since less gas is swept from the disc and the surface
density also decreases.

On the other hand, Mod3 and 4 do not present a very extended tail at ¢ > 500 Myr
as can be observed in an edge-on view of the galaxies (zz-plane, fig. 2). Instead the
gas disc shows asymmetries compared to the initial density distribution, being spread
out to  ~ 20 — 40kpc but with low densities (< 107%*%gcm™2) and truncated for
x < 0. Additionally, the MF intensity increases a factor of ~ 2 — 3 (B ~ 1.5 — 3uG)
in the upstream side of the interaction (—10kpc < z < 0) while in downstream side
(x = 0—20kpc) it shows no dramatic changes, that is B =~ 0.8—1uG. Even at t > 900 Myr,
Mod4 did not develop a very prominent or extended tail that is poorly magnetized with
B £0.2-0.3uG (x = 20 — 60kpe in fig. 2), compared to the (nearly) face-on models
(Mod1 and 2). Also, in Mod3 and 4 the MF lines resemble a water fountain, that is they
have a concave shape in the upstream side and wrap around the disc at higher |z| (fig.
2), since the wind flows parallel or nearly to the plane of the disc and sweeps the gas
above and below the galaxy more easily than the gas closer to the galactic plane.

At the end of the simulations, in all models we have a remnant disc with size of
r < 10kpc where the MF shows an enhancement by a factor of ~ 2 — 3 from B(t =
0) ~ 0.8 — 1uG to B = 2.5uG for t > 500 Myr in the disc. In the downstream side of the
interaction, the tails can magnetize the environment from B ~ 0.2 — 0.7uG and also the
distribution of the MF lines changes depending on the disc inclination with respect to
the wind.
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Abstract. To constrain the large-scale magnetic field strengths in cosmologically distant galax-
ies, we derive the probability distribution function of Faraday rotation measure (RM) when
random lines of sight pass through a sample of disc galaxies, with axisymmetric large-scale
magnetic fields. We find that the width of the RM distribution of the galaxy sample is directly
related to the mean large-scale field strength of the galaxy population, provided the dispersion
within the sample is lower than the mean value. In the absence of additional constraints on
parameters describing the magneto-ionic medium of the intervening galaxies, and in the situ-
ation where RMs produced in the intervening galaxies have already been statistically isolated
from other RM contributions along the lines of sight, our simple model of the magneto-ionic
medium in disc galaxies suggests that the mean large-scale magnetic field of the population can
be measured to within ~ 50% accuracy.

Keywords. methods: analytical — methods: statistical — ISM: magnetic fields

1. Introduction

The cosmic evolution of magnetic fields on scales 2 1 kpc remains an open question in
observational astronomy. In order to constrain cosmic evolution of large-scale magnetic
fields in galaxies, it is crucial to measure their redshift evolution. Due to the faintness
of distant galaxies, it is a challenging proposition to measure magnetic fields directly
through their polarized synchrotron emission. A powerful tool to probe magnetic fields
in distant galaxies is provided by statistical studies of the Faraday rotation measure
(RM) of quasar absorption line systems, which are tracers of galaxies in the high redshift
Universe. The distribution of RM of two quasar samples, with and without absorption
line systems, can be statistically compared to infer the properties of magnetic fields in
the intervening galaxy population (e.g., Oren & Wolfe 1995; Bernet et al. 2008; Joshi
& Chand 2013; Farnes et al. 2014). The sample of quasars with intervening galaxies is
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referred to as the ‘target’ sample and the sample without intervening galaxies is called
the ‘control’ sample.

Part of the RM measured towards a quasar which has an intervening galaxy arises
from the quasar itself (RMgs,), the intergalactic medium (IGM; RMigm) and interstellar
medium of the Milky Way (RMyrw ). Thus, the net RM (RM;) measured in the observer’s
frame for a single line of sight in the target sample is given by,

RMga1 y
————— +RM 1.1
(1 + 2ga1)? qso’ (1.1)

where RMg,1 is the RM contribution from the intervening galaxy and zga is its redshift.
RM{, contains RM contributions from rest of the line of sight and is given by RM{, =
RMgso (1 + zqso)_2 + RMiam + RMyw + drv. Here, dgry is the measurement noise and
Zgso 18 the redshift of the background quasar.

Similarly, for a line of sight in the control sample, the net RM (RM,) in the observer’s

frame is given by,

RMt -

RM .
RM, = 4s9,¢ 3 + RMIGM,C + RMMW,C + 6RM,Ca (1'2)

(1 + Zgso,c)
where the subscript ‘¢’ refers to the control sample.

If quasars in the target and the control samples are chosen such that RM¢, and RMggo
have the same statistical properties, then statistical comparison between the distributions
of RM; and RM, can yield the excess contribution from RMga (1 + 2ga1) 2. Most of
the previous studies where this method is used have attributed statistical differences to
turbulent magnetic fields, with the field strengths computed assuming Gaussian statistics
for RM; and RM, (e.g., Bernet et al. 2008; Bernet et al. 2013).

Here we investigate the effects of large-scale magnetic fields in the intervening galaxies
on the distribution of RM. First, we derive the probability distribution function (PDF)
of RMga analytically for a single galaxy. Then, we consider the statistical distribution
of RMg, for an ensemble of galaxies. A detailed treatment can be found in Basu et al.
(2018).

2. Magneto-ionic medium in intervening galaxy population

To derive the PDF of RMg,1 analytically, we have adopted a simple set of assumptions
for the magneto-ionic medium in the intervening galaxies: (i) the large-scale magnetic
fields in each galactic disc have axisymmetric geometry with magnetic pitch angle p, (ii)
both the large-scale magnetic field strength (B) and the free electron density (n.) decrease
exponentially with radius r, (iii) the magnitude and geometry of both magnetic field and
electron density do not vary with height from the mid-plane, (iv) the RM contributed
by turbulent magnetic fields in the intervening galaxies is insignificant within the three-
dimensional illumination beam passing through the galaxies, and (v) the RM contributed
by the background quasar has been statistically isolated from RMjs.

Under these assumptions, the RM for each line of sight is given as (see Berkhuijsen
et al. 1997; Basu et al. 2018),

RMga1 = —0.81 19 By e ™"/ cos(6 — p) hion tan i. (2.1)

Here, ng and By are the free electron density and the strength of the axisymmetric large-
scale magnetic field at the galactic centre, 6 is the azimuthal angle, hjo, is the thickness
of the ionized disc, ¢ is the inclination angle of the galactic disc with respect to the plane
of the sky and 7, is the radial scale-length of the product ne(r) B(r).
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Figure 1. Left: Distribution of RMg, for a single galaxy inclined at 30°. The black curves are the
analytical PDF given by Eq. (3.1). Right: Distribution of RMga for a sample of 10000 galaxies.
Bg and nyg of the population have Gaussian distributions with (Boy) = 15 uG, (ng) = 0.03 cm ™2,
0B, = 5 G and o,, = 0.01 cm 2. The distribution is modelled as a sum of one Lorentzian and
two Gaussians, which are shown as the different lines.

For an ensemble of intervening galaxies, the quasar sightlines can intersect each galaxy
at any radius, inclination angle, and azimuthal angle. For galaxies in the target sample,
we assume the galactic discs to be inclined uniformly with ¢ in the range 0 to 90°.
The angle 6 is distributed uniformly between 0 and 360°. Since it is plausible that the
currently available data base of absorption line samples is incomplete in terms of range
of radii probed by the background quasars (Basu et al. 2018), we assume that the impact
radii are distributed uniformly in the range Ry, to Rmax-

3. PDF of RM of intervening galaxy population

Under the assumptions mentioned above, the PDF of RMga1, frm(¢), for a single
galaxy has the following analytical form:

fnt(9) P 0 vy TS_R - \%\ [arcsin (l;i/l) — arcsin (@)} , —d <p<d,
() = max —Tmin
— (Rmazome;n) Ti\ arccos (l%l) , ¢ e[, —a) U (d, V]

(3.1)
Here, ' = 0.81 ng Bo hion tani e fmsx/T0 and b = 0.81 ng By hion tan i e~ fmin/To_ The left-
hand panel of Fig. 1 shows the analytical PDF of RM,,; for a single galaxy with i = 30°
(black curve) and, for comparison, the simulated distribution for 10000 lines of sight as
histograms.

The right-hand panel of Fig. 1 shows a simulated PDF of RMg,; for a sample of 10000
intervening disc galaxies, where we have assumed Gaussian distributions for By (with
mean (By) and standard deviation opg,) and ng (with mean (ng) and standard deviation
On.) within the population. We find that the distribution of RMg,1 can be accurately
approximated by the sum of one Lorentzian and two Gaussian components as shown in
the right panel of Fig. 1. From Eq. (3.1) and Fig. 1 (left panel), we find that the width of
the PDF of RMg, for a single galaxy depends on the parameters a’ and b’ and, therefore,
on By. Thus, we expect the width w of the Lorentzian component to be related to (By)
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Figure 2. Variation of the width of the Lorentzian component of the distribution of RMga; in the
target sample as a function of (By). Blue, green and cyan symbols are for o5, = 2, 5and 10 uG.
The dashed line is the best-fit model given by Eq. (3.2). The shaded region roughly represents
the region where (Bo) < o, and the points within were excluded from the fitting.

for a sample of intervening galaxies. In Fig. 2, we show the variation of w with (By)
for various choices of op,. In the regime By 2 op, (the un-shaded area in Fig. 2), the
variation of w is approximated by,

w({By)) = 13.6 + 1.8 (By) — 0.0076 (By)?, (3.2)

with (Bp) in G and w in radm~2, and is shown as the dashed line in Fig. 2. Thus, w
can be used to determine the mean strength of the large-scale magnetic field in a sample
of intervening galaxies.

4. Conclusion

Our study suggests that the distribution of RMg, due to axisymmetric large-scale
magnetic fields in intervening disc galaxies is non-Gaussian and that the distribution can
be empirically modelled as the sum of one Lorentzian and two Gaussian components.
The width of the Lorentzian component can be used to estimate the mean large-scale
magnetic field strength in a population of intervening galaxies using Eq. (3.2) derived
for typical values of the physical parameters, such as, hion, = 500 pc, Rnin = 2 kpc,
Rpax = 25 kpe and r{; = 10 kpc. The (By) estimated using Eq. (3.2) lies within ~ 50%
of the true value in the absence of additional constraints on the physical parameters.
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Abstract. Magnetic field strengths in objects ranging from HII regions to cosmological large
scale structure can be estimated using dense grids of Rotation Measures (RMs) from polarized
background radio structures. Upcoming surveys on the SKA and its precursors will dramatically
increase the number N of background sources. However, detectable magnetic field strengths will
scale only as t~°%15 for an integration time ¢ on a fixed area of sky, so the analysis techniques
need to be optimized. A key factor is the difference in the dispersion of intrinsic RMs for
different populations, which must be carefully accounted for to achieve the scientifically needed
accuracies.

Keywords. magnetic fields, polarization, methods: numerical methods: statistical

1. Introduction

The next generation of radio surveys, including the SKA and its precursors, will dra-
matically increase the number of detected distant polarized sources. When these sources
are viewed through a foreground magnetized plasma, whether it is from an HII region, a
galaxy, or cluster of galaxies, or even large scale structure, Faraday effects in that plasma
offer a way to explore its magnetic field strength and structure (Johnston-Hollit et al.
2014). Akahori, Gaensler & Ryu (2014) describes the many contributions to the observed
rotation measures (RMs), from which the effects of the intervenor must be isolated. The
accuracy with which this can be done, as detailed below, depends on the number of
background sources and the scatter in their RMs.

Increasing the number of polarized sources is expensive, as seen in Figure 1, since
the cumulative number increases only as Pd;g'G where P,.; is the detection limit. This
requires that we optimize our techniques for using the limited number of sources that we
have; one aspect of that optimization is discussed here.
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Figure 1. Cumulative polarization counts. Adapted from Rudnick & Owen (2014).
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2. Optimizing the figure of merit

In background grid experiments we measure the difference in the variance of RMs seen
through a foreground screen to those of a control sample. The sensitivity thus depends
on the intrinsic RM variance of individual background sources (the smaller the better),
and the number that are available behind the screen (the more the better).

Any such experiment will have multiple populations of background sources. If sources of
type j have individual values of RMj ;, a sky density of n; /steradian, and our foreground
object of interest covers () steradians, then we have N; = n;Q sources. The population
will have a variance in RM, 0]2-, and a corresponding uncertainty, of

[ 2 rad?
2 = 2 2 ~ 2
O'j = <RM]J> — <RMJ,1> and (Sj ~ FJ Uj F

for a Gaussian distribution of N; sources (Lehman & Casella 1998). §; is the error in
O‘JQ», the figure of merit that we would like to minimize. It is important to note, and not
generally recognized, that this leads to a minimum magnetic field which scales only as
P23 or an integration time of t7%-15 for observations of a single area on the sky. This
general behavior applies whether one is using F-tests or Bayesian statistics, or Monte-
Carlo type modeling, etc.

As an example, consider two populations, a and b, with different values of o2 and ag,
and the same sample sizes, N. The default procedure is just to average them. Then

afat’unwtd =0.5x% (02 + af) and Oeot,unwtd = 0.5 % (/62 + 67)

. However, if we were to weight by the inverse variances of the two populations, then

o2 o} 1 1 1
U?ot,wtd = (5—2 + 5—12’)/(5—2 + 5—2) and ¢ot,wtd = 1)
a b a b E g

To illustrate the difference, assume that §, = 10d,, and that the numbers of sources
are the same (N) in the two populations, so g9 = 0, = V10 0,. As we will see below,
such differences in RM variations between different populations are common. Now,

6tot,unwtd = 230'(2)/\/N and 6tot,wtd = 0480'8/\/N

Weighting improves the accuracy of the variance by a factor of over 4 in this case.
In Figure 2 we show the results of this type of experiment, varying N and varying the
ag

ratio of 2. The \/—% behavior is seen on the left. On the right, we see that when the

two population variances are equal, one gets an #mprovement by a factor of v/2, as
expected. But as o rises, even though we are adding more sources, the uncertainty in
the unweighted variance goes up. Weighting is critical! This calculation should be redone
both for verification and to put in realistic models of the distributions of RMs in different
populations, since they are quite unlikely to have Gaussian distributions.

3. Populations and variances

Which source properties will lead to different RM variances? All of them!

Galactic location (and especially) latitude is the first major factor. Rotation measures
and the scatter among them increase strongly at low galactic latitudes and in the direction
of some local Faraday structures. For studies of individual objects, this means that control
samples must be done in close proximity to the foreground screen of interest. For studies
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Figure 2. Uncertainty in variance for background experiments. Left: Varying the number of
sources in each population. Right: Unweighted analysis as a function of rms scatter of 2nd
population (1st population = 1).

of large samples, the different variances due to screens and background sources at different
galactic locations must be properly weighted.

The nature of the optical host leads to very different polarization properties. O’Sullivan
et al. (2017) found large differences in the fractional polarizations of radiative-mode and
jet-mode AGN, which could be related to Faraday differences (see below).

The spectral index of the background radio source influences its polarization prop-
erties. Farnes et al. (2014) shows that the “(fractional) polarization spectral index”,
differs for flat and steep spectrum sources. Negative slopes indicate depolarization, i.e.,
fractional polarization decreasing with increasing wavelength. Often, depolarization will
be accompanied by a variation in RM as a function of wavelength. This variation will
increase the intrinsic variance in RM within the population. When the polarization spec-
tral index is positive, i.e., the source ”"re-polarizes” at longer wavelengths; then there will
always be a variation of RM with wavelength, and thus an increased RM variance.

3.1. Fractional Polarization

The integrated fractional polarization of a radio source primarily depends on two factors,
i) variations of the magnetic field direction within the synchrotron emitting source, and
it) variations in the Faraday depth either within or across the observed structure of
the source. i) does not lead to any particular RM behavior, while i) will create strong
correlations between fractional polarization and depolarization. Initial indications are
that both of these can be important. So fractional polarization is an imperfect indicator
of RM variations — a very high fractional polarization implies small RM variations, while
a low fractional polarization could be due to either effect. Figure 3 shows the relationship

1 ]

Figure 3. Relation between RM variations and fractional polarization, Lamee et al. (2016).
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between RM variations and fractional polarizations of sources selected from the S-PASS
survey (Lamee et al. 2016). ARM is the difference between RMs measured between a)
1365 MHz and 1435 MHz from the NVSS survey and b) between 1400 MHz and 2300 MHz
from the NVSS and S-PASS surveys. As long as ARM # 0, this will result in an extra
contribution to the RM variations in a population. The correlation between fractional
polarization and ARM shows that low polarization sources are much more likely to have
large RM population variances.

Fractional polarization itself is a strong function of both the angular and physical size
of the source (work in progress) as well as the total intensity. While this doesn’t guarantee
that RM variances will depend on these quantities, correcting for any dependencies on
size and intensity are likely to be critical.

3.2. Morphology

There is also a strong relation between source morphology and the strength of RM
variations across the source, although this has not been systematically investigated to
our knowledge. An initial look at this issue has been made by M. Wieber (Minnesota),
based on samples of large angular size sources assembled by H. Andernach (Guanajuato)
and S. O’Sullivan (Hamburg). These sources are resolved in NVSS, and polarization maps
in the two NVSS bands provided by J. Stil (Calgary) were used to characterize ogas, the
variation in RM across the face of the source. Representative groups of the lowest orps
sources and the highest ones are shown in Figure 4. Color coding has been used to guide
the eye, but it is clear that sources with larger values of orys are more likely to show
structures with bends and other distortions. This relationship is not surprising, given
that the distorted sources are interacting with a substantial external thermal medium,
with the higher densities (and perhaps fields) leading to higher RMs.

Figure 4. The NVSS structure of low (left) and high (right) oras sources.

4. Conclusions

For studies of magnetic fields in foreground screens, using populations of polarized
background sources, it is critical to measure the intrinsic variations in the RM distribu-
tions of each background population, and properly weight them in the analysis. This work
is supported, in part, by U.S. NSF grant AST17-14205 to the University of Minnesota.
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Abstract. We detected magnetic fields with strengths of the order of 1-10 nG at the epoch of
Reionization. These were identified by using CMB data to obtain Faraday Rotation at both,
the map and the spectrum level. The multipole region of about ¢ < 12 and the lack of corre-
lations with either, galactic emissions (Faraday rotation, synchrotron and dust) or with CMB
anisotropies and lensing, support this identification.

Keywords. Magnetic fields, cosmic microwave background, reionization

1. Faraday rotation of the CMB

A FR signal is detected by using foreground cleaned maps of Stokes’ Q and U parame-
ters provided by WMAP9 (Hinshaw et al., 2013) at frequencies 33, 41 and 61 GHz (Ruiz-
Granados, Battaner & Florido, 2016). The optical depth of Thomson scattering derived
from the bump induced on E-modes due to Reionization is sensitive to the thermal elec-
tron distribution n. and peaks at low multipoles (Zaldarriaga, 1997), being its value
T ~ 0.06 (Planck VI Col., 2018). This is used for computing the rotation measure (RM),
which is proportional to n., and finally for obtaining the mean-weighted magnetic field
strength. RM maps are obtained by minimizing the x? distribution of the polarized angle
for the three frequencies. The associated covariance matrices are used for computing the
error map (see Fig. 1). Cross-correlations at map level with galactic FR, extragalactic
FR, synchrotron and dust polarization are computed and also with CMB temperature,
lensing potential and noise maps (see Tab. 1). The angular power spectrum of the ob-
served RM maps is obtained for low multipoles (see Fig. 1 bottom). From the FR power

Table 1. Correlation coefficients between maps in Fig.1 and foregrounds

Maps r + Ar Significance (]t]) R?

CMB temperature 0.00940.015 0.62 8.52x107°
Obs. Galactic RM (1.4-23 GHz)  0.03740.024 1.53 1.4x1073
Obs. Galactic RM (EGRS) 0.02440.015 1.60 5.67x10%
Sim. Galactic RM (23 GHz) halo 0.038+0.030 1.27 1.4x1073
Uss-galactic -0.020+0.015 1.37 4.1x107%
Qa23-galactic 0.01940.015 1.27 3.6x107%
Ugusi-galactic 0.016+0.015 1.08 2.6x10"%
Qdust-galactic 0.00940.015 0.60 7.95x107°
Daust-galactic 0.03440.015 2.28 1.1x107%
Noise Qo s -0.028+0.015 1.92 8.2x107%
Noise UcomB -0.014+0.015 0.92 1.8x107%
Noise pcm B 0.00440.015 0.25 1.39%x107°
Lensing potential 0.012+0.015 0.81 1.45%x107%
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Figure 1. Map of the observational RM (top, left), its error map (top, right) and the power
spectrum (bottom) by using WMAP9 at 33, 41 and 61 GHz.

Table 2. Values of the FR at 30 and 70 GHz and the mean-weighted magnetic field strength
by computing the mean values between £ = 2 — 6.

FR (v = 30 GHz)(deg) FR (v = 70 GHz) (deg) (B))) (G)
36.0+20.6 6.30+3.72 6.88+4.06 (x107%)

spectrum, the mean-weighted magnetic fields strength are deduced by taking the mean
value for multipoles ¢ < 12 (see Tab. 2).

2. Conclusions

The polarized intensity at Recombination are much lower than those of the Milky
Way. However, the Recombination interpretation would require magnetic field strengths
higher than the limits found by Planck of By < 3.4 x 1072 G (Planck XIX Col., 2016
& POLARBEAR Col., Ade et al. 2015). No correlation is found with Recombination
neither with Galactic foregrounds.

For low multipoles (¢ < 12) we find a RM signal derived from the WMAP polariza-
tion maps. This multipole range is typical of phenomena taking place at Reionization.
The amplitude and shape of the detected feature is consistent with magnetic fields at
Reionization of the order of 1-10 nG.
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Abstract. We simulate the propagation of cosmic rays at ultra-high energies, > 10'® eV, in
models of extragalactic magnetic fields in constrained simulations of the local Universe. We
investigate the impact of different magneto-genesis scenarios, both, primordial and astrophysical,
on the propagation of cosmic rays. Our study shows that different scenarios of magneto-genesis
do not have a large impact on the anisotropy measurements. The distribution of nearby sources
causes anisotropy at very high energies, independent of the magnetic field model. We compare
our results to the dipole signal measured by the Pierre Auger Observatory. All our models could
reproduce the observed dipole amplitude with a pure iron injection composition. This is due to
clustering of secondary nuclei in direction of nearby sources of heavy nuclei. A light injection
composition is disfavoured by the non-observation of anisotropy at energies of 4 - 8 EeV.

Keywords. MHD, methods: numerical, ISM: magnetic fields, cosmic rays

1. Introduction

We investigate constrained Magnetohydrodynamical (MHD) simulations of the local

Universe for different scenarios of magneto-genesis and probe their influence on the prop-
agation of ultra-high energy cosmic rays (UHECRs). We compare different source models
to see what information can be inferred on the extragalactic magnetic field. The MHD
simulations used constrained initial conditions (Sorce et al. 2016) and were performed
with the MHD code ENZOfT, which is an Adaptive Mesh Refinement (AMR) code for
cosmological simulations. The resulting magnetic fields are used with the CRPropal code
to simulate the propagation of UHECRs. The observer is placed at the center of the sim-
ulation, the defined position of the Milky Way.
We investigate two major scenarios for magneto-genesis: magnetic fields of primordial
origin - prior to z = 60, where the MHD simulations start - with several spectral indices
of the initial magnetic power spectrum (more info in Hackstein et al. 2018). We compare
this scenario to an astrophysical origin, modelled with thermal and magnetic feedback of
AGN at several different redshift ranges. We improve on Dolag et al. (2003) by testing
these different scenarios and by obtaining the expected B-p-ratio from a single consistent
MHD simulation. Both scenarios reproduce magnetic fields observed in clusters reason-
ably well. The main difference is that in the low-density regions, i. e. the voids, the
magnetic field strength differs by up to 10 orders of magnitude. The two scenarios are
therefore well suited to highlight the influence of the low-density regions.

t http://www.enzo-project.org
1 https://crpropa.desy.de/
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Figure 1. Results for angular power as function of minimum energy of considered events. The
coloured bands indicate the confidence level of anisotropy. The dipole observed in the Auger
data > 8 EeV is indicated. Left: Dipole from pure proton injection. Center: dipole from pure
iron injection. Right: Quadrupole from pure proton injection

2. Results

Anisotropy is measured with the angular power spectrum of spherical decomposition
of the full sky of observed UHECR events. We consider as sources the center of viral
halos identified in the MHD simulation, where the most energetic objects are most likely
to be found. This source density is at the lower bound of allowed densities, > 10* Mpc?,
as shown by di Matteo & Tinyakov (2017).

Results for the different scenarios of magneto-genesis are pretty converged, the fields in
voids have minor influence on the large scale anisotropy signal of UHECRs. It is unlikely
that we can identify magneto-genesis scenarios by full-sky observations of UHECR events
without prior knowledge on their sources. For light injection composition, in order to re-
produce the Auger dipole, a rather extreme source model is needed, that might already
be at odds with present constraints. For a heavy composition the contribution of the
most nearby sources increases, due to multiple allowed hits of secondary nuclei of the
same primary particle. This effect is the strongest at F = Epax/A, the maximum energy
of secondary protons that can reach the observer only from the most nearby sources.

In another set of simulations, anisotropy occurs at low energies for an increased magnetic
field strength, independent of the distribution of sources (results from Hackstein et al
2016). Here, a uniform field dominates around the sources. One can show that anisotropy
is indeed expected in that case. The same is true for many fields with pronounced com-
ponent in vertical direction. This offers the chance to put limits on such fields in the halo
of the Milky Way.

3. Conclusions

(a) light injection composition is unlikely to reproduce the Auger dipole while heavy
injection increases multipoles.

(b) anisotropy at highest energies enables UHECR astronomy

(¢) magneto-genesis scenario unlikely to be distinguished by UHECR observations

(d) strong vertical magnetic field component introduces quadrupole anisotropy = limit
magnetic fields in Milky Way halo.
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Abstract. The detection of diffuse radio emission in galaxy clusters (halos, relics and minihalos)
is still limited to the nearby clusters (z < 0.3). Recently, thanks to the improved sensitivity of
the largest radio telescopes the number of diffuse radio source at z > 0.3 has significantly
increased, proving that this class of sources exists at even high redshifts. We obtained L-band
observations at the Jansky Very Large Array (JVLA) to study a sample of high redshift massive
clusters (0.3 < z < 0.7). Our main goal is to investigate the evolutionary history of non thermal
properties in galaxy clusters and to determine whether the correlations mostly observed at low
redshift evolve with time.

Keywords. galaxies: clusters: general, acceleration of particles, diffusion, turbulence, radiation
mechanisms: nonthermal, shock waves, instrumentation: interferometers, methods: statistical,
surveys, X-rays: galaxies: clusters.

1. Introduction

Galaxy clusters are the largest gravitationally bound structures of the Universe, formed
from density fluctuations and grown hierarchically through the extremely process of merg-
ing and mass accretion. They represent very interesting tools to study the cosmology and
the evolution of large scale structures. In the last years, most of the detailed knowledge
of galaxy clusters has been obtained from the study of thermal X-ray and non-thermal
emissions of the intra-cluster medium (ICM). Observational evidences show the presence
of a strong correlation between total radio power and X-ray luminosity, suggesting a
strict interconnection between non-thermal properties and cluster mass (see Feretti et
al. 2012 for review). Diffuse cluster radio sources are not present in all galaxy clusters.
The occurrece of radio halos and relics has been studied by Giovannini et al. (1999) in
the NVSS sample, finding that is higher in clusters showing high X-ray luminosity. Halos
are present in ~ 20 — 30% while relics in ~ 25% of clusters with Lx > 5 x 10* erg
s~! but actually we do not know why not all bright massive clusters show a diffuse non
thermal radio emission. To understand the physical mechanisms governing the forma-
tion processes of diffuse radio sources it is necessary to correlate the non-thermal cluster
properties with the cluster evolution. Nevertheless, the discovery of non thermal diffuse
emission and consequently the related statistical properties are still limited to low red-
shifts: up to date the overall average redshift for radio halos is 0.25 and 0.20 for radio
relics.
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2. Overview and implications

With the purpose to correlate the non thermal cluster properties with cluster evolution,
we select an omogeneous sampe of very luminous X-ray clusters, most of them extracted
from the Massive Cluster Survey (MACS) presented by Ebeling et al. 2007, 2010 and
submitted an L-band (C and D arrays) observational proposal to the JVLA. Our proposal
has been accepted with project ID: VLA/17A-025. We obtained the radio images of 36
clusters observed with the C array and 31 clusters observed with the D array. 25 clusters
have been observed and reduced both in C and D configurations and therefore we studied
the radio emission of 42 different clusters. We have detected diffuse radio emission in 18
clusters corresponding to ~ 42% of our cluster sample. Among them we found 8 new
diffuse radio structures, classified as 6 halos and 2 relics. The other 10 sources have
already been discovered and reported in the literature, although most of them at different
wavelengths. Reporting the new halos in the (P1.4gwz, Lx 500) plane and performing a
best fit correlation (Right panel Fig.1) we underline the following conclusions:

e the slope of the best fit for the halos hosted in clusters with z > 0.3 (blue dotted
line) results lower respect to the scaling relation reported in literature for halos with
z < 0.3 (black dotted line) (e.g. Cassano et al. 2013);

e new halos appear slightly underluminous in the radio band (green dotted line);

e new halos are in agreement with the correlation at z > 0.3 ;

Halo up to 2018 0.3<2<0.4
Halo up to 2018 0.4<2<0.5

Halo up to 2018 0.5<2<0.6

Halo up to 2018 0.6<2<0.7

Halo up to 2018 z>0.7

O JVLA Proj.17A-025: new halos
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mmoso

26.0

- -~ BCES bisector best fit: halo z>0.3+17A-025

255

2501

Dedlination
LogP1.4n; [W/Hz]

245

35000 300 %000 300 37000 300 38000 300 38000 300 2040000

235 VA L L L L L
400 350 2228300 %0 20 4400 4425 4450 4475 4500 4525 4550 4575 46.00

Pight ascension LogLy, seefe.1-2.akev) (10% [ergs™])

Figure 1. Left panel MACSJ2228.5+2036: example new halo detected at high redshift
(z = 0.411). Radio contours are overlaid to the Chandra X-ray image. Right panel Distribu-
tion of halos with z > 0.3 in the (log (Pi.agH-),10g (Lx,500)) plane: colored dots are referred
to different redshift ranges. Red circled dots are the new halos discovered in Proj. 17A-025.
Comparison between scaling relations: literature (black dotted line), updated halo collection at
z > 0.3 (blue dotted line), updated halo collection at z > 0.3 plus new halos (green dotted line).
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Abstract.

We introduce a new sample of galaxy clusters obtained from a cosmological simulation covering an unprecedented
dynamical range. All the clusters in our sample show a clear signature of small-scale dynamo amplification. We show
that it is possible to use dynamo theory for studying the magnetic spectrum in the intracluster medium. We study if the
intrinsic variations on the spectra depend on the dynamical history of each cluster or on some host cluster properties.

Keywords. galaxy: clusters, general — methods: numerical — intergalactic medium — large-scale structure of Universe

1. Introduction

Galaxy clusters evolve mainly via two mechanisms: accretion of gas and galaxies, and via mergers occurring
approximately every few Gyr. These mechanisms directly affect the diffuse, hot, weakly magnetised gas observed
in clusters referred as the Intracluster Medium (ICM) (e.g. Kravtsov & Borgani 2012, Brunetti & Jones 2014) by
driving shocks through it and therefore, every merger event can be a source of turbulence. In particular, these
events effectively affect the structure of the magnetic fields that permeate galaxy clusters.

We know from radio observations that the strength of magnetic fields in the ICM is of the order of uG and
the coherence scales are of the order of 10-50 kpc (e.g. Feretti, et al. 2012, Govoni et al. 2017). These coherent
large-scale fields indicate that the mechanism which leads to this final structure cannot be solely due to gas
compression. In fact, a small-scale dynamo would be a more suitable mechanism to generate observed, large-
scale magnetic fields. While the origin of magnetic fields in the Universe remains an open question, a small-scale
dynamo seems to play a key role in amplifying magnetic fields in galaxy clusters (e.g. Beresnyak & Miniati 2015),
independent of where the seed fields come from.

2. Methods and Results

We studied the formation of seven massive galaxy clusters in a cosmological MHD simulation with the ENZO
grid code (The Enzo Collaboration; Bryan et al. 2014) using the Dedner cleaning method, and eight adaptive
mesh refinement (AMR) levels to increase the dynamical resolution. Each cluster was selected in a comoving
volume of (260 Mpc)? and further refined in most of the volume in which the clusters form with a maximum
spatial resolution of Az = 3.95 kpe (comoving). We assumed a simple uniform seed field of cosmological
origin of 0.1 nG (comoving) at z = 30 (for a detailed description see Vazza et al. 2018). In this work, we will
only discuss the results from non-radiative cosmological simulations to focus on the growth of magnetic fields by
the turbulence induced by structure formation processes.

We analyse clusters with different dynamical states at redshift z = 0, namely clusters with ongoing mergers,
relaxed ones and clusters that have suffered a recent major merger. The baseline model we tested with our
cosmological simulation relies on an analytic solution for the magnetic power spectrum derived from dynamo
theory (Kazantzev 1967, Kulsrud & Anderson 1992). Our tests (Dominguez-Fernandez et al., to be submitted)
show that all spectra can be fitted well by an equation which is directly derived from dynamo theory (see Eq. in
Fig. 1). In Fig.1 we show the best-fit of the magnetic energy spectra of all of the clusters in our sample.
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Figure 1. Left: Magnetic energy spectra of all of our cluster sample at z = 0. The solid lines correspond to the data and
the scatter plots show our best-fit. Right: Projection of the magnetic field strength in galaxy cluster E4 at Azmax

Discussion

1) Regardless of the dynamical state of each cluster, the magnetic energy spectral shape is in good agreement
with dynamo theory. As a first approximation, this indicates that this model can be used for a detailed analysis
of a cluster evolution where a small-scale dynamo can be acting in addition to gas compression and shocks.

2) The normalization of the magnetic energy spectrum overall is determined by the dynamical state of each
cluster. Relaxed clusters have the highest value for the magnetic spectrum, followed by post-mergers clusters,
and then merging clusters. This result is tentatively consistent with the fact that in relaxed system a small-scale
dynamo would have to be active for longer dynamical times. Nevertheless, we do not observe a clear dependence
on the virial mass of each cluster due to the small number of clusters in our sample.

3) Our analysis shows that the magnetic power spectra does not retain information on the last major-merger,
as minor mergers are also injecting turbulence during the formation of each cluster.

4) We refer the reader to the complete work (Dominguez-Ferndndez et al., to be submitted) where a detailed
analysis on the cluster sample is done and where also the evolution of a merging cluster is studied.

5) The resulting power spectrum shows that in general the three-dimensional components of the magnetic field
are non-Gaussian. This results from having different magnetic field components being continuously injected by
the accretion of substructures (Vazza et al. 2018) rather than from the presence of highly intermittent MHD
turbulence (e.g. Shukurov et al. 2017). This has direct consequences for Faraday Rotation measurements and
illustrates the importance of reliable simulations of magnetic fields in galaxy clusters for an accurate modelling
of future polarisation surveys (e.g. Johnston-Hollitt et al. 2015 ).
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CHANG-ES: an overview
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Abstract. CHANG-ES is a survey of 35 edge-on galaxies of total intensity, linear and circular
polarization in L band and C band with the Jansky Very Large Array. The goal of the survey
is to investigate the origin, extent, and physical conditions of radio halos, and their connection
with star formation in the disk. We present an overview of the survey and highlight some results.

Keywords. magnetic fields, polarization, galaxies, galaxy halos

1. Introduction to CHANG-ES

The Continuum Halos in Nearby Galaxies - an EVLA Survey (CHANG-ES) is a survey
of 35 nearby edge-on (i > 75°) galaxies of all Stokes parameters in L band (v = 1.5 GHz,
Av = 500 MHz) and C band (v = 6 GHz, Av = 2 GHz) with the Karl G. Jansky
Very Large Array. The sample was selected for isophotal diameter (4 < dos < 15),
6 > —23° and Sy4gH; > 23 mJy, with three well-known galaxies added just outside
these boundaries (Irwin et al. 2012). Each galaxy was observed in L band in B, C, and
D configuration, and in C band in C and D configuration to provide matching angular
resolution up to 4, with sensitivity ~ 20 pJy/beam (L band) and ~ 4 pJy/beam (C
band), and sensitivity to angular scales up to 16’ in L band and 4" in C band. Missing
short spacings will be filled in with the Green Bank Telescope (Trent Braun et al. 2018).

CHANG-ES aims to characterize all aspects of radio halos in spiral galaxies, includ-
ing their extent, magnetic field, relation to star formation in the disk, and cosmic ray
transport. Sensitive, broad-band full-Stokes images from CHANG-ES provide spatially
resolved spectral index and Faraday rotation from the disk far into the halo. Now that
such data are available for a sample of 35 edge-on galaxies, it is possible to investigate
galaxy scaling relations and statistics of halo properties in relation to star formation.

CHANG-ES has so far released D-configuration images with resolution 36” (L-band)
and 9.6” (C-band) for all galaxies (Wiegert et al. 2015). These data and future data
releases will be made available through the website http://queensu.ca/changes.

2. Selected results from CHANG-ES

Edge-on galaxies are particularly suitable for investigation of the vertical structure
of the halo and disk-halo interaction. The radio halo extends far above the disk for the
median edge-on galaxy (Wiegert et al. 2015). Krause et al. (2018) found the average scale
height of 13 CHANG-ES galaxies to be 1.1 + 0.3 kpc in C band and 1.4 + 0.7 kpc in LL
band. The radio scale height increases linearly with diameter of the galaxy, but there is
no correlation with the star formation rate, or the star formation rate per unit area. The
frequency dependence of halo scale heights indicates an escape-dominated halo (escape
time shorter than cosmic ray life time) with convective propagation for all galaxies.
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CHANG-ES measures polarization angle structure and Faraday rotation in the disk
and halo. Posters by M. Krause and R.-J. Dettmar at this meeting report large-scale
field reversals from Faraday rotation of the diffuse synchrotron emission - a first for
edge-on galaxies and in particular galaxy halos. The Virgo cluster galaxy NGC 4388
shows extensions of the magnetic field that indicate a connection between the disk and
the halo (Damas-Segovia et al. 2016). The polarized structure in the halo in relation
to H-a and X-ray emission appears to trace a galactic wind from separate sources in
the spiral arms. NGC 4388 experienced recent ram pressure stripping from its motion
through the Virgo cluster (Oosterloo & van Gorkom 2005), but the observed symmetry
of the polarized halo excludes compression of the halo by ram pressure. A poster by A.
Damas-Segovia at this meeting discusses polarization of the AGN outflow in NGC 4388.

The deep radio images from CHANG-ES are combined with multi-wavelength data to
investigate the relation between star formation, the magnetic field, and synchrotron emis-
sion. Li et al. (2016) found that the slope of the mid-IR /radio correlation for CHANG-ES
galaxies is super-linear, an indication that galaxies with a higher star formation rate are
closer to calorimetric conditions for cosmic ray electrons (see also Yoast-Hull et al. 2013).
The CHANG-ES data allow separation of diffuse halo emission from disk emission. Var-
gas et al. (2018) used WISE 224 and new deep H-o images to derive spatially resolved
separation of thermal radio emission for CHANG-ES galaxies.

CHANG-ES also reveals low-luminosity active galactic nuclei in several galaxies. Vari-
ability in the unresolved core of NGC 4845 on a time scale of six months between
CHANG-ES observations was associated with a tidal disruption event by the super-
massive black hole in the nucleus (Irwin et al. 2015). The large bandwidth provided
single-epoch in-band spectral indices, negative in C band but positive in L-band from syn-
chrotron self-absorption. The peak of the spectrum decreased in brightness as it shifted
to lower frequencies over time. The emission was circularly polarized with no detectable
linear polarization. Circular polarization from the nucleus was also detected in four other
galaxies (Irwin et al. 2018). The galaxy NGC 2992 was shown to have kpc sized bipolar
outflows that are only revealed in polarization, not in total intensity (Irwin et al. 2017).

The galaxy UGC 10288 was included in the sample, but the VLA images showed that
most of the radio flux was from a large radio galaxy in the background that crosses the
disk of UGC 10288. Irwin et al. (2013) analyzed the Faraday rotation of this extended
background source and found that the azimuthal component of the magnetic field hints
at a direction reversal.
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The QUOCKA Survey: Early Results
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Abstract. We present early results from QUOCKA: a new polarimetric radio survey aimed
at understanding detailed magnetoionic properties of radio galaxies, and enabling the science
goals of modern broadband surveys to be carried out with Square Kilometre Array (SKA)
pathfinders and precursors. The QUOCKA survey employs the broadband correlator available
at the Australia Telescope Compact Array (ATCA), primarily to build on and supplement
Early Science observations with the Australian Square Kilometre Array Pathfinder (ASKAP)
telescope. Just over 200 sources have been observed so far, and the sample is currently expanding.

Keywords. magnetic fields, polarization, surveys, radio continuum: galaxies

1. Introduction

In this contribution we present early results from a new project using the Australia
Telescope Compact Array (ATCA): QU Observations at Cm wavelength using Km base-
lines with the ATCA (the QUOCKA survey). A survey overview has been presented in
a companion contribution (Heald et al. 2018a, this volume).

2. Survey progress and plans

To date, the survey has been allocated 494 hours, with 234 hours already observed and
the remainder scheduled. QUOCKA has been granted Continuing Status at the ATCA.

The QUOCKA sample is being drawn from polarized sources detected by ASKAP
during the telescope’s Early Science period, as described by Heald et al (2018a, this
volume). The subsample observed in the first semester was based on sources found in six
30-square degree ASKAP mosaics. As the Early Science period progresses and additional
suitable sources are identified, we are growing the list of objects to be followed up with the
ATCA. Eventually, our goal is to expand the scope of the QUOCKA project to elucidate
and model the broadband polarimetric behaviour of the brightest sources detected by
the ASKAP POSSUM survey (||Gaensler et al. 2010).

Observations are carried out with ATCA at 1 —3 and 4.5 — 8.5 GHz, in extended east-
west configurations. Several short snapshots over a wide range of hour angle are used to
improve the resulting image fidelity. The typical sensitivity is ~ 100 uJy beam ™! in each
of the two broad frequency bands.

The QUOCKA team has developed a PYTHON-based data reduction pipelindf] that
utilizes standard MIRIAD (||[Sault et al. 1995|) procedures. We have performed initial pro-
cessing of all 201 sources that were observed to date. In addition, 12 highly extended
sources have also been observed with the same frequency setup and are being analysed
separately (Alexander et al., in prep).

1 https://github.com/gheald/quocka
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3. Data and preliminary results

Here, we present an example of image quality (Figure [1)) and broadband polarization
response (Figure , for a representative QUOCKA source selected at random. Data of
similar quality are already available for 200 other QUOCKA sources.

—50°21'30"}
—21'45"

~22'00"

Declination (J2000)
mJy/Beam

-2215]

~22'30"]

20855™06° 55™04% 55™02° 5500
Right Ascension (J2000)

Figure 1. Representative ATCA images of the QUOCKA source J205503-502206. These total
intensity images are presented in colourscale for the 4.5 — 8.5 GHz band, and with contours for
the 1 — 3 GHz band. Contours begin at 1.5mJy beam™" (= 6¢) and increase by powers of two.
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Figure 2. Indicative broadband Faraday dispersion function (FDF) before and after Faraday
deconvolution, displayed here for the centre of QUOCKA source J205503-502206. That part of
the source peaks at a Faraday depth of 37.8 & 3.3 rad m~2. The broadband Stokes Q, U(/\Q)
data make fitting of detailed magnetoionic models possible (e.g., ||O’Sullivan et al. 2012).
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Abstract. As a result of stellar evolution, a population of magnetized stars is expected to be
part of Nuclear Star Clusters (NSCs) residing in many galactic nuclei. In Active Galactic Nuclei
(AGN) NSCs are embedded within an accretion disk or a torus near an supermassive black hole
(SMBH). The dipole-type magnetic field can significantly influence the gaseous environment in
the region of influence around the star, depending on the intrinsic strength of its dipole and
parameters of the surrounding medium. We estimate the fraction of the volume in the accretion
disk/torus where the structure must be entirely changed by the presence of the embedded
magnetized stars, as compared with an unperturbed solution. This is also the case of magnetized,
compact neutron stars, where the surface intensity of the magnetic field can reach rather extreme
values. In particular, young magnetars are expected to produce inhomogeneities in the external
magnetic field of hot corona, scale of which range < 100 SMBH Schwarzschild radii (rs).

Keywords. galaxies: nuclei, accretion, stars: neutron

1. Summary of the analysis

Most galactic nuclei contain supermassive black holes that are surrounded by nuclear
star clusters (NSC) with typical half-light radii of 2-3 parsecs and masses of 10°-107
Solar masses (Schodel et al., 2014). The most studied example is the Milky Way, where
the center of NSC is associated with the compact radio source of Sgr A* (see Eckart
et al., 2017 for a review and references therein). Unlike the case of AGN, the present
Sgr A* environment forms a diluted quasi-spherical Bondi-type inflow/outflow solution
rather than a standard AGN accretion disk. In fact, based on the near-infrared studies,
it appears that Milky Way’s NSCs has undergone several episodic star-formation events
triggered by an infall of molecular clouds. As a result, the system contains both early- and
late-type stars of different masses. They are also expected to contain compact remnants,
in particular, magnetized neutron stars that can efficiently interact with the ionized hot
accretion flow in the inner ~ 10* R, (Zajacek et al., 2015; Karas et al., 2017).

In the further discussion, we focus on neutron stars and the typical length-scales of
their magnetospheres in a mutual interaction with SMBH accretion flow. Let us consider
the spin-down energy of neutron stars, which is in the dipole model related to the period,
period derivative, and surface magnetic field intensity, £ oc P/P? and E o« B2P~%. As
a neutron star passes through the accretion flow, a stationary cavity is formed whose
size Rys is determined by the pressure equilibrium between the magnetospheric pressure
Peimag of a neutron star on one hand and the ram pressure Pram, the combined gas and
magnetic pressure on the other hand. The magnetic pressure of the accretion flow is a
fraction 0 of the gas pressure, Ppag = 0 Pyas, where § ~ 0.1 (Yuan et al., 2002). One can
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thus write,
E 2 2
Pelmag = Pram + Pgas(l + 5) ) 5. pa[vrel + (1 + 5)65} ’
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Figure 1. Typical length-scales of magnetospherical interaction of magnetized neutron stars
calculated according to Eq. (1.1) as a function of the spin-down energy rate E and the distance
from the SMBH. For this calculation, neutron stars cross the RIAF solution of Sgr A* and move
perpendicular to its motion.

For an exemplary calculation, we consider the density and the temperature profile of
the radiatively inefficient accretion flow (RIAF) as inferred for Sgr A*. Neutron stars cross
the RIAF perpendicular to its midplane with a Keplerian velocity at a given distance. The
distribution of sizes of the neutron-star magnetospheres is plotted in Fig. 1 as a function
of the spin-down energy and the distance from the SMBH. We obtain the scaling of
magnetosphere sizes with the distance from Sgr A* in which the typical length-scale
of magnetospheres is approximately one order of magnitude smaller than the distance
from the SMBH for log (Elergs™']) = 38, e.g. Rns ~ 1007, at the distance of 1000
Schwarzschild radii. The length-scale Ryng from Eq. (1.1) also represents the typical scale
of inhomogeneities of the global magnetic field of the RIAF caused by the population of
neutron stars in galactic nuclei. We note that this length-scale is about four orders of
magnitude smaller in the standard thin disc due to larger densities. However, since the
hot corona is expected to be present beyond the thin disc midplane, a broad distribution
of magnetosphere sizes is generally expected in the inner 10® Schwarzschild radii.
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blazars and gamma ray bursts
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Abstract. The fastly variable accretion flows are found in a number of different types of astro-
physical black hole sources. At largest scales, they are present in the cores of active galaxies. In
the radio-loud objects, such as blazars, the variability of the inflow can be transmitted to the
outflow properties. In these sources, the relativistic jets are pointing to our line of sight. In ad-
dition, many similarities are found between the jet physics in blazars and in gamma ray bursts.
The latter are observed from extragalactic distances, but operate at smaller scales, within the
stellar-mass accreting black holes and in collapsing star’s environment. Observational studies
have shown an anti-correlation between minimum variability time scale and Lorentz factor of
the emitted jet. Motivated by those observational properties of black hole sources, we investigate
the accretion inflow and outflow properties, by means of numerical GR MHD simulations.

Keywords. accretion, accretion disks, black hole physics, magnetic fields, hydrodynamics,
MHD, gamma rays: bursts, galaxies: jets

1. Introduction

Blazars and gamma ray bursts share the properties of their jets, despite different
Lorentz factors and accreting black hole masses (Wu et al. 2015). Launching and colli-
mation mechanisms are common: thick disk or corona, pressure gradient in surrounding
wall, external (matter dominated) jet, or toroidal magnetic field. Acceleration of jets oc-
curs due to both magnetic field action field and accretion disk rotation (see Fragile 2008
for a review). The blazar jets are Poynting-dominated, and powered by the Blandford-
Zmajek mechanism which can extract energy from a rotating black hole. This mechanism
is now well known and tested in the purpose of a jet launching, but observations are
showing variability in the jet emission. Multiple shocks that collide in the jet, can lead to
multiple emission episodes and can account for the fluctuating light curve. A reasonable
interpretation of this effect is that the variability observed in the jets can directly reflect
the central engine variability. The latter is tightly related to the action of magnetic fields
in the center of the galaxy.

We present here the two-dimensional magneto-hydrodynamical models computed in
full General Relativity (GR MHD). The numerical scheme is our implementation of the
code HARM (Gammie et al. 2003, Janiuk et al. 2013 ). The properties of magnetic fields
and their role in evolution in the flows are studied in detail. Our intial condition assumes
the existence of a pressure equilibrium torus, embedded in the poloidal magnetic field
which lines follow the isocontours of constant density (Fig. 1 left and middle panel). The
Kerr black hole accretes matter from the torus, and the rotation affects the magnetic
field evolution. The models are parameterized with the black hole spin, and the initial
magnetization of the matter. Code works in GR framework, so dimensionless units are
adopted, with G = ¢ = M = 1. Hence, geometrical time is given as t = GM/c?®, where
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M is the black hole mass. In this way, we are able to model the launching and variability
of jets in both supermassive black hole environment, and in gamma ray bursts.

Variability of the parameter

o 1000 2000 3000 4000 5000
time in M unit

Figure 1. Left: initial configuration of the simulation (logarithm of density, in the code units).
Middle: evolved state, after 1000 geometrical time units. Right: Variability of the p parameter
in time.

2. Variability of the jet

Energetic parameter. Variable energy output reflects the MRI instability timescale,
which is well resolved through the adequate number of grid cells per MRI wavelength.
The total plasma energy flux is given by parameter p = —T7 /pu”. If the Poynting and
thermal energy are fully transformed to bulk kinetic, the parameter p can be interpreted
as the Lorentz factor at infinity (Vlahakis & Koenigl 2003). Its value depends on location
in the jet.

Correlation between Lorentz factor and minimum variability time scale. The minimum
variability timescale, MTS, can be anti-correlated with the bulk Lorentz factor in the jet,
if the magnetically arrested (MAD) flow is considered (Lloyd-Ronning et al. 2018). How-
ever, in the MAD mode, the flux accumulated at the BH horizon, and the interchange
instability rather than MRI governs the minimum timescale of variability. In our simu-
lation the accretion is not in a MAD state, and the Lorentz factor at infinity is given by
the p parameter. Its variability correlates with MRI timescale, interpreted in our model
as the origin of the variability in the jet (Fig. 1 right panel).

3. Conclusions

The variable energy output from the central engine implies the varying jet Lorentz
factor, which may lead to occurrence of internal shocks, and affect both GRBs and blazars
observed variability. Unification of the models accross the black hole mass scale, from
GRBs to blazars, is not straightforward though. The most uncertain aspect is whether
the MAD state drives the jets in both type of sources, or rather halts the GRB emission.

Acknowledgment This work is supported by the grants UM0O-2016/23/B/ST9,/03114
from the Polish National Science Center and GB 70-4 from the Interdisciplinary Center
for Mathematical Modeling
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Abstract. Three new, deep radio continuum surveys of the Andromeda galaxy M 31 have been
performed with the Effelsberg 100-m telescope. The high degrees of polarization show that the
magnetic field in M 31 is exceptionally ordered because an efficient large-scale dynamo operates
due to the strong differential rotation and the low star-formation rate. A regular axisymmetric
spiral field dominates, indicating that the dynamo operates in its ground mode.

Keywords. galaxies: spiral, galaxies: individual: M 31, galaxies: magnetic fields, cosmic rays

1. Introduction

Synchrotron radio emission is the best tool to study cosmic magnetic fields. The inten-
sity is a measure of field strength, its linear polarization is a signature of ordered fields,
and the polarization angle gives the field orientation in the sky plane. Faraday rotation
of the polarization angle depends on the square of wavelength, the density of thermal
electrons, and the strength of the regular field component along the line of sight; the sign
of the Faraday rotation gives the field direction. Ordered fields generated by a large-scale
(a—2) dynamo reveal a coherent direction and are called regular fields (see Beck 2016
for a review).

The radio emission and magnetic field properties of M 31 have been studied extensively
with the Effelsberg 100-m and VLA radio telescopes (e.g. Beck 1982, Berkhuijsen et al.
2003, Fletcher et al. 2004). The polarization and Faraday rotation data, derived from
polarization surveys at 6cm, 11cm and 20 cm wavelengths, can be well described by
a regular magnetic field with an axisymmetric spiral pattern. Such a field is a strong
indication of the lowest mode excited by a large-scale dynamo (e.g. Beck et al. 1996).
M 31 is the prototype of a dynamo-generated magnetic field.

Polarized emission from strongly inclined galaxies like M 31 at wavelengths of >6 cm
suffers from Faraday depolarization along the line of sight through the disk. Hence,
0 1 2 mJy/beam

42 00 E8%

Declination (J2000)

00 44 43 42
Right Ascension (J2000)

Figure 1. Polarized intensity at 6.2 cm and B-vectors, corrected for Faraday rotation, at 2.6’
resolution. The degree of polarization reaches 50% in the ring (from Gieiibel 2012).
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Table 1. New radio continuum surveys conducted with the Effelsberg 100-m telescope.

Central freq. Bandwidth Wavelength Resolution Map size Principle

(GHz) (GHz) (cm) ") ) investigator
2.64 80 11.4 4.4 196 x 92 Mulcahy (2011)
4.85 300 6.2 2.6 140 x 80 GieBiibel (2012)
8.35 1100 3.6 1.4 116 x 40 GieBiibel (2012)

observations at shorter wavelengths are needed, which would also provide higher angular
resolution. Furthermore, the extension of magnetic fields into the outer disk and halo can
be investigated by new surveys with higher sensitivity.

2. New Effelsberg surveys of M 31

Three deep radio continuum surveys of total and linearly polarized emission from
M 31 have been conducted in recent years with the Effelsberg telescope (Table 1). At
all wavelengths, the total and polarized emission is concentrated in a ring-like structure
between about 7kpc and 13 kpc radius from the center. Diffusion of cosmic rays away
from star-forming regions is evident: The ring of synchrotron emission is wider than the
ring of the thermal radio emission and the radial scale length of synchrotron emission is
larger than that of thermal emission. The diffusion length along the ring, parallel to the
disk, is ~1.5kpc and the diffusion coefficient is Dg ~ 2 - 10?® cm?s~'. Since M 31 has
only a thin radio disk, Dg perpendicular to the disk is smaller by about a factor of 10.

Fig. 1 shows the polarized emission at 6.2cm with the magnetic field orientations
nicely following the ring. RM varies systematically along the ring (Fig. 2). The analysis
shows a sinusoidal variation with azimuthal angle along the ring. The phase offset of
7° 4+ 1° is due to the spiral pitch angle and the RM offset of —125 + 2rad/m? originates
in the Galactic foreground. The amplitude of 108 + 5rad/m? is a clear signature of an
axisymmetric regular magnetic field, confirming the previous results derived from RMs
at longer wavelengths (Berkhuijsen et al. 2003). The amplitude is about 10% larger than
previously measured, indicating that Faraday depolarization affected the previous data.
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Figure 2. Faraday rotation measures (RM, in rad/ m2), derived from the new surveys at
3.6cm and 6.2cm, at 2.6" resolution. Contours show the polarized intensity at 6.2 cm.
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Abstract. We present a new source-finding algorithm for linearly polarized sources that we
developed and applied to LOFAR data of the M 51 field. The reader is referred to a recently
published paper by |[Neld et al. 2018| for more information.

Keywords. polarization — radio continuum: galaxies — galaxies: magnetic fields — galaxies:
individual : M 51 — methods: data analysis — techniques: polarimetric

We have developed a computationally efficient and rigorously defined source-finding al-
gorithm for linearly polarized sources. As the Square Kilometre Array (SKA) approaches
completion, it is important to have tools to process large radio continuum datasets and
extract reliable polarization information. Polarized extragalactic radio sources are inter-
esting in their own right, and also as background sources to probe the magneto-ionized
medium along their lines of sight via Faraday rotation, forming a dense Rotation Measure
(RM) grid (e.g. Beck & Gaensler 2004).

We used a calibrated data set from the LOw Frequency ARray (LOFAR) at 150 MHz
centered on the nearby galaxy M 51 to search for polarized background sources. The
data have been presented earlier along with an analysis of a high-quality 150 MHz radio
continuum image of the M 51 galaxy and a first investigation of background polarized
sources in the field (Mulcahy et al. 2014)). With a new imaging software, we re-imaged the
field at a resolution of 18” x 15” and cataloged a total of about 3000 continuum sources
within 2.5° of the center of M 51. We made small Stokes ) and U images centered on
each source brighter than 100 mJy in total intensity (201 sources) and used RM synthesis
to create corresponding Faraday cubes that were analyzed individually. For each source,
the noise distribution function was determined from a subset of the measurements at
high Faraday depths where no polarization is expected; the peaks in polarized intensity
in the Faraday spectrum were identified and the p-value of each source was calculated.
Finally, the false discovery rate method was applied to the list of p-values to produce a
list of polarized sources and quantify the reliability of the detections. We also analyzed
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sources fainter than 100 mJy but that were reported as polarized in the literature at at
least another radio frequency.

Of the 201 sources that were searched for polarization, six polarized sources were
detected confidently (with a false discovery rate of 5%). This corresponds to a number
density of one polarized source per 3.3 square degrees, or 0.3 source per square degree.
Increasing the false discovery rate to 50% yields 19 sources. A majority of the sources
have a morphology that is indicative of them being double-lobed radio galaxies, and the
ones with redshift measurements from the litterature have 0.5 < z < 1.0. An example is
shown in Fig.

In the future, we intend to develop the code further and apply it to larger data sets
such as the LOFAR Two-meter Survey of the whole northern sky, LoTSS (Shimwell et al.
2017)), and the ongoing deep LOFAR, observations of the GOODS-North field. A recent
analysis of the first data release region of LoTSS (570 square degrees) at 4.3’ resolution
resulted in a preliminary catalog of 92 polarized sources (Van Eck et al. 2018); only one
polarized source was identified in the M 51 field, while the work presented here yielded
six secure detections. This demonstrates that the number of discovered polarized sources
at low frequency should increase significantly when the data are imaged at higher angular
resolution and new techniques are applied to extract the faint polarized signal.
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Figure 1. Example of a source (a double-lobed radio galaxy) at redshift z = 0.502 detected in
polarization in the LOFAR 150 MHz data with a 5% false discovery rate (Neld et al. 2018)). Left
column: 3' x 3" VLA FIRST 1.4 GHz images (5" resolution; [Becker et al. 1995). Middle column:
3’ x 3" LOFAR 150 MHz image (18" x 15" resolution). The synthesized beams of the images are
displayed in the bottom left corners. Right column: The red and green colors are used to show
Faraday spectra at two nearby locations in the source. The z-axis (Faraday depth, ¢) ranges
from —100 to +100 rad m™2. The y-axis shows the polarized intensity in mJy beam™" rmsf=".
The grey shading around ¢ = 0 shows the region of instrumental polarization that was excluded
from the analysis.
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Abstract. We investigate how the large scale magnetic fields in the discs of spiral galaxies evolve
through cosmic time. To do this, we couple the galaxy properties computed by a semi-analytic
model of galaxy formation to the mean field dynamo equations. These are solved numerically as
a function of time and galactocentric radius for a thin disc using the no-z approximation, with
imposed axial symmetry, and the dynamical quenching non-linearity. A simple prescription for
the evolution of the random (small-scale) magnetic field component and its relation with the
mean (large-scale) component is adopted. This allows us to compute radial and time dependent
properties of the interstellar medium of discs for a statistical sample of galaxies from z ~ 7
until the present. We compute the distribution of the typical magnetic field strength at different
redshifts and the dependence of these on galaxy mass. We examine the evolution of the growth
rate of the mean disc magnetic fields of galaxies and discuss the steady state assumption. Finally,
we analyse what is the sensitivity of our results to specific assumptions and to the galaxy
formation model.

Keywords. galaxies: magnetic fields — dynamo — galaxies: evolution — galaxies: spiral

1. Introduction

The Square Kilometre Array and other forthcoming large radio telescopes will sig-
nificantly increase the number and level of detail of observations of magnetic fields
in galaxies, as well as their redshift evolution (e.g. Taylor et al. 2015). To be able to
use these data to constrain both galaxy evolution models and galactic dynamo theory,
it is necessary to have dynamo models which account for the variability of galaxies
through time and predict the magnetic fields for a statistical sample of galaxies. We
developed a framework — thoroughly described in Rodrigues et al. (2018) — to compute
magnetic properties of spiral galaxies accounting for the formation history of individual
galaxies computed by two versions the GALFORM semi-analytic galaxy formation model
(Lacey et al. 2016, Gonzalez-Perez et al. 2014).
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Figure 1. Top-left. The mass dependence of the fraction of galaxies containing non-negligible
maximum magnetic field strength, Bmax > 0.05 uG. The black circles with error bars show the
fraction of observed galaxies containing large-scale magnetic fields in the compilation of Beck &
Wielebinski (2013) and stellar mass data from the S4G catalogue and other sources. Top-right.
Comparison of the predicted pitch angle profiles of massive galaxies with observations in units
of half mass radius, 7,/2. The blue and green curves show the median pitch angles predicted
by the L16 and G14 models, respectively. The shaded areas show the intervals between 15 and
85 percentiles. Points with error bars show observational estimates (Chamandy et al. 2016).
Bottom. Redshift evolution of the probability density of the maximum large-scale magnetic field
strength of spiral galaxies for the L16 model, selected in two stellar mass bins at each redshift.

2. Results

We found that a significant fraction of the galaxies possess no large-scale magnetic field
and that this depends on the mass of the galaxy, with a minimum close to M, = 101°Mg
(top-left panel in Fig. 1). We find broad agreement with observational data for pitch
angle in nearby galaxies (Fig. 1, top-right). The fraction of galaxies containing large-scale
magnetic fields decreases with redshift; however if only galaxies which contain significant
large-scale magnetic fields are selected (B 2 0.1 uG), the typical field strength increases
rapidly with redshift.
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Abstract. We apply correlation analysis to determine the correlation lengths of the turbulent
magnetic, density and velocity fields in numerical simulations of the Interstellar Medium (ISM).
The simulations solve the magnetohydrodynamic (MHD) equations in a shearing, Cartesian box,
driven by supernova (SN) explosions. We also estimate the correlation time of our simulations
and investigate the anisotropy of the random magnetic field.

Keywords. Galaxies: ISM, ISM: kinematics and dynamics, ISM: magnetic fields, turbulence

1. Introduction

The interstellar medium of a spiral galaxy is a complex, multiphase, random system,
driven by the input of thermal and kinetic energy from supernova explosions (SNe) and
stellar winds. Statistical analysis of the ISM is complicated by its multi-phase structure:
statistical parameters of the ISM vary strongly between the phases. This paper is a
summary of the work detailed in Hollins et al. (2017).

2. A Numerical Model of the Multiphase ISM

Our analysis uses data from simulations of the multi-phase ISM based on the Pen-
cil Code (http://pencil-code.nordita.org/). These simulations solve the full, compressible
MHD equations in a shearing, Cartesian box 1 x 1 x 2.2kpc® in size, with a numerical res-
olution of Az = 4 pc. The parameters used are those typical of the Solar neighbourhood.
Further details are provided in Gent et al. (2013a) and Gent et al. (2013b).

We consider the gas number density fluctuations, n’, and the magnitudes of the random
velocity, v/, and random magnetic field, b. We also consider the Cartesian components of
the random magnetic field b. Our analysis focuses on the warm phase of the ISM, which
occupies most of the domain (between 80 and 90% of the volume). We also perform
calculations in the whole domain to investigate the importance of separating into phases.

3. The Integral and Temporal Scales

Reliable results are obtained for the spatial correlation functions, as shown in Figure 1.
The results for n’ and b in the both warm phase and where no phase separation is
applied are very similar. Thus, the correlation statistics for both n’ and b are most
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Table 1. The correlation lengths of the fluctuations in gas density, speed and magnetic field
for the warm gas and for the total gas at the mid-plane z = 0 and |z| = 400 pc.

lo [pc]
|z| [pc] n u’ b
Warm phase 0 53+5 60£3 44+2

400 37+2 873 64%2

No phase separation 0 4442 74+2 51+1
400 37+2 117+£3 661
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Figure 1. (a) The spatial correlation functions for n’ in the warm gas, averaged about
z = —400pc (blue, dashed), 0pc (black, solid), and 400 pc (red, dash-dotted), and (b) the
time correlation functions of u', averaged in layers —1000 < 2z < —550pc (black, solid),
—480 < z < —35pc (blue, dashed), 30 < z < 480 pc (red, dash-dotted), and 540 < z < 990 pc
(green, dotted). The error bars denote scatter about the mean.

strongly influenced by the behaviour of these fields in the warm phase. For the non
phase-separated u’, the root-mean-square (rms) velocity is roughly 1.5 larger than for
the warm phase and the correlation length, Iy, is roughly 15-30 pc greater at each height,
suggesting the hot phase has an larger impact on the correlation statistics for u'.

The correlation time of our simulations, computed from the correlation functions in
Figure 1(b), is approximately 7 = 5 Myr throughout the domain. We calculate the eddy
turnover time using lo and the rms value for v’ in the warm phase. At the mid-plane,
Teddy ~ 8 Myr. Thus, 7eqay is a reasonable estimate of 7.

The standard deviations of the turbulent magnetic field components b, /b, /b. have ap-
proximate ratios 0.5/0.6/0.6 in the mid-plane, suggesting mild anisotropy in the random
magnetic field. The enhanced azimuthal (y) component is a result of the large-scale ve-
locity shear due to differential rotation. The vertical (z) component is amplified beyond
isotropy by the stretching of the horizontal magnetic field by the vertical velocity u..
The polarisation degree of the synchrotron emission due to this level of anisotropy in the
random magnetic field, is approximately 15%.
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Abstract. The role of magnetic fields in the multi-phase interstellar medium (ISM) is explored
using magnetohydrodynamic (MHD) simulations that include energy injection by supernova
(SN) explosions and allow for dynamo action. Apart from providing additional pressure support
of the gas layer, magnetic fields reduce the density contrast between the warm and hot gas
phases and quench galactic outflows. A dynamo-generated, self-consistent large-scale magnetic
field affects the ISM differently from an artificially imposed, unidirectional magnetic field.

Keywords. MHD, ISM: kinematics and dynamics, ISM: magnetic fields, ISM: structure, ISM:
jets and outflows, galaxies: ISM, galaxies: magnetic fields, galaxies: spiral

Our understanding of global magnetic effects in spiral galaxies remains limited despite a
growing appreciation of their significance. Of particular importance is the role of magnetic
fields (and of the cosmic rays controlled by them) in galactic outflows and the resulting
feedback of star formation on galactic evolution. Studies of magnetic effects in the ISM are
hindered by its complex, multi-phase structure and by the complexity of the conversions
between kinetic and magnetic energies in random flows (addressed by dynamo theory).
Furthermore, observational estimates of magnetic field strength are restricted to the
warm and cold ISM phases whereas galactic outflows are driven by the hot gas.

Simulations of the SN-driven ISM have reached a sufficient level of physical adequacy
to use them as numerical experiments to explore various effects inaccessible to direct
observations. Among such simulations, only a few contain the ingredients (especially
differential rotation and stratification) required to simulate large-scale dynamo action
(Gressel et al. 2008, Gent et al. 2013).

We analyse a numerical model of the local ISM, developed by Gent et al. (2013), that
produces an exponentially growing magnetic field at a scale comparable to the size of
the computational domain (1kpe), starting from a dynamically negligible seed magnetic
field and reaching a statistically steady state where magnetic, random kinetic and thermal
energy densities are comparable in magnitude. The ISM is represented in three phases
separated in terms of specific entropy (or density and temperature) while magnetic field
consists of both the mean and fluctuating parts. The SN activity supports a systematic
outflow away from the mid-plane. Comparing the ISM properties in the initial and late
stages, where magnetic fields are, respectively, negligible and dynamically significant, we
can assess the role of magnetic fields in the structure and properties of the ISM. Both
stages represent statistically steady states without and with magnetic field, respectively.
The most significant magnetic effects are as follows (Evirgen et al. 2018).
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Table 1. Fits to the outflow speed, of the form (1), at various distances |z| from the mid-plane.

Distance to the mid-plane [kpc] Vo [kms™'] & n

|z| <0.15 11 4.4 2.7
0.15 < |2] < 0.3 17 2.4 2.4
0.3 < |z| < 0.6 17 3.9 1.9
0.6 < |z| < 1.0 11 2.5 1.5

The multi-phase structure. In agreement with the topological analysis of Makarenko
et al. (2018), we show that strong local magnetic fields efficiently confine SN remnants,
leading to a lower fractional volume of the hot gas (decreasing from 25% to 9% near
the mid-plane as magnetic field grows), its lower temperature and higher density (by a
factor of 3-10), whereas the total mass of the hot gas varies little. As a result, the density
contrast between the warm and hot phases is reduced by almost an order of magnitude.

Outflow speed. As the magnetic field grows, the mean speed of the systematic gas
outflow V, away from the mid-plane decreases from about 20kms~—! for a weak magnetic
field to just a few kms~! when magnetic field becomes strong. The decrease is rather
abrupt: V, is only weakly dependent upon the magnetic field when the mean magnetic
field B is weaker than that corresponding to energy equipartition with the random gas
flow, Beq = (47rpv2)1/ 2. where p is the gas mass density and v the root-mean-square
random speed. However, it then decreases as a rather high power of B,

V. 2 Vo [L+&(B/Beg)"] (1)

with the values of Vj, £ and n given in Table 1. In similar simulations, Bendre et al.
(2015) also find that the outflow is suppressed by the large-scale magnetic field although
they find a weaker dependence of V, on B with n =2 (and Vy ~ 13kms~! and £ ~ 1.5
at |z| = 0.8kpc). The value of V depends on the supernova rate v; Bendre et al. (2015)
find Vo oc 94, We note that the value of Vy at large |z| is likely to be sensitive to the
size of the computational domain: simulations of Bendre et al. (2015) in |z| < 2kpc find
larger values of V, at |z| ~ 1kpc than in our model where |z| < 1kpe.

The importance of dynamo action. The sensitivity of the ISM structure and outflow
speed to magnetic field is only obtained in simulations that admit large-scale dynamo
action (Bendre et al. 2015, Evirgen et al. 2018). Broadly similar simulations where dy-
namo action is precluded and a unidirectional magnetic field is imposed (e.g., de Avillez
& Breitschwerdt 2005, Henley et al. 2015, Girichidis et al. 2016) do not reveal any similar
magnetic effects. This contradiction requires careful analysis; it suggests rather strongly
that dynamo action that produces a large-scale magnetic field responding self-consistently
to the ISM environment is essential to capture reliably magnetic effects on the ISM.
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Abstract. With CHANG-ES, the Contimuum HAlos in Nearby Galaxies — an EVLA Survey,
we detected for the first time large-scale magnetic fields in the halos of nearby edge-on spiral
galaxies. We further determined in a consistent way the vertical radio scale heights of a subsample
of 13 spiral galaxies, as a crucial parameter to understand the CR propagation in the halo. Our
sample galaxies are consistent with advective CR propagation and we concluded that galactic
winds are a widespread phenomenon in spiral galaxies. We discovered a tight correlation of the
normalized scale heights with the mass surface density, giving the first observational evidence
for a gravitational effect on the CR outflow.

Keywords. galaxies: spiral, galaxies: halos, galaxies: magnetic fields, radio continuum: galaxies

1. Regular magnetic fields in the halo

The magnetic field B in spiral galaxies is usually a composition of a small-scale (up
to several 10pc) random component, an ordered component, and a large-scale regular
(2 1 kpc) component. The ordered component may be the result of compression/shearing
of the random component, yielding polarized intensity, however no significant net Faraday
rotation along the line of sight. Only the detection of a smooth pattern over several beam
sizes in the rotation measure RM is a clear sign of a regular large-scale magnetic field.
The sign of the RM (or Faraday depth in case of RM synthesis) gives directly the
magnetic field direction along the line of sight.

Usually, the large-scale magnetic field B,..q4 in the disk of a spiral galaxy is an axisym-
metric spiral magnetic field (ASS) along the disk (as observed in face-on galaxies) which
is thought to be generated by an o — w dynamo. In the halo of edge-on galaxies vertical
and X-shaped magnetic fields are observed in linear polarization. Only the analysis of
the RM pattern in the halo can give information about a possible regular magnetic field
there, which is now for the first time revealed by the CHANG-ES observations.

CHANG-ES is a radio continuum and polarization survey of 35 nearby spiral galaxies
seen edge-on, performed with the EVLA in C-band (5 - 7 GHz) and L-band (1.3 -
1.9 GHz), using different array configurations (Irwin et al. 2012). Many galaxies of this
sample show extended linear polarization in their halos. RM synthesis of these galaxies
revealed for the first time large-scale RM patterns in halos, implying, together with
the vectors of linear polarization, the existence of regular halo magnetic fields with scales
> 800 pc (see Fig. 1, left). In the upper halo of NGC 4631 the regular magnetic fields seem
to form large-scale helical magnetic loops (Mora-Partiarroyo et al. 2019). The regular
fields in the halo may be former disk fields that were transported into the halo by galactic
winds (see below).
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Figure 1. (Left): Distribution of Faraday depth obtained from C-band (D-array) data, overlaid
with intrinsic magnetic field vectors, with an angular resolution of 20.5” HPBW (Mora-Partiar-
royo et al. 2019). (Right): Normalized scale heights in C-band vs. mass surface density.

2. CR propagation in the halo

The halos of spiral galaxies, as the interface between the galactic disk and the IGM,
are formed of gas, dust, cosmic rays, and magnetic fields. Their total radio continuum
emission is dominated by synchrotron emission due to cosmic ray (CR) electrons in the
halo magnetic field. CRs are regarded to be accelerated by supernova shock fronts in the
galactic disk. The shape and extent of a radio halo is related to CR propagation (diffusion
or advection) from the galactic disk and CR energy losses (synchrotron losses), where
the vertical scale height of the radio emission is an important parameter to distinguish
between the different processes.

We determined the radio scale heights in C- and L-band in a consistent way for a
CHANG-ES subsample of 13 galaxies (smaller than 5'), having carefully checked for
missing spacings effects (Krause et al. 2018). The sample average value for the radio
scale heights of the halo are 1.1 £ 0.3 kpc in C-band and 1.4 £ 0.7 kpc in L-band.

We discovered that the radio scale heights h depend mainly on the radio diameter d of
the galaxy, implying that smaller galaxies are more spherical in radio emission than larger
galaxies. The (absent) frequency dependence of the normalized scale heights A (defined
as 100 - h/d) led us to the conclusion that the sample galaxies are escape-dominated
with advective CR propagation, indicating the existence of galactic winds in many spiral
galaxies. We could not find any dependence of h or h on star formation rate (SFR) or
SFR density, and hence confirmed that the radio scale heights are not simply dictated
by star formation in the disk. Moreover, we detected a tight correlation of A with the
mass surface density of the galaxies, and hence for a gravitational influence on the CR
outflows. This could recently be confirmed also for larger galaxies like NGC 4631 (Mora-
Partiarroyo et al. 2019), and NGC 891 (Schmidt et al. 2019), presented together with
the CHANG-ES subsample of 13 galaxies (Krause et al. 2018) in Fig. 1, right.
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Abstract. Based on CO(2-1) public data, we study the monoxide oxygen gas excitation con-
ditions and the magnetic field strength of NGC 2841, NGC 3077, NGC 3184, NGC 3351 spiral
galaxies. For their galaxy outskirts, we found kinetic temperatures in the range of 35—-38 K, CO
column densities 10*® — 10*® ¢m ™2 and H2 masses of 4 10° — 6 108 My. An H2 density 103em ™3
is suitable to explain the 2 sigma upper limits of the CO(2-1) line intensity. We constrain the
magnetic field strength for our sample of spiral galaxies and their outskirts, evaluating a sim-
plified expression of the magneto-hydrodynamic force equation. Our estimations provide values
for the magnetic field strength in the order of 6 — 31 uG.

Keywords. galaxies: halos, galaxies: magnetic fields, galaxies: spiral.

1. Introduction

In this work, we study the magnetic field strength in the outskirts of four spiral galaxies:
NGC 2841, NGC 3077, NGC 3184, NGC 3351, following a different approach to those
commonly based on Faraday rotation, dust polarization, synchrotron emission, and so
on. To constrain the magnetic field strength of spiral galaxies we will follow the Dotson
method (Dotson 1996), i.e., approaching the magneto-hydrodynamic force equation to
derive a simple expression that let us to estimate the upper limit of the magnetic field.
On the other hand, to estimate the density n and mass M of the sources, we use the
carbon monoxide emission as a tracer for the molecular gas Hy (Neininger et al. 1998).
This is because Hy is invisible in the cold interstellar medium, at temperatures around
10— 20 K.

2. Treatment of Carbon Monoxide Data

To carry out this study we use public CO(2-1) data, first published by Leroy et al.
(2009), data obtained with the IRAM 30 m telescope located in Spain. To derive n and
M from the CO(2-1) data we have selected the spectra by choosing two positions; one
located in the nucleus and the second located on the outskirts of the galaxy.

3. Magnetic fields in the galaxies and their outskirts

Gaussian fits to the CO(2-1) lines have been performed. Then, the Large Veloc-
ity Gradient (LVG) modeling (van der Tak et al. 2007) is employed to estimate the
gas density (n), based on the CO(2-1) line width (AV) and the line intensity (I).
To estimate CO integrated luminosity (Lco), we use the inner ellipse for the nuclear
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Galaxy name Region Lco r MH, (Mu,+Mur) B
x 10 K km s™! pc? kpc x 10" Mg x 10®* Mg uG

NGC 2841 disk 2.0 8.5 103.0 89.6 31
outskirts
NGC 3077 disk 2.3 0.4 1.3 0.4 <6
outskirts <0.7 0.8 <0.4 <0.1 <7
NGC 3184 disk 188.0 6.6 103.0 36.8 <14
outskirts <81.1 13.2 <446 <15.9 <19
NGC 3351 disk 226.0 7.1 124.0 32.1 <11
outskirts <109.0 142 <59.8 <15.5 <15

Table 1. Parameters derived for the galaxy sample

region (the Loo will be used later to estimate Hy masses). To constrain the mag-
netic field strength for a given galaxy and its outskirts, we use the expression B <

. . -1
3.23 % 10~ (pﬁ)o 7 (o) (#@)0 ’ (£)  siven by Dotson (1996). This relation in-
cludes the np,, the mass M and radius r of the galaxy, and the radius of curvature
R of the magnetic field lines. The ny, and M were derived using observational data,
however the mass that we use here is referred to the dust mass which is obtained by
the relation (Mp,+Mpr)/100, i.e. assuming the typical dust-to-gas mass ratio of 0.01.

The molecular hydrogen mass (Mpy,) for the galaxy disk and its outskirts is derived us-

ing the relation AJ\ZI(? =55 % (#ﬂz,@) given by Leroy et al. (2009), where Ra; is

the CO(2-1)/CO(1-0) line intensity ratio equal to 0.8 and Lo is the CO luminosity. In
this relation, a CO(1-0)/Hz conversion factor of 2 x 102° em™! (K km s~!)~! has been
adopted (Leroy et al. 2009).

4. Discussion and Conclusions

In the present contribution, we have estimated the magnetic field strength in the galaxy
nuclei and in the outskirts of NGC 2841, NGC 3077, NGC 3184, NGC 3351 spiral galaxies.
For that, we have used an approximated expression of the magneto-hydrodynamics to
find an upper limit for the magnetic field magnitudes. The magnetic field strength lies
within the range of <6-31 uG, which are in good agreement with the values provided
by other author for spiral galaxies. A first good idea about the strength of the magnetic
field is possible to obtain directly from the estimation of molecular hydrogen mass and
radio of the source, without the necessity of a magneto-hydrodynamic model or using a
traditional technique like Faraday rotation or Zeeman line broadening. This is a rough
estimation that works if the gas pressure is uniform and the viscosity is neglected. A
better approach can be obtained keeping more term in the magneto-hydrodynamics force
equation (Dotson 1996) to impede gravitational collapse.

References

Dotson, J. L. 1996, ApJ, 470, 566

Neininger, N., Gulin, M., Ungerechts, H., et al. 1998, Nature, 1998, 395, 871-873
Leroy, A. K., Walter, F., Bigiel, F., et al. 2009, ApJ, 2009, 137, 4670-4696

Van der Tac, F. F. S.; Black, J. H.; Schier, F. L., et al. 2007, A&A, 468, 2, 627-635

88


utente
Font monospazio
88

utente
Casella di testo


Astronomy in Focus
XXXth IAU General Assembly, August 2018 (© 2018 International Astronomical Union
Teresa Lago, ed. DOI: 00.0000/X000000000000000X

The CHANG-ES Galaxy NGC 4666

Yelena Stein'?, Ralf-Jiirgen Dettmar?, Judith Irwin® and the
CHANG-ES Team

!Observatoire astronomique de Strasbourg, Université de Strasbourg, CNRS, UMR 7550, 11
rue de I’Université, 67000 Strasbourg, France; email: yelena.stein@astro.unistra.fr
2 Fakultét fiir Physik und Astronomie, Astronomisches Institut, 44780 Bochum, Germany;
email: dettmar@astro.rub.de, presenting author

3Dept. of Physics, Engeneering Physics, & Astronomy, Queen’s University, Kingston, Ontario,
Canada, K7L 3N6

Abstract. We investigate the radio continuum radiation of the edge-on spiral galaxy NGC 4666
from the ’Continuum Halos in edge-on spiral galaxies - an EVLA survey (CHANG-ES)’. The
radio data in two frequencies (6 GHz, C-band and 1.5 GHz, L-band) are used to analyze the
magnetic field structure and the transport processes of the cosmic ray electrons.

Keywords. galaxies: magnetic fields, galaxies: spiral, galaxies: starburst, galaxies: halos, radio
continuum: galaxies

1. Introduction

Synchrotron radiation in the radio continuum of edge-on spiral galaxies allow us to
determine the magnetic field structure and distribution of the disk and the halo. Addi-
tionally, by analyzing the synchrotron intensity, the transport processes of cosmic rays
into the halo of edge-on spiral galaxies can be investigated. Here we present first results
for the edge-on spiral galaxy NGC 4666 with CHANG-ES radio data. These data will be
analyzed in Stein et al. (submitted) in more detail. The CHANG-ES sample contains 35
edge-on spiral galaxies observed with the JVLA in B-, C- and D-configuration in C- and
L-band (see e.g. Wiegert et al. 2015). NGC 4666 is a frequently studied starburst galaxy
(Lehnert & Heckman 1996) and considered a superwind galaxy with a prominent X-ray
halo (Dahlem et al. 1997, Tiillmann et al. 2006).

2. Synchrotron polarizaton

The orientation of the polarized emission follow an X-shaped magnetic field pattern
(see Fig. 1), as visible in many edge-on spiral galaxies (Tiillmann et al. 2000), which
shows mostly disk parallel vectors within the disk and vertical field components in the
halo.

3. 1-D cosmic ray transport model

Transport processes of cosmic ray electrons into the halo (perpendicular to the galaxy
disc) are derived using a 1-D cosmic ray transport model with the program SPINNAKER
(Heesen et al. 2016, 2018). We used an interactive PYTHON wrapper (Spinteractive, by
A. Miskolczi) to apply the model to the non-thermal radio maps. The thermal/non-
thermal separation was executed following Vargas et al. (2018). Using SPINNAKER, we
find a good solution for advection with an advection speed of 310 km/s, which is a little
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Figure 1. Left column: resulting polarization maps (polarized intensity in color on Stokes I
contours and orientation of the polarized emission) from rotation measure synthesis (RM-syn-
thesis). Right column: resulting rotation measure (RM) maps, which represent a measure for
the direction of the magnetic field along the line of sight.

higher than the escape velocity. This results and further discussions will be presented in
Stein et al. (submitted).

4. Possible magnetic field reversals in the disk field

The analysis of the RM map from C-band indicates magnetic field reversals in the disk
field of NGC 4666 (Stein et al. submitted). The analysis of RM values in a rectangular
box on the RM map shows in the inner disk the approaching side of the galaxy shows
mainly positive RM values, the receding side shows mainly negative RM values. This be-
havior is expected for the axisymmetric case (m=0) with magnetic field vectors pointing
inwards. For larger radii (> 30”) this behavior of the RM values change into the oppo-
site. The approaching side shows mainly negative RM values whereas the receding side
shows mainly positive values. This indicates an axisymmetric field pointing outwards.
A sinusoidal fit was applied separately to both sides with a resulting comparable scale
length of 75”7 £+ 10”.
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Abstract. In the recent past, Mg II absorption systems probed by a number of authors has
revealed the existence of magnetic fields in young galaxies that are of comparable strength to
those observed in nearby galaxies. In this contribution we argue that such strong fields can
naturally arise due to Flucutation dynamo action. Aided by numerical simulations, we then
show that such dynamo generated fields are sufficiently coherent with the rms value of Faraday
rotation measure (RM) of the order of 45 - 55 per cent of the value expected in a model where
fields are assumed to be coherent on the forcing scale of turbulence. This yields a random RM
~ 16 — 48rad m~? in agreement with observational estimates from Mg II absorption systems.
Our results can thus account for the observed RMs in young galaxies.

Keywords. galaxies : high-redshift, magnetic fields, MHD, turbulence

1. Introduction

Mg II absorption systems probed by Bernet et al. (2008, 2010), Farnes et al. (2014),
and Joshi & Chand (2013) reveal that galaxies out to redshifts z ~ 1 are magnetized with
uG strength fields, comparable to those observed in nearby galaxies. The origin of such
strong magnetic fields at an epoch when the Universe was only ~ 6 Gyr old remains a
challenge. It is plausible that these fields are generated by Fluctuation dynamos (Kazant-
sev 1968) - a process by which weak seed magnetic fields embedded in a conducting fluid
are amplified exponentially fast (on eddy-turnover time scales ~ 107 yr in galaxies) by
random stretching of the field lines by turbulent eddies. In the context of young galax-
ies, the ability of the dynamo to amplify fields on such short time scales together with
the fact that it’s excitation only requires a critical Rme, ~ (100 — 300) makes them an
ideal candidate for generating and maintaining fields in these objects. However, from the
observational point of view it is crucial to explore if the saturated fields generated by
the dynamo are coherent enough and the extent to which the Faraday rotation measure
(RM) obtained from such fields compares with observational estimates from Mg IT ab-
sorption systems. Furthermore, the interstellar medium (ISM) in young galaxies is highly
compressible and fields generated by the fluctuation dynamo are intermittent in nature.
It is then natural to ask how sensitive is the RM to regions of different field strengths
and densities? These issues form the subject of our discussion here.

2. Results

To address our objectives, we adopt a numerical approach focussing on simulations
of fluctuation dynamo action in non-helically forced turbulence using the FLASH{ code
(Fryxell et al. 2000). For more details on the setup and initial conditions we refer the
reader to Sur et al. (2018). Apart from revealing evidence of turbulent stretching, the
density snapshots in Fig. 1 (left image, top row) shows the effects of compressibility while
field structures (bottom row) appear to be intermittent and less space filling. These 3D
volumes are to be thought of as representing a local patch of the ISM containing a few
turbulent cells. Since, the fields generated by the fluctuation dynamo are statistically

T http://flash.uchicago.edu/site/flashcode/
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Figure 1. Left : 3D volume rendering of the density (top row) and the B,/Byms (bottom row)
for a transonic and supersonic run in the nonlinear phase. Right : Evolution of 6rm as a function
of teqa. See Sur et al. (2018) for more details.

isotropic, the mean RM is zero. Therefore, to probe the degree of coherence of the field we
compute the time evolution of the normalized standard deviation of RM, dry = orm /00
by shooting 3N? lines-of-sight (LOS) through these volumes (right plot in Fig. 1). Here
0y is the standard deviation of RM obtained by assuming the random magnetic fields to
be coherent on the forcing scale of turbulence and N is the number of grid points in each
dimension. We find that irrespective of the compressibility of the flow, dgy = 0.45 —0.55
in the saturated state. This implies that the fluctuation dynamo generated fields are
sufficiently coherent to obtain a significant amount of RM. The dominant contribution
to the RM in the transonic case comes from the general sea of volume filling fields while
in the supersonic case, strong field regions as well as moderately over dense regions
contribute significantly to the RM (Sur et al. 2018).

3. Discussion and Conclusions

Our results show that up to M = 2.4 probed here gry = 0.45 — 0.55 in the saturated
state, independent of the Mach number of the flow. Such values of Gry lead to a random
RM ~ 16 —48rad m~2 for sightlines passing through the disk. While Faraday RM probes
the LOS magnetic field, synchrotron emissivity and it’s polarization are also useful tracers
of magnetic fields in the plane of sky. In a future work, we plan to extend our analysis
by exploring these observables which together with the Faraday RM are indispensable
for stitching a complete picture of magnetic fields in young galaxies.
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