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The origin and composition of ultrahigh energy cosmic rays (UHECRs) remains a mystery. The common
lore is that UHECRs are deflected from their primary directions by the Galactic and extragalactic magnetic
fields. Here we describe an extragalactic contribution to the deflection of UHECRS that does not depend on
the strength and orientation of the initial seed field. Using the IustrisTNG simulations, we show that
outflow-driven magnetic bubbles created by feedback processes during galaxy formation deflect
approximately half of all 10%° eV protons by 1° or more, and up to 20°-30°. This implies that the
deflection in the intergalactic medium must be taken into account in order to identify the sources of

UHECRs.

DOI: 10.1103/PhysRevD.104.083017

I. INTRODUCTION

The identification of the sources of ultrahigh energy
cosmic rays (UHECRSs) is one of the central problems of
astroparticle physics. No strong signatures of sources have
been seen in the data so far—the observed UHECRSs show a
surprisingly high level of isotropy, with no significant
small-scale clustering (see e.g., [1] for a recent discussion
or [2] for a review [3]).

This absence of small-scale clustering is believed to arise
from the deflection of UHECRs in magnetic fields during
their propagation between the sources and Earth. This
effect depends on the mass composition of UHECRs,
which is not known—the same magnetic field deflects
heavy nuclei much more strongly than protons. In general,
the total deflection of UHECRs can be separated into the
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deflection by the Galactic magnetic field (GMF) and by the
intergalactic magnetic field (IGMF). For the GMF, both
estimates [2] and numerical studies [7,8] predict average
deflection angles at the level of 1° for protons with energy
5 x 10" eV outside of the Galactic plane. However, these
predictions still suffer from many uncertainties in GMF
models (see [1,9-11], for a discussion). There is hope that a
reliable model of the GMF would make it possible to
identify the sources of UHECRSs by retracing protons (see
e.g., [11,12]), which would constrain the mass composition
of the highest energies UHECRs [1].

In the approach outlined above, it is often assumed that
the deflection of UHE protons in the IGMF is not very large
(below 1 degree), and that it is sufficient to retrace only the
large-scale component of the GMF, thereby neglecting the
IGMF contribution (the contribution from IGMF is very
model dependent, see e.g., the model with a strong
magnetic scattering center [13]). If instead, the deflection
of protons by the IGMF is at the level of a few degrees or
more, this would make the identification of the sources
much more difficult—a reliable model of the magnetic field
strength and topology in the local Universe would be
required.

Existing numerical cosmological simulations do not give
consistent predictions about the strength of IGMFs [14—
17]. For example, [14] finds that the IGMF deflection is
more important than the GMF contribution, while the
simulation performed in [15] using a seed magnetic field

Published by the American Physical Society


https://orcid.org/0000-0003-4396-3491
https://orcid.org/0000-0001-6983-7667
https://orcid.org/0000-0003-0629-7119
https://orcid.org/0000-0001-8421-5890
https://orcid.org/0000-0003-1065-9274
https://orcid.org/0000-0002-3474-4847
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.083017&domain=pdf&date_stamp=2021-10-11
https://doi.org/10.1103/PhysRevD.104.083017
https://doi.org/10.1103/PhysRevD.104.083017
https://doi.org/10.1103/PhysRevD.104.083017
https://doi.org/10.1103/PhysRevD.104.083017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ANDRES ARAMBURO-GARCIA et al.

PHYS. REV. D 104, 083017 (2021)

B ~2 x 10712 G produces significantly smaller deflection
angles, which are negligible in comparison to the GMF
contribution. More recent simulations [16,17] have studied
UHECR propagation using the cosmological code ENZzO,
finding that the magnetic fields in voids have a minor
influence on the propagation of UHECRs. [18] adopts the
maximum possible seed magnetic field strength based on
experiment and observational inferences, B ~ 10~ G, and
derive deflections of the order of ten degrees. Overall, the
dependence of these results on the unknown initial con-
ditions for cosmic magnetic fields prevents us from deriv-
ing robust conclusions.

In this paper, we concentrate on the component of
IGMFs that may be, to a large extent, independent of
the initial magnetic field seeds. We have recently pointed
outin [19] that, according to the IllustrisTNG cosmological
simulations [20-24], baryonic feedback processes, such as
active galactic nuclei (AGN) and supernovae-driven out-
flows, create extended over-magnetized bubbles in the
intergalactic medium (IGM). These have magnetic field
strengths that can be many orders of magnitude larger than
those in similarly dense regions of the IGM, and are
determined by processes that take place inside galaxies
rather than by the initial properties of the magnetic fields.
The contribution to the deflection of UHECRSs from these
bubbles can be considered as a minimal effect of the
IGMFs, and are present even if the seed fields are feeble.
Importantly, the IllustrisTNG simulations have been shown
to return overall properties of the Galaxy populations in
good agreement with data across a wide range of observ-
ables and regimes (see e.g., Sec. 2.2 of [25] for a succinct,
early list and the discussion below). In comparison to
previous numerical experiments, this provides support for
the emerging properties of AGN and stellar feedback, that
in turn are responsible for the over-magnetized bubbles that
are inflated well into the IGM.

In this paper, we show that, according to the IllustrisTNG
model, the deflections of the highest-energy protons by the
IGMF can be split into two comparable groups—below one
degree and 1-30 degrees. Such a picture suggests that while
the fraction of UHECRs with relatively small deflections in
IGMF is significant enough to leave the possibility of
source identification, the effect of IGMFs is strong and
should be taken into account. Of course, the properties of
the magnetized outflow-driven bubbles has to be further
studied both theoretically (including new simulations)
and observationally. However, the predictions from
ustrisTNG suggest that they can have important influence
on the physics of the cosmic rays, additionally motivating
these efforts.

II. SIMULATIONS

The TIlustrisTNG project is a set of cosmological
gravomagnetohydrodynamic simulations (hereafter TNG,
[20-24]) based on the moving-mesh AREPO code [26] that

adopt Planck 2015 cosmological parameters [27]. This
code solves the coupled equations of self-gravity and ideal
magnetohydrodynamics [28,29]. Specifically, in this work,
we use the publicly available TNG100-1 simulation (here-
after TNG100 [25]), that is the highest resolution run of the
TNGI100 series, with a homogeneous initial seed magnetic
field with strength 10™'# ¢G (comoving Gauss). TNG100
has a box size ~(110 cMpc)® and contains 1820° dark
matter particles and an equal number of initial gas
cells with mass resolution of mpy = 7.5 x 105 Mg and
My = 1.4 x 10 M, respectively.

The TNG100 simulations adopt a detailed galaxy for-
mation model that is important for the resulting structure of
the magnetic fields both inside and outside galaxies and
clusters. For a more detailed description of this model, see
Sec. I in [19] and references therein. Of particular
importance for the magnetic field evolution is the inclusion
of AGN feedback and galactic winds launched by super-
novae, among other astrophysical processes [30,31]. Apart
from adiabatic contraction, magnetic fields in TNG100
experience strong amplification by small-scale dynamos
[32] which are then distributed beyond galaxies and even
halos by energetic outflows [33]. The TNG100 model for
supermassive black hole feedback has been extensively
tested through its impact on the Galaxy population and the
quenching process [20,22,34-36], while the observables of
the magnetic fields, particularly in high-mass clusters, have
also been compared to available data [24].

III. OUTFLOW-DRIVEN BUBBLES

As shown in [19] the TNG100 simulations predict that
for z <2 as galaxies form, and AGN and stellar feedback
become important, these processes form large regions of
strong magnetic fields far outside of the virial radii of
collapsed structures, thus creating over-magnetized bub-
bles. These large-scale bubbles contain magnetic fields that
are several orders of magnitude stronger than in the
unaffected regions of the IGM with the same electron
density. In particular, if we identify bubbles as regions with
B > 107! ¢G, enhanced metallicity, and with clear out-
flowing kinematic signatures, they can be as large as tens of
Mpc (see Fig. 1).

The properties of these magnetic bubbles are determined
by baryonic feedback physics. It was demonstrated in [19]
that, similarly to the magnetic fields inside galaxies,
magnetic fields in the bubbles are to a certain extent
independent of the initial conditions for magnetic fields
assumed in the simulation. In Fig. 2 we show how the
simulated magnetic field “forgets” about the initial ori-
entation of the seed magnetic field, which is along the
z axis, for increasing field strengths, i.e., due to amplifi-
cation. It is clearly seen that for outflow-driven bubbles
(e.g., for B > 107'2 ¢G), there is no longer a preferred
direction of the field.
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Maps of the magnetic fields for two random slices of the TNG100 simulation (20 kpc deep). The red circles show dark matter

halos with total mass above 10" My which reside within each slice, with radii corresponding to 1.5 times their virial radius. The
magnetic field values along two random lines of sight (green lines in maps) are shown in the upper panels. We also zoom in on a region
with an extended, magnetized bubble and show in detail magnetic field magnitude (upper right panel), gas metallicity (middle right

panel), and free electron number density (bottom right panel).
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FIG. 2. Loss of the “memory” of the initial magnetic seed field
in TNG100. The blue curve shows the average orientation of the
z = 0 magnetic field along the z direction of the simulation
domain (i.e., the orientation of the initial uniform seed) as a
function of the z =0 field strength, for regions with
n, < 200(n,). Similar results hold for other electron number
densities. The red vertical line marks the seed field strength.

The TNG100 simulation suggests that such over-mag-
netized bubbles form quite recently in cosmic history, at
redshifts z < 2 (see Fig. 3). While at z = 2 most of the gas
mass still has initial-like magnetic field strengths (10~'* ¢cG
for TNG100), at lower redshifts the situation changes. At
z = 0 the bubbles are not rare, occupying more than 10% of
cosmological volume for magnetic fields stronger than
10712 G and more than 3% for B > 10~° G [19].
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FIG. 3. Amplification of the magnetic fields in TNG100 with

time. We show the mass-weighed distribution of comoving
magnetic field strength at redshifts z = 0, 1, and 2.

IV. DEFLECTION OF UHECRS

To study the effect of the over-magnetized bubbles on the
propagation of UHECRs we trace trajectories of high-
energy protons in the TNGI100 simulation. The change
of the velocity of a particle traversing a magnetic field is
given by

Av:Eip/[va}dz, (1)
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FIG. 4. Distribution of the deflection angles § for 2000 protons with energy 102’ eV with random initial position in our fiducial
volume in the TNG100 simulation at z = 0 for trajectory lengths of 110, 65, and 20 Mpc, from left to right. In each panel, colors shows
cuts by 7y, the distance to the closest halo with mass above 10'>> M along the trajectory.

where g and E, are the charge and energy of the proton and
the integral is taken along the trajectory of a particle.

We take the magnetic field configuration from the full
TNG100 simulation volume, averaging within (40 kpc)?
voxels. We then track the propagation of protons along the
long side of this volume, following their changing velocity
and direction according to Eq. (1). We consider 2000
protons with energy 10%° eV, with initial positions ran-
domly selected within the simulation volume. Initial
velocities are are also randomly generated along one of
the sides of the simulation cube.

The resulting distribution of the angle between initial and
final propagation direction is shown in Fig. 4, for integra-
tion along paths of 110, 65, and 20 Mpc (left to right). For

I'minlMpc]

0 20 40 60 80 100
L [Mpc]

FIG. 5. Evolution of the magnetic field strength |B| (top panel,
green curve), the minimal distance r,;, to a massive halo
> 10125 My (top panel, red dashed curve), and of the corre-
sponding deflection angle § (bottom panel), along a random
trajectory for a proton with energy 10?° eV.

path lengths of ~110 Mpc, about 10% [37] of these protons
are deflected by 6 < 0.1°. However, another 42% of protons
have 0.1° < 6 < 1°; these deflections are much larger than
the 6 ~ 0.001° that would be expected from a seed field of
B ~ 107'* ¢G along the whole 110 Mpc trajectory. Finally,
48% of protons encounter even larger magnetic fields both
in bubbles and sometimes inside halos and attain & > 1°,
where deflections can reach up to tens of degrees. In fact,
the deflection angles are larger for protons which pass close
to massive halos, particularly for shorter path lengths. We
quantify this environmental history by r;,, the smallest
distance to a halo with total mass > 102> M, along each
trajectory. Compared to all sightlines (green), those which
pass within 3 Mpc (blue) and especially 1.5 Mpc (red)
experience the highest deflections.

An example of the deflection angle evolution of a test
proton is shown in Fig. 5. We see that deflections
accumulate during periods of large |B| strength, which
occur when r;, is small. In this particular case most of the
deflection is acquired within the ~2.5 Mpc-size region
which corresponds to the crossing of a magnetic bubble at
L ~ 100 Mpc, as shown in the inset.

V. CONCLUSIONS AND DISCUSSION

We find that, according to the IllustrisTNG model of
galaxy formation, the influence of intergalactic magnetic
fields on the propagation of the UHECRSs is essential
and must to be taken into account when searching for
the sources of these particles. The average value of the
magnetic field strength in voids strongly depends on the
(unknown) initial seed magnetic fields. However, large,
outflow-inflated, over-magnetized bubbles form around
collapsed halos, as was recently emphasized in [19].
Magnetic fields in these regions, which can extend out
to tens of Mpc, are created by feedback processes in the
innermost regions of galaxies and can be orders of
magnitude larger than in unaffected regions of the IGM
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with the same baryon density. The strength and geometry of
these fields, being to great extent defined by processes
occurring within galaxies, “forget” the initial conditions of
the seed field. As a result, they provide a non-negligible
contribution of the IGMFs to UHECR deflection, even for
very small values of the initial seed.

Our results can potentially explain why the sources of
UHECRSs have not been identified yet and, at the same time,
suggest a possible promising way forward to resolve this
problem. Our study finds that about half of all protons with
10%° eV energy are deflected in the IGM by § < 1° along a
~100 Mpc path. At the same time, there is a significant
fraction of protons that go through over-magnetized bub-
bles and are strongly deflected. This means, for example,
that among strongly deflected particles, identified by the
procedure of [1] as heavy nuclei, there may also be a
fraction of protons that passed through, or nearby, such
regions.

Our results, based on IlustrisTNG model of galaxy
formation and baryonic feedback, demonstrate that the
physics of cosmic rays strongly motivates further studies of
the effect of outflows on intergalactic magnetic fields. This
includes further analysis of the assumptions of the model
and how the properties of the predicted bubbles depend on
them. Even more importantly an approach to observe the
bubbles should be identified.

To this end we plan to perform a constrained simulation
of the local volume, extending to at least 100 Mpc—
200 Mpc. This simulation will reproduce the observed
large-scale structure around the Milky Way, predict the

corresponding outflow-driven bubbles, and create a large-
scale map of the local magnetic fields.

Such a volume would contain most of the possible
sources of the highest-energy cosmic rays that could reach
us despite the Greisen-Zatsepin-Kuzmin cutoff. It would
be, of course, be difficult to use a simulated map for
retracing the UHECRSs, as e.g., the details of the geometry
of magnetic fields inside the bubbles depend on the
kinematics of outflows. Even without explicit retracing,
it would assist statistical inferences on the fraction of
protons which remember their original directions when
entering the Galaxy. Such a constrained simulation will
also enable detailed mock predictions for the detection of
the local bubbles, through for instance Faraday rotation
measure (RM). As we expect the RM in the bubbles to be
much larger than in voids, but still lower than in the
collapsed structures or even in filaments (see [19] for a
discussion), such a detection would require a nontrivial
statistical analysis.
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