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ABSTRACT

Previously derived Faraday rotation constraints on the volume-filling intergalactic magnetic field (IGMF) have used analytical
models that made a range of simplifying assumptions about magnetic field evolution in the intergalactic medium and did not
consider the effect of baryonic feedback on large-scale structures. In this work, we revise existing Faraday rotation constraints
on the IGMF using a numerical model of the intergalactic medium from the IllustrisTNG cosmological simulation that includes
a sophisticated model of the baryonic feedback. We use the IllustrisTNG model to calculate the rotation measure and compare
the resulting mean and median of the absolute value of the rotation measure with data from the NRAO VLA Sky Survey (NVSS).
The numerical model of the intergalactic medium includes a full magnetohydrodynamic model of the compressed primordial
magnetic field as well as a model of the regions where the magnetic field is not primordial, but is rather produced by the process
of baryonic feedback. Separating these two types of regions, we are able to assess the influence of the primordial magnetic field
on the Faraday rotation signal. We find that by correcting for regions of compressed primordial field and accounting for the fact
that part of the intergalactic medium is occupied by magnetic fields spread by baryonic feedback processes rather than by the
primordial field relaxes the Faraday rotation bound by a factor of ~3. This results in By < 1.8 x 10~ G for large correlation

length IGMFs.

Key words: stars: magnetic fields —intergalactic medium.

1 INTRODUCTION

Magnetic fields generated by various types of dynamos in galaxies
and galaxy clusters may originate from yet uncertain weak ‘seed’
magnetic fields that are relic of the Early Universe (Kronberg 1994;
Grasso & Rubinstein 2001; Durrer & Neronov 2013; Vachaspati
2021). In this case, the relic magnetic fields not affected by dynamos
may still reside in the intergalactic medium outside galaxies and
galaxy clusters. Detection of such fields may shed light on some of the
unresolved problems of cosmology, such as the baryon asymmetry of
the Universe. The mere presence of the baryon asymmetry suggests
that some non-equilibrium process happened in the Early Universe
to fulfill one of the Sakharov conditions. Departure from thermal
equilibrium is also a necessary condition for the generation of the
magnetic field that may thus encode information on the details
of a process responsible for the formation of matter—antimatter
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asymmetry within the first microseconds of the existence of the
Universe. Reliable detection of relic magnetic fields in the present-
day Universe would constitute a new pillar of cosmology — a new
relic observable, more ancient than those we can measure so far.
The only place in the Universe where primordial magnetic fields
untouched by contamination from galactic feedback may be found
in the intergalactic medium (IGM). Magnetic field strength in the
IGM is currently constrained from below by gamma-ray observations
(Neronov & Vovk 2010) and from above by the Faraday rotation
(Blasi, Burles & Olinto 1999; Pshirkov, Tinyakov & Urban 2016)
as well as by CMB (Durrer & Neronov 2013; Ade et al. 2016) and
ultrahigh-energy cosmic ray data (Neronov, Semikoz & Kalashev
2021). The Faraday rotation constraint is based on observations of the
rotation of the polarization plane of electromagnetic radiation during
its propagation through a medium containing both free charges and a
magnetic field. The total rotation angle is proportional to the rotation
measure (RM), which is an integral along the line of sight of the
product of the free charge number density and the magnetic field
component parallel to the line of sight. For an extragalactic source,
one can typically distinguish three contributions to this integrated
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quantity: (i) the local medium near the source, (ii) the IGM, and (iii)
our Galaxy. The Galactic RM often provides a dominant contribution
(see e.g. Oppermann et al. 2015). Uncertainties in modelling the
Galactic magnetic field induce a large systematic uncertainty to
the estimates of the ‘residual’ RM (RRM) signal obtained after
subtracting the Galactic RM component from the total RM towards
extragalactic sources.

The constraint on the primordial magnetic field is obtained from
comparing the RRM data with model predictions of the rotation
measure signal produced by the volume-filling primordial field.
These predictions are also uncertain because they have to rely on
a model of the distribution of free electrons in the intergalactic
medium and on the model of the cosmological magnetic field. Both
the free electron cosmological magnetic field is transformed by the
large-scale structure formation process. An analytical model of the
intergalactic medium has been proposed by Blasi et al. (1999). This
analytical model represents the IGM as a set of regions of fixed
size equal to the Jeans length, with electron density n. in different
regions distributed following a lognormal distribution derived from
statistics of Ly« forest data. In this model, the magnetic field
strength scales as n2/?, assuming adiabatic contraction respecting
magnetic flux conservation. Using this model, Blasi et al. (1999)
have derived a constraint on the IGMF by comparing the redshift
dependence of the median RM from their theoretical predictions
with the observational RM catalogue of Welter, Perry & Kronberg
(1984). Pshirkov et al. (2016) have updated the constraint of Blasi
etal. (1999) using the same analytical model and a larger RM data set
of Hammond, Robishaw & Gaensler (2012) that is based on the RM
data derived from NRAO VLA Sky Survey, NVSS (Taylor, Stil &
Sunstrum 2009). The upper bound on IGMF derived from the Faraday
rotation data depends on the correlation length. On intermediate
scales (0.5-3.0 Mpc), IGMF upper limits of the order of 10-100 nG
have been found from RM data (e.g. O’Sullivan et al. 2020; Amaral,
Vernstrom & Gaensler 2021; Mtchedlidze et al. 2022; Carretti et al.
2022). For magnetic fields with larger correlation lengths (nearly
homogeneous on scales comparable to the Hubble radius), the limit
derived by Pshirkov et al. (2016) is B < 0.65 nG.

A more advanced approach for modelling the magnetic field in
the intergalactic medium is implemented in cosmological simula-
tions based on magnetohydrodynamics (MHD), like IlustrisTNG
simulation (Marinacci et al. 2018; Nelson et al. 2019a). In such
simulations, the flux-conserving scaling of magnetic field B oc n2/? is
found automatically in the regions undergoing adiabatic contraction
in the process of galaxy formation. In addition to the adiabatic
contraction scaling, cosmological MHD simulations capture other
effects that were not considered in the analytical models of Blasi et al.
(1999) and Pshirkov et al. (2016), e.g. turbulent dynamo (Akahori &
Ryu 2011; Akahori, Gaensler & Ryu 2014). The magnetic field in
the IGM is influenced by feedback processes by galaxies that lead
to the formation of magnetized bubbles around galaxies (Bertone,
Vogt & Ensslin 2006). Garcia et al. (2021a) have considered this
effect in IllustrisTNG simulation and found that the magnetized
bubbles around galaxies occupy up to 15 per cent of the simulation
volume. Preliminary estimates of Garcia et al. (2021a) show that the
contribution to the RM from these magnetic bubbles found along
the lines of sight towards extragalactic sources can be comparable to
the Galactic RM. The presence of the magnetized bubbles reduces
the space occupied by the primordial magnetic field and makes its
detection through the Faraday rotation effect more challenging.

In this work, we revise the previously derived upper bound on the
volume-filling IGMF using the IllustrisTNG numerical model of the
IGM instead of the analytical model of Blasi et al. (1999). Consid-
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ering the same data set as Pshirkov et al. (2016) [Hammond et al.
(2012), with an updated Galactic RM model of Hutschenreuter &
EnBlin (2020)], we find that the Faraday rotation bound on IGMF is
relaxed by a factor of ~~ 3 after the account of the more precise model
of the compressed primordial field and the presence of magnetized
bubbles produced by the baryonic feedback.

The structure of this paper is as follows: in Section 2, we describe
how the mean rotation measure depends on the magnetic field in
the regions occupied by the cosmological field and describe how the
electron number density distribution influences this quantity. This
discussion demonstrates the need to use cosmological simulations
to predict the RMs. In Section 3, we describe the IllustrisTNG
simulations and the properties of magnetic bubbles where the galactic
feedback results in amplification due to dynamo effects. In Section 4,
we discuss the separation of the volume-filling component of the
IGM from that of the magnetic bubbles and extract a prediction
for the RM from the volume-filling magnetic field component. In
Section 5, we test the model predictions against the observational
data to derive constraints on the magnetic field strength. In the last
Section 6, we describe the implications of these results, and we draw
our conclusions.

Cosmological parameters from Planck Collaboration XIII (2016)
are assumed throughout this work.

2 MEAN ROTATION MEASURE FOR THE
PRIMORDIAL MAGNETIC FIELD

The average value of the volume-filling magnetic field changes with
the scale factor of the Universe, a, as 1/a*. In what follows, we
refer to the ‘comoving’ magnetic field strength in which the scale
factor dependence is factored out. The local value of the field can
be significantly different from the average. The field is transformed
by the process of structure formation. Its strength is enhanced by
the adiabatic contraction proportional to n2/3. The compressed field
may be further transformed by various types of dynamos that may be
active in the course of the structure formation process (Dolag et al.
2005; Vazza et al. 2014, 2021).

The adiabatic contraction influences the RM, which is the integral
over the line of sight
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where e and m,. are the electron charge and mass, while n. and B)
are the free electron number density and the parallel component of
the magnetic field along the line of sight. Adiabatic contraction of
regions along the line of sight leads to the increase of the mean RM
along the line of sight.
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where dP/dn, is the probability density function (PDF) of the electron
number density in the Universe.

The mean RM may be significantly influenced by the high-density
tail of the PDF if it does not decrease fast enough at large n,.

Fig. 1 we show the probability distribution for the electron number
density from the IllustrisTNG simulation (see detailed description of
the simulation in the next section) at redshifts z = 0 and z = 3,
compared to the lognormal analytical model used by Blasi et al.
(1999) and Pshirkov et al. (2016). We see that the high-density tail
of the distribution in the simulation is well-described by a lognormal
model at z = 0, but at z = 3 there are significant differences. The
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Figure 1. Probability distribution for electron number density at z = 0 (left-hand panel) and z = 3 (right-hand panel) calculated using random lines of sight in
the IustrisTNG simulation with voxel size (20 kpc)3 (blue line). The black dashed line shows the average electron number density, the red dashed line is the
best power-law fit to the high density tail of the distribution, with the relationships d P /dn o ng 225 at z =0 and dP/dn, ng 25 at z = 3. The green dotted
line shows the lognormal model for electron number density used in Pshirkov et al. (2016).

high-density tail can be well described by a power-law dP /dn. o n¢,
witha = —2.25at z =0 and o = —2.5 at z = 3. This implies that the
mean RM value given by equation (2) is divergent at large n, limit
so that the |RM| integral is dominated by contributions of strongest
overdensities along the line of sight.

The highest overdensities correspond to collapsed structures such
as galaxies and galaxy clusters, and these are filled with strong
magnetic fields generated by dynamos, which have ‘forgotten’ the
primordial magnetic field configuration. Moreover, as we will see
in the next Section, around these collapsed structures, the galactic
outflows form areas of overmagnetized media: the magnetic bubbles.
A reliable calculation of the integral of equation (1) has to be
based on a model that correctly describes the high-density tail of
the n, distribution. In what follows, we use the numerical model of
magnetized IGM from the IllustrisTNG simulation to estimate the
extragalactic contribution to the RM integral.

3 DESCRIPTION AND PROCESSING OF
SIMULATION DATA

3.1 IlustrisTNG simulations

The IlustrisTNG  project is a number of  gravo-
magnetohydrodynamic simulations developed by the Illustris
project (Marinacci et al. 2018; Naiman et al. 2018; Nelson
et al. 2018; Springel et al. 2018; Pillepich et al. 2018b). It
is based on the moving-mesh AREPO code (Springel 2010)
that solves the system of equations for self-gravity and ideal
magnetohydrodynamics (Pakmor, Bauer & Springel 2011;
Pakmor & Springel 2013). We use the high-resolution TNG100-1
cosmological simulation (hereinafter TNG100; Nelson et al. 2019a),
that has a box size ~(110 cMpc)® and contains 1820 dark matter
particles and an equal number of initial gas cells with masses of
mpym = 7.5 x 10° and my,, = 1.4 x 10° M.

The initial seed magnetic field in this simulation was chosen as a
homogeneous magnetic field with strength By = 10~'* ¢G (comoving
Gauss), directed along the z-axis in the simulation box. Such mag-
netic field configuration with superhorizon correlation length could
be generated by some mechanism of production primordial magnetic
field during the inflationary phase (see e.g. Durrer & Neronov 2013;
Subramanian 2016). This seed magnetic field experiences adiabatic

contraction during the structure formation process and is strongly
amplified by small-scale dynamos in collapsed structures.

The TNG simulations include comprehensive galaxy and super-
massive black hole (SMBH) formation and feedback models (Wein-
berger et al. 2017a; Pillepich et al. 2018a). Specifically, when the
virial mass of a dark matter halo exceeds ~7 x 10'° Mg, an SMBH
with an initial mass of ~10°My is placed in the gravitational
potential minimum of the halo. These black holes grow via smooth
gas accretion according to the Bondi—Hoyle—Lyttleton model (Wein-
berger et al. 2017b) or via binary mergers with each other. SMBH
growth rate depends on black hole mass, local gas density, and the
relative velocity between the black hole and surrounding gas.

There are two regimes of SMBH activity, depending on accretion
rate (Weinberger et al. 2017a). In the high-accretion rate (accretion
rate above ~ 10 per cent of the Eddington limit), energy is continu-
ously injected into the gas around an SMBH, which causes thermal
heating of the gas. In the low-accretion rate state, energy is deposited
periodically in the form of the kinetic energy of the surrounding gas
once enough energy accumulates via accretion (see Weinberger et al.
(2017a) for additional details). In this second case, each injection
event creates a randomly oriented high-velocity kinetic wind, and
if averaged over large time intervals, energy injection in this mode
becomes isotropic. Perhaps counter-intuitively, the low accretion rate
feedback mode produces the most powerful outflows in the TNG
model (Nelson et al. 2019b). A large fraction of the injected kinetic
energy in this mode thermalizes via shocks in the surrounding gas,
thereby providing a distributed heating channel.

3.2 Magnetic bubbles in IllustrisTNG simulations

According to the TNG simulations, magnetized bubbles of chemi-
cally enriched material emerge at z < 2 as a result of active baryonic
feedback from galaxies (Garcia et al. 2021a,b; Bondarenko et al.
2021). These bubbles are extended regions that can have sizes of
order tens of Mpc with magnetic fields over 107! ¢G, which is
orders of magnitude larger than the initial seed field in the TNG
simulation. In Garcia et al. (2021a) it was shown that at z = 0 such
bubbles occupy 12-14 per cent of the cosmological volume of the
simulation for magnetic fields stronger than 10~'> G and more than
3 per cent for B > 10~ G. Comparing simulations where the initial
magnetic field varied by several orders of magnitude (but which were

MNRAS 515, 5673-5681 (2022)

220z 1oquieydag gz uo Josn DINNT - UspleT JIelsISAIUN AQ 9Z8699/€9S/v/S L S/I0IME/SEIUL/WOO"dNo"olWapede//:sdny WOy papeojumoq


art/stac2058_f1.eps

5676  A. Ardmburo-Garcia et al.

220 PDF

1.0000
o)
o

e 0.1000
o
L

0.0100

0.0010

-9 -8 -7 -6 -5 -4 -3 -2
0.0001

Log,n, [cm™3]

Figure 2. The volume-weighted distribution of the magnetic field strength
and electron number density in the TNG100 simulation at z = 0. The dashed
white line corresponds to the comoving magnetic field value 10~'2 ¢G. The
red dashed line represents the average electron number density at a given
redshift. The grey dashed line shows a powerlaw B o ng/ 3 that represents
adiabatic evolution. The figure is adapted from Garcia et al. (2021a).

otherwise identical), Garcia et al. (2021a,b) showed that the magnetic
fields in these bubbles are to a large extent independent of the strength
of the initial seed field. The strong magnetic fields in these bubbles
also ‘forget’ the direction of the initial seed field. In contrast, the
volume-filling compressed primordial field in the regions outside
the bubbles prefers the initial direction (Bondarenko et al. 2021).
These magnetized bubbles are mainly caused by the feedback from
active galactic nuclei (AGNs), with a smaller contribution arising
from supernovae (SNe; Garcia et al. 2021a).

Fig. 2 shows the distribution of n., B values across the simulation
volume. One can clearly identify the voxels occupied by the com-
pressed primordial field by the B ng/ 3 scaling passing through the
reference By = 10~'* ¢G initial homogeneous field that was taken as
the initial condition in the simulation. The voxels in which the field
does not follow this scaling are situated close to galaxies and are all
affected by the feedback process. In what follows, we ‘flag’ these
voxels as belonging to the magnetized bubbles and hence not carrying
information about the primordial field. In practice, we flag the voxels
as belonging to the magnetized bubbles if the magnetic field strength
there is higher than 1072 ¢G. This effectively leaves all the voxels
with the compressed primordial field ‘un-flagged’, see Fig 2. The B
> 1072 ¢G cut would have to be shifted to a stronger threshold field
value if the initial magnetic field in the simulations were stronger.
However, only a small number of voxels would be affected by the cut
change. The bulk of the voxels affected by the feedback belongs to a
higher B o n2/? branch in Fig. 2 that corresponds to the magnetic flux
conservation in the galactic outflows that produced the magnetized
bubbles. Properties of the field in the voxels from this branch are
independent of the configuration of the seed magnetic field. They
are determined by the physics of the galactic feedback (Garcia et al.
2021a,b). The contribution of these voxels in the RM integral cannot
be considered in the estimate of the RM produced by the primordial
field. All the high-density tail of the n. distribution discussed in
Section 2 belongs to this high-density tail. Excluding these voxels
from the calculation of the RM integral due to the primordial field

MNRAS 515, 5673-5681 (2022)
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Figure 3. Prediction for the mean (blue continuous line) and median value
(red dashed line) of |[RM| from the IllustrisTNG simulation as a function of
redshift for a homogeneous primordial magnetic field with By = 1079 ¢G.
For comparison, we also show the prediction from Pshirkov et al. (2016) for
the mean |RM| (green dotted line), where the RM was estimated based on an
analytical lognormal distribution for electron number density and prediction
for the mean |RM| for the homogeneous Universe (orange dotted—dashed
line).

thus solves the problem of divergence of the integral in the high n,
limit.

4 ROTATION MEASURE FROM THE
PRIMORDIAL FIELD

The lower B oc n2/3 branch in Fig. 2 corresponds to the voxels occu-
pied by the compressed primordial field. To estimate the contribution
of the compressed primordial magnetic field to the RM integral, we
consider only these voxels. Even though the original IllustrisTNG
simulation was done with a fixed initial field strength By = 10~'* cG,
the scaling of the RM integral with By can be readily deduced from
the fact that the field behaviour is well-described by the model of
adiabatic contraction. To calculate the RM due to the primordial
field as a function of By, we simply rescale the magnitude of the
magnetic field by a factor By/10~'* ¢G, retaining the direction of the
field. We then use the resulting configuration of the magnetic field
to predict the contribution of the primordial magnetic field. Using
this approach, we generate 1000 continuous random lines of sight
from z = 0 to z = 5 for the electron number density and magnetic
field, as described in Appendix A, and use these data to represent the
primordial regions.

In Fig. 3, we show predictions for the mean and median absolute
RM value, |[RM]|, for the primordial magnetic field using By =
107 ¢G. It is interesting to note that both contributions to the
average and median RM from the primordial magnetic field are
well approximated by a simple power law, RM(z) = a z*, with
a = 1.37radm™2 and b = 1.65. For comparison, we also show
the analytical model results from Pshirkov et al. (2016). One can
see that the analytical model shows a notably different redshift
dependence compared to the numerically calculated primordial RM
component. The rapid growth of the RM at z < 1 in the analytical
model is dominated by the contribution of the high-density tail of the
ne distribution. These regions are mostly polluted by the baryonic
feedback fields and are considered as a separate contribution to the
RM that is ‘background’ for the measurement of the primordial RM
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Table 1. Summary of the observational data in bins used in this work. The first row shows the bin number, the second row shows
upper bound on each redshift bin (the lower bound of the first bin is z = 0). In the third row, we show the number of observed
objects, also we show the mean [RM| and [RRM]| and their errors in each bin.

Bin number 1 2 3 4 5 6 7 8 9
Upper bound for z 0.13 0.40 0.71 1.02 1.36 1.81 2.4 3 5
Object number 564 781 500 441 426 437 322 129 49
(IRRM]), rad m 2 13.48 12.60 14.23 14.15 15.53 16.39 15.22 16.98 18.08
A(|RRM]), rad m~2 0.62 0.56 0.85 0.75 0.96 1.39 1.69 1.87 3.45
Med |RRM|, rad m~> 8.74 8.77 8.72 9.07 9.41 9.38 8.09 10.77 10.97
AMed [RRM]|, rad m—2 0.78 0.70 1.07 0.94 1.20 1.74 2.12 2.34 4.32

component (in the same sense as the Galactic RM measure is a
background on top of which the primordial field RM is searched).
The high-density tail is absent at high-redshifts in the analytical
model (see Fig. 1). There is no such sharp difference between the
high-density tails of n. distributions at low and high redshifts in the
numerical model of IllustrisTNG. The main result of the account of
the density increase and the B o n2/3 scaling of the magnetic field in
the numerical model is an overall increase of the RM with respect to
the estimate for a perfectly homogeneous Universe (dashed—dotted
line in Fig. 3), but there is no qualitative change of the redshift
dependence of RM.

5 CONSTRAINTS ON THE PRIMORDIAL
MAGNETIC FIELD

In this Section, we compare the IllustrisTNG model estimate of
the RM due to the primordial magnetic field found above with the
observational data from NRAO VLA Sky Survey (Condon et al.
1998; Taylor et al. 2009), considering two statistical estimators (mean
and median values).

5.1 Observational data

We use Hammond et al. (2012) catalogue of Faraday rotation
measures and redshifts for 4003 extragalactic radio sources derived
from the NRAO VLA Sky Survey (Condon et al. 1998; Taylor et al.
2009) RM catalogue. Following Hammond et al. (2012) we remove
objects close to the Galactic plane (¢ < 20°) and consider 3650
sources at higher Galactic latitude. It is important to notice that
the data for rotation measure in the catalogue were measured at
two close frequencies and, therefore, may be subject to a wrapping
uncertainty (Taylor et al. 2009). Practically speaking, this means that
from the data on polarization angle the experiment cannot distinguish
RMs that differ by integer multiples of SRM = 652.9radm~2.
In Taylor et al. (2009) additional information on the depolarization
was used to resolve this uncertainty. However, the depolarization
method does not work for large [RM| > 520rad m~2 because the
quantity estimated using depolarization is degenerate for large and
small RMs. In such cases, the RM with a smaller absolute value is
taken.

To find the extragalactic contribution to the rotation measure,
we first subtract the Galactic RM (GRM) in order to obtain the
residual rotation measure (RRM). To do this, we use the recent model
of the Galactic RM from Hutschenreuter & Enflin (2020), taking
the value of the closest voxel in that model to each source as the
GRM.

5.2 Constraining procedure

There are two contributions to the extragalactic RM: (i) the RM of the
host galaxy and/or galaxy cluster, and (ii) the contribution to the RM
along the line of sight between the source and our Galaxy, which
consists of the primordial magnetic field and magnetic bubbles.
The latter contribution may also contain RM contributions from
galaxies and/or galaxy clusters located between the source and our
Galaxy.

We assume that the contributions from host galaxies, mag-
netic bubbles, and the primordial magnetic field are not corre-
lated with each other. This means that, on average, every con-
tribution only increases the total extragalactic RM. Consequently,
a robust condition is that one individual contribution (primor-
dial field or magnetic bubbles) should not exceed the observed
RRM.

We divide the source set into nine redshift bins, each containing
an approximately equal number of objects at low redshift (~500) up
to redshift z >~ 1, see Table 1. Higher redshift bins contain lower
numbers of objects. For each bin, we calculate mean and median
|[RRM]| values from the observational data and estimate the associated
statistical error, see Appendix C for details. These results are given
in Table 1.

To properly compare predictions with observations, we need to
take into account the wrapping uncertainty introduced in Section 5.1,
which affects large RM values. To imitate this behaviour in the
simulation data, we apply a wrapping correction similar to that used
for the observational data. The details of this wrapping correction
procedure are given in Appendix D.

5.3 Results

Using the predictions for the primordial magnetic field from Section 4
we are able to place constraints on By in the following way. We
calculate a model prediction for the mean and median |RM]| in each
redshift bin and compare the model predictions to the mean and
median of the RM for the NVSS data set.

Fig. 4 shows the comparison of the IllustrisTNG model of
primordial RM component with the observational data. One can
see that the data show only weak, if any, dependence on the redshift,
while the model predictions steadily grow and reach the highest value
in the highest redshift bin. It is the highest redshift bin that provides
the strongest constraint on possible primordial RM contribution to the
RRM. Considering this fact, we derive an upper limit on the volume
filling primordial magnetic field as the 95 per cent limit on the mean
or median of the absolute value of the RRM in the highest redshift
bin. These constrains the strength of the homogeneous primordial
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Figure 4. Examples of excluded models for the mean value (upper panel)
and for the median value (lower panel) of the primordial magnetic field (blue
lines) comparing to the observational data (orange lines).

magnetic field to be By < 2.3 x 10~ and By < 1.8 x 10~ ¢G,
correspondingly. The IllustrisTNG model for this limiting field is
shown in Fig. 4.

For completeness, in Appendix E we also derive constraints on the
primordial magnetic field from the RM dispersion, obtaining a much
weaker limit.

6 DISCUSSION AND CONCLUSIONS

Our revised Faraday rotation limit on the primordial homogeneous
magnetic field is by a factor of three weaker than the limit derived
by Pshirkov et al. (2016). This difference is explained by revising
the model of the magnetized intergalactic medium used for the
RM calculations. Previous calculations of Blasi et al. (1999) and
Pshirkov et al. (2016) have used an analytical model that assumed
certain distribution of electron density 7. and did not consider the fact
that vast regions around galaxies might be affected by the baryonic
feedback process. We have instead used the [1lustrisTNG model of the
intergalactic medium, in which we were able to separate regions with
volume-filling primordial magnetic fields from magnetized bubbles
produced by the galactic feedback on the large-scale structure.
Using this separation, we were able to examine the predicted
contributions to extragalactic Faraday rotation from the volume-
filling magnetic field. We have found that the redshift dependence
observed for Faraday rotation due to the volume-filling component
differs from that of previous works that assumed a lognormal electron
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density distribution and adopted an assumption that the primordial
field is present in regions near galaxies, see Fig. 3.

Revision of the model of the IGM has led to the revision of the RM
bound on the strength of the primordial magnetic field. This limit is
By < 1.8 x 107? ¢G for the large correlation length field comparable
to the Hubble scale. This is a robust and conservative bound that takes
into account uncertainty of the influence of the baryonic feedback
on the intergalactic medium: the regions potentially affected by the
feedback are excluded from the calculation of the RM integral due
to the primordial field.

Our revised bound can be compared to the existing constraints on
the primordial volume-filling magnetic field. Direct measurements
of the volume-filling IGMF are currently not possible, but various
constraints have been made in the existing literature for the strength
of this field, By, as a function of coherence length. A lower
limit on B, has been established observationally using the non-
detection of secondary photon cascades from gamma-ray sources
(Neronov & Vovk 2010). The level of the lower bound for large
correlation length fields quoted in different references depends on the
assumptions about the properties of gamma-ray sources considered
in the analysis. A conservative bound s currently at the level 1077 ¢G
(Taylor, Vovk & Neronov 2011; Ackermann et al. 2018) based on
non-detection of delayed emission from hard spectrum gamma-ray
blazars.

The most constraining direct upper limits on the volume-filling
primordial field in the present-day Universe currently come from
the anisotropy of ultra-high-energy cosmic rays (UHECRs; Bray &
Scaife 2018; Neronov et al. 2021), which results in a limit of By <
107! ¢G on the uniform component of the IGMF. The UHECR limits
have their limitations: the limit of Bray & Scaife (2018) is subject to
uncertainty in the composition of UHECRs and the significance of
the dipole anisotropy as measured using different UHECR data sets,
while the limit of Neronov et al. (2021) relies on identification of the
UHECR source with the Perseus—Pisces supercluster. The RM limit
discussed in our paper is weaker than the UHECR limit, but it is
free from the assumptions adopted for the derivation of the UHECR
bound, and in this sense, it is complementary to the UHECR bound.

CMB power spectrum analysis produces an upper limit of By
< 107°¢G on a large-scale field, that extends uniformly across
coherence lengths from the Hubble radius down to ~1 Mpc (Planck
Collaboration XIII 2016). Various scenarios of the primordial mag-
netic field can affect this CMB limit, causing it to vary by a factor
of ~5, with the most constraining being that of a scale-invariant
primordial magnetic field. A tighter bound, By < 4.7 x 10~!! ¢G,
can be derived from the CMB data based on non-observation
of the magnetic field induced clumping of baryonic fluid during
recombination epoch (Jedamzik & Saveliev 2019). Contrary to the
RM and UHECR bounds, the CMB bounds are ‘indirect’ in the sense
that they constrain the field present during the recombination epoch
rather than in the present-day intergalactic medium.

The RM bound on By can potentially be improved if a reliable
model of the magnetization of the IGM by the baryonic feedback
process is available. In this case, it will be possible to subtract
the RM component due to the magnetized bubbles around galaxies
in the RRM estimate (similarly to the Galactic RM component
that is subtracted from the overall RM in the calculation of the
RRM). A reliable model of the magnetized galactic outflows can
emerge with the new RM data of next-generation radio telescopes,
such as SKA and its precursors that will be able to measure the
extragalactic RM due to the magnetized bubbles and, in this way, test
the feedback models, including the IllustrisSTNG model considered
in our analysis (Aramburo-Garcia et al. 2022).
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APPENDIX A: GENERATION OF CONTINUOUS
LINES OF SIGHT

To calculate the prediction for rotation measure from the IllustrisTNG
simulations, we create continuous lines of sight (LOS) in order to
recover the electron number density and the magnetic field up to
redshift 5. Our method is the same as that used by Garcia et al.
(2021a) and employs the following steps:

(1) Extract 1000 randomly oriented LOS from all available simu-
lation snapshots in the TNG100-1 simulation. Along these LOS, we
calculate electron number density and magnetic field values averaged
over (20 kpc)? voxels. If we expect a substructure inside a given voxel,
we use a higher resolution to calculate the RM, see Appendix B for
details.

(i1) A continuous LOS is produced by stacking together LOS from
each snapshot, taking random lines of sight from the snapshots that
are the closest by redshift. Then we emulate redshift dependence by
scaling the electron number density at each point by (1 4 z)* and the
magnetic field value by (1 + z)°.

An example of the continuous LOS produced by our procedure is
shown in Fig. Al. Using this procedure we loose large-scale (larger
than the simulations box size) correlations. However, we believe that
should only mildly affect our results.
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Figure A1l. Examples for free electron number density (upper panel) and
parallel component of magnetic field (lower panel) along a continuous line of
sight generated from data of TNG100-1 simulation. The red line corresponds
to the cosmological average value of the electron number density (upper
panel) and seed magnetic field value By = 10~ ¢G used in the simulation
(lower panel). The dashed black line in the lower panel shows B = 10~'2 ¢G,
which we take as a minimal magnetic field value in magnetic bubbles.

APPENDIX B: CONTRIBUTION OF
INDIVIDUAL VOXELS WITH STRONG RM

In our simulated data we have some voxels in which the RM values
>20 radm~2. Such large RM values could be an artefact of our
LOS procedure, as, given our default voxel size (20 ckpc), dense
substructures such as galaxies are not finely resolved. We have to
be cautious since we expect such substructures to provide large RM
contributions, and thus even a small fraction of our voxel could
overwhelm the rest of the 20 ckpc volume, even though it is unlikely
to be encountered by arealistically random LOS. In the upper panel of
Fig. B1, we show the distribution of electron number density versus
RM for a set of voxels with high RM. We observe that the values of
n. for those voxels are typical for galaxies and galaxy clusters. Given
these results, it is necessary to add a method to our algorithm that
identifies and resolves such voxels at higher resolution.

As substructures are dense objects, the simulation will assign to
their region a large number of gas cells, Ny, With this in mind,
we can use the average electron number density in the voxel and a
baryonic particle mass for the gas cells of m, = 1.4 x 10° Mg, to
easily estimate Ny, within the voxel using

(20 kpe)® nem,
(142> my

~ 1.4 % 10° (1 +z)’3( e ).(Bl)

0.01 cm—3

part =
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Figure B1. Distribution of electron number density versus RM for voxels
with RM > 20 rad m~2 (upper panel). At lower panel we estimated the number
of baryon particles in each of these voxels.
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Figure B2. Example region containing gas cells with high n.. The left-hand
panel shows the result of smoothing the region over a single voxel, while in
the right-hand panel we use a high resolution grid smoothed over the same
region, where only the voxels that lie along the red line will contribute to the
calculation of the new RM. The red line preserves the original orientation of
the random LOS.

In the lower panel of Fig. B1, we show the estimated Ny, for
each voxel with large RM. We use this quantity as a threshold in our
procedure. A voxel with a Ny, > 30 will be recalculated by creating
a new high-resolution smoothing grid. From the resulting grid, we
will take into account only the contribution of the new sub-voxels
that match the orientation of the original LOS, see Fig. B2, to which
we apply equation (1) and assign that RM result to the original voxel.
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APPENDIX C: STATISTICAL ERROR FOR
MEAN AND MEDIAN

For observational data, we calculate the standard error Ax for the
mean value in each bin as
X — (x))2
Alx) = M’ (C1)
n

where x; are [RRM| values in each bin, (x) is their mean value, and
n is a number of objects in the bin. In the same notation, the error of
the median is estimated as (Williams 2001)

(i = (x))?)

T
AMed(x) = 1/ 5
n

~ 1.253 x A(x). (C2)

APPENDIX D: WRAPPING CORRECTION

As was discussed in Section 5.1, the observational data for rotation
measure used in this work can be subject to a wrapping uncertainty
with step SRM = 652.9 rad m~2. In our theoretical prediction, lines
of sight sometimes appear with RMs of order O(1000) rad m~2, so
it is important to make a wrapping correction similar to that of the
experimental data if we wish to compare them directly. In the case of
simulations, we do not have depolarization data available, but based
on the description of the procedure, we emulate it in the following
way:

(i) If the absolute value of the RM is smaller than 520 rad m~2 we
do not change it.

(i) If [RM| > 520 rad m~2 we take the value RM + NSRM, where
N is such integer number (positive or negative) such that the resulting
RM has the smallest absolute value.

A few examples:

(i) If RM = 500 rad m~2 the result is 500 rad m~2;

(ii) If RM = 600 rad m~2 the result is —52.9 rad m™2;
(iii) If RM = 700 rad m~2 the result is 47.1 rad m~2;
(iv) If RM = 1000 rad m~? the result is —305.8 rad m 2.

APPENDIX E: CONSTRAINTS FROM RM
DISPERSION

In addition to the mean and medium values used in the main text,
another statistic that is discussed in the literature to describe the
extragalactic contribution to RM is a dispersion o gy, defined as the
square root of the variance (see e.g. Oppermann et al. 2015). For
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Figure E1. Example of expected dispersion for the limiting model of the
primordial magnetic field with By = 1.8 x 10~% ¢G (blue line). The orange
line shows the corresponding dispersion of the observational data.

completeness, in this appendix, we show the results for this statistic
as well.

Using the same methodology as discussed in Section 5, we
calculate dispersion in the observational data in the same bins as in
the main text, see Table 1, and make a prediction for the primordial
magnetic field using 1000 lines of sight from the IllustrisTNG
simulation. To calculate the error of the variance in the observational
data, we use the formula (Cho, Cho & Eltinge 2005):

1 n
AVar(x) = o

Var(x)) , (E1)
n—1

where ft4 is the fourth central moment, and n is the number of data
points in the bin. Following the same procedure as in Section 5.3,
we place a constraint on the homogeneous primordial magnetic
field from dispersion of By < 1.8 x 107® ¢G. An illustration of
the 20 exclusion for this limit is shown in Fig. E1. This exclusion
comes only from the two highest redshift bins, as the contribution
to dispersion from B, can be smaller but not larger than that in the
observed data. It can be seen that the constraint from this method
is much weaker than that from either the mean or median |RM|
values.

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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