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A B S T R A C T 

Galactic outflo ws dri ven by star formation and acti ve galactic nuclei blo w bubbles into their local environments, causing galactic 
magnetic fields to be carried into intergalactic space. We explore the redshift-dependent effect of these magnetized bubbles on 

the Faraday rotation measure (RM) of extragalactic radio sources. Using the IllustrisTNG cosmological simulations, we separate 
the contribution from magnetic bubbles from that of the volume-filling magnetic component expected to be due to the seed field 

originating in the early universe. We use this separation to extract the redshift dependence of each component and to compare 
IllustrisTNG model predictions with observation measurements of the NRAO VLA sk y surv e y (NVSS). We find that magnetized 

bubbles provide a sizeable contribution to the extragalactic RM, with redshift-independent 〈| RM |〉 � 13 rad/m 

2 for sources at 
redshifts z ≥ 2. This is close to the mean residual RM of 16 rad/m 

2 found from NVSS data in this redshift range. Using the 
IllustrisTNG simulations, we also e v aluate a simple model for the contribution to residual RM from individual host galaxies 
and show that this contribution is negligible at high-redshift. While the contribution from magnetic bubbles in the IllustrisTNG 

model is currently compatible with observational measurements of residual RM, the next-generation RM sky surveys, which 

will be free from the wrapping uncertainty, have larger statistics and better sensitivity should be able to observe predicted flat 
contribution from magnetic bubbles at large redshifts. This should allow to experimentally probe magnetic bubbles and check 

models of galaxy feedback in cosmological simulations. 

Key words: magnetic fields – g alaxies: interg alactic medium. 
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 I N T RO D U C T I O N  

he Faraday rotation technique provides a powerful probe of as-
rophysical magnetic fields across different elements of large-scale
tructure (LSS), from galaxies (Beck 2015 ) to galaxy clusters and
he intercluster medium (Vacca et al. 2018 ). It has also been used
o constrain the magnetic field strength in the intergalactic medium
Kronberg 1994 ; Blasi et al. 1999 ; Neronov et al. 2013 ; Pshirkov et al.
016 ; Aramburo-Garcia et al. 2022 ). Measurements of the weakest
ntergalactic magnetic fields (IGMF) using the Faraday rotation
echnique are challenging. The observational signal is determined
y the rotation measure (RM), which is an integral along the line of
ight towards the source of the polarized signal: 

M = 

e 3 

2 πm 

2 

∫ 

n e B ‖ 
(1 + z) 2 

d � 

d z 
d z, (1) 
e 
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t  

f  

i

Pub
here e, m e are the charge and mass of the electron, n e is the
ensity of free electrons in the medium, z is the redshift, and B || 
s the magnetic field component parallel to the line of sight. This
ntegral has contributions from the intergalactic medium (IGM) and
he Milky Way along a line-of-sight (LoS). The Milky Way part
f LoS has a small length but large n e and B || values, whereas
he IGM part is significantly longer but has smaller n e and B || . In
ddition to the contributions from the galactic RM and the IGM,
he integral in equation ( 1 ) also has a contribution from the source
ost galaxy and possibly from parts of the LoS passing through
agnetized regions of other galaxies occasionally found close to

he LoS (Bernet et al. 2008 ). Uncertainties in modeling the galactic
omponent of the RM (Jansson & Farrar 2012 ; Oppermann et al.
012 ; Oppermann et al. 2015 ; Hutschenreuter & Enßlin 2020 ;
utschenreuter et al. 2022 ), of the source host galaxy, as well as

he elements of LSS along the LoS, limit the sensitivity of searches
or the contribution from the intergalactic medium and IGMF in the
ntegral. 
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Detailed modeling for both the evolution of the primordial field 
nd the baryonic feedback from galaxies have been performed 
ithin the IllustrisTNG cosmological simulations (Marinacci et al. 
018 ; Naiman et al. 2018 ; Nelson et al. 2018 ; Pillepich et al.
018 ; Springel et al. 2018 ). Recent work by Garcia et al. ( 2020 )
as specifically considered the result of the baryonic feedback in 
llustrisTNG that leads to the appearance of cosmological-scale 
agnetic bubbles, with magnetic field values in excess of B �

0 −12 cG (comoving Gauss), that occupy up to 15 per cent of the
imulation volume. Bondarenko et al. ( 2021 ) studied the effect of
hese bubbles on searches for the IGMF using γ -ray measurements. 
his technique is sensitive mainly to the magnetic fields in the 
oids of the LSS and showed that the presence of such magnetized
ubbles has only a minor effect on the γ -ray measurements. Ho we ver, 
nlike γ -ray measurements that are sensitive only to the volume- 
lling IGMF but not to the free electron density n e , measurements
sing the RM technique may be much more influenced by these 
agnetized bubbles where both B and n e are enhanced. Preliminary 

stimates from Garcia et al. ( 2020 ) show that the contribution to
Ms from these magnetic bubbles can be comparable to that of

he galactic RM and hence dominate o v er possible contributions 
o the RM from the adiabatically compressed primordial magnetic 
eld. 
In this work, we make a detailed assessment of the effect of
agnetized bubbles around galaxies on the extragalactic RM. We 

how that the presence of these bubbles can account for a large part
f the extragalactic RM at high redshifts z � 2 and, in fact, that the
llustrisTNG model saturates the current upper limit on extragalactic 
M. We also study the consistency of the baryonic feedback model 

n the IllustrisTNG simulations using RM data from the NRAO VLA 

k y surv e y (NVSS). 
The structure of this paper is as follows: in Section 2 we describe

he IllustrisTNG simulations and the properties of magnetic bubbles; 
e discuss the separation of the volume-filling component of the 

GM from that of magnetic bubbles and extract a redshift-dependent 
rediction for the RM from the volume-filling magnetic field compo- 
ent and magnetic bubble component, respectively. In Section 3 we 
ompare our predictions for the RM from magnetic bubbles from the 
llustrisTNG simulations to observational measurements from the 
VSS surv e y. In Section 4 we describe a simple analytic model for

he RM contribution from host galaxies and compare it to predictions 
rom the IllustrisTNG simulations. In Section 5 we describe the 
mplications of these results and draw our conclusions. 

Cosmological parameters from Planck Collaboration et al. ( 2016 ) 
re assumed throughout this work. 

 C O M PA R I N G  ROTAT I O N  MEASURE  F RO M  

U BBLES  A N D  P R I M O R D I A L  MAGNETIC  

IELD  

he IllustrisTNG simulations and the method used here to ex- 
ract data on rotation measures for random lines of sight are 
escribed in detail in our companion paper Aramburo-Garcia et al. 
 2022 ). We note that IllustrisTNG is a state-of-the-art gra v o-
agnetohydrodynamic simulation incorporating a comprehensive 
odel of galaxy formation. In our work, we use the high-resolution 
NG100-1 simulation (hereinafter TNG100 or just TNG; Nelson 
t al. 2019 ) with a box size of ∼(110 cMpc) 3 , which contains
820 3 dark matter particles and an equal number of initial gas 
ells. The initial seed magnetic field in this simulation was chosen 
o be homogeneous with a magnitude of 10 −14 cG. We divide the
imulation volume into magnetic bubbles and primordial magnetic 
eld components using a limiting magnetic field strength of 10 −12 

G as a boundary condition between the two regions (see details in
arcia et al. 2020 ; Aramburo-Garcia et al. 2022 ). The component
ith | B | > 10 −12 cG is used to make predictions for magnetic bubbles,
hereas the other component we rescale by a factor B 0 /10 −14 cG

nd used to predict a conserv ati ve contribution from the primordial
agnetic field with a field strength B 0 . 
The IllustrisTNG simulation data between redshifts z = 0 and 5 is

tored in the form of snapshots at 13 redshift points. From each of the
napshots, we extract data for electron number density and magnetic 
eld along 1000 random lines of sight. We found that for some

ines of sight intersection of galaxies happened, which resulted in a
ery large | RM | value. From all the 13 000 lines of sight, we exclude
our lines of sight that are strong outliers with | RM | > 400rad/m 

2 ,
ee more details about outliers in Appendix A . We create 1000
ontinuous random lines of sight between redshifts z = 0 and
 = 5 following the procedure described in Aramburo-Garcia et al.
 2022 ). 

In Fig. 1 we show the predictions for the mean (upper panel) and
edian (lower panel) absolute RM value, | RM | , for the primordial
agnetic field and for magnetic bubbles using B 0 = 10 −9 cG. The

wo contributions have different redshift dependence: the RM from 

he primordial magnetic field grows steadily with redshift, whereas 
he prediction from magnetic bubbles saturates around z ∼ 1.5. This 
omes from the fact that magnetic bubbles are formed only at small
edshifts z � 2 Garcia et al. ( 2020 ), whereas the primordial magnetic
eld exists at all redshifts. 
We see that for B 0 = 10 −9 cG, the contribution from magnetic

ubbles dominates the mean | RM | at low redshifts and approximately
qual contribution at large redshifts. For the median value, the 
ontribution from magnetic bubbles is more modest, resulting in 
he strong dominance of the primordial magnetic field contribution 
t large redshifts. These differences between the mean and median 
 RM | values are due to the RM distribution for bubbles having a long
igh-RM tail that significantly influences estimates of the mean | RM | .
or comparison we also show predictions from Pshirkov et al. ( 2016 )
nd Blasi et al. ( 1999 ). One can see that those previous results
how a different redshift dependence to that of our primordial RM.
his can be explained by the differences in electron number density
istribution between the analytical model of Blasi et al. ( 1999 );
shirkov et al. ( 2016 ) and the numerical model of IllustrisTNG, see
ramburo-Garcia et al. ( 2022 ) for details. 
In the following sections, we consider the case that the B 0 value

s small enough ( B 0 � 10 −10 ) to make its contribution negligible
ompared to that of magnetic bubbles. 

 C O M PA R I S O N  BETWEEN  T N G  M O D E L  O F  

AGNETI C  BU BBLES  A N D  O B S E RVAT I O N S  

e use observations of 3650 radio sources with Faraday rotation 
easures, and redshift information cataloged by Hammond et al. 

 2012 ), where objects close to the galactic plane ( � < 20 ◦) are
emo v ed. These data were produced from the NVSS (Condon et al.
998 ; Taylor et al. 2009 ) catalog, in which polarization was measured
t two close frequencies. This results in a wrapping uncertainty 
Taylor et al. 2009 ), which means that one cannot distinguish RMs
hat differ by integer multiples of δRM = 652.9rad/m 

2 . Therefore,
ll absolute RM values in the catalog are smaller than 520 rad/m 

2 

nd this is taken into account when we compare them to simulations.
e estimate the extragalactic contribution as the residual rotation 
easure (RRM), which we obtain by subtracting the Galactic RM 
MNRAS 519, 4030–4035 (2023) 
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M

Figure 1. Prediction for the mean (upper panel) and median (lower panel) 
values of | RM | from the IllustrisTNG simulation as a function of redshift 
for the homogeneous primordial magnetic field with B 0 = 10 −9 cG. 
Red continuous lines show the conserv ati ve prediction for the primordial 
magnetic field, blue dashed lines show the contribution from magnetic 
bubbles for which we excluded lines of sight with | RM | > 400rad/m 

2 that 
come from the intersecting galaxies, see text for details. For comparison 
we also show the prediction from Pshirkov et al. ( 2016 ) (upper panel) and 
Blasi et al. ( 1999 ) (lower panel), in which RM was estimated based on 
analytic log-normal distribution for electron number density (green dotted 
line). 
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Figure 2. Mean (upper panel) and median (lower panel) observed | RRM | at 
different redshifts (orange lines) and contribution from magnetic bubbles in 
TNG simulation calculated using 1000 random lines of sight (blue lines). 
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GRM) using the model of Hutschenreuter & Enßlin ( 2020 ). 1 It is
orth to mention the existence of more recent and advanced Faraday
otation Measure (FRM) measurement from the Low-Frequency
rray (LOFAR) (Van Eck et al. 2018 ), the Murchison Widefield
rray (MWA) (Riseley et al. 2018 , 2020 ), the Karl G. Jansky Very
arge Array (JVLA) (Ma et al. 2019 ) or compilations (Van Eck et al.
022 ). Ho we ver, in some works the redshift data is not provided,
hereas in others the sources are located at low redshifts. Therefore,

he NVSS is the most suitable for our work. 
The comparison between observed RRM and our prediction for
agnetic bubbles from the IllustrisTNG simulation for both mean

nd median values of the RRM is shown in Fig. 2 , where for the simu-
ated data we include lines of sight that intersect galaxies (opposite to
ection 2 ), as we cannot exclude line of sight with crossing galaxies
NRAS 519, 4030–4035 (2023) 

 During the publication of our work, more up to date GRM model was 
ublished (Hutschenreuter et al. 2022 ). 

 

b  

o  

c  
n experimental data. Ho we ver, we apply a wrapping correction in
rder to ensure consistency with observations, see Appendix C for
etails. From Fig. 2 , it can be seen that the prediction of the mean
 RM | from bubbles in the simulation grows quickly with redshift and
s almost constant at z > 2. It is also interesting to notice that the
rediction for the mean | RM | from magnetic bubbles at large redshifts
lmost coincides with the observed data. 

For median | RM | values at z � 2, we see that the contribution from
agnetic bubbles is much smaller than the observed RRM, so one
ight naively conclude that the observed extragalactic RM at large

edshifts cannot be explained by magnetic bubbles. Ho we ver, one
hould keep in mind that for the observed extragalactic RMs, two
ystematic factors can increase the observed RM, particularly for
mall RM values. First, the observed extragalactic RMs have large
tatistical errors for small RM values. Indeed, almost all data points
ith extragalactic RMs smaller than 10 rad/m 

2 have an associated
ncertainty that is of the order of the measured value itself. The sec-
nd factor is that the procedure for measurement of the galactic RM
epends on the extragalactic sources themselves, which introduces a
ystematic error into the extragalactic RM, see e.g. Oppermann et al.
 2015 ). Both these factors result in a wider extragalactic RM distribu-
ion, creating a significant bias in the observed median values of the
 RM | . 

Consequently, from these results, we conclude that the magnetic
ubbles in the IllustrisTNG simulation do not contradict the available
bservational data. If the model from the IllustrisTNG simulation is
orrect, then the magnetic bubbles provide a lower bound for future

art/stac3728_f1.eps
art/stac3728_f2.eps
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Figure 3. Prediction for the mean (blue points) and median (red points) | RM | 
values from host galaxies in the IllustrisTNG simulation. By continuous lines 
of corresponding colors we show simple broken power-law fits to the data. 
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xtragalactic RM measurements at z � 2, with the characteristic 
roperty that the mean value is much larger than the median. 

 C O N T R I BU T I O N  F RO M  H O S T  G A L A X I E S  

n additional contribution to the extragalactic RM potentially comes 
rom the host galaxies and could mask that from magnetic bubbles. 
n this section, we consider a simple model for host galaxies and
rgue that their contribution at large redshift should be small. 

In general, prediction of the host galaxy contribution in simulations 
s very tricky, as one should properly choose and correctly model 
ources of polarized radio emission as similar as possible to those 
resent in the observational sample. In this section, we will discuss a
imple qualitative model for host galaxies and compare its predictions 
ith those from the IllustrisTNG simulation. 

.1 Simple analytic model 

he RM from the host galaxy at redshift z is given by 

M ∝ 

1 

(1 + z) 2 

∫ 

n e B ‖ dL, (2) 

here the integral is taken along the line of sight in the circumgalactic 
edium of the host galaxy. Let us consider that electron number 

ensity near the galaxy n e behaves like a cosmological average and 
s proportional to (1 + z) 3 . At the same time, the characteristic size of
he region that gives a significant contribution to the RM is constant
n comoving coordinates, L ∝ 1/(1 + z). We see that in this case,
he z-dependence from n e and L in equation ( 2 ) cancels out, so the
edshift dependence of the RM from host galaxies is defined only by
he evolution of the magnetic field near the galaxy. Magnetic field 
volution in the circumgalactic medium was studied in detail by Beck 
t al. ( 2012 ): using cosmological magnetohydrodynamic (MHD) 
imulations and analytic models, it was shown that the magnetic 
eld near galaxies grows quickly at large redshifts, then reaches a 
aximum at some intermediate redshift and slowly decays after that. 
e expect that the RM contribution from host galaxies should exhibit 

imilar behaviour. 

.2 Host galaxies in IllustrisTNG 

o model host galaxies in the IllustrisTNG simulation, we assume 
he radio lobes at the end of active galactic nuclei (AGN) jets provide
he dominant contribution to the polarized emission. We assume that 
wo radio lobes are located symmetrically around an AGN and that 
e cannot resolve these two radio lobes in the observational data. 2 

e also assume that both radio lobes have the same intensity of
olarized emission so that the observed RM is an average of their
ndividual RMs. 

F or each giv en redshift in the simulations, we choose ∼100 random 

alaxies that contain supermassive black holes (the minimal mass of 
he supermassive black hole in IllustrisTNG is 10 6 M �, and it is
laced in the centre of each dark matter halo when it reaches a virial
ass of 6 · 10 10 M �). For these galaxies, we generate two symmetric

adio lobes pointing in a random direction from the galaxy centre with
n isotropic distribution and a randomly selected distance between 
he two radio lobes in the range from 50 to 300 kpc. These distances
 This assumption works for high-redshift objects with z � 0.3 (for our model 
f radio lobes and for NVSS). The detailed modeling of low-redshift objects 
s not so important for this work. 

i
a
c
i
c

re chosen according to the experimentally measured distribution 
rom Tang et al. ( 2020 ). For each pair of radio lobes, we generate
ix lines of sight in random directions and use the first 1 Mpc along
hese lines of sight to define the contribution from the host galaxy. 3 

Using these data we calculate the mean and median | RM | from
ost galaxies, the result of which is shown in Fig. 3 . The continuous
ines show best fits to the model 

 RM | ( z ) = 

a + bz c 

1 + ( z/d) e 
, (3) 

ith best-fit parameters a = 1.65(0.326)rad/m 

2 , b = 

4.4(0.730)rad/m 

2 , c = 0.300(0.818), d = 3.81(1.98), and 
 = 29.8(9.60) for mean (median). Qualitatively, the RM from host
alaxies changes with redshift according to the simple analytic 
odel from Section 4.1 : it decays at large redshifts and has a
aximum at intermediate redshifts of z ∼ 3 for the mean and z ∼

.5 for the median. Comparing the contribution from host galaxies 
ith Fig. 1 we conclude that within the IllustrisTNG model the RM
f high redshift sources ( z > 3) is dominated by the contribution
rom magnetic bubbles along the line-of-sight, rather than by the 
ost galaxy RM, for both the mean and median absolute RM values.
lso, it is worth to mention that the median RM from host galaxies

tarts to decay at lower redshifts, which means that the median
alue could be better observable to detect the contribution of the
ntergalactic magnetic field. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

n this work, we have considered the effect of magnetized bub-
les around galaxies driven by baryonic feedback processes on 
he extragalactic rotation measure. We have used the IllustrisTNG 

imulation to separate the contributions of the v olume-filling inter -
alactic magnetic fields and the contribution of magnetized outflows 
rom galaxies to the RM integral. We have demonstrated that the
llustrisTNG model of such magnetized bubbles predicts that the 
MNRAS 519, 4030–4035 (2023) 

nside clusters of galaxies. We use 1 Mpc long lines of sights for all objects 
s the contribution from the IGM is negligible to the contribution of the 
ircumgalactic medium of galaxies. Also, the larger LOS size can only 
ncrease average RM, so our estimate of host galaxy contribution is still 
onserv ati ve. 
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xtragalactic RM at z > 2 almost saturates current estimates of the
ean residual RM from the NVSS, see Fig. 2 . The contribution of
agnetized bubbles to the extragalactic RM at z > 2 (including
rapping correction, see Appendix C ) has a value of 〈| RM |〉 � 13

ad/m 

2 , which is very close to the mean residual RM of 16 rad/m 

2 

ound from NVSS data in this redshift range when accounting for the
alactic RM model of Hutschenreuter & Enßlin ( 2020 ). Without the

urv e y-dependent wrapping correction the prediction for the mean
bsolute RM from magnetic bubble is 〈| RM |〉 � 7 rad/m 

2 , where
are lines of sight with | RM | > 400rad/m 

2 that came from intersecting
alaxies were excluded (see Section 2 for details). For the median
M, the prediction from magnetic bubble is significantly lower than

n experimental data (by approximately a factor of 3). Ho we ver, as
e discuss in Section 3 , this difference could be caused by large
ncertainties in the NVSS data. 
While our work suggests that there are two main contributions in

he IGM: (i) from magnetic bubbles and (ii) from the volume-filling
agnetic field, the results found here indicate that the contributions

rom these two components have different redshift dependencies:
he volume-filling magnetic field exists at all redshifts, and its
ontribution constantly grows with z, whereas magnetic bubbles are
ormed at later times, mostly below z ≈ 2, and so at larger redshifts
heir contribution is fixed. This should allow one to distinguish the
eparate contributions in future observations. 

We also consider a simple analytic model for the RM contribution
rom host galaxies and confirm it using data from the IllustrisTNG
imulation. We show that the contribution from host galaxies to the
ean and median | RM | values quickly decreases at large redshifts.
his provides a possibility to isolate the contribution of magnetic
ubbles along the line of sight into the o v erall e xtragalactic RM. This
an be done through a comparison of the RM of high-redshift sources
 z � 2...3) that of the lower redshift sources. If the main source of
he extragalactic RM is the magnetic field around the source host
alaxies, then high-redshift sources should have systematically lower
M. A caveat of this approach may be the cosmological evolution of

he source population, which is not considered in our simple source
odel (radio lobes around the host galaxy). 
While the predicted mean absolute RM from the IllustrisTNG

imulations found here is compatible with observational measure-
ents from the NVSS surv e y, we note that the wrapping correction

mplemented in this work may represent a systematic uncertainty in
his result that artificially lowers the predicted and measured RM.
ext-generation polarization surveys such as those expected from

he SKA telescope and its precursors will not be subject to this
ame wrapping uncertainty in their RM measurements due to the
roadband nature of their measurements. Given the closeness of the
urrent IllustrisTNG model predictions to the observed residual RM
stimates derived from current data suggested that the IllustrisTNG
odel of baryonic feedback will be falsifiable with the impro v ement

f RM measurements from these new surv e ys. Furthermore, com-
ared to the NVSS data considered in this work, the SKA will provide
n RM grid containing several orders of magnitude more sources
han the ∼4 × 10 3 source sample considered here. A denser RM grid
rovided by the new surveys and better precision stemming from
roadband rather than a two-frequency sampling of the polarized
ignal will also impro v e the knowledge of the galactic component of
he RM. This will result in smaller systematic uncertainty of the RRM
specifically for the median of the absolute value, which is possibly
ominated by the systematic uncertainty). If the RRM level found
ith the SKA data is lower than the current estimates derived from
VSS, the IllustrisTNG model will be in tension with the data. This
NRAS 519, 4030–4035 (2023) 
uggests that the IllustrisTNG baryonic feedback model is falsifiable
hrough the RM measurements. 
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igure A1. High-RM tail of the distribution of | RM | for 13 000 lines of sight
xtracted from the IllustrisTNG simulation box between redshifts 0 and 5. 
lack dashed line corresponds to | RM | = 400rad/m 

2 . 

PPEN D IX  A :  H I G H - H E N R M  DISTRIBU TI ON  

A IL  IN  SIMULATIONS  

n Fig. A1 we show the high-RM tail for the distribution of the
otal RM for 13 000 lines of sight extracted from IllustrisTNG
imulation. We see that in this data there are four outliers with | RM |
arger than 1000 rad/m 

2 . We checked that all of them correspond
o the intervening galaxy along the line of sight. We exclude them
or prediction shown in Fig. 1 as these outliers strongly influence 
 verage | RM | , b ut can be easily excluded from the experimental
ata using condition | RM | <400 rad/m 

2 or by techniques discussed
n e.g. Farnes et al. ( 2014 ). To study more accurately the influence
f these outliers, more simulation data are needed, which is compu- 
ationally hard. We will leave this study for future studies. 
Table B1. Summary of the observational data in bins used in this work. The fir
redshift bin (the lower bound of the first bin is z = 0). In the third row we show 

and their errors in each bin. 

Bin number 1 2 3 4 

Upper bound for z 0.13 0.40 0.71 1.02 
Object number 564 781 500 441 
〈| RRM |〉 , rad/m 

2 13.48 12.60 14.23 14.15 
� 〈| RRM |〉 , rad/m 

2 0.62 0.56 0.85 0.75 
Med | RRM | , rad/m 

2 8.74 8.77 8.72 9.07 
� Med | RRM | , rad/m 

2 0.78 0.70 1.07 0.94 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
PPENDI X  B:  OBSERVATI ONA L  DATA  IN  BINS  

n this work, we bin observational data in nine bins with an
pproximately equal number of objects at small redshifts. In each 
in, we calculate the mean and median values of | RM | and estimate
heir statistical errors. For mean, we calculate the standard error � x
n each bin as 

 〈 x〉 = 

√ 

〈 ( x i − 〈 x〉 ) 2 〉 
n 

, (B1) 

here x i are | RRM | values in each bin, 〈 x 〉 is their mean value, and
 is a number of objects in the bin. In the same notation, the error of
he median is estimated as (Williams 2001 ) 

 Med ( x) = 

√ 

π

2 

〈 ( x i − 〈 x〉 ) 2 〉 
n 

≈ 1 . 253 · � 〈 x〉 . (B2) 

e summarize our results in Table B1 . 

PPENDI X  C :  WRAPPI NG  C O R R E C T I O N  

he data for rotation measure in the catalog that we use in this
ork can be subject to a wrapping uncertainty with step δRM =
52.9 rad/m 

2 . In our theoretical prediction, lines of sight sometimes
ppear with RMs of order O(1000) rad / m 

2 , so it is important to
ake a wrapping correction similar to experimental data if we want

o compare them. Of course, we do not have depolarization data,
ut based on the description of the procedure, we emulate it in the
ollowing way: 

(i) If the absolute value of the RM is smaller than 520 rad/m 

2 we
o not change it. 
(ii) If | RM | > 520 rad/m 

2 we take the value RM + N δRM, where
 is such integer number (positive or negative) such that the resulting
M has the smallest absolute value. 
MNRAS 519, 4030–4035 (2023) 

st ro w sho ws the bin number, the second row shows upper bound on each 
the number of observed objects, also we show the mean | RM | and | RRM | 

5 6 7 8 9 

1.36 1.81 2.4 3 5 
426 437 322 129 49 

15.53 16.39 15.22 16.98 18.08 
0.96 1.39 1.69 1.87 3.45 
9.41 9.38 8.09 10.77 10.97 
1.20 1.74 2.12 2.34 4.32 
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