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Abstract

Context. Fast radio bursts (FRBs) are poised to become important cosmological tools in the near future, as the number of observed FRBs is increasing rapidly with multiple surveys underway. A large sample of FRBs will soon have available dispersion measures (DMs) and rotation measures (RMs), which can be used to study the cosmic baryon density and the intergalactic magnetic field. However, the observed DM and RM of FRBs consists of multiple contributions that must be quantified to estimate the DM and RM of the intergalactic medium (IGM).

Aims. In this paper, we estimate one such contribution to DM and RM, namely, of FRB host galaxies. We show how this contribution changes with redshift, galaxy type, and the stellar mass of the galaxies. We also investigate its dependence on galaxy inclination and on an FRB’s offset from the center of the galaxy.

Methods. Using the TNG50 simulation of the IllustrisTNG project, we selected 16 500 galaxies at redshifts of 0≤ ɀ ≤2, with stellar masses in the range of 9 ≤ log(M*/M⊙) ≤ 12. In each galaxy, we calculated the DM and RM contributions of 1000 sightlines; from these, we constructed the DM and RM probability density functions (PDFs).

Results. We find that the rest frame DM distributions of all galaxies at a given redshift can be fitted by a log normal function and its median and width increase as a function of redshift. The rest-frame RM distribution is symmetric, with a median RMhost,rf=0 rad m–2 and it can be fitted by a combination of a Lorentzian and two Gaussian functions. The redshift evolution of the distribution width can be fitted by a curved power law. The parameters of these functions change for different subsets of galaxies with different stellar mass, inclination, and FRB offset. These changes are due to an increasing ne with redshift, SFR, and stellar mass. We do find a more ordered B field at lower ɀ compared to higher ɀ, as suggested by the presence of more galaxies with B field reversals and B fields dominated by random B field at higher ɀ.

Conclusions. We estimated the FRB host DM and RM contributions, which can be used in the future to isolate the IGM contribution from the observed DM and RM of FRBs. We predict that to constrain a σRM,IGM of 2 rad m–2 to the 95% confidence level, we would need to observe 95 000 FRBs at ɀ = 0.5, but only 9 500 FRBs at ɀ = 2.
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1 Introduction
The seeds of intergalactic magnetic fields (IGMFs) are still an open question in astrophysics (Baym et al. 1996; Brandenburg & Subramanian 2005; Kahniashvili et al. 2012, 2013). They could be primordial (magnetic fields that already existed soon after the Big Bang), astrophysical (magnetic fields that were caused by galaxy evolution, e.g., feedback processes, star formation, active galactic nuclei (AGNs)), or a combination of both. The true scenario could also have implications on the dynamics of inflation (due to inflationary magnetogenesis, e.g., Ferreira et al. 2013; Vazza et al. 2021) and the physics of the early Universe. Recent measurements exclude purely astrophysical and purely primordial origins and find an upper limit of ∼4 nG on the co-moving magnetic field strength based on cosmic microwave background (CMB) anisotropies (Planck Collaboration XIX 2016a) and low-frequency radio observations with the Low- Frequency Array (LOFAR) of close pairs of extragalactic radio sources (O’Sullivan et al. 2020). Hackstein et al. (2016) found 0.1 nG magnetic field in voids based on the observed degree of isotropy of ultra-high energy cosmic rays (UHECRs, Sigl et al. 2003). Carretti et al. (2023) measured the magnetic field of filaments with LOFAR and inferred an IGMF of 0.04–0.11 nG on Mpc scales. Many of these methods measure the magnetic field only in filaments; thus, we have limited constraints on the low-density Universe. Fast radio bursts (FRBs) are a promising, unique tool for measuring the IGMF as they account for every ionized baryon along a line of sight (Zheng et al. 2014; Akahori et al. 2016).
FRBs are millisecond radio transients (for reviews, see Cordes & Chatterjee 2019; Petroff et al. 2019); most are one- off sources and ∼3% are confirmed repeaters (CHIME/FRB Collaboration 2023). Their origin is still unknown, and there are many different FRB progenitor models, but the majority assume a connection to neutron stars (Platts et al. 2019). Recently, more and more FRBs have been localized to distant galaxies (see e.g., Chatterjee et al. 2017, Bannister et al. 2019, and Marcote et al. 2022) out to a redshift of ∼1 (Ryder et al. 2023). Due to their extragalactic origin and high event rate (predicted to be 103–104 per day over the whole sky above a fluence of ∼2 Jy ms, Bhandari et al. 2018), FRBs can be used as cosmological probes.
FRBs experience propagation effects due to the intervening material they pass through, causing a dispersion in the observed pulse (Cordes & Chatterjee 2019), characterized by the dispersion measure (DM; see below for more details). Some FRBs are linearly polarized and thus also undergo Faraday rotation (Masui et al. 2015), which causes the angle of polarization to change upon passing through a magneto-ionic medium. This is characterized by the rotation measure (RM; see below for more details). The observed DM of FRBs is 100–3000 pc cm–3 (Petroff et al. 2016, CHIME/FRB Collaboration 2021), and the IRMI of FRBs ranges from 1.5 to ~105 rad m–2 (Michilli et al. 2018; Petroff et al. 2019). The observed RM can even change sign with time (Anna-Thomas et al. 2023). FRBs can detect the baryonic content along the line of sight (LOS) into the distant Universe and are a powerful tool of cosmic magnetism (e.g., IGMF, Akahori et al. 2016, Zheng et al. 2014), because they provide information on both DM and RM simultaneously. Furthermore, they provide a unique tool for the study of the missing baryons (McQuinn 2014; Macquart et al. 2020), cosmological parameters (Macquart et al. 2015, Gao et al. 2014, Zhou et al. 2014), Hubble constant (H0) measurements (James et al. 2022), the intergalactic medium (IGM), and the interstellar medium (ISM) of our or other galaxies (e.g., Mannings et al. 2023).
The DM is the integral of the free electron density (ne [cm–3]) along the LOS (l [pc]) from a source to the position of an observer:
[image: equation](1)
Because the DM is an integral along the entire LOS, there are multiple contributors to the observed DM of FRBs (DMobs): the immediate source environment (DMsource), the host galaxy (DMhost), the IGM (DMIGM), and the Milky Way (DMMW). Thus, the observed DM of a source at redshift ɀhost (i.e., ɀsource = ɀhost) can be described in the following way:
[image: equation](2)
where DMsource,rf and DMhost,rf are in the rest-frame, and can be converted to the observer’s frame by the standard correction of 1/(1 + ɀhost), due to the cosmological time dilation and the frequency shift. The magnitude of the different components’ DM contributions are comparable based on models and simulations: 10–6–1000 pc cm−3 from the local environment of an FRB (such as a supernova remnant, or surroundings of a magnetar Piro & Gaensler 2018; Lyutikov 2022), ∼200 to ∼1700 pc cm−3 from the Milky Way and its halo (Cordes & Lazio 2002; Yao et al. 2017; Dolag et al. 2015; Keating & Pen 2020), ∼10 pc cm–3 to a few thousand pc cm–3 from the host galaxy (e.g., Zhou et al. 2014; Walker et al. 2020; Zhang et al. 2020), and a few thousand pc cm–3 from the IGM (Akahori et al. 2016). The DMIGM increases with redshift (Macquart et al. 2020), however, its exact value can be different if the LOS goes through a dense region (e.g., a cluster or a filament).
The RM of a source is defined similarly to the DM, but the integral is weighted by the LOS component of the magnetic field (B∥ [µG], parallel to the LOS):
[image: equation](3)
Similar to the DM, the observed RM of a source at redshift ɀhost also consists of the components from the source (RMsource), host (RMhost), IGM(RMIGM), and the Milky Way (RMMW):
[image: equation](4)
where RMsource,rf and RMhost,rf are in the rest-frame, and can be converted to the observer’s frame by the standard correction of 1/(1 + ɀhost)2. The contributions of the different components are comparable, such as 10–2 and 106 rad m–2 from the immediate surroundings (Piro & Gaensler 2018; Lyutikov 2022), 150 to 3000 rad m-2 from the MW (based on all-sky Galactic RM maps, e.g., Oppermann et al. 2012; Hutschenreuter et al. 2022), 10–4 and 104 rad m–2 from host galaxies based on previous simulations and models. The root mean square (rms) of RMIGM is expected to increase towards higher redshift, but it is ≤50 rad m–2 at all redshifts (Akahori et al. 2016; Hackstein et al. 2019). If we can isolate the contribution of the IGM from the other contributions in the observed RM, we can study the IGMF.
To be able to study the cosmic baryon density and the IGMF using the DM and RM measurements of FRBs, we need to constrain the other components, as they can all contribute significantly to the observed DM and RM mentioned above. In this paper, we focus on constraining the contribution of host galaxies. To do so, we calculated the DM and RM contribution of galaxies selected from the TNG50 simulation of the IllustrisTNG project (Pillepich et al. 2018, Nelson et al. 2019b), a state-of-the-art cosmological magneto-hydrodynamic simulation that contains thousands of galaxies at every redshift (of different types), with relatively high resolution (70–140 pc). This allows us to obtain good DM and RM estimates. We used 16.5 million sightlines to construct the DM and RM probability density functions (PDF) for different galaxy types to account for a large variety of possible FRB host galaxies. The main goal of this paper is to model and constrain the contributions of host galaxies, with applicabilities of (1) the statistical removal of them for future IGM studies and (2) informing the optimal criteria to sample FRBs for such studies. The secondary objective is to identify the astrophysical processes in the simulation that have led to the DM and RM trends.
This paper is organized as follows: In Sect. 2, we describe the simulation we used, our galaxy selection, and our DM and RM calculation methods. In Sect. 3, we show how the rest frame DM and RM distributions depend on different galaxy properties, for example, redshift, stellar mass, and inclination. In Sect. 4, we investigate how the observed DM and RM of hosts changes with redshift and its implications for measuring the RM of the IGM. We also compare our results to previous works based on different simulations and models. In Sect. 5, we summarize our findings.
2 Methods
In this section, we summarize the TNG50 simulation of the Illus- trisTNG project. We also describe the selection process for our sample galaxies and how we place FRBs within these galaxies. Finally, we show how we calculate the rest frame DM and RM host contributions of the galaxies.
Table 1 
The number of galaxies selected at each redshift.

2.1 TNG50
We have used IllustrisTNG, a state-of-the-art cosmological mag- netohydrodynamical (MHD) simulation (Pillepich et al. 2018, Nelson et al. 2019b) to estimate the distribution of the DM and RM contribution of FRB host galaxies.
2.1.1 Description of the simulation
The TNG project consists of three different simulation cubic volumes: TNG300, TNG100, and TNG50 with side length of approximately 300, 100, and 50 Mpc, respectively. We chose TNG50-1 because it has the highest physical resolution (Pillepich et al. 2019, Nelson et al. 2019a).
In these simulations, the physical resolution depends on the gas density, there are a larger number of cells in high-density regions (e.g., galaxies). Since the DM and RM of FRBs are calculated as a LOS integral passing through the galaxy as a pencil beam, we want ne and B|| values that are realistic on the smallest scale possible for our study, as (in reality) both can change on a scale of a few tens of parsecs due to turbulence (Haverkorn et al. 2008).
In the simulation volume of TNG50, the magnetic fields are modeled with the highest physical resolution in cosmological MHD simulations at the moment: the average cell size is 70– 140 pc in the star-forming regions of galaxies (which is 355 pc in TNG100, 715 pcin TNG300 Nelson et al. 2019b, and 370 pc in the Auriga simulations Grand et al. 2017). The magnetic field information in TNG50 was saved in 20 snapshots by the TNG team, and the redshifts of the snapshots that we used in our study are listed in Table 1.
All the TNG simulations assume a cosmology consistent with the lambda cold dark matter (ΛCDM) model, and results from the Planck Collaboration (Planck Collaboration XIII 2016b, ΩΛ,0 = 0.6911, Ωm,0 = 0.3089, Ωb,0 = 0.0486, σ8= 0.8159, ns = 0.9667, and h = 0.6774), with Newtonian self-gravity solved in an expanding Universe (Nelson et al. 2019b). The conversion of the simulation units to physical units was done following the recommended procedures for the TNG data (Nelson et al. 2019b).
2.1.2 Supermassive black hole feedback in the simulation
We note that the supermassive black hole (SMBH) feedback mechanism in the IllustrisTNG simulations (described in Weinberger et al. 2017, Weinberger et al. 2018) has a great effect on the properties of galaxies, which also appear in our results in Sect. 3. Here we provide an overview of this feedback mechanism. The SMBH feedback changes mode for black hole masses above ∼108M⊙, which usually corresponds to a galaxy stellar mass of around log(M*/M⊙) ~10.5. Below this limit (MBH ≲ 108), in the high accretion state, the feedback is purely thermal energy. For the low accretion state (MBH ≳ 108), more efficient kinetic energy is injected instead, quickly quenching star formation and causing strong outflows.
This results in a mostly star-forming population of galaxies at log(M*/M⊙) ≤ 10.5 and a mostly quiescent population at log(M*/M⊙) > 10.5. Furthermore, this quenching can have effects out to several 100s of kpc from the center of galaxies (Zinger et al. 2020). X-ray observations show strong outflows from AGNs (Tombesi et al. 2010), which could cause the expulsion of gas from their host galaxies and the suppression of star formation (Combes 2017), consistent with the quenching process in the simulation.
2.2 Galaxy selection
Due to computational limitations, we only included galaxies (also called “subhalos”1) with a stellar mass (M*) in the range of log(M*/M⊙) = 9–12 (noting that out of 23 securely localized FRB-hosts, only 3 have 9 > log(M*/M⊙) Gordon et al. 2023). Therefore, the study of dwarf galaxies, as well as satellite galax- ies2, is outside the scope of this work. We also excluded subhalos flagged by the simulation as unsuitable for most analysis (as they are not of cosmological origin3), and galaxies labeled with star formation rate (SFR) = 0 in the simulation output4.
The number of galaxies in the above mass range (log(M*/M⊙) = 9–12) experience a rapid fall off at ɀ > 2 in the simulation (see Table 1). This is as expected, because in the hierarchical structure formation of the ΛCDM model there are fewer massive galaxies at higher redshifts. We note that recent results from the James Webb Space Telescope might challenge this view, as they show the presence of massive galaxies and a higher rate of galaxy disks at earlier cosmological times than expected from the ΛCDM model (Ferreira et al. 2022; Labbé et al. 2023). Our results at ɀ < 2 should not be significantly affected, but at higher redshifts DM and RM might be higher in reality compared to our results from the simulation. Therefore, for our statistical analysis we focus on ɀ < 2, and only briefly investigate the overall redshift dependence of galaxies at ɀ > 2. In summary, we selected galaxies from ɀ = 0 out to ɀ = 2, with log(M*/M⊙) in the range of 9-12, resulting in a total of 16 500 galaxies (Table 1).
2.3 Positions of FRBs
We placed FRBs in our selected galaxies assuming they are more likely to occur in denser regions. First, we define a radius for each galaxy that encloses 99% of the star-forming gas of the subhalo (rSF,99). Fig. 1 (middle) shows the distribution of rSF,99 at different redshifts, with slightly larger radii at higher redshifts, where the star-forming gas is not yet confined to the inner parts of the galaxies. We then randomly select 1000 gas cells inside this radius, which we adopt as the positions of our FRBs. As the physical resolution of the simulations is adaptive, this means we have more FRBs in denser regions of the galaxies, and most FRBs are in the disk.
In Fig. 1 (right), we show the distribution of the projected offset of FRBs from the center of their host galaxies (boffset). In order to clarify the definition of boffset we show three example illustrations of boffset in galaxies with different inclinations in Fig. 2. We placed more FRBs in the center of galaxies, and these distributions do not change significantly with redshift. We point out that out of a sample of 12 localized FRBs, the smallest boffset is 0.6 ± 0.3 kpc and the largest is 27.2 ± 22.6 kpc (Heintz et al. 2020, where the errors are due to the uncertainties of the localization of the FRBs). This is consistent with our resulting range of boffset <40 kpc. We note that different progenitors could have different spatial distribution in galaxies (see e.g., Walker et al. 2020; Mo et al. 2023).
	[image: thumbnail]	Fig. 1 Distributions of galaxy inclination (i), galaxy radius (rSF,99) and FRB projected offset with respect to the center of their host galaxy. Left: i distribution of the galaxies, which is the same at every redshift. We define i as the angle between the total angular momentum vector of the galaxy’s stars and the LOS. Middle: distribution of rSF,99 at different redshifts. Right: distribution of boffset at different redshifts.



	[image: thumbnail]	Fig. 2 Illustration of the inclinations of host galaxies and the projected distance of FRBs from the center of the host galaxy (boffset), showed for face-on, inclined, and edge-on galaxies. The observer is on the left side. The total angular momentum vector of the host galaxy (L) is perpendicular to the plane of its disk. The inclination (i) is the angle between the line of sight and L. The filled circles indicate the positions of the FRBs.



2.4 Inclination of galaxies
We define the inclination (i) of the galaxies in the simulation as the angle between the total angular momentum vector (L, which is perpendicular to the plane of the galaxy) and the line-of- sight. In Fig. 2 we show three example illustrations of different inclinations.
We assume that galaxies are randomly oriented with respect to the line of sight. To ensure this, first we rotate each galaxy to face-on view, by rotating the total angular momentum vector of its stars to point to the observer. Then for each galaxy, we generated 1000 random rotation matrices using fast random rotation matrices (Arvo 1992), so that for each FRB position, the same galaxy has a unique orientation. After the rotations, the total angular momentum vectors are uniformly distributed on a sphere. We note that multiple orientations can result in the same inclination. An example of the distribution of i is shown in Fig. 1 (left). The magnetic field vectors and the position vectors of the cells of the galaxies are rotated by the same matrices.
2.5 Calculating ne
The ionization in the simulation that sets the electron density (ne) is computed as the equilibrium state given radiative cooling and heating from the UV background and nearby AGN. However, ne must be calculated differently for star-forming and nonstarforming cells (where SFR = 0 M⊙/yr, namely, below the SFR resolution of the simulation). For nonstar-forming cells, it can simply be computed from the electron abundance (eab , the fractional electron number density with respect to the total hydrogen number density) and the hydrogen number density (nH):
[image: equation](5)
Here, eab is available in the IllustrisTNG particle data. However, nH has to be calculated using the total gas density of the cells (ρ):
[image: equation](6)
where we assume the fraction of hydrogen to be XH = 0.76 (based on the initial conditions of TNG, Pillepich et al. 2018), and mp+ is the mass of a proton.
For star-forming cells, we must consider the sub-grid model for star formation and the multiphase interstellar medium used by the simulation (Springel & Hernquist 2003). Following Springel & Hernquist (2003) (see also e.g., Pakmor et al. 2018, Zhang et al. 2020) we can calculate ne assuming each cell’s interstellar medium consists of volume-filling hot ionized gas (T ∼ 107 K) and small neutral cold clouds (T ∼ 103 K). We also assume that our sightlines do not cross the cold clouds and the temperature in the warm phase is hot enough to fully ionize hydrogen and helium.
Then, by finding the mass fraction of the warm gas (xwarm) and assuming it is 100% ionized:
[image: equation](7)
where YHe (the fraction of helium) is 0.23. We note that the ne value calculated using this subgrid model might be uncertain by a factor of 2–3, but a better estimate would require resolving the ISM. Pellegrini et al. (2020) presented a new method of post-processing galaxies from MHD simulation to obtain better estimates on the small-scale ISM properties by including stellar clusters and their impact on the ISM. Comparing their radial and vertical profiles of ne with a single galaxy from the Auriga simulations, they found that ne can vary by a factor of 2 lower or higher in different parts of the galaxy compared to when computed using Eq. (7). We argue that because for most sightlines we integrate across a large part of the galaxies, these differences would average out, and our DMs and RMs are not affected significantly.
2.6 Calculating DM and RM
The DM is the LOS integral of the electron density (ne). For a given sightline in the simulation, we compute this by replacing the integral with a discrete sum between the FRB position in the inclined galaxy and rSF,99 of the galaxy. We use N steps of dl=20 pc step size, and the integration takes the closest cell to the position on the sightline in every step:
[image: equation](8)
where i is the index for the N steps and ne,i is the electron density at each step. We also assume that the origin of the FRB is a point source, and its emission originates from scales smaller than 20 pc. We find that it is sufficient to use 1000 sightlines per galaxy, as two runs of the pipeline give the same overall distribution at a given redshift. We chose to rotate the galaxies randomly for each sightline, as a lower number of rotations can lead to biases, based on which galaxies get rotated to be face-on. We find that DM increases with increasing integral path length. When integrating to rSF,99 and 2 x rSF,99, 68 % of our sightlines have a difference below 50 pc cm–3 in DM and below 3 rad m–2 in RM. We note that the maximum difference can be as high as ∼8000 pc cm–3 and ∼250 000 rad m–2. However, we argue that as in Sect. 3 we use the median and the width of the distribution containing 68% of sightlines, our results will not be significantly affected. For further discussion on the effect of different parameter choices (integral length and integral step size), see Appendix A. The RM is calculated similarly as DM:
[image: equation](9)
where B∣∣,i is the line of sight magnetic field at each step. The same parameter tests were performed as during DM calculations (see Appendix A).
2.7 Pipeline summary
In summary, we selected 16 500 galaxies, rotated each to a random inclination 1000 times and randomly chose 1000 FRB positions in each galaxy. Then we calculated the DM and RM contribution by the host galaxy for each FRB sightline.
For each sightline we save the galaxy ID, the position of the FRB, the ne of that cell, the calculated DM and RM, and the inclination, which can be found on zenodo5. For each galaxy we save the stellar mass, star formation rate, rSF,99, the properties of its magnetic field (average total magnetic field of the disk, and the average of its components – azimuthal, radial and vertical), and the radial and vertical profile for the magnetic field and its components (for details see Appendix D). We also calculate these profiles for ne and ρ.
3 Results
In this section, we describe how we calculated the DMhost,rf and RMhost,rf PDFs6 for different subsets of galaxies and we investigate how the properties of these distributions change with redshift and other galaxy properties. Our goal is to provide an estimate for the host contribution of an observed FRB assuming we have information on its redshift, and/or its host galaxy properties. First we show the redshift dependence of the full sample, then the differences between star-forming and red galaxies (i.e., “quenched”), and how the distributions change with stellar mass. Assuming we also know the inclination of the observed host galaxy, or the boffset, we provide PDFs for different inclinations and offsets. We summarize these trends in Sect. 3.4.
3.1 Analysis of the sightlines
We analyzed the calculated DMhost,rf and RMhost,rf in two ways, using their simple statistical properties and fitting PDFs to the distributions. We then fit how the statistical properties and the distribution parameters of DMhost,rf and RMhost,rf change across redshift, so that we can provide the estimated DMhost,rf and RMhost,rf distributions for observed FRBs at any redshift (for more details, see Appendix B). We list the parameters of these fits in Tables B.1 and B.3.
First, we investigated the statistical properties of the lines of sight to provide straightforward estimates that enable simple comparisons to observed DMs and RMs. We calculated the median and the 1σ width of the distributions, which we define as the difference between the 84th and 16th percentile (wDM,rest and wRM,rest, containing 68% of the data). The median RM = 0.00 ± 0.03 rad m–2 at every redshift.
Next, we fit mathematical PDFs to provide a way for the reader to have a more accurate model of DMhost,rf and RMhost,rf. We calculate the PDFs individually for each redshift, and for each PDF we take into account the DM and RM of every FRB at the given redshift. The PDFs for redshifts 0.0, 0.2, 0.4, 1.0, and 2.0 are shown in Fig. 3. We only show the PDFs for half of the snapshots in our analysis to make the plot clearer, but we will show in Sect. 3.2 that the parameters of the distributions change smoothly with redshift (see and Fig. 4).
We found that the PDF of DMhost,rf can be described by a log normal distribution:
[image: equation](10)
parametrized with µ and σ, which are the mean and standard deviation of the DM’s natural logarithm, and not the DM itself. It is worth noting that the tail of the distribution is slightly overestimated by the log normal fit. Other distributions that can be fitted to the data include the gamma function, however this overestimates the 16th percentile by a factor of 4. The difference between the median of the actual PDF and the median from the log normal fit (exp(µ)) is below 10 pc cm–3 at all redshifts.
The RM distribution is symmetric (shown in Fig. 3 bottom), and can be fitted by the sum of one Lorentzian and two Gaussian functions, similar to the results of Basu et al. (2018) (for more details see Sect. 4.2.2):
[image: equation](11)
where a1, a2 and a3 are normalization fractions, γ is the parameter of the Lorentzian function, and σ1 and σ2 are parameters of the Gaussian functions. We note that the exact definition of the function is different from that of Basu et al. (2018), for example we did not define a variable for the mean, but assumed it to be 0 rad m–2. We also experimented with a purely Lorentzian fit, and different combinations of Gaussian and Lorentzian fits, but the combination from Basu et al. (2018) captured the long tails and peak of the distribution best. The wRM,rf of the fitted PDFs differs from that of the real PDFs by less than 20 rad m–2.
We note that in a case where we would have used a longer integral path length (e.g., extending to 2 x rSF,99), our estimated median DM might be higher by ~20% and wDM,rf by 10%. Our RM distribution would be less affected, with wRM,rf only increasing by a few percent. The smaller difference in RM is most likely caused by frequent changes in the magnetic field direction in the galaxy’s halo or in the circumgalactic medium.
	[image: thumbnail]	Fig. 3 PDFs of the rest frame DM (top) and RM (bottom) contribution of host galaxies (of all galaxy types), using FRBs at different redshifts, indicated by different colors. The DM PDFs are modeled by a log normal, and the RM PDFs by the sum of a Lorentzian and two Gaussian functions, shown by the dashed lines.



	[image: thumbnail]	Fig. 4 Redshift evolution of the median and width of the DM and RM PDFs. Top: median of DMhost,rf as a function of redshifts for all galaxy types. The shaded regions correspond to the 1σ and 2σ width of the distributions. The power law fit is plotted as a dashed black line. For comparison, we also plotted the results from Zhang et al. (2020), in the case of host galaxies like the host of FRB180916 (a), galaxies similar to the hosts of non-repeating FRBs (b) – hosts known at the time of Zhang et al. (2020)’s paper, and galaxies similar to the host of the repeating FRB121102 (c). For further details on the comparison, see Sect. 4.2.1. Middle: median of RMhost,rf as a function of redshift. The shaded regions correspond to the 1σ and 2σ width of the distributions. Bottom: 1σ width of the distributions of RMhost,rf (wRM,rf) as a function of redshift, and the curved power law fit (black dashed line). The errors are from the bootstrap method.



3.2 Redshift evolution of DMhost,rf and RMhost,rf
In this section, we investigate how the rest frame distributions of DMhost,rf and RMhost,rf change across redshift, considering all galaxies (regardless of their galaxy type or other properties).
We find that the median of DMhost,rf and the wDM,rest both increase from ɀ = 0 to ɀ = 2 following a power law, by a factor of ∼4 and ∼2.5, respectively. We find that the RM distribution also becomes broader with redshift, with wRM,rest increasing by a factor ~3.5 up to ɀ = 1. At 1 < ɀ < 1.5, wRM,rest flattens, and starts to decrease at ɀ = 1.5. The wRM,rest can be fitted by a curved power law as a function of redshift. For more details on the functional forms, see Appendix B. As we might observe FRBs at higher redshifts in the future with the SKA (Hashimoto et al. 2020), we checked if our derived forms for DMhost,rf and RMhost,rf evolution at 2 < ɀ ≤ 5 hold for higher redshifts, and found some deviations, thus our results presented in this paper should be used only up to ɀ = 27. As the snapshots in the simulation at ɀ > 2 contain significantly fewer galaxies than at ɀ ≤ 2 (see Table 1), we do not include them in the paper.
Here, we also investigate the reason behind these redshift evolutions. In the case of DM, the increase can be caused by either an increase in ne or in the integral path length (L). Additionally, RM also depends on the strength and direction of the line-of-sight magnetic field. To be able to interpret the role of ne and B in the resulting DM and RM, we calculated the electron density, gas density, and magnetic field radial and vertical profiles, and other properties of the magnetic field. To calculate the magnetic field properties, we followed the methods in Pakmor et al. (2017) and Pakmor et al. (2018), who studied Milky-Waylike galaxies from the Auriga simulations. The range of magnetic field strengths are in agreement with what we have found in the examined galaxies (see Appendix D).
3.2.1 DM: electron density changes with redshift
Based on observations (e.g., Kaasinen et al. 2017), galaxies at higher redshift have higher star formation rates, subsequently higher electron densities, such as a factor of 5 greater at ɀ = 1.5 than at ɀ = 0. In the simulation, we find that the median SFR of the selected galaxies is also larger by a factor of ~9 at ɀ = 2 compared to ɀ = 0, similarly to observed galaxies, and the number of quenched galaxies increases from a few percent up to ~20%. The 1σ width of the SFR distribution also increases by a factor of ~ 10 from ɀ = 0 to ɀ = 2. Furthermore, we find that from ɀ = 0 to ɀ = 2, the median ne of the locations of FRBs (ne,FRBpos) increases by a factor of ~4, and the range of values increases by a factor of ~3 (shown in panel a of Fig. 5). As the 1000 positions for each galaxy were randomly selected, their properties can tell us about the general environment in these galaxies. In summary, we find that ne,FRBpos significantly increases with redshift, which can cause a significant increase in DM.
Another cause of larger DMs at higher redshifts may be a longer L through the host galaxy. As we define the end point of the integral as the radius of the galaxies (rSF,99), this increase can be due to an increase in the radius. We find that indeed, the median of rSF,99 and the path length increases by a factor of 1.3 from ɀ = 0 to ɀ = 2 (shown in panel d of Fig. 5), noting that at ɀ < 1 it only changes by a few percent.
We can calculate the average electron density along an FRB sightline as we know the path length (L), if we rearrange Eq. (8): [image: equation]. We find that this increases with redshift up to ɀ = 2 by a factor of 2.9, but between ɀ = 1 and ɀ = 2, it only increases by a few percent (shown in panel b of Fig. 5). We previously saw that at ɀ > 1 the path length increases, which could explain why DM keeps increasing despite 〈ne,LOS〉 only increasing slightly. This could mean that at higher redshifts the galaxies have star-forming gas out to a larger distance compared to lower redshifts, but ne is low in the outskirts of galaxies, causing us to measure a lower 〈ne,LOS〉 than expected from DM. This idea is supported by the fact that the difference between the radius containing 95% and 99% of the star-forming gas in galaxies are larger at higher redshifts. At ɀ = 2, the difference is 40% of rSF,99 on average, while it is only 20% at ɀ = 0.
Thus, we conclude that the increasing trend of median DM with increasing redshift can be mainly explained by higher electron densities caused by higher SFR, but an increase in path lengths also contributes to a lesser degree. Note that, a factor of two longer path length would result in only 20% increase in median DMs at each redshift bin (see Appendix A).
	[image: thumbnail]	Fig. 5 Median of different properties and their ranges of values between the 16th and 84th percentile changing with redshift, meant to illusrate what drives the DM and RM trends, (a): ne of the starting position of the FRBs (ne,FRBpos) as a function of redshift. (b): average ne along the line of sight (〈ne,LOS〉) as a function of redshift. (c): distribution width of the average B|| along the line of sight (〈B||,LOS〉) as a function of redshift.



3.2.2 RM – magnetic field changes with redshift
While the wRM,rf increase at ɀ < 1 can be partly attributed to increasing electron densities, the decrease at ɀ > 1 is not seen in DM (which includes changes in ne and L), thus it has to be caused by the magnetic field; either from changes in its strength or structure. We note that a longer L has little impact on our results (see Appendix A), only causing a wRM,rf larger by ~2%.
We calculate the average total magnetic field strength in the disk of the galaxies by averaging each galaxy’s total magnetic field strength map (see Appendix D). We find a small increase (~20%) from ɀ = 0 to ɀ = 1 and a small decrease (~20%) from ɀ = 1 to ɀ = 2 in the total magnetic field strength. Although this is only a small factor, we also need to consider the factor of 4 increase we see in DM. Until ɀ = 1, both ne and the average B field strength increase, so wRM,rf also increases. For ɀ > 1 only ne increases and the average B field strength decreases, which can be partly the reason why the wRM,rf stops its steep increase. However, it cannot fully explain the decreasing RM; thus, we also need to explore the magnetic field structure.
If both the DM and RM are measured for the same FRB sightline: [image: equation], assuming a constant magnetic field with no field reversals, resulting in a lower limit of the actual magnetic field strength. The distribution width of 〈B||,LOS〉 increases until ɀ = 1 by a factor of 1.15, and then decreases by 20% from ɀ = 1 to ɀ = 2, becoming smaller than at ɀ = 0 (shown in panel c of Fig. 5), in contrast to the average total magnetic field strength which decreases to the same value it was at ɀ = 0. Since we estimated 〈B||,LOS〉 with the assumption of no field reversals, one possible explanation for the decrease in 〈B||,LOS〉 is the presence of more reversals or random field at ɀ > 1 compared to z < 1. As the changes in field direction along the line of sight can cancel each other, more field reversals and random fields can also cause lower wRM,rf. On the other hand, the presence of a strong large-scale ordered field can cause high |RM| values, which would increase wRM,rf.
To investigate whether the number of galaxies with ordered field changes across redshift, we separate the magnetic field strength into azimuthal, radial and vertical components. We generated magnetic field strength maps of the field components, with the sign of the field preserved (thin projections of the magnetic field components centered on the mid-plane for each magnetic field component). We investigate the presence of 1) large-scale B fields, and 2) B field reversals or random fields in the galaxies. By calculating the average magnetic field strength of the face-on maps with preserved field signs (from here on called signed magnetic field strength), we can separate the two cases. If its absolute value is a few µG, then the galaxy has a large-scale field without reversal; if this value is close to 0 µG, the field is random or has a field reversal. The distribution of these signed magnetic field strengths is symmetric about 0 µG. In the case of the radial and vertical field, the width of this distribution is low (< 1 µG) and does not change with redshift. This is due to their lower field strength compared to the azimuthal component, and that they are more likely to have a random field. In the bottom plot of Fig. 6 we show how the width of the signed azimuthal magnetic field strength distribution (wB,signed) changes with redshift. At ɀ ≥ 0.7 it quickly decreases. At ɀ = 0 we find 26% (53%) of galaxies have a mean azimuthal field larger than 2 µG (1 µG), and at ɀ = 2 we find only 6% (22%) of galaxies have a mean azimuthal field larger than 2 µG (1 µG). We find that the number of galaxies with reversals in the azimuthal field or with azimuthal fields dominated by random fields increases towards higher redshift.
In summary, with increasing redshift, we find a slight, 20% decrease in total field strength, and we find that galaxies have a less ordered magnetic field, where random fields and reversals dominate, causing lower wRM,rf.
3.3 Dependence of DMhost,rf and RMhost,rf on different galaxy properties
We investigate whether the DMhost,rf and RMhost,rf are different in galaxies with different properties, such as star-forming activity, stellar mass, the position of the FRB - specifically the projected offset from the center of galaxies (boffset; see Sect. 2.3), and the inclination of the host galaxy. These are all properties that should be possible to derive for localized FRBs, and observed FRB host galaxies could be separated based on them in the future. Star forming and red (i.e., quenched) galaxies can be separated by their color–magnitude diagram (Bell et al. 2004), their inclination can be measured by the ratio of their major and minor axis (assuming circular disk galaxies).
To separate the star-forming and quenched galaxies in our TNG50 galaxy sample, we adapt a method from Donnari et al. (2019), who derived the Main Sequence (MS) of galaxies in TNG100. The MS is a tight relation between the stellar mass and SFR of star-forming galaxies based on observations (e.g., Noeske et al. 2007), and this relation also scales with redshift. The stellar mass of galaxies is readily available in the TNG data release. The boffset can be calculated from the position data, and we define the inclination angle as the angle between the total angular momentum vector of the galaxy’s stars and the line of sight (see Sect. 2.4).
We separated star-forming and red galaxies, divided the galaxies into five stellar mass, four projected offset, and four inclination bins. The shapes of the distributions of the subsets of sightlines are the same as the ones for the full sample. In Figs. B.1 and B.2, we show the median DM and wRM,rf as a function of redshift from each subset group, all of which can be fitted by a power law and a curved power law, respectively. The fitted parameters for the different groups are listed in Table B.1. While the shape of the PDFs remains the same, the parameters of the PDFs change with different properties, which we describe below. We summarize these results in Fig. 7 (shown for galaxies at ɀ = 0.5).
	[image: thumbnail]	Fig. 6 Median of the different magnetic field components’ ratios to the total magnetic field ([image: equation], where the components are azimuthal, radial, and vertical) as a function of redshift (top). Distribution width of the average of the signed magnetic field strength maps as a function of redshift (bottom).



3.3.1 Star-forming and quenched galaxies
We find that star-forming galaxies have a wider DM and RM distribution, and a higher median DM and wDM,rf by a factor of ~3 and ~6, respectively, compared to quenched galaxies (see e.g., Figs. B.1a and B.2a). The same trend can be seen at all redshifts. We only have a few red galaxies in our sample, as most of the sampled galaxies are star-forming (97% in total, with 95% at ɀ=0 and 99% at ɀ=2). As a result, at ɀ ≥ 1.5 we have fewer than ten quenched galaxies in a redshift bin, thus the trends for quenched galaxies cannot be seen clearly.
To test if the different distribution shape is caused by the small sample size of the quenched galaxies, we randomly selected the same number of galaxies from the star-forming sample as there are in the quenched sample. The resulting DM and RM PDFs closely resemble the PDFs of all star-forming galaxies, suggesting the quenched galaxies have a different PDF unrelated to the sample size. On the contrary, the difference in PDFs might be due to the fact that the structure and properties (e.g., SFR, stellar mass) of star-forming spiral and red elliptical galaxies are different (see e.g., Conselice 2014 for a review), thus their electron densities can also differ. Furthermore, the magnetic field strength and structure of different galaxies can vary: ellipticals might have weaker large-scale fields because they lack a differentially rotating disk (Beck 2012).
Based on optical spectroscopic observations, ne is correlated with the SFR of galaxies (Shimakawa et al. 2015; Kaasinen et al. 2017) A high SFR density increases the number of young massive stars, which in turn, by stellar winds and shocks will have a larger energy input to HII regions, and the diffuse ionized gas, increasing the electron density of galaxies. However, the red galaxies have already started or gone through quenching, their cold star-forming gas is depleted, and the electron densities decreased, which causes the lower DM.
We do find a difference in ne in the simulation: the average ne,FRBpos is 4 times larger in star-forming galaxies than in quenched galaxies. The 〈ne,LOS〉 is 5 times smaller for quenched galaxies. However, we also find that the path length in quenched galaxies is usually two times larger on average. But this is not surprising, as the quenched galaxies have large stellar masses (~ 10 times larger than average SF galaxies) and galaxy sizes (~3 times larger), similar to large ellipticals. Only a few quenched galaxies (~15%) have radii below 5 kpc and we found that 95% of these galaxies have log (M*/M⊙) < 10.5. Thus, in summary, while the path lengths are larger, the electron densities are lower in red galaxies and this causes their smaller DM contributions.
We find that the width of the distribution of 〈B||,LOS〉 along the line of sight in star-forming galaxies is 1.5 times larger than that of red galaxies. This suggests a difference in the magnetic field properties of quenched and star-forming galaxies, in addition to the differences in ne. It has been shown that early-type galaxies have an irregular gas distribution in the TNG simulations (due to the interaction of AGN feedback with the surrounding gas), and the magnetic field traces the gas density closely and is therefore also irregular (Marinacci et al. 2018). We see similar trends in our sample: quenched galaxies are often not well described by a double exponential radial magnetic field strength profile, with a maximum B field strength at larger radii instead of at the center of the galaxy. Their central magnetic field strengths are lower than those for star-forming galaxies. They also exhibit “wiggles” (magnetic field strength fluctuating with radius) in the radial profiles. Similar features can be seen in the gas density profiles, but the ne profiles can still be described by a double exponential function. This irregularity in the magnetic field can cause lower wRM,rf.
	[image: thumbnail]	Fig. 7 Median DMhost,rf changes (top) shown as a function of stellar mass (left), boffset (middle) and galaxy inclination (right). The bottom row shows the same for the RMhost,rf distribution width (wRM,rf). This figure shows these trends for galaxies at ɀ = 0.5. We note that the sudden drop at log(M*/M⊙) = 10.5 is due to the change in supermassive black hole feedback mechanism in the TNG50 simulation (see Sect. 2.1.2).



3.3.2 Stellar mass
In Figs. 7a and d, we show that the median of DM and wRM,rf increases linearly with stellar mass, up to very high mass galaxies (log(M*/M⊙) > 10.6 at ɀ < 1, log(M*/M⊙) > 11 at ɀ > 1). For more massive galaxies, the DM and RM PDF becomes narrower, the median DM drops to half of its value and wRM,rf narrows. At every redshift, the wRM,rf decreases linearly after the drop, while the median DM does not always decrease linearly. The difference between the fits of the redshift dependence of the different stellar mass bins are more visible in the case of RM. At low red-shifts (ɀ<0.3), the galaxies with lower stellar mass have a higher median DM and wRM,rf than galaxies with larger masses.
The increase can be explained by the MS relation between the stellar mass and SFR, as SFR increases with stellar mass, thus the electron densities do too. The sudden drop occurs in massive galaxies with log(M*/M⊙) > 10.5, which are analogous to large ellipticals with low electron densities and star formation rates. In the simulation, this is likely caused by the change in the SMBH feedback mechanism in galaxies with a stellar mass of around log(M*/M⊙) ~ 10.5 (described in Weinberger et al. 2017, Weinberger et al. 2018, for more details see Sect. 2.1.2). This subsequently lowers their gas densities, electron densities and SFR. The 〈ne,LOS〉 in galaxies with lower stellar masses is lower by a factor of 2. Although the path length increases as a function of stellar mass, the ne decrease is more prominent, producing low DMs in very massive galaxies.
The quenching process also has an effect on the magnetic field of the galaxies, as they start to have a different radial B field profile, with lower magnetic field strength at the center and a more irregular magnetic field. This, in combination with lower electron densities, causes a lower wRM,rf·
We investigated if the massive galaxies in our sample are truly undergoing quenching. We find that 70–90% (corresponding to different redshifts) of galaxies we classified as quenched have a stellar mass above log(M*/M⊙) ~ 10.5. However, only <30% of log(M*/M⊙) > 10.5 galaxies are classified as quenched. This is because we only consider galaxies red if they are 1 dex below the MS. So while for galaxies with smaller stellar masses we find an average SFR close to the SFR of the main sequence, for massive galaxies we find SFRs that lie below the MS. These galaxies might have already started the quenching process. The fraction of quenched galaxies decreases at higher redshift, and more massive galaxies are classified as star-forming. We also note that <4% of star-forming galaxies are massive and very active in star formation: with log(M*/M⊙) > 11 and a mean SFR ~ 10 M⊙/yr. As we show in Sect. 3.2.1, ne is correlated with SFR, and a lower SFR can explain lower DMs.
	[image: thumbnail]	Fig. 8 Averaged radial and vertical profile of B of galaxies at various redshifts, and their 1σ width (top). In the top left panel, we show the total magnetic strength profile of NGC6946 (Beck 2007) and M101 (Berkhuijsen et al. 2016). In the top right panel, we show the average vertical B profiles of CHANG-ES galaxies (Krause et al. 2018) with a scale-height of 6 ± 3 kpc. Averaged radial and vertical ne profile of galaxies at various redshifts, and their 1σ width (bottom). We overplotted the ne profiles of the thick disk from Yao et al. (2017).



3.3.3 Projected offset of FRBs
We find that the median DMhost,rf and wRM,rf decrease with larger FRB offsets. The magnitude of the change from boffset = 0 kpc to boffset = 50 kpc is more significant in the case of wRM,rf (decrease by a factor of ~8), than the median DMhost,rf (factor of ~2). In Fig. 7b, we show that the median of DM decreases linearly, and in Fig. 7e, we see how wRM,rf decreases exponentially.
This is not surprising, as we expect both ne and B field to change as a function of distance from the center of the galaxy (see e.g., Beck 2007). As a result, the DM and RM distributions can also be affected.
We find that in the simulation the electron density is higher and the magnetic field is the strongest at the center of galaxies (except in quenched galaxies), and it decreases by a double exponential as a function of radius and distance from the mid-plane (see the profiles in Fig. 8, and Appendix D). RM decreases more rapidly than DM, because both ne and B exponentially decrease with radius. We note that the magnetic field strength profiles are lower in magnitude than those from the observations of NGC6946 (Beck 2007), M101 (Berkhuijsen et al. 2016) and the CHANG-ES galaxies (Krause et al. 2018). This can be due to the limited spatial resolution of IllustrisTNG, causing a missing turbulent field (similar to the Auriga simulations Pakmor et al. 2017).
We also find that the path lengths increase with boffset, along with galaxy radius, because galaxies with larger radii have a higher chance of having an FRB with larger offset.
3.3.4 Inclination
We divided the sightlines into four inclination bins at each red-shift. We find that the median DM increases exponentially with inclination, shown in Fig. 7c: face-on galaxies (i < 10°) have a smaller median DM than galaxies with larger inclinations (10°< i < 80°), while edge-on galaxies (i > 80°) have the highest DM range (larger by a factor of ~2 compared to face-on galaxies). The same trends are found at all other redshifts. In Fig. 7f we also see wRM,rf increasing exponentially with galaxy inclination: edge-on host galaxies have an wRM,rf a factor of ~4 larger compared to face-on galaxies, which is more significant compared to DM. The increase with inclination can be seen at every redshift, but at ɀ ≥ 1.5, the increase is only linear in contrast to the exponential increase at ɀ < 1.5. These differences between the trends suggest that the magnetic field also has an effect.
As we have 1000 sightlines for each galaxy, with different inclinations for each of those 1000 sightlines, we expect no variation of galaxy properties (e.g., stellar mass, SFR, radial and vertical profiles of ne and B) with inclination. And, as we select the FRB positions randomly, ne,FRBpos also only fluctuates by 4% for the different inclination bins. Thus, we conclude that the trend with inclination is a geometric effect, and is independent of the physical properties of individual galaxies. The DM of edge-on galaxies is larger because those sightlines have a longer path through the dense ISM inside the galaxy’s disk, compared to the case of face-on galaxies, where the sightline only passes through a short path in the disk.
We find the 〈ne,LOS〉 is larger by a factor of ~ 1.5–2 for edge-on compared to face-on galaxies, which is due to larger ne in galaxy disks. The median path length decreases slightly with inclination, but the mean path length stays the same. This could be explained by how in edge-on view, both small and long path lengths are possible depending on the line of sight. As our FRB sources are mostly found in a disk, an FRB from a source at the edge of the disk can go through the whole disk and the halo of the galaxy, or only the halo, depending on whether the source is on the near-side or the far-side of the disk with respect to the observer. In face-on view, the path lengths are closer to each other, as all sightlines go through the halo.
From the differences between the DM and RM trends, we suspect the geometry of the magnetic field also plays a role. We found that the azimuthal field dominates over the two other magnetic field components at most redshifts. In the case of an edge-on galaxy, the azimuthal field can be parallel to the line of sight, causing a higher possible RM (if there is no field reversal). In the case of a face-on galaxy, the vertical field (which is weaker than the azimuthal field) will contribute the most to the line-of-sight magnetic field, resulting in lower RMs. We note this contribution can be close to 0 in the case of symmetric vertical fields.
We find that at ɀ ≥ 1 the field was less ordered compared to lower redshifts and the azimuthal field does not dominate over the other components, resulting in a weaker inclination dependence. In the top panel of Fig. 6 we show that the relative strength of the azimuthal field increases with time, becoming 5–6 times larger than the other two components. In contrast, at ɀ = 2, the azimuthal and radial components of the magnetic field have similar relative strengths, and are only twice as strong as the vertical field strength. The increase in the azimuthal field strength is caused by the ordering of the field by the differential rotation of the galaxy disks (Arshakian et al. 2009; Beck 2013). The total magnetic field is already amplified at higher redshifts to saturation, but the ordering of the field only happens at red-shifts of ɀ = 1–2 (similar to Pakmor et al. 2017). However, the mean-field dynamo would cause an increase in all magnetic field strength components (see e.g., Shukurov & Subramanian 2021, Sect. 13.5), in contradiction to the results from TNG50, suggesting the simulation might not contain the mean-field dynamo, as it does not reach the required spatial resolution in spite of currently being the cosmological MHD simulation with the highest spatial resolution. Nevertheless, purely differential rotation would not cause a decrease in the radial and vertical magnetic field strength with time either, and these would stay constant. The decrease we see in these components could be explained by other processes, such as outflows (Chamandy & Taylor 2015), accretion (Moss et al. 2000), dissipation or reconnection.
3.4 Summary of trends
We quantified the redshift evolution of DMhost,rf and RMhost,rf (see Sect. 3.2). We found that the median and 1σ distribution width (wDM,rf) of DMhost,rf increases towards higher redshift as a function of a power law; however, this increase becomes insignificant at ɀ > 4. The change in wRM,rf as a function of redshift can be described as a curved power law at ɀ ≤ 2: at ɀ < 1.5 it increases towards higher redshift, and at ɀ > 1 .5 it starts to decrease. At ɀ > 2 it falls even further. In Sect. 3.3, we see the same trends with redshift if we separate the galaxies by star formation, stellar mass, i, and boffset. We showed that quenched galaxies have a lower median DMhost,rf and wRM,rf than star-forming galaxies, and median DMhost,rf and wRM,rf increases with stellar mass until log(M*/M⊙)=10.5, where they suddenly drop and start to decrease. We have also found that the median DMhost,rf decreases linearly, and wRM,rf decreases exponentially with boffset. Lastly, we showed that the median DMhost,rf and wRM,rf exponentially increase with i.
4 Discussion
In this section, we investigate the implications of our results on the future studies of the IGM and estimate the number of FRBs needed to measure its magnetic field. We put our results in the context of previous works that have used different models and simulations.
4.1 Implication on future studies of the magnetic field of the IGM
Zhou et al. (2014) has pointed out that if DMhost,rf does not increase as fast as the ɀ+1 factor from the redshift dilution decreases it, FRBs can be easily used as cosmological probes without much contamination from the host galaxy DMs. Thus, in this section we first show how the statistical properties of the observed DM and RM distributions change with redshift, see if we can use them as cosmological probes, and how many FRBs we would need to measure the magnetic field of the IGM using FRBs with known redshift. Finally, we show how we could provide a constraint on DMhost,rf and RMhost,rf if the FRB is localized and more information is known about its host galaxy.
4.1.1 DMhost and RMhost in the observer’s frame
Below, we investigate how the DM and RM contributions of the host galaxies change with redshift in the observer’s frame (DMhost,obs and RMhost,obs). We calculated DMhost,obs and RMhost,obs by correcting DMhost,rf and RMhost,rf calculated from the simulation with the redshift of the galaxies:
[image: equation](12)
and
[image: equation](13)
In Fig. 9, we show the 68% and 95% of DM and RM for each redshift. Considering all sightlines at all redshifts, 95% of DMhost,obs is between 4 and 250 pc cm−3, and 95% of |RMhost,obs| is less than 310 rad m−2. These ranges decrease at higher redshift: only slightly in the case of DMhost,obs, but significantly in the case of RMhost,obs.
The differences in the DMhost,obs at different redshifts is smaller than what we have seen in the rest frame DMs. The median of DMhost,obs is between 46 and 69 pc cm−3, it first increases slightly, then decreases after ɀ = 1. Thus, the median DMhost,obs is similar at every redshift. The wDM,obs also does not change significantly (1σ width: 92–115 pc cm−3, and 2σ width: 202–278 pc cm−3). This means if we have no information about the host galaxy, we can subtract the same host DM contribution from each FRB’s total observed DM, independently of the host’s redshift. This is in contrast to the results of Jaroszyński (2020), who found that even the observed DM increases with redshift (probably due to their longer integral path lengths). If we had considered a longer integral path length (e.g., extending to 2xrsf,99) the DM medians would be 20% higher at every redshift.
We show in the middle panel of Fig. 9 that the median of RMhost,obs is 0 rad m−2 at every redshift. The 2 σ width of the RMhost,obs distribution linearly decreases with redshift: it drops from 800 rad m−2 at ɀ = 0 to 200 rad m−2 at ɀ = 2. In the bottom panel of 9 we show the changes of wRM,obs: at ɀ ≤ 0.5 it does not change significantly (wRM,obs = 111–119 rad m−2), but it starts to decrease after ɀ = 0.7.
We find that the increase in DMhost,rf and RMhost,rf with increasing redshift is weaker, than the decrease due to redshift dilution. As both DMIGM and RMIGM should increase towards higher redshift, if we observe FRBs at high redshift, we can get better constraints on cosmological parameters and the IGMF.
	[image: thumbnail]	Fig. 9 Same as Fig. 4, but in the observer’s frame. Top: possible observed DM contribution of host galaxies based on 68% and 95% of our sightlines. The black points are the medians of DM at each redshift. Middle: same as top, but for the possible observed RM contribution of host galaxies. Bottom: width of the observed RM distribution as a function of redshift.



4.1.2 Number of FRBs needed for IGM studies
FRBs can be used as a promising probe of the IGMF (Zheng et al. 2014; Akahori et al. 2016). However, since the RMs measured towards a sample of FRBs contains contribution from the FRB host galaxy and the IGMF, we investigate the minimum number of polarized FRBs required to statistically infer the IGMF. We note that in the past most surveys have not recorded the polarization data of FRBs, however, the current and future surveys are going to also observe polarization, which will result in an increase in the number of FRBs with measured RMs.
We perform a two-sample Kolmogorov-Smirnov (KS) test on the distributions of RM, with and without the contribution from the IGMF, in order to estimate the number of polarized FRBs needed to constrain the IGMF. We assume that the RM contributed by the Milky Way has been robustly subtracted, the RM contributed by the FRB host galaxies at a particular redshift follows the distribution shown in the bottom panel of Fig. 3, and the RM from the local environment is negligible. We model the statistical distribution of RM arising in the IGMF (RMIGM) as a Gaussian distribution with mean zero, and standard deviation σRM,IGM.
For the purpose of this work, we consider σRM,IGM = 2, 10, 20, and 40 rad m−2, following the findings of Akahori et al. (2016). They found that σRM,IGM increases from ɀ = 2 to ɀ = 7, from 16 to 45 rad m−2 considering all IGM (including hot gas in clusters), and from 1.3 to 9 rad m−2 for only filaments. In order to estimate the statistical difference in the distributions of RM for NFRB FRBs, with and without the contribution of IGMF, we randomly draw NFRB values of RMhost,obs + RMIGM and RMhost,obs, and determine the p-value by applying a KS test. We performed 1000 Monte-Carlo simulations for a given NFRB, where NFRB ranges between 10 and 106. For a given σRM,IGM, the NFRB for which at least 95% of the Monte-Carlo samples has p < 0.05, is considered as the minimum number of FRBs needed to discern the contribution of IGMF at 95% confidence level. We did these tests for sightlines at ɀ = 0.5 and ɀ = 2.
In Fig. 10, we show how many FRBs we need to detect an IGMF with a given σRM,IGM at these redshifts. We also over-plotted LOFAR measurements of the magnetic field in filaments (derived using radio lobes O’Sullivan et al. 2019, and using a catalog of sources with extragalactic RM Carretti et al. 2022). To detect a σRM,IGM of 40 rad m−2, we need at least 350 FRBs at ɀ = 0.5 or 150 FRBs at ɀ = 2. For a small σRM,IGM of 2 rad m−2 we need at least 95 000 FRBs at ɀ = 0.5 or 9500 FRBs at ɀ = 2. We need fewer high redshift FRBs than low redshift FRBs to detect the same σRM,IGM due to the width of the distribution of the observed RMhost decreasing with redshift. We find that NFRB as a function of σRM,IGM can be fitted by a function in the following form:
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where the aIGM, bIGM and cIGM parameters are listed in Table 2 for ɀ = 0.5 and ɀ = 2.
We also investigate how adding measurement uncertainty to the observed RM would affect the number of FRBs needed. We added a Gaussian noise with σ = 1, 5, 10, 20, and 50 rad m−2 to our RMs. We found that the number of FRBs needed to detect the IGMF exponentially increases with the error of RM. An error of 1 to 10 radm−2 would increase the number of FRBs by 1.5 to 5 times (depending on σIGM). In the case of σIGM> 10 rad m−2 higher errors also increase the required number of FRBs by a similar magnitude. For σIGM = 2 rad m−2, an RMerror = 20 radm−2 and RMerror = 50 rad m−2 increases the required number of FRBs by 20 and 300 times, respectively. This additional uncertainty can also be considered the contribution of the immediate environment, if it is on an order of 1–50 rad m−2. Thus, the increase in the required number of FRBs is true as well as in the case of RM from the source environment. We note that using a longer integral path length would also slightly increase the number of FRBs needed to detect the IGM by 10% (see Appendix A).
We conclude that in the case of a σRM.IGM = 40 rad m−2 we will be able to constrain the IGMF with a few hundred to a thousand FRBs (even if we take into account the measurement error of RM), which will be realistically achieved in the next years. In the case of σRM.IGM = 2 radm−2, we would need significantly more FRBs. For this calculation, we only used RMhost, for which a different integral path length only leads to a change by a few rad m−2 in 68% of the sightlines; thus, this would most likely not affect our results.
	[image: thumbnail]	Fig. 10 Number of FRBs needed to detect a given σRM.IGM at two red-shifts (ɀ = 0.5 and ɀ = 2). We consider the IGMF possible to detect if the KS test returns a p-value below 0.05 for 95% of Monte Carlo tests (for details, see Sect. 4.1.2). The data points show the FRB number needed for significant detection for a given σRM.IGM, and the solid line is the reciprocal exponential fit. We also show the number of FRBs needed considering an RM error of 5 and 50 rad m−2 as empty circles and squares, respectively. We indicate the observations of O’Sullivan et al. (2019) and Carretti et al. (2022).



Table 2 
Parameters of the fit (Eq. 14) for NFRB as a function of σRM.IGM at 𝓏 = 0.5 and 𝓏 = 2.

4.1.3 Localized FRBs
We compared our results to the observations of one example FRB (FRB 190608, for details see Appendix C). We find that by placing the FRB at a more specific location (minor axis) we get a similar DM range, but a more precise RM compared to the results from our pipeline, suggesting RM is more sensitive to the exact place in the galaxy. We suggest selecting sightlines based on their inclination if one wants to use our calculated RMs to constrain the contribution of a host galaxy. However, we note that in all cases, the range of possible values is wide for a single host galaxy, thus to derive the host contributions, a large sample of FRBs is needed. This calculation also provides a sanity check that our calculated DMs and RMs are reasonable, as we find that our DM and RM from the pipeline are in broad agreement with the measurements.
4.2 Comparison to results from different simulations and models
There have been a number of previous works in the past years that have estimated DMhost, along with a few works that calculated RMhost, using different simulations and models. To put our results from the high spatial resolution IllustrisTNG simulation in context, we compared them to some of the previous works to see if they show a difference.
4.2.1 DM in previous works
Here, we discuss the different ne models, a semi analytic galaxy model, and other versions of the IllustrisTNG simulation that have been previously used in the literature.

	Electron density models: a few previous studies have used the NE2001 model for ne (Cordes & Lazio 2002) to compute the DMhost for MW-type galaxies (see e.g., Xu & Han 2015; Hackstein et al. 2019). In these studies, the DMhost is found to be a factor of two higher compared to our work for galaxies with MW mass. Furthermore, similar to our work, the DMhost is found to increase exponentially with increasing inclination (see Fig. 7), but with a steeper decline (Xu & Han 2015). Such differences arise because, in the NE2001 model, ne has a thick disk profile where ne ≳ 10−2 cm−3 is found out to a radius of ~ 15 kpc. In contrast, in TNG50, ne falls to ~10−2 cm−3 within 12 kpc on an average. Also, ne in TNG50 has a larger value vertically. As a result, in this work, face-on view provides a larger DM, and edge-on view provides a smaller DM compared to Xu & Han (2015). Using a simple ne model that follows the stellar distribution in spiral galaxies, Walker et al. (2020) found a similar log normal DM distribution as seen in Fig. 3. Overall, we find that the statistical distribution of DMhost to be broadly consistent with previous studies that have used different ne models.


	Semi-analytic models: we also compared our results to that obtained using a semi-analytic galaxy formation model (SAM), GALFORM (Lacey et al. 2016), by Hackstein et al. (2020). We find excellent agreement in the range of DMs found using SAM to that from TNG50. For example, Hackstein et al. (2020) report the likelihood of DMs for a sample, derived based on the FRB detection capabilities of ASKAP, CHIME and Parkes radio telescope with redshift, to lie in the range of 0.1 to 450 pc cm−3. By considering Зσ (99.7%) of our data points from all the redshift bins used by us, we find DM to lie in the range 10−4 to 490 rad m−2, similar to Hackstein et al. (2020). This similarity is not surprising because, SAMs and hydrodynamic simulations have been shown to generally agree with each other, except for dissimilarity in the evolution of gas properties (see, e.g., Mitchell et al. 2018 for a comparison between EAGLE and GALFORM).


	Other simulation volumes of IllustrisTNG: previously, IllustrisTNG simulations performed with lower resolutions have also been used to study DM of the host or intervening galaxies, namely: TNG100 (Zhang et al. 2020; Jaroszynski 2020) and TNG300 (Walker et al. 2024). The different TNG resolutions have systematic effect on the inferred ne (see Pillepich et al. 2018) arising from systematics in black hole masses and gas fractions, because the same halo masses have larger stellar masses at higher resolution.

Overall, we find agreement in the trends observed for DMhost variation with stellar mass up to log(M*/M⊙) < 10.5 and decrease in boffset (Fig. 7) with that from TNG100-3 and TNG100-1 (Jaroszynski 2020). However, the absolute values of DMhost are significantly higher by 2–3 times at 𝓏 ≤ 2 and up to 6 times at 𝓏 = 2 compared to our work. In Fig. 4, we compare the results from Zhang et al. (2020), who used data from TNG100-1.8 Although there were slight systematic offsets in the median DMhost with respect to our results, they were consistent with the 1σ dispersion found in our study. It is important to note that, compared to our work, the integral path lengths were longer by up to 10 times in Zhang et al. (2020), and by up to 30 times in Jaroszyński (2020), that leads to the higher values of DM in their studies. Based on tests in Appendix A, we would have also derived 20% larger DMs if we have considered an integral path length of twice as long, suggesting that integrating even further out would have resulted in similar magnitudes of DM as reported in the works above.

Using TNG300, Walker et al. (2024) found the rest frame DM of intervening galaxies increases with increasing redshift, which is suppressed when converted to the observer’s frame, similar to the trend seen for our DMhost.




4.2.2 RM in previous works
As there are only two previous studies about the RM contribution of FRB host galaxies from models, we also compare our results to a work about intervening galaxies in front of background quasars.

	Large-scale magnetic field models: we compare our results to Basu et al. (2018), who calculated the RM of disk galaxies in front of background sources (thus their sightlines go through the entire galaxy), using a large-scale axisymmet-ric spiral magnetic field and a radially decreasing electron density model. We used the same function as them to model the RM distribution of FRBs (see Sect. 3): the sum of a Lorentzian and two Gaussian functions. Basu et al. (2018) found that the width of the Lorentzian increases with increasing magnetic field strength in the center of galaxies (Bcenter). We find that the Lorentzian width of our full sample at 𝓏 = 0, with median Bcenter ~ 10 µG, is consistent with the one predicted by Basu et al. (2018)9. Depending on the galaxy selection, our Lorentzian width for a given Bcenter can be 50% higher, but Basu et al. (2018) notes they predict Bcenter with 50% uncertainty. Additionally, small differences could also be due to the assumption of a 500 pc thick disk by Basu et al. (2018), while TNG50 has ne and B out to larger vertical heights. Overall, our results are broadly consistent. Hackstein et al. (2019) calculated the RM contribution of a possible MW-like spiral host galaxy (using NE2001 and a model of the MW galactic-scale magnetic field - Jansson & Farrar 2012). Considering the full sample of our galaxies, we find a mean |RM| of 100 rad m−2, almost twice as large as their result (65 rad m−2). However, if we only select MW mass galaxies, our results are consistent (63 rad m−2). This is surprising as we have found different DM distributions compared to the NE2001 model. We note that as Hackstein et al. (2019) did not consider that ne or B change with redshift, they predicted that the observed RM would fall to |RM| ~ 7 rad m−2 at 𝓏=2, in contrast to our result of ~50 rad m−2.


	Semi-analytic models: Hackstein et al. (2020) calculated the RM using galaxy models from Rodrigues et al. (2019), who studied the evolution of magnetic fields of few million galaxies using the combination of the semi-analytic galaxy formation model GALFORM Lacey et al. (2016) and the MAGNETIZER code (Rodrigues & Chamandy 2020, which solves the non-linear turbulent mean-field dynamo equation). Hackstein et al. (2020) reported the likelihood (the same way as for DM) of the observed host |RM|s for the full sample to lie in the range 0.01 to 320 rad m-2. Considering 2 σ (95% of our data), we get a range of 0.2 to 490 rad m−2, which shows slightly larger possible |RM|s than those from Hackstein et al. (2020) while still consistent with their results. However, if we consider 3 σ (99.7%), our range includes significantly higher |RM| values (10−8 to 2650 rad m−2). This could be because ~60% of galaxies in their sample have very weak magnetic field (<0.05 µG), whereas only ~15% of our galaxies have weak magnetic fields.



Overall, we found that our results are consistent with previous results, even though they have been derived with different methods. This can be due to the fact that all of these models and simulations mainly resolve the large-scale magnetic field of galaxies. We might find differences if we can resolve the small-scale field, for example once a simulation with even higher spatial resolution than the TNG50 simulation becomes available. We note our path lengths (median ~ 14 kpc) are comparable to the ones used in the works above. Additionally, according to our tests (see Appendix A), a different integral path length is unlikely to affect our results.
5 Conclusions
We have calculated the DM and RM contribution of FRB host galaxies (DMhost,rf and RMhost,rf) using the state-of-the-art MHD simulation TNG50 of the IllustrisTNG project for a large sample of galaxies (~16 500). We investigated how the median DMhost,rf and the width of the RMhost,rf distribution (wRM,rf) change with redshift, stellar mass, inclination, and FRB projected offsets from the center of galaxies (boffset). Our main findings are as follows:

	The distributions of DMhost,rf can be fitted by a log normal function, and the shape of the distributions of RMhost,rf can be fitted by a combination of one Lorentzian and two Gaussian functions. The shape of the distributions does not change with the host galaxy’s redshift, stellar mass, star formation, inclination, or boffset. However, we find that the parameters of these distributions change with the properties listed above (see Tables B.1 and B.3);


	We find that the median of DMhost,rf increases as a function of redshift. This can be explained by galaxies at higher redshifts having higher SFRs and therefore higher electron densities. This can be seen as an increase in the electron density profiles of galaxies in the simulation at higher redshifts;


	The median of RMhost,rf is always 0 rad m−2, and wRM,rf increases with redshift up to 𝓏 = 1.5. After that, it quickly decreases. This is caused by a change in the magnetic field properties: the average of the total magnetic field strength in the disk increases by a factor of 1.2 up to z = 1, and at z=2 it drops to the same value as at 𝓏 = 0. At 𝓏 = 2, the azimuthal and radial components have similar relative strengths, but at 𝓏 = 0, the relative strength of the azimuthal field is five to six times greater than the other two components. We also find the presence of more azimuthal reversals or random fields at 𝓏 > 1 compared to 𝓏 < 1, showing the B field becomes ordered as redshift decreases;


	The median of DMhoSt,rf increases with stellar mass, up to l0g(M*/M⊙)>10.5), beyond which it drops. The same trend can be seen for wRM,rf. This is caused by the increase in ne due to increasing SFR with stellar mass, and the quenching process beginning in galaxies with l0g(M*/M⊙) ~ 10.5, which also causes B fields with irregularities and lower central B field;


	We show that the median DMhost,obs of our entire sample of galaxies from the simulation does not change significantly with redshift, remaining between 46 and 69 pccm−3, in spite of DMhost,rf increasing with redshift. This can be useful in cases where we do not know the redshift of the FRB’s galaxy, as we can assume the same range of DMhost,obs at all redshifts;


	We find that wRM,rf is decreasing with redshift, which means we can constrain the host’s contribution more precisely at high redshift. We find that we would need more than 95 000 polarized FRBs at 𝓏 = 0.5 to measure an σRM,IGM ~2 rad m−2 with a confidence level of 95%, but we would only need 9 500 FRBs at 𝓏 = 2 for the same precision. With more and more surveys carried out in the aim to record the polarization data of FRBs, the number of FRBs with measured RM is expected to increase significantly;


	The fitted DM and RM PDFs can be used in the frameworks of Walker et al. (2020) and Hackstein et al. (2020) to estimate the redshift of FRBs and to constrain the IGMF, providing additional choices for the host galaxy DM and RM PDFs;


	We applied our method to estimate the host DM and RM contribution for the well localized FRB190806. We found our DM and RM estimates are consistent with observations; thus, our database of sightlines can be used to constrain the DM and RM contributions of host galaxies.




We note that the TNG50 model probably does not model the action of the mean-field dynamo, due to the limited spatial resolution currently available in cosmological simulations. A future (improved) MHD simulation may be able to include the mean-field dynamo, which might slightly affect our RM results.
We provide an estimate of the host galaxies’ DM and RM contributions, which will allow future studies to separate the DM and RM of the IGM from the observed DM and RM of the FRBs. These results will help studies of the magnetic field of the IGM and the cosmic baryon density. The list of 16.5 million DM and RM values, together with the galaxy IDs in TNG50, positions of the FRBs and galaxy inclinations can be found on zenodo10; example scripts to use the PDFs in this work will be published on github11. This will allow future works to use their own subset of FRBs, with different assumptions on host galaxy properties (stellar mass and star formation rate) and FRB redshift distributions to fit their own distributions.
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Appendix A  Effects of different parameter choices
A.1 Integral path length
We performed calculations using different integral path lengths, to see how the choice affects the DM and RM. We integrated out to 2 x rSF,99 from the same FRB positions and same galaxy inclination as the original, using a subset of 200 galaxies at three different redshifts (𝓏 = 0, 𝓏 = 0.5, 𝓏 = 2). While some sight-lines can have a significant difference depending on the integral length, such as the largest 7 870 pc cm−3 for DM and even 260 000 rad m−2 for RM, the general properties of the distributions stay mostly consistent. The DM keeps increasing in line with the higher integral limit (probably due to the circumgalactic and intergalactic medium); for instance, as much as 30% higher in the case of an integral limit of 3 x rSF,99. We have decided to define rSF,99 as the edge of the galaxy and our integral limit. However, our results can be scaled up for different assumptions of the integral length. In the case of DM, the medians increases by ~20%, and the wDM,rest by ~10% from 1 x rSF,99 to 2 x rSF,99. The RM shows a smaller change, with the median being around 0 rad m−2 (between −1 and +1 rad m−2) in both cases, and WRM,rest increasing by ~2%.
A.2 Integral step size
The average cell size in TNG50 is between 70 and 140 pc, however in dense regions the cell size can be even only a few parsecs. Because of this, we explored different integral step sizes: 5, 10, 20, 50 and 200 pc. We calculated the DM and RM for the same starting points in the same galaxies, with the same inclinations. We found that the calculated DM changes by ± 14, ± 6 and ± 3 pc cm−3 for the sightlines if we use 50, 20, and 10 pc step sizes, respectively. Nevertheless, the overall shape and properties of the DM distributions remain the same. The differences in the min, max, mean, median, 3 sigma width of the 5, 10 and 20 pc runs are less than 0.2%. In the case of the dl = 50 pc run, the lower range of the 3 sigma width is 2% lower than for dl = 5 pc (3.55 instead 3.62 pc cm−3), otherwise all parameters have a difference of 0.1% or less. After dividing the galaxies into different stellar masses, the resulting DM and RM distributions also do not change significantly between the runs with different step sizes. This is also the case for different offsets. We chose dl = 20 pc, as the PDF properties do not change significantly with smaller dl.

Appendix B  Redshift evolution fits
We fitted how the statistical properties and the parameters of the fitted distributions of DMhost,rf and RMhost,rf change with red-shift. For clarity, we provide the forms of our fitting functions below:
[image: equation](B.1a)
[image: equation](B.1b)
[image: equation](B.1c)
where ɀ is redshift, and a, b, c, ADM, BDM, CDM, ARM, BRM, CRM, DRM are the fit parameters.
The median of DMhost,rf, and wDM,rest both increase with red-shift, following a power law (see in Table B.1). The µ and σ parameters of the fitted DM PDFs also change with redshift, but we find they are better described by an exponential function (see Table B.3). We note that the difference in the best fit function forms (exponential instead of power law) is due to the fact that µ and σ are related to the variable’s natural logarithm.
We find wRM,rf can be fitted by a curved power law as a function of redshift (Table B.1), and its uncertainty is estimated with the bootstrapping method. We note that wRM,rf can also be fitted by a broken power law, but the curved power law has the advantage of the fit changing more smoothly, without a sharp peak. The parameters of the fitted RM PDFs (a1, a2, a3, γ, σ1, and σ2) also change as curved power laws. Apart from the normalization parameters of the Gaussian components (a1 and a2), all parameters increase towards higher redshift. We list the results of the fits in Table B.3.
	[image: thumbnail]	Fig. B.1 Redshift evolution of median DMhost,rf of different subsets of galaxies. A power law can be fitted to each group. The error bars are from bootstrapping, a: quenched and star-forming galaxies, b: different stellar mass bins, c: sightlines with different inclinations, d: sightlines with different boffset.



	[image: thumbnail]	Fig. B.2 Redshift evolution of the width of the rest frame RM distribution (wRM,rest) of different subsets of galaxies. A curved power law can be fitted to each group. The error bars are from bootstrapping, a: quenched and star-forming galaxies. At high ɀ we only have a few (<10) quenched galaxies, which makes it difficult to obtain a good fit. b: different stellar mass bins, c: different inclinations, d: sightlines with different boffset.



Table B.1 
.Fitted parameters for the redshift evolution of DM median, wDM,rf, and wRM,rf.

Table B.2 
Curved power law fits of the redshift evolution of the parameters of the RM and DM PDFs.


Appendix C  Application to localized FRBs: FRB 190608 as a case study
We show one example of how DMhost,rf and RMhost,rf contribution of a localized FRB with an identified host galaxy (with detailed information about the galaxy properties and the FRB position within the host) can be constrained using TNG50. First, we select analog galaxies with similar properties to the host. Then we calculate DMhost,rf and RMhost,rf in two ways: (1) by placing FRBs in these galaxies at specific locations, and (2) using our sightlines calculated in Sect. 3 (referred to as ‘database’ from here on) that match the host’s i and the FRB’s boffset. We compare these methods to see how well our database of sightlines can be used. We also show that our estimates are consistent with observations.
C.1 Background information of FRB190608 and TNG50 analogs
The host galaxy of FRB190608 is well known (e.g., Macquart et al. 2020), thus it provides numerous constraints on both galaxy properties and the location of the FRB. The host is a spiral galaxy at ɀ = 0.12 with [image: equation] and an SFR of 0.69 ± 0.21 M⊙ yr−1 (Heintz et al. 2020). Its inclination is 43° and its position angle (PA) is 54°. The FRB is in a spiral arm, along the minor axis of the galaxy, at a projected offset of 6.52 ± 0.82 kpc from the center (Mannings et al. 2021). The DM and RM of the FRB were measured as well: DMobs = 338.7 ± 0.5 pc cm−3 (Macquart et al. 2020) and RMobs = +353 ± 2 rad m−2 (Day et al. 2020). These contain all the contributions from the different components along the line of sight, such as that of the MW (DMMW = 38 pc cm−3 Cordes & Lazio 2002, DMмw,halo = 39 pc cm−3 Prochaska & Zheng 2019, and [image: equation] Hutschenreuter et al. 2022 towards FRB190608).
From the snapshot at ɀ = 0. , we found three analogs (IDs 554, 637 and 694) of the host galaxy of FRB190608 from the TNG50 simulation based on their stellar mass (within the error), SFR (same SFRMS-SFR difference12), and with an rSF,99 larger than the offset of the FRB. All the selected galaxies are the first (most massive) subhalos of their parent halo.
C.2 Placing FRBs at specific locations
We rotate the galaxies to i = 43° (Mannings et al. 2021), and we place 1000 FRBs along the minor axis of each analog galaxy. We then calculate the DM and RM in the same way as we calculated for the other FRBs in this paper (see Sect. 2).
The DM distributions of the three host galaxy analogs of FRB190608 are shown in the left panel of Fig. C.1, and the median and 1σ range are listed in the first row of Table C.1. As expected, the derived DM are smaller than the observed DM of the FRB, even after accounting for the MW contribution (i.e., DMFRB − DMMW ~ 300 pc cm−3). Chittidi et al. (2021) derived the host DM from the Hα emission measure in the observer’s frame: the DM of the host ISM is 94 ± 38 pc cm−3 and the DM of the host halo is 55 ± 25 pc cm−3. Including both the ISM and the halo of the host, they derived a range of 100 – 190 pc cm−3, consistent with our results, but suggesting we might have some DM contribution from the halo.
	[image: thumbnail]	Fig. C.1 DMhost,rf (left) and RMhost,rf (right) distributions of FRBs placed in the analogs of the host galaxy of FRB190608.



Table C.1 
The median and 1σ range of FRB190806’s DMhost,rf and RMhost,rf from different sightlines.

The RM distributions are shown in the right panel of Fig. C.1, and the median and 1σ range are listed in the first row of Table C.1. We note that median RMhost,rf might be further from 0 rad m−2 as we have multiple restrictions on the position of the FRB, which can skew the distribution.
C.3 Using DM and RM from Section 3
We can also provide DM and RM estimates using our database of 16.5 million sightlines calculated in Sect. 3, however, there will be fewer sightlines that fulfill all the placing criteria we used above. In table C.1, we show the median and 1σ ranges of DM and RM of all sightlines that belong to the three analog galaxies regardless of i and boffset, of sightlines that have boffset = 6.52 ± 0.82 kpc, of sightlines with 42.27° < i < 43.95°, and of sightlines that fulfill both criteria. The DM and RM from different sightline selections are of the same magnitude. We find that constraining the inclination of selected sightlines had a bigger effect on the ranges of DM and RM than constraining boffset. This is the case even if we increase the uncertainty of the inclination (32.27°<i<53.95°), suggesting it is not caused by the lower relative uncertainty of i compared to boffset.
We can see that in the case of DM, even without strict selection criteria, we get a similar range of values from our database and from placing FRBs at a more specified location. However, for RM the possible range is much larger when using our database, thus it might be more sensitive to the exact place in the galaxy. The DM of the boffset-selected sightlines, and the RM of the i-selected sightlines match the results of our previous test the most. Therefore, we suggest selecting sightlines based on i when one wants to constrain RMhost from our database of sightlines.
C.4 IGM contribution and summary
We can constrain the IGM’s DM contribution by subtracting our host contribution estimate and the contribution of the Milky Way from the observed DM. We obtain a residual DMres = 105 − 212 pc cm−3. This DM can arise from the IGM and the immediate source environment, making this estimate an upper limit on DMIGM. In comparison, Simha et al. 2020 derived a DMIGM (also including intervening halos) of 98 − 154 pc cm−3 using the Monte Carlo Physarum Machine (Elek et al. 2022), similar to our result. We may have some larger DM values because we did not take into account the immediate environment of the source. If we subtract the above contributions from the observed RM, we derive a range of residual RMres = +283 − +451 rad m−2, which includes the contributions of the IGM and the immediate source environment. In the case of RM, the contributions along the line of sight can be negative or positive, hence it is difficult to determine if RMIGM is lower or higher than this estimate.
In summary, we showed that IllustrisTNG, in one example, gives reasonable estimates on the DM and RM of the host galaxy of FRB190608, as they are consistent with observations, thus our database of sightlines can be used to constrain the DM and RM contributions of host galaxies. However, we note that the range of values is wide for one single host galaxy contribution. Thus, a large sample of FRBs is needed to statistically constrain DMhost,rf and RMhost,rf. This will be improved by future simulations (with better resolution and updated models), and even better characterization of the host galaxies of FRBs.

Appendix D  Calculation of Magnetic field parameters
The magnetic field properties are calculated similarly to Pakmor et al. (2017) and Pakmor et al. (2018).
D.1 Magnetic field strength – face-on
We calculated the projected absolute magnetic field strength in a face-on view for every galaxy, with two examples shown in the second rows of Fig. D.2. For this, we calculate the line-of-sight integral of the magnetic energy density (B2) in an rSF,99 x rSF,99 x 2h box using Eq. (1) from Pakmor et al. (2017). We chose h to be 1 kpc (i.e., we integrate from -1 kpc below the disk to +1 kpc above the disk), and the size of a pixel in the map is 80 pc x 80 pc. Using B2 makes the resulting B strength independent of the sign of the field. We calculate the average magnetic field strength in the disk by averaging the magnetic field strength of the pixels.
We then separate the magnetic field into azimuthal, radial, and vertical components. Then we calculate the radial profiles (an example is shown in D.1) for the total B field and the different components, using Eq. (2) from Pakmor et al. (2017). We fit a double exponential (following Eq. (3) from Pakmor et al. (2017)) to these radial profiles, and list the median parameters for the total field strength in Table D.1 for every redshift.
D.2 Magnetic field strength – edge-on
We calculated the magnetic field strength in edge-on view (examples shown in the top four panels of Fig. D.2 for each galaxy, similarly to face-on view. We integrate through 2rSF,99. In Fig. D.1 we show the height profile of the B field strength (total and its components) for one example galaxy, calculated from slices with a 1 kpc width. A double exponential can be fitted to both sides of this profile, and the profiles below and above the disk of the galaxy are not symmetric for every galaxy. The medians of the fitted parameters at each redshift are listed in Table D.2.
Table D.1 
Median values of the fitted parameters of radial profiles of the total magnetic field strength at each redshift.

Table D.2 
Median values for the fitted parameters of vertical profiles of the total magnetic field strength at each redshiſt.

	[image: thumbnail]	Fig. D.1 Radial (top) and vertical (bottom) profile of the total magnetic field strength and the magnetic field components of an example galaxy (ID487) at ɀ = 0, with a double exponential function fitted to each, and different fit parameters for the vertical profile below and above the mid-plane of the galaxy.



D.3 Magnetic field structure
We investigated the structure of magnetic fields, by integrating the magnetic field strength of each component (Bcomponent, which can be azimuthal, radial, or vertical) separately through a thin projection of 2 kpc depth of the galaxy (the resulting maps are shown in the bottom rows of Fig. D.2):
[image: equation](D.1)
This preserves their signs, and provides us information about whether the large-scale fields or random fields dominate in a galaxy, and whether there are any field reversals. We take the average of the magnetic field strength of each map derived this way. If this is not ~0 µG, it suggests that the B field is large-scale and not random. However, if it is ~0 µG, the B field is either random, or it is large-scale but has one or more field reversals in one of the field components: large regions with similar B field strengths but different signs.
	[image: thumbnail]	Fig. D.2 Magnetic field strength maps (total, and components – azimuthal, radial and vertical) for two example galaxies (ID486 and ID487) at ɀ = 0. These maps are calculated for every galaxy. The top rows show the magnetic field strength maps in an edge-on view, and the middle rows show them in a face-on view. The bottom rows show the magnetic field strength maps in a face-on view, calculated by keeping the sign of the B field while integrating the magnetic field components. For galaxy ID486 the azimuthal field’s sign remains the same throughout the disk, but for galaxy ID487 the bottom row reveals reversals in the azimuthal magnetic field of the galaxy.
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1 The friends-of-friends algorithm organizes the dark matter particles into halos, and the subfind algorithm separates the halos into subhalos.


2 Galaxies that are not the most massive subhalos of their parent halo.


3 Satellite galaxies that form within the virial radius of their parent halo, and their ratio of dark matter mass to total subhalo mass is less than 0.8 (Nelson et al. 2019b).


4 Galaxies with SFR below the SFR resolution limit of 10–5 M*/yr.


5 https://zenodo.org/records/12797564


6 All histograms presented in this work have been normalized to unit area.


7 More information can be found in Chapter 5 of Tímea Kovács (2024).


8 Note that, (Zhang et al. 2020) three different galaxy selection criteria – (i) 200 galaxies similar to the host of FRB180916, (ii) 200 galaxies similar to the hosts of non-repeating FRBs known at the time of (Zhang et al. 2020)’s paper and (iii) 1000 galaxies similar to the host of the repeating FRB121102, up to z=1.5. Cases (i) and (ii) are similar to our work, while case (iii) includes dwarf galaxies, log(M*/M⊙) < 8, that were excluded in our study.


9 Once we correct for the slightly different definition of the Lorentzian function in the two works


10 https://zenodo.org/records/12797564


11 https://github.com/tkovacs04/FRB-RMDM


12 We calculate the host’s difference from the MS of star-forming galaxies using the relation from Zahid et al. (2012), then we use the same difference from the simulation derived MS to constrain the SFR of the host galaxy analogs.
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	[image: thumbnail]	Fig. 3 PDFs of the rest frame DM (top) and RM (bottom) contribution of host galaxies (of all galaxy types), using FRBs at different redshifts, indicated by different colors. The DM PDFs are modeled by a log normal, and the RM PDFs by the sum of a Lorentzian and two Gaussian functions, shown by the dashed lines.
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	[image: thumbnail]	Fig. 4 Redshift evolution of the median and width of the DM and RM PDFs. Top: median of DMhost,rf as a function of redshifts for all galaxy types. The shaded regions correspond to the 1σ and 2σ width of the distributions. The power law fit is plotted as a dashed black line. For comparison, we also plotted the results from Zhang et al. (2020), in the case of host galaxies like the host of FRB180916 (a), galaxies similar to the hosts of non-repeating FRBs (b) – hosts known at the time of Zhang et al. (2020)’s paper, and galaxies similar to the host of the repeating FRB121102 (c). For further details on the comparison, see Sect. 4.2.1. Middle: median of RMhost,rf as a function of redshift. The shaded regions correspond to the 1σ and 2σ width of the distributions. Bottom: 1σ width of the distributions of RMhost,rf (wRM,rf) as a function of redshift, and the curved power law fit (black dashed line). The errors are from the bootstrap method.
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	[image: thumbnail]	Fig. 5 Median of different properties and their ranges of values between the 16th and 84th percentile changing with redshift, meant to illusrate what drives the DM and RM trends, (a): ne of the starting position of the FRBs (ne,FRBpos) as a function of redshift. (b): average ne along the line of sight (〈ne,LOS〉) as a function of redshift. (c): distribution width of the average B|| along the line of sight (〈B||,LOS〉) as a function of redshift.
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	[image: thumbnail]	Fig. 6 Median of the different magnetic field components’ ratios to the total magnetic field ([image: equation], where the components are azimuthal, radial, and vertical) as a function of redshift (top). Distribution width of the average of the signed magnetic field strength maps as a function of redshift (bottom).
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	[image: thumbnail]	Fig. 7 Median DMhost,rf changes (top) shown as a function of stellar mass (left), boffset (middle) and galaxy inclination (right). The bottom row shows the same for the RMhost,rf distribution width (wRM,rf). This figure shows these trends for galaxies at ɀ = 0.5. We note that the sudden drop at log(M*/M⊙) = 10.5 is due to the change in supermassive black hole feedback mechanism in the TNG50 simulation (see Sect. 2.1.2).
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	[image: thumbnail]	Fig. 8 Averaged radial and vertical profile of B of galaxies at various redshifts, and their 1σ width (top). In the top left panel, we show the total magnetic strength profile of NGC6946 (Beck 2007) and M101 (Berkhuijsen et al. 2016). In the top right panel, we show the average vertical B profiles of CHANG-ES galaxies (Krause et al. 2018) with a scale-height of 6 ± 3 kpc. Averaged radial and vertical ne profile of galaxies at various redshifts, and their 1σ width (bottom). We overplotted the ne profiles of the thick disk from Yao et al. (2017).
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	[image: thumbnail]	Fig. 9 Same as Fig. 4, but in the observer’s frame. Top: possible observed DM contribution of host galaxies based on 68% and 95% of our sightlines. The black points are the medians of DM at each redshift. Middle: same as top, but for the possible observed RM contribution of host galaxies. Bottom: width of the observed RM distribution as a function of redshift.
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	[image: thumbnail]	Fig. 10 Number of FRBs needed to detect a given σRM.IGM at two red-shifts (ɀ = 0.5 and ɀ = 2). We consider the IGMF possible to detect if the KS test returns a p-value below 0.05 for 95% of Monte Carlo tests (for details, see Sect. 4.1.2). The data points show the FRB number needed for significant detection for a given σRM.IGM, and the solid line is the reciprocal exponential fit. We also show the number of FRBs needed considering an RM error of 5 and 50 rad m−2 as empty circles and squares, respectively. We indicate the observations of O’Sullivan et al. (2019) and Carretti et al. (2022).
In the text



	[image: thumbnail]	Fig. B.1 Redshift evolution of median DMhost,rf of different subsets of galaxies. A power law can be fitted to each group. The error bars are from bootstrapping, a: quenched and star-forming galaxies, b: different stellar mass bins, c: sightlines with different inclinations, d: sightlines with different boffset.
In the text



	[image: thumbnail]	Fig. B.2 Redshift evolution of the width of the rest frame RM distribution (wRM,rest) of different subsets of galaxies. A curved power law can be fitted to each group. The error bars are from bootstrapping, a: quenched and star-forming galaxies. At high ɀ we only have a few (<10) quenched galaxies, which makes it difficult to obtain a good fit. b: different stellar mass bins, c: different inclinations, d: sightlines with different boffset.
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	[image: thumbnail]	Fig. C.1 DMhost,rf (left) and RMhost,rf (right) distributions of FRBs placed in the analogs of the host galaxy of FRB190608.
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	[image: thumbnail]	Fig. D.1 Radial (top) and vertical (bottom) profile of the total magnetic field strength and the magnetic field components of an example galaxy (ID487) at ɀ = 0, with a double exponential function fitted to each, and different fit parameters for the vertical profile below and above the mid-plane of the galaxy.
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	[image: thumbnail]	Fig. D.2 Magnetic field strength maps (total, and components – azimuthal, radial and vertical) for two example galaxies (ID486 and ID487) at ɀ = 0. These maps are calculated for every galaxy. The top rows show the magnetic field strength maps in an edge-on view, and the middle rows show them in a face-on view. The bottom rows show the magnetic field strength maps in a face-on view, calculated by keeping the sign of the B field while integrating the magnetic field components. For galaxy ID486 the azimuthal field’s sign remains the same throughout the disk, but for galaxy ID487 the bottom row reveals reversals in the azimuthal magnetic field of the galaxy.
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      Table 1 

      The number of galaxies selected at each redshift.

      
        


	ɀ
	Nhalos





	0.0
	1849



	0.1
	1834



	0.2
	1813



	0.3
	1752



	0.4
	1707



	0.5
	1695



	0.7
	1658



	1.0
	1607



	1.5
	1389



	2.0
	1208



	3.0
	676



	4.0
	301



	5.0
	105





      

      
Notes. All galaxies have a stellar mass (log(M*/M⊙)) between 9 and 12.
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        Distributions of galaxy inclination (i), galaxy radius (rSF,99) and FRB projected offset with respect to the center of their host galaxy. Left: i distribution of the galaxies, which is the same at every redshift. We define i as the angle between the total angular momentum vector of the galaxy’s stars and the LOS. Middle: distribution of rSF,99 at different redshifts. Right: distribution of boffset at different redshifts.

      

    

  
    
      Fig. 2 
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        Illustration of the inclinations of host galaxies and the projected distance of FRBs from the center of the host galaxy (boffset), showed for face-on, inclined, and edge-on galaxies. The observer is on the left side. The total angular momentum vector of the host galaxy (L) is perpendicular to the plane of its disk. The inclination (i) is the angle between the line of sight and L. The filled circles indicate the positions of the FRBs.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        PDFs of the rest frame DM (top) and RM (bottom) contribution of host galaxies (of all galaxy types), using FRBs at different redshifts, indicated by different colors. The DM PDFs are modeled by a log normal, and the RM PDFs by the sum of a Lorentzian and two Gaussian functions, shown by the dashed lines.

      

    

  
    
      Fig. 4 
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        Redshift evolution of the median and width of the DM and RM PDFs. Top: median of DMhost,rf as a function of redshifts for all galaxy types. The shaded regions correspond to the 1σ and 2σ width of the distributions. The power law fit is plotted as a dashed black line. For comparison, we also plotted the results from Zhang et al. (2020), in the case of host galaxies like the host of FRB180916 (a), galaxies similar to the hosts of non-repeating FRBs (b) – hosts known at the time of Zhang et al. (2020)’s paper, and galaxies similar to the host of the repeating FRB121102 (c). For further details on the comparison, see Sect. 4.2.1. Middle: median of RMhost,rf as a function of redshift. The shaded regions correspond to the 1σ and 2σ width of the distributions. Bottom: 1σ width of the distributions of RMhost,rf (wRM,rf) as a function of redshift, and the curved power law fit (black dashed line). The errors are from the bootstrap method.

      

    

  
    
      Fig. 5 
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        Median of different properties and their ranges of values between the 16th and 84th percentile changing with redshift, meant to illusrate what drives the DM and RM trends, (a): ne of the starting position of the FRBs (ne,FRBpos) as a function of redshift. (b): average ne along the line of sight (〈ne,LOS〉) as a function of redshift. (c): distribution width of the average B|| along the line of sight (〈B||,LOS〉) as a function of redshift.

      

    

  
    
      Fig. 6 
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        Median of the different magnetic field components’ ratios to the total magnetic field ([image: equation], where the components are azimuthal, radial, and vertical) as a function of redshift (top). Distribution width of the average of the signed magnetic field strength maps as a function of redshift (bottom).

      

    

  
    
      Fig. 7 
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        Median DMhost,rf changes (top) shown as a function of stellar mass (left), boffset (middle) and galaxy inclination (right). The bottom row shows the same for the RMhost,rf distribution width (wRM,rf). This figure shows these trends for galaxies at ɀ = 0.5. We note that the sudden drop at log(M*/M⊙) = 10.5 is due to the change in supermassive black hole feedback mechanism in the TNG50 simulation (see Sect. 2.1.2).

      

    

  
    
      Fig. 8 
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        Averaged radial and vertical profile of B of galaxies at various redshifts, and their 1σ width (top). In the top left panel, we show the total magnetic strength profile of NGC6946 (Beck 2007) and M101 (Berkhuijsen et al. 2016). In the top right panel, we show the average vertical B profiles of CHANG-ES galaxies (Krause et al. 2018) with a scale-height of 6 ± 3 kpc. Averaged radial and vertical ne profile of galaxies at various redshifts, and their 1σ width (bottom). We overplotted the ne profiles of the thick disk from Yao et al. (2017).

      

    

  
    
      Fig. 10 
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        Number of FRBs needed to detect a given σRM.IGM at two red-shifts (ɀ = 0.5 and ɀ = 2). We consider the IGMF possible to detect if the KS test returns a p-value below 0.05 for 95% of Monte Carlo tests (for details, see Sect. 4.1.2). The data points show the FRB number needed for significant detection for a given σRM.IGM, and the solid line is the reciprocal exponential fit. We also show the number of FRBs needed considering an RM error of 5 and 50 rad m−2 as empty circles and squares, respectively. We indicate the observations of O’Sullivan et al. (2019) and Carretti et al. (2022).

      

    

  
    
      Table 2 

      Parameters of the fit (Eq. 14) for NFRB as a function of σRM.IGM at 𝓏 = 0.5 and 𝓏 = 2.

      
        


	ɀ
	aIGM
	bIGM
	cIGM





	0.5
	3706.0 ± 413.6
	−7.0 ± 0.2
	−4118.0 ± 547.7



	2.0
	1759.0 ± 202.9
	−4.0 ± 0.2
	−1825.0 ± 227.4





      

    

  
    
      Fig. B.1 
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        Redshift evolution of median DMhost,rf of different subsets of galaxies. A power law can be fitted to each group. The error bars are from bootstrapping, a: quenched and star-forming galaxies, b: different stellar mass bins, c: sightlines with different inclinations, d: sightlines with different boffset.

      

    

  
    
      Fig. B.2 
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        Redshift evolution of the width of the rest frame RM distribution (wRM,rest) of different subsets of galaxies. A curved power law can be fitted to each group. The error bars are from bootstrapping, a: quenched and star-forming galaxies. At high ɀ we only have a few (<10) quenched galaxies, which makes it difficult to obtain a good fit. b: different stellar mass bins, c: different inclinations, d: sightlines with different boffset.

      

    

  
    
      Table B.1 

      .Fitted parameters for the redshift evolution of DM median, wDM,rf, and wRM,rf.

      
        


	
	median DMhost,rf fit
	wDM,rf fit
	wRM,rf fit



	
	a
	b
	c
	a
	b
	c
	ARM
	DRM
	BRM
	CRM





	All galaxies
	82 ± 4
	0.8 ± 0.1
	40 ± 3
	241 ± 40
	0.6 ± 0.1
	93 ± 34
	267 ± 4
	1.24 ± 0.04
	−0.57 ± 0.03
	117 ± 3



	




	Star-forming
	81 ± 4
	0.8 ± 0.1
	43 ± 3
	113 ± 8
	0.7 ± 0.1
	94 ± 7
	264 ± 4
	1.24 ± 0.04
	−0.57 ± 0.03
	125±3



	Red
	41 ± 3
	1.4± 0.1
	13 ± 2
	82 ± 7
	1.3 ± 0.1
	33 ± 4
	60 ± 17
	20.41 ± 304.02
	−24.0 ± 433.73
	38 ± 7



	




	9 <log(M*/M⊙)< 9.5
	70 ± 3
	0.74± 0.05
	41 ± 3
	95 ± 6
	0.7 ± 0.1
	87 ± 5
	155 ± 4
	1.16 ± 0.07
	−0.47 ± 0.05
	111 ± 3



	9.5 <log(M*/M⊙)< 10
	83 ± 4
	0.78 ± 0.05
	50 ± 3
	107 ± 8
	0.7 ± 0.1
	105 ± 7
	280 ± 8
	1.1 ± 0.07
	−0.44 ± 0.05
	151 ± 6



	10 <log(M*/M⊙)< 10.5
	97 ± 5
	0.7 ± 0.05
	47 ± 4
	121 ± 8
	0.6 ± 0.1
	121 ± 6
	484 ± 20
	1.04 ± 0.1
	−0.49 ± 0.07
	155 ± 17



	10.5 <log(M*/M⊙)< 11
	105 ± 8
	0.97 ± 0.08
	18 ± 6
	188 ± 15
	0.7 ± 0.1
	56 ± 12
	530 ± 20
	2.32 ± 0.19
	−0.94 ± 0.1
	76 ± 12



	11 < log(M*/M⊙) < 12
	79 ± 6
	1.35 ± 0.09
	26 ± 4
	168 ± 18
	1.2 ± 0.1
	52 ± 12
	293 ± 27
	3.4 ± 0.65
	−2.02 ± 0.41
	62 ± 15



	




	i < 10°
	65 ± 2
	0.93 ± 0.03
	33 ± 1
	94 ± 5
	0.9 ± 0.1
	62 ± 4
	171 ± 3
	1.38 ± 0.05
	−0.43 ± 0.03
	56 ± 2



	10° < i < 45°
	70 ± 2
	0.87 ± 0.04
	35 ± 2
	98 ± 5
	0.9 ± 0.1
	67 ± 4
	202 ± 2
	1.35 ± 0.03
	−0.48 ± 0.02
	77 ± 2



	45° < i < 80°
	86 ± 5
	0.73 ± 0.05
	42 ± 4
	117 ± 8
	0.7 ± 0.1
	95 ± 7
	291 ± 4
	1.22 ± 0.04
	−0.6 ± 0.03
	130 ± 4



	80° < i
	94 ± 7
	0.63 ± 0.07
	48 ± 6
	124 ± 15
	0.4 ± 0.1
	142 ± 14
	333 ± 8
	1.11 ± 0.07
	−0.67 ± 0.05
	184± 7



	




	boffset < 5 kpc
	78 ± 2
	0.84± 0.02
	50 ± 1
	96 ± 5
	0.67 ± 0.05
	112±4
	301 ± 3
	1.16 ± 0.03
	−0.33 ± 0.02
	201 ± 2



	5 kpc < boffset < 10 kpc
	86 ± 7
	0.72 ± 0.08
	38 ± 6
	121 ± 10
	0.69 ± 0.08
	86 ± 9
	253 ± 6
	1.3 ± 0.07
	−0.7 ± 0.05
	92 ± 5



	10 kpc < boffset < 30 kpc
	82 ± 7
	0.7 ± 0.08
	30 ± 6
	135 ± 14
	0.64 ± 0.09
	68 ± 12
	166 ± 6
	1.18 ± 0.1
	−0.72 ± 0.07
	59 ± 5



	30 kpc < boffset
	52 ± 2
	1.18 ± 0.05
	30 ± 1
	136 ± 13
	0.88 ± 0.1
	55 ± 10
	37 ± 5
	0.99 ± 0.32
	0.0 ± 0.17
	27 ± 4





      

      
Notes. This table shows information for the actual rest frame DMhost and RMhost distributions (without fitting). The DM median and 1σ width (wDM,rf) is fitted by a power law, and the RM 1σ width (wRM,rf) by a curved power law as a function of redshift. The different lines of the table correspond to using every galaxy, galaxies with different star formation activity, galaxies in different stellar mass bins, galaxies with different inclinations and FRBs with different projected offsets from the center of the host galaxy (boffset). We also list the fitted parameters of the curved power law relation between the width of the actual RM distribution (without fitting) and redshift for the same subsets of galaxies.




    

  
    
      Table B.2 

      Curved power law fits of the redshift evolution of the parameters of the RM and DM PDFs.

      
        


	Galaxies
	Par.
	ARM,DM
	BRM,DM
	CRM,DM
	DRM





	All
	a1
	0.24 ± 0.01
	−0.38 ± 0.05
	0.57 ± 0.01
	0.68 ± 0.06



	a2
	−0.06 ± 0.0
	−0.7 ± 0.09
	0.19 ± 0.0
	1.24 ± 0.14



	a3
	−0.18 ± 0.02
	−0.29 ± 0.06
	0.25 ± 0.02
	0.5 ± 0.08



	γ
	76.45 ± 0.67
	−0.59 ± 0.02
	72.46 ± 0.51
	1.37 ± 0.03



	σ1
	1.11 ± 0.13
	−0.38 ± 0.17
	6.84 ± 0.1
	0.64 ± 0.16



	σ2
	12.25 ± 0.33
	−0.52 ± 0.05
	20.64 ± 0.26
	1.13 ± 0.07



	µ
	−1.48 ± 0.02
	1.24 ± 0.05
	5.33 ± 0.02
	



	σ
	0.49 ± 0.01
	2.15 ± 0.05
	0.8 ± 0.003
	



	




	Star-forming
	a1
	0.23 ± 0.01
	−0.38 ± 0.04
	0.59 ± 0.01
	0.68 ± 0.05



	a2
	−0.06 ± 0.0
	−0.66 ± 0.09
	0.2 ± 0.0
	1.2 ± 0.13



	a3
	−0.16 ± 0.01
	−0.31 ± 0.06
	0.23 ± 0.01
	0.51 ± 0.07



	γ
	75.44 ± 0.77
	−0.6 ± 0.02
	73.81 ± 0.54
	1.37 ± 0.03



	σ1
	1.07 ± 0.12
	−0.53 ± 0.2
	6.99 ± 0.09
	0.65 ± 0.17



	σ2
	12.01 ± 0.31
	−0.55 ± 0.05
	20.99 ± 0.22
	1.14 ± 0.07



	µ
	−1.43 ± 0.02
	1.21 ± 0.05
	5.332 ± 0.021
	



	σ
	0.44 ± 0.01
	2.22 ± 0.08
	0.801 ± 0.004
	



	




	Quenched
	a1
	0.16 ± 0.1
	0.18 ± 0.1
	0.35 ± 0.1
	0.2 ± 0.2



	a2
	0.06 ± 0.01
	−5.55 ± 5.2
	0.12 ± 0.0
	11.34 ± 10.41



	a3
	−0.26 ± 0.14
	0.81 ± 0.58
	0.58 ± 0.14
	0.27 ± 0.38



	γ
	−1.19 ± 28.71
	1.39 ± 13.45
	44.35 ± 28.84
	0.0 ± 22.46



	σ1
	1.58 ± 13.15
	−0.97 ± 8.74
	1.54 ± 13.06
	0.0 ± 1.43



	σ2
	7.52 ± 1.29
	−4.69 ± 4.6
	14.05 ± 1.16
	4.28 ± 3.1



	µ
	−3.05 ± 0.31
	0.56 ± 0.12
	5.786 ± 0.355
	



	σ
	0.05 ± 0.18
	3.21 ± 20.14
	1.02 ± 0.048
	



	




	9 < log(M*/M⊙) < 9.5
	a1
	0.23 ± 0.02
	−0.38 ± 0.09
	0.6 ± 0.02
	0.66 ± 0.1



	a2
	−0.04 ± 0.01
	−0.57 ± 0.36
	0.18 ± 0.01
	1.05 ± 0.46



	a3
	−0.16 ± 0.02
	−0.29 ± 0.09
	0.25 ± 0.02
	0.44 ± 0.12



	γ
	50.1 ± 2.52
	−0.7 ± 0.14
	65.98 ± 1.58
	1.7 ± 0.2



	σ1
	1.97 ± 0.11
	−0.85 ± 0.15
	6.79 ± 0.08
	1.63 ± 0.22



	σ2
	13.12 ± 0.82
	−0.96 ± 0.19
	20.02 ± 0.4
	2.13 ± 0.28



	µ
	−1.29 ± 0.02
	1.14 ± 0.05
	5.22 ± 0.02
	



	σ
	0.6 ± 0.05
	3.46 ± 0.36
	0.82 ± 0.01
	



	




	9.5 < log(M*/M⊙) < 10
	a1
	0.21 ± 0.01
	−0.3 ± 0.09
	0.63 ± 0.01
	0.5 ± 0.06



	a2
	−0.06 ± 0.01
	−0.17 ± 0.16
	0.2 ± 0.0
	0.54 ± 0.11



	a3
	−0.1 ± 0.01
	−0.28 ± 0.12
	0.19 ± 0.01
	0.29 ± 0.08



	γ
	109.63 ± 8.32
	−0.72 ± 0.17
	82.65 ± 1.92
	1.57 ± 0.17



	σ1
	4.92 ± 0.28
	−1.16 ± 0.16
	7.21 ± 0.09
	1.8 ± 0.17



	σ2
	40.45 ± 3.57
	−1.27 ± 0.22
	22.28 ± 0.45
	2.14 ± 0.21



	µ
	−1.36 ± 0.04
	1.12 ± 0.11
	5.42 ± 0.05
	



	σ
	0.45 ± 0.02
	2.72 ± 0.23
	0.77 ± 0.01
	



	




	10 < log(M*/M⊙) < 10.5
	a1
	0.26 ± 0.01
	−0.4 ± 0.08
	0.56 ± 0.01
	0.62 ± 0.06



	a2
	−0.08 ± 0.01
	−0.28 ± 0.15
	0.22 ± 0.0
	0.62 ± 0.13



	a3
	−0.13 ± 0.01
	−0.3 ± 0.11
	0.21 ± 0.01
	0.35 ± 0.09



	γ
	178.25 ± 17.63
	−0.83 ± 0.19
	98.8 ± 3.3
	1.59 ± 0.19



	σ1
	6.17 ± 0.97
	−1.66 ± 0.43
	7.37 ± 0.2
	2.12 ± 0.44



	σ2
	59.5 ± 8.35
	−1.69 ± 0.31
	24.78 ± 0.69
	2.5 ± 0.31



	µ
	−1.43 ± 0.04
	1.53 ± 0.12
	5.37 ± 0.04
	



	σ
	0.48 ± 0.03
	1.65 ± 0.3
	0.75 ± 0.03
	



	




	10.5 < log(M*/M⊙)) < 11
	a1
	0.31 ± 0.02
	−0.43 ± 0.08
	0.41 ± 0.01
	0.84 ± 0.1



	a2
	−0.04 ± 0.01
	−1.43 ± 0.82
	0.22 ± 0.01
	3.17 ± 1.59



	aз
	−0.29 ± 0.02
	−0.28 ± 0.06
	0.38 ± 0.02
	0.48 ± 0.08



	γ
	167.68 ± 11.47
	−0.74 ± 0.17
	50.79 ± 3.35
	1.9 ± 0.23



	σ1
	2.05 ± 0.23
	−0.38 ± 0.22
	6.71 ± 0.1
	1.11 ± 0.25



	σ2
	26.2 ± 2.91
	−1.24 ± 0.3
	19.52 ± 0.78
	2.39 ± 0.42



	µ
	−2.64 ± 0.09
	1.06 ± 0.08
	5.79 ± 0.1
	



	σ
	0.87 ± 1.12
	0.19 ± 0.29
	0.23 ± 1.13
	



	




	11<log(M*/M⊙) < 12
	a1
	−0.01 ± 0.06
	1.43 ± 2.82
	0.62 ± 0.05
	0.0 ± 1.84



	a2
	0.03 ± 0.1
	0.64 ± 0.39
	0.14 ± 0.1
	0.47 ± 4.33



	a3
	−1.15 ± 16.54
	−0.02 ± 0.32
	1.35 ± 16.54
	0.04 ± 0.65



	γ
	104.54 ± 16.89
	−1.07 ± 0.56
	34.4 ± 4.12
	2.29 ± 0.71



	σ1
	0.75 ± 0.36
	−0.4 ± 0.74
	6.09 ± 0.31
	1.63 ± 1.54



	σ2
	14.03 ± 2.79
	−1.27 ± 0.64
	15.15 ± 1.8
	2.41 ± 0.97



	µ
	−2.64 ± 0.09
	1.06 ± 0.08
	5.79 ± 0.1
	



	σ
	0.87 ± 1.12
	0.19 ± 0.29
	0.23 ± 1.13
	



	




	i < 10°
	a1
	0.19 ± 0.02
	−0.44 ± 0.17
	0.64 ± 0.02
	0.6 ± 0.16



	a2
	−0.05 ± 0.02
	−4.64 ± 5.1
	0.15 ± 0.01
	3.61 ± 3.8



	a3
	−0.26 ± 0.07
	−0.26 ± 0.16
	0.35 ± 0.07
	0.39 ± 0.2



	γ
	65.95 ± 2.62
	−0.33 ± 0.09
	27.86 ± 1.06
	1.36 ± 0.11



	σ1
	7.25 ± 1.47
	−1.22 ± 0.58
	2.57 ± 0.47
	1.99 ± 0.69



	σ2
	17.96 ± 1.93
	−0.35 ± 0.26
	9.77 ± 0.85
	1.47 ± 0.35



	µ
	−1.79 ± 0.03
	0.95 ± 0.03
	5.35 ± 0.03
	



	σ
	0.32 ± 0.01
	2.55 ± 0.19
	0.75 ± 0.01
	



	




	10° < i < 45°
	a1
	0.23 ± 0.01
	−0.39 ± 0.06
	0.6 ± 0.01
	0.57 ± 0.05



	a2
	−0.01 ± 0.0
	−4.95 ± 3.76
	0.14 ± 0.0
	5.79 ± 4.57



	a3
	−0.19 ± 0.03
	−0.25 ± 0.09
	0.29 ± 0.03
	0.37 ± 0.1



	γ
	73.39 ± 1.04
	−0.56 ± 0.04
	44.3 ± 0.44
	1.61 ± 0.05



	σ1
	2.34 ± 0.18
	−0.9 ± 0.22
	6.54 ± 0.11
	1.88 ± 0.33



	σ2
	18.51 ± 0.51
	−1.07 ± 0.09
	16.42 ± 0.2
	2.41 ± 0.13



	µ
	−1.68 ± 0.03
	1.03 ± 0.04
	5.33 ± 0.03
	



	σ
	0.35 ± 0.01
	2.47 ± 0.15
	0.76 ± 0.01
	



	




	45° < i < 80°
	a1
	0.2 ± 0.01
	−0.36 ± 0.07
	0.6 ± 0.01
	0.6 ± 0.07



	a2
	−0.04 ± 0.01
	−0.56 ± 0.2
	0.19 ± 0.0
	1.01 ± 0.27



	a3
	−0.14 ± 0.02
	−0.26 ± 0.1
	0.23 ± 0.02
	0.38 ± 0.1



	γ
	100.65 ± 2.96
	−0.74 ± 0.07
	77.61 ± 1.44
	1.5 ± 0.09



	σ1
	2.47 ± 0.15
	−0.93 ± 0.16
	7.02 ± 0.09
	1.73 ± 0.23



	σ2
	24.27 ± 1.14
	−1.04 ± 0.13
	21.46 ± 0.5
	1.92 ± 0.18



	µ
	−1.42 ± 0.02
	1.33 ± 0.05
	5.33 ± 0.02
	



	σ
	0.51 ± 0.0
	2.25 ± 0.05
	0.8 ± 0.0
	



	




	80° < i
	a1
	0.18 ± 0.01
	−0.35 ± 0.08
	0.59 ± 0.01
	0.66 ± 0.08



	a2
	−0.06 ± 0.01
	−0.38 ± 0.13
	0.21 ± 0.0
	0.83 ± 0.18



	a3
	−0.11 ± 0.02
	−0.29 ± 0.11
	0.2 ± 0.02
	0.41 ± 0.12



	γ
	107.04 ± 4.11
	−0.86 ± 0.1
	107.77 ± 2.26
	1.43 ± 0.12



	σ1
	2.42 ± 0.21
	−1.16 ± 0.27
	7.13 ± 0.13
	1.99 ± 0.39



	σ2
	25.1 ± 1.59
	−0.94 ± 0.17
	24.26 ± 0.82
	1.56 ± 0.21



	µ
	−1.22 ± 0.02
	1.63 ± 0.08
	5.31 ± 0.02
	



	σ
	0.8 ± 0.01
	1.87 ± 0.07
	0.84 ± 0.01
	



	




	boffset < 5 kpc
	a1
	0.17 ± 0.01
	−0.26 ± 0.11
	0.65 ± 0.01
	0.6 ± 0.06



	a2
	−0.03 ± 0.01
	0.16 ± 0.45
	0.17 ± 0.0
	1.0 ± 0.5



	a3
	−0.09 ± 0.01
	−0.41 ± 0.16
	0.18 ± 0.01
	0.38 ± 0.1



	γ
	114.96 ± 5.06
	−0.61 ± 0.11
	101.19 ± 1.35
	1.58 ± 0.11



	σ1
	11.19 ± 0.47
	−0.86 ± 0.11
	7.07 ± 0.08
	2.49 ± 0.14



	σ2
	53.76 ± 3.93
	−0.89 ± 0.21
	24.94 ± 0.51
	2.22 ± 0.2



	µ
	−1.38 ± 0.03
	0.8 ± 0.04
	5.53 ± 0.04
	



	σ
	0.96 ± 0.04
	3.8 ± 0.33
	0.76 ± 0.02
	



	




	5 kpc < boffset < 10 kpc
	a1
	0.21 ± 0.01
	−0.35 ± 0.1
	0.6 ± 0.01
	0.58 ± 0.07



	a2
	−0.03 ± 0.01
	−0.54 ± 0.66
	0.18 ± 0.0
	1.3 ± 0.72



	a3
	−0.17 ± 0.01
	−0.33 ± 0.1
	0.25 ± 0.01
	0.4 ± 0.09



	γ
	93.88 ± 2.61
	−0.9 ± 0.07
	56.74 ± 0.48
	1.7 ± 0.07



	σ1
	3.64 ± 0.27
	−1.06 ± 0.2
	6.89 ± 0.07
	1.85 ± 0.22



	σ2
	27.13 ± 1.85
	−1.3 ± 0.19
	18.81 ± 0.28
	2.32 ± 0.2



	µ
	−1.56 ± 0.03
	1.36 ± 0.07
	5.32 ± 0.03
	



	σ
	0.43 ± 0.02
	2.41 ± 0.25
	0.83 ± 0.01
	



	




	10 kpc < boffset < 30 kpc
	a1
	0.17 ± 0.04
	−0.37 ± 0.15
	0.58 ± 0.04
	0.49 ± 0.18



	a2
	0.0 ± 0.01
	1.09 ± 11.27
	0.16 ± 0.01
	0.0 ± 0.69



	a3
	−0.18 ± 0.05
	−0.32 ± 0.14
	0.3 ± 0.05
	0.39 ± 0.16



	γ
	62.39 ± 2.49
	−0.72 ± 0.1
	37.06 ± 1.83
	1.3 ± 0.13



	σ1
	0.88 ± 0.26
	−0.28 ± 0.25
	6.44 ± 0.25
	0.46 ± 0.27



	σ2
	9.36 ± 0.83
	−0.55 ± 0.17
	15.2 ± 0.79
	1.02 ± 0.23



	µ
	−1.66 ± 0.04
	1.49 ± 0.09
	5.18 ± 0.04
	



	σ
	0.07 ± 0.01
	2.01 ± 0.8
	0.94 ± 0.01
	



	




	30 kpc < boffset
	a1
	−0.17 ± 0.09
	−0.79 ± 0.59
	0.57 ± 0.09
	0.55 ± 0.43



	a2
	0.06 ± 0.02
	−1.07 ± 0.48
	0.11 ± 0.01
	2.64 ± 1.02



	a3
	−0.01 ± 0.28
	1.57 ± 9.33
	0.41 ± 0.34
	0.0 ± 10.36



	γ
	56.4 ± 2.44
	−0.69 ± 0.11
	21.59 ± 1.88
	1.39 ± 0.15



	σ1
	0.13 ± 0.15
	−2.59 ± 2.34
	6.12 ± 0.08
	7.25 ± 5.9



	σ2
	5.42 ± 2.52
	−0.97 ± 0.95
	16.16 ± 2.17
	2.08 ± 1.79



	µ
	−2.3 ± 0.22
	0.58 ± 0.1
	5.72 ± 0.24
	



	σ
	−0.21 ± 0.05
	5.29 ± 2.65
	1.06 ± 0.02
	





      

      
Notes: The RM PDF is fitted as the sum of a Lorentzian and two Gaussian functions. a1, a2 and a3 are normalization factors for the RM PDF.


γ is the parameter of the Lorentzian function, and σ1 and σ2 of the Gaussian functions. The DM PDF is fitted as a log normal function, with parameters µ and σ.




    

  
    
      Fig. C.1 

      
        [image: thumbnail]
      

      
        DMhost,rf (left) and RMhost,rf (right) distributions of FRBs placed in the analogs of the host galaxy of FRB190608.

      

    

  
    
      Table C.1 

      The median and 1σ range of FRB190806’s DMhost,rf and RMhost,rf from different sightlines.

      
        


	Subset of sightlines
	Nsl
	median DMhost,rf
	1σ DM
	median RMhost,rf
	1σ RM



	
	
	(pc cm−3)
	(pc cm−3)
	(rad m−2)
	(rad m−2)





	Spec. loc.
	3000
	118
	60 – 190
	+7
	−74 – +99



	DB. all
	3000
	103
	47 – 207
	+3
	−192–+231



	DB. boffset
	257
	107
	49 – 207
	+3
	−222 – +226



	DB. i
	61
	87
	50 – 146
	−17
	−186–+89



	DB. boffset+i
	7
	93
	75 – 144
	+24
	−143–+262





      

      
Notes. The first line lists the results from placing the FRBs at the minor axis of the host galaxy analogs, and the rest of the table shows the results using our ‘database’ of sightlines from Sect. 3.2. We show the results using all sightlines from the analog galaxies in the database, sightlines selected based on their galaxy inclination, boffset, and both. We show how the number of appropriate sightlines decreases when we apply stricter selection rules.




    

  
    
      Table D.1 

      Median values of the fitted parameters of radial profiles of the total magnetic field strength at each redshift.

      
        


	ɀ
	Bcenter
	[image: equation]
	[image: equation]
	[image: equation]



	
	(µG)
	(kpc)
	(kpc)
	(kpc)





	0
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	0.1
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	0.2
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	0.3
	[image: equation]
	[image: equation]
	[image: equation]
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	0.4
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	0.5
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	0.7
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	1
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	1.5
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	2
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]





      

      
Notes. The error bars indicate the 1σ range.




    

  
    
      Table D.2 

      Median values for the fitted parameters of vertical profiles of the total magnetic field strength at each redshiſt.

      
        


	ɀ
	Bcenter
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	(µG)
	(kpc)
	(kpc)
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	0
	[image: equation]
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Notes. The error bars indicate the 1σ range.




    

  
    
      Fig. D.1 

      
        [image: thumbnail]
      

      
        Radial (top) and vertical (bottom) profile of the total magnetic field strength and the magnetic field components of an example galaxy (ID487) at ɀ = 0, with a double exponential function fitted to each, and different fit parameters for the vertical profile below and above the mid-plane of the galaxy.

      

    

  
    
      Fig. D.2 

      
        [image: thumbnail]
      

      
        Magnetic field strength maps (total, and components – azimuthal, radial and vertical) for two example galaxies (ID486 and ID487) at ɀ = 0. These maps are calculated for every galaxy. The top rows show the magnetic field strength maps in an edge-on view, and the middle rows show them in a face-on view. The bottom rows show the magnetic field strength maps in a face-on view, calculated by keeping the sign of the B field while integrating the magnetic field components. For galaxy ID486 the azimuthal field’s sign remains the same throughout the disk, but for galaxy ID487 the bottom row reveals reversals in the azimuthal magnetic field of the galaxy.
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