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Abstract

Context. Magnetic turbulence is classified as weak or strong based on the relative amplitude of the magnetic field fluctuations compared to the mean field. These two classes have different energy transport properties.

Aims. The purpose of this study is to analyze turbulence in the interstellar medium (ISM) based on this classification. Specifically, we examined the ISM of simulated galaxies to detect evidence of strong magnetic turbulence and provide statistics on the associated magnetic coherent structures (MCoSs), such as current sheets, that arise in this context.

Methods. We analyzed magnetohydrodynamic galaxy simulations with different initial magnetic field structures (either completely ordered or completely random) and recorded statistics on the magnetic field fluctuations (δB/B0) and the MCoSs, which are defined here as regions where the current density surpasses a certain threshold. We also studied the MCoS sizes and kinematics.

Results. The magnetic field disturbances in both models follow a log-normal distribution, peaking at values close to unity; this distribution turns into a power law at large values (δB/B0 > 1), which is consistent with strong magnetic turbulence The current densities are widely distributed, with non-power-law deviations from a log-normal at the largest values. These deviating values of the current density define MCoSs. We find that, in both models, MCoSs are fractally distributed in space, with a typical volume-filling factor of about 10%, and tend to coincide with peaks of star formation density. Their fractal dimension is close to unity on sub-kiloparsec scales, and between 2 and 3 on larger scales. These values are consistent with MCoSs having a sheet-like or filament-like morphology.

Conclusions. Our work challenges the prevailing paradigm of weak magnetic turbulence in the ISM by demonstrating that strong magnetic disturbances can occur even when the initial magnetic field is completely ordered. This strong magnetic turbulence arises self-consistently from differential rotation and supernova feedback. Our findings provide a foundation for a magnetic turbulence description of the galactic ISM that includes strong fluctuations of the magnetic field.
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1 Introduction
Turbulence is ubiquitous in the interstellar medium (ISM) due to the vast Reynolds numbers involved, and can be driven by a variety of processes, such as differential rotation and stellar feedback (e.g., Elmegreen & Scalo 2004; Brandenburg & Lazarian 2013). As a result, the ISM is organized in hierarchical structures that efficiently direct energy across a huge range of scales, from kiloparsec scales to a fraction of a parsec. Magnetic fields are a crucial player in this process: they affect the formation of cold star-forming gas, shape stellar feedback regions (e.g., Pattle et al. 2023), and can also directly influence the turbulent energy cascade (e.g., Goldreich & Sridhar 1995, 1997; Cho & Lazarian 2003). As a consequence, the modern description of ISM dynamics is that of magnetized turbulence (see, e.g., Ferrière 2020, for a review).
In general, the study of magnetized turbulence can be divided into “weak” or “wave” turbulence and “strong” turbulence. Each description makes different assumptions about the magnetic field fluctuations in the plasma, with important implications for the energy cascade and the interaction with charged particles, such as cosmic rays (CRs).
The “weak” or “wave” turbulence description assumes that the turbulent perturbations are small-amplitude wave packets, the nonlinear interaction of which is slow compared to the wave speed (e.g., Nazarenko 2011; Schekochihin 2022). This representation of a magnetized plasma is correct if, for example, the fluctuations of the magnetic field, δB, are very weak compared to the mean ambient field of the plasma, B0 (i.e., |δB| << |B0|). In weak (wave) turbulence, the spectral energy transfer happens through resonant three-wave interactions. This approach is very convenient because it allows the use of quasi-linear theory and prescribed energy dissipation at small wavelengths (Vedenov 1963; Galtier 2009).
The regime in which unstable waves reach large amplitudes (|δB| ≥ |B0|) is called “strong” turbulence (Goldreich & Sridhar 1995; Perez & Boldyrev 2008; Schekochihin 2022). In this situation, the nonlinear evolution of the magnetic disturbances controls the energy transfer between the different scales and the charged particles. The most important characteristic of strong turbulence, which is not present in weak turbulence, is the intermittent appearance of magnetic coherent structures (MCoSs), for example current sheets (CSs), magnetic filaments, large-amplitude magnetic disturbances, vortices, and shocklets. MCoSs are collectively the locus of magnetic energy transfer (dissipation) into particle kinetic energy, which leads to the heating and/or acceleration of the latter (see more details in Vlahos & Isliker 2023).
Weak and strong turbulence are not mutually exclusive. For example, small disturbances on large scales can grow nonlinearly on small scales, so the weak-to-strong turbulence transition is scale-dependent (Goldreich & Sridhar 1995, 1997; Schekochihin et al. 2012; Meyrand et al. 2018; Fornieri et al. 2021). One way to describe this process is through the anisotropy of the turbulence when the plasma is threaded by a large-scale mean field. Goldreich & Sridhar (1995, 1997) did so by introducing an anisotropy parameter defined as the product of two ratios: the ratio of the wavenumbers parallel and perpendicular to the local mean magnetic field, and the ratio of the speed at a certain scale to the Alfvén speed.
However, in many space and astrophysical plasmas, the magnetic fluctuations are highly localized, occupying small volumes of otherwise largely isotropic systems. There, the scale dependence of the anisotropy is not a good metric for characterizing turbulence as weak or strong. For this reason, more recent studies, particularly those dealing with CR transport, have adopted a wider definition of strong turbulence, namely a plasma with δB/B0 ≥ 1 (e.g., Lemoine 2023; Kempski et al. 2023; Butsky et al. 2024). This is also the definition we adopted in this work.
In strongly turbulent magnetized plasmas, MCoSs, and especially CSs, are also evolving and fragmenting, becoming locally the source of new clusters of MCoSs. It has been shown that MCoSs follow monofractal or multifractal scalings, both in space and laboratory plasmas (Tu & Marsch 1995; Shivamoggi 1997; Biskamp 2003; Dimitropoulou et al. 2013; Leonardis et al. 2013; Schaffner & Brown 2015; Isliker et al. 2019; Consolini et al. 2023). In particular, the CSs inside a turbulent reconnection volume are fractally distributed in space (Vlahos et al. 2004).
In general, strong magnetic turbulence can be generated by (i) the nonlinear coupling of unstable large-amplitude plasma modes, (ii) the explosive reorganization of large-scale magnetic fields, or (iii) the fragmentation of existing MCoSs. From theoretical studies of the magnetized ISM, we know that at least situations (i) at (ii) occur frequently in galaxies. For example, large-amplitude, unstable modes can be created by magnetic buoyancy instabilities (Parker 1966; Mouschovias et al. 1974) or the magnetorotational instability (Korpi & Mac Low 2003; Kitchatinov & Rüdiger 2004). Rapid, large-scale magnetic field reorganization can happen in regions with strong shear (e.g., Fraser et al. 2021; Tripathi et al. 2023) and is required during the growth phase of the galactic magnetic field through a dynamo (Brandenburg & Subramanian 2005; Brandenburg & Ntormousi 2023). Still, so far no study has examined the emergence of strong magnetic turbulence in the ISM, and whether situation (iii) also arises in the ISM is an unexplored subject.
Eventually, the strength and structure of the turbulence and the MCoSs will depend on many factors, such as the properties of the gas, the geometry and strength of the large-scale magnetic field, the sources and sinks of energy (which for the ISM can be, for example, stellar feedback and cooling, respectively), and the boundary conditions (Subramanian et al. 2006; Kivotides et al. 2007; Kritsuk et al. 2017; Richard et al. 2022; Colman et al. 2022; Galishnikova et al. 2022; Lübke et al. 2024; Lesaffre et al. 2024). Therefore, the characterization of interstellar turbulence in terms of its strength in different situations is of great interest for understanding the energy transfer process in the ISM.
In this work, we look for characteristics of strong magnetic turbulence in magnetohydrodynamic (MHD) simulations of galaxies. Specifically, we study the distribution of magnetic disturbances, identify MCoSs, and describe their statistics.
We describe the numerical simulations and the MCoS identification methods in Sect. 2 and present the results in Sect. 3. We discuss our findings in Sect. 4 and draw our conclusions in Sect. 5.
2 Methods
2.1 Numerical simulations
As a test case for the self-consistent generation of strong magnetic turbulence, we used two numerical simulations of galaxy evolution, presented in Konstantinou et al. (2024). These multi-physics simulations follow the evolution of Milky-Way-like galaxies under different initial conditions for the magnetic field, which makes them ideal for studying any resulting differences in the statistics of MCoSs. Here we describe the main features of these models, but we refer the reader to the presentation paper for more details.
2.1.1 Code and initial conditions
The simulations were performed with the MHD adaptive mesh refinement (AMR) code RAMSES (Teyssier 2002; Fromang et al. 2006). RAMSES treats collisionless components like dark matter (DM) and stars with a particle mesh method and the MHD fluid on a Cartesian AMR grid with a Godunov method. The magnetic field is evolved on a staggered mesh to fulfill the solenoidal condition.
For these simulations, Konstantinou et al. (2024) use a customized version of RAMSES that follows the nonequilibrium chemistry of H2 formation and dissociation through the KROME package (see Grassi et al. 2014 for the KROME package, Pallottini et al. 2017 and Decataldo et al. 2020 for previous applications). This implementation allows for a more physical description on the star-formation process, based on the molecular hydrogen (H2) content of the cells.
The models represent local Milky-Way-sized galaxies, with a virial velocity of 200 km/s, which corresponds to a mass of 1012M⊙. The DM halo makes up 97.5% of the total mass, the thin stellar disk 1.425%, the gaseous disk 0.075%, and the gaseous halo 1%. The DM and gaseous haloes follow a pseudo-isothermal density profile with a scale length of 3 kpc and a radial density cut at 50 kpc. The thin stellar disk follows a Miyamoto-Nagai profile (Miyamoto & Nagai 1975) with a scale length of 3 kpc and a radial density cut at 12 kpc, and the gaseous disk follows an exponential density model with a scale length of 4 kpc and a radial density cut at 15 kpc. The initial temperature of the gas is 8000 K, without any initial turbulent velocity.
The models are placed in a cubic box of 100 kpc size, with periodic boundary conditions. The coarsest level of refinement corresponds to 1283 cells, and the highest to 40963 cells. The refinement for levels up to 5123 is geometry-based, in cylindrical regions of decreasing size centered on the galaxy that fully encompass the gaseous disk at all times. Three additional levels of refinement, up to 40963, are triggered by a Jeans-based criterion, namely requiring that the local Jeans length be resolved with at least ten cells The maximum resolution corresponds to 24 pc.
These initial conditions are identical for the two simulations, but their initial magnetic fields are different. Specifically, one simulation (hereafter model T) starts with a toroidal magnetic field and the other with a random field (hereafter model R). The magnetic field of model R has a power spectrum with a k−3 scale dependence. Both fields have a maximum value of 10 μG at the center of the galaxy, exponentially dropping with radius and height. The scale height and length of the magnetic field are both set to 1 kpc. This difference in the initial conditions means that any emerging randomness in model T’s magnetic field, or order in model R’s magnetic field, as the models evolve, will be due to the nonlinear evolution of the galaxy’s ISM.
	[image: thumbnail]	Fig. 1 PDFs of log δB/B0, where B0 is the median-filtered magnetic field over a set of N neighbors at time t = 500 Myr. The dashed red line is a fit to the power-law slope above log δB/B0 = 0.



2.1.2 Turbulence in the simulations
Since the initial conditions contain no turbulent velocities, two mechanisms create turbulent flows as the models evolve: stellar feedback and differential rotation. These processes are identically modeled in the two simulations.
Specifically, both models include star formation based on a threshold in the H2 content of the cells. They also include the same supernova feedback recipe, where thermal energy is injected in the 27 cells around the exploding stellar particle. While the supernova feedback and the differential rotation of the galaxy self-consistently drive turbulent velocities in both models, we are interested in the emergence of strong fluctuations in the magnetic field, and the consequent appearance of MCoSs.
Model T initially only has an ordered magnetic field, and model R only a random one. Therefore, after the turbulence has reached a steady state in the two models, any differences or similarities between them in terms of the magnetic field perturbations can inform us on the mechanisms that create MCoSs. In the following we describe our definitions for strong magnetic turbulence and MCoSs and present their statistics at different times in the model evolution.
2.2 Defining strong magnetic turbulence
Since we are interested in MCoSs appearing in strong magnetic turbulence, we first identified the regions where the magnetic field fluctuations are at least comparable to the mean field, |δB| ≥ |B0|. Defining B0 is not straightforward because different choices for the averaging can give different answers (e.g., Gent et al. 2013; Brandenburg & Ntormousi 2023). Here, in order to be able to define B0 both in a predominantly random and a predominantly ordered environment, we employed a local filtering of the magnetic field.
Specifically, for each cell i, we found the N closest neighbors by constructing a K–D tree (Maneewongvatana & Mount 1999), choosing a fixed value for N. We then used the N + 1 values of the magnetic field to define B0 through the local median value of each component, [image: equation], and δB(i) = Btot(i) − B0(i). This method is a significant improvement over the definition used in Ntormousi et al. (2020), who interpolated the AMR data onto a regular grid and then applied a median kernel to obtain B0, because here we made use of the full AMR information. We note that we also tried azimuthal averaging for defining B0 and we found that it produced unwanted artifacts at the radial edges of the azimuthal bins.
Since the gas density and the magnetic field outside the galactic disk remain negligible throughout the simulation time (which means that also the grid resolution is poor in these areas), the above process is applied to the disk regions only. This includes a cylinder of radius Rg = 14 kpc and height |zg| = 3 kpc centered on the galactic center. We confirmed that the results do not change if we include larger portions of the galaxy, apart from the inclusion of noise.
In Fig. 1, we plot the probability density functions (PDFs) of log δB/B0, where δB and B0 are the magnitudes of the vectors δB and B0, for different values of N for the two models at the same evolution time (500 Myr). We immediately notice that the peak value of (δB/B0)peak ≲ 1.2 is almost the same for both models, as is the maximum (δB/B0)max ≲ 100. (The peak value in model R is actually at δB/B0 ≲ 2, slightly higher than δB/B0 ≲ 1.17 in model T). Also, very interestingly, both sets of PDFs are log-normal up to the peak value, with a power-law tail above δB/B0 > 1, indicative of a dynamical process at play. The power-law slope at high values of log (δB/B0) is also identical, and equal to about α = −2.7. This similarity between the two sets of distributions is particularly intriguing, given the drastically different initial conditions (δB is initially zero for model T, and B0 is initially zero for model R). Even more surprising is that this similarity, including the power-law slope, is established very early on in the simulations (see Appendix A).
The effect of changing N is quite pronounced for the low-δB/B0 end of the distribution, but the peak and the high-δB/B0 behavior are largely unaffected. Since we are interested in this dynamical behavior at large δB/B0, where the PDFs do not depend on N, in the following sections we present results for the intermediate value N = 100.
2.3 Defining magnetic coherent structures
Identifying MCoSs in numerical simulations of turbulence is notoriously hard (Vlahos & Isliker 2023). Here, we define MCoSs as regions of strong current density (e.g., Uritsky et al. 2010; Zhdankin et al. 2013; Sisti et al. 2021). Regions with current density J ≡ |J| larger than the rms average Jrms ≡ |Jrms| will be sites of strong energy dissipation, where particles are expected to undergo violent changes in their trajectory. Since the current is not part of the code’s output, we calculated the current density from the simulations as J = ∇ × B using each cell’s closest neighbors from the AMR’s octree structure for the spatial derivatives.
Figure 2 shows the distribution of the logarithm of J/Jrms in the two models at 500 Myr of evolution. Instead of explicitly limiting the range of the plot to the disk, like for the δB/B0 distributions, here we bin only the highest J/Jrms values. Not surprisingly, all these locations actually do reside in the galactic disk. The actual range of J/Jrms values in each snapshot spans several orders of magnitude, with many locations containing current density close to zero. Similar plots for other snapshots are included in Appendix A. Like δB/B0, also J/Jrms deviates from a log-normal distribution at the highest values, although in this case there is no clear power-law behavior. In Fig. 2 we have marked the point where the deviation from a log-normal begins, which we call (J/Jrms)c, with purple color. In the following, we use this value as a threshold for defining MCoSs. In other words, a MCoS in our definition will be defined by the locations where J/Jrms > (J/Jrms)c. Unlike the change of behavior of the δB/B0 distribution, which happens consistently at unity for all snapshots and both models, the value of (J/Jrms)c differs between snapshots and models.
	[image: thumbnail]	Fig. 2 PDFs of the logarithm of the current density normalized by its rms value, log J/Jrms, for the two models at t = 500 Myr. For clarity, here we only show the high-value end of the distribution, which extends down to near-zero values. The red curve shows a Gaussian fit to the distribution.



2.4 Measuring the fractal dimension of MCoSs
Stochastic or chaotic systems often present some degree of self-similarity up to a natural scale where the dominant dynamical process changes. A good example of this behavior is a turbulent cascade, where self-similarity characterizes the system from the integral to the diffusive scale. A natural metric to describe this property is the fractal dimension of a measurable quantity, such as, in the example of turbulence, the density distribution of strong fluctuations. In this context, the fractal dimension can be interpreted as a surface- or volume-filling factor of the observed structures.
In the ISM, the fractal dimension has been widely used to characterize the complex dynamics of turbulence and gravity in molecular clouds (e.g., Bazell & Desert 1988; Elmegreen & Falgarone 1996; Stanimirovic et al. 1999; Sánchez et al. 2005). Here we used the fractal dimension to characterize the distribution of MCoSs.
For this calculation, we used the simplest approach, which is the box counting technique (e.g., Falconer 1990). For each output, our method calculates the box counting dimension of the locations with J/Jrms > (J/Jrms)c, with (J/Jrms)c as defined in Sect. 2.3.
3 Results
3.1 Spatial distribution of MCoSs
As a first step, we studied the spatial distribution of MCoSs in the simulations to see if there is any correlation with other quantities, such as the local magnetic field fluctuations, density, and star formation rate, that could provide insights into the physical processes that drive their formation.
First, we focused on the local magnetic field fluctuations, measured by δB/B0. In the top panel of Fig. 3, we plot the 3D distribution of δB/B0 together with that of J/Jrms for the 500 Myr snapshot of the two models. Interestingly, regions of high J/Jrms are contained within regions of high δB/B0, a correlation consistent with a picture in which strong magnetic turbulence activates regions of high electric current. However, for both models, regions of high J/Jrms seem to concentrate near the galactic center, while regions of high δB/B0 extend to larger radii. Since by construction, the models have a higher density and magnetic field in the central regions, this spatial distribution could indicate a more direct connection between J/Jrms and these quantities.
In the bottom panel of the same figure, we show a zoomed-in view of the midplane current density (in code units), which highlights the filamentary structure of the currents, and confirms their classification as CSs. While the two models follow a similar evolution in terms of their star formation rate and overall balance between magnetic and thermal energy (as pointed out by Konstantinou et al. 2024), the morphology of the currents in the central regions is visually very different, possibly due to the complex nature of the system, which introduces stochasticity.
Throughout the simulation, and despite the different initial conditions in the two models, the regions of high magnetic energy and current density are concentrated around the galactic spiral arms. Figure 4 provides an illustration. There we plot the magnetic energy and current density at time t = 500 Myr, for the two models. Interestingly, we find a strong spatial correlation between the current density and the star formation rate surface density, shown in Fig. 4 as contour lines on the J/Jrms maps. This correlation, which essentially is a connection between the local gas density peaks and the current density, is more pronounced than that between the magnetic field strength and the current density. We also studied the connection between the current density and vorticity, and between the current density and ∇ · ν (not shown here), finding a spatial correlation weaker than that between magnetic field strength and current density. This finding implies that the MCoS in these models are closely connected to the process of gravitational collapse, which strongly tangles magnetic field lines.
	[image: thumbnail]	Fig. 3 Spatial distribution of strong magnetic disturbances and currents. Top panel: volume rendering of δB/B0 (orange), shown only for values above unity, and the current density normalized by its rms value (purple), shown only for values above the critical for each model. Bottom panel: zoomed-in view of the central 6 kpc of each run, showing a midplane cut of the current density, in code units. Here the colorbar range has been limited to the highest J values. The time corresponding to these snapshots is 500 Myr.



3.2 Properties of MCoSs
Since MCoSs are good candidates for energy dissipation and particle acceleration, we are interested in their typical size and volume-filling factor. We defined MCoSs as clusters of locations where J/Jrms is above a threshold (J/Jrms)c, where the threshold is identified in the J/Jrms PDFs as in Fig. 2. If two cells i and j have J/Jrms above the threshold and are separated by less than dxi + dxj, where dxk is the edge size of cell k, then they are considered part of the same cluster.
The MCoS size PDFs are shown in the top panel of Fig. 5 in purple color. Here, size is calculated as the cube root of the structure volume. In each panel of the figure we have also included distributions where structures are identified among all locations with J/Jrms > 1, shown in light orange. All distributions contain only cell clusters with more than 16 members and are normalized by total number of counts and bin width. We notice that the size PDFs of MCoSs are quite narrow, ranging from about 125 to about 400 pc, and peaking around 200 pc. Including all locations where J/Jrms > 1 does not significantly widen the size range. It is worth noting that this typical MCoS size is on the order of the disk scale height and the size of a typical dense cloud region. This connection is particularly interesting since we also noticed a correlation between J/Jrms and ∑SFR (see Sect. 3.1) The total number of MCoSs identified in each snapshot is quite low: 22 in model T, and 36 in model R, and including locations with lower J/Jrms > 1 does not significantly increase the number of structures: 211 in model T versus 195 in model R. However, we should note that these simulations are most likely not converged in terms of the typical structure number and size.
The systemic velocities of all MCoSs, in both models (not shown here), are within one standard deviation from the mean galactic gas motion at their location, meaning that they can move toward each other and merge as the galactic flow evolves, but they are not moving at a peculiar speed. Their internal velocity dispersions, shown in the bottom panel of Fig. 5, peak at roughly 6 km/s in both models, reaching up to 56 km/s for a handful of structures. These velocity dispersions are typical of molecular cloud regions in these simulations and in the galactic ISM.
Recent studies using MHD simulations of driven turbulence in a box (Lemoine 2021; Kempski et al. 2023), have identified sharp bends in the magnetic field as a crucial ingredient in CR transport. In this study, we systematically see such features around MCoSs. Figure 6 shows an example, with the current density plotted in code units and randomly selected magnetic field lines drawn around it. Similarly to all the MCoSs in the simulations, it hosts a magnetic field with loops and strong bends. This complex structure of the magnetic field suggests that MCoSs are a fundamental feature for studying CR transport in the ISM.
Furthermore, we notice that MCoSs are generally far from spherical, showing a variety of elongated shapes. The velocity field around the structures (where the systemic velocity of the structure has been removed) also shows a variety of morphologies: in some cases, there is a clear vorticity pattern, like the structures in the top-left and bottom-right corner of the figure, while in others we can see compression, like the structure at the top-right and bottom-right corner of the figure. However, the velocity field is usually quite complex. This complexity explains the weak correlation between MCoSs and vorticity or ∇ · ν mentioned in the previous section.
Very useful information is also contained in the volume-filling factor of MCoSs as a function of scale, as measured by their fractal dimension. In Fig. 7, we show the box-counting fractal dimension calculation at different simulation times. Interestingly, at all snapshots and for both models, the box counting yields two distinct scalings, corresponding to a fractal dimension: one scaling is identified at scales below 1 kpc, and is consistently close to 1. This scaling, which can be interpreted as MCoSs resembling filaments or ribbons, is consistent with the elongated structure we identified through the clustering process. The second fractal dimension, at scales above 1 kpc, is around 2.5, which can be interpreted as “porous” 3D structures. It is worth mentioning, however, that the fractal dimension is quite sensitive to the selected threshold: Increasing the threshold gradually selects smaller portions of the regions, naturally leading to a smaller fractal dimension, while the opposite is true when lowering the threshold. The threshold we selected here is physically motivated, since it signifies the non-Gaussian limit of the normalized current density distribution, a natural indicator of a change of behavior. However, this finding should still be validated with higher-resolution simulations.
	[image: thumbnail]	Fig. 4 Midplane slices of magnetic energy (left) and current density (right). Only values above the critical current density for each model are shown. In the right panel, the star formation rate surface density for models T and R (toroidal and random initial magnetic field, respectively) at 500 Myr of evolution is overlaid.



4 Discussion
Even though a plethora of numerical simulations have shown the ubiquity of high Mach number flows in galaxies, to our knowledge, this is the first numerical study to focus on the distribution of magnetic field fluctuations on galactic scales. Specifically, here we focused on determining whether the magnetic turbulence in the ISM should be considered strong or weak by studying the magnetic field fluctuations and the development of MCoSs in MHD numerical simulations of isolated spiral galaxies.
We find that in models of massive, gas-poor, quiescent and strongly magnetized galaxies, the magnetic field fluctuations range from 10−4 to about 100 times higher than the mean value of the mean field, independently of the initial morphology of the magnetic field. Moreover, the interstellar turbulence in these models consistently produces a power-law distribution of δB/B0 in the regime above unity. This finding shows that strong magnetic turbulence coexists with weak turbulence in the galactic ISM, covering a significant part of the galactic disk. Specifically, in our models, the strongest fluctuations are clearly concentrated in and around spiral arms.
The ubiquity of strong magnetic turbulence in the disk is consistent with the existing observational probes of magnetic fields in spiral galaxies. For example, Gaensler et al. (2011) found strong variations in the Milky Way’s Faraday rotation signal, organized in filament-like structures. These structures in Faraday rotation can be associated with strong variations in either the local magnetic field or the electron density. Later, in characterizing the Galactic magnetic field in dust polarization, Planck Collaboration Int. XLIV. (2016) were able to fit the observed data with a δB/B0 of about 0.9. There is also observational evidence of strong magnetic fluctuations in external galaxies. For instance, using HAWC+ dust polarization data for the M51 galaxy, Borlaff et al. (2021) show that the magnetic field around the spiral arms is more strongly fluctuating than in the interarm regions. The spatial distribution of δB/B0 in our analysis (Fig. 3) is consistent with this picture. According to similar analyses in the starburst galaxy M82 (Lopez-Rodriguez et al. 2021) and in the Antennae merging system (Lopez-Rodriguez et al. 2023), we can expect δB/B0 to be even stronger in these more dynamical environments than what we estimated here. Clearly, a wider range of simulation data is needed to predict the δB/B0 statistics in more dynamical ISM conditions.
Finally, the simulations we used in this analysis do not host a dynamo. In a turbulent dynamo situation, we expect the δB/B0 distribution to extend to even higher values (see, e.g., the recent numerical simulations by Gent et al. 2024).
We identified MCoSs in the simulations by looking for regions of high current density, which is equivalent to studying regions of strong dissipation. In general, strong dissipation in MHD turbulence is organized in thin sheets. Lehmann et al. (2016) with the SHOCKFIND algorithm and Richard et al. (2022) designed several criteria that allow for the careful selection of strong dissipation regions and characterize their physical nature as fast shocks, slow shocks, rotational discontinuities, or Parker sheets. Our analysis does not go into the details of further categorizing the dissipation regions, but confirms their sheetlike morphology, showing strong currents organized in thin, elongated structures.
The fractal dimension of the MCoSs, which is between 2 and 3 at scales above 1 kpc and close to 1 at scales below 1 kpc, is also consistent with sheet-like structures containing smaller-scale filaments. Due to the limited resolution of these simulations, we are not able to witness any smaller-scale fragmentation of these MCoSs, so follow-up work at higher resolution is needed to elucidate this point. Eventually, at sufficiently high resolution, the final state of this MCoS network should be a turbulent reconnection environment (see Matthaeus & Velli 2011; Lazarian et al. 2012; Karimabadi et al. 2013a,b; Karimabadi & Lazarian 2013; Karimabadi et al. 2014; Vlahos & Isliker 2023, for articles and reviews on this topic).
The typical number of MCoSs at a given snapshot is on the order of a few tens, rendering a number density of 10−7 structures per pc−3. With the typical structure size on the order of 100 pc, this means that the MCoSs cover about 10% of the galactic disk. However, we should stress that, due to the limited resolution of our models in the halo, we could not calculate MCoS statistics in the entire volume of the galaxy. In future work we will expand our study to include the circum-galactic medium.
These findings are of particular relevance for CR propagation models. Many studies in the past few years have underlined the inefficiency of the Alfvén wave scattering picture to capture the observed properties of galactic CRs (e.g., Chandran 2000; Yan & Lazarian 2004; Chan et al. 2019; Hopkins et al. 2022; Butsky et al. 2024). Recently, Lemoine (2023) and Kempski et al. (2023) proposed mechanisms for strong CR scattering from non volume-filling, intermittent structures with a large magnetic field curvature, which in our description constitute MCoSs. Along the same lines, Butsky et al. (2024) proposed a patchy scattering scenario for galactic CRs, and made order-of-magnitude estimates for the required size and volume-filling factor of the scattering structures. They concluded that strong scattering of CRs by intermittent regions is a very promising scenario for explaining the observed CR properties. Our work provides the statistics of these locations in global galaxy models.
Our statistical analysis of the MCoSs, which in the case of CR propagation would be scattering structures, shows that they are not uniformly distributed inside our galaxy as was assumed by several studies (e.g., Lazarian & Xu 2023; Lemoine 2023; Kempski et al. 2023; Butsky et al. 2024). Instead, they have a fractal structure. Transport and acceleration inside a fractal environment is a well-studied topic in space physics (e.g., Isliker & Vlahos 2003; Vlahos et al. 2004; Sioulas et al. 2020b,a, 2022) and has been shown to change the transport properties of the particles (Vlahos et al. 2008; Isliker et al. 2017). Fundamentally, if the scattering structures are not volume-filling, the mean free path of the CR (λsc) traveling inside the galaxy is not constant. Also, particles transported inside fractal MCoSs are reaccelerated, rendering the mean free path energy-dependent: λsc(E). This energy dependence adds a significant complication in studying their transport properties (Bouchet et al. 2004). The statistical description of MCoSs in this work provides a framework for studying these processes in the ISM of galaxies.
	[image: thumbnail]	Fig. 5 Histograms of MCoS sizes (top) and internal velocity dispersions (bottom) in the 500 Myr snapshot of the two models. The light orange histograms correspond to clusters of locations with J/Jrms > 1, and purple to clusters of locations with J/Jrms > (J/Jrms)c, which we identify as MCoSs.



	[image: thumbnail]	Fig. 6 Example of a MCoS, taken from a snapshot of model T at 500 Myr. Magnetic field lines are shown in yellow and orange. The blue dots show the current density of each location in code units, with darker colors indicating a higher intensity. The magnetic field around MCoSs in the two models has similarly complex structure.



	[image: thumbnail]	Fig. 7 Fractal dimension of structures with δJ/Jrms above a given threshold value at different times.



5 Conclusions
Our analysis reveals the presence of strong magnetic turbulence in the ISM of simulated galaxies, irrespective of the initial magnetic field morphology. In particular, after studying two galaxy-scale MHD simulations with either an initially fully ordered or an initially fully stochastic magnetic field, we conclude that:

	The probability distribution of the magnetic field fluctuations, δB/B0, follows a log-normal distribution with a power-law tail at values δB/B0 > 1 for both models and starting at very early evolution times. This characteristic is indicative of dynamical processes, such as strong turbulence;


	Similarly, the current density distribution normalized over its rms value, J/Jrms, also follows a log-normal probability distribution with a deviation at high values, but it is not power-law-shaped;


	Regions of strong current density, J/Jrms > (J/Jrms)c, are embedded in regions of strong δB/B0, indicating an activation of MCoSs by strong magnetic turbulence;


	Somewhat surprisingly, the regions with the highest current densities also have high star formation rate surface densities;


	The fractal dimension of the MCoSs is close to unity a scales below 1 kpc and between 2 and 3 on larger scales, which is consistent with sheet-like regions containing filamentary dissipative structures.



In the context of ISM dynamics, this first statistical description of MCoS properties can serve as a benchmark for determining the environment in which galactic CRs propagate.
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Appendix A  Time evolution of magnetic fluctuation and current density distributions
Figure A.1 shows the time evolution of the log δB/B0 PDFs. The early snapshots (t=200 Myr) contain two levels of AMR fewer than the later snapshots; therefore, using N=300 is not practical as it encompasses too large volumes. The high-value ends of the PDFs have been fit by a power law for the N=100 case, although the slope is identical for the other cases of N. From this sequence it is easy to appreciate the early onset of the power law at high log δB/B0 values, as well as the consistent similarity of the PDFs between the two models, despite their very different initial conditions for the magnetic field.
Figure A.2 shows the time evolution of the log J/Jrms PDFs at the high-value end (the full distributions expand to values tending to zero). We have fit a Gaussian to the distributions and marked the deviations from the fit in purple color, like in the main text. Unlike the δB/B0 PDFs, here the high-value end of the distribution is not power-law-shaped, and it does change in time. There are some differences between the two models. The mean and variance of the Gaussian fit change with time and between the models, as does the limit for the Gaussian behavior. The origin of these variations is not clear from this comparison, and a wider parameter space for the numerical simulations would be needed in order to trace it.
	[image: thumbnail]	Fig. A.1 Time evolution of the log δB/B0 PDFs 200, 300, and 400 Myr into the evolution of the galaxy models (from top to bottom). The early snapshots have fewer refined cells, so the maximum number of neighbors used to calculate B0 is limited to 100.



	[image: thumbnail]	Fig. A.2 Time evolution of the log J/Jrms PDFs 200, 300, and 400 Myrs into the evolution of the galaxy models (from top to bottom).





References
	Bazell, D., & Desert, F. X. 1988, ApJ, 333, 353[See]
	Biskamp, D. 2003, Magnetohydrodynamic Turbulence (Cambridge University Press)[See]
	Borlaff, A. S., Lopez-Rodriguez, E., Beck, R., et al. 2021, ApJ, 921, 128[See]
	Bouchet, F., Cecconi, F., & Vulpiani, A. 2004, Phys. Rev. Lett., 92, 040601[See]
	Brandenburg, A., & Lazarian, A. 2013, Space Sci. Rev., 178, 163[See]
	Brandenburg, A., & Ntormousi, E. 2023, ARA&A, 61, 561[See]
	Brandenburg, A., & Subramanian, K. 2005, Phys. Rep., 417, 1[See]
	Butsky, I. S., Hopkins, P. F., Kempski, P., et al. 2024, MNRAS, 528, 4245[See]
	Chan, T. K., Kereš, D., Hopkins, P. F., et al. 2019, MNRAS, 488, 3716[See]
	Chandran, B. D. G. 2000, Phys. Rev. Lett., 85, 4656[See]
	Cho, J., & Lazarian, A. 2003, MNRAS, 345, 325[See]
	Colman, T., Robitaille, J.-F., Hennebelle, P., et al. 2022, MNRAS, 514, 3670[See]
	Consolini, G., Alberti, T., Benella, S., Papini, E., & Pezzi, O. 2023, Chaos Solitons Fractals, 177, 114253[See]
	Decataldo, D., Lupi, A., Ferrara, A., Pallottini, A., & Fumagalli, M. 2020, MNRAS, 497, 4718[See]
	Dimitropoulou, M., Isliker, H., Vlahos, L., & Georgoulis, M. K. 2013, A&A, 553, A65[See]
	Elmegreen, B. G., & Falgarone, E. 1996, ApJ, 471, 816[See]
	Elmegreen, B. G., & Scalo, J. 2004, ARA&A, 42, 211[See]
	Falconer, K. 1990, Fractal Geometry: Mathematical Foundations and Applications (Chichester: John Wiley & Sons)[See]
	Ferrière, K. 2020, Plasma Phys. Controlled Fusion, 62, 014014[See]
	Fornieri, O., Gaggero, D., Cerri, S. S., De La Torre Luque, P., & Gabici, S. 2021, MNRAS, 502, 5821[See]
	Fraser, A. E., Terry, P. W., Zweibel, E. G., Pueschel, M. J., & Schroeder, J. M. 2021, Phys. Plasmas, 28, 022309[See]
	Fromang, S., Hennebelle, P., & Teyssier, R. 2006, A&A, 457, 371[See]
	Gaensler, B. M., Haverkorn, M., Burkhart, B., et al. 2011, Nature, 478, 214[See]
	Galishnikova, A. K., Kunz, M. W., & Schekochihin, A. A. 2022, Phys. Rev. X, 12, 041027[See]
	Galtier, S. 2009, Nonlinear Processes Geophys., 16, 83[See]
	Gent, F. A., Shukurov, A., Sarson, G. R., Fletcher, A., & Mantere, M. J. 2013, MNRAS, 430, L40[See]
	Gent, F. A., Mac Low, M.-M., & Korpi-Lagg, M. J. 2024, ApJ, 961, 7[See]
	Goldreich, P., & Sridhar, S. 1995, ApJ, 438, 763[See]
	Goldreich, P., & Sridhar, S. 1997, ApJ, 485, 680[See]
	Grassi, T., Bovino, S., Schleicher, D. R. G., et al. 2014, MNRAS, 439, 2386[See]
	Hopkins, P. F., Squire, J., Butsky, I. S., & Ji, S. 2022, MNRAS, 517, 5413[See]
	Isliker, H., & Vlahos, L. 2003, Phys. Rev. E, 67, 026413[See]
	Isliker, H., Vlahos, L., & Constantinescu, D. 2017, Phys. Rev. Lett., 119, 045101[See]
	Isliker, H., Archontis, V., & Vlahos, L. 2019, ApJ, 882, 57[See]
	Karimabadi, H., & Lazarian, A. 2013, Phys. Plasmas, 20, 112102[See]
	Karimabadi, H., Roytershteyn, V., Daughton, W., & Liu, Y.-H. 2013a, Space Sci. Rev., 178, 307[See]
	Karimabadi, H., Roytershteyn, V., Wan, M., et al. 2013b, Phys. Plasmas, 20, 012303[See]
	Karimabadi, H., Roytershteyn, V., Vu, H. X., et al. 2014, Phys. Plasmas, 21, 062308[See]
	Kempski, P., Fielding, D. B., Quataert, E., et al. 2023, MNRAS, 525, 4985[See]
	Kitchatinov, L. L., & Rüdiger, G. 2004, A&A, 424, 565[See]
	Kivotides, D., Mee, A. J., & Barenghi, C. F. 2007, New J. Phys., 9, 291[See]
	Konstantinou, A., Ntormousi, E., Tassis, K., & Pallottini, A. 2024, A&A, 686, A8[See]
	Korpi, M. J., & Mac Low, M.-M. 2003, Astron. Nachr. Suppl., 324, 67[See]
	Kritsuk, A. G., Ustyugov, S. D., & Norman, M. L. 2017, New J. Phys., 19, 065003[See]
	Lazarian, A., & Xu, S. 2023, ApJ, 956, 63[See]
	Lazarian, A., Vlahos, L., Kowal, G., et al. 2012, Space Sci. Rev., 173, 557[See]
	Lehmann, A., Federrath, C., & Wardle, M. 2016, MNRAS, 463, 1026[See]
	Lemoine, M. 2021, Phys. Rev. D, 104, 063020[See]
	Lemoine, M. 2023, J. Plasma Phys., 89, 175890501[See]
	Leonardis, E., Chapman, S. C., Daughton, W., Roytershteyn, V., & Karimabadi, H. 2013, Phys. Rev. Lett., 110, 205002[See]
	Lesaffre, P., Falgarone, E., & Hily-Blant, P. 2024, Atmosphere, 15, 211[See]
	Lopez-Rodriguez, E., Beck, R., Clark, S. E., et al. 2021, ApJ, 923, 150[See]
	Lopez-Rodriguez, E., Borlaff, A. S., Beck, R., et al. 2023, ApJ, 942, L13[See]
	Lübke, J., Effenberger, F., Wilbert, M., Fichtner, H., & Grauer, R. 2024, Europhys. Lett., 146, 43001[See]
	Maneewongvatana, S., & Mount, D. M. 1999, arXiv e-prints [arXiv:cs/9901013][See]
	Matthaeus, W. H., & Velli, M. 2011, Space Sci. Rev., 160, 145[See]
	Meyrand, R., Kiyani, K. H., Gürcan, Ö. D., & Galtier, S. 2018, Phys. Rev. X, 8, 031066[See]
	Miyamoto, M., & Nagai, R. 1975, PASJ, 27, 533[See]
	Mouschovias, T. C., Shu, F. H., & Woodward, P. R. 1974, A&A, 33, 73[See]
	Nazarenko, S. 2011, Wave Turbulence, 825[See]
	Ntormousi, E., Tassis, K., Del Sordo, F., Fragkoudi, F., & Pakmor, R. 2020, A&A, 641, A165[See]
	Pallottini, A., Ferrara, A., Bovino, S., et al. 2017, MNRAS, 471, 4128[See]
	Parker, E. N. 1966, ApJ, 145, 811[See]
	Pattle, K., Fissel, L., Tahani, M., Liu, T., & Ntormousi, E. 2023, in Astronomical Society of the Pacific Conference Series, 534, Protostars and Planets VII, eds. S. Inutsuka, Y. Aikawa, T. Muto, K. Tomida, & M. Tamura, 193[See]
	Perez, J. C., & Boldyrev, S. 2008, ApJ, 672, L61[See]
	Planck Collaboration Int. XLIV., 2016, A&A, 596, A105[See]
	Richard, T., Lesaffre, P., Falgarone, E., & Lehmann, A. 2022, A&A, 664, A193[See]
	Sánchez, N., Alfaro, E. J., & Pérez, E. 2005, ApJ, 625, 849[See]
	Schaffner, D. A., & Brown, M. R. 2015, ApJ, 811, 61[See]
	Schekochihin, A. A. 2022, J. Plasma Phys., 88, 155880501[See]
	Schekochihin, A. A., Nazarenko, S. V., & Yousef, T. A. 2012, Phys. Rev. E, 85, 036406[See]
	Shivamoggi, B. K. 1997, Ann. Phys., 253, 239[See]
	Sioulas, N., Isliker, H., & Vlahos, L. 2020a, ApJ, 895, L14[See]
	Sioulas, N., Isliker, H., Vlahos, L., Koumtzis, A., & Pisokas, T. 2020b, MNRAS, 491, 3860[See]
	Sioulas, N., Isliker, H., & Vlahos, L. 2022, A&A, 657, A8[See]
	Sisti, M., Fadanelli, S., Cerri, S. S., et al. 2021, A&A, 655, A107[See]
	Stanimirovic, S., Staveley-Smith, L., Dickey, J. M., Sault, R. J., & Snowden, S. L. 1999, MNRAS, 302, 417[See]
	Subramanian, K., Shukurov, A., & Haugen, N. E. L. 2006, MNRAS, 366, 1437[See]
	Teyssier, R. 2002, A&A, 385, 337[See]
	Tripathi, B., Fraser, A. E., Terry, P. W., et al. 2023, Phys. Plasmas, 30, 072107[See]
	Tu, C. Y., & Marsch, E. 1995, Space Sci. Rev., 73, 1[See]
	Uritsky, V. M., Pouquet, A., Rosenberg, D., Mininni, P. D., & Donovan, E. F. 2010, Phys. Rev. E, 82, 056326[See]
	Vedenov, A. A. 1963, J. Nucl. Energy, 5, 169[See]
	Vlahos, L., & Isliker, H. 2023, Phys. Plasmas, 30, 040502[See]
	Vlahos, L., Isliker, H., & Lepreti, F. 2004, ApJ, 608, 540[See]
	Vlahos, L., Isliker, H., Kominis, Y., & Hizanidis, K. 2008, arXiv e-prints [arXiv:0805.0419][See]
	Yan, H., & Lazarian, A. 2004, ApJ, 614, 757[See]
	Zhdankin, V., Uzdensky, D. A., Perez, J. C., & Boldyrev, S. 2013, ApJ, 771, 124[See]


All Figures
	[image: thumbnail]	Fig. 1 PDFs of log δB/B0, where B0 is the median-filtered magnetic field over a set of N neighbors at time t = 500 Myr. The dashed red line is a fit to the power-law slope above log δB/B0 = 0.
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	[image: thumbnail]	Fig. 2 PDFs of the logarithm of the current density normalized by its rms value, log J/Jrms, for the two models at t = 500 Myr. For clarity, here we only show the high-value end of the distribution, which extends down to near-zero values. The red curve shows a Gaussian fit to the distribution.
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	[image: thumbnail]	Fig. 3 Spatial distribution of strong magnetic disturbances and currents. Top panel: volume rendering of δB/B0 (orange), shown only for values above unity, and the current density normalized by its rms value (purple), shown only for values above the critical for each model. Bottom panel: zoomed-in view of the central 6 kpc of each run, showing a midplane cut of the current density, in code units. Here the colorbar range has been limited to the highest J values. The time corresponding to these snapshots is 500 Myr.
In the text



	[image: thumbnail]	Fig. 4 Midplane slices of magnetic energy (left) and current density (right). Only values above the critical current density for each model are shown. In the right panel, the star formation rate surface density for models T and R (toroidal and random initial magnetic field, respectively) at 500 Myr of evolution is overlaid.
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	[image: thumbnail]	Fig. 5 Histograms of MCoS sizes (top) and internal velocity dispersions (bottom) in the 500 Myr snapshot of the two models. The light orange histograms correspond to clusters of locations with J/Jrms > 1, and purple to clusters of locations with J/Jrms > (J/Jrms)c, which we identify as MCoSs.
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	[image: thumbnail]	Fig. 6 Example of a MCoS, taken from a snapshot of model T at 500 Myr. Magnetic field lines are shown in yellow and orange. The blue dots show the current density of each location in code units, with darker colors indicating a higher intensity. The magnetic field around MCoSs in the two models has similarly complex structure.
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	[image: thumbnail]	Fig. 7 Fractal dimension of structures with δJ/Jrms above a given threshold value at different times.
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	[image: thumbnail]	Fig. A.1 Time evolution of the log δB/B0 PDFs 200, 300, and 400 Myr into the evolution of the galaxy models (from top to bottom). The early snapshots have fewer refined cells, so the maximum number of neighbors used to calculate B0 is limited to 100.
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	[image: thumbnail]	Fig. A.2 Time evolution of the log J/Jrms PDFs 200, 300, and 400 Myrs into the evolution of the galaxy models (from top to bottom).
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