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Abstract

:

Radio continuum and polarization observations reveal best the magnetic field structure and strength in nearby spiral galaxies. They show a similar magnetic field pattern, which is of spiral shape along the disk plane and X-shaped in the halo, sometimes accompanied by strong vertical fields above and below the central region of the disk. The strength of the total halo field is comparable to that of the disk. The small- and large-scale dynamo action is discussed to explain the observations with special emphasis on the rôle of star formation on the α−Ω dynamo and the magnetic field strength and structure in the disk and halo. Recently, with RM-synthesis of the CHANG-ES observations, we obtained the first observational evidence for the existence of regular magnetic fields in the halo. The analysis of the radio scale heights indicate escape-dominated radio halos with convective cosmic ray propagation for many galaxies. These galactic winds may be essential for an effective dynamo action and may transport large-scale magnetic field from the disk into the halo.
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1. Introduction


The effects of magnetic fields on the physical processes in spiral galaxies, their disk-halo interaction and their evolution have been frequently neglected in the past. Within the last 20 years, with increasing computing facilities, some authors included them in their simulations of, e.g., the interstellar medium and disk-halo interaction (e.g., [1,2]) or in the evolution of spiral galaxies (e.g., [3]). Their result is that magnetic fields play an important role, even if the magnetic and cosmic ray energy density in the interstellar medium is small compared to that of the rotation. The magnetic field energy density is indeed comparable to that of the turbulent gas motion and much higher than that of the thermal gas, as has been determined for the nearby galaxies NGC 6946 [4] and M33 [5]. Hence, magnetic fields are dynamically important in the processes of the interstellar medium. Direct comparison of three-dimensional MHD simulations of an isolated galaxy withand without a magnetic field show that a magnetic field leads to a lower star formation rate at later times, it reduces the prominence of individual spiral arms and it causes weak outflows from the disk up to several kpc above and below the disk [3]. These results have been supported by cosmological magnetohydrodynamical simulations of galaxies in clusters [6] and will be further researched for isolated Milky Way-like galaxies in dark halos, e.g., with the Auriga Project [7,8].



Observationally, the magnetic field in external galaxies can be best studied in the radio continuum emission in the centimeter-wavelength range. The total intensity of the synchrotron emission gives the strength of the total magnetic field. The linearly polarized intensity reveals the strength and the structure of the resolved ordered field in the sky plane (B⊥, i.e., perpendicular to the line of sight (LOS)). However, the observed polarization vectors suffer from Faraday rotation and depolarization (i.e., a decrease of the degree of linear polarization when compared to the intrinsic one) on the way from the radiation’s origin to us. Correction for Faraday rotation is possible with observations at different wavelengths by determining the rotation measure RM (being proportional to ∫neB‖dl where ne is the thermal electron density and B‖ the magnetic field strength parallel to the line of sight l). The rotation measure itself can be used to correct the observed polarization angle and also to estimate the strength of B‖ if the thermal electron density can be estimated from the emission measure EM as determined from Hα or X-ray observations of the galaxy. The key point is that the sign of the RMs gives the direction of the parallel magnetic field component. The field strength of both components, parallel and perpendicular to the LOS, together with the information of the intrinsic polarization vectors enables us in principle to get a three-dimensional picture of the magnetic field.




2. Faraday Rotation and Depolarization Effects


While the polarized intensity gives the orientation of the magnetic field, the magnetic field direction can only be determined by the Faraday rotation measure. As the polarization is only sensitive to the magnetic field orientation, the polarization angle can only be determined with an ±n·π ambiguity. A regular pattern of the intrinsic magnetic field vectors deduced from the observed polarized intensity may indicate a large-scale magnetic field but can also originate from anisotropic turbulent magnetic fields, e.g., compressed fields with opposite directions. However, as anisotropic turbulent magnetic fields have different directions along the LOS, the differential RMs along the LOS have different signs and at least partly cancel along the LOS. Only the detection of RMs of reasonable strengths along the LOS indicates a regular magnetic field component. If, in addition, the different RM observed along different LOS presented in a map have a smooth distribution of regions with positive and negative RM values on scales significantly larger than the beam size, a regular magnetic field is indicated. In this case, the polarization vectors are also expected to be ordered on scales larger than the beam size.



Further, depolarization effects have to be considered. We distinguish between wavelength-independent and wavelength-dependent depolarization. By comparing maps observed at different frequencies but smoothed to the same linear resolution, the observed depolarization is solely due to wavelength-dependent depolarization effects. Several different wavelength-dependent depolarization effects are important to consider: differential Faraday rotation, Faraday dispersion, an RM gradient within the beam, and bandwidth depolarization [9,10]. Faraday dispersion is due to turbulent (random) magnetic fields within the source (internal Faraday dispersion) and between the source and us (external Faraday dispersion), whereas differential Faraday rotation and depolarization by an RM gradient depend on the regular magnetic field within the emitting source. Especially differential Faraday rotation may cause that the source is not transparent in polarization if the internal Faraday rotation reaches values of 90∘ or more. This is usually the case near the midplane of spiral galaxies seen edge-on observed at decimeter wavelengths and may be even the case in the centimeter-wavelength regime, as observed in NGC 4631 [11]. Otherwise, bandwidth depolarization within a single spectral window for RM-synthesis can usually be neglected with the current broadband multi-channel receivers (e.g., at the JVLA).



Polarized emission effected by differential depolarization can at least partly be recovered by polarization spectroscopy and RM-synthesis [12]. However, even with the present broadband receivers (e.g., with 2–4 GHz bandwidth at C-band of the JVLA), the RM Spread Function (RMSF) is too broad (FWHM ≈2000radm−2) to resolve different polarizing structures along the LOS within one galaxy. Secondly, RM-synthesis can only analyze that part of an object that is optically thin in linear polarization. Thirdly, even with the present more sensitive and broad-band polarization receivers, we cannot trace the polarized signal much further out into the halo (i.e., the region with faint emission) than previously without this technique, as the sensitivity per polarization window (channel) did not really increase, especially as a signal-to-noise of about 5 is needed for the cleaning procedure of the RMSF sidelobes [13]. Nevertheless, present RM-synthesis observations deliver for the first time a map of the intrinsic magnetic field vectors B⊥ together with a map of Faraday depth (as a measure of B‖) from observations at one single band (best is C-band for edge-on galaxies, and C-band and possibly S-band for face-on galaxies).




3. Magnetic Field Strength and Star Formation


The total magnetic field strength in a galaxy can be estimated from the non-thermal radio emission under the assumption of equipartition between the energies of the magnetic field and the relativistic particles (the so-called energy equipartition), as described in Beck & Krause [14]. The mean equipartition value for the total magnetic field strength for a sample of 74 spiral galaxies observed by Niklas [15] is on average 9±3μG but reaches locally higher values within the spiral arms of up to 20–25 μG in M51 [16]. The strength of the ordered magnetic fields in spiral galaxies are typically 1–5 μG, and may reach locally values up to 10–15 μG as, e.g., in NGC 6946 [4] and M51 [16]. The field strengths in the halo are similar to the those in the disk (see Section 4).



The turbulent magnetic field is typically strongest within the optical spiral arms, whereas the regular fields are strongest in between the optical spiral arms [17], as shown in Figure 1 (left), or at the inner edge of the density-wave spiral arm as seen in M51 [16]. Sometimes, the inter-arm region is filled smoothly with regular fields, in other cases the large-scale field form long filaments of polarized intensity such as in IC342 (Figure 1, right) [18,19] or the so-called magnetic spiral arms such as in NGC 6946 [20].



Strongly interacting galaxies or galaxies with a high star formation rate (SFR) tend to have generally stronger total magnetic fields. The latter fits to the equipartition model for the radio-FIR correlation Niklas & Beck [21], according to which the non-thermal emission increases ∝SFR1.3±0.2 and the total, mostly turbulent magnetic field strength Bt increases ∝SFR0.34±0.14 [22].



No similar simple relation is known for the ordered magnetic field strength. Stil et al. [23] integrated the polarization properties in 41 nearby spiral galaxies and found that (independent of inclination effects) the degree of linear polarization is lower (<4%) for more luminous galaxies, in particular those for L4.8>2×1021WHz−1. The radio-brightest galaxies are those with the highest SFR. Although dynamo action needs star formation and supernova remnants as the driving force for velocities in vertical direction, we conclude from our observations that stronger star formation reduces the magnetic field regularity. On kpc-scales, Chyży [24] analyzed the correlation between magnetic field regularity and SFR locally within one galaxy, NGC 4254. While he found that the total and random field strength increase locally with SFR, the ordered field strength is locally uncorrelated with SFR.




4. Magnetic Field Structure in Spiral Galaxies


Observations of spiral galaxies seen face-on reveal a large-scale magnetic field pattern along the plane of the galaxy. The magnetic field lines generally follow a spiral structure with pitch angles from 10∘ to 40∘, which are similar to the pitch angles of the optical spiral arms, as visible, e.g., in Figure 1. Detailed studies showed that the magnetic pitch angles are indeed systematically larger than the spiral arm pitch angles in three face-on spiral galaxies (Frick et al. [25] for M83, Berkhuijsen et al. [26] for M101, and Mulcahy et al. [17] for NGC 628) giving evidence for the action of a large-scale dynamo in these galaxies. The large-scale pattern is accompanied by a small-scale magnetic field that is stronger within the optical spiral arms.



The magnetic field is thought to be amplified and maintained by dynamo action, especially the large-scale structure by the action of the α−Ω mean-field dynamo [27], which predicts an axisymmetric mode (ASS) along the galactic plane of the galaxy to be excited most easily. The mean-field dynamo theory alone, however, cannot explain why the strength of the large-scale magnetic field is higher in the inter-arm region (as presented in Section 3) or why the magnetic pitch angles are similar to the pitch angles of the optical spiral arms. Within the dynamo theory, the magnetic pitch angles are simply determined by the ratio of the radial to the azimuthal magnetic field components [27], whereas the spiral arm pitch angle may even be related to the supermassive black hole mass [28].



Observation of spiral galaxies seen edge-on show in general a plane-parallel magnetic field structure along the midplane which is the expected projection of the spiral field in the disk as observed in face-on galaxies. This is also the case in NGC 4631, as detected by Mora & Krause [11].



In the halo, the ordered magnetic field is X-shaped, as indicated in the sketch for NGC 5775 observed with an inclination i = 86 ∘ (Figure 2). In some galaxies, the X-shaped halo field is accompanied by strong vertical components above and/or below the central region, as in NGC 5775 (Figure 2) and NGC 4631 (Figure 3). Until recently, missing RM values within the halos prevented us from deciding observationally whether the halo fields are large-scale regular or ordered fields. They can also be a mixture of both.



This changed recently with the Continuum HAlos in Nearby Galaxies–EVLA Survey (CHANG-ES) observations of 35 edge-on spiral galaxies by Irwin et al. [31] (see also [32]). Within this sample, we detected polarized intensity in several edge-on galaxies far into the halo with ordered intrinsic magnetic field vectors and an RM pattern that is regular over several beams sizes. This is the first observational evidence for the existence of regular magnetic fields in the halo. Our analysis shows that these regular magnetic fields have scales ≥800 pc [33]. The most striking result is observed in NGC 4631, as shown in Figure 4 with a quasi-periodic RM pattern in its northern halo indicating giant magnetic ropes (GMRs) in the halo [34]. A dynamo-based modeling for the halo field in NGC 4631 was proposed by Woodfinden et al. [35] (see also Irwin et al. [32]). However, their assumptions are not generally accepted, as argued by Moss & Sokoloff [36].



The total magnetic field strengths has been determined from the total intensity radio maps for many galaxies with the assumption of equipartition [14,37]. It was found that the magnetic field strengths in large parts of the halo are comparable to or slightly lower than the magnetic field strength in the disk outside the central region (as, e.g., in NGC 253 [38], NGC 4631 [30], NGC 891 and NGC 4565 [39], NGC 4666 [40], and NGC 4013 [41], with 5–10 μG within the first few kpc in the halo compared to 6–11 μG in the disk outside the central regions. These relatively strong halo fields cannot be explained alone by the classical mean-field α−Ω dynamo operating in the disk (see Section 5). Although the disk field is accompanied by a poloidal halo field, its strength is by a factor of about 10 weaker than the disk field strength. Hence, either there is also dynamo action in the halo or a galactic wind is needed that transports the magnetic field from the disk into the halo. This is further discussed in Section 6.




5. Dynamo Action and the Evolution of the Large-Scale Magnetic Field


The large-scale magnetic field can only be amplified and maintained by dynamo action. While a large-scale dynamo is necessary to produce a large-scale magnetic field structure, field amplification alone is faster by the action of a small-scale dynamo [20,42]. For a galactic disk, the large-scale dynamo is the α−Ω dynamo, simplified by the mean-field dynamo equations for thin disks. Solution of these equations are the large-scale dynamo modes, with the axisymmetric spiral field structure (ASS) being the dominant mode (m = 0), which is generated easiest, followed by the bisymmetric structure (BSS, m = 1) and higher modes. The three-dimensional field configurations can be either symmetric (of quadrupole type) or asymmetric (of dipole type) with respect to the galactic plane, where the poloidal field component is about a factor of 10 weaker than the disk field. According to the dynamo theory, the pitch angle of the magnetic field spiral is determined by the dynamo numbers Rα and RΩ (p=arctanBr/Bφ=arctan(Rα·RΩ)−1/2 for the growing (linear) case [27] and somewhat more complicated for the saturated (nonlinear) case [43]), not by the pitch angle of the gaseous spiral arms. The modes determined observationally in a dozen of nearby galaxies and their relative amplitudes are summarized in [44,45]. The dominating mode in the disk is indeed the ASS, which is of even parity at least for NGC 891 [22] and NGC 5775 [29]. Recently, first indications for a radial magnetic field reversal within the disk of an external galaxy have been observed in NGC 4666 [40].



As part of the SKA design study, we investigated the large- and small-scale dynamo action and the ordering process of the large-scale magnetic field structure during galaxy formation and cosmological evolution [46]. Turbulence generated in protogalactic halos by thermal virialization can drive an effective turbulent (small-scale) dynamo, which amplifies the field strength to energy equipartition with the turbulent gas (beginning at z≈10 in Figure 5, left). The large-scale dynamo mainly orders the magnetic field with timescales determined by the mean-field dynamo theory. Hence, the large-scale fields evolve with time. Galaxies similar to, e.g., the Milky Way, formed their disks at z≈10. Regular fields of μG strength and a few kpc coherence length were generated within 2 Gyr (beginning at z≈20 in Figure 5, left), but field ordering on the coherence length of the galaxy size requires additional 6 Gyr for Milky-Way-type galaxies. Dwarf galaxies can already host fully coherent fields at z≈1, while giant disk galaxies may not have reached fully coherent field pattern in the Universe’s lifetime up to now [46]. Similar results were attained recently by a semi-analytic galaxy formation model about the evolution of galactic magnetic fields [47].



The field ordering of a so-called “spotty” magnetic field structure was studied in more detail by Arshakian et al. [49] assuming that the large-scale dynamo starts from coherent fields in spots of 100 pc in size and 0.02 μG in strength. The evolution of these magnetic spots is simulated in a model. Star formation in the galactic disk causes—via supernova explosions—continuous injection of turbulent magnetic fields. Hence, the interaction of magnetic fields generated by small-scale dynamo action in discrete star formation regions was combined with the large-scale dynamo action [50]. Assuming that the injection of small-scale fields is situated only within the gaseous spiral arm regions where star formation mostly occurs, Moss et al. [48] obtained field structures with magnetic arms located between the spiral arms, as discussed in Section 3 (see Figure 5, right). Charmandy et al. [51] obtained similar results by considering that the galactic fountain flow or wind is likely to be weaker in the inter-arm regions than in the spiral arms.




6. Vertical Scale Heights and Galactic Wind


If synchrotron emission is the dominant loss process of the relativistic electrons in the halo, the outer shape of the radio emission should be dumbbell-like as synchrotron losses depend on the total magnetic field strength, which is stronger in the central region of a galaxy. In fact, a dumbbell shape of the total radio intensity was observed in some edge-on galaxies, e.g., NGC 253 [38] and NGC 891 [39]. As long as Inverse Compton (IC) radiation losses with Cosmic Microwave Background (CMB) photons are negligible (B>3.25μG), synchrotron losses are the dominant radiation losses. The synchrotron lifetime tsyn at a fixed frequency is proportional to the total magnetic field strength Bt−1.5. A cosmic ray bulk speed (velocity of a galactic wind) can be defined as vCR=hCR/tsyn with hCR being the exponential scale height of the cosmic rays. The observed non-thermal intensity Isyn∝N0B1+α with N0∝NCR, as shown in Formula (A3) by Beck & Krause [14] with NCR being the total number density of cosmic ray particles and α the non-thermal spectral index. The assumption of equipartition implies NCR∝B2 that leads to hCR∝(3+α)/2·hsyn≃2hsyn, hence vCR≃2hz/tsyn where hz is the exponential scale heights of the observed radio emission. For NGC 253, Heesen et al. [38] determined the cosmic ray velocity to 300±30 km/s in the northeastern halo. As this is similar to the escape velocity from the disk, it shows the presence of a galactic wind in NGC 253. Meanwhile, the existence of a galactic wind is also indicated for NGC 4631 [30] and a number of other galaxies by the 1D CR transport modelling SPINNAKER [39,40,52,53].



The observed extent of the radio emission of a galaxy may depends on the sensitivity of the radio map as more sensitive radio observations may permit to detect fainter regions. Instead, a vertical scale height as derived by an exponential or Gaussian fit to the vertical intensity distribution of the total radio emission is less affected by the sensitivity of the observations and hence a better indicator for the physics within the galaxy and a crucial parameter for understanding the transport of cosmic rays (CR) from the disk into the halo and the energy loss mechanisms of the cosmic ray electrons (CRE) within the halo of spiral galaxies. Until recently, radio scale heights could only be determined for a few bright and extended (i.e., nearby) spiral galaxies [22,53,54]. With the CHANG-ES observations of 35 edge-on spiral galaxies, we significantly increased the number and distance-range of the observed edge-on galaxies, as well as the sensitivity and angular resolution of the radio maps. Krause et al. [55] defined a subsample of 13 CHANG-ES galaxies that are small enough in angular size to be free of significant missing flux density by the interferometer observations. We determined the radio scale heights with exponential fits to the total intensity emission based on the method by Dumke et al. [56] but in a more sophisticated way [57]. Hence, we obtained for the first time radio scale heights of such a large sample of edge-on spiral galaxies in a consistent way. The sample average values for the halo scale heights are 1.1±0.3 kpc in C-band and 1.4±0.7 kpc in L-band [55].



Surprisingly, we detected that the halo scale heights increase linearly with the radio diameters as determined from our maps observed with similar sensitivity and also with the radio scale lengths, i.e., exponential fits to the radial total intensity distribution. We could, however, not find a clear correlation with the magnetic field strength, the SFR or star formation rate density (SFRD). In the discussion of that paper, we stated that we could not find an obvious physical explanation for the correlation of the halo scale heights with radio diameter that would not simultaneously imply a correlation of the halo scale height with star formation [55]. Meanwhile, Vargas et al. [58] developed a different calibration for the mid-IR extinction correction of Hα luminosities to calculate the SFR in edge-on galaxies. This turned out to be necessary for edge-on galaxies because of the stronger Hα extinction due to the long line-of-sight through the disk. With these updated SFRrevised values, they indeed obtained for the first time a correlation between radio scale heights and SFRrevised. They also observed a correlation of SFRrevised with radio diameters and radio scale lengths implying that the scale height—radio diameter correlation detected by Krause et al. [55] originates from the star formation in the disk.



The sample galaxies are consistent with an escape-dominated radio halo with convective cosmic ray propagation, indicating that galactic winds are a widespread phenomenon in spiral galaxies. A galactic wind may be essential for the formation of large-scale magnetic field in the halo, as discussed in Section 4. Indeed, model calculations of the mean-field α−Ω dynamo for a disk surrounded by a spherical halo including a galactic wind [59,60] simulated similar magnetic field configurations to the observed ones. Meanwhile, MHD simulations of disk galaxies including a galactic wind implicitly may explain the X-shaped field [61,62]. The first global, galactic scale MHD simulations of a CR-driven dynamo give promising results resembling the observations and show directly that small scale magnetic flux is transported from the disk into the halo [63]. A galactic wind can also solve the helicity problem of dynamo action (e.g., [51,64]). Hence, a galactic wind may be essential for an effective dynamo action and the observed X-shaped magnetic field structure in edge-on galaxies.



There are, however, also galaxies found for which Gaussian fits describe the vertical intensity distribution better than exponential fits, e.g., NGC 7462 [53] and NGC 4565 [39]. Their CR transport seems to be diffusion dominated as indicated by SPINNAKER [53].



When removing the scale height (h)–radio diameter (dr) dependence by introducing the normalized scale height h˜=100·h/dr, we found an anti-correlation of h˜ with the mass surface density MSD [55]. This is the first observational evidence for a gravitational deceleration of the CRE outflow from the galactic disk [55]. Posterior observations [30,39,40] increasing the MSD range even strengthen this result, as shown in Figure 6. Note that the two outliers NGC 4565 and UGC 10288 have a significantly lower magnetic field strength than the other galaxies, which may indicate an important role of the magnetic field strength on the CR outflows.




7. Conclusions


With radio continuum and linear polarization observations, we analyzed the magnetic field strength and structure in the disk and halo of spiral galaxies. Besides a turbulent magnetic field, a plane-parallel, spiral regular magnetic field was detected in the disks of all spiral galaxies observed, which is mainly axisymmetric (ASS) in most of the galaxies. Such a field structure corresponds to the solution of the fastest growing mode of a large-scale α−Ω dynamo operating in the disk. Models have been developed that can explain the magnetic field growing in strength and structure from the beginning of galaxy evolution at high z values. The magnetic field strength was mainly amplified by the turbulent dynamo, while the large-scale dynamo was mainly responsible for field ordering. Star formation plays an important role in these processes in accordance with the observations.



The halos of spiral galaxies, as the interfaces between the bright disk of the galaxy and the intergalactic medium, are less understood up to now. Recent detections of large-scale fields there (in addition to ordered and turbulent magnetic fields) cannot be explained by the α−Ω dynamo action in the disk alone. Increasing observational evidence for the existence of a CR-driven wind from the disk in the halo support the view that magnetic fields of all scales are transported into the halo by a galactic wind and can simultaneously solve the helicity problem of dynamo action in the disk. In addition, dynamo action in the halo remains possible. From the observational side, the structure of the large-scale fields in the halo has to be revealed by a careful analysis of the current data. Up to now, giant magnetic ropes (GMRs) could be identified in the halo of NGC 4631. If we want to trace the halo and magnetic fields further into the outer halo, more sensitive polarization data will be necessary. As Faraday depolarization effects are expected to decrease with increasing distance from the galactic disk, observations even in the decimeter wavelength regime with Meerkat and especially the SKA will be essential.
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Figure 1. (Left) Polarized intensity of the spiral galaxy NGC 628 at λ 9.7 cm (3.1 GHz) from JVLA observations with a resolution of 18″ HPBW with the magnetic fields illustrated as flow lines, overlaid on an optical image plus Hα from Calar Alto Observatory [17]. (Right) Polarized intensity contours of IC342 at λ 6.2 cm (4.8 GHz) from VLA observations with a resolution of 16″ HPBW, overlaid on a POSS optical image. The vectors give the apparent magnetic field orientation (i.e., not corrected for Faraday rotation) [18]. 
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Figure 2. Total intensity contours map (left) with apparent magnetic field orientation at 4.8 GHz of NGC 5775 (from the VLA with a resolution of 16″ HPBW) overlaid on an Hα image and sketch (right) of a possible regular magnetic field configuration in the disk and in the halo for NGC 5775 [29]. 
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Figure 3. Radio continuum emission (contours) of the edge-on spiral galaxy NGC 4631 at 5.99 GHz from combined JVLA and 100-m Effelsberg observations with a resolution of 20.5″ HPBW with intrinsic magnetic field orientation, overlaid on a color-scale optical DSS image [30]. 






Figure 3. Radio continuum emission (contours) of the edge-on spiral galaxy NGC 4631 at 5.99 GHz from combined JVLA and 100-m Effelsberg observations with a resolution of 20.5″ HPBW with intrinsic magnetic field orientation, overlaid on a color-scale optical DSS image [30].



[image: Galaxies 07 00054 g003]







[image: Galaxies 07 00054 g004 550]





Figure 4. RM map of NGC 4631 in color scale as determined from CHANG-ES C-band (JVLA D-configuration) observations with intrinsic magnetic field orientation with 20.5″ HPBW resolution [34]. The total intensity contours are the same as in Figure 3. 
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Figure 5. (Left) Evolution of magnetic field strength in dwarf galaxies (DG), Milky-Way-type galaxies (MW), and in giant disk galaxies (GD). The thick dashed-dot-dot line shows the evolution of the small-scale magnetic field generated by the small-scale dynamo. The evolution of the large-scale magnetic field generated by the α−Ω dynamo in quasi-spherical galaxies are shown by the thick solid line and that in thin-disk galaxies as thick dashed-dot dashed lines [46]. (Right) Color coded image of the modeled azimuthal magnetic field strength in the disk of a spiral galaxy with turbulent magnetic field injection assumed within the normal spiral arm regions as indicated by the thin black lines after 13.2 Gyr. The field strength is given in μG [48]. 
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Figure 6. The normalized scale heights anti-correlate with the mass surface densities for the galaxies of the sample of Krause et al. [55], as well as for NGC 4666 [40], NGC 4631 [30], and NGC 891 [39]. The outliers (NGC 4565 and UGC 10288) have a significantly lower total magnetic field strength of only ≈6μG. 
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