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A B S T R A C T 

We explore the redshift evolution of the radio luminosity function (RLF) of star-forming galaxies using GALFORM , a semi-analytic 
model of galaxy formation and a dynamo model of the magnetic field evolving in a galaxy. Assuming energy equipartition between 

the magnetic field and cosmic rays, we derive the synchrotron luminosity of each sample galaxy. In a model where the turbulent 
speed is correlated with the star formation rate, the RLF is in fair agreement with observations in the redshift range 0 ≤ z ≤
2. At larger redshifts, the structure of galaxies, their interstellar matter, and turbulence appear to be rather different from those 
at z � 2, so that the turbulence and magnetic field models applicable at low redshifts become inadequate. The strong redshift 
evolution of the RLF at 0 ≤ z ≤ 2 can be attributed to an increased number, at high redshift, of galaxies with large disc volumes 
and strong magnetic fields. On the other hand, in models where the turbulent speed is a constant or an explicit function of z, the 
observed redshift evolution of the RLF is poorly captured. The evolution of the interstellar turbulence and outflow parameters 
appear to be major (but not the only) drivers of the RLF changes. We find that both the small- and large-scale magnetic fields 
contribute to the RLF but the small-scale field dominates at high redshifts. Polarization observations will therefore be important 
to distinguish these two components and understand better the evolution of galaxies and their non-thermal constituents. 

Key words: dynamo – galaxies: evolution – galaxies: magnetic fields – galaxies: spiral – radio continuum: galaxies – galaxies: 
luminosity function. 
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 I N T RO D U C T I O N  

he galaxy luminosity function (LF) – the comoving number density
f galaxies as a function of their magnitude at a given wavelength
is one of the primary observables used to probe the physics of

ormation and evolution of galaxies. The observed LFs and their
edshift ev olution ha v e been measured, to various de grees of detail
nd reliability, for a wide range of wavelengths from the UV to the
adio. When assessed in the framework of a theoretical model of
alaxy formation, the LFs provide key insights into the evolution of
tar formation and feedback processes, the nature of and conditions
n the ISM (consisting of gas, dust, magnetic fields, and cosmic
ays), and dynamical processes such as galaxy mergers. Two major
pproaches used to model galaxy formation are: (i) semi-analytic
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odels (SAMGFs) that account for the complex baryonic processes
n evolving dark matter (DM) haloes derived from N -body simula-
ions using a combination of analytic approximations and numerical
rescriptions, (ii) hydrodynamic or magnetohydrodynamic (MHD)
imulations based on fundamental dynamical equations, that include
ubgrid models to account for unresolved physical processes (often
imilar to those used in SAMGFs). There are several galaxy forma-
ion models (Croton et al. 2006 ; Samui, Srianand & Subramanian
007 ; Jose et al. 2013 ; Trayford et al. 2015 ; Lacey et al. 2016 ; Tr ̌cka
t al. 2022 ) that interpret the ultraviolet (UV) (Wyder et al. 2005 ; Page
t al. 2021 ), optical (Blanton et al. 2003 ; Lo v eday et al. 2012 ) and
nfrared (IR) (Dunne et al. 2011 ; Gruppioni et al. 2013 ; Marchetti
t al. 2016 ) LFs and shed light on the evolution of obscured star
ormation rate (SFR), stellar mass ( M ∗), ISM, dust, and feedback
rocesses in galaxy populations. 
Complementary to the UV, optical, and IR LFs, is the radio LF

RLF) of star-forming galaxies (SFGs) at the emission frequency
 . 4 GHz obtained with the Very Large Array and the Westerbork
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ynthesis Radio Telescope (Condon et al. 1998 ; Adams & van 
eeuwen 2019 ). Recent estimates of RLFs of SFGs at 1 . 4 GHz

nclude those of Condon, Cotton & Broderick ( 2002 ), Sadler et al.
 2002 ), Best et al. ( 2005 ), Mauch & Sadler ( 2007 ), P ado vani et al.
 2011 ), and Condon, Matthews & Broderick ( 2019 ) for the local
niverse and from Smol ̌ci ́c et al. ( 2009 ), Pracy et al. ( 2016 ), Novak

t al. ( 2017 ), Bonato et al. ( 2021 ), Enia et al. ( 2022 ), Malefahlo
t al. ( 2022 ), and van der Vlugt et al. ( 2022 ) for redshifts up to z
 4.5. Moreo v er, sev eral ongoing and upcoming deep surv e ys using

resent and next-generation radio telescopes, including the Square 
ilometre Array (SKA), will impro v e our knowledge of the RLFs of
FGs to higher redshifts and fainter luminosities with unprecedented 
ccuracy (Norris et al. 2013 ; Adams & van Leeuwen 2019 ). For
 xample, deep surv e ys using SKA Phase-I will detect sub- μJy SFGs
p to z � 6 which will help to measure RLFs down to luminosities
ore than an order of magnitude lower than what is available now

Jarvis et al. 2015 ). 
Synchrotron emission dominates the radio continuum at 1 . 4 GHz 

Ginzburg & Syrovatskii 1965 ), so models of the galactic magnetic 
eld and cosmic-ray propagation should be the starting points in 
 prediction of the RLF. MHD simulations of evolving galaxies 
e.g. Liu, Kretschmer & Teyssier 2022 ; Pfrommer et al. 2022 )
annot provide the statistically significant galaxy samples needed 
o compute RLFs. Moreo v er, limited spatial resolution prev ents such
imulations from probing scales as small as 1–100 pc , which is crucial
or capturing dynamo processes at the turbulent and global scales, 
nd hence realistic magnetic fields and, consequently, any realistic 
istribution of cosmic rays controlled by them (see section 13.14 of
hukurov & Subramanian 2021 , for a re vie w). Turbulent magnetic
elds, produced by the fluctuation dynamo, supernova shock fronts, 
nd tangling of the large-scale magnetic field, require a spatial reso-
ution of the order of 1 pc to be realistically reproduced (Gent et al.
021 , 2023 ), whereas the mean-field dynamo, that generates large- 
cale galactic magnetic fields, relies, apart from o v erall rotation, on
he density stratification at scales of the order of 100 pc (chapter 11 of
hukurov & Subramanian 2021 ). MHD simulations at an adequate 
esolution are only available for local ISM regions of the order of a
ew kiloparsecs in size (e.g. Gressel et al. 2008 , 2013a , b ; Hollins et al.
017 ; Gent, Mac Low & Korpi-Lagg 2024 ), and subgrid dynamo
odels are not yet available despite an effort to relate the statistical

roperties of magnetic fields in nearby galaxies to theories (Van Eck 
t al. 2015 ; Chamandy, Shukurov & Taylor 2016 ; see Beck et al.
019 ). 
Therefore, at present, combining SAMGFs with a model for the 

volution of magnetic fields and cosmic rays is arguably the only 
iable theoretical approach for modelling RLFs. 
The earliest effort towards incorporating galactic dynamo theory 

nto a hierarchical model for galaxy formation in cold DM cosmology 
o produce galactic magnetic fields in a cosmological volume-sized 
ample of galaxies was by Rodrigues et al. ( 2015 ). Rodrigues
t al. ( 2019, hereafter R19 ) extended this model into a compu-
ational framework called MAGNETIZER (Rodrigues & Chamandy 
020 ) which simulates magnetic fields in individual galaxies as 
he y evolv e. In particular, these authors coupled the MAGNETIZER 

ith the output of the GALFORM SAMGF of Lacey et al. ( 2016 )
nd Gonzalez-Perez et al. ( 2014 ) to obtain simulated magnetic 
elds for a large sample of galaxies in the redshift range 0 ≤
 ≤ 6 and compared the predictions of mean-field strengths and 
itch angles with observations of local galaxies, finding reasonable 
greement. 

This work extends the model of R19 , to derive the RLF of SFGs
t the rest-frame frequency of 1 . 4 GHz o v er cosmic history. We
alculate the total radio luminosity due to the synchrotron emission 
ased on our magnetic field and cosmic-ray models. Any significant 
ifferences of this work from the model of R19 are mentioned in the
ext. 

Key quantities that affect the amplification and sustenance of 
alactic magnetic fields are the gas density and root mean square
rms) turbulent speed, as well as the galactic rotation and stratification 
the gas scale height). Some observational studies indicate that the 
as velocity dispersion in galaxies (which includes a contribution of 
he turbulence) is correlated with the SFR surface density (SFRD) 
Green et al. 2010 ; Lehnert et al. 2013 ; Moiseev, Tikhonov & Klypin
015 ) while other authors find a correlation with the global SFR
Genzel et al. 2011 ; Varidel et al. 2016, 2020 ; Zhou et al. 2017 ;
¨ bler et al. 2019 ). 

We investigate how the predicted shape and redshift evolution 
f the RLF are affected by various phenomenological ISM tur- 
ulence models and compare the results with observations. By 
ontrast, past works have probed the radio luminosity of isolated 
emplate galaxies and used the radio-FIR correlation to deduce 
he RLF (e.g. Werhahn, Pfrommer & Girichidis 2021 ; Pfrom- 
er et al. 2022 ; Vollmer, Soida & Dallant 2022 ; Schober et al.

023 ). 
The RLFs obtained from observations contain contributions from 

oth active galactic nuclei (AGN) and SFGs (Mauch & Sadler 
007 ; van der Vlugt et al. 2022 ). The physical nature and processes
esponsible for the radio emission in these objects are rather different
nd should be considered separately. These contributions can be sep- 
rated, with varying degrees of confidence, using multiwavelength 
bservations to estimate the RLF of each. In this work, we model the
LF of star-forming disc galaxies only. 
This paper is organized as follows. In Section 2 , we discuss our
odels to compute the RLF of galaxies at 1 . 4 GHz . We present the

redictions for the magnetic field in Section 3 , and for the RLF in
ection 4 along with a comparison with observational data and a
iscussion of the roles of various physical processes involved. Our 
esults are put into a wider context in Section 5 and conclusions are
ormulated in Section 6 . Throughout this work, we use cosmological
arameters based on 7-yr WMAP data (Komatsu et al. 2011 ), which
re also used in the GALFORM model of Lacey et al. ( 2016 ). We use
he same parameter values in MAGNETIZER as R19 unless otherwise 
tated. 

 T H E  M O D E L  

he RLFs presented in this work are the products of a three-level
odel. In the first level, the output of the GALFORM SAMGF of
acey et al. ( 2016 ) is used to derive the properties of a representative
alaxy population of about 7 × 10 5 disc galaxies in a comoving
olume of 6 × 10 6 Mpc 3 at each redshift in the redshift range
 ≤ z ≤ 6 (corresponding to 3.5 per cent of the total volume of
he N -body simulation used to provide halo merger histories), with
tellar masses between about 10 8 and 10 12 M �. In the second level,
AGNETIZER is used to couple the galactic dynamo theory and the
alaxy formation model to predict the evolution of both turbulent and
lobal magnetic fields as a function of time and galactocentric radius
n each galaxy. To a v oid e xcessiv e and unnecessary complications,
ll galaxy properties are assumed to be axisymmetric; the dominance 
f axially symmetric large-scale magnetic fields in nearby galaxies 
s well established (e.g. Beck et al. 2019 ). In the final third stage,
he synchrotron emission at 1 . 4 GHz is computed for each galaxy to
erive the RLF over a wide redshift range. 
MNRAS 532, 1504–1521 (2024) 
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.1 Galaxy formation model 

he GALFORM version that we use (Lacey et al. 2016 , see also Cole
t al. 2000 ; Baugh et al. 2005 ; Bower et al. 2006 ) incorporates
heoretically and empirically moti v ated models for complex physical
rocesses (star formation, supernova, and AGN feedback, various
ynamical processes, the evolution of the gas, stars, dust, etc.) that
aryons undergo in DM haloes. The assembly histories of haloes are
escribed by halo merger trees extracted from N -body simulations
Guo et al. 2013 ). The model successfully reproduces the observed K
and, optical, near -IR, and far -UV luminosity functions of SFGs, far -
R number counts and H I and stellar mass functions o v er a wide range
f redshifts along with the Tully–Fisher, metallicity–luminosity, and
ize–luminosity relations at z = 0. 

GALFORM outputs several global properties of galaxies at every
napshot of the N -body simulation, like the SFR, stellar mass M ∗,
he cold gas masses of the disc and the bulge, and the disc half-

ass radius ( r 1/2 ), which is assumed to be the same for stars and
as. Several ISM parameters for MAGNETIZER are derived from these
ALFORM outputs in the same way as in R19 , as briefly discussed
elow, but we refer the reader to that paper for further details. 
R19 focused on the galactic mean fields and therefore selected

alaxies with a large disc that can host the mean-field dynamo in
 relatively large volume. However, as we discuss below, random
agnetic fields generated independently of the mean-field dynamo

ction make a significant contribution to the total-intensity RLF,
nd central parts of galaxies can be very bright in the synchrotron.
herefore, we have changed the sample selection criterion and

nclude all galaxies that have a gas disc, either large or small. The
oti v ation is that a higher local gas density in the disc would lead

o star formation, turbulence, and, hence, significant magnetic and
osmic-ray energy densities. 

.1.1 Derived galactic quantities 

o obtain the RLF, we need to deduce the distribution of the gas
ensity and the magnetic field along the galactocentric distance r
nd distance Z from the mid-plane in each galaxy, as well as its
otation curve and the gas scale height. 

The galaxy rotation curve, V ( r ), is computed by assuming that
alaxies have a thin stellar disc with an exponential surface mass
ensity profile, a bulge with the Hernquist ( 1990 ) profile and a DM
alo with an adiabatically contracted Navarro–Frenk–White density
rofile (Navarro, Frenk & White 1997 ). The rotation curve is then
sed to determine the galaxy angular velocity, �( r ), and the rotational
hear rate, S( r) = r d �/ d r . 

As in R19 , we adjust the half-mass radius r 1/2 of the GALFORM

alaxies to reproduce the observed stellar mass–r 1/2 relation of Lange
t al. ( 2016 ) and r d = 2.7 r 1/2 is adopted as the maximum gas disc
adius for computing quantities like the v olume-a veraged magnetic
eld strength. 
The surface mass densities of the stars and gas in the disc are

oth assumed to have an exponential radial profile with the scale
ength r s = r 1/2 / a , where a ≈ 1.68. 1 As in R19 , the disc gas mass is
eparated into diffuse and ‘molecular’ phases. The ratio of the surface
NRAS 532, 1504–1521 (2024) 

 To obtain a , we note that M ( r ) = 2 π� 0 r 
2 
s 

∫ r/r s 
0 xe −x d x for the mass of 

ither stars or gas within the cylindrical radius r , where � 0 is the surface 
ensity at r = 0. As noted in the text, the scale length r s is assumed to 
e the same for both stars and total gas. Since 

∫ ∞ 

0 xe −x d x = 1, we have 
 ∞ 

≡ lim r→∞ 

M ( r ) = 2 π� 0 r 
2 
s . Now, M ( r 1/2 ) = M ∞ 

/2 by definition, which 
eads to 

∫ a 
0 xe −x d x = 1 / 2 and a follows. 
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ensities of the diffuse and molecular gas components is computed
sing the empirical relation from Blitz & Rosolowsky ( 2004 , 2006 ).
he density distributions of diffuse gas, molecular gas, and stars
erpendicular to the galactic disc are assumed to be exponential with
ifferent scale heights. Thus, for example, for the diffuse gas density
e have 

d ( r, Z) = ρd0 ( r)e −| Z| /h d ( r) , (1) 

here Z is the distance from the galaxy mid-plane, ρd0 ( r ) is the mid-
lane density, and h d ( r ) is the density scale height, both functions
f the galactocentric radius r , determined assuming that the ISM
s in hydrostatic equilibrium with a total pressure that includes the
hermal, turbulent, magnetic, and cosmic-ray contributions. We use
mpirical relations for the scale heights of the molecular gas (0.032 r s )
nd stars (0.1 r s ) (Kregel, van der Kruit & de Grijs 2002 ; Licquia &
ewman 2016 ). 

.1.2 Interstellar turbulence 

alactic magnetic fields are amplified and sustained by a turbulent
ynamo. Thus, magnetic field models depend on certain statistical
roperties of the turbulence, like the correlation length l , correla-
ion time τ , and rms turbulent velocity v. As in R19 , we adopt
( r) = min [100 pc , h d ( r)] and τ = l / v (for estimates of interstellar
urbulence parameters, see Chamandy & Shukurov 2020 ). 

Thus far, the MAGNETIZER model described is the same as that
f R19 . Ho we ver, R19 assumed that the rms turbulent speed is v =
0 km s −1 , close to the sound speed in the warm gas and independent
f the redshift and SFR. Ho we ver, the gas velocity dispersion (which
ncludes an uncertain contribution from the turbulence) appears
o depend on the intensity of star formation (see Fig. 1 and the
ext belo w). Gi ven this uncertainty, we considered three alternative
rescriptions for determining the turbulent speed. 
Interstellar turbulence has v arious dri vers, including star forma-

ion and the associated supernova activity, gravitational instability
Krumholz & Burkhart 2016 ; Krumholz et al. 2018 ), cosmological
as accretion, and galaxy mer gers (Ginzbur g et al. 2022 ; Jim ́enez
t al. 2023 ). Some models (e.g. Krumholz et al. 2018 ; Ginzburg et al.
022 ) predict that the turbulent speed is independent of the SFR when
FR < SFR 0 with a certain threshold SFR 0 and increases with the
FR otherwise. The velocity dispersion data, consistent with more
ecent observations (Varidel et al. 2020 ; Yu et al. 2021 ), are shown
n the upper panel of Fig. 1 , and we use the form 

 = v 0 

{
1 , if SFR ≤ SFR 0 , 

( SFR / SFR 0 ) c , otherwise , 
(2) 

ith certain constants v 0 and c . As suggested by fig. 3 of Yu et al.
 2021 ), we adopt SFR 0 = 3 M � yr −1 and estimate v 0 = 25 km s −1 

nd c = 0.50 by fitting the median of the relation shown in Fig. 1 .
he fitted dependence is shown as a solid curve in Fig. 1 , where

he one-dimensional velocity dispersion σ has been converted to the
hree-dimensional speed v = σ

√ 

3 assuming the turbulence to be
sotropic. Further, v is assumed to be independent of r for simplicity.

The data points in Fig. 1 have a large scatter. To account for this,
e fit equation ( 2 ) to the 16 th and 84 th percentiles of v as a function
f SFR, to obtain v 0 = 17 km s −1 and c = 0.45 for the 16 th percentile
nd v 0 = 40 km s −1 and c = 0.55 for the 84 th percentile, also shown
n Fig. 1 . These measures of the scatter are used to estimate the
egree of uncertainty of the predicted luminosity functions. We note
hat the SFR- v relation is assumed to be independent of redshift in
his model, which we adopt as the fiducial model. 
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Figure 1. Top panel: the observed three-dimensional velocity dispersion as 
a function of SFR (Krumholz et al. 2018 and references therein, circles) and 
the best-fitting curves of the form of equation ( 2 ) to the median (solid/green) 
and the 16th (dash–dot/red) and 84th (dashed black) percentiles. The dotted 
blue line corresponds to v = 25 km s −1 . Bottom panel: the turbulent speed 
of the cold interstellar gas ( T ≤ 10 K ) as a function of redshift from the 
EAGLE cosmological simulations for z ≤ 4 (solid line: Jim ́enez et al. 2023 ), 
extrapolated to z > 4 as a constant (dotted). 
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Figure 2. Top panel: the best-fitting dependence of the observed SFRD on 
the redshift from Hopkins & Beacom ( 2006 ) (dashed/blue) and the SFRD 

from Lacey et al. ( 2016 ) (solid/red). Bottom panel: the ratio of the SFRDs 
shown in the top panel. 
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The turbulent speed of v 0 = 25 km s −1 can be understood as
he volume average of the rms turbulent speed in the multi-
hase ISM. As an illustration, if the turbulence is transonic in 
oth warm and hot phases, and their respective fractional vol- 
mes and sound speeds are f w = 0.9, c w = 10 km s −1 and f h 
 0.1, c h = 100 km s −1 , the v olume a verage follows as ( f w c 2 w +
 h c 

2 
h ) 

1 / 2 ≈ 33 km s −1 . We note, ho we ver, that the fractional vol-
mes of the ISM phases are likely to vary between galaxies 
ith different SFRs and between various locations within a given 
alaxy. 

As an alternative, we consider a model with a constant turbulent 
peed v = 25 km s −1 suggested at lower SFRs by Fig. 1 , indepen-
ently of the SFR and redshift (whereas R19 used v = 10 km s −1 ).
or the gas number density 0 . 1 cm 

−3 of the warm interstellar gas, the
agnetic field strength at energy equipartition with the turbulence is 

hen about 4 μG , close to the strength of the random magnetic field
bserved in nearby spiral galaxies (see Section 2.2.1 ). The increase 
n the velocity dispersion at large SFR in Fig. 1 can be interpreted
o arise partly from chaotic galactic fountains and winds, which are 
specially vigorous in galaxies with high SFR. This model is called
25–R19 below. 
The velocity dispersion is observed to be correlated with other 

arameters in addition to the SFR. These include the gas fraction,
M halo mass and the stellar mass (e.g. Krumholz et al. 2018 ;
inzburg et al. 2022 ). This implies that the SFR–v correlation

volves with the redshift, which has been verified by the observations
f Übler et al. ( 2019 ) and also found by Jim ́enez et al. ( 2023 )
sing the EAGLE hydrodynamic simulations (Schaye et al. 2015 ). 
herefore, we also consider a third model, referred to as v( z)–
23, where v is an explicit function of z, as given by the REF-
100 model of Jim ́enez et al. ( 2023 ) and plotted in the bottom
anel of Fig. 1 . In this model, v does not depend on the SFR
xplicitly. 

.1.3 Correction to the SFR from used in GALFORM 

n the version of GALFORM described in Lacey et al. ( 2016 ), stars
orm out of cold gas in the disc and spheroid, and the corresponding
FR is proportional to the mass of the cold, molecular gas. The ratio
f molecular to atomic gas surface densities is assumed to depend
n the pressure in the mid-plane of the disc, using the empirical
rescription of Blitz & Rosolowsky ( 2006 ) (see section 3.4 of Lacey
t al. 2016 for details). The comoving SFR density (SFRD), the SFR
er unit comoving cosmological volume (not to be confused with the
tar formation density within an individual galaxy), from Lacey et al.
 2016 ) is shown as a function of redshift in the top panel of Fig. 2 .
lso shown is the best fit to the observed redshift evolution of the
FRD, derived by Hopkins & Beacom ( 2006 ) from multiwavelength 
hotometric and spectroscopic observations across a wide range of 
avelengths from X-ray to radio. Both the theoretical and observed 
FRDs are computed after assuming the IMF of Kennicutt ( 1983 )
see section 6.3 of Lacey et al. 2016 , for details). It is clear from
ig. 2 that, while observations and predictions agree quite well at
 = 0, the predicted SFRD lies below the fit to the observations at
ll redshifts, with their ratio shown in the lower panel. To account
or this discrepancy and reconcile the SFR with that observed, we
ultiply the SFR of galaxies from GALFORM at a given redshift with

his ratio, taken at the same redshift. 
MNRAS 532, 1504–1521 (2024) 
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.2 Magnetic field 

arge-scale (mean) B and small-scale (random) b magnetic fields
ontribute comparably to the galactic synchrotron emission (here
nd elsewhere, a bar abo v e a variable denotes ensemble or volume
verage). In nearby galaxies, the ratio of their mean energy densities,

 

2 / B 

2 
, often significantly exceeds unity (Beck 2015a ; Beck et al.

019 ), but this is subject to a range of assumptions involved in
he interpretation of Faraday rotation and synchrotron observations,
ncluding the assumption of energy equipartition between cosmic
ays and magnetic fields. Beyond semiquantitati ve observ ational and
heoretical estimates, the absolute and relative strengths of the two
arts of an interstellar magnetic field remain somewhat uncertain. 
The results of the mean-field dynamo theory used in the text are

ntroduced in Appendix A ; further details and references can be
ound in Shukurov & Subramanian ( 2021 ), among a number of other
ooks and re vie ws (e.g. Brandenburg & Subramanian 2005 ). 

.2.1 The random (small-scale) field 

andom (turbulent) interstellar magnetic fields are produced by the
uctuation (or small-scale) dynamo, the tangling of the large-scale
or mean) magnetic field by turbulence and compression at random
hock fronts. 

The fluctuation dynamo amplifies any seed magnetic field on time-
cales comparable to the turbulent eddy turno v er time. Order-of-
agnitude estimates suggest that the random field reaches energy

quipartition with turbulence after a time of the order of 10 Myr
e.g. Beck et al. 1994 , and sections 6.7 and 13.3 of Shukurov &
ubramanian 2021 ). Since this time is short compared to the time-
cales on which galaxies evolve, we assume that at any given time and
osition within the galaxy the random field has already saturated, and
ts rms strength is proportional to B eq , the field strength corresponding
o equipartition with the local turbulent kinetic energy density, 

 rms = f b B eq , (3) 

here 

 eq = (4 πρ) 1 / 2 v , (4) 

is the gas density (a function of r and Z as well as of the
edshift) and f b is a constant. While f b may depend on various
arameters of the interstellar turbulence, there is no reliable model
t present, so we set it to be constant, chosen based on the existing
vidence. 

The fluctuation dynamo produces intense magnetic ropes and
laments that do not fill the volume and the rms field strength depends
n both the field strength within the filaments and their fractional
olume. Most existing simulations of the fluctuation dynamo suggest
 b � 0.5 due to this mechanism (Brandenburg & Subramanian
005 , see also section 13.3 of Shukurov & Subramanian 2021 ) in
ncompressible turbulence and even lower in supersonic flows (e.g.
ederrath et al. 2014 ). Ho we ver, the simulations are severely limited

o modest values of the kinetic and magnetic Reynolds numbers,
hile f b can depend on them and is likely to do so. Much stronger,

uperequipartition magnetic fields with f b > 1 cannot be excluded.
 or e xample, this would be the case as long as the fluctuation
ynamo produces locally helical magnetic fields, thus diminishing
he associated Lorentz force and their back-reaction on the velocity
eld (see section 4.2 of Belyanin, Sokoloff & Shukurov 1994 , for a
euristic model). The ISM multiphase structure further complicates
he action of the fluctuation dynamo in galaxies (Gent et al. 2023 ). 
NRAS 532, 1504–1521 (2024) 
The tangling of the mean (large-scale) magnetic field by the
urbulence (an integral part of the mean-field dynamo action) is
hought to produce a volume-filling random magnetic field of a
trength comparable to that of the mean-field (section 13.3 of
hukurov & Subramanian 2021 ). Since the mean magnetic field can
e stronger than B eq if the mean-field dynamo is strong, for example,
n the central parts of galaxies where the differential rotation is
specially strong (section 13.7 of Shukurov & Subramanian 2021 ,
nd Appendix A ), this may lead to f b > 1. 

Compression of magnetic fields at random shock fronts driven by
upernovae can produce very strong local random magnetic fields,
ut their fractional volume is likely to be small; nevertheless, the
esulting rms field strength can correspond to f b � 1 (Bykov &
optygin 1987 ). 
We adopt f b = 1, whereas R19 used 0.5. As the random field is

aken to be isotropic, b 2 r = b 2 φ = b 2 Z = b 2 rms / 3 for the cylindrical field
omponents. 

.2.2 The mean (large-scale) field 

he mean-field dynamo, by contrast, can amplify a large-scale
agnetic field B on length-scales of the order of a kiloparsec or

arger, on time-scales that depend on the galactic rotation period,
elocity shear due to the differential rotation and the time-scale of
he turbulent magnetic diffusion across the gas layer. The rele v ant
arameters can be combined into the dynamo number of equation
 A2 ). The amplification time of the mean field ranges from a
raction of a gigayear in the inner parts of spiral galaxies to a
ew gigayears in the outer parts. We simulate the evolution of
he mean component of the magnetic field in galactic discs by
olving numerically the mean induction equation supplemented by
 dynamical equation that models the non-linear back-reaction from
he Lorentz force on the velocity field that quenches the dynamo
o establish a stationary magnetic field. The resulting strength
f the large-scale magnetic field is proportional to B eq and also
epends on the dynamo number and other parameters (Shukurov
 Subramanian 2021 ). The equations solved and the numerical

mplementation can be found in R19 , and they rely on the thin-
isc approximation in the mean-field dynamo equations applicable
or h / r � 0.1 (Baryshnikova et al. 1987 ). The upper left panel
f Fig. 3 shows that this ratio is less than 0.4 at the half-mass
adius for the vast majority of galaxies, and even smaller for the
alaxies in the larger stellar mass range and at a high redshift. To
nsure that the solutions of the dynamo equations are computed
s fast as required with a large sample of galaxies, we employ
ell-tested (chapters 11 and 13 of Shukurov & Subramanian 2021 ,

ee also Appendix A ) approximations applicable to a thin disc
 R19 , and references therein), including the no- Z approximation,
hich replaces Z (the distance from the mid-plane) deri v ati ves with
ivisions by the appropriately scaled gas scale height, allowing the
quations to depend on only one spatial dimension ( r ). The model
arameters are the same as in R19 , with two exceptions. We set
 κ (Chamandy et al. 2014 ) to 1.5 (Gopalakrishnan & Subramanian
023 ), whereas R19 used R κ = 1. The strength of the mean magnetic
eld is approximately proportional to R κ (see Appendix A ). The total
ressure (the sum of turbulent, magnetic, and cosmic-ray pressures)
elative to the turbulent pressure is also estimated to be slightly larger
han that adopted by R19 . 

The initial (seed) magnetic field required to launch the mean-field
ynamo is the large-scale component of the random magnetic field
roduced by the fluctuation dynamo: It does not vanish when the
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andom field is averaged over a finite volume of the galactic disc.
his provides an initial kiloparsec-scale random magnetic field of the 
rder of 10 −9 G in strength, stronger than any plausible primordial 
agnetic field (Ruzmaikin, Shukurov & Sokoloff 1988 ; Poezd, 
hukurov & Sokoloff 1993 ; Bhat, Subramanian & Brandenburg 
016 ; see chapter 13 of Shukurov & Subramanian 2021 ; Gent et al.
024 ). We use the same prescriptions as in R19 for initializing the
agnetic field at t = 0 and for preventing the mean field from

ecaying to very low values when the dynamo is subcritical. 
When an evolving galaxy experiences a major merger (where the 

atio of the combined stellar and cold gas masses involv ed e xceeds
.3), the mean magnetic field is reset to the seed field assuming
onserv ati vely that such a merger destroys the large-scale field or
istorts it to such an extent that it is so different from an eigenfunction
f the dynamo equations that most of it decay rapidly because of the
urbulent diffusion and the dynamo starts again with a weak seed 
agnetic field described abo v e. 

.2.3 Field distribution across the disc 

he procedures described abo v e specify the variation of the random
nd mean magnetic fields along the galactocentric distance in each 
alaxy of the sample, but the field distribution across the gas layer (in
 ) also has to be specified. In our fiducial model, the scale heights,
 B , of both the random and the mean magnetic field are assumed to
e the same as that of the diffuse gas density h d . Thus, for example,
he distribution in Z of the mean field is adopted as 

B ( r, Z) = B M 

( r)e −| Z| /h B , (5) 

here h B = h d and B M 

( r) is the solution of the mean-field dynamo
quations produced using MAGNETIZER . 

To provide a simple measure of the magnetic field strength, we use
ts strength B 0 corresponding to the v olume-a veraged total magnetic 
nergy density, 

 0 = 

[ ∫ r d 
0 B 

2 h d r d r ∫ r d 
0 h d r d r 

] 1 / 2 

, (6) 

or the total magnetic field B (where B ≡ | B | ) and similarly B 0 for
ts mean part and b 0 for the random part. We also introduce a similar
uantity for the equipartition magnetic field of equation ( 4 ), 

 eq,0 = 

[ ∫ r d 
0 B 

2 
eq h d r d r ∫ r d 

0 h d r d r 

] 1 / 2 

. (7) 

.3 The synchr otr on emission 

he mid-radio (1 –10 GHz ) continuum emission of an SFG consists of
he non-thermal (synchrotron) emission due to relativistic (cosmic- 
ay) electrons and the free–free emission from thermal electrons. 
he radio emission at 1 . 4 GHz is dominated by the synchrotron,
ith the thermal emission contributing about 10 per cent (Tabatabaei 

t al. 2017 ), and we neglect the thermal contribution to the RLF (see
chober et al. 2023 for a discussion of the thermal contribution at
ther frequencies). 
We assume that the relativistic electrons have an isotropic energy 

pectrum 

( E) d E = K E e 
−s d E , (8) 

ith a factor K E , where N ( E) d E is the number density of electrons
ith energy between E and E + d E and s is the spectral index. The

ynchrotron emissivity (the energy emitted by the unit volume of the 
ource per unit time and unit frequency interval within the unit solid
ngle) in a homogeneous magnetic field B is then given by (e.g.
inzburg & Syrovatskii 1964 ; Rybicki & Lightman 1979 ) 

 = K E a( s ) 
e 3 

m e c 2 

(
3 e 

4 πm 

3 
e c 

5 

)( s−1) / 2 

B 

( s+ 1) / 2 
⊥ 

ν−( s−1) / 2 , (9) 

here we use the standard notation for physical constants, ν is the
mission frequency ( = 1 . 4 GHz in our case), B ⊥ 

is the total magnetic
eld strength in the sky plane perpendicular to the line of sight (LoS),
nd 

( s) = 

√ 

3 

4 π( s + 1) 
� 

(
3 s − 1 

12 

)
� 

(
3 s + 19 

12 

)
, (10) 

here � is the gamma-function (see chapter 3 of Shukurov &
ubramanian 2021 for details). This expression is applicable to a 
artially ordered magnetic field, B = B + b in our case, unless 
he field is inhomogeneous on very small scales: the synchrotron 
mission pulse from a relativistic electron is formed o v er a distance
f the order of r B /γ � 10 9 cm ( B/ 1 μG ) −1 (where r B is the electron
armor radius and γ is the particle Lorentz factor), and magnetic 
uctuations at larger scales do not affect the applicability of equation
 9 ). We adopt s = 3 for the electron spectrum, close to the observed
 alue (Bisschof f & Potgieter 2014 ; Bisschoff, Potgieter & Aslam
019 ). For s = 3, the statistically averaged value of ε involves the
verage of b 2 ⊥ 

, a quantity predictable theoretically as discussed in
ection 2.2.1 . 
To derive the synchrotron luminosity, the coefficient K E in equation 

 8 ) has to be determined. An often-adopted assumption regarding the
nergy density of cosmic rays (dominated by cosmic-ray protons) is 
heir energy equipartition with the magnetic field, 

cr 

∫ E 2 

E 1 

E N ( E ) d E = 

B 

2 

8 π
, (11) 

here κcr is the ratio of the energy densities of the relativistic protons
nd electrons. For E 2 → ∞ , this yields K E = ( s − 2) B 

2 E 

s−2 
1 / (8 πκcr )

nd, for s = 3 and κcr = 100 (e.g. Beck & Krause 2005 ), we have 

 E � 6 . 3 × 10 −19 particles 

cm 

3 erg −2 

(
B 

1 μG 

)2 
E 1 

1 GeV 

. (12) 

or E 1 , we adopt the energy abo v e which the electron spectrum
easured in the Solar vicinity has the spectral index s ≈ 3,
 1 ≈ 8 GeV (see fig. 10.10 of Shukurov & Subramanian 2021 , and

eferences therein). Since cosmic rays have a very high dif fusi vity
e.g. Longair 1994 ), we assume that their energy density depends

n the spatially averaged magnetic field and use B 

2 = B 

2 + b 2 rms in
quation ( 12 ). 

The assumption of the local energy equipartition between cosmic 
ays and magnetic fields lacks any general and convincing evidence. 
oth the observed synchrotron intensity fluctuations in galaxies 

Stepanov et al. 2014 ) and simulations of cosmic-ray propagation 
ather suggest a weak anticorrelation between their energy densities 
Tharakkal et al. 2023a , b , c ). Ho we ver, there are no readily available,
imple alternative approaches to estimate the energy density of 
osmic rays in galaxies. For the exploratory study of this paper, we
dopt the equipartition assumption but a refinement of our model 
ould include an estimate based on the SFR and a cosmic-ray
ropagation model. 
Using the large-scale and small-scale magnetic fields computed 

or each galaxy, we derive B ⊥ 

and obtain the synchrotron luminosity
ssuming that the galaxies in the sample have random orientations 
ith respect to the LoS (we use the uniform distribution of cos i ,
MNRAS 532, 1504–1521 (2024) 
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M

Figure 3. The probability distributions of the relative gas disc thickness h d ( r 1/2 )/ r 1/2 (upper left panel), v olume-a veraged mean (upper right panel) and random 

(lower left panel) magnetic field strengths, and the ratio of B 0 to B eq, 0 (lower right panel). The magnetic field parameters presented are defined in equations ( 6 ) 
and ( 7 ). At each redshift, the galaxies are separated into two stellar mass bins defined in the legend. The area under each curve is proportional to the number of 
spiral galaxies in the given mass bin at the given redshift. 

w

L

w  

i

3
G

T  

fi  

t  

(  

1  

s  

f  

t  

l  

b  

t  

(  

l  

f  

a  

h  

fi  

i  

g  

a
 

m  

0  

8  

i  

r  

v  

fi  

h  

o  

m  

T  

g  

t  

g  

(  

s  

m  

b  

p  

d  

a  

l  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/2/1504/7695309 by U
niversity of N

ew
castle user on 22 July 2024
here i is the inclination angle of a galaxy to the LoS), 

 = 

∫ 
d �

∫ 
V 

ε( r ) d 3 r 

= 8 π
∫ r d 

0 
r d r 

∫ 2 π

0 
d φ

∫ h d 

0 
d Z ε( r, φ, Z) , (13) 

here � is the solid angle. The method for computing the integral
n equation ( 13 ) is described in Appendix B . 

 MAGNETIC  FIELDS  IN  E VO LV I N G  

A L A X I E S  

he top panel of Fig. 4 shows the number density of galaxies in the
ducial model as a function of the v olume-a veraged field strengths of

he mean and random magnetic fields, B 0 and b 0 defined in equation
 6 ) in each galaxy at various redshifts. At z = 0, galaxies with
 � b 0 � 5 μG are more common than galaxies with B 0 in the
ame range, while galaxies with B 0 < 0 . 4 μG or B 0 > 10 μG are
ar more common than those with b 0 in that range. With redshift,
hese limits shift to higher values of magnetic field strength. At
ower redshifts, the number density of galaxies as a function of
 0 has two distinct maxima. The distribution of B 0 is wider than
hat of b 0 because b rms is directly related to B eq through equation
 4 ), whereas B depends on other galactic parameters as well. The
ower panel of Fig. 4 shows the number density of galaxies as a
unction of B 0 /B eq , 0 and since b rms = B eq for f b = 1 (Section 2.2.1 )
nd hence b 0 = B eq, 0 , it is clear that most galaxies in our model
ave a stronger random magnetic field compared to the mean
NRAS 532, 1504–1521 (2024) 
eld. As a larger v olume-a veraged field strength typically results
n a higher synchrotron luminosity, magnetic fields in radio-bright
alaxies are predominantly random, especially at high redshift (see
lso Section 4 ). 

Fig. 3 shows the evolution of the probability density of the
ean and random magnetic field components in the redshift range
 < z < 3 with galaxies grouped into two stellar mass bins,
 . 5 ≤ log ( M ∗/ M �) < 10 . 5 and log ( M ∗/ M �) ≥ 10 . 5. The probabil-
ty density is normalized such that the total probability o v er all
edshifts is unity in each mass bin, separately. This allows us to
isualize the relative number of galaxies with a given magnetic
eld both at each redshift and between different redshifts. The
ighest mass bin contains about 3 per cent of the total number
f galaxies in our sample, and the number of galaxies in a given
ass bin changes with z owing to star formation, mergers, etc.
he probability distribution of B 0 has a single peak, with most
alaxies having B 0 > 0 . 1 μG at all redshifts. This is different from
he results of R19 , their fig. 6, where a significant fraction of
alaxies hav e v ery weak magnetic fields of the order of 10 −4 μG
the strength of the seed field) because the mean-field dynamo is
ubcritical in some galaxies, particularly at higher redshifts. The
ean-field dynamo is significantly stronger in our fiducial model

ecause of the higher turbulent speed v. Stronger turbulent flows
romote the mean-field amplification despite the increased turbulent
iffusion because the dynamo number in the kinematic regime scales
s h 

2 
d /v 

2 (see Appendix A ) and h d increases with v faster than
inearly. Indeed, under hydrostatic equilibrium, the disc scale height
s proportional to the gas pressure, which includes the turbulent
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ontribution ρv 2 , so h d increases with v approximately as v 2 , and
herefore, the dynamo number increases with v. Our sample includes 

assive galaxies with a v olume-a veraged mean field strength as high
s 100 μG , even at high redshifts. Since B 0 is a v olume-a veraged
uantity, the local mean magnetic field strength can be significantly 
igher. This is consistent with the observational results of Geach 
t al. ( 2023 ) where a density-weighted ordered field as strong as
00 μG is estimated for the dense, dust-rich regions of a galaxy at z 
 2.6. 
Figs 4 and 3 also show that the mean magnetic field across a

ample of galaxies decreases with time because of the depletion of
he interstellar gas (although individual galaxies may have monotoni- 
ally increasing field strength depending on their formation history), 
hich is consistent with the results of R19 and Rodrigues et al.

 2015 ). We also find, as R19 do, that the mean field strength shows
 stronger scatter for galaxies with higher stellar masses. Ho we ver,
 new feature of the present model is that galaxies with larger stellar
asses have stronger mean magnetic fields, on average, whereas 

n R19 there was less of a distinction. Galaxies with higher stellar
ass generally have higher SFR, as seen in the right-hand panels of
ig. 5 , where we show the scatter plot of M ∗ versus SFR, with data
oints coloured according to the v olume-a veraged total magnetic 
eld strength. The correlation between the SFR and M ∗ (the so
alled galaxy main sequence) is consistent with several observational 
tudies and galaxy formation models (Dav ́e 2008 ; Bauer et al. 2011 ;

hitaker et al. 2014 ; Sparre et al. 2015 ; Katsianis, Tescari & Wyithe
016 ; Cowley et al. 2017 ; Davies et al. 2017 ). In our fiducial
odel, v increases with SFR. The strength of the saturated mean 
eld increases with v because of the increased dynamo number and 

he enhancement of B eq of equation ( 4 ). This explains the increase
f B 0 with the stellar mass seen in Fig. 3 . The increase of the
otal magnetic field strength B 0 with the stellar mass, evident in 
ig. 5 , is explained by the increase of both B 0 and b 0 ( ≡ B eq, 0 )
ith M ∗. 
Fig. 3 also shows the probability density of the v olume-a veraged

andom magnetic field strength b 0 . Similarly to B 0 , galaxies of a
igher stellar mass have larger b 0 . This can be explained by the
igher SFR of such galaxies, hence higher v according to equation 
 2 ) and larger B eq according to equation ( 4 ) (we have confirmed that
he correlation of ρ with M ∗ is very weak). The distribution of b 0 is
imodal for low-mass galaxies, but not for galaxies of a high mass,
or reasons not yet quite clear to us. 

The lower panel of Fig. 3 shows the distribution of the ratio of
he characteristic field strengths B 0 and B eq, 0 introduced in equations 
 6 ) and ( 7 ). The ratio B 0 / B eq, 0 tells us how the v olume-a veraged
agnetic energy density of a galaxy B 

2 
0 / 8 π compares to its averaged

urbulent energy density B 

2 
eq,0 / 8 π and how close are the dynamos to

he saturated states. The random magnetic field saturates at B eq in our
odel while the mean field can be amplified to significantly larger 

trengths. 
The ratio B 0 / B eq, 0 is sensitive to the distribution of the magnetic

eld within the disc. The energy density of the turbulence, given 
y B 

2 
eq / 8 π from equation ( 4 ), decreases with the galactocentric

adius r because of the reduction in the gas density ρ alone as we
ssume that the turbulent speed v is independent of r . The strength
f the mean magnetic field B , while generally decreasing with r ,
an have a different radial distribution as it depends, in particular, 
n the angular velocity and shear rate of the galactic rotation. As
n illustration, consider the radial dependencies B = 

˜ B exp ( −r/r B ), 
 eq = 

˜ B eq exp ( −r/r eq ), and h d = 

˜ h d e r/r h with certain length-scales
 B , r eq and r h for 0 ≤ r < ∞ (and the variables with the tilde denoting
d  
he central values, those at r = 0), so that 

B 0 

B eq,0 
= 

˜ B 

˜ B eq 

∣∣∣∣2 r h /r eq − 1 

2 r h /r B − 1 

∣∣∣∣ . (14) 

t all redshifts, the probability distributions of B 0 /B eq,0 have 
xtended tails, especially in the case of massive galaxies, where 
his ratio exceeds unity (up to three) suggesting that most galaxies
ave ˜ B / ̃  B eq � 1 and/or r B � r eq . The mean magnetic field strength
ikely exceeds B eq in the central parts of galaxies where the dynamo
s the strongest. A very slow decrease in the strength of the mean
agnetic field with r , r B  r eq , has been observed in nearby galaxies

section 4.2 of Beck 2015b , and references therein). A large radial
xtent of magnetized region in spiral galaxies is explained by the slow 

ecrease of the dynamo number with r because of the disc flaring
hich compensates for the relati vely slo w decrease of the rotation

ate in a flat rotation curve, as can be seen from equation ( A3 ). The
adial extent of the magnetized region is controlled by the decrease
f the gas density and B eq with r . 

 T H E  R A D I O  LUMI NOSI TY  F U N C T I O N  

ig. 6 shows the variation with the redshift of the RLF � ( L 1.4 )
f SFGs at the rest-frame frequency 1 . 4 GHz , where � ( L 1.4 ) is
he number of galaxies per unit comoving volume per decade in
uminosity, at luminosity L 1.4 . For comparison, we note that the Milky

ay luminosity at 1 . 4 GHz is L 0 = 3 × 10 21 W Hz −1 (Berkhuijsen
984 ). The predictions are computed at the redshifts (shown on
ach panel) closest to the median of the redshift bins used for RLF
easurements by Condon et al. ( 2002 ) and van der Vlugt et al.

 2022 ) where simulation snapshots are av ailable. We sho w the RLFs
btained from two models described in Section 2.1.2 : the fiducial
odel (where the turbulent speed v depends on the SFR) and the
odel v25–R19 where v = 25 km s −1 in all galaxies. The observed

uminosity functions are from Condon et al. ( 2002, 2019 ) and Mauch
 Sadler ( 2007 ) for the local Universe and Novak et al. ( 2017 ) and

an der Vlugt et al. ( 2022 ) for the higher redshifts. 
The agreement of the fiducial model with the data is quite

atisfactory, if not perfect, o v er a wide redshift range. In particular,
or z � 1.2, the high-luminosity end of the RLF is reproduced
emarkably well. Although the median luminosity is underpredicted 
t higher redshifts for all values of L 1.4 , the model and observations
till marginally agree for z � 2, including the changes in the
lope around L 1 . 4 = 10 23 W Hz −1 for z � 0.5. Moreo v er, when
xtrapolated to higher luminosities, the median outcome of the 
ducial model is in agreement with the data point at the highest

uminosity at small z (our galaxy sample is not large enough to
robe such bright, rare galaxies at certain redshifts, including z 

0). Ho we ver, the number density of galaxies in the luminosity
ange 20 . 5 ≤ log ( L 1 . 4 / W Hz −1 ) ≤ 21 . 5 in the local Universe is
ignificantly higher than what is observed. This local maximum at 
ower luminosities is sensitive to the poorly constrained ratio of the
ean and random magnetic fields (Section 4.2 ) and might be adjusted

y the fine-tuning of our model, which we a v oid. Also, for z > 2, the
odel number densities are systematically and significantly smaller 

han those observed, and the discrepancy between the predictions 
nd the data increases with redshift. 

.1 The role of the turbulent speed 

he turbulent speed v is among the model parameters that affect
irectly the RLF because the strength of the magnetic fields on
MNRAS 532, 1504–1521 (2024) 
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Figure 4. The galaxy number density (in comoving coordinates) as a function of various v olume-a veraged magnetic field properties defined in equations ( 6 ) 
and ( 7 ) for the mean (solid) and random (dotted) fields (upper panel) and the ratio of B 0 to B eq, 0 (lower panel) for various redshifts. 
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oth large and small scales increases in proportion to the tur-
ulent kinetic energy via their dependence on B eq through equa-
ion ( 3 ), and the large-scale field strength has additional depen-
ence on v via the α effect and turbulent diffusion. The models
25–R19 and v( z)–J23 are designed to explore the role of this
arameter. 
Apart from the fiducial model results, Fig. 6 also shows the pre-

iction of the v25–R19 model (dotted black) which has the constant
urbulent speed v = 25 km s −1 in all galaxies, in contrast to the
ducial model where v is larger in galaxies with SFR ≥ 3 M � yr −1 

Section 2.1.2 ). The two models differ little in the predicted RLFs at
ow luminosities, especially at low redshifts where SFR < 3 M � yr −1 

nd hence v = 25 km s −1 in most galaxies. Ho we ver, the increase
n the SFR up to z � 2 makes the v25–R19 model predictions
iffer from those of the fiducial model, and they become less
nd less adequate with increasing z, severely underpredicting the
umber density of galaxies at the high-luminosity end. Even if
he o v erall luminosity was increased by a factor by adjusting
odel parameters (as discussed in Section 5 ), the shape of the

25–R19 RLF does not match the data as well as the fiducial
odel. 
Fig. 7 compares the fiducial model with the model v( z)–J23 (dotted

lack), where v is an explicit function of the redshift taken from the
ottom panel of Fig. 1 . Neither the o v erall shape nor the magnitude of
he resulting RLFs agree with the observations: this model is inferior
o the fiducial one. 

In fact, neither the fiducial nor the v( z)–J23 model is fully justified
ecause model v( z)–J23 does not capture the SFR-dependence of
urbulence at constant z, while the fiducial model does not allow
or such effects as the gravitational instability (Krumholz et al.
018 ) and gas accretion and mer gers (Ginzbur g et al. 2022 ) which
re likely to result in an additional dependence of the turbulent
ntensity on redshift independently of the SFR. A more realistic
odel for turbulence will be among the refinements of our model to

ollow. 
NRAS 532, 1504–1521 (2024) 
.2 Relati v e importance of the random and mean magnetic 
elds 

nder the assumption of energy equipartition between cosmic rays
nd magnetic field adopted here, the contributions of the mean and
andom magnetic fields to the RLF are not additive because the

adio luminosity includes the integrals of ( B ⊥ 

· b ⊥ 

), B 

2 
b 2 rms , and

 

2 
⊥ 

b 2 rms . Therefore, to assess the significance of the mean and random
agnetic fields, we consider results obtained when one of them is

gnored. In Fig. 7 , we show the predictions with only the random field
dash–dotted cyan line) or the mean field (dashed-blue line) retained.
oth random and mean fields are clearly important. Ho we ver, the
LF that relies solely on the mean magnetic field decreases with

he luminosity too rapidly and by z ≈ 1 the contribution from
he random field dominates that of the mean-field at least at those
igh luminosities where observational data are available. On the
ther hand, at z ≈ 0, we obtain a significantly better fit to the data
y neglecting the random field and including only the mean field,
articularly at low luminosities where the fiducial model o v erpredicts
he RLF. 

We stress that the relation between the contributions of the random
nd mean magnetic field components to the RLF depends on poorly
onstrained parameters like f B for the random field and the magnitude
f the mean helicity of interstellar turbulence for the mean field.
ince the radio luminosity scales as the fourth power of the magnetic
eld (Section 4 ), the relative influence of the random and mean
agnetic fields are rather sensitive to such parameters. Clearly, the

ame magnitude of the luminosity function could be obtained by
hanging the parameter values so as to boost one field component
nd reduce the other. Therefore, the relative importance of mean and
andom field is not well constrained by the model and for realistic
arameter values, neither can be neglected. 
The current interpretations of the observations of the synchrotron

mission in nearby galaxies suggest that the energy density of the
andom magnetic field exceeds that of the large-scale field by a factor
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Figure 5. Left panel: the scatter plots of the colour-coded radio luminosity log ( L 1.4 ) of 10 3 randomly selected galaxies with L 1 . 4 ≥ 10 21 W Hz −1 at z = 0.0, 
0.5, 1.0, and 1.5 versus the fourth power of the v olume-a veraged magnetic field strength and the volume of the emission region (disc volume). Right panel: the 
colour -coded v olume-a v eraged magnetic field strength of galaxies shown in the left-hand panels v ersus their SFR and stellar mass. 
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f 3 or even larger (Beck et al. 2019 ). However, the interpretations
ely on the assumption of the local energy equipartition between 
osmic rays and magnetic fields, and so are model-dependent. 

To conclude, there are several plausible reasons for the apparent 
omplexity in the relative roles of the mean and random magnetic 
elds at different redshifts. It is likely that a better model for cosmic
ays is necessary (e.g. because their number density might be more 
ensitive to the mean magnetic field than to its random part). Another
eason could be our limited understanding of the interaction of 
he fluctuation and mean-field dynamos (chapter 8 of Shukurov & 

ubramanian 2021 ). Both types of dynamo action are sensitive to the
ultiphase ISM structure but in a poorly understood manner while it

s clear that the ISM structure depends on both the SFR and redshift.
emarkably, the RLF can shed light on rather subtle aspects of both

he ISM structure and galactic dynamos. The relative importance of 
ean and random fields thus deserves careful analysis beyond the 

cope of this paper. 
MNRAS 532, 1504–1521 (2024) 
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Figure 6. The 1.4-GHz RLF of SFGs at various redshifts z specified within each frame. The median outcome of the fiducial model is shown as a red solid line 
with the shaded region representing the 16–84 percentile range of the turbulent speed shown in Fig. 1 . The v25–R19 model (with the constant turbulent speed 
v = 25 km s −1 ) is represented with the dotted black line. The observational data are taken from Condon et al. ( 2002 ) (black crosses), Condon et al. ( 2019 ) (blue 
crosses), Mauch & Sadler ( 2007 ) (red circles), Novak et al. ( 2017 ) (black circles), and van der Vlugt et al. ( 2022 ) (green triangles). 
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.3 The redshift evolution of the RLF 

he redshift evolution of the observed RLF for bright SFGs ( L 1 . 4 �
0 21 W Hz −1 ) is discussed by Novak et al. ( 2017 ) and van der Vlugt
t al. ( 2022 , 2023 ); their observational data are shown in Figs 6 and 7
ogether with our results. Both the fiducial model (where the turbulent
peed increases with the SFR) and the observations agree that the
ange of the radio luminosities extends to larger L 1.4 as z increases.
he galaxy luminosity functions observed in far-IR (Gruppioni et al.
013 ; Koprowski et al. 2017 ; Lim et al. 2020 ) and K band (Cirasuolo
NRAS 532, 1504–1521 (2024) 
t al. 2010 ; Mortlock et al. 2017 ) evolve similarly with the redshift.
o we ver, the RLF sho ws a slightly stronger e volution compared

o that in the IR as the IR-to-radio luminosity ratio is observed to
ecrease mildly with increasing redshift (Ivison et al. 2010 ; Magnelli
t al. 2015 ; Calistro Rivera et al. 2017 ; Delhaize et al. 2017 ). 

Both the size of the emission region and the strength of the mag-
etic field contribute to the increase of the synchrotron luminosity
ith z. This is illustrated in the left-hand panels of Fig. 5 , which
resents the colour-gradient scatter plot of the radio luminosity of a
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Figure 7. As Fig. 6 , but the fiducial model compared with the v( z)–J23 model (black dotted) where the turbulent speed is an explicit function of the redshift. The 
dashed-blue and dash–dotted cyan lines show the contributions to the synchrotron luminosity due solely to the mean and random magnetic fields, respectively. 
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housand randomly selected galaxies with L 1 . 4 ≥ 10 21 WHz −1 from 

ur sample at different redshifts as a function of their disc volume
nd B 

4 
0 (as L 1.4 ∝ B 

4 under the assumption of energy equipartition
etween cosmic rays and magnetic fields). It is clear that the brightest
alaxies typically have both large emitting volume and volume- 
veraged magnetic field strength. For example, the v olume-a veraged 
agnetic field strength of the brightest galaxies at z = 1.5 is about a

actor of 2 larger than at z = 0 
Certain factors that contribute to stronger magnetic fields at high 

edshifts are clarified in the right-hand panels of Fig. 5 . Galaxies
ith larger M ∗ tend to contain stronger magnetic fields, for reasons
xplained in Section 3 . The SFR density has a maximum at z � 1.0
Fig. 2 ), indicating high SFR in galaxies at high redshifts. This results
n a higher turbulent speed in galaxies via equation ( 2 ) leading to a
ystematic increase of the magnetic field strength with z at 0 � z �
.5. 
Thus, our fiducial model finds a shift to higher luminosities with

ncreasing z, in agreement with the observations up to z ≈ 1.8.
o we ver, as mentioned at the beginning of Section 4 , the z-dependent

hift in the model RLF is weaker than that inferred from observations.
he median predictions of the model seem to underestimate the 
bserved RLF at z � 1, and the difference between them increases
MNRAS 532, 1504–1521 (2024) 
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ith increasing z, and at z � 2 they clearly disagree for reasons
iscussed in the next section. 

 DISCUSSION  

ur goal in this paper is, first, to explore the applicability of the theory
nd models of galactic magnetic fields to young and evolving galaxies
nd, secondly, to identify the most important galactic properties and
arameters that can be deduced and understood with the help of their
LF. The synthetic RLFs of SFGs obtained from their modelled

ynchrotron emission at 1 . 4 GHz are in broad agreement with the
v ailable observ ations, reproducing the number density of galaxies in
he luminosity range 10 19 � L 1 . 4 � 10 25 W Hz −1 (3 × 10 −3 –3 × 10 3 

n terms of the Milky Way luminosity at 1 . 4 GHz – Berkhuijsen
984 ) in the redshift range 0 � z � 2, within the uncertainties
n the turbulent speed discussed in Section 2.1.2 . Moreo v er, the
orm (e.g. changes in the slope) of the RLF agrees well with what
s observed. We do not consider z � 2, because the synchrotron
uminosity predicted by the model becomes significantly lower than
hat is observed, continuing the trend with z already visible in Fig. 6 .
We have made no persistent attempt to achieve any better agree-
ent with the observational results even though this would be

ossible given that many properties of the ISM in evolving galaxies
eave much freedom for adjustment. We a v oid making heuristic
ssumptions that do not hav e e xplicit observational or theoretical
ustification. 

We have identified the turbulent speed v as one of the predominant
actors affecting the RLF. Our results firmly indicate that v must be
n increasing function of the SFR for the SFR exceeding a certain
hreshold (here adopted as SFR 0 = 3 M � yr −1 ), and the model with
 = const ( v25–R19 ) cannot explain the increases in the galactic
uminosity with z even though its results are close to those with the
FR-dependent turbulent speed (the fiducial model) at z ≈ 0 (Fig. 6 ).
We also find that the shape and redshift dependence of the RLF

annot be reproduced by making v depend explicitly on z instead of
n the SFR. This is elucidated by the model v( z)–J23, which predicts
 decrease of the RLF with luminosity that is too steep, failing badly
o reproduce observations. 

We appreciate, ho we ver, that the v ariation of the turbulent speed
ith the SFR adopted in the fiducial model may just serve as a proxy

or other effects discussed below. 

.1 Interstellar magnetic fields 

he energy density of the random magnetic field is proportional to
he energy density of the turbulence with the proportionality factor
 

2 
b of equation ( 3 ) only known to be of the order of unity. Adopting f b 
 1, we find a reasonable agreement between the predicted RLF and

bservations at the redshifts z � 1.2 (see Fig. 6 ). Our knowledge of
he strength and structure of turbulent magnetic fields largely relies on
umerical simulations severely limited to modest Reynolds numbers.
 or e xample, adopting f b = 1.5 impro v es significantly the agreement
t higher redshifts. Values of f b exceeding unity can be due to a
tronger magnetic helicity since partially helical fields are close to the
orce-free state, so their back-reaction on the flow is reduced, which
llows them to have a higher energy density. Thus, our model might
t the observations much better, had we assumed that f b increases
lightly with z. Moreo v er, f b can well depend on various galactic
arameters and be sensitive to the multiphase ISM structure rather
han be a constant or a simple function of z. Our results highlight the
eed to understand better how random magnetic fields are maintained
n galaxies. The theory of the mean magnetic fields is developed
NRAS 532, 1504–1521 (2024) 
etter, although many aspects of the action of the mean-field dynamo
n the multiphase, evolving ISM remain speculative. Since the energy
ensity of both the turbulent and large-scale magnetic fields depends
n the turbulent energy density, the gas density and turbulent speed
re identified as major factors affecting the RLF. Ho we ver, the mean
agnetic field has a more complicated dependence on the galactic

arameters than its random part, including the differential rotation
nd the gaseous disc thickness in addition to the turbulent energy
ensity. The energy density of the mean magnetic field (unlike the
andom field in our model) can exceed the turbulent energy density.
s a result, the total magnetic energy density in a significant fraction
f galaxies (especially massive ones) exceeds the turbulent energy
ensity (see also fig. 6 of R 19 ). The RLF in polarized emission
ould help to isolate the contribution of the mean magnetic field to

he synchrotron luminosity and thus assess rather subtle properties
f evolving galaxies. Our predictions for the polarized RLF will be
ublished elsewhere. 

.2 Galactic structure 

he predictions of our fiducial model, which assumes that the
tructure of a galaxy is broadly similar to a spiral galaxy in the local
niverse, are reasonable until z ≈ 2, the redshift at which galaxies

ppear to develop persistent thin discs dominated by rotation similar
o those at z ≈ 0 (Ginzburg et al. 2022 ; Jim ́enez et al. 2023 , and
eferences therein). Our models implicitly assume that the disc is
ormed instantaneously whereas the history of the disc formation
an affect the outcome of the evolution in the strongly non-linear
alactic systems. Certain effects of enhanced star formation on the
alactic structure and environment, such as outflows (fountains and
inds) and the emergence of radio haloes, are not captured by our
odel which only includes magnetic fields in galactic discs. Such

f fects can af fect high-redshift galaxies more profoundly and may
elp to explain why our model does worse at matching observations
s z increases. F or e xample, galaxies with a high SFR may hav e radio
aloes with vertical extent 5–10 kpc and magnetic field strength com-
arable to that in the disc. Thus, future impro v ements to the magnetic
eld model should include the radio halo and its contribution to the
ynchrotron luminosity. 

.3 Cosmic rays 

o obtain the number density of cosmic-ray electrons, we have
dopted a widely used (albeit poorly justified) assumption of energy
quipartition between cosmic rays and magnetic fields. Ho we ver,
he energy density of cosmic rays (including the number density
f relativistic electrons) is likely to be an increasing function of the
upernova rate directly related to the SFR. We shall explore elsewhere
n alternative model where the abundance of cosmic rays is controlled
y their sources and propagation in the evolving magnetic field. 
The predicted RLF is also sensitive to the slope s and amplitude
 E of the energy spectrum of cosmic-ray electrons given by equation
 8 ). Under the assumption of energy equipartition between cosmic
ays and magnetic field, changes to the value of s also affect K E 

in proportion to s − 2) and hence the predicted luminosity of all
alaxies, shifting the RLF along the horizontal (log L ) axis. The
hape of the RLF also can be mildly modified as the synchrotron
missivity is proportional to B 

( s+ 1) / 2 
⊥ 

(see equation 9 ). Since the
missivity changes as ν−( s − 1)/2 , multiwavelength radio observations
an constrain s and resolve the degeneracy between K E and s . 

The estimate of the synchrotron emissivity of equation ( 9 ) needs to
e refined at high redshifts because the energy losses of relativistic
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lectrons to the inverse Compton scattering off the CMB photons 
ncrease as (1 + z) 4 . The ratio of the rates at which a relativistic elec-
ron loses energy to the inverse Compton scattering and synchrotron 
s given by 8 πw CMB /B 

2 , where w CMB is the CMB energy density
section 3.1.4 of Shukurov & Subramanian 2021 ). For electrons with 
he Lorentz factor γ , the frequency of the CMB photons is boosted by
he factor γ 2 , so 1 GeV electrons emit in the X-ray range. Schleicher
 Beck ( 2013 ) suggest that the inverse Compton losses dominate
 v er the synchrotron emission at z � 2 if the typical strength of the
alactic magnetic fields B does not increase with z but at a larger z
f B increases with the redshift. The effect of the inverse Compton
osses on our results at z ≤ 2 is likely to be only modest, especially
or the radio-bright galaxies. 

.4 Interstellar turbulence and galactic outflows 

t appears that the mechanisms of magnetic field generation, and the 
SM structure on which the y rely, e xperience a significant change
t z � 2. This is suggested, in particular, by the increase in the gas
elocity dispersion with the SFR (Fig. 1 ) above the sound speeds
n the diffuse ISM phases, c s � 10 km s −1 in the warm gas and
 s � 130 km s −1 in the hot phase. Meanwhile, simulations of the 
upernov a-dri ven multiphase ISM show that the fractional volume 
f the hot gas at the galactic mid-plane increases only slightly (as
FR 

0.36 assuming that the supernova rate is proportional to the SFR)
rom about 0.2 to 0.28 when the supernova rate increases by a
actor of 4 in comparison with the Milky Way rate and does not
xceed 0.5 when the supernova rate is 16 times the local rate, while
he abundance of the cooler phases reduces as the supernova rate 
ncreases (de Avillez & Breitschwerdt 2004 ; Breitschwerdt & de 
villez 2021 , and references therein). The main consequence of the 

ncrease in the SFR is a more vigorous outflow of the hot gas in the
orm of the galactic fountain or wind. Although the off-planar gas 
s hot and highly ionized, significant amounts of neutral hydrogen 
re present, entrained from the disc, or cooled down in situ ). Its H I

elocity dispersion is about 60 km s −1 in the Milky Way (table 1 
f Kalberla 2003 ) while the velocity dispersion of the hot ionized
as is 75 km s −1 (section 8.3 of Savage, Sembach & Lu 1997 ). A
e vie w of rele v ant observ ations and further references can be found
n section 10.2.2 of Shukurov & Subramanian ( 2021 ). Meanwhile, 
he turbulent velocity in the disc hardly changes as the supernova rate
aries by a factor of 512, remaining close to the sound speed in the
arm gas while the H I linewidth is larger than the (one-dimensional)

urbulent velocity dispersion (Joung, Mac Low & Bryan 2009 , see 
lso Dib, Bell & Burkert 2006 ). Therefore, an increase of the galactic
utflow intensity and an enhanced contribution of turbulence in the 
ff-planar gas appear to be the dominant effects of the increased SFR
n a spiral galaxy. In this context, the increase of the turbulent speed
ith the SFR adopted in the fiducial model can be interpreted as a

eflection of the increasing importance of the off-planar gas with its
ore intense turbulence. 
Similarly to R19 , we assume that the rms turbulent speed is

ndependent of the galactocentric distance r . Some observations of 
he H I velocity dispersion in spiral galaxies show that it decreases
ith the galactocentric radius r from often supersonic values in the 

nner parts of galaxies (Boulanger & Viallefond 1992 ; Petric & Rupen
007 ; Tamburro et al. 2009 ; Mogotsi et al. 2016 ). On the other hand,
here is significant observational evidence for a very weak variation 
f the H I velocity dispersion with r in the discs of spiral galaxies
Dickey, Hanson & Helou 1990 ; Blitz & Spergel 1991 , section 12.2.3
f Kamphuis 1993 ). It is plausible that the turbulent speed is indeed
ndependent of the galactocentric radius and the spatial variation of 
he gas velocity dispersion is due to variations in the outflow intensity.
his aspect of the model requires further analysis. 
The models and observational estimates of the H I and H α velocity

ispersions discussed in Section 2.1.2 are often interpreted as 
uggesting strongly supersonic turbulence, especially at high SFR. 
o we ver, the turbulence in the diffuse (warm and hot) interstellar
as is likely to be transonic (or subsonic, depending on the kinetic
nergy injection rate) because of the self-regulation of the supersonic 
urbulence (section 2.10.2 of Shukurov & Subramanian 2021 ). The 
inetic energy of supersonic turbulence efficiently dissipates at 
hock fronts to heat the gas until an equilibrium state is reached
n which the turbulent speed is comparable to the sound speed. Thus,
urbulent flows with sufficiently strong energy injection rates are 
ikely to be transonic. Such a self-regulation of a turbulent system
an be affected by radiative cooling which can prevent the gas
eating by removing the dissipated turbulent energy via radiation 
Enrique V ́azquez-Semadeni, pri v ate communication). The cooling 
s especially efficient in dense regions (like molecular clouds which 
ccupy a negligible fraction of the disc volume), where supersonic 
urbulence can be maintained, but perhaps not in the warm and hot
SM phases which dominate the radio luminosity. The self-regulation 
f supersonic turbulence is not included in the turbulence models of
rumholz et al. ( 2018 ) and Ginzburg et al. ( 2022 ), who assume that

he disc is marginally stable concerning the gravitational instability 
t all times and consider only the energy balance of turbulence driven
y supernovae and accretion flows onto and through the disc. The
ample of SFGs where Varidel et al. ( 2020 ) measured the vertical
elocity dispersion in the H α spectral-line deliberately includes only 
early face-on galaxies (0 ◦ < i < 60 ◦ for the inclination angle), so
ot only the turbulence in the galactic discs but also outflows and
urbulence of the off-planar gas are likely to contribute to the velocity
ispersion obtained. 
The dependence of v on the SFR, equation ( 2 ), is rather poorly

onstrained by the data available, and other fits can be equally
cceptable. F or e xample, adopting SFR 0 = 1 M � yr −1 and c = 1/3 in
ur fiducial model produces an RLF that is in reasonable agreement
ith observations, indicating a de generac y between these parameters 

lo wer v alues of the scaling exponent c would require lower values of
FR 0 ). Furthermore, there are alternative prescriptions to derive the 
elocity dispersion from the star formation surface density (Niklas & 

eck 1997 ; Chy ̇zy et al. 2011 ; Schleicher & Beck 2013 ; Chamandy,
azareth & Santhosh 2024 ). Finally, the velocity dispersion may 

ncrease faster with redshift than expected from the SFR–redshift 
ependence alone (Wisnioski et al. 2015 ; Übler et al. 2019 ), so a
etter understanding of the interstellar turbulence and the role of the
volving multiphase ISM structure appears to be essential for further 
rogress in modelling the RLF, which we will address in the future. 

 C O N C L U S I O N S  

he magnetic field and dynamo models presented here lead to a
atisfactory agreement, within uncertainties, of the predicted RLF of 
FGs with observations up to z � 2. At higher redshifts, although

he form of the theoretical luminosity function is similar to what is
bserved, the theory predicts a smaller number of galaxies of high
uminosity, and the discrepancy increases with the redshift. While 
he observational data at higher redshifts still lack galaxies of faint
nd moderate luminosity, our findings enable us to identify a range
f effects that need to be understood and included to impro v e the
greement with the data. 

We have identified the strength of interstellar turbulence as one 
f the major factors affecting the RLF. A better understanding of
MNRAS 532, 1504–1521 (2024) 
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he interstellar turbulence, primarily the turbulent speed (which
akes only a limited and uncertain contribution to the observed

pectral linewidths) at high redshifts and the effects of the evolving
ultiphase structure of the interstellar medium on magnetic fields

nd cosmic rays are required to impro v e our models. 
Models presented here are based on a well-tested galaxy formation
odel; ho we ver, we rely on an implicit assumption that the o v erall

tructure of the interstellar medium does not change as the galaxies
volve. This is an oversimplification but little is known about some
spects of galactic evolution which are relevant to magnetic fields
nd cosmic rays (the turbulent parameters, gas disc thickness, the
ultiphase ISM structure, etc.). It is then not surprising that our
odel becomes inapplicable beyond the redshift z � 2 at which

alaxies undergo a significant structural change, the development of
ronounced gas discs in particular. Among distinct structural features
f young galaxies, important for their non-thermal constituents,
ight be widespread radio haloes associated with stronger star

ormation and correspondingly vigorous galactic fountain flows. Our
imited knowledge of the properties of turbulent magnetic fields,
specially in the evolving multiphase ISM, is another question that
equires a better answer. 

We have shown that the galactic luminosity function in the total
adio intensity is a sensitive indicator of the state of the interstellar
as, especially its turbulence, density, and galactic fountains and
inds. Our results are consistent with the notion that the structure
f SFGs, and their magnetic fields, are different at z � 2 and the
igher redshifts. The luminosity function in polarized radio emission
ould provide even richer information on galactic rotation, gas

tratification, and anisotropy of interstellar turbulence. 
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PPENDI X  A :  G A L AC T I C  MEAN-FI ELD  

Y NA MO  

he interstellar magnetic field can be separated into mean and random 

omponents, 

B = B + b , (A1) 

here the o v erbar represents ensemble or v olume a veraging. The
ean magnetic field is amplified by the joint inductive action of the

alactic differential rotation (at an angular velocity ω) and helicity 
f interstellar turbulence (the α-effect) in what is known as the αω-
ynamo (Shukurov & Subramanian 2021 , and references therein). 
he intensity of these effects relative to the turbulent magnetic 
iffusion, which destroys the mean magnetic field by tangling it, 
s quantified by the dimensionless dynamo number, 

 = 

αSh 

3 
d 

β2 
, (A2) 
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Figure B1. The schematic diagram of a galaxy disc plane showing the LoS 
unit vectors ̂  n passing through r = 0 and an arbitrary location ( r , φ) as red 
arrows. The vector ̂  n d is the projection of ̂  n onto the disc plane. 
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here α is the magnitude of the α effect, β is the turbulent magnetic
if fusi vity, and S = r d ω/ d r . The induction effects that amplify the
agnetic field can o v ercome the destructiv e action of the turbulent

iffusion if the magnitude of the dynamo number exceeds a certain
ritical value | D cr | , | D | > | D cr | , and we note that both D < 0 and D cr <
 because S < 0 in most parts of galactic discs. In a thin, rotating gas
ayer, D cr ≈ −10. Using the estimates α � l 2 0 ω/h d and β � 

1 
3 l 0 v,

here l 0 and v are the turbulent scale and speed, respectively, the
ynamo number can be expressed in terms of directly observable
alactic parameters, 

 � 9 
ωSh 

2 
d 

v 2 
. (A3) 

he magnetic field thus generated in a thin disc has the quadrupolar
arity with respect to the galactic mid-plane Z = 0: B r ( −Z) =
 r ( Z ), B φ( −Z ) = B φ( Z ), and B z ( −Z ) = −B z ( Z) in cylindrical
oordinates ( r , φ, Z ). 

As the magnetic field strength increases to become comparable to
 eq , the Lorentz force becomes comparable to the Coriolis and other

orces, and the field amplification slows down until the dynamo
eaches a saturated, steady state where the magnetic field strength is
stimated as (Chamandy et al. 2014 , and sections 12.3 and 13.7.3 of
hukurov & Subramanian 2021 ) 

 

2 � π2 B 

2 
eq 

(
l 

h d 

)2 (
D 

D cr 
− 1 

)
R κ . (A4) 

here R κ is a parameter of the order of unity, and we have set the
utflow speed to zero. MAGNETIZER includes the non-linearity associ-
ted with the magnetic helicity balance and solves for the equi v alent
trength of the magnetic field as a function of the galactocentric
adius r using the so-called no- Z approximation applicable to a thin
isc, h d / r � 0.1. The magnetic field components in this solution can
e thought of as the mid-plane values if the magnetic field distribution
n Z is exponential (and the average values otherwise). 

PPENDIX  B:  S Y N C H R  OTR  O N  LUMINOSITY  

he synchrotron luminosity given in equations ( 9 ) and ( 13 ) is
roportional to the integral 

∫ 
V 

K E B 

2 
⊥ 

d 3 r ′ , where K E ∝ B 

2 under
he assumption of the energy equipartition between cosmic rays
nd the magnetic field. MAGNETIZER solves the mean-field dynamo
quations for the cylindrical components of the axisymmetric mean
agnetic field B = ( B r , B φ, B z ) for each galaxy in the sample as
 function of the distance to the galactic centre r in the galactic
isc plane (corresponding to Z = 0), and we augment the solution
ssuming its exponential distribution across the disc (in | Z | ) with
he scale height h B (Section 2.2.3 ). The random magnetic field is
ssumed to have the same scale height, with the strength obtained
rom the turbulent energy density (Section 2.2.1 ). 

The synchrotron luminosity depends on the inclination angle i (0
i ≤ π ) between the observer’s LoS and the Z -axis (perpendicular

o the galactic disc). The unit vector along any LoS ( ̂  n ) is resolved
nto n d = ̂

 n d sin i along the galactic disc plane and n Z = ̂

 n Z cos i 
long the Z -axis (see Fig. B1 ). The φ = 0 direction is determined by
he direction of ̂ n d as it passes through r = 0. Hence, the r and φ
omponents of ̂  n d for an arbitrary LoS passing through a location ( r ,
, 0) in the disc plane are cos φ and −sin φ and correspondingly, the
omponents of the unit vector ̂  n passing through ( r , φ, 0) are 

 

 ≡ ( n r , n φ, n Z ) = ( sin i cos φ, − sin i sin φ, cos i) , (B1) 

hich is used to derive the magnetic field component in the sky plane
B ⊥ 

= B − ̂ n ( B · ̂ n ). 
NRAS 532, 1504–1521 (2024) 
Assuming that the turbulent magnetic field b is isotropic, b 2 ⊥ 

=
2 
3 b 

2 
rms , and b rms is estimated in Section 2.2.1 . Since we have adopted

 E ∝ B 

2 = B 

2 + b 2 rms , the synchrotron luminosity of a galaxy is
roportional to the following integral over the volume V of the
agnetized region: 

 = 

∫ 
V 

( B 

2 + b 2 rms )( B 

2 
⊥ 

+ 

2 
3 b 

2 
rms ) d 

3 r ′ . (B2) 

hen both parts of the magnetic field have an exponential distribu-
ion in Z with a scale height h B and integration over Z is extended
 v er | Z | < ∞ , we have 

 = 

1 

2 

∫ r d 

0 
r ′ d r ′ 

∫ 2 π

0 
d φ h B ( r 

′ )( B 

2 + b 2 rms )( B 

2 
⊥ 

+ 

2 
3 b 

2 
rms ) , (B3) 

here we adopt h B = h d ; h d and r d are defined in Sections 2.1.1 and
.2.3 and B ⊥ 

depends on φ via the unit LoS vector ( B1 ). We note
hat the scale height of the magnetic field can be larger than that of
he gas. F or e xample, h B = 2 h d for B ∝ B eq ∝ ρ1/2 . Such an increase
n h B would have led to an increase in the RLF by a factor of 2, so
he values of the RLF presented are conservative. 

PPENDI X  C :  TESTING  T H E  S Y N C H R  OTR  O N  

MI SSI ON  M O D E L :  T H E  M 5 1  G A L A X Y  

o verify the e v aluation of the synchrotron luminosity, we apply the
rocedure described abo v e to the nearby spiral galaxy M51. The radio
mission of this galaxy is thoroughly explored and interpreted in
erms of the galactic magnetic field by Fletcher et al. ( 2011 ). To derive
he magnetic field strength, these authors use the assumption of the
ocal energy equipartition between cosmic rays and magnetic fields,
imilar to equation ( 11 ). The total magnetic field strength derived
rom the radio intensity at the wavelength λ = 6 cm ( ν = 5 GHz
n terms of the frequency) assuming the path-length of S = 1 kpc
hrough the synchrotron-emitting region is 30 μG in the central part
f the galaxy, 20–25 μG in the spiral arms and 15–20 μG between the
rms in the main part within 5 kpc of the centre (section 4.1 and fig. 8
f Fletcher et al. 2011 ). The mean magnetic field strength derived
rom the Faraday rotation does not exceed 3 μG (section 6.2 of
letcher et al. 2011 ). The intensity of the radio emission at λ = 6 cm
or distances 1 . 6 < r < 4 . 8 kpc from the centre, given in table 2
f Fletcher et al. ( 2011 ), ranges from 0 . 5 mJy beam 

−1 between the
rms to 1 . 1 mJy beam 

−1 within them, with a beam of W = 15 arcsec
n diameter. It includes the thermal emission, and its fraction at
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= 6 cm is estimated as 25 per cent (section 4.1 of Fletcher et al.
011 ). 
Our goal is to test our choice of various parameters involved in

he calculation of the synchrotron intensity rather than to achieve 
 precise agreement with the observations of M51. Therefore, we 
nly include isotropic and homogeneous magnetic field (with no Z 

ependence) with a scale height of 0 . 5 kpc (half the path-length of the
ynchrotron-emitting region) that is independent of the distance from 

he Galactic Centre. The rest of the parameters are the same as in the
ducial model presented in this paper. The synchrotron intensity is 
erived using equations ( 9 ) and ( 13 ) with b 2 ⊥ 

= 

2 
3 b 

2 neglecting both
he anisotropy of the random field and the mean magnetic field since

 

4  B 

4 
in M51; this makes our estimate of the radio intensity quite

onserv ati ve. 
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The total synchrotron intensity for the solid angle π ( W /2) of a
at beam is then 

 ( ν) = π

(
W 

2 

)2 
L ( ν) 

4 π
εth , (C1) 

here the factor εth = 1.25 accounts for the contribution of the
hermal radio emission. The total synchrotron intensity from ( C1 )
t ν = 5 GHz in the main part of the disc of M51 within r = 5 kpc
or a field strength of 25 μG , and a flat beam of W = 15 arcsec
n diameter is 0 . 7 mJy beam 

−1 , which is in good agreement with
letcher et al. ( 2011 ), who measures the same to be 0 . 8 mJy beam 

−1 .
f we instead use the magnetic field strength of 20 μG in our model,
he resulting synchrotron intensity is 0 . 3 mJy beam 

−1 . 
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