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ABSTRACT

Context. The infrared-radio correlation (IRRC) of star-forming galaxies can be used to estimate their star formation rate (SFR) based
on the radio continuum luminosity at MHz—GHz frequencies. For its practical application in future deep radio surveys, it is crucial to
know whether the IRRC persists at high redshift z.

Aims. Previous works have reported that the 1.4 GHz IRRC correlation of star-forming galaxies is nearly z-invariant up to z = 4, but
depends strongly on the stellar mass M. This should be taken into account for SFR calibrations based on radio luminosity.
Methods. To understand the physical cause behind the M, dependence of the IRRC and its properties at higher z, we constructed a
phenomenological model for galactic radio emission. Our model is based on a dynamo-generated magnetic field and a steady-state
cosmic ray population. It includes a number of free parameters that determine the galaxy properties. To reduce the overall number of
model parameters, we also employed observed scaling relations.

Results. We find that the resulting spread of the infrared-to-radio luminosity ratio, g(z, M,), with respect to M, is mostly determined
by the scaling of the galactic radius with M,., while the absolute value of the ¢g(z, M, ) curves decreases with more efficient conversion
of supernova energy to magnetic fields and cosmic rays. Additionally, decreasing the slope of the cosmic ray injection spectrum, acg,
results in higher radio luminosity, decreasing the absolute values of the g(z, M,.) curves. Within the uncertainty range of our model,
the observed dependence of the IRRC on M, and z can be reproduced when the efficiency of supernova-driven turbulence is 5%, 10%
of the kinetic energy is converted into magnetic energy, and acr ~ 3.0.

Conclusions. For galaxies with intermediate to high (M, ~ 10°°~10"! M,,) stellar masses, our model results in an IRRC that is nearly
independent of z. For galaxies with lower masses (M, ~ 1083 M), we find that the IR-to-radio flux ratio increases with increasing
redshift. This matches the observational data in that mass bin which, however, only extends to z =~ 1.5. The increase in the IR-to-radio
flux ratio for low-mass galaxies at z 2 1.5 that is predicted by our model could be tested with future deep radio observations.
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1. Introduction

Local star-forming galaxies lie on the “infrared-radio corre-
lation” (IRRC), which spans at least three orders in magni-
tude of radio continuum luminosity. It was first observed at
a rest frame frequency of 1.4 GHz (e.g., van der Kruit 1971,
1973; Helou et al. 1985; de Jong et al. 1985; Yun et al. 2001),
and has increasingly also been studied all the way down to
the MHz-regime with the advent of LOFAR (e.g., Smith et al.
2021; Bonato et al. 2021; McCheyne et al. 2022). At 1.4 GHz,
the IRRC is commonly parametrized in terms of the IR-to-radio
luminosity ratio, namely:
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with L; 4 being the rest-frame 1.4 GHz radio continuum lumi-
nosity, and Lig the dust continuum luminosity integrated over
the rest-frame wavelength region 8—1000 wm in the infrared. The
parameter ¢ is constant as long as the correlation is linear.

The origin of the IRRC lies within the physics of cosmic
rays, magnetic fields, and interstellar dust, which are intertwined
through star formation activity. Young stars heat their surround-
ing dust that re-emits thermal continuum in the IR (measured
quantitatively via the luminosity Ligr over the wavelength range
8—1000 um) and the supernova explosions of short-lived mas-
sive stars produce CRs that emit non-thermal radio contin-
uum (the intrinsic brightness of which is quantified, e.g., at
1.4 GHz, via the luminosity L, 4) in the form of synchrotron radi-
ation (Draine 2011; Klessen & Glover 2016). One of the first
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quantitative models of the IRRC was proposed by Voelk (1989),
who assumes that cosmic ray electrons lose all their energy via
synchrotron radiation within the galaxy and that all UV photons
emitted by young stars are absorbed by dust and then re-emitted in
the infrared (Draine 2003). However, this calorimeter model lacks
to explain certain observed properties of galaxies, for instance: it
predicts overly steep radio spectra (see, e.g., Vollmer et al. 2022,
and references within). Various refined models explaining the
IRRC have been subsequently proposed (Murphy et al. 2006;
Schleicher & Beck 2013; Schober et al. 2016), including exten-
sions to dwarf galaxies (Schleicher & Beck 2016). A common key
ingredient of models of the IRRC is star formation and, there-
fore, it opens up a pathway for calibrating the star formation
rate (SFR) with radio observations (Condon 1992; Bell 2003;
Murphy et al. 2011; Schober et al. 2017; Molnér et al. 2021), as
long as an active galactic nuclei (AGN) contribution to the radio
flux can be excluded.

The question of whether current calibrations of GHz radio
continuum emission as an SFR tracer in low-redshift galaxies
remain valid out to high redshifts is still open (Schober et al.
2017; Smith et al. 2021). The minimum requirements for the
correlation to uphold in young galaxies are: (i) a sufficient
cosmic ray (CR) population; (ii) strong magnetic fields; and
(iii) the presence of interstellar dust. While the CR production
rate increases with the increasing SFR and the accompanying
increase in supernova shocks at high z, CR electrons suffer from
increasing energy losses via inverse Compton scattering with the
cosmic microwave background. Schleicher & Beck (2013) pro-
posed that this leads to a breakdown of the correlation at high
z. Requirement (ii) of a strong magnetization of the interstellar
medium (ISM) should be satisfied by efficient turbulent dynamo
amplification (Schober et al. 2013; Rieder & Teyssier 2016,
2017; Martin-Alvarez et al. 2021; Liuetal. 2022). Regard-
ing requirement (iii), a breakdown of the IRRC due to a
lack of interstellar dust can likely be excluded for the cur-
rently observationally accessible galaxies. Observations at (sub-)
millimetre wavelengths have provided convincing evidence of
rapid dust enrichment in high-z galaxies (Inami etal. 2022;
Sommovigo et al. 2022). Efficient dust production explaining
these observations has been suggested by various ISM mod-
els (Mancini et al. 2015; Michatowski 2015; Marassi et al. 2019;
Graziani et al. 2020).

On observational grounds, the potential evolution of the
IRRC over cosmic timescales is still much discussed. Several
studies report a mild or moderate evolution of the correla-
tion with redshift (Seymour et al. 2009; Ivison et al. 2010a,b;
Michatowski et al. 2010a,b; Magnelli et al. 2015; Basu et al.
2015; Delhaize et al. 2017; Calistro Rivera et al. 2017). Other
authors, however, have found no significant evidence for evo-
lution (Garrett 2002; Appleton et al. 2004; Jarvis et al. 2010;
Sargent et al. 2010; Bourne et al. 2011) and have instead con-
sidered other interpretations, such as observational biases or an
evolution of the dust temperature (Smith et al. 2014). In a recent
study, Delvecchio et al. (2021) report that the infrared-radio cor-
relation of star-forming galaxies is strongly M, -dependent but
nearly z-invariant up to z = 4.

Here, we present a model of the FIR-radio correlation that
uses M, and z as the basis for setting the underlying free param-
eters of our model, using observationally established scaling
relations and/or constraints from theory. We aim to find the con-
ditions under which the observations by Delvecchio et al. (2021)
can be reproduced and to make predictions for higher redshift.
The paper is organized as follows: in Sect. 2, we present our
semi-analytical model for galactic radio emission. The results
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for different parameters of the model are presented in Sect. 3
and compared to the data of Delvecchio et al. (2021). We draw
our conclusions in Sect. 5.

2. Model for galactic emission

To calculate the radio luminosity, we used a semi-analytical
galaxy model that is based on the following steps. 1) The input
is the stellar mass, M,, and redshift, z. 2) The global galaxy
properties are calculated from observational correlations, which
include the gas mass, Mg, the star formation rate, M,, and
galactic radius and scale height, Rey and Hg,, respectively. 3)
On a 3D grid, the galaxy is modeled with an exponential gas
density profile, using Ry, and Hg, from step 2. The total Mg,
from step 2 is used for the normalization of the gas density.
Likewise, the distribution of the star formation rate density is
modeled and normalized by M,. A cosmic ray population is
implemented based on a steady-state assumption and the mag-
netic energy distribution is implemented based on a saturated
small-scale dynamo. The synchrotron and free-free emission are
calculated in each grid cell. 4) Absorption processes are taken
into account to construct 2D maps for observations with differ-
ent lines of sight. 5) Integration over the 2D maps yields the total
radio luminosity which is used to calculate g.

These steps are summarized in Fig. 1 and the default values
of the free parameters of the model are presented in Table 1. The
dependence on the free parameters is systematically explored
and different series of models are introduced in Table 2.

2.1. Global observational correlations

In this paper, we focus on mass-selected star-forming galaxies on
the galaxy main sequence. We do not attempt to model starburst
galaxies with high efficiencies and high specific SFRs, which
would require different values for the gas or SFR density, for
instance, compared to the ones adopted in the following.

To reduce the number of free parameters in our model, we set
the global properties of our model galaxies in accordance with
observational scaling relations from the literature for a given M
and z (see Sects. 2.1.1-2.1.3 below). These scaling relations have
been derived using galaxy samples with stellar masses typically
in the range M, > 10° M, and drawn from studies probing a
redshift range up to z ~ 3 or 4. This approach is thus well con-
strained in the redshift and mass range of the Delvecchio et al.
(2021) study of the joint mass- and redshift dependence of the
IRRC, which we aim to match here. Extrapolations to higher
redshift will, however, necessarily be more speculative.

2.1.1. Total SFR

For a gi'ven M, and z, the total star formation rate of a
galaxy, M., is calculated from the observational calibration of
Schreiber et al. (2015):

@)

with r = log,,(1 + z) and m = log,, [M,,/(lO9 M@)] and the
constants my = 0.5 £ 0.07, m; = 0.36 £ 0.3, ap = 1.5 £ 0.15,
a; = 0.3 +0.08, and a, = 2.5 = 0.6. Equation (2) is based on
a Salpeter initial mass function (IMF). By multiplying both M,
and M, by a factor of 1.7, we can convert Eq. (2) to make it

— ay [max(0, m — m; — ar)]*,
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Fig. 1. Overview of the model for the radio and far-infrared emission with which the g parameter can be calculated. The input parameters, redshift
z and total stellar mass M,, are shown on the left and the final output is the g parameter that combines 1.4 GHz luminosity L;4 and the rest-
frame 8—1000 wm luminosity Lir. For the galactic scale height, Hy,, different scenarios are considered which is indicated by the dashed lines; see
Sect. 2.1.3. Free parameters of the model are highlighted by yellow boxes and their default values are listed in Table 1. See Sect. 2 for details of

the model.

consistent with a Chabrier IMF, so that all parts of our model are
based on the same IMF.

2.1.2. Total gas mass

Following Sargent et al. (2014), we estimated the total gas mass,
Mg, of a star-forming galaxy based on its SFR (which, in turn,
follows from its stellar mass via Eq. (2)) as:

Mgas(M*’Z) M*(M*,Z)
Mg Mg yr!
Here, @) SFR = 9.22 +0.02 and,Bg =0.81 +0.03!.

log, = assrr + P2 log 3)

2.1.3. Galactic radius and scale height

For a given stellar mass and redshift, the characteristic half-light
radius of the galaxy is (Jiménez-Andrade et al. 2019) as follows:

Rgao [ My \™ )
(1+2)% \Myo)

with Rga0 = (2100+200) pe, @, = 0.26 + 0.08, and M,y =
(6.08 + 1.14) x 10'° M, being used as the default values
(Licquia & Newman 2015). We note that this size scale was
derived for massive main-sequence galaxies over the range 0 <
z < 2. Based on the observed mild dependence on stellar mass,
as reported in Jiménez-Andrade et al. (2021), we also introduced
a scaling with the power law index, @gy. As a default, we
used @y = 0.05. A weak dependence of Ry, on M, is also
found for the stellar component of star-forming galaxies (e.g.,
Mowla et al. 2019). Equation (4) was obtained in the radio con-
tinuum, namely, it is a directly relevant quantity here, since it is
an estimate of the spatial extent of the star formation.

Rga](M*, 7) =

1 We note that the classic Kennicutt-Schmidt relation (Kennicutt 1998;
Kennicutt & Evans 2012) relates surface densities from the regime of
normal galaxies to starburst galaxies, with an empirical power law
index of 1.4. In contrast, Eq. (3) represents the galaxy-integrated star-
formation law for main-sequence galaxies only (e.g., Daddi et al. 2010;
Sargent et al. 2012). For this population, the relation between gas mass
and total SFR has an index of 1/8, ~ 1.23.

Table 1. Values of the parameters, as presented in Fig. 1, that are used
in the reference model.

Parameter Name Default value
Power law scaling of Ry, with M, gal 0.05

SN energy Esn 10°" erg
Typical mass of SN progenitor star ~ Mgy 22.37 Mg
Fraction of SN energy that is con-  fu 0.05
verted to turbulence

Fraction of SN energy that is con-  fcr 0.04

verted to CR protons
Efficiency of the dynamo I 0.1

Slope of CR injection spectrum acr 3.0
Fraction of CR protons that decay Ir 0.2
into pions

Fraction of secondary CR electrons — fc 0.8
Tonization fraction fion 0.1
Free electron temperature T 10*°K
ISREF, stellar contribution JSISRE 1

Notes. In this table the acronyms “SN” (supernova), “CR” (cosmic
rays), and “ISRF” (interstellar radiation field) are used. We note that
not all of these parameters are independent.

Following Thompson et al. (2005), we assume that the galac-
tic scale height depends on the radius as:

Mps — Q

Hea(My,z) = —28 =
gal( * Z) Mgas + M* 23/2

Rgal(M*, 2), (®)]
where we use a Toomre parameter of Q = 1. Since Eq. (5) is
obtained under the assumption of a Salpeter IMF, we correct M,
by a factor of 1.7 to adjust to a Chabrier IMF. Additionally, we
present scenarios based on two other models: Hgy o Ry (M, 2)
and Hgy o (1 +2).

2.2. 3D galaxy model

Based on the global galaxy parameters estimated in the previ-
ous section, we set up a three-dimensional (3D) model of the gas
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Table 2. Different series of models.
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1/2 £1/3
fB flurb

Hgal(M*’ 2) @ gal JSion Srfer/ fec QCR

Reference %%R@(th 005 0026 0.1 0025 3.0
0013 0.05

Series A %%Rgal(Mﬂz) 005 002 01 0025 3.0
0.5 02

0.015 28

Series B %%Rgal(M*,z) 005 002 01 0025 3.0

0.050 32

0.0
Series C %%Rgm(m,n 0.1 0026 0.1  0.025 3.0
0.1 Rgal(M*’Z)
SeriesD 0.2 Rgu(My,2) 005 0026 0.1 0025 3.0

200pc (1 +2)
400pc (1 +7)

Notes. We note that fé/ 2 fuljﬁ; determines the strength of the magnetic field and, therefore, the synchrotron emission and f,,, regulates the free-free
emission. Synchrotron emission also depends on the number of CR electrons which is subject to the number of CR protons (controlled by the
value of f; fcr/ fiec) and the slope of the injection spectrum acr, as well as on the loss rates, which depend, e.g., on the ISRF (controlled by the

value of stSRF) .

density, the cosmic ray distribution, and other relevant parame-
ters. This allows us to calculate the galactic synchrotron emis-
sion including absorption processes that occur along a given line
of sight.

The model is constructed on a grid in a box with length L.
The volume of a single grid cell V¢ = L3R depends on the
resolution R. We typically use R = 100 and L is adjusted to the
size of the galaxy (as default we use L = 10 Rg,). We refer to
Appendix C for a discussion on convergence.

2.2.1. Gas distribution

The gas density distribution is set up as a double exponential
profile:

(x% + x%)l/ 2 )}

Rgal ’

X3

ol 5

gal

Peas(X1, X2, X3) = Pease [exp [—
(6)

where the normalization pg,  is chosen such that

Mgas = fpgas(xls X2, x3) dxydxadaxs, @)
and R,y and Hgy are taken from the expressions presented in
Sect. 2.1.3. The gas mass is related to the star formation rate and
stellar mass (see Eq. (3)). The gas number density is calculated
as

pgas(xl , X2, X3)
1.75m,

where we assume that the gas is composed of atoms with average
mass 1.75m, (for a primordial mixture of gas with 75% hydrogen
and 25% helium). In Fig. A.1, the radial dependence of ng, is
presented for different values of M, and z.

In Fig. 2, the typical volume average of the density
is presented for the parameter range of interest. Since the
volume average depends on the size of the box, L, we
show the average value in the central region of the galaxy
instead. We define this central average of the gas density

, ®)

ngas(xl , X2, X3) =

Rgal Rgal Hgal .
as (Ngas)e = | Rew SRy Sty Meas dxidxpdx3/Ve, with V. =
Real  (Rgal  Hgal
Y o dxpdxodxs.
_Rgal _Rgal _Hga] 1 2 3
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2.2.2. Star formation and supernova rate

Supernova (SN) explosions are responsible for producing two
key ingredients of galactic synchrotron emission: magnetic fields
and CRs. Therefore, we need to model the spatial distribution of
the SN rate which depends on the galactic star formation activity.
To this end, we make use of the empirical Kennicutt-Schmitt
law (Kennicutt 1998; Kennicutt & Evans 2012), which relates
the SFR surface density to the gas surface density. Moving from
surface densities to volume densities, we calculate the local SFR

density:
ol
exp|— ,
P Hgal
)

in each grid cell. In Eq. (9), the same profile as the one of the gas
density in Eq. (6) is used but with ngpr as the exponent. The
observed Kennicutt-Schmidt relation for surface densities has
nsrr = 1.4. However, we note that a relation between p, and pg,s
can also be derived theoretically when assuming that the SFR
is proportional to the gas density over the dynamical timescale.
This yields p, ~ esprGY/ zpéﬁ, where espg is the star formation
efficiency and G is the gravitational constant. If espr is indepen-
dent of pgus then ngpr = 3/2 (Schaye & Dalla Vecchia 2008),
which we use in our model 2. The normalization in Eq. 9), P
is chosen such that

. L L L
M, = f f f O (x1, X2, x3) dxydxodxs.
o Jo Jo

The global SFR, M,, and the SFR in the core region, M,,,C =
Rgal Rgal Hga] .
—Rgal J=Rga1 J—Hgal Px

Assuming a Chabrier initial mass function and a minimum
mass of stars that result in a SN of 8 M, the supernova rate in

(xf +)c%)1/2

R gal

Px(X1,X2,X3) = /J*,c[exP(—

(10)

dx;dx,dxs, are presented in Fig. 2.

2 We note that the value of the index ngpr = 3/2 differs a correspond-
ing value appearing in Eq. (3) that is 1/8, ~ 1.23. Since Eq. (3) is an
empirical relation that relates masses and Eq. (9) is based on mass den-
sity, a difference between nggr and 1/3, should not be considered to be
an inconsistency.
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Fig. 2. Input relations for the reference galaxy model (see Table 2).
Upper panel: mean density in the central region of the galaxy obtained
from integrating Eq. (8). Middle panel: total SFR from Eq. (2) shown by
dotted lines and the SFR in the core region of the galaxy obtained from
integrating Eq. (9) shown by solid lines. Lower panel: mean magnetic
field strength in the core region of the galaxy obtained from integrating
Eq. (14) with the default value f3 = 0.1.

each grid cell is:

(x1, X2, x3) Vel

Nsn(x1, %2, x3) = 0.232% 11

— s

Msn

where Msx ~ 22.37 My, is the average mass of a star that ends in
a supernova. The corresponding SN rate density in a grid cell is
given by

Nsn(x1, X2, x3)

12
Vcell ( )

AsN(x, X2, X3) =

2.2.3. Magnetic field strength

A key assumption in this work is that magnetic fields are pro-
duced on short timescales by a turbulent dynamo (Kazantsev
1968; Kulsrud & Anderson 1992; Brandenburg & Subramanian
2005). This mechanism converts turbulent kinetic energy to
magnetic energy exponentially over time, until the magnetic
energy becomes comparable to the kinetic energy and a back
reaction on the velocity field sets in. The characteristic timescale
of the small-scale turbulent dynamo is the eddy turnover time
on the viscous spatial scale determined by the Reynolds num-
ber in the system (Rogachevskii & Kleeorin 1997; Schober et al.
2012a,b).

In the context of galaxy formation, a seed magnetic field is
first amplified by compression during the gravitational collapse.
The end of the collapse phase can be defined as the moment
when the gas density has become approximately constant. Then
the main mechanism of magnetic field amplification is the small-
scale dynamo that is sourced by turbulence due to accretion
and SN explosions. Since galaxies have very high Reynolds
numbers (~10'°-10'?), the small-scale dynamo timescale is
very short (~1072-10"! Myr) compared to other dynamical
timescales. Therefore, once the small-scale dynamo is acti-
vated, the magnetic field quickly reaches the equipartition value
already in young galaxies (Schober et al. 2013; Schleicher et al.
2013). This magnetic field evolution is being seen in cosmolog-
ical simulations that solve the magnetohydrodynamical equa-
tions and have sufficient resolution (Rieder & Teyssier 2016,
2017; Martin-Alvarez et al. 2018). In the case described by
Martin-Alvarez et al. (2018), the collapse phase of the galaxy
ends at z = 12 and the timescale of the subsequent small-scale
dynamo is on the order of 2 Gyr. The timescale, however, is
much longer than what is expected in real galaxies due to the
limited resolution of cosmological simulations>.

The energy source of the small-scale dynamo is turbulence.
Here, we assume that the main drivers of turbulence are super-
nova explosions in the ISM (Mac Low & Klessen 2004). Under
steady state the turbulent velocity vy can be estimated from
a balance between the loss rate 1/ Zpgasvtzurb /(Hga1 /i) and the
energy injection rate ngn fubEsn. Here, funEsn is the fraction
of supernova energy converted into turbulence with the default
values of fiun = 0.05 and Esy = 10°! erg. Solving for vy, gives
the following result:

. _1\!/3
Vturb (X1, X2, X3) = (2nSNﬁurbESNHgalpgals) : (13)

Assuming that at saturation, the magnetic energy reaches a frac-
tion fp of the turbulent kinetic energy, the magnetic field strength
is then:

1 1/2
B(xi, x,x3) = [fB 8n Epgas (Uturb)z}

_ 13
= (47 /)" (2n$n furs EsxHaa ) paid. (14)

Since rnigN oc Py in our model, Eq. (14) leads to B « n;{\? o piB.
This is close to the observed scaling of B oc £93 in various types
of galaxies (Niklas & Beck 1997; Chyzy et al. 2011; Basu et al.
2017), where X, is the SFR surface density.

3 The growth rate of the small-scale dynamo depends on the Reynolds
number Re which is on the order of Re ~ 10'°~10'? for young galaxies.
In simulations such high values of Re can never be achieved due to lim-
ited resolution. For example, the runs presented in Martin-Alvarez et al.
(2018) reach Re =~ 15-160. Therefore, the dynamo timescale in simu-
lations is always overestimated by orders of magnitudes.
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MHD dynamo theory makes predictions for the saturation
level, fg. In the most ideal case, namely, of incompressible
(or Kolmogorov) turbulence, fg reaches its maximum value
of ~0.4. However, in the SN-driven case, turbulence is typi-
cally compressive with Mach numbers reaching values on the
order of 10. In that case, direct numerical simulations (DNS)
with driven turbulence result in saturation levels of fg ~ 0.01
(Federrath et al. 2011, 2014; Seta & Federrath 2021) and fg =
0.05 in SN-driven simulations of the ISM (Gent et al. 2021).
On the other hand, observations indicate that a large faction
of the interstellar medium, in particular, the warm ionized
medium, has relatively low Mach numbers, implying sub- to
transonic turbulence (Burkhart et al. 2010; Gaensler et al. 2011;
Koley & Roy 2019). Therefore, we use fg ~ 0.1 as the default
value in our model. However, we explore the dependence of
the results on fg in Sect. 3.2.1. The mean magnetic field
strength in the central region of the galaxy, defined as (B). =

Rgat  [Rgal al

o L Lt
of Flg 2. The resultlng field strength in the central part of the
modeled galaxies is, at low redshifts, larger than the CMB equiv-
alent field strength Bevmp(z) = 3.25(1 + 2)? uG. At a higher z, the
value of (B). eventually drops below Bcys.

B dx;dx,dx3/V,, is shown in the bottom panel

2.2.4. Cosmic ray electrons

In every grid cell, the cosmic ray (CR) energy spectrum is mod-
eled. We assume that CR protons are produced in diffusive shock
acceleration within supernova shock fronts and that CR electrons
are composed of both primaries and secondaries from decays of
CR protons. Following Lacki & Beck (2013), we further assume
that CR electrons are in a steady state. The full CR implementa-
tion is sketched in the following.
The energy spectrum of injected protons is (Bell 1978a,b)

E —QCR
Op(Ep) = Opo (W) , (15)

with the normalization Q¢ and the injection power law index
acr. Integration from lowest energy to infinity gives the total
energy injected as protons, namely:

1-acr
2 1 Epo
acr — 1 \mpc?

I*QCR

_ 1 ’yP’O >

f Qp(Ep) dEp = Qp,O my
Epy()

= Qpo mpc? (16)
where y,0 = 1GeV/ (mpcz) ~ 1. The normalization of Eq. (16)
is obtained by comparison with the energy injected by super-
novae, fcr NsnEsn. Using fcg = 0.1 as the fraction of SN energy
that is converted into CRs and a characteristic energy per SN of
Esn = 107 erg yields

ferEsnNsn(acr — 1)

2 . 1-acr
MpC™ Yoo

Opo = a7

The CR protons produce secondary CR electrons with a spec-
trum

fﬂ EP :
Qe,sec(Ee,sec) = g E. e Qp(Ep)’ (18)
which, in y = E/(mc?) space, is:
Jx
Qe sec(Eesec) mpc? = 2 Ee Qp(E ) mec? (19)
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The factor f; is the fraction of CR protons that decay into pions
and we assume f; = 0.2 in the reference model. It follows (with
E, = 20 E, Lacki & Beck 2013):

E
%(E) Q"(E")_
frr ) Q@CR %

mp

Qe,sec(Ee,sec) =

20yemec

2

20 QpO( me Cze
p

f m l—dCR
g 2 — €
20 —QCR Q (YLR _- ,
m

p

(20)

where 7. is the Lorentz factor of the electrons. The total injection
rate of CR electrons (primaries and secondaries) is related to the
secondary rate Qe sec by the factor fee.:

QC SeC
0, = Losee. (1)
f‘SBC
We use fiec = 0.8 as a default value (Lacki & Beck 2013). For
steady state, the total number of cosmic ray electrons can be esti-
mated as:

Oc(¥e)Te(ye)

CL’CR—I

200 fo (m)
- mfsec e Qp,de Te(‘}/e)-

my
The CR cooling time 7. is determined by different loss chan-
nels, including ionization (Tjey ), bremsstrahlung (Tprems), inverse
Compton scattering (1c), and synchrotron losses (Tsynch),

Ne(’)’e) =

(22)

-1
Te = ( Tion T Tbrems + TIC + Tsynch) ’ (23)
with
Ve
ion = , 24
Ton = 57 cor (6.85 + 0.5 Inye) g 24
-1
1
T = —InQ2y.) — =| , 25
brems 4C¥emr(2)6nionﬂe[ ( ’Ye) 3} ( )
3 me
TIC = L, (26)
4 o1 UISRF Ve
3me c
Tsynch = m- 27

In the expression for Tyrems, @em and ry are the fine-structure con-
stant and the electron radius, respectively, 8. = (1 — yz2)!/?,
and n;o, is the ion density, for which we assume 7nion = fion7gas
with fi,, being the ionization degree (Blumenthal & Gould
1970). Further, in the expressions for 7ic and Tgyneh, o7 is the
Thomson cross-section for an electron and usgr and ug =
B?/(8n) are the energy density of the interstellar radiation field
and the magnetic energy density, respectively. The model of
uisrr includes both, contributions from the stellar population and
the cosmic microwave background (see Appendix B for details).

The number of CR electrons, modeled here via Eq. (22),
determines the resulting radio emission of the galaxy. It includes
several free parameters. In particular, N, is proportional to
the ratio f;fcr/fwec but it also depends on the slope of the
injection spectrum «cgr. Analytical models for diffusive shock
acceleration (DSA) predict values of acg = 2.0 for non-
relativistic gas and acg = 2.5 for relativistic gas (Bell 1978b;
Blandford & Eichler 1987). Detailed models of supernova shock
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Fig. 3. Energy (left ordinate) and Lorentz factor (right ordinate) of CR
electrons that contribute mostly to the synchrotron emission at different
observing frequencies v, and different magnetic field strengths B; see
Eq. (33).

fronts result acg = 2.1-3 (Bogdan & Volk 1983), whereas
more recent studies of diffusive shock acceleration based on
PIC/hybrid approach predict acg = 1.5 for Mach numbers >10
and non-relativistic ions (Caprioli & Spitkovsky 2014). In our
reference model, a steeper value of @cr = 3 is used to repro-
duce the observed values of g(z). A more detailed cosmic ray
model of cosmic ray propagation, including diffusion and losses
via galactic winds, could allow for values of acr that are closer
to the DSA predictions.

2.3. Radio emission
2.3.1. Synchrotron emission and self-absorption

Synchrotron emission (in [ergs™' Hz™!]) of a single particle is
calculated via:

sync V3e*B v (™

Pt === = Ks3(£) dé,

mecz Ve v/ve

(28)

where Ks,3(¢) is the modified Bessel function of the second kind
(Blumenthal & Gould 1970). This spectrum peaks roughly at the
critical frequency,

3y’eB
4mcme

For a distribution of electrons with different energies
according to Eq. (22), the spectral emission per grid cell
(in [erg s~ Hz™! cm™3]) is determined by (Blumenthal & Gould
1970)

oo N,
jomen _ f ji,yy“fhﬂ dye f N(a)(sin(@))@**D’2 dQ,. (30)
Ye0

ve(ye) = (29)

ox3

The last integral in Eq. (30) over the pitch angle « is on the order
of 10 for @cg = 3.0 and if isotropy is assumed, namely, the
distribution of pitch angles is N(a) ~ 1.

The numerical integration of Eq. (30) is expensive and there-
fore we use the following two approximations. First, instead of
performing the expensive numerical integration of the Bessel
function in Eq. (28), we follow Aharonian et al. (2010) and use

af Ks;3(&) dé ~ 2.15a'3 (1 + 3.06a)'/°

« 1 +0.884a* + 0.471a*?
1+ 1.64a%/3 + 0.974a%3

e 31)

Second, it is useful to note that the function j. M peaks at the

characteristic frequency v.(y.). This implies that synchrotron
radiation at a given frequency v is emitted by cosmic ray elec-
trons with a specific Lorentz factor of

max _ A7 ¢ meves ' (32)
¢ 3¢B
or, in terms of energy,
47T ¢ MeVopbs 12
Emax _ € obs R »2. 33
¢ ( 3e¢eB ) e 49

The resulting value of EJ™* is shown for vops = 1.4GHz as a
function of magnetic field strength in Fig. 3. To save computa-
tional time, the integration over vy, in Eq. (30) is performed in
the interval [max(1,0.01 yZ"**), 100 y2**].

Knowing the characteristic energy of the CRs that emit syn-
chrotron radiation at v, allows us to determine the most rel-
evant cooling processes of the emission. The numerical value
of the cosmic ray cooling timescale, 7., and its different con-
tributions are shown in Fig. 4 for y. = yI"**. For the default
values of the free parameters, the dominant process determining
the population CR electrons that emit synchrotron radiation at
Vobs = 1.4GHz at z = 0 are synchrotron (for low and interme-
diate M, ) and ionization (for the highest M, considered in this
study) in the center of the galaxy and inverse Compton (with the
CMB) in the outer, very low gas density regions of the simula-
tion box. With increasing z, inverse Compton becomes the dom-
inant cooling process even in more central parts of the galaxy.
The reason for this is the CMB radiation field which increases
proportional to (1 + z)*.

If absorption is ignored, the total synchrotron emission is
obtained by

[0 _ f f f F2N dxy dxydocs.

However, at low frequencies and/or high gas density, absorption
of synchrotron photons can become significant. The synchrotron
self-absorption (SSA) coefficient is given by (Schlickeiser
2002),

(34)

2 00
SSA C .synch 2 d Ne(’}’e)
=-c—— — dye, 35
Ky Fy————) fl W ve dye[ 7 Ye (35)
and leads to a corresponding optical depth of
S1
TESA(So,Sl) =f KESA ds. (36)
S0

We note that the optical depth depends on the thickness of the
layer of synchrotron emitting CRs considered. If the most dis-
tant emission occurs at position sy, then Eq. (36) gives the value
of 7554 at position s;. Another absorption channel is free-free
absorption which is discussed in the subsequent section.

2.3.2. Free-free emission and absorption

The free-free emission adds a contribution to the total radio flux
with the emissivity calculated as follows (Rybicki & Lightman
1986):

37

i 2571'66( 2

12
-1/2 2 —hv/(ksTe) =t
~ 3mec 3kgm ) T neinZ2e 10
(3 (<]
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Fig. 4. Cooling timescales of CR electrons in a slice through the center of galaxies with different stellar masses, M, (top to bottom panels) and
different redshifts, z (left to right panels). The value of vy, used in this plot corresponds to the one at which CR electrons contribute mostly to the
synchrotron emission at 1.4 GHz, i.e., at which v, = vq,s = 1.4 GHz; see Eq. (32). The total timescale, 7., (solid lines) has contributions from
bremsstrahlung (Tyrems, dashed lines), synchrotron losses (Tgynch, dotted lines), inverse Compton losses (7ic, dashed-dotted lines), and ionization
losses (Tion, dashed-dotted-dotted lines). Grey vertical lines indicate the characteristic radius R, i.€., they enclose 2Ry

The velocity-averaged Gaunt factor is given by Novikov &
Thorne (1973):

ﬁln 1 (kgTo\( kgT. \*°
r o |4652Z\ hv J\13.6eV) |’

with & ~ 1.781. We assume that the ion and electron densities
are comparable, that is, njo, ~ ne = fionhgas and Z = 1. As the
default value for the ionization degree, we use fi,, = 0.1 and we
assume an electron temperature of 7, = 10* K.

With the free-free absorption coefficient,

& 4¢° (

—ff
9, =

(38)

21
3kBme

12
-1/2 2 -3 —hv/(ksTe)\ =
K, = Imahe ) Tel/ NeNionZ~V (1 —eM/ BT))gﬁ,
(39)

the optical depth along a line of sight between sy and s; can be
calculated as

51
i i
7, (S0, 51) = f K, ds.

S0

(40)

The intensity at a slice of the box at the position s; along a
line of sight is then given as

ff _ 1 jxf/f i (50,51)
(50, 51) = = (1 — e (0,

f
47 il

(4D
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and the luminosity can be obtained by integrating over the slice,
namely, in the case of a face-on galaxy, via

L L
L= f f 170, L) dx;dxs,
0 0

where L is the size of the numerical domain and the integration
variable in Eq. (40) is s = x3. For an edge-on galaxy, the line of
sight is parallel to the x; direction, namely, s = x;, and the total
free-free luminosity is:

L L
LT = f f 170, L) dxpduxs.
0 0

2.3.3. Total radio luminosity

(42)

(43)

The total radio emission is composed of both free-free and syn-
chrotron radiation with relative contributions that depend on
the frequency range. Furthermore, the geometry of the emitting
galaxy plays a role in the sense that the line of sight of the obser-
vation becomes relevant when including absorption processes.
In this work, we consider the two extreme cases, face-on and
edge-on observations, to bracket reality.

Following Werhahn et al. (2021), we use 7, = 7l + 7554 to
calculate the absorption of synchrotron intensity at a position s
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as:

s
IiynCh(so, 51) = f jiymh e~ g (44)
50

where j¥"™" is given in Eq. (30).

Again, the total synchrotron luminosity depends on whether
the galaxy is observed face-on, for which

L L

Ly = f f 1""0, L) dx;dxs, (45)
0 Jo

with s = x3 or edge-on, for which

Q A L L 3

L = f f Y0, L) dxodaxs (46)
0 Jo

with s = x; in Eq. (44).

The total radio luminosity is
L,=LY"+ LT, (47)

with LY™" and LT given by Eqgs. (45) and (42) for face-on
observation and Eqs. (46) and (43) for edge-on observation,
respectively.

2.4. q parameter

To account for the stellar mass-dependent balance between
obscured and unobscured SFR, when calculating the infrared
luminosity, we adopt the calibration of Bernhard et al. (2014):

M, 10RX
PR Rov T+ 107 @
uv
where Kr = 1.7 x 107 Moyr ' L7Y, Kyy = 2.8 x
1071 Mg yr! L3, and
M,
IRX = (log (—) - 10.35) + IRX,, (49)
Mo

witha = 0.71 and IRX = 1.32. The calibration given in Eq. (48)
is based on a self-consistent of model the redshift evolution of
the UV and IR luminosity functions, which takes into account
that the fraction of escaping UV photons increases with increas-
ing redshift (e.g., Burgarella et al. 2013).

The comparison between IR and radio luminosity is typically
expressed in terms of the logarithm of their ratio. This value is
named g and has been defined in Eq. (1). The luminosities in this
definition are in the rest frame.

3. Results and comparison with observations

3.1. Radio emission and IR-radio correlation in the reference
model

In this section, we present results for the model that describes
the observed dependence of the IR-radio correlation on stellar
mass best. The parameters of this reference model are given in
Table 1.

Radio spectra obtained for the reference model of galaxies
with stellar masses of 10° My, 10'© My, and 10'! M, that are
observed face-on are shown in Fig. 5. The total radio emission

L, includes contributions from both free-free emission, L“f,

C . synch,0 .
the intrinsic synchrotron emission, L;”"""". The absorption pro-

cesses included in our model affect the radio spectra mostly at

- Ll/

w,‘j —_——— L.ls;ynch,o
X

Vo

—-1.0 —0.5 0.0

logy (v [GHA))

Fig. 5. Rest-frame spectral luminosities at different redshifts for galax-
ies that are observed face-on. Different colors indicate results from mod-
els with different stellar masses: M, = 10° M, (blue), M, = 10'° M,
(green), and M, = 10'"' M, (red). Different linestyles refer to differ-
ent emission types: the total radio emission L, (solid lines) depends
on the free-free luminosity LT (dotted lines) and the unabsorbed syn-
chrotron emission L™ (dashed lines). The grey vertical line rep-
resents vo,s = 1.4GHz and the grey region indicates the range for
redshifting between z = 0—4 (i.e., from left to right).

low frequencies. Here, the free-free emission increases at very
low frequencies of oc v*/2 (for most cases, this range is below the
minimum frequency, as shown in Fig. 5) and at high frequen-
cies it decreases at ocv"!. The spectrum of L™ is close to
a power law, but mildly curved due to cosmic ray cooling pro-
cesses, over the frequency range presented in Fig. 5. Such mildly
curved synchrotron spectra have also been seen in the observa-
tions of Klein et al. (2018).

For z = 0, synchrotron emission at v = 1.4 GHz domi-
nates over free-free emission for all stellar masses by at least
two orders of magnitude. Absorption affects the spectrum only

A47, page 9 of 20
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for v < 0.02 GHz for the case of M, = 10'° M, for instance,
which is below the frequency range presented in Fig. 5. How-

ever, for z = 4, the slope of LY™™ is affected by absorption
at v < 0.3 GHz for M, = 10' M. At high radio frequencies,
the free-free emission dominates the spectra. For a galaxy with
M, = 10'" M, this crossover from synchrotron to free-free dom-
inance occurs at ~30GHz at z = 0 (see the upper panel of
Fig. 5). With increasing M, and increasing z, the crossover point
moves to lower v. In the KINGFISHER sample of nearby galax-
ies (Tabatabaei etal. 2017) the transition from synchrotron-
dominated emission to free-free-dominated emission occurs, on
average around ~10 GHz, yet the sample includes several galax-
ies with crossover frequencies that are comparable to our model.
The sample of local luminous infrared galaxies presented by
Dey et al. (2022) includes several galaxies with crossover fre-
quencies of 230 GHz. Overall, our model predicts that the free-
free contribution increases strongly with z and starts affecting the
slope of the total spectrum at v = 1.4 GHz already at z =~ 4. In

the top panel of Fig. 6, the ratio of non-thermal (L"™°) to ther-

mal (L") luminosity at v = 1.4 GHz is presented, demonstrating

the clear dominance of L¥™™ at low z for all M, considered
and the increase in the non-thermal contribution with increas-
ing z. Therefore, especially at higher redshifts, one needs to be
careful when shifting the observed spectrum to the rest frame
for extracting the value of L 4 due to the change in the spectral
slope.

The slope of LY™™ resulting from our model depends
mostly on the slope of the proton injection spectrum acg. It can
be estimated* as —(acg — 1)/2 = —1.0 for acg = 3.0, although
there can be effects on the slope from the electron energy losses
that contribute differently at different frequencies. However, the
reference model results in a scaling of synchrotron emission
close to o« v~!0 as indicated in Fig. 5. Therefore, the result-
ing spectrum L, at v = 1.4GHz is steeper than the assump-
tion used in the analysis of Delvecchio et al. (2021), which is
L, o« v"%7 We show the results of power-law fits (with a fit-

ting range of 0.43—4.5 GHz) of the model spectra to both L™"°
and L, at v = 1.4GHz in the lower panel of Fig. 6. There, a
clear dependence of the power law index @4 on M, is demon-
strated. We note that a dependence of the slope of radio spectra
on the SFR, which in our model is coupled to M., has also been
seen in observations (Tabatabaei et al. 2017; Klein et al. 2018).
Furthermore, Fig. 6 shows the significant flattening of the radio
spectra at v = 1.4 GHz in high-mass galaxies due to the increase
in the thermal contribution. We note, however, that the oppo-
site trend has been reported from observations (An et al. 2021;
Heesen et al. 2022), where radio spectra become steeper with
increasing SFR, namely, increasing M,.. The discrepancy could
be caused by the fact that we do not model the escape of CR
electrons through galactic winds. Another caveat of our refer-
ence model is that it produces a thermal fraction at z = 0 at least
an order of magnitude smaller than the observed fraction in local

4 The spectral synchrotron emission j2™" is given in Eq. (30) and is
proportional to the emission ji-" that corresponds to electrons with
a fixed Lorentz factor y. and the number of CR electrons at a given
energy, Ne(ye), times y.. From Eq. (28), which holds for a homoge-
neous magnetic field, we see that jiﬁfh o v/y? and from Eq. (22) that
Ne(ye) oc y2 "R, if the total cooling timescale does not depend strongly
on 7. Therefore, ™" o y/y2cR*! Using Eq. (32) for the estimate of
the energy that contributes mostly to the emission at a given frequency
gives e o v'/2 and therefore /™" o y~@cx=D/2_ For an inhomogeneous
magnetic field deviations from this scaling can be expected.
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Fig. 6. Analysis of radio spectra at v = 1.4 GHz. The top panel shows
the ratio of non-thermal (L?:CGhHZ) and thermal emission (LT, ) as a
function of redshift. The gray horizontal line indicates a thermal frac-
tion of 10% which is typically observed in local galaxies. The bottom
panel shows the result of a fit of the total radio luminosity (L,) and the
synchrotron component (L") to a function f(v) « v~i4. The fit is
performed around v = 1.4 GHz.

galaxies of ~10% (Tabatabaei et al. 2017). More details on this
are shown in the upper panel of Fig. 6. With increasing redshift,
however, the reference model produces higher thermal fractions.

Next, we compare the radio emission at vops = 1.4 GHz and
to the IR emission obtained from Eq. (48). In the top panel of
Fig. 7, we present the output of the reference model and compare
it to the Molnar et al. (2021) data set of local sources. As indi-
cated by the color of the large dots, the model predicts low mass
galaxies to be located in the low luminosity end of the observed
correlation and high mass galaxies in the intermediate/high lumi-
nosity end. The trend of the observed correlation as well as the
absolute value are in good agreement with our model at z = 0.
The extensive catalog of low-redshift star-forming galaxies pre-
sented by Molndr et al. (2021) indeed reveals a nonlinear IRRC
with a slope of 1.11 + 0.01. When fitting our model at z = 0 with
the following function:

o0 <) = m oo HE )
\w Hz! W\375%102W/)

we find a slope of m = 1.03 £ 0.01 and b = 2.92 + 0.10. We
note that for m = 1, b = g. The correlation resulting from our
model is, therefore, similar to the observed correlation, namely:
it is close to linear. The fit to the model is presented as a black
line in the top panel of Fig. 7. In Appendix D, we present fits
to the function (50) for the modelled IRRC at 0 < z < 5. To

(50)
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Fig. 7. Radio luminosity L;4 as a function of the IR luminosity Lig.
Top: solid dots show the result using the default parameters of the model
(with acr = 3.0). The different colors are models with different stellar
masses M,, according to the color bar. The data in the background are
local observations of Molnér et al. (2021). The lines show the results of
different fits to the reference model (see Eq. (50)). The model predic-
tions for different cosmic ray spectral indexes, acg = 2.8 and acg = 3.2,
are shown for comparison. Bottom: model predictions for L; 4 and Lig
for ack = 3.0 at different redshifts as indicated but the marker size
(smallest to biggest: z = 0-5). Different symbols indicate different
treatments of absorption (circles: face-on observation, diamonds: edge-
on observation).

illustrate the dependence of the model on the free parameters,
the results for changing acgr, while using the reference values
for all other free parameters, are presented in Fig. 7. We find that
varying acg between 2.8 and 3.2 captures the entire observed
scatter of the IRRC. However, changing other free parameters,
like fg and acr, has a similar effect on the resulting IRRC.
The systematics of the free parameters will be analyzed in detail
in Sect. 3.2.

In the bottom panel of Fig. 7, we show the evolution of
the luminosities with redshift, as indicated by the increasing
size of the markers. With increasing redshift, both ;4 and
Lig increase in our model, but the correlation remains con-
served. Even at the highest redshift considered in this plot,
z = 5, only small deviations from the correlation can be seen
for high-mass galaxies (see the symbols of the largest size).
Here, the correlation becomes more nonlinear; for details, we
refer to the discussion on nonlinearity in Appendix D. Further-
more, there is no dependence on the line of sight for the red-
shift range presented in Fig. 7. This is not surprising because

the only way differences between face-on and edge-on cases can
arise in our current model is through free-free and synchrotron
self-absorption processes, namely, opacity differences arising
from different path lengths. Stronger variations with respect to
the line of sight can be expected in models that account for
cosmic ray transport and ordered large-scale magnetic fields,
which is beyond the scope of the present study. Since there
seems to be no dependence on galaxy orientation up to z = 5,
we use the face-on assumption as the default unless indicated
otherwise.

In Fig. 8, the redshift evolution of g for the reference
model is directly compared to the AGN-corrected observations
of Delvecchio et al. (2021). Generally, there is an agreement
between model and observation: With the exception of galax-
ies with low M,, the value of ¢ is nearly independent of red-
shift, but there is a spread of g for different masses. As for the
observed data set, our reference model results in a spread of g
from g ~ 2.4 for M, ~ 10" Mg, up to, for z < 2, ¢ ~ 3.2 for
M, ~ 1035 M. We note that in the z = 0—1 range, the spread
of g vanishes for masses of M, = 10'© M, which is also seen in
the observation. Towards the highest z shown in Fig. 8 the spread
between different masses becomes larger. We note that the 1-o
uncertainty regions (as indicated by the shaded regions in the
top panel of Fig. 8), caused by uncertainties in the input empiri-
cal relations, are barely overlapping. Even at low stellar masses,
where the error bands are the largest, we find a systematic trend
of g with M,.. This strengthens our conclusion that the IRRC is
indeed dependent on the stellar mass (see also the comparison to
M, -agnostic observations of the IRRC in Appendix E. Finally,
it is worth mentioning that our model predicts different redshift
dependencies of ¢ for different values of M,. This is in con-
trast to the fitting formula used in Delvecchio et al. (2021), who
report the same redshift dependence of (1 + z)~9%3 for the mass
bins 10.5 < logy(M«/My) < 11 and 11 < log,((M,/My) < 12.
Deeper radio and IR observations, and complete input galaxy
samples, capable of homogeneously probing all stellar masses
M, >10° M, over a larger redshift range, are required to estab-
lish the true level of complexity present in the mass dependence
of the IRRC out to higher redshift.

3.2. Dependence model parameters

So far, we have discussed the results of the reference model
for which all free parameters have been fixed to values that are
listed in Table 1 and that produce ¢(z, M,) curves that are in
good agreement with the observed IRRC. However, some of the
free parameters in our model are not well constrained and a
systematic exploration of the parameter space is required. The
goal of this section is to analyze the sensitivity of the model
to the various free parameters and to identify the most crucial
dependencies.

3.2.1. Ratio of synchrotron to free-free emission

In Fig. 8, we show that in the reference model, the spread of g
with respect to M, increases with increasing z. This might be
caused by the transition from the dominance of nonthermal to
thermal emission (see Figs. 5 and 6). With model series A (see
Table 2), we tested the role of the ratio of free-free to synchrotron
emission in the dependence of g on M, This series includes the
reference model plus eight models in which the magnetic field
strength and the ionization degree are changed systematically.
The magnetic field strength determines the synchrotron flux and
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Fig. 8. g parameter as defined in Eq. (1) versus redshift z. Top:
lines show the results of our reference galaxy model and the stars
with grey contours are observations (AGN-corrected values from
Delvecchio et al. 2021). Colors refer to different stellar masses M, as
indicated by the color bar. For solid lines the galaxies are observed face-
on and for dashed lines edge-on. Shaded regions indicate the standard
deviation. Bottom: difference between the observed values of g.ps and
the corresponding model predictions gmeq. The errors include only the
uncertainties of the observational data.

is controlled by the parameters fg and fu, (see Eq. (14)) and
the ionization degree fi,, determines the free-free emission (see
Eq. (37)).

In the individual panels of Fig. 9, we present g(z, M,.) for
different values of fg, fuub, and fion. The reference model is
presented in the center panel. From left to right the magnetic

field strength increases as we increase the value of f];/ 2 fnllf g. As
expected, with smaller B the g(z) curves move up, because L 4
decreases. Additionally, we find that the dependence of g(z, M)
on M, becomes stronger as ];/ 2 fnlli g, namely, the magnetic field
strength decreases.

From bottom to top, we show models with different val-
ues of the ionization degree. Lowering fi,, affects the g(z, M)
mostly at higher redshifts as expected. Generally, we find that
the g(z, M, ) curves tend to become closer again at high z, if the
value of fio, is higher. In conclusion, the dependence of g(z, M)
on M, seems to be stronger if the radio flux is dominated by
synchrotron emission.

3.2.2. CR model

Our cosmic ray model includes several assumptions and param-
eters that are not very well constrained. Therefore, we explored
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Fig. 9. g parameter as a function of redshift, z, for galaxies with differ-
ent stellar mass, M, as given in the colorbar. The reference model com-
pared to the observed data set of Delvecchio et al. (2021) is presented in
the middle panel. In panels from left to right, the magnetic field strength
in the model is increased; see the discussion around Eq. (14) for the
parameters fz and fi,,. From bottom to top, the ionization degree is
increased via the parameter f,,, which affects the free-free emission;
see Sect. 2.3.2.

the dependence of our model on these parameters in series B
(see Table 2). In particular, we changed the value of f; fcr/ fsec,
which determines the number of CR protons O, (see Eq. (17)).
The number of CR electrons which ultimately produce the syn-
chrotron emission depends on Q¢ but also on the cooling time
scale, and the slope of the injection spectrum acr (see Eq. (15)).
As discussed before, the slope acr is strongly connected to
the slope of the radio spectrum. In series B, we changed both
Jrfcr/ fsee and acr systematically to explore the effect of the
key parameters of the CR model.

The dependence of g(z, M) on the number of CR protons
and the slope of the injection spectrum is presented in Fig. 10.
Again, the reference model is shown in the center panel of
the figure. For both, decreasing the slope of the CR injection
spectrum and the total number of CR protons leads to a shift
of the g(z, M) curves toward lower values. The origin of the
decrease in g(z, M) for an increase in the total number of CR
protons is trivial since more CR protons imply more CR elec-
trons and, therefore, more synchrotron emission. For a steeper
Ne(ye) spectrum, Ne(yg™) is smaller, which implies that there
are fewer electrons to emit synchrotron at vy, = 1.4 GHz.
Hence, the radio emission, L; 4, decreases for an increasing acr
and consequently g increases. We do not find significant changes
in the overall shape of the g(z, M,) curves; namely, there is no
change in the M, and z trend and only the absolute values are
shifted. We note that Fig. 10 indicates that in our model, increas-
ing the total number of CR protons has a very similar effect to
flattening the CR injection spectrum.
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Fig. 10. g parameter as a function of redshift, z, for galaxies with dif-
ferent stellar mass, M,, as given in the colorbar. The reference model
compared to the observed data set of Delvecchio et al. (2021) is pre-
sented in the middle panel. From left to right, the slope of the CR injec-
tion spectrum gets steeper via the parameter acg; see Eq. (15). From
bottom to top, the number of CR protons in the model is increased via
the parameters f;, fcr, and fec; see Eq. (22).

3.2.3. Galactic radius and scale height models

In this section, we present the dependence of the resulting IRRC
on our models of the galactic radius Ry, and scale height Hyy.
The default evolution is given in Eqs. (4) and (5), however, in
series C and D we test alternative scenarios.

The results for series C are presented in Fig. 11, where
the strong effect of ag, on the spread of the g(z, M) is evi-
dent. While our reference model (agy = 0.05) reproduces the
observed data best within the uncertainty regime, lower values
of ag, result in a stronger M, dependence of g. For stronger
scaling of Ry, with M, for instance, for ag, = 0.1 the g(z, M)
curves are closer together.

The model for Hg, seems to affect the resulting g(z, M) less,
at least for the scenarios we present in Fig. 12. In the upper panel
of Fig. 12, a scaling of Hg, with the galactic radius is assumed
and appears to result is a similar scaling of g(z, M, ) as the refer-
ence model, even though the M, dependence at z = 0 is slightly
stronger for the models with Hgy o Rgy. Therefore, at low z,
the reference model is closer to the observed data. A scaling of
Hygy o (1+7)is presented in the lower panel of Fig. 12, results in
a good agreement with observations at intermediate redshifts. At
high z, however, the g(z, M, ) curves increase faster for galaxies
with small M, if Hgy o (1 + 2).

3.3. Extrapolation to high redshift

The reference model describes the observed IR-radio correla-
tion well up to the maximum redshift of z = 4. In principle, the
model can be extrapolated to redshifts beyond that. However,
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207 .. agal = 0.10
1.8 T T T T
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Fig. 11. Different dependence of the galactic radius on stellar mass (by
variation of ag,, see Eq. (4)) compared to the reference model (@, =
0.05).
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Fig. 12. Different models of the galactic scale height H,, compared
to the reference model. Top: Hg, scales with the characteristic galactic
radius Ry, as modeled in Eq. (4). Bottom: model in which Hy, increases
with redshift.

we note that some of the input scaling relations for the model
as well as the assumption of well-settled, double-exponential
disks might break down at extreme z and therefore the results of
this section are rather speculative. We note, however, that early
observations with the James Webb Space Telescope (JWST)
reveal that disk galaxies dominate the population even at z > 1.5
(Ferreira et al. 2022).
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Fig. 13. Extension of the reference model to high z.

Another assumption that will break down at high redshifts
is the saturation of the small-scale dynamo. While the kinematic
phase is very short (Kazantsev 1968; Kulsrud & Anderson 1992;
Rogachevskii & Kleeorin 1997; Schober et al. 2012b), at z > 4
the dynamo could still be in the nonlinear stage. In this phase
(Beresnyak 2012), saturation is reached at the smallest length
scales of the turbulent inertial range and there is an inverse cas-
cade of magnetic energy to larger scales. Semi-analytical mod-
els by Schober et al. (2013) predict that the dynamo saturates on
time scales of 4—270 Myr, depending on the driving mechanism
of turbulence.

In Fig. 13, the g(z, M) curves are shown up to z = 10.
The redshift and mass dependence predicted by our model does
not significantly change at higher z. However, with absorp-
tion processes becoming more relevant in high-z galaxies, the
observed radio flux depends on whether the galaxy is face-on
or edge-on. For galaxies with high M,, this orientation effect
becomes important at z > 6. We note, however, that our model
only includes orientation effects for the radio emission. A more
detailed model of the IR emission that takes into account the dust
absorption/emission with respect to the orientation of the disk
might affect the high-z evolution of ¢ (see also Li et al. 2016, for
an observational study of the difference between the IR-to-radio
luminosity ratio in local face-on and edge-on galaxies).

The interesting trends predicted by the model at 6 > z > 8
will be testable in the near future. Based on the currently pro-
posed SFR-L;,4 calibrations for galaxies at intermediate and
high redshift, objects with SFR in the range ~5—10 M, yr~! are
expected to be detectable at z ~ 6 in the deepest future Square
Kilometre Array (SKA) continuum surveys (using the parame-
ters of the Square Kilometre Array (SKA) continuum reference
surveys as outlined in Prandoni & Seymour 2015). For z ~ 6
main sequence galaxies (e.g., Duncan et al. 2014; Salmon et al.
2015), this would imply an accessible stellar mass range of
25 % 10° M.

4. Discussion

4.1. Novel interpretations of the IRRC with our
semi-analytical model

The strength of a simplified galaxy model as presented in this
paper is that it allows for an exploration of a large parameter
range and tests of different scenarios of galaxy evolution. This
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makes it possible to identify the underlying physical processes
behind observed correlations, such as the IRRC.

The dependence of the IRRC on stellar mass, M,, for
instance arises from the empirical input relations (see Sect. 2.1)
that make up the foundation of our model. The SFR rate in
Eq. (2) that is used as an input is not a simple power-law, but
the M, dependence can be roughly approximated as M, o
M98, Therefore the gas mass, as given in Eq. (3) scales as
Mgy o« M9%. Together with Ry o M.*' (Eq. (4)) and
Hgy o< Ry (Eq. (5)), the gas density (Eq. (8)) scales as

0.65-30, . .
Ngas ~ Mgas/(Rza]Hgal) o« M, ", This results in a scal-
1/6

ing of the magnetic field strength of B o« (ignHgal) 1 3ngd1S oc

2.25-g)/6 . .
Mi )/ , where we use gy oc M /Vga1. The number of cos-

mic ray electrons as a function of the Lorentz factor is given
in Eq. (22). For synchrotron emission, the number of cosmic
rays with a Lorentz factor yJ®* is relevant. This number is
Ng™ ¢ Qpo(ye ™) *R1e. For our model, we find that Qo o

MO8 and ™ o M0 while the CR cooling time, e,
is domlnated by dlfferent processes for different stellar masses.

In low-mass galaxies and low-to-moderate redshifts, typically

=0.57+1.75a ,
Te = Tsynch & M, &

—0.84%3.595

; whereas for high-mass galaxies,

Te = Tion < M, . Therefore, we find

0.23+0.19ack +1. 750 —0.90%crag g0 galaxies

for high mass galaxies.
(S

The 1.4GHz emission can then be estimated as Li4 o

SynChRéangal, assuming that it is dominated by synchrotron

max *
N o { 00440190k +3.599-0.59ack g
*

emission. According to Eq. (30), we have j¥™" o« B N™>* and
we find the following for the regimes with different CR coohng
channels:

0.61+0.19acr +3.58@ga1—0.59acr @gal for low mass galaxies
b

for high mass galaxies.
(52)

*
Ly { g034+0-190ck +5.42050-0. S9acr
*

For our reference model with ag, = 0.05 and acr = 3, we find
Ligoc MLY% and Ly 4 o« ML for low- and high-mass galaxies
respectively. Therefore, in both cases, radio emission increases
more strongly with M, than the IR emission that scales as Lz «
M, o< M9® (see Eq. (48)). Hence, we expect ¢ to decrease with
increasmg M,.. This trend is consistent with the results of the
full model presented in this work and is, for instance, presented
in Fig. 8. Additionally, we expect the dependence of g on M, to
be less if @y is larger, which can also be seen in Fig. 11.

Calculations with the full model, which are presented in
Sect. 3, are needed to understand the detailed dependence of ¢
on M, and z. In particular, the contributions of free-free emis-
sion and different cooling mechanisms of cosmic ray electrons
cannot be included in a simple estimate as discussed in the pre-
vious paragraph.

4.2. Comparison to other models for the IRRC

The first attempts at understanding the observed IRRC were
one-zone models. The so-called calorimeter theory by Voelk
(1989) was based on the assumption that CR electrons lose
their energy via synchrotron emission before escaping the galaxy
and that the galaxy is optically thick in the UV, such that
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emission by young stars is absorbed by dust and re-radiated
in the FIR. This calorimeter model results in a tight IRRC
but the slope of the radio spectra is too steep in compari-
son to observations. Non-calorimeter one-zone models were
subsequently proposed (Niklas & Beck 1997; Lacki et al. 2010;
Schleicher & Beck 2013; Schober et al. 2016), but they have
generally needed to be finetuned to maintain the tightness of
the IRRC. For example, in the non-calorimeter model proposed
by Lacki et al. (2010), the efficient cooling of CR electrons
decreases radio emission. To maintain a tight IRRC, the decreas-
ing radio emission is either balanced by the decreasing FIR emis-
sion in lower surface density galaxies or by secondary CRs and
the dependence of synchrotron frequency on energy in starbursts.
However, the predicted spectral slopes by Lacki et al. (2010) are
still in conflict with observations, even if such one-zone models
include a large number of free parameters.
To model more realistic galaxies and to better understand the
underlying physics of the IRRC, Vollmer et al. (2022) developed
a 1D model of turbulent clumpy star-forming galactic disks,
including a recipe for the nonthermal radio continuum emis-
sion. They conclude that the observed SFR-radio correlation
can be reproduced by their fiducial model in a reasonable way
(within ~407). However, the mass range of the model galaxies
in Vollmer et al. (2022) is not broad enough to explore a mass
dependence of the IRRC. This is a central advantage of the
model we present in this study and ultimately allows us to inter-
pret the observations by Delvecchio et al. (2021).

1D models are still significantly simplified in comparison to
real galaxies and therefore other authors have chosen to sim-
ulate individual galaxies in detail, with the goal of identifying
the origin of the IRRC. Werhahn et al. (2021) is one the first
studies that used 3D magneto-hydrodynamical (MHD) simula-
tions of isolated galaxies including a self-consistent evolution
of the CR proton energy density. In post-processing, they cal-
culate the steady-state spectra of CR electrons to estimate the
radio luminosity. Werhahn et al. (2021) confirmed the findings
of Lacki et al. (2010) and, in particular, revealed that the increas-
ing bremsstrahlung and Coulomb losses at high gas surface den-
sities is almost exactly counteracted by an increasing contri-
bution of secondary radio emission with increasing M,. In a
companion study, Pfrommer et al. (2022) showed that the global
IRRC is indeed connected to the saturated stage of the small-
scale dynamo. The approach via full 3D MHD-CR simulations
exhibits fewer free parameters and thus can be considered to
be more predictive than one-zone models. However, such sim-
ulations are computationally expensive and are not suitable for
exploring a large parameter space, unlike models such as the one
presented in this work.

4.3. Weaknesses of the semi-analytical approach

With the model proposed in this paper, we can explore the param-
eter space at low computational costs. However, the galaxies
are modelled in a very idealized way. They are characterized
by exponential density profiles, but lack spiral arms, bulges,
and a multi-phase interstellar medium. In the evolution of the
galaxies, neither accretion nor merging events are taken into
account directly. Full 3D simulations of galaxies as presented by
Werhahn et al. (2021) and Pfrommer et al. (2022) are much more
suitable for exploring the role of detailed galaxy properties.
Instead, we used observed scaling relations to model the
global properties of the galaxies. However, these might break
down at extreme redshift. This might be also the case for the
assumed scaling relation in Eq. (48), which we used to esti-

mate the IR luminosity; in particular, if the dust properties in the
early Universe differ from those of the local galaxies. We note
that IR emission may be modified not only with a change in the
dust density, but also through temperature variations, changes in
metallicity, and a change in sources for the ISM heating as well
as the details of radiative transfer physics. An expansion of our
model by a description of the IR emission that goes beyond an
observed scaling relation could therefore be very insightful. On
the other hand, such an extension of the model would imply a
larger number of free parameters.

Another central ingredient of synchrotron emission is the
cosmic ray model, in which we assume steady-state and neglect
diffusion and propagation effects. Since the distribution of CRs is
homogenous and follows the distribution of the gas and the SFR,
face-on and edge-on views result in similar radio luminosities.
This effect is enhanced by our assumption of isotropic magnetic
fields that are not composed of small-scale and large-scale com-
ponents.

Our galaxy model is based on a simplified model of a star-
forming galaxy that is described by a set of free parameters (see
the yellow boxes in Fig. 1). A combination of free parameters
that results in ¢ parameters that are comparable to the observed
values by Delvecchio et al. (2021) is listed in Table 1 and makes
up our reference model. In Figs. 9, 10, and 12, we show how
the model curves change when the respective free parameters
are changed individually. We go on to consider a galaxy popula-
tion in which the free parameters vary. In particular, we consider
fturb, fCR’ fBa fm fseCs fiom and f;lSRF’ which have average val-
ues that match the one of the reference model but are assumed
to vary up to +25% within a population of galaxies. The result-
ing error bands are presented in the top panel of Fig. 14. The
one-sigma error bands are overlapping, nearly washing out the
dependence of g on stellar mass M,. We note, however, that a
covariance between some of the free parameters in our model
can be expected and therefore, the error bands in Fig. 14 are
likely to be overestimated. Nevertheless, this analysis, in addi-
tion to the results presented in Figs. 9, 10, and 12, demonstrates
that a fine-tuning of our model is required to describe the obser-
vation by Delvecchio et al. (2021).

A final obstacle when comparing with the observational data
from Delvecchio et al. (2021), is the fact that they used a con-
stant spectral slope of @; 4 = 0.75 in their analysis. In our model,
however, « 4 is not an input parameter, but an output that mostly
depends on the slope of injection spectrum, acg, but also on the
thermal to non-thermal ratio. If we use our reference model, but
lower the value of the acr such that a4 ~ 0.75, the g(z) curves
decrease significantly (see the trend in Fig. 10). The decrease in
q(z) with decreasing acg is caused by an increase in the number
of cosmic ray electrons with energies E7** (see Eq. (33)) that
lead to synchrotron emission at 1.4 GHz. If, in addition, a dis-
tribution of a4 is considered, an additional uncertainty arises.
The strong dependence of the radio luminosity on @cgr can be
seen in the top panel of Fig. 7, where acr is only varied between
2.8 and 3.2, implying 0.9 < @14 < 1.1, but the resulting L; 4
captures the entire observed scatter. Therefore, the input param-
eter acr, alongside the efficiency of the dynamo, fg, and the
efficiency of cosmic ray production fcg, are the key parameters
that determine the value of g(z). To approximately reproduce an
observed scatter of 0.4 < a;4 < 1.3 (see e.g., Tabatabaei et al.
2017), we then used our reference model with a galaxy popula-
tion that includes members with parameters 1.75 < acr < 3.25.
The resulting uncertainty in the g(z) curves is large, as can be
seen in the lower panel of Fig. 14, and the g(z) curves are lower
than the observed values.
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Fig. 14. Model predictions for galaxy populations in which the free
parameters have a range of values. Top: model predictions for a galaxy
population, which on average has the parameters of our reference
model, but in which fiuw, fer, /B> frs feees fion and fasrr vary randomly
with up to +25% scatter around the default values. Botfom: model pre-
dictions for a galaxy population with parameters that match the ones
of of the reference model, except for the value of acgr. Here, a galaxy
population with 1.75 < acgr < 3.25 is considered which results in
0.4 <ayq4 S 1.3.

4.4. Potential extensions of the model

There are several potential extensions of the galaxy model. For
instance, a model for clumping of the density field could be
implemented or a redshift evolution of various galaxy prop-
erties, such as the small-scale dynamo efficiency, the ioniza-
tion degree, or the dust temperature. Furthermore, it would be
possible to consider distributions of galactic radii and scale
height at a given z to obtain an estimate for errors of g(z, M,).
However, since our current idealized galaxy model is successful
in explaining the observed IRRC, adding further free parameters
to the model is not necessary at present.

5. Conclusion

In this study, we modeled the radio and infrared emission of
idealized galaxies with the aim of understanding the origin of
the IRRC and, in particular, its evolution across cosmic history.
While our semi-analytical galaxy model includes a list of free
parameters, the focus lies on how these underlying model param-
eters vary with two physical galaxy properties (assuming that the
model galaxies follow the scaling relations for main sequence
galaxies): stellar mass, M., and redshift, z. Our approach is sum-
marized as follows. In the first step, global aspects of the galax-
ies, namely, the scale height, radius, gas mass, and star formation
rate, are estimated from observational correlations. Then a 3D
distribution of the interstellar gas, the SFR, as well as the mag-
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netic field, the thermal and non-thermal electron population is
constructed that allows us to calculate the galactic radio emis-
sion. Finally, absorption processes that depend on the line of
sight of the observation are included.

The model reproduces the observed dependence of the IRRC
on M, and z by Delvecchio et al. (2021) well. The best working
model requires a fraction of 5% of the SN energy to be converted
into turbulence and 10% of that being converted to magnetic
energy by a turbulent dynamo. This results in a magnetic field
strength in the core of the galaxy of 10°°—10'° uG at z = O up to
10'2-10%3 uG at z = S for galaxies with M, = 1039—-10"" M,
respectively. Then the observed trend of ¢, with values of g ~ 2.8
for M, = 108> My and g ~ 2.4 for M, = 10" M, and vanishing
dependence on z can be reproduced, if *4% of the SN energy is
converted into CR protons; see Fig. 8.

We used our model to explore the effect of varying galaxy
properties on the evolution of g with z systematically. In particu-
lar, we find that increasing the ionization degree, which implies
an increase in the free-free emission, only affects galaxies with
high stellar mass. Minor modifications of the g(z, M,) curves
when changing the ionization degree between fi,, = 0.05-0.2
can only be seen for galaxies with M, = 10'! M. Increasing the
magnetic field strength, by varying the efficiency of the dynamo
with the parameters fg and fim, shifts the g(z, M,) curves to
lower values while weakening the M, dependence (see Fig. 9).
Naturally, the g(z, M) curves also depend on the free parame-
ters of the cosmic ray model. More cosmic rays, namely, larger
values of fcr, shift the g(z, M) curves to lower values since
the synchrotron luminosity increases (see Fig. 10). The g(z, M)
curves also move down when the slope of the CR injection spec-
trum acg is decreased. The latter effect is caused by the fact that
the CR population consists of fewer electrons with the charac-
teristic energy for synchrotron emission at v = 1.4 GHz and the
typical galactic magnetic field strengths when the injection spec-
trum is steeper.

The semi-analytical galaxy model presented in this paper is a
powerful tool for testing different scenarios of galaxy evolution
and, in particular, for efficient exploration of the free parameter
space. This is the central benefit of such a phenomenological
model compared to high-resolution (magneto)hydrodynamical
simulations. Comparison between the model predictions with
currently available data sets allows us to constrain parameters of
galaxy evolution and the dynamics of the magnetized ISM. For
instance, it can be used to test turbulent dynamo theory across
galaxy evolution. Finally, our model allows for the construction
of arobust and physically motivated radio-calibration of the SFR
that can be employed for current and future ultra-deep radio sur-
veys with the Square Kilometer Array and its pathfinders.
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Appendix A: Radial profiles

In Fig. A.1, the radial profiles of the gas density ng,s and the
magnetic field strength B are presented. The figure shows the
result for the reference galaxy model.

We note that the radial profiles of the magnetic field strength
in our model show certain dissimilarities compared to obser-
vations of non-thermal radio emission in star-forming galaxies.
Observed profiles are naturally more complex than an exponen-
tial profile. For example, Beck et al. (2020) reported that the

radial variations of radio intensities peaks of M51 between a
radius of 8 and 12 kpc, but their scale lengths differ and are on
the order of 3 — 4 kpc, depending on the fitting range.

For a better agreement with the observed profiles, our model
would need to be extended. First of all, the transport of cosmic
ray electrons needs to be implemented, which is challenging.
Also, an extension of the magnetic field model would be needed,
potentially in the form of a dynamo efficiency factor, fp, that
depends on the distance from the center of the galaxy.
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Fig. A.1. Radial profiles of the gas density ng, and the magnetic field strength B. For comparison the CMB equivalent field strength Bcyg is
shown. Grey vertical lines indicate the characteristic radius Ry, i.e., they enclose 2Rg,;.
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Appendix B: Model for the interstellar radiation field

For the thermal interstellar radiation field, we employed a model
that includes both a stellar contribution as well as the cos-
mic microwave background (CMB). To this end, we follow
Schleicher & Beck (2013) and scale the energy density of the
ISRF with the SFR in a given galaxy:

5K
uisrr(M, 2) = 15 3h3 Tewms(2)*
10120 My (M, 2)Rgu(Mx, 2) ™ B.1)

cm? 0.3 Mg kpc2yr-!

We note that we have made the assumption that the SFR surface
density is given by M, (M,, DRt (M, 7)~2. The CMB tempera-
ture evolves with redshift as Tcyg = 2.73(1 + 2) K.

To mimic a stronger radiation field in regions where the SFR
is higher, we multiply equation B.1 by a dimensionless weight-
ing factor :

5k4

uisRF(M o, 2, X1, X2, X3) = am Tewms(2)*
_perg M (M, 2)Rga(M,,2)™?
+10
cm? 200

X w(xy, X2, X3). (B.2)
For the typical SFR surface density of a MW-like galaxy we use
2.0 = 0.3 My kpc=2yr~!. The function w(x;, X2, x3) has the same
spatial dependence as the SFR density:
NSFR
)] {(B.3)

(x%+x§)'/2] ( X3
Rgal

and the default value of fisrr is chosen such that the w(xy, x3, x3)
has a value of 1 in the center of the galaxy, namely, fysgr = 1.

w(X1, X2, X3) = fySRE [GXP (—
gal

Appendix C: Dependence on resolution and box
size
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Fig. C.1. Rest-frame 1.4 GHz luminosity L, 4 for different box sizes
L and resolution R. Here, the default model (see Table 1) of face-on
galaxies is used and a convergence analysis at different redshift z and
stellar mass M, is present as given in the labels.

In this section, we discuss the numerical convergence of our
results and justify the default values of spatial resolution R and
box size L.

The 3D model of the galaxy is set up on a grid and we assume
that the gas density has a double exponential profile (see Eq. 6).
The quantities relevant to the radio emission, such as the mag-
netic field strength and the cosmic ray density, are coupled to
the gas density and therefore also decrease exponentially with
increasing distance from the center of the box. For results that
are independent of the numerical model, the value of L needs to
be at least larger than the effective radius and scale height, Rgy
and Hg,, of the galaxy. There can be, however, significant con-
tributions coming from radio emission at radii larger than Rg,;.
The default value in our study is L = 10Rg,.

The result of the convergence study is presented in Fig. C.1.
There, we plot the value of L; 4 for face-on galaxies with differ-
ent stellar masses and redshifts. The resolution is increased from
R = 15 to R = 200. Different sizes of the numerical domain,
namely, L = 5Rgy, L = 10Rg,, and L = 15Rg,, are presented
by different colors. The small box sizes converge at the lowest
resolution, but generally converges can be expected for R > 100.

Appendix D: Nonlinearity of the IRRC
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Fig. D.1. Results for the fits in the IRRC obtained from the reference
model to the function (50). The fitting parameters, m and b, are pre-
sented as a function of redshift z.

The result for fitting the modeled IRRC at different redshifts
with the function given in Eq. 50 is presented in Fig. D.1 for
the reference model. In agreement with the observational study
of Molndr et al. (2021), we find that the IRRC is slightly non-
linear at z = 0. The nonlinearity, that is, the value of the slope
m, increases slightly up to z ~ 1 but decreases at z > 1. Strictly
speaking, a linear IRRC is never obtained from our reference
model for 0 < z <5.
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The fitting parameter b is found to increase up to z ~ 2.5 and
decreases for higher z. This parameter would correspond to g, in
the case of a linear IRRC, i.e. for m = 1.

Appendix E: Comparison to M, -agnostic
observations of the IRRC

The aim of this study is to understand the origin of the depen-
dence of the IRRC on both redshift z and stellar mass M,.
To our knowledge, the first observational study on these dif-
ferent dependencies was presented by Delvecchio et al. (2021)
and we compare our phenomenological model to their data set.
However, an extensive amount of literature on the evolution of
the IRRC on z exists and we present the comparison between
other, M, agnostic, observational studies with our model in this
appendix.

In Fig. E.1, our reference model is compared to results
from different studies in which the stellar mass dependence
is not explicitly considered (Bell 2003; Magnelli et al. 2015;
Delhaize et al. 2017; Ocran et al. 2020; Sinha et al. 2022) as
well as with the Delvecchio et al. (2021) data. At z = 0, obser-
vational results presented in Fig. E.1 agree well with both
the Delvecchio et al. (2021) data and our reference model. For
increasing z, the majority of observational studies predict a
decrease in g. This can be interpreted as an observational bias
caused by the fact that galaxies with smaller M, fall below the
sensitivity limit at lower z compared to more massive galaxies.
This leads to an increase in the average M, in a given galaxy
sample with z and, according to our model, to a systematic
decrease in the average ¢ value.
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Fig. E.1. Comparison of the (face-on) reference model with other
observational results that do not include the dependence of g on the
stellar mass. The lines of the observational relations are shown over the
redshift ranges of the individual data sets. The short vertical line at the
q axis indicates the value of ¢ = 2.64 + 0.02 obtained by Bell (2003)
from observations of local star-forming galaxies.
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