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ABSTRACT
The assessment of the relationship between the radio continuum luminosity and the star
formation rate (SFR) is of crucial importance to make reliable predictions for the forthcoming
ultra-deep radio surveys and to allow a full exploitation of their results to measure the cosmic
star formation history. We have addressed this issue by matching recent accurate determinations
of the SFR function up to high redshifts with literature estimates of the 1.4 GHz luminosity
functions of star forming galaxies (SFGs). This was done considering two options, proposed in
the literature, for the relationship between the synchrotron emission (Lsynch), that dominates at
1.4 GHz, and the SFR: a linear relation with a decline of the Lsynch/SFR ratio at low luminosities
or a mildly non-linear relation at all luminosities. In both cases we get good agreement with the
observed radio luminosity functions but, in the non-linear case, the deviation from linearity
must be small. This confirms the existence of a tight connection between radio luminosity
and SFR but implies that better data are necessary to accurately determine the parameters of
their relationship. The luminosity function data don’t show unambiguous evidence of a
variation of the relationship with redshift, but are consistent with a moderate increase
of the Lsynch/SFR ratio with increasing redshift, indicated by other data sets. A stronger
indication in this direction is provided by recent deep 1.4 GHz counts, down to µJy
levels. Our results imply that the efficiency of the inverse Compton cooling of relativistic
electrons at high redshifts is much lower than envisaged by some models. Synchrotron
losses appear to dominate up to z ≃ 5. We have also updated the Massardi et al. (2010)
evolutionary model for radio AGNs and compared it with observational determinations of
their luminosity function at several redshifts, finding a good agreement. This lends support
to the basic assumptions of the model and, in particular, to its description of downsizing for
steep-spectrum radio AGNs.
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1 INTRODUCTION

In the last several years deep radio surveys reaching sub-mJy de-
tection limits have been emerging as a powerful tool to investigate
the evolution with cosmic time (or redshift) of star forming galaxies
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(SFGs), of Active Galactic Nuclei (AGNs) and of their mutual in-
teractions. This is because the radio emission is not affected by dust
obscuration and has straightforward K-corrections, thanks to the
simple power-law shape of the spectra. On the other hand, the fea-
tureless radio spectra do not provide redshift information. This lim-
itation has been overcome by surveys down to tens of µJy over fields
with panchromatic coverage, such as the Cosmic Evolution Survey
(COSMOS; Scoville et al. 2007) field and the Extended Chandra
Deep Field-South (E-CDFS; Miller et al. 2013).

The multi-frequency data available for these fields include
spectroscopic redshifts for a substantial fraction of sources and
have allowed accurate photometric redshift estimates for most of
the others, as well as an effective separation of sources whose radio
emission is due to star formation from those whose radio emission is
powered by an active nucleus (Smolčić et al. 2008; Ilbert et al. 2009;
Sargent et al. 2010a; Bonzini et al. 2012, 2013). With this informa-
tion in hand, radio luminosity functions (RLFs) of both radio source
populations have been derived up to high redshifts (Smolčić et al.
2009a,b; Padovani et al. 2011, 2015; Novak et al. 2017).

Another investigation of the evolution of SFGs and of radio
AGNs out to z ∼ 2.5 was carried out by McAlpine et al. (2013)
combining a 1 square degree Very Large Array (VLA) radio sur-
vey, complete to a depth of 100 µJy, with accurate 10 band pho-
tometric redshifts from the Visible and Infrared Survey Telescope
for Astronomy (VISTA) Deep Extragalactic Observations and the
Canada–France–Hawaii Telescope Legacy Survey. Less deep radio
surveys are dominated by radio AGNs and were exploited to derive
the RLFs of this population at several redshifts (Donoso et al. 2009;
Best et al. 2014). Accurate estimates of the local RLFs of both SFGs
and radio AGNs have been presented by Mauch & Sadler (2007).

This paper deals with the interpretation of these observational
results and especially with their exploitation to assess the relation-
ship between the 1.4 GHz luminosity and the star formation rate
(SFR) up to z ≃ 5. This relation is of crucial importance to make
reliable predictions for the forthcoming ultra-deep surveys and to
allow a full exploitation of their results to measure the cosmic
star formation history. We have investigated it by comparing the
observed RLFs at several redshifts with those expected from the ac-
curate determinations of the star formation rate (SFR) functions of
galaxies, converted to RLFs using literature relationships between
SFR and radio (synchrotron and free-free) luminosity (Sect. 2). To
have a comprehensive view of the outcome of radio surveys we
need to take into account also radio AGNs. This is done using an
updated version of the Massardi et al. (2010) model. In Sect. 3 we
discuss our results. The main conclusions are summarized in Sect. 4.
Throughout this paper we use a standard flatΛCDM cosmology with
Ωm = 0.32, ΩΛ = 0.68, h = 0.67.

2 MODELING THE EVOLUTION OF THE LUMINOSITY
FUNCTION OF STAR-FORMING GALAXIES

The radio continuum emission of SFGs is a well established SFR di-
agnostic, unaffected by dust obscuration (Kennicutt & Evans 2012).
It thus offers the opportunity to get a comprehensive view of the cos-
mic star formation history. In contrast, optical/UV surveys miss the
heavily dust enshrouded star formation while the far-infrared (FIR)
to millimeter-wave observations only measure the dust-reprocessed
starlight. This is, in fact, one of the key science drivers of the
Square Kilometer Array (SKA) and of its pathfinder telescopes,
such as ASKAP and MeerKAT. To achieve this goal, however, it

is necessary to set on a firm basis the connection between radio
emission and SFR and to assess whether it depends on redshift.

The radio continuum emission of SFGs consists of a nearly flat-
spectrum free-free emission plus a steeper spectrum synchrotron
component. The free-free emission is proportional to the produc-
tion rate of ionizing photons, with a weak dependence on the elec-
tron temperature; thus it directly traces the formation rate of massive
stars. The synchrotron emission, due to the interaction of relativistic
electrons, mostly produced by supernovae, with the galactic mag-
netic field, dominates at low radio frequencies.

A calibration of the relation between SFR and free-free emis-
sion was derived by Murphy et al. (2011) and Murphy et al. (2012),
based on observations of a sample of local galaxies, mostly with
SFR < 1 M⊙ yr−1. Following Mancuso et al. (2015) we have rewrit-
ten it as:

Lff (ν) = 3.75 × 1026
(
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M⊙/yr

) (
T

104 K

)0.3
g(ν,T) exp

(
− hν
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)
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where T is the temperature of the emitting plasma and g(ν,T) is the
Gaunt factor for which we adopt the approximation given by Draine
(2011)
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Zi being the charge of ions. This equation reproduces the
Murphy et al. (2012) calibration at the calibration frequency (33
GHz) for a pure hydrogen plasma (Zi = 1) and T = 104 K; we
adopt these values in the following. The differences at other fre-
quencies, due to a different, less accurate, approximation for the
Gaunt factor, are small.

The calibration of the SFR-synchrotron luminosity relation is a
bit more controversial because it involves complex and poorly under-
stood processes such as the production rate of relativistic electrons,
the fraction of them that can escape from the galaxy, the magnetic
field strength. A calibration of the Lsync–SFR relation was obtained
by Murphy et al. (2011, 2012) using Starburst99 (Leitherer et al.
1999) and observations of the low SFR, nearby galaxy samples
mentioned above:

L̄sync ≃ 1.5 × 1028
(

SFR
M⊙yr−1

) (
ν

GHz

)−0.85
erg s−1 Hz−1. (3)

This calibration was adopted in the extensively cited review by
Kennicutt & Evans (2012). However, Mancuso et al. (2015) showed
that this relation, combined with observational determinations of the
local SFR function, leads to an over-prediction of the faint end of the
local RLF of SFGs worked out by Mauch & Sadler (2007). A similar
conclusion was previously reached by Massardi et al. (2010).

This is in keeping with the argument made by Bell (2003). He
pointed out that the FIR emission traces most of the SFR in luminous
galaxies but only a minor fraction of it in faint galaxies. Nevertheless
the FIR to radio luminosity ratio is similar for the two galaxy groups,
implying that the radio emission from low-luminosity galaxies is
substantially suppressed, compared to brighter galaxies.

To recover consistency with the Mauch & Sadler (2007) LF
Mancuso et al. (2015) assumed a deviation from a linear Lsync–
SFR relation at low radio luminosities close to that proposed by
Massardi et al. (2010):

Lsync(ν) =
L⋆,sync(ν)(

L⋆,sync/L̄sync
)β
+

(
L⋆,sync/L̄sync

) , (4)
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Figure 1. Comparison between the observational determination of the local
RLF of SFGs at 1.4 GHz (data points; Mauch & Sadler 2007) and the one
obtained from the local SFR function using either eq. (4) with a dispersion
of 0.4 dex (dotted red curve) or eq. (5) with a dispersion of 0.3 dex (solid
blue line).

Figure 2. Radio emission spectrum of SFGs for two values of the SFR (100
and 1 M⊙ yr−1, dotted and solid lines, respectively). For each value of the
SFR, the lowest dotted and solid red lines show the free-free contributions,
while the two upper lines show the total, including the synchrotron contri-
bution, computed using either eq. (5), uppermost black line of each type, or
eq. (4), middle blue lines. The vertical dashed lines show the rest-frame fre-
quencies corresponding to the observed frequency of 1.4 GHz for z = 0.1,
1, 2 (from left to right).

where L⋆,sync = 0.886 L̄sync(SFR = 1 M⊙ yr−1) with L̄sync given
by eq. (3), and β = 3; at 1.4 GHz, L⋆,sync ≃ 1028 erg s−1 Hz−1.

The comparison with the Mauch & Sadler (2007) LF also
showed that the bright end of the 1.4 GHz LF is under-predicted
unless we allow for a substantial dispersion around the mean
Lsync–SFR relation. Mancuso et al. (2015) obtained good agree-
ment adopting a dispersion of the synchrotron luminosity at given
SFR σlog L = 0.4 (see Fig. 1). A different empirical relation was
proposed by Bell (2003).

Thus, although observational indications and theoretical ar-
guments (e.g. Lacki et al. 2010) converge in suggesting deviations
from a linear relation, its shape is uncertain. It is even unclear
whether the Lsync–SFR relationship becomes non-linear only at
low radio luminosities. Price & Duric (1992) and Niklas (1997),
from analyses of samples of galaxies for which they were able to

separate the free-free and the synchrotron components using the
radio continuum spectra, concluded that their data are consistent
with a mildly non-linear relation, holding at all radio luminosities:
Lsync ∝ SFR1.2.

We find that a relation of this kind yields a local RLF of SFGs
in reasonably good agreement with the Mauch & Sadler’s one, al-
though slightly steeper both above and below the knee luminosity.
An excellent fit at high luminosities is obtained with a milder devia-
tion from linearity (Lsync ∝ SFR1.1); at low luminosities, however,
the model is still above the data points. This is illustrated by Fig. 1
where the solid blue line, labeled “non-linear model”, is obtained
with a mean Lsync/SFR relationship given by:

L̄sync ≃ 1.51 × 1028
(
ν

GHz

)−0.85 (
SFR

M⊙yr−1

)1.1
erg s−1 Hz−1, (5)

and adopting a dispersion of Lsync at given SFR of σlog L = 0.3.
The normalization is consistent, within the uncertainties, with the
Price & Duric (1992) and Niklas (1997) results. The dotted red
line shows, for comparison, the fit with the “linear model”, with
deviations from linearity only at faint luminosities [eq. (4)].

Figure 2 compares the radio emission spectra of SFGs yielded
by eq. (4) and by eq. (5) for 2 values of the SFR, 100 and 1 M⊙ yr−1.
For both values of the SFR eq. (5) gives higher radio luminosities.
Equation (4) substantially lowers the synchrotron contribution for
low SFRs to the point that the free-free emission of these sources
may become dominant, even at 1.4 GHz (in the observer’s frame),
especially for high-z sources. Hence determinations of the radio
emission spectrum of SFGs with moderate to low SFRs (SFR ∼<
1 M⊙ yr−1), over a sufficiently broad frequency range would allow
one to discriminate between the “linear” and the “non-linear” model.

All these studies however are limited to local galaxies with
moderate luminosities/SFRs. Do their conclusions extend to high
redshifts when SFRs reach much larger values? The applica-
bility at high redshift of the local Lsync–SFR relation was not
firmly demonstrated yet. From a theoretical point of view it
is expected to break down at high redshifts when the cool-
ing of relativistic electrons via inverse Compton scattering off
the cosmic microwave background, whose energy density in-
creases as (1 + z)4, dominates over synchrotron cooling (e.g.
Murphy 2009; Lacki & Thompson 2010; Schleicher & Beck
2013; Schober et al. 2016). However, the amplitude of the break-
down and the redshifts at which it happens vary with models in
connection with the assumed properties of high-redshift galax-
ies.

Observational studies concerned the relation between ra-
dio luminosity, which, at the high luminosities measured at
high-z is dominated by synchrotron emission, and FIR lumi-
nosity, generally considered to be a reliable measure of the
SFR. The results have been controversial. Some studies found
that the FIR-radio relation is unchanged or suffers only minor
variations at high redshift (e.g. Ibar et al. 2008; Sargent et al.
2010b; Bourne et al. 2011; Mao et al. 2011; Pannella et al. 2015)
while others have found significant, albeit weak, evolution (e.g.
Seymour et al. 2009; Ivison et al. 2010a,b; Magnelli et al. 2015;
Basu et al. 2015). Magnelli et al. (2015), based on FIR and radio
observations of the most extensively studied extragalactic fields
(GOODS-N, GOODS-S, ECDFS, and COSMOS) reported evi-
dence of a weak redshift evolution of the parameter

qFIR = log
(

LFIR[W]
3.75 × 1012

)
− log

(
L1.4 GHz[W Hz−1]

)
, (6)

where LFIR is the FIR luminosity integrated from rest-frame
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42 to 122 µm and L1.4 GHz is the rest-frame 1.4 GHz luminosity.
They found

qFIR = (2.35 ± 0.08) × (1 + z)αM, (7)

with αM = −0.12 ± 0.04.
A new investigation of the evolution of the infrared-radio

correlation has been recently carried out by Delhaize et al.
(2017). Using highly sensitive 3 GHz VLA observations and
Herschel/Spitzer infrared data in the 2 deg2 COSMOS field they
were able to push the study of the correlation up to z ≃ 5.
Their results confirm a weak but statistically significant trend
of qFIR with redshift. The fitted redshift dependence of qFIR has a
slightly higher normalisation and steeper slope than that found
by Magnelli et al. (2015): qFIR = (2.53±0.03)× (1+ z)−0.20±0.02.

We address these issues combining the accurate determinations
of the redshift-dependent SFR functions that are presently available
with the information on the RLFs of SFGs provided by the deep sur-
veys mentioned in Sect. 1. Detailed studies of the evolution of the
SFR function across the cosmic history were carried out by Cai et al.
(2013) focussing on FIR data and by Cai et al. (2014) focussing on
UV and Lyα data, properly corrected for dust attenuation. The latter
study, however, was limited to z & 2. These authors built a model
that fits a broad variety of data1: multi-frequency and multi-epoch
luminosity functions of galaxies and AGNs, redshift distributions,
number counts (total and per redshift bins). It also accurately pre-
dicted the counts and the redshift distribution of strongly lensed
galaxies detected by the South Pole Telescope (SPT; Mocanu et al.
2013; Weiß et al. 2013) as shown by Bonato et al. (2014).

The model was extended by Mancuso et al. (2015) and further
successfully tested against observational determinations of the Hα
luminosity function at several redshifts. The combination of dust ex-
tinction corrected UV/Lyα/Hα data with FIR data yielded accurate
determinations of the SFR function up to z ≃ 6–7, some estimates
being available up to z ∼ 10 (see also Aversa et al. 2015).

3 COMPARISON BETWEEN MODEL AND DATA

Figure 3 compares the model luminosity functions of SFGs ob-
tained from the SFR functions using eq. (1) plus eq. (4) with the
observational determinations at several redshifts available in the
literature. The “non-linear” model with slope 1.1 [eq. (5)] yields
luminosity functions hardly distinguishable from those of the
“linear” model; therefore we chose not to plot them. Note that
the model parameters were fixed to fit the Mauch & Sadler (2007)
local luminosity function. No free parameters were introduced to
fit the luminosity functions at higher redshifts. The consistency of
the model with the data means that there is no clear evidence
of a variation of the radio-luminosity/SFR relationship over the
full redshift range at which the RLF has been observationally
estimated, i.e. up to z ≃ 5.

According to Schober et al. (2016) the decrease of the radio-
luminosity/SFR ratio with increasing redshift as a consequence
of the increase of cosmic ray energy losses by inverse Compton
scattering at high z may be significant already at z ∼ 2. Thus
our results show that the inverse Compton cooling is much less
efficient that predicted by some models.

The main discrepancies between model and observational es-
timates, particularly with those by Smolčić et al. (2009a) at z =

1 See http://people.sissa.it/~zcai/galaxy_agn/ or
http://staff.ustc.edu.cn/~zcai/galaxy_agn/index.html.

0.8 and z = 1.1 and by McAlpine et al. (2013) at z = 2.2, occur at
the highest radio luminosities (log(L1.4 GHz/erg s−1 Hz−1) ∼> 31.5)
were the observational determinations tend to exceed expectations
from the model. To check whether this may be due, at least in
part, to our model for the SFR function falling short at high
luminosity we have replaced it with the analytic formulae given
by Mancuso et al. (2016). These formulae provide an accurate
empirical fit of the observed SFR functions. The discrepancy
was not significantly mitigated.

Note that the mean SFR of galaxies with 1.4 GHz luminosity
of 1031.5 erg s−1 Hz−1 is ≃ 2800 M⊙ yr−1 according to eq. (4) or
≃ 1355 M⊙ yr−1 according to eq. (5). Even in the latter case, we
are dealing with extreme SFRs that occur rarely. While the model
predictions are, by construction, consistent with the space densities
of galaxies with the corresponding SFRs, derived primarily from
Herschel data (Gruppioni et al. 2013), space densities derived from
radio data are well above them. A contribution to the high luminosity
excess may be due to strongly lensed SFGs. However, according to
the estimates by Mancuso et al. (2015), this contribution is of order
of 10% or less in the relevant redshift and luminosity ranges.

Are radio surveys detecting SFGs with extreme SFRs, missed
by FIR/sub-mm surveys? A more likely explanation is that the ra-
dio emission of galaxies with log(L1.4 GHz/erg s−1 Hz−1) ∼> 31.5
has a substantial, perhaps dominant, contribution of nuclear ori-
gin. A contamination of SFG samples by radio AGNs is not
surprising. In fact, both the Smolčić et al. (2009a) and the
McAlpine et al. (2013) SFG samples were built using an opti-
cal colour-based method to separate SFGs from AGNs. The
latter were identified in the radio population as sources asso-
ciated to galaxies with predominantly old stellar populations,
i.e. with redder colours. But studies of FIR properties of radio
AGNs have found that their host galaxies show a strong evolu-
tion as a function of redshift, from predominantly quiescent at
low z, except for the highest AGN powers (Gürkan et al. 2015),
to predominantly dusty, with active star-formation at z ∼> 1
(e. g., Kalfountzou et al. 2014; Magliocchetti et al. 2014, 2016;
Rees et al. 2016). Based on the results of McAlpine et al. (2013),
Magliocchetti et al. (2016) argue that the radio luminosity be-
yond which the radio emission is predominantly AGN-powered
increases from log(L1.4 GHz/erg s−1 Hz−1) ≃ 29.8 at z = 0 to
log(L1.4 GHz/erg s−1 Hz−1) ≃ 31.6 at z = 1.8, and remains con-
stant at higher redshifts. This is consistent with the luminosity
ranges where the excess over the expected SFG contribution
shows up (see Fig. 3).

Another possibility is that the excess is due to a third popu-
lation of sources, the ‘radio-quiet’ (RQ) AGNs, whose presence
has been revealed by identifications of sub-mJy radio sources
(e.g. Padovani et al. 2009; Bonzini et al. 2013). Evidence of nu-
clear activity in these sources comes from one or more bands of
the electromagnetic spectrum (e.g. optical, mid-infrared, X-ray)
but the origin of their radio emission is still being hotly debated.
High resolution radio observations have provided evidence that
some RQ AGNs have components with very high surface bright-
ness, variability, or apparent super-luminal motion, all of which
are characteristic of emission driven by a super massive black
hole (e.g., Herrera Ruiz et al. 2016; Maini et al. 2016). However
this does not necessarily prove that the general RQ AGN popu-
lation possesses radio cores that contribute substantially to the
total radio emission. Based on their study of the E-CDFS VLA
sample Padovani et al. (2015) concluded that RQ and radio loud
QSOs are two totally distinct AGN populations, characterized
by very different evolutions, luminosity functions, and Edding-
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Figure 3. Model RLFs (at 1.4 GHz) of SFGs compared with observational determinations specified in the inset. The solid blue lines show the model RLFs
inferred from the SFR functions, summing the free-free [eq. (1)] and the synchrotron contribution for the “linear” model [eq. (4)], without evolution
of the mean Lsynch/SFR ratio. The solid dark-brown lines show the same model but with the best-fit evolution of the mean Lsynch/SFR ratio from
Magnelli et al. (2015). Also shown, for comparison, are the Condon (1989, ‘Condon’ model, dashed cyan lines) and the Sadler et al. (2002, ‘Sadler’ model,
orange short dashes) parameterizations of the RLF (Smolčić et al. 2009a).

MNRAS 000, 1–11 (2016)
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Figure 4. RLFs (at 1.4 GHz) of radio AGNs yielded by the model described in Sect. A (solid red lines) compared with the observational estimates specified
in the inset. Also shown, for comparison, are the Smolčić et al. (2009b) pure density evolution (PDE, pink short dashes) and pure luminosity evolution (PLE,
dashed brown lines) models, and the best-fitting ‘zpeak density evolution’ (ZDE) model with single power-law LF of Padovani et al. (2015, dot-dashed grey
lines).

MNRAS 000, 1–11 (2016)
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Figure 5. Total (SFG plus radio AGN) RLFs (at 1.4 GHz) derived using the “linear” model for the synchrotron emission, with and without evolution
of the mean Lsynch/SFR ratio (solid black and grey lines, respectively), compared with estimates from the literature at several redshifts. The dashed
red lines show the contributions of radio AGNs.

ton ratios. The radio power of RQ AGNs evolves similarly to
star-forming galaxies, consistent with their radio emission be-
ing powered by star formation. This conclusion was confirmed
by the study of Bonzini et al. (2015) who used deep Herschel
photometry to determine the FIR emission, hence the SFR, of
E-CDFS galaxies. Further support to this view was provided
by Kellermann et al. (2016) who, based on 6 GHz Jansky Very
Large Array (JVLA) observations of a volume-limited sample
of 178 low redshift optically selected QSOs, argued that the bulk
of the radio emission of RQ QSOs is powered by star formation

in their host galaxies (see also Kimball et al. 2011; Condon et al.
2013).

If the latter view is adopted, the contamination of the bright
tail of the RLFs of SFGs is due to radio AGNs. A clear indication
in this direction comes from Figs. 4 and 5. The former figure
shows that the observed space densities of the highest luminosity
SFGs are akin to those of radio AGNs, yielded by the model de-
scribed in Sect. A. The second shows that the total (SFG+AGN)
RLFs above log(L1.4 GHz/erg s−1 Hz−1) ≃ 31.5 can indeed be
entirely accounted for by radio AGNs. Motivated by this result,
we assume that the radio emission of sources hosting RQ AGNs

MNRAS 000, 1–11 (2016)
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Figure 6. SFG counts yielded by the “linear” model for the synchrotron
emission, with and without evolution of the mean Lsynch/SFR ratio (solid
brown and blue line, respectively), compared with those given by the em-
pirical models from Smolčić et al. (2009a): the ‘Condon’ model (dashed
cyan line) and the ‘Sadler’ model (dot-dashed orange line).

is dominated by star formation, i.e. RQ AGNs are not treated
as an additional radio source population.

Strong support to this conclusion comes from the very
recent analysis of the VLA-COSMOS 3 GHz survey data by
Novak et al. (2017). The increased sensitivity of the 3 GHz sur-
vey compared to the 1.4 GHz survey used by Smolčić et al.
(2009a) and the different method used to select SFGs yielded
∼ 10 times more SFG detections in the same redshift range. The
new observational determinations of the RLFs do not show in-
dications of excesses over the model predictions at any redshift
(cf. Fig. 3).

The use of either eq. (4) or eq. (5) yields reasonably good
matches of the data. The quality of the fit looks quite similar by
eye. A χ2 test gives a slight preference to the linear model, but
the possibility of systematic errors due to, e.g., contamination by
nuclear emission or errors on photometric redshift estimates, makes
it difficult to reach a definite conclusion. However, the quality of the
fit worsens rapidly as the slope on the Lsynch/SFR relation increases.
Already for a slope of 1.2, the value suggested by Price & Duric
(1992), the χ2 increases by more than a factor of 2. Thus, although
a deviation from linearity at all luminosities cannot be ruled out,
the data on the luminosity functions of SFGs imply that the slope
cannot be significantly larger than 1.1.

Note that a contamination by radio AGN, that flattens the
brightest portion of the RLFs, mimics the effect of a slope larger
than 1: the flattening could be misinterpreted as evidence for
a “non-linear” relation. In the presence of a significant AGN
contamination the minimum χ2 associated to the “non-linear”
model would be underestimated and the upper limit to the slope
would be overestimated.

As shown by Fig. 3, the available estimates of the RLFs
of SFGs cover limited luminosity ranges. At z > 1 they are
restricted to luminosities well above the RLF “knee”, which
provides the largest contribution to the number counts. It fol-
lows that the counts provide additional tight constraints on the
redshift-dependent SFG luminosity function. The sensitivity of
the counts to the detailed shape of the luminosity function is
illustrated by Fig. 6: models that fit similarly well the available
luminosity function data yield markedly different counts.

Figure 7 compares the observed 1.4 GHz Euclidean normal-

Figure 7. Comparison between the observed faint 1.4 GHz Euclidean nor-
malized counts and those yielded by the model. The counts of radio AGNs
(dashed red line) are dominated by steep-spectrum sources; the contri-
bution of the flat-spectrum ones is shown by the dot-dashed red line. The
dotted lines show the counts of SFGs yielded by the “linear” model with
(upper line) and without evolution of the mean Lsynch/SFR ratio, for
the best fit value of the evolutionary parameter given by Magnelli et al.
(2015). The total counts for the two cases, obtained adding the radio
AGN contribution, are shown by the solid black and grey lines, re-
spectively. The evolution brings the model counts to agreement with the
observational estimate by Bondi et al. (2008), by Vernstrom et al. (2016)
and by Smolčić et al. (2017), and with the results of the P(D) analysis by
Vernstrom et al. (2014, shaded light blue area). The “non-linear” model
with slope of 1.1 yields counts (not shown) only insignificantly higher
than those from the “linear” model. The dashed black line shows the
model counts for an evolution of the mean Lsynch/SFR ratio at the 1σ
limit of Magnelli et al. (2015). In this case the counts are at the upper
boundary of the observational determinations.

ized counts below 10 mJy with those yielded by the model for radio
AGNs and for SFGs. The counts of radio AGNs include the contri-
butions of both steep- and flat-spectrum sources, the former being
the dominant population. The counts of SFGs computed using the
non-evolving “linear” model are lower than those by Bondi et al.
(2008), by Vernstrom et al. (2016) and by Smolčić et al. (2017),
and than the estimate based on the P(D) analysis by Vernstrom et al.
(2014). The “non-linear” model with a slope of 1.1 yields counts
insignificantly higher.

Much better agreement with the Bondi, Vernstrom and
Smolčić counts is obtained (solid black line in Fig. 7), with the
“linear” model, adopting the evolution of the Lsynch/SFR ratio
based on the results of Magnelli et al. (2015, cfr. eqs. (6) and
(7)):

log Lsynch,1.4 GHz(z) = log Lsynch,1.4 GHz(0)+2.35[1−(1+z)−0.12].
(8)

Lsynch,1.4 GHz(0) is given by eq. (4) and LFIR has been converted
to SFR using the calibration by Kennicutt & Evans (2012). The
source counts thus lend support to the case for an increase with
z of the Lsynch/SFR ratio, for which the Magnelli et al. (2015)
data yielded a significance at the 3σ level only. A comparison
with Fig. 6 shows that such good fit, obtained without playing
with any free parameter, is a highly non-trivial result.

The dashed black line in Fig. 7 illustrates the sensitivity
of the counts to the evolution of the Lsynch/SFR ratio. Already
with the coefficient of eq. (6) and αM at their 1σ limits (2.43
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and −0.16, respectively) the evolution yields counts at hundreds
of µJy flux densities at the upper limits of observational deter-
minations. The “non-linear” model with slope 1.1 [eq. (5)] gives
counts very close to those of the latter case, i.e. requires a slightly
weaker evolution to match the counts. Thus the counts, while
supporting the evolution of the Lsynch/SFR ratio, also provide
tight constraints on its strength.

The rapid increase with redshift of the AGN population
hosted by SFGs might suggest that the evolution of Lsynch/SFR
ratio is due to an increasing contribution of radio-quiet AGNs
to the radio luminosity. To weed out the AGN contamina-
tion Magnelli et al. (2015) removed from their sample X-ray
AGNs and AGNs selected by the Spitzer Infrared Array Cam-
era (IRAC) colour-colour criteria of Lacy et al. (2007). Exclud-
ing AGNs did not change their results; they concluded that the
evolution is most likely not driven by AGN contamination. The
analysis by Delhaize et al. (2017) led to a more open conclusion:
it is possible that AGN contributions only to the radio regime
could be influencing the trend found for their sample.

4 CONCLUSIONS

We have exploited the observational estimates of the 1.4 GHz RLFs
of SFGs at several redshifts, up to z ≃ 5, to investigate the rela-
tionship between the 1.4 GHz luminosity and the SFR over a wider
luminosity and redshift range than done so far. The assessment of
such a relationship is crucial on one hand to enable a full exploita-
tion of surveys from the SKA and its precursors to measure the
cosmic star formation history and on the other hand to provide reli-
able predictions for future deep radio surveys. To this end we have
exploited recent accurate determinations of the SFR functions up
to high redshifts obtained by combining data from optical, UV, Hα
and FIR/sub-mm surveys.

At the low radio frequencies (∼< 5 GHz) at which deep large
area surveys are preferentially carried out or planned, the dominant
emission process is synchrotron radiation, whose connection to the
SFR is not well understood, although very well established observa-
tionally. Several observational indications and theoretical arguments
point to deviations from a linear relation between the synchrotron
emission, Lsynch, and SFR. However the parameters defining such
a relation are fraught with a considerable uncertainty. It is even
unclear whether the deviations from linearity are limited to low lu-
minosities/SFRs (Bell 2003; Lacki et al. 2010; Massardi et al. 2010;
Mancuso et al. 2015) or extend to all luminosities (Price & Duric
1992; Niklas 1997; Basu et al. 2015).

We have derived 1.4 GHz luminosity functions from the SFR
functions both in the case of deviations from a linear relation limited
to low luminosities (“linear” model) and in the case of a mildly non-
linear relation at all luminosities (“non-linear” model). In both cases
the model parameters were fixed fitting the local luminosity function
of SFGs by Mauch & Sadler (2007).

The quality of the fit of observational determinations of the
1.4 GHz luminosity function at several redshifts is similarly good
in both cases. This very fact confirms that the radio luminosity
of these galaxies is tightly connected with the SFR over a broad
redshift range. A χ2 analysis slightly favours the “linear” model,
but we must be aware of systematics that are difficult to quantify.
Thus with the data at hand we cannot clearly discriminate among
the two options. However the RLF data reject “non-linear” models
with a slope ≥ 1.2.

The “linear” and “non-linear” options differ most markedly

at the highest and at the lowest luminosities. Current surveys are
not deep enough to reach sufficiently faint luminosities to allow
for a clear discrimination. At the highest luminosities the observed
luminosity functions of SFGs may be contaminated by nuclear radio
emission and must therefore be dealt with caution. Much larger and
deeper samples, and better ancillary data to allow a more solid
classification are necessary to accurately determine the parameters
of the Lsync/SFR relation.

Both the “linear” and the “non-linear” cases, without evo-
lution of the Lsynch/SFR ratio, yield sub-mJy counts substan-
tially below the observational determinations by Bondi et al.
(2008), Vernstrom et al. (2016) and Smolčić et al. (2017), and
the P(D) estimate from Vernstrom et al. (2014). Good consis-
tency is achieved, for the “linear” case, adopting the best fit evo-
lution derived by Magnelli et al. (2015). A similarly good fit is
obtained, for the “non-linear” case, with a slightly weaker evolu-
tion. This strengthens the case for evolution that Magnelli et al.
(2015) found to be significant only at the 3σ level. At the same
time, the counts provide a tight upper limit to the strength of
the evolution. Already the 1σ limits of the Magnelli et al. (2015)
evolutionary parameters yield counts at the upper boundary of
observational determinations at hundreds of µJy flux densities.

The Lsynch–SFR relation is expected to break down
at high redshifts as a consequence of the increase of the
energy losses of relativistic electrons via inverse Comp-
ton scattering off the cosmic microwave background (e.g.
Murphy 2009; Lacki & Thompson 2010; Schleicher & Beck
2013; Schober et al. 2016). We do not find any indication of such
a decrease either from the redshift-dependent RLFs or from the
deep counts. This implies that synchrotron losses dominate over
inverse Compton cooling up to the highest redshift at which the
RLF of SFGs has been determined, i.e. up to z ≃ 5. In other
words, Compton cooling must be far less efficient than envis-
aged by models that predict a decrease of the Lsynch/SFR ratio
already at z ≈ 2 (e.g. Schober et al. 2016).

As for radio AGNs, we find good consistency between the
observational determinations of the redshift-dependent RLFs and
our update of the Massardi et al. (2010) model, without any adjust-
ment of the parameters. This lends support to the description of
downsizing built in the model.
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APPENDIX A: EVOLUTION OF RADIO AGNS

To describe the cosmological evolution of radio AGNs we adopted
the Massardi et al. (2010) model, which successfully fitted a large
amount of data on LFs of steep- and flat-spectrum sources, multi-
frequency source counts and redshift distributions. The model in-
cludes two flat-spectrum populations with different evolutionary
properties (flat-spectrum radio quasars, FSRQs, and BL Lacs) and
a single steep-spectrum population. For sources of each popu-
lation a simple power-law spectrum is adopted: S ∝ ν−α, with
αFSRQ = αBLLac = 0.1, and αsteep = 0.8.

The epoch-dependent comoving LFs (in units of
Mpc−3 (d log L)−1) were modeled as double power-laws:

Φ(L(z), z) =
n0

(L(0)/L⋆(0))a + (L(0)/L⋆(0))b
d log L(0)
d log L(z)

. (A1)

Massardi et al. (2010) worked out, for each population, an analytic
luminosity evolution model entailing a high-z decline of the comov-
ing LF:

L⋆(z)=L⋆(0) dex
[
kevoz

(
2ztop−zmev z(1−mev)

top /(1+mev)
)]
, (A2)

where ztop is the redshift at which L⋆(z)/L⋆(0) reaches its maxi-
mum and |mev | ≤ 1. The data further required a luminosity depen-
dence of ztop, that was parameterized as

ztop = ztop,0 +
δztop

1 + L⋆(0)/L
. (A3)

The fit gave positive values for the parameters ztop,0 and δztop,
implying that the high-z decline of the space density is more pro-
nounced and starts at lower redshifts for less powerful sources. This
behaviour is qualitatively similar to the downsizing observed for
galaxies and optically and X-ray selected quasars. We included the
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Parameters FSRQ BLLac SS-AGNs

a 0.743 0.786 0.487
b 3.293 1.750 2.410
log n0 -11.262 -7.683 -5.866
log L∗ (0) 34.285 33.223 32.472
kevo -0.976 0.582 1.244
ztop,0 1.749 1.054 1.063
δztop 0.001 − 0.772
mev -0.207 1 0.278

Table A1. Best-fit values of the parameters of the evolutionary model for
radio AGNs (see eqs. A1, A2, A3 and A4).

Figure A1. Comparison of our best-fit evolutionary model for radio AGNs
with Euclidean normalized differential counts at several frequencies. Data
points are from the compilation by De Zotti et al. (2010). As is well known,
AGNs become sub-dominant compared to SFGs at sub-mJy flux density
levels.

Jacobian term
d log L(0)
d log L(z)

= 1 + 2kevoδztop ln 10
L∗(0)/L(0)

(1 + [L∗(0)/L(0)])2

− 2 ln 10(1 − mev)
1 + mev

· δztop ·
L∗(0)
L(0)

·

·

[
ztop,0 + δztop/(1 + L∗(0)/L(0))

]−mev

(1 + L∗(0)/L(0))2 , (A4)

inadvertently omitted in the code used by Massardi et al. (2010). We
have recomputed the best fit values of the parameters using the same
method and comparing the model to the same data sets. The global
minimum χ2 decreases by about 10% and the best fit values of the
parameters change a little. The new values are listed in Table A1.

As found by Massardi et al. (2010), the luminosity dependence
of the peak redshift required by the data is substantial for the steep-
spectrum population but is weak (δztop ≪ 1) for FSRQs. This is ex-
pected since the contributions to the observables (source counts and
redshift distributions) of moderate to low luminosity flat-spectrum
sources are dominated by BL Lacs, so that the evolution of low
luminosity FSRQs is poorly constrained. In the case of BL Lacs the
data are not enough to constrain the parameters governing the lumi-
nosity dependence of the evolution. Thus, following Massardi et al.
(2010), for this population, we have set mev = 1 and δztop = 0.

Figures A1 and A2 compare the outcome of the revised model
with the observed source counts at different frequencies and with
the observational determinations of the redshift distributions for

Figure A2. Comparison of our best-fit evolutionary model for radio AGNs
with observational determinations of the redshift distributions for several
source samples. See Massardi et al. (2010) for a description of the samples
and for references.

10 source samples at different frequencies, at different flux density
limits and for different populations of radio AGNs. The agreement
of the model with the data is always satisfactory.

Our model for radio AGNs is quite successful at accounting for
the evolution of the RLFs of these objects (see Fig. 4). As mentioned
above, the dominant AGN population is made of steep-spectrum
sources for which evidence of downsizing was inferred from in-
tegrated data (primarily source counts). The adopted description
of the dowsizing turns out to be nicely consistent with the more
direct information provided by the redshift dependent luminosity
functions.

Figures 3 and 4 also show that our model is highly compet-
itive with the most recent models found in the literature. This is
a non-trivial result because the other models shown were tuned
to fit specifically the observational determinations of the 1.4 GHz
luminosity functions while our model is not. In fact, our redshift-
dependent RLFs of SFGs are directly extrapolated from the SFR
functions and those of radio AGNs come from fits of other data
sets, without any adjustment of the parameters.
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