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ABSTRACT
The observed empirical relation between the star formation rates (SFR) of low-redshift galaxies and their radio continuum
luminosity offers a potential means of measuring SFR in high-redshift galaxies that is unaffected by dust obscuration. In this
study, we make the first test for redshift evolution in the SFR-radio continuum relation at high redshift using dust-corrected
H α SFR. Our sample consists of 178 galaxies from the MOSFIRE Deep Evolution Field (MOSDEF) Survey at 1.4 < z <

2.6 with rest-frame optical spectroscopy and deep 1.5 GHz radio continuum observations from the Karl G. Jansky Very Large
Array (VLA) GOODS North field. Using a stacking analysis, we compare the observed radio continuum luminosities with those
predicted from the dust-corrected H α SFR assuming a range of z ∼ 0 relations. We find no evidence for a systematic evolution
with redshift, when stacking the radio continuum as a function of dust-corrected H α SFR and when stacking both optical
spectroscopy and radio continuum as a function of stellar mass. We conclude that locally calibrated relations between SFR and
radio continuum luminosity remain valid out to z ∼ 2.
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1 I N T RO D U C T I O N

The total star formation rate (SFR) within a galaxy is one of the fun-
damental observable properties required to trace the mass assembly,
growth and formation of galaxies through cosmic time. Unaffected
by dust-obscuration, the radio continuum (RC) luminosity is known
to strongly correlate with the total SFR of star-forming galaxies
(Condon 1992; Cram et al. 1998). Studies of numerous samples
within the local Universe (Condon 1992; Cram et al. 1998; Bell
2003; Kennicutt et al. 2009; Murphy et al. 2011; Boselli et al. 2015)
and at multiple radio frequencies (Brown et al. 2017; Gürkan et al.
2018) have since confirmed this trend, albeit with small variations in
the shape of the observed correlation and its intrinsic scatter.

Thanks to a new generation of sensitive and efficient radio
telescopes such as the Low Frequency Array (LOFAR; van Haarlem
et al. 2013) and MeerKAT (Booth et al. 2009), deep radio continuum
surveys are beginning to probe radio luminosities equivalent to deep
far-infrared (FIR) surveys (e.g. Rottgering 2010; Jarvis et al. 2017)
but with significantly better resolution (and hence fewer problems
with source confusion).

� E-mail: kdun@roe.ac.uk
†Hubble fellow

To exploit the forthcoming deep RC observations as a probe
of unobscured SFR out to the highest redshifts, it is essential to
ensure that the empirical SFR–radio correlations observed in the
local Universe are still valid at the redshifts of interest – or if they do
evolve, accurately measure and understand these effects. Extending
the use of RC emission as an SFR tracer to the early Universe has
to-date relied upon the calibration of the RC luminosity to SFR via
the empirical correlation between total infrared luminosity (and its
relation to total SFR) and RC luminosity, the so-called far-infrared
radio correlation (FIRRC; Condon 1992). Using deep FIR and sub-
mm surveys (e.g. Oliver et al. 2012), the FIRRC has been well studied
out to z ∼ 3 in a number of different radio and FIR data sets. Many of
these such studies have found evidence for evolution in the apparent
FIRRC (Ivison et al. 2010; Casey et al. 2012; Magnelli et al. 2015;
Calistro Rivera et al. 2017; Delhaize et al. 2017; Molnár et al. 2018),
with studies typically finding an excess of radio continuum emission
at higher redshifts. However, the very modest evolution observed
combined with the large intrinsic scatter (>0.3 dex) in the relation
has led many to favour a scenario in which there is no evolution in
the intrinsic relation (Sargent et al. 2010; Bourne et al. 2011; Jarvis
et al. 2010; Smith et al. 2014); that is, the apparent trends observed
in other studies are a result of potential sample population bias or
observational biases. In a recent study at lower redshift, Read et al.
(2018) have found evidence for systematic variations in the FIRRC

C© The Author(s) 2020
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/498/3/3648/5895993 by U
C

LA D
igital C

ollections Services user on 14 June 2021

http://orcid.org/0000-0001-6889-8388
mailto:kdun@roe.ac.uk


The SFR – RC luminosity relation at 1.4 < z < 2.6 3649

relation with respect to stellar mass and specific SFR (sSFR) within
the observed population (with radio emission increasing with sSFR).
However, it is not clear what the fundamental physical causes behind
these variations are. Equally, it is also not yet clear whether such
systematic variations would give rise to the observed redshift trends
when accounting for the selection effects of high-redshift studies
in flux-limited surveys. For a detailed discussion on the physical
processes driving the FIRRC and how those may affect its redshift
evolution, we refer the reader to Lacki, Thompson & Quataert (2010)
and Lacki & Thompson (2010).

The broad range of literature conclusions regarding the shape of the
FIRRC and its evolution can be attributed to the strong observational
biases present in measurements of the FIRRC at all redshifts. Studies
of the nearby Universe span a limited range of luminosities (both
RC and FIR) due to the limited cosmic volume being sampled.
Conversely, studies of the higher redshift population, where we select
only the most luminous sources, are affected by Malmquist bias
inherent to flux limited samples. Furthermore, the large beam size
of Herschel FIR observations means that the deep field observations
used to measure the total SFR(IR) at higher redshifts (e.g. Oliver
et al. 2012) are significantly confusion limited. This source confusion
presents challenges in reliably measuring the FIR flux of these faint
high-redshift sources, with significant selection biases that must be
taken into account (see e.g. Sargent et al. 2010; Delhaize et al. 2017).
Additionally, at z > 1 the robust separation of RC emission from star
formation and AGN from photometry alone becomes increasingly
difficult – a result of both degeneracies in spectral energy distribution
(SED) fitting (Calistro Rivera et al. 2017), and the still poorly
understood link between AGN jet activity and other signatures of
accretion (Best & Heckman 2012).

The observed redshift evolution in the FIRRC may therefore be
driven by increased AGN activity (as traced by the RC luminosity)
within the sample. When investigating the evolution of FIRRC out
to z ∼ 1.5 as a function of morphology, Molnár et al. (2018) find
that the overall observed redshift evolution may in fact be driven by a
stronger evolution of bulge-dominated star-forming galaxies (SFG) –
with little to no evolution for disc-dominated SFG morphologies. The
increased evolution for bulge-dominated galaxies might be attributed
to residual AGN activity in these systems that is not identified by
other AGN selection criteria – a scenario consistent with the build-up
of the black hole-bulge mass correlation over this epoch (Mullaney
et al. 2012). As shown by Sabater et al. (2019), the black holes
residing in massive galaxies (>1011M�) in the local Universe are
always ‘switched on’ at some level – such trends may also hold true
for equally massive galaxies at higher redshift.

Given the aforementioned uncertainties in the calibration of RC
luminosity as an SFR indicator using the FIRRC, direct calibrations
through reliable alternative SFR indicators are required if we want to
use RC as means of tracing obscuration free SFRs (and understand
the causes of the observed FIRRC trends). In the local Universe, dust-
corrected H α luminosity remains one of the prime SFR indicators
(Kennicutt & Evans 2012) and has been demonstrated to provide
consistent SFR estimates out to z ∼ 2.6 (Erb et al. 2006b; Reddy
et al. 2010; Shivaei et al. 2015, 2016). In this paper, we attempt the
first such calibration at the peak of the cosmic star-formation rate
history (z ∼ 2).

The MOSFIRE Deep Evolution Field survey (MOSDEF; Kriek
et al. 2015) is one of the largest rest-frame optical spectroscopic
samples of galaxies across the epoch of peak galaxy formation (1 �
z � 3). The exhaustive spectroscopic and multiwavelength photomet-
ric data available for the MOSDEF sample enables the construction
of a clean set of SFGs with no significant AGN contamination.

Furthermore, the sensitivity of the MOSDEF spectroscopy means
that H α can be used as the reference SFR to probe the SFR-RC for
more typical galaxies at z ∼ 2 than current FIR observations allow.
By combining the Balmer-decrement corrected H α SFR estimates of
MOSDEF with the deepest available radio continuum observations,
we aim to directly calibrate the SFR–RC relation between 1.4 � z �
2.6 without the use of confused far-infrared observations and any
accompanying biases. Specifically, we aim to check the validity of
empirical SFR–RC relations calibrated in the local Universe and test
for evidence of any redshift evolution.

The remainder of this paper is organized as follows. In Section 2,
we present details of the data used in this paper as well as details
of the sample construction and AGN identification. Section 3 then
describes the method and results for our analysis, alongside an
investigation of the potential systematic uncertainties or biases in
our measurements. In Section 4, we present discussion of our results
and the future prospects for radio luminosity derived SFRs in the
next generation of radio continuum surveys. Finally, in Section 5 we
summarize the results and our conclusions. Throughout this paper,
all magnitudes are quoted in the AB system (Oke & Gunn 1983)
unless otherwise stated. We also assume a �-CDM cosmology with
H0 = 70 km s−1 Mpc−1, �m = 0.3, and �� = 0.7.

2 DATA A N D M E T H O D O L O G Y

2.1 MOSDEF Survey

The sample we study in this work is drawn from the MOSFIRE
Deep Evolution Field survey (MOSDEF; Kriek et al. 2015), an
extensive rest-frame optical spectroscopic survey of H160 magnitude-
selected galaxies at 1.37 ≤ z ≤ 3.8. In addition to providing the
first representative samples of rest-frame optical spectra for galaxies
on the star-forming main sequence in this epoch, the galaxies
observed by MOSDEF have been drawn from the best-studied deep
extragalactic fields – enabling a wide variety of studies that exploit
the extensive multiwavelength ancillary data available.

We refer to Kriek et al. (2015) for full details on the MOSDEF
sample selection, observing strategy and data reduction procedures.
In summary, the primary magnitude cut for the two redshift windows
used in this work, 1.37 ≤ z ≤ 1.7 and 2.09 ≤ z ≤ 2.61, was H160 =
24 and 24.5, respectively. These magnitude limits correspond to
effective stellar mass limits of ≈109 M� in each bin. In this work,
we concentrate our analysis on the MOSDEF sources drawn from
the CANDELS GOODS North field (Grogin et al. 2011; Koekemoer
et al. 2011) due to the sensitivity of the radio continuum imaging
available within the field.

H α and H β line luminosities are measured through Gaussian
fits to the observed line profiles of flux-calibrated spectra, with
uncertainties on these luminosities estimated through Monte Carlo
simulations (Reddy et al. 2015). The observed line luminosities
are then corrected for spectroscopic slit-losses using near-infrared
photometry and the spectrum of a ‘slit star’ placed on each observing
mask (Kriek et al. 2015; Reddy et al. 2015), with uncertainties
on these corrections of 16 per cent and 20 per cent for H α and
H β, respectively. Additional corrections for underlying Balmer
absorption are determined from the full UV to near-IR spectral
energy distribution modelling of Reddy et al. (2015). Finally, dust
corrections are applied to the line luminosities using the measured
Balmer decrements (ratio of H α to H β), assuming the Cardelli,
Clayton & Mathis (1989) Galactic extinction curve (Reddy et al.
2015, 2020; Shivaei et al. 2015). H α SFRs are calculated from the
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Table 1. Literature empirical observational relations between the dust-
corrected H α luminosity, LH α , and radio continuum luminosity, L1.4 GHz,
at z ∼ 0. SFRs have been converted to LH α based on the appropriate initial
mass function for a given paper (see table 3 of Brown et al. 2017).

Reference z ∼ 0 Relation

Bell (2003) log10

(
L1.4 GHz

W Hz−1

)
= log10

(
LH α

1040erg s−1

)
+ 20.16

Boselli et al. (2015) log10

(
L1.4 GHz

W Hz−1

)
= 1.18 log10

(
LH α

1040erg s−1

)
+ 19.62

Brown et al. (2017) log10

(
L1.4 GHz

W Hz−1

)
= 1.27 log10

(
LH α

1040erg s−1

)
+ 19.65

Gürkan et al. (2018) log10

(
L1.4 GHz

W Hz−1

)
= 0.87 log10

(
LH α

1040erg s−1

)
+ 20.51

Murphy et al. (2011) log10

(
L1.4 GHz

W Hz−1

)
= log10

(
LH α

1040 erg s−1

)
+ 19.94

dust-corrected H α luminosity following

SFR(M� yr−1) = 10−41.257 × LH α(erg s−1), (1)

as presented in Hao et al. (2011), assuming a Kroupa (2001) initial
mass function (IMF). Throughout the paper, equation (1) is used
to convert dust-corrected H α luminosity to SFR for the MOSDEF
sample, as well as for literature relations for the SFR–RC relation
(Table 1).

2.2 Radio continuum imaging

Radio continuum flux measurements for the GOODS-N MOSDEF
sample are extracted from sensitive Karl G. Jansky Very Large Array
(VLA) observations at 1–2 GHz of Owen (2018, with a central
frequency of 1.525 GHz). These observations reach an rms noise of
2.2 μJy at the field centre, with a full-width half maximum (FWHM)
resolution of 1.6 arcsec. We first cross-match the catalogue of blind
radio source detections with the full 3D-HST source catalogue in
the field (Skelton et al. 2014, from which the MOSDEF source
positions are defined) with a large matching radius of 2 arcsec. From
the distribution of offsets between the two samples we measure a
small average astrometric offset in �α = 0.22 arcsec in RA and
�δ = 0.05 arcsec in Declination (c.f. the radio image pixel size of
0.35 arcsec). After correcting for the small positional offsets between
the two data sets, robust source identifications for the blind radio
catalogue are then selected as sources with a 3D-HST counterpart
within a reduced matching radius of 0.8 arcsec.

Radio continuum flux density measurements for sources not
detected in the blind catalogues are derived from measurements of the
peak flux density, SPeak, at the optical position of individual MOSDEF
sources in the primary beam corrected radio continuum image (with
optical positions corrected to the reference frame of the radio data
as above). Under the assumption that all sources are unresolved
at the resolution of the radio imaging, the integrated flux density
is defined as SInt = SPeak. Corresponding flux density uncertainties
are calculated based on the local noise around each source (within
a 30 arcsec × 30 arcsec region). Comparing our MOSDEF prior-
driven (or ‘forced’) peak measurements with the integrated flux
measurements for unresolved radio sources in the blind catalogue, we
find a median SInt/SPeak = 1.07, with ≈90 per cent of measurements
within 1σ agreement. Given this close agreement, we choose not
to apply any peak-to-total flux corrections to our forced radio flux
measurements (the potential effects on our results of this assumption
are discussed in Section 3.4). Finally, to allow direct comparison
between our radio measurements and literature measurements of the
SFR-radio relation at z ∼ 0, we convert our measured fluxes and
luminosities from their central frequency of 1.525 GHz to 1.4 GHz

assuming a spectral slope of α = −0.8 (a valid assumption for RC
emission produced by star-formation, Calistro Rivera et al. 2017;
Gim et al. 2019).

2.3 Sample selection

We restrict the full MOSDEF spectroscopic sample to sources
in GOODS-N in the redshift range 1.37 < z < 2.61, requiring
measurements of both H α and H β. With the additional requirement
that H α luminosity is measured to >3σ , our sample consists of a
total of 178 sources. Of this sample, 63 sources are not detected in
H β at the 3σ required for constraints on the dust-corrected H α SFR.
Radio continuum detections of >2σ are found for 55/178 of the full
MOSDEF sample and 35/115 sources with H α SFR estimates.

To produce as clean a sample of star-forming galaxies as possible,
we combine all the available multiwavelength information to identify
AGN activity, including X-ray emission, mid-IR colours, and optical
line diagnostics and kinematic information (Coil et al. 2015; Azadi
et al. 2017, 2018; Leung et al. 2019). Of the radio-detected sources,
we find that 19 sources are identified as an X-ray AGN based on the
Chandra Deep Field North observations of Alexander et al. (2003,
see also Aird et al. 2015). Of these X-ray AGN sources, four are also
identified as an AGN based on their mid-infrared colours satisfying
the criteria of Donley et al. (2012). An additional two sources satisfy
the IR AGN selection criteria but are not X-ray detected.

For the purposes of optical AGN classification, the optical lines are
fitted with a narrow and a broad Gaussian component, representing
the narrow- and broad-line emission from the AGN and/or the host
galaxy, respectively, and an additional Gaussian profile with a veloc-
ity offset to represent a potential blueshifted outflow component, as
described in section 2.4 of Leung et al. (2017). In Fig. 1, we show
the resulting Baldwin et al. (1981, BPT) diagram for the full sample
of MOSDEF sources with measurements in all four of the H β,
[O III] λ5008, H α, and [N II] λ6585 emission lines in the redshift
range of interest (grey points), as well as the radio-selected sample
within GOODS North (brown points). Overall, we see that the radio-
detected sample covers a very similar parameter space to the full
MOSDEF sample but that a large proportion of the radio sources
with BPT measurements are also identified as X-ray/IR AGN.

Based on the BPT emission-line diagnostics, we identify an
additional three robust optical AGN based on log([N II]/H α) > −0.3
that are not identified by X-ray/IR AGN selection criteria (note
that sources may not be represented in Fig. 1 if H β or [O III]
measurements are not present). The combined sample of 24 X-ray,
mid-IR, and log([N II]/H α)-selected sources comprises our robust
AGN sample. A further seven MOSDEF sources are found to have
optical line ratios that fall between the z ∼ 0 AGN/SF boundary
defined by Kauffmann et al. (2003, dash–dotted line) and the
maximum line ratios for a star-forming galaxy (Kewley et al. 2013a,
dashed line) at the corresponding redshift, indicative of possible so-
called composite sources (Kewley et al. 2013b).

The exact cause of the elevated log([O III]/H β) line ratios in these
sources is a subject of debate within the literature, with some studies
identifying AGN activity as the cause (e.g. Newman et al. 2014)
and others finding that evolution in the stellar ionizing radiation,
ionization parameter, and metal abundances within star-forming
galaxies can account for the observed line ratios (Masters et al.
2014; Steidel et al. 2014, 2016; Sanders et al. 2016; Shapley et al.
2019; Strom et al. 2017; Topping et al. 2020). Within the MOSDEF
sample specifically, Coil et al. (2015) illustrate that many of the
MOSDEF sources that lie in this ‘composite’ region are likely star-
forming galaxies and not AGN. We therefore keep these sources
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Figure 1. Rest-frame optical emission-line diagnostics (or BPT diagram;
Baldwin, Phillips & Terlevich 1981) for the radio-detected MOSDEF sources
(orange points) and the main MOSDEF sample (grey points). Sources with
formal detections in all lines are plotted as circles, while non-detections in
either [OIII] or [NII] are plotted as triangles indicating 3σ upper limits. Robust
X-ray- or IR-selected AGNs are illustrated by blue edged circles and triangles.
Also shown are the optical AGN classification criteria of Kauffmann et al.
(2003, dash–dotted line) and the redshift dependent criteria of Kewley et al.
(2013a, dashed line; illustrated at z = 2).

within our sample during our analysis, however in Section 3.2 we
discuss what effect these sources may have on our results. All 24
of the robustly identified AGNs are excluded from our subsequent
analysis of individual radio detections (and all 34 robust AGN within
the full GOODS-N sample are excluded from any stacking analysis
outlined below).

2.4 Stacking of radio continuum imaging

Stacking analysis represents a powerful tool for setting meaningful
constraints on population properties far below the nominal detection
threshold for a given data set. Parametric stacking methods (e.g.
Roseboom & Best 2014; Zwart, Santos & Jarvis 2015) have the
potential for constraining not just average properties within a sample,
but precise measurements of the source count distributions or
luminosity functions. However, given the small samples currently
available to us and the simple question being asked, we take a more
simple median stacking approach.

For a given sample, the stacked radio flux measurement is obtained
by taking the median of the distribution of peak flux density at the
position of every source within the radio map. As in Section 2.2, this
assumes that the stacked population is unresolved at the resolution
of the JVLA radio imaging (FWHM = 1.6 arcsec, an assumption
supported by high-resolution imaging of radio sources within the
field; Muxlow et al. 2020). We estimate uncertainties on the stacked
flux measurements by calculating the standard deviation of the
median flux from jackknife re-sampling of the peak pixel values
before stacking. Additionally, we estimate the stacked background

noise by taking the robust standard deviation in a 2D stack of
30 arcsec × 30 arcsec region around each source. For our total
flux uncertainty, we combine the two measurements in quadra-
ture, i.e. σ 2

Tot = σ 2
Sample + σ 2

RMS. The derived flux measurement and
corresponding uncertainty are converted to a luminosity using the
median spectroscopic redshift of the sample. We opt to stack the
RC observations in flux space to avoid the potential impact of
non-physical luminosities from negative peak flux measurements.
However, we find that our stacked luminosities are unchanged to
within �0.02 dex when stacking in luminosity space (using individ-
ual redshift measurements), indicating that the results presented in
this paper are independent of this choice.

2.5 Stacking of rest-frame optical spectra

To include sources that are individually undetected in H β in our
optical analysis, we stack the near-IR spectra as follows.1 Individual
spectra are shifted to the rest frame with a uniform wavelength grid
of �λ = 0.5 Å. The composite spectrum is taken as the median
luminosity at a given wavelength bin, while the composite error
spectrum is defined as 1/

√∑
i

σ 2
i
, where σ 2

i is the variance of the

ith individual spectrum. We choose to use the median values for
consistency with the stacked radio measurements. However, we
note that the median and mean composite spectra are found to
provide fully consistent results and the stacked line measurements
are consistent with previous MOSDEF studies that make use of mean
luminosities (Shivaei et al. 2015, 2018).

The stacked H β and H α lines are fit with single Gaussian profiles.
The composite line luminosities and errors are estimated as the mean
and standard deviation of 1000 Monte Carlo simulations, where the
composite spectrum is randomly perturbed within the error spectrum.
The H α and H β emission lines are further corrected for underlying
Balmer absorption using the median absorption of individual galaxies
estimated from SED fitting, inversely weighted by individual H α and
H β flux uncertainties, respectively.

To derive a composite Balmer decrement (〈H α/H β〉), individual
spectra are initially normalized to their H α luminosities and the
normalized composite H β line is fit by a Gaussian profile. The
Balmer decrement is the inverse value of the composite 〈H β/H α〉.
For additional details regarding the stacking technique for rest-optical
spectra, we refer the reader to section 3.1 of Shivaei et al. (2018).

3 T H E S F R – R C R E L AT I O N AT 1 . 4 < z < 2 . 6

3.1 RC luminosity as a function of H α SFR for individual
galaxies

In Fig. 2, we plot the observed distribution of dust-corrected SFR
versus 1.4 GHz radio luminosity (L1.4 GHz, in units of W Hz−1)
for our radio and H α+H β detected sample. For H α+H β

sources undetected in radio, we also plot 1σ upper limits. Alongside
the observed high-redshift measurements, we show five published
empirical SFR–RC relations from the literature (summarized in
Table 1). While we find that our high-redshift observations are
broadly consistent with the z ∼ 0 relations, the main locus of data
points appears to lie above the L1.4 GHz predicted from star formation.
However, despite being the deepest data currently available, the radio
continuum observations are only sensitive enough to robustly detect

1Source code available at https://github.com/IreneShivaei/specline, Shivaei
et al. (2018).
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Figure 2. Measured distribution of SFRs versus radio continuum luminosi-
ties (filled circles/stars), or 1σ upper limits (triangles), for our full MOSDEF
sample. The colour scale for the observed data corresponds to the measured
spectroscopic redshifts. Empirical z ∼ 0 relations for the SFR–RC relation
are plotted for reference as the green lines (see Table 1). Sources identified
as AGN through optical, IR, and X-ray criteria are also shown for reference
(coloured stars). LH α measurements are converted to SFR following equation
(1).

the higher SFR objects within the MOSDEF sample. The observed
SFR-radio relation therefore potentially suffers substantially from
Malmquist-like bias, whereby the radio detected sample includes
only sources that are scattered above the SFR–RC relation (and
hence above the detection threshold).

When comparing our results to a range of literature parametriza-
tions of the SFR–RC relation at z ∼ 0 (or z � 0.3 in the case of
Gürkan et al. 2018), we find a large range of predicted L1.4 GHz at
the highest SFR. At SFR ∼ 200 M� yr−1, the predicted L1.4 GHz span
approximately an order of magnitude – far in excess of the typical
scatter measured within individual studies (≈0.2–0.3 dex; Bell 2003;
Brown et al. 2017). The reason for this diversity is likely due to the
combined biases of both observational limitations (i.e. small volumes
limiting the number of rarer high SFR galaxies) and evolutionary
effects (i.e. the decline in the overall cosmic SFR density) that restrict
the z ∼ 0 analysis to much smaller SFR than typically probed at z >

1. For example, in those studies where the slope of the SFR–RC has
been fit as a free parameter (Brown et al. 2017; Gürkan et al. 2018),
the samples are generally limited to SFR � 30 M� yr−1.

Below SFR ∼ 30 M� yr−1, the z ∼ 0 relations presented in Table 1
all predict L1.4 GHz that are within the 0.2 dex intrinsic scatter. Given
the observational limits of the RC data demonstrated in Fig. 2, sub-
threshold analysis or stacking measurements are required to make
meaningful constraints on the SFR–RC relation in the regime where
z ∼ 0 SFR–RC relations are well calibrated (SFR � 100 M� yr−1).

3.2 Stacked RC luminosity as a function of H α SFR

We first explore the stacked radio luminosities as a function of
dust-corrected H α-derived SFR. Following the method described in
Section 2.4, we stack the radio imaging for bins of SFR to measure
the corresponding average 1.4 GHz radio luminosity. At 2.0 < z <

2.6, we are able to split our sample into five bins of SFR spanning

Figure 3. Median stacked radio luminosities for bins of dust-corrected H α

SFR at 1.4 < z < 1.7 (blue squares) and 2.0 < z < 2.6 (red filled circles).
Stacks for the subset classified as ‘composite’ in the BPT diagram are plotted
as red open circles for comparison. Empirical z ∼ 0 relations for the SFR–RC
relation are plotted for reference as the green lines (see Table 1). We show
the Bell (2003) SFR–radio relation scaled to z = 2.3 based on the observed
evolution of the far-infrared radio correlation from Calistro Rivera et al.
(2017, red dashed line). LH α measurements are converted to SFR following
equation (1).

over two orders of magnitude. However, at 1.4 < z < 1.7, the smaller
available sample size limits the analysis to only two bins in SFR.

Fig. 3 presents the median radio luminosity as a function of dust-
corrected H α for the H α- and H β-detected MOSDEF sample
(with the corresponding values also provided in Table 2). As in
Fig. 2, we present a range of literature relations for the SFR–RC
for comparison. In addition, we also illustrate the predicted redshift
evolution of the Bell (2003) relation based on the observed evolution
of the far-infrared radio correlation (as measured by Calistro Rivera
et al. 2017).

We find that our observed radio luminosities at given SFR are fully
consistent with the expectations from z ∼ 0 relations. At 2.0 < z <

2.6, where our S/N is highest, we find that our measurements favour
a flatter SFR–RC relation with our results statistically inconsistent
with the steeper relation measured by Brown et al. (2017). However,
given the intrinsic scatter typically found for measurements of the
SFR–RC relation (∼0.2 dex) and the small sample sizes available, we
cannot place meaningful constraints on the high-redshift SFR–RC
slope.

As referenced in Section 2.3, the exact nature of z > 1 sources
classified as ‘composite’ sources in the BPT diagnostic is somewhat
unknown. To see what effect these sources may be having on our
stacked SFR–RC relation, we repeat the stacking analysis using only
the subset of ‘composite’ MOSDEF sources in the 2.0 < z < 2.6 bin
(open circles in Fig. 3).

At high SFR (>120 M� yr−1, 4 sources), the composite sample is
in excellent agreement with the radio luminosity measured for the full
sample at similar SFR. However, we find that the radio luminosity
for the lower SFR composite bin (<120 M� yr−1, 9 sources) is
significantly higher than that measured for full sample at similar SFR
– potentially indicative of low-level AGN activity within the sample.
The excess in radio emission for this data point places it in better
agreement with the SFR–RC relation predicted from the FIRRC
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Table 2. Measured properties of the primary SFR-selected samples in Fig. 3. For each redshift and SFR range, we present
the sample size, average SFR within the bin, and the corresponding radio luminosity. LH α measurements are converted to
SFR following equation (1). Limits on L1.4 GHz represent 2σ upper limits based on the measured background noise in the
2D median stack.

SFR(LH α) range – φ

(M� yr−1) N 〈SFR(LH α)〉 (M� yr−1) 〈LH α〉 (1042erg s−1) 〈L1.4 GHz〉 (1022W Hz−1)

1.4 < z < 1.7
1 < φ ≤ 30 14 4.2 0.8 <1.8
30 < φ 6 48.8 8.8 18.1 ± 7.0

2.0 < z < 2.6
1 < φ ≤ 10 10 7.3 1.3 <9.1
10 < φ ≤ 30 25 13.4 2.4 4.8 ± 2.4
30 < φ ≤ 60 17 40.0 7.2 8.0 ± 3.8
60 < φ ≤ 120 13 85.2 15.4 14.3 ± 3.3
120 < φ 8 190.4 34.4 20.4 ± 5.5

(LIR/L1.4 GHz ∝ (1 + z)−0.15; Calistro Rivera et al. 2017). However,
given the large uncertainties, it is still formally consistent within 2σ

of many of the z ∼ 0 SFR–RC relations and the measurements for
the full sample. Additionally, the potential AGN contribution to the
H α and H β emission lines means that our inferred H α SFR may
be biased for some individual sources.

We note that the RC luminosities are consistent with the con-
clusions of Coil et al. (2015), whereby the sources lying between
the Kauffmann et al. (2003) and Kewley et al. (2001) lines on the
BPT diagram may have both star formation and AGN contributions
to the emission lines, under the assumption that the excess radio
continuum emission is a result of AGN activity. However, given the
numerous correlations between interstellar medium (ISM) properties
and the RC emission produced for a given SFR (Lacki et al. 2010),
the evolving ISM conditions that give rise to elevated [O III]/H β and
log([N II]/H α) line ratios could also result in the observed RC excess
(Steidel et al. 2016; Shapley et al. 2019). Due to the small samples
available for this study and the low statistical significance of the
observed excess, we cannot make any strong conclusions regarding
the properties of the composite BPT population at these redshifts
based on the observed RC properties. Nevertheless, these results
demonstrate that our calibration of the SFR–RC relation at these
redshifts is robust to potential contamination from a small number
of residual AGN within the sample.

3.3 Stacked RC and H α SFR as a function of stellar mass

To measure the Balmer decrement for individual sources in the
MOSDEF spectra, we require a 3σ detection in both H α and
H β emission lines. However, the requirement of a H β detection
potentially biases the SFR selected samples to sources with lower
dust corrections and further limits the available samples for stacking
measurements within the radio data.

Stellar mass represents an ideal parameter for stacking in a number
of ways. First, given the sensitivity and breadth of the available
photometry in the GOODS-N field, robust measurements of stellar
mass are available for the full MOSDEF sample regardless of SFR or
emission-line S/N. Secondly, the stellar mass estimates themselves
are derived from photometric data independent of the two data sets
being stacked. Finally, thanks to the strong correlation between stellar
mass and star formation rate across all redshifts (e.g. Noeske et al.
2007; Wuyts et al. 2011; Whitaker et al. 2014; Shivaei et al. 2015),
stellar mass itself represents a good proxy for star formation and

allows us to maintain a wide dynamic range within our stacked
measurements.

We make use of stellar mass estimates for the MOSDEF sample
from best-fitting SED models as described in Kriek et al. (2015,
see section 4.5). For the MOSDEF sample used in our analysis, the
quoted statistical uncertainty on individual stellar mass estimates
is typically 0.18 dex. Note that additional systematic uncertainties
in inferring stellar masses from broadband photometry mean that
the quoted uncertainties likely underestimate the true stellar mass
uncertainty (see e.g. Conroy, Gunn & White 2009; Santini et al.
2015).2 However, as the stellar mass values simply represent an
additional parameter by which to appropriately bin our sample for
stacking, absolute precision in the estimates are not important for our
analysis. Nevertheless, the uncertainties are small relative to the bin
size and the average stellar mass probed per stack is not significantly
affected by the error on individual measurements.

In Fig. 4, we present the radio luminosity as a function of Balmer-
decrement corrected LH α for four bins of stellar mass in each redshift
range. The corresponding data are also presented in Table 3. For the
highest mass bin at 2.0 <z< 2.6, the H β emission line is not detected
with any statistical significance. We therefore derive a lower limit on
the Balmer decrement by correcting for dust extinction using the 2σ

upper limit on H β.
We find our results based on mass-selected samples to be fully

consistent with the stacking measurements based on individual SFR
measurements (Fig. 3) – with the measured radio luminosities fully
within the 1σ of the intrinsic scatter for z ∼ 0 SFR–RC relations.
Additionally, we find that our observations at 1.4 < z < 1.7 (squares)
and 2.0 < z < 2.6 (circles) are in excellent agreement with no
evidence for redshift evolution within the sample. As with Fig. 3, we
find that our observations are in better agreement with z ∼ 0 relations
that exhibit flatter slopes.

For the range of stellar masses explored in our sample, we see no
evidence for any effect of stellar mass on the SFR–RC relation. The
SFR measured as a function of mass for each redshift bin are also
consistent within the uncertainties with literature parametrizations of
the stellar mass–SFR relation over these redshifts (see e.g. Speagle
et al. 2014) and with measurements from the parent MOSDEF sample
(Shivaei et al. 2015).

2We also note that the stellar mass estimates assume a Chabrier (2003)
IMF, which is similar but not identical to the Kroupa (2001) IMF assumed
throughout the rest of this work. However, the difference in mass-to-light
ratios is not significant compared to the uncertainty on individual masses.
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Figure 4. Median stacked radio luminosity versus median-stacked dust-
corrected H α SFR for bins of galaxy stellar mass at 1.4 < z < 1.7 (squares)
and 2.0 < z < 2.6 (circles). Data points are coloured based on the median
stellar mass within the sample (see the text for details). Literature SFR–radio
relations at z ∼ 0 and the predicted z ∼ 2.3 relation are plotted as in Fig. 3.
LH α measurements are converted to SFR following equation (1).

3.4 Systematic effects on the SFR–RC

The assumptions we made in this study could have a systematic effect
on both the normalization and the slope of the measured SFR–RC. In
this section, we discuss these assumptions and their potential effects
on the results presented in Sections 3.2 and 3.3.

First, in deriving dust corrections from the measurements of
Balmer decrement we have assumed a Cardelli et al. (1989) Galactic
extinction curve. Multiple studies have shown good agreement
between dust-corrected H α SFRs, assuming the Cardelli et al. curve
and SFR independently derived from IR data (e.g. Shivaei et al.
2016), while Reddy et al. (2020) explicitly show that the nebular
attenuation curve relevant for MOSDEF galaxies is similar to that of

Cardelli et al. Nevertheless, a change in the assumed dust attenuation
curve could systematically change the SFR–RC relation presented in
this work. Correcting for dust attenuation assuming a Calzetti et al.
(2000) attenuation curve leads to an increase in stacked MOSDEF
SFR estimate for the 10.5 < log10(M/M�) < 11.0 mass bin of 0.05
and 0.07 dex at 1.4 < z < 1.7 and 2.0 < z < 2.6 respectively
(with smaller offsets at lower mass). Our stacked dust-corrected
Hα SFR would need to be lower by ∼0.4 dex on average to bring
the observed SFR–RC relation in line with predictions based on
the evolving FIRRC. We can therefore be confident that the key
conclusion presented in this work is not affected by the choice of
dust attenuation curve.

Secondly, we assume a single L(H α)-to-SFR conversion for
the entire sample (Section 3), irrespective of the effect of stellar
metallicity and binarity on the conversion factor (e.g. Stanway,
Eldridge & Becker 2016; Reddy et al. 2018; Theios et al. 2019;
Wilkins, Lovell & Stanway 2019). When using stellar population
synthesis models that include binaries, the L(H α)-to-SFR conversion
factor varies by ∼0.3 dex from stellar metallicity of Z∗ = 0.2 to
1.0 Z�. Based on observations of the mass–metallicity relation out
to z > 2 (Erb et al. 2006a; Cullen et al. 2014; Sanders et al. 2015),
a sub-solar conversion factor might be more applicable to the lowest
mass bin in Fig. 4, shifting the H α SFRs to lower values by up to
∼0.3 dex. However, our observed relations between H α luminosities
(i.e. upper axes in Figs 2–4) and radio continuum luminosities stay
unaffected by such systematic uncertainties.

Thirdly, in deriving the radio luminosity measurements we have
assumed a constant canonical spectral slope of α = −0.8 (Condon
1992) when converting from flux to luminosity (or vice versa)
throughout this work. Although this canonical value has been shown
to be a valid assumption for the median spectral slope in SFGs
out to high redshift (Calistro Rivera et al. 2017; Gim et al. 2019),
there is still significant scatter around this value. Gim et al. (2019)
illustrate that not accounting for this intrinsic variation can result in
both significantly higher scatter in the FIRRC and a potential bias.
However, our results are unlikely to be significantly affected by this
scatter due to the use of stacked samples, while the magnitude bias
measured by Gim et al. (2019, �qFIR = −0.061) is not large enough
to affect our conclusions.

Finally, we have assumed that sources are unresolved (SInt
1.4 GHz =

SPeak
1.4 GHz) when measuring forced and stacked radio flux measure-

ments. This assumption is well motivated, given the properties of
the radio data in this analysis (Muxlow et al. 2020). However, if the
integrated-to-peak flux ratio for our stacked radio measurements is

Table 3. Measured properties of the stellar mass-selected samples in Fig. 4. For each redshift and mass range, we present the average stellar mass and sample
size along with the stacked measurements. H α line luminosities are Balmer decrement corrected following the method described in the text. LH α measurements
are converted to SFR following equation (1). Limits on LH α or L1.4 GHz represent 2σ lower and upper limits, respectively.

Stellar mass range
Median mass

(log10(M/M�)) N 〈LH α〉 (1042erg s−1) 〈SFR(LH α)〉 (M� yr−1) 〈L1.4 GHz〉 (1022 W Hz−1)

1.4 < z < 1.7
9 < M/M� < 10 9.77 17 0.7 ± 0.1 3.8 ± 0.3 <2.9
10 < M/M� < 10.5 10.14 7 2.5 ± 0.4 13.6 ± 2.4 4.1 ± 2.7
10.5 < M/M� < 11.0 10.67 4 4.6 ± 1.0 25.3 ± 5.4 9.7 ± 2.1
11 < M/M� < 11.5 11.15 2 >3.9 >21.3 13.3 ± 11.5

2.0 < z < 2.6
9 < M/M� < 10 9.7 57 2.5 ± 0.1 13.6 ± 0.7 3.8 ± 2.2
10 < M/M� < 10.5 10.25 35 7.2 ± 0.3 39.7 ± 1.8 12.3 ± 2.7
10.5 < M/M� < 11.0 10.61 16 13.0 ± 0.6 71.7 ± 3.6 17.2 ± 3.7
11 < M/M� < 11.5 11.16 4 >9.0 >49.8 57.1 ± 8.6
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Figure 5. Left: Median stack of the 1.5 GHz VLA imaging for all sources in
the MOSDEF sample with log10(M/M�) > 11 and not classified as AGN (18
sources). Right: Residual image after subtraction of a 2D Gaussian beam to
the median stack. We find no significant residual flux indicative of extended
emission. In both images, the colour scale stretches linearly from −2σ to
15σ , where σ is estimated from the robust scatter of the median stacked
image. White contours represent 3σ and 5σ above the background noise.

underestimated, we expect it to affect the most massive (and hence
largest) galaxies. In Fig. 5, we show the 2D median stacked image
for all log10(M/M�) > 11 galaxies within the MOSDEF sample
that are not classified as AGN (regardless of their H α S/N). To
test for extended emission, we fit the stacked emission with a
2D Gaussian beam with the position and width fixed (FWHM =
1.6 arcsec). After subtracting the model beam, we find no statistically
significant flux around the source within the residual map, with
no evidence for extended emission. Furthermore, we estimate a
model-independent peak to integrated flux correction by measuring
the total flux within a 5 arcsec diameter aperture, converting from
Jy beam−1 to Jy assuming the same 2D Gaussian beam. Comparing
the integrated flux to the peak flux for the stack, we find SInt/SPeak =
1.1 ± 0.1 for the log10(M/M�) > 11 sample. As noted in Section 2.2,
for the brighter radio population where integrated flux measurements
have been made we found a median ratio of SInt/SPeak = 1.07 for
the unresolved source population – in excellent agreement with the
estimate measured for the high-mass stack. Given these tests, we
are confident that the systematic uncertainty in the radio luminosity
measurements is of order ∼10 per cent. As is the case for the other
potential systematic uncertainties discussed above, the uncertainties
on the radio luminosity measurements are not large enough to affect
our key conclusions.

4 DISCUSSION AND FUTURE PROSPECTS

With the next generation of radio continuum surveys, such as the
LOFAR Two-meter Sky Survey (LoTSS) Deep Fields (Sabater et al.
in preparation; Tasse et al. in preparation) and MIGHTEE (Jarvis
et al. 2017), we are now reaching sensitivities comparable to those
probed by the VLA data in this study, i.e. typical SFRs for massive
galaxies at 1 < z < 3, but over 10s of deg2. Stacking analysis in these
data sets using optically selected galaxy samples therefore has the
potential to allow obscuration free SFR constraints out to the highest
redshifts (z > 5) or in the lowest mass galaxies (<109 M�). A key
question for studies that aim to exploit this sensitivity is whether
SFRs inferred from RC luminosities at higher redshifts are reliable.
In Section 3, we have presented observations of the relation between
dust-corrected H α and 1.4 GHz radio luminosities for our MOSDEF
sample in GOODS North. From these results, we conclude that for

samples where the effect of AGN activity has either been removed
or is not present, there is no evidence for redshift evolution in the
SFR–RC out to 1.4 < z < 2.6.

However, the caveat on identifying and/or excluding the contri-
bution from AGN is extremely important. In lower mass galaxies
where luminous AGN activity is extremely rare, constraints on SFR
from radio luminosity measurements (e.g. through stacking) should
be reliable. But for individual sources with the highest stellar masses
where radio AGN activity may be prevalent, robustly identifying
AGN within the sample remains a key step before radio luminosities
can be used to measure obscured star formation. While we still
do not fully understand the accretion history of SMBH out to z

< 2.6, the rapid rise in radio AGN activity at the highest stellar
masses has been observed from z ∼ 0 (Sabater et al. 2019) out to
z ∼ 1.2 (Tasse, Rottgering & Best 2011). Furthermore, the stellar
mass dependence of radio AGN activity is significantly steeper than
for AGN activity identified through optical/X-ray criteria at a given
redshift (Tasse et al. 2011). Given the combined optical/near-IR and
radio sensitivities of multiwavelength data sets used for studies of
the redshift evolution of the FIRRC out to z ∼ 3 (e.g. Calistro Rivera
et al. 2017; Delhaize et al. 2017), measurements based on individual
sources are dominated by very massive galaxies at z > 1 – potentially
leading to biases from unidentified low-level AGN activity (see also
Molnár et al. 2018).

The lack of significant redshift evolution in SFR–RC relation
measured in this study supports those studies which infer no intrinsic
evolution in the FIRRC (Sargent et al. 2010; Bourne et al. 2011;
Jarvis et al. 2010; Smith et al. 2014). However, to fully understand
the interplay between SFR, FIR, and RC luminosities as a function
of redshift, further studies are required. With LoTSS Deep Field
and MIGHTEE RC observations being located in fields with deep
mid- to far-infrared observations required for robust measurements
of the infrared luminosity and AGN/SF galaxy separation, robust
constraints on the slope and evolution of the FIRRC over a broad
range of redshift and stellar masses can now be made.

Furthermore, the forthcoming WEAVE-LOFAR spectroscopic
survey (Smith et al. 2016) will also allow for a significant advance
in our understanding of the SFR–RC and FIRRC at low redshift.
WEAVE-LOFAR will provide over 106 high-resolution (R ∼ 5000)
optical spectra for radio-continuum–selected galaxies across multi-
ple survey tiers. Together these tiers will allow for highly complete
and representative samples of star-forming galaxies at z < 0.4 with
robust measurements of dust-corrected H α SFR,3 enabling detailed
statistical studies of the SFR–RC and its correlation with a wide
range of physical properties – providing a clear reference point to
which the results of this study can be compared.

5 SU M M A RY

Sensitive radio continuum observations offer the potential for ob-
scuration free measurements of star formation at higher resolution
and over wider survey areas than currently possible with far-infrared
surveys. However, motivated by evidence for the apparent evolution
in the far-infrared–radio correlation, questions remain regarding the

3We note that the z < 0.4 limit represents the regime where WEAVE
can measure H α and H β emission-line luminosities. The full WEAVE-
LOFAR sample will provide highly complete spectroscopic samples of radio
continuum sources across a much higher redshift range, whereby the precise
redshift information will allow for both improved radio source classification
and physical modelling.
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redshift evolution of the star formation rate – radio continuum (SFR–
RC) relation. In this study, we test for redshift evolution in the SFR–
RC relation out to 1.4 < z < 2.6 using extremely deep 1.5 GHz
radio continuum observations (Owen 2018) combined with dust-
corrected H α SFR from the MOSFIRE Deep Evolution Field survey
(MOSDEF; Kriek et al. 2015).

Thanks to the extensive multiwavelength data available in the
field we are able to reliably exclude AGN from our sample (through
X-ray, mid-infrared and optical AGN diagnostics). Using stacking
analysis to probe below the noise limits of the radio continuum
imaging, we first measure the average radio luminosity for bins of
dust-corrected H α luminosity in two redshift ranges. Next, to ensure
our measurements are not biased by the selection criteria for dust-
corrected H α measurements on individual sources, we perform a
second analysis stacking both the rest-frame optical spectroscopy
and radio continuum measurements as a function of stellar mass.
In both analyses, we find that the measured radio luminosities are
consistent with those predicted based on their H α-derived SFR,
using z ∼ 0 relations from the literature. Accordingly, we find no
evidence for redshift evolution.

Given the available measurements, we conclude that SFR–RC
relations measured at z ∼ 0 remain valid out to z � 2.6 within
the typical intrinsic scatter measured for these relations (∼0.2 dex).
However, the disagreements on the slope and normalization of the
existing z ∼ 0 relations present in the literature originate from
uncertainties at the high SFR end of the SFR–RC relation at z ∼
0 (SFR � 20 M� yr−1). Future spectroscopic and multiwavelength
photometric studies have the potential to improve measurements
of SFR–RC at high SFR across a broad range of redshift and
galaxy parameter space – further enhancing the potential for radio
continuum luminosity as a robust SFR indicator.
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